
*p—A 072 ‘*38 JOHNS HOPKINS UNIV LAUREL MD APPtIED PHYSICS LAB F/S 22/2
INSTRUMENTATION DEVELOPED BY THE JOHNS HOPKINS UNIVERSITY APPt.I—ETC(U) I

UNCLASSIFIED 
NOV 

APt.JJHU/SDO—4100 
N00024—78— C—538I

_ _ _

__ 
_ 

U. 

_ _

i

_  
_ 

_ _  

_I
Ii



- 
_

11111 10

111111.1 ~ M1~

~‘“UhII1 25 IMI~ I~~”~



-.

I SDO—4100

1E~Ei~ 
DECEMBER 1977

I INSTRUMENTATiON DEVELOPED

I THE JOHNS HOPKINS UNIVERSITY
I APPLIED PHYSICS LABORATORY
I for Dr) C
i NON-APt SPACECRAFT

I PREPARED

THE SPACE DEVELOPMENT DEPARTMENT

I

I
I _

I
Approved for public release, distribution unlimited

H THE JOHNS HOPKINS UNIVERSITY S APPLIED PHYSICS LABORATORY

I Johns Hopki~’ls Road o Laurel , Maryland o 20810
Ope rating under Coot ract  N000l7 72 - C440 1 w i t h  the Depa rt meni of the Nawt

?9 J8 tJ7 026

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
. 

_ _ _ _ _ _  
___  —



.r zi._.fl -. ~~~~~~~~~~~~~~~~ 
-- - - — - -

~~~~

Unclassified PLEASE FOLD BACK IF NOT NEEDED
SECUR ITY CLASSIFICATION OF THIS PAGE FOR BIBL I OGRAPHIC PURPOSES

REPORT DOCUMENTATION PAGE
I - REPORT NUMBER 2. GOVT ACCESSION NO 3. RECIPIENT’S CATALOG NUMBER

APL/JHU SDO-4100 /

4. TITLE land Subt,t1.) 5. YPE OF REPORT & PERIOD COVERED

~~~~~ Instr~~entation Developed by The Jo~~s Hopkins University~~~ ~~~~~~~~ 
~~~~~~~ ~ 60 to date

Applied Physics Laboratory for Non—APL Spacecraft I
~~~ PER~~~~S1?t ~~~~~“~~‘-1JMBER

- . --—... APL/JWJ DO-4
7 . AUTHOR (,~ . CO

Space Department _c1 ?Ø0024—78—C—5384 —

“~ f~J~ ~ . 
~~~~ 

.
~
-

9. PERFORMING ORGANIZATION NAME & ADDRESS tO . bROGRAM ELEMENT . øRbj tt r , TASK —

AREA & WORK UNIT NUMBERS

The Johns Hopkins University Applied Phy~ica Laboratory v
Johns Hopkins Road Task Y22
Laurel ,_ Maryland_20810 _________________________________

it CONTROLLING OFFICE NAME & ADDRESS 12 . REPORT nATE

Naval Plant Representative Off ice  / Nov..1JL 1.978
4 Johns Hopkins Road 3 NIJM O~~P~~~E!~ 

—

Laurel, Maryland 20810 216
14. MONITORING AGENCY NAME & ADDRESS IS SECURIT’r CLASS Iaf rhu 0.00,rI

Naval Plant Representative Office ~~~~ . Unclassif ied
Johns Hopkins Road / . / 

____________________________________

Laurel , Maryland 20810 ~~~

‘ f / ~l5a DECIASS IFICATI O N,00WN GRAO ING
SCHEDULE

t6 DISTRIB UTION STATEMENT ol tb .R.po,tI N/A

Approved for public release; distribution unlimited .

1’
L 17 DISTRIBUTION STATEMENT (of ru e ab,ir ~~r 1,Id n 8/or b 7(1 .1 d.IW,,nt 1,0.,, Rtpo,rI

N /A

IS. SUPPLEMENTARY NOTES

19 KEY WORDS (Conbnue on ‘eye,.. .d ‘I ‘,oressa ’~ and ,~~nr,fy by b/ or b nuwb.,I

Transit—on—Discover—9, -10, —11 (1960 Delta l),—14 (1960 Kappa 1), —16 , —17 (1960 Omicron 1).
—18 (1960 Sigma 1), —20 (1961 Epsilon 1), —23 (1961 Lambda 1);

INJUN—l (1961 02) and —3 (1962 Beta Tao 2) Satellite Proton Instrumentation ;
Explorer 32 (1966 44A) and Explorer 38 (1968 55A) Magnetic Attitude Control System ;

20 ABSTRACT (Co.,r,ny. on ,.rm. .de 1 ‘wc.sw’y and ‘danru f y by b/ o rb non’be,I

“Scientific and engineering instrumentation and support equipment developed by the Applied Physics
Laboratory of The Johns Hopkins University for non—A PL spacecraft since 1960 are deocribed . The
descriptions are arranged in chronological order according to experiment and include illustra-
tions and system block diagrams. References and a listing of APt contributions to space research
and technology are included. This report is updated from t ime to time with the issuance of new
and revised material, and ia ”~~~ of a series that includes APL/JHU SDO—l600 “Artificial Earth
Satellites Designed and Fabricat~ d by JHU/APL” and APL/J 1iU SDO—3 100 “Navy Navigation Satellite
System User Equipment Handbook.” 

I

j
~ y

l , , , , 1~~~ . ~~
-

DD l~~~~~~~3 1473 Unclassified

SECURITY CLASSIFICATION OF THIS PAGE

-— — ‘— — ._ — ~~~ ,._ :~~ :.... :.. ~~~ ~_j —’ -~~~~~~ r, ~ ~~~~~~~~~~~~~~~~~~~~~~ -~~



. ..—.~---- . - .~~ -.—-~~ . -- . - -~. . . —-- _ _ _

Unclassified
SECURITY CLASSIF ICATION OF THIS PAGE

19. KEY WORDS (continued )

Explorer —34 (1967 S1A) , —41 (1969 53*), —43 (1971. 191.) Solar Proton Monitor;
ITOS—l (1970 08*) , —E , —H (1916 71*) Solar Proton Monitor ;
Doppler Ieacon— 1 (1970 16A) , —2 (1910 40A) , —3 (1970 98*) , —4 , —5 (1971 22A) , —6 (1971 76A) ,

—7 (1973 14*) , —8 (1973 46*) , —9 (1973 88A) , —10 (1974 20*), —11 (1974 85*) , —12 (1975
51*) , —13 (1975 ll4A) , —15 (1976 65*) , —17 (1977 112);

Orbiting Frog Otelith (1970 94*) ;
NOAA—l (ITOS—A) , —2 (ITOS—B) , —2 (1972 82A) , —3 (1973 86A) , —5 (1976 77A) Solar Proton

Monitor;
Explorer —47 (1972 73*) and —50 (1973 86*) Energetic and Charged Particles Measurement

Exper iments;
Apollo—li (1972 96A) Ultraviolet Spectrometer Experiment;
Skylab—l (1973 27A) Experiment M13l;
Explorer 51 (1973 lOlA) Photoelectron Spectrometer;
Apollo— Soyuz Ultraviolet Absorption Experiment;
Atmospheric Explorer—C (1973 lOlA) , —D (1975 96A) , —E (1975 lOlA) Photoelectron Spectrometer;
Navigational Package — 1 , —2/Doppler Beacon —16 , —17 on 1977 56*, 1978 29*;
Voyager — 1, -2 Low Energy Charged Particle Experiments;
tUE (1978 l2A) Proton Flux Monitor;
SEASAT-A (1978 64A) Radar Alt imeter , Synthetic Aperture Radar Data Link , Doppler Beacon ,

Laser Rstrorefl.ctor Array;
Geiger Telescope;
Low Energy M.gn.tosph.ric Particle Analyzer;
Low Energy Particle Telescope;
Oculogyral Illusion ;
Polar Cap Absorption ;
Rotati’sg Litter Chair

-an.

- 
-

-~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~
\ .-‘

-
. .
., . . 

- . / J~~ ~~%:- ~~~~~~~~~~ 
.

Unclassified
SEC UM1TY CLASSIFICATIO N Of THIS PAGE

~~ 
—

~~~~~~~~~~~~ ~~~~~~ - - .  - --•



- ~~~~~~~~~~~~~~~~~~~~~ 

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~

I
THE JOHNS HOPKINS UNIV ERSWY

APPLIED PHYSICS LABORATORY SDO 4100
LAUREL MAI/V LANO

CONTENTS

List of Illustrations . . . vii’.

I List of Tables . , . . . . xi

I Introduction . . . . . . . 1

I. TRANSIT-ON-DISCOVERER . . . . . I-i

I Background . . . . . . 1—3
Application . . . . . . 1—3
Equipment Description . . . . 1—4

I Functional Operation . . . . 1—4
Flight Results . . . . . 1—4

II. INJUN SATELLITE PROTON INSTRUMENTATION . . 11-1

Background . . . . . 11—3
Application . . . . . . 11—3
Equipment Description . . . . 11—6
Functional Operation . . . . It—i
Flight Results . . . . . 11—8

J ill. MAGNETIC ATTITUDE CONTROL SYSTEM . . . 111-1

Background . . . . . . 111—3
Application . . . . . . 111—3

I Equipment Description and Functional
Operation . . . . . . 111—4

Flight Results . . . . . 111—10

I IV. SOLAR PROTON MONITOR (IMP F AND G) . . IV-l

Background . . . . . . TVr3’.
Application . - . . . . IV-’~,

I Equipment Description - . . . IV—3
Functional Operation . . . . IV—7
Flight Results . . . . . IV—lO

‘1
V. ITOS SOLAR PROTON MONITOR . . - . V—l

Background . . . . . . V—3
Applicat ion . . . . . . V—3

L Equipment Description . - . . . V—3
Functional Operat ion . . . . V—6
Flight Results . . . . . V—12

I

I — i i i —

L ~~~~~~~~ ir 
, ,  

, ~~~~~~~~~~~~~~~~~ . 
~~~ -

. 
_______



~~~~~~~~~~~~~~~~~~~~ -. 
.-.---— . ., -. ,.—

~~
=--- .— —

~ 

-

~~~~ 
— -

~~~~~

c,~~. ‘
~~~~ : .

— ‘
~~~ ‘~~~~~~.‘ ‘ ( ~~~ ~~ ~~~~~~~~~~~~ 

t -. /

.~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
‘~ ‘ / ~~~~~~~))s

,~ 5.. ’ —
‘

THE JOHNS HOPKINS UN/VEt/SITu ~
‘ L I , . /  

-

APPLIED PHYSICS LABORATORY — SDO 4100
LA UREL MA//V LANO

VI. “ DOPPLER BEA CON 5 • . Vt-i

Background . . . . . . VI—3
Application . . . VI—3
Equipment Description . . . . VI—3
Functional Operation . . . VI—3
Flight Results . . . . . VI—lO

VII. ?.- ORBITING FROG OTOLIT1I EXPERIMENT . - . VTI-l

‘1 Background . . . . . . VII—3
Application - . . . . . VII—3
Equipment Description and Operation . VII—4
Spacecraft Subsystems . . VII—8
Flight Results . . . . . VIl—lO

VIII. IMP-I SOLAR PROTON MONITOR . . . . VIII-1

Background . . . . . - VIII—3
Application . . . . . . VIII—3
Equipment Description . . . . VIII—4
Functional Operation . . . . VIII—8
Flight Results . . . . . VIII—12

IX. ENERGETIC PARTICLES EXPERIMENT . . . IX-l

Background . . . . . . IX—3
Application . . - . . . IX—3
Equipment Description and Operation . IX—3
Flight Results . . . . . IX—6

X. CHARGED PARTICLE MEASUREMENT EXPERIMENT . X-1

Backgroun d 
- 
. . - . . . X— 3

F Application . . . . . . X— 3
Equipment Description . . . X—4
Functional Operation . * . . X—l 0

• Flight Results . . . . . X—13

XI.  ULTRAV IOLET SPECTROMETER EXPERIME NT . . XI-l
U ‘ /

- 

Background . . - . . . XI—3
Applicat ion . . . . . . XI—3
Equipment Description . . . . XI—4
Functional Operation . . . . XI— 7
Flight Results . . . . . XI—12

Xli. SKYLAB EXPERIME NT Ml31 . 
~~~~ 

S

. XII—l
S I

Background . . . . . . XII—3
Application . . . . . . XII —3
Equipment Description . . . . XII—4
Functional Operation . . . . XII—8
Flight Results . . . . XII—ll

-iv-

.
- -

~
-- 

~~
-—

L ~~~~~~~~~~~~~~~~~~~
-

~~
-

~
‘- -- -

~~~~~~ 
- . - ,  — •~~-~~~ ~~~~~~~~~~~~~~~~ — 

~~,‘7 -S. - 
- ~— -.. 

- --



THE JOHNS HOPKINS UNIVEPSITY
APPUED PHYSICS LABORATORY SDO 4100

LAUREL MARYLAND

,, ~?

XIII. ~PHOTOELECTRON SPECTROMETER . . • . XIII—l

Background • . • . • • XIII—3
Application . . * . • . XIII—3
Equipment Description . . . • XIII—3
Functional Operation . . . . XIII—9

- - 
Flight Results . . . . . XIII—l3

XIV. APOLLO—~OYUZ ULTRAVIOLET ABSORPTION
EXPERIMENT MA—059 . . • . • . XIV-l

-:

Background . * . . . * XIV— 3
Application . . . . * . XIV—3
Equipment Description . . . . XIV—4
Functional Operation * . . . XIV— 6
Flight Results * . . * . XIV—8

H XV. NAVPAC (Navigational Package) . . . XV— l

Background * . • • . . XV—3
Application . . . . . . XV—3
Equipment Description • . . * XV—3
Functional Operation . . * . XV-4
Flight Results * . . * . XV— 6

XVI. LOW ENERGY CHARGED PARTICLE EXPERIMENT (VOYAGER) XVI-l

Background . . . . * . XVI—3
Application . . . * . . XVI—3

XVII. PARTICLE .~.gLUX MONITOR (INTERNATIONAL

~JLTRAVIOLET EXPLORER) . . . . XVII-l
-
I

Background . . . * . . XVII—3
Application * . . . . . XVII—3
Equipment Description and Operation . . XVII— 5
Flight Results . . . . * XVII—5

1 , ’~

XVIII. SEASAT—A INSTRUMENTATION (RADAR ALTIMETER,
SAR DATA LINK, DOPPLER BEACON , LASER
R~TROREFLECTOR ARRAY). . . ~~~

‘
. . . . XVIII—l

Background . 

- 

. . . * . XVIII—3
Application * . . . . . XVIII—3
Equipment Description . * . . XVIII—5
Functional Operation . . . . XVIII—l0
Flight Results . . . . • XVIII—15

-v-

I _______________________________________ __________________________________ 
_______________________________________________

-
- -.- ~~~~ i~ i T m ~~

. 
- ~~~~~~~~~~~~~~~ ~~~~ .. ~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —



- 
- .  . .

, . —.-- — — — —  — ——— ————---- —-.-•—--—— 
—

THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY SDO 4100

LAUREL, MARYLAND

APPENDIXES

A Abbreviations and Definitions . . • A—3

B References and Bibliography . . * B—l •

-vi-

I ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
- -  ~

*T
~~ l~ $,u_TY ,e 

~~~~~~~~~~~~~~~~~~~~~~ ____



THE JOHNS HOPKINS LINIVERSITY

APPLIED PHYSICS LABORATORY SOb 4100
LAUR EL MARYLAND

ILLUSTRATIONS

I—i Transit—on—Discoverer Simplified Block
Diagram . * . . . . . 1—2

1—2 Discoverer 17 SAO Optical and TOO Doppler
Data Fix Comparisons . . . • 1—6

11—1 INJUN 1 and Proton Detector Package . . 11—2

11— 2 INJUN—l Satellite in First Tri ple Payload . 11—4

11—3 INJIJN 3 and Proton Spectrometers * * 11—10

111—1 Satellites with APL Magnetic Att i tude
Contro l Systems • • . . . 111—2

111—2 AE—B Pulsed Magnetic Actuator and Torque
Systems , Simplified Schematics . . 111—6

111—3 RAE—l Magnetic Attitude Control System,
Functional Block Diagram . . • • 111—7

111—4 RAE—i Magnetic Attitude Control System
Hardware . . . . * . . 111—9

tV—i IMP—F Spacecraft , Artist ’s Concept . * IV—2

IV— 2 SPM Detector Outline Drawings, IMP F
andG * . . . . • * IV—6

IV—3 SPM Block Diagram, IMP F and G * . * IV—8

IV—4 IMP—G Spacecraft on Thor—Delta Launch
• Vehicle . . . . . . . IV—ll

F V- ]. ITOS Solar Proton Monitor . . * . V—2

V—2 ITOS—l Solar Proton Monitor Block
Diagram . . . . . * . V—7

V— 3 ITOS SPM Data Format . . . . • V—li

VI—l Doppler Beacon . . . . . . VI—2

VI—2 Doppler Beacon , MSD 180 Program * . . VI—4

VI—3 Doppler Beacon System Block Diagram . . VI—7

VI—4 Dual 5 MHz Oscillato r Block Diag ram and
Typical RMS Stability Curve * . . VI—9

- - VII—l Orbiting Frog Otoiith Experiment . . VII—2

VII—2 OFOE Bottom View and Specimens . . . ViI—5

-vii-

-~~~~~ ~~~~~ _

- - A - -  -- - ~~~~~~~~~~~~~~~~~ 
- - _______



—

TH E JOHNS HOPKINS UNIVERSITY SDO 4100APPLIED PHYSICS LABORATORY
LAUREL MAR/LAND

VII—3 OFOE Cutaway View and Functional
Operation * . * . . . . VI1—6

VII—4 OFOE Telemetry System Block Diagram • * VII—9

VIII—l IMP—I Solar Proton Monitor . * . . VIII—2

VIII—2 IMP—I SPM Elect ron ics , Top View . . . VIII—5

VIII—3 Channel 4 ~E—E Characteristics . . . VIII—7

VIII—4 IMP—I SPM Block Diagram . . . . VIII—9

V 1II—5 iMP—I SPM Performance Summary During
First 11 Months of Mission . . . VIII— l3

IX—l Energetic Particles Experiment . . . IX-2

IX—2 EPE Vital Operations Diagram . . . IX—4

IX—3 EPE Simplified Block Diagram . . . IX—S

X—1 Charged Particle Measurements Experiment . X—2

X—2 CPME Detector Look Angles * . * . X—5

X—3 CPME Outline Drawing and Major Component
Locations . . • . * • * X—6

X—4 CPME System Block biagram . . . . X—ll

X—5 IMP—H and —J Satellite , Artist ’s Concept . X—l4

XI—l Ultraviolet Spectrometer Experiment . . X1~ A.

X1—2 UVS , Exploded View * . . . . XI-5

XI—3 UI/S Optical System , External Baffle, and
Orientation . . . . * . X I8

XI—4 tJVS Block Diagram * . . * . XI—9

XII—l Skylab Experiment Mi3l * . . . XII—2

XII—2 Skylab Experiment M131 Major Equipment . XIt—5

XII—3 Experiment M13l Configured for Launch * XII—6

XII—4 Skylab Experiment M13l Simplified
Functional Block Diagram . . . * XII 1O

XIII—1 Photoelectron Spectrometer . . . . X11I 2

XIII—2 Atmospheric Explorer—C Spacecraft . . XIII—4

XI~I—3 PES Sensor Block Diagram . . . . XIII—6

XIII—4 Bia Supply Construction and Cockcrof t—
Walton Component Isolation to Reduce
Corona Effects . . . . * XIII—8

XIII—5 PES Main Electronics Unit Block Diagram * XIII—ll

—viii—



- _____________________

I
THE JOHNS HOPKINS UNIVE HSIT ’ u

APPLIED PHYSICS LABORATORY SDO 4100
L A t ! L [ L  MM. ,L~~u.[

XIV— l Ult raviole t  Absorption Experiment MA— 0 59
- Aboard Apolio—Soyuz Test Project . * XIV—2

XIV—2 UVA Experiment . . . . . . XIV—5

XIV— 3 UVA Experiment Simplified Ray and Block
Diagrams * . . . . . . X IV—7

XV— l NAVPAC (Navigational Package) . * * XV—2
- XV—2 NAVPAC System Block Diagram . . * XV— 5

XVI—l LECP Experiment Aboard Voyager , Artist ’s
Concept . * . . . . . XV I—2

XVI—2 Low Energy Charged Particle (LECP)
Experiment . . . * . . XVI—4

XV I—3 LENP A and LEFT De tec to r  Subsystems . . XVI—8

XVI—4 LECP Experimen t , Simplified System Block
Diagram . . . . . . . XVI—1l

XVI—5 Dome Detector Assembly . . . . XVI— 13
* XVII—l Particle Flux 1~ionitor (International

Ultraviolet Explorer) . . . . XVII—2

XVII—2 PFM (IUE) Accelerated Development
Schedule . . * . . . . XVII—4

XVII—3 PFM (IUE ) Outline Drawing and Simplified
Block Diagram * . . . * . xVII— 6

XVIII—l SEASAT—A , Artist ’s Concept . . . . XVIII—2

XVIII—2 Laser Retroreflector Array . . . * X V I I I — 4

XVIII—3 Radar Altimeter . . . . . . XVIII—6

XVIII—4 SAR Data Link and Support Equipment . . XVIII—8
• XVIII—5 SEASAT—A Synthetic Aperture Radar System

- - Overview . . . * . * . XVIII—9

- -  
XVIII—6 SEASAT—A Radar Altimeter Simplified Block

and Signal Flow Diagrams . * . . XVIII—ll
- - XVIII—7 SEASAT—A Synthetic Aperture Radar Imagery . XVIII—l6
— XVIII—8 Sea Surface Height Difference as Measured

by GS FC Ea rth Model (GEM) lOB and SEA SAT—A
Radar Altimeter . . . . . X VII I— l 7

-ix-

.7

. 5. . — ,

_ _  _ _  - ~~~~~~- -, . . J



~ ‘ - • -

THE JOHNS HOPKINS UNIVERSITY SDO 410
APPLIED PHYSICS LABORATORY

LAUREL MARYLAND

TABLES

1 APL Instrumentation on Non—APL/JHU
— 

Spacecraft . . • . . 5

II—]. INJUN— l Satellite Radiation Detecto rs . 11—5

- .  
11—2 INJUN—3 Satellite Radiation Detectors . 11—11

IV—1 Solar Proton Monitor Characteristics ,
I M P F a n d G . . . . * IV—5

- V—l ITOS SPM Detector Characteristics . . V—5

-. V—2 ITOS SPM Scaler Capacity . . * V—l2

VI—l Dopple r Beacon Characteristics . * VI—5

VIII — 1 IMP—I SPM Detector Characteristics . . VI II—6

VI II— 2 IMP—I SPM Data Format . . . * VIII—ll

IX— l EME Technical Data Summary . . * IX— 7

X—l IMP—H CPME Detector Measurement Summary * X—8

X- 2 IMP—J CPME Detector Measurement Summary .

XVT—1 LFCP Experiment , Stm’marv of Detector
Characterist ics . . . . XVI—6

XVIII— l SEASAT—A Rada r Altimeter Parameters
Compared . . . . . . X V III —7

XVIII—2 SAR Sensor Characteristics . . . XVIII—lO

I
I
J -xi- 

- ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
:~~~~: i.: 

j



~~~~~~~~~~~~~~~~~~~~~~~~~~~~ c~~~~~~~~~~~~~~~ 5.=_~ ~~~~~ 
- .

~~ 
__

THE JOHNS HOPKINS UNIV EASI1~
APPLIED PHYSICS LABORATORY SDO 4100

LULl/ I I MAl , ,  ‘NI’

INT RODUCT ION

* The Space Development Department of the App lied Physics
Laboratory was formed to direct the program of the US Navy to
establish a navigation capability through the use of artificial
satellites. This program , conceived and developed by APL , was
begun in 1959 and was put into operational use in 1964. In sup-
port of the Navy Navigation Satellite System , the Department has
carried out a number of investigations which range from fundainen—

4 tal research through exploratory and advanced development to ac-
tual hardware evaluation. The problems in research and analysis
associated with the system , and the opportunities presented for
additional space studies , have allowed the Department to make
cont r ibut ions  in many areas of the  space sciences.

The broad and varied space research program s conduc te~± by
the Applied Physics  L a b o r a t o ry  began in la te  1960 when Drs.  ~ . .  F.
Pieper and C. 0. Bost rom jo ined  the  s t a f f  of the Space Develop—
inent Department to measure and study the radiation environment of
the Navy Navigat ion  S a t e l l i t e s  ( t h e n  known as Transit). In June
1961 , the Un iversi ty of Iowa research  s a t e l l i t e  ca l led  INJ UN 1
was launched pickaback on APL Transit Satellite 4-A with instru--
mentation that included a set of solid state proton detectors
furnished by APL . These detectors made the first direct measure-
ments of low energy sou r protons in the polar reg ions and con-
tributed significantly to our understanding of the inner Van Allen
radiat ion b e l t .

Earl y satellites that also included APL scientific instru-
mentation were TRAAC (Transit Research and Attitude Control) which
was launched in November 1961 and inc luded  p a r t i c l e  and neut ron
detectors , INJUN 3 which was laun ched in December 1962 and in-
cluded a proton spectrometer , and the SE—series of Navy research
satellites that carried various APL instruments. Sateilite 5E—l ,
launched in September 1963 w i t h  several onboard e l ec t ron  and pro-
ton detectors , has bec ome one of the longest lived and most pro-
ductive satellites ever launched as data were acquired continu—
ously for  six yea rs  and the  s a t e l l i t e  has f u n c t i o n e d  fo r  a f u l l
solar  cycle  (11 years) . Research  on the  sho r t  and lon g term
changes in the radiat ion belts, solar p ar ti cles and the ir e f f e c t s
on the polar ionosphere , and the discovery and study of field
ali gned c u r r e n t s  in the  au r o r a l  regions  have been repor ted  in some
43 papers based on Satellite SE—l data.

— 1 —

-~~ - - - - - - - —_~~~~~~~~~~~~~~~~ .~~~~ 

.

~~~~~~~~~~~~~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —‘-- - - .— — - -.- -.- - -- -



THE IO/,N , HOPKI’/ . ~N~U L R S I T ~
APPLIED PHYSICS LABORATORY SDO 4100

LA ~ 4 / .  N ’ ’ - ’ , L A ’ ~

INT RODUCTION

The Space Development Department  of the  Applied Ph ysics
Laboratory was formed to direct the program of the US Navy to

- ‘ establ ish a navigation capab i l i t y  through the use of a r t i f i c i a l
sate l l i tes .  This program , conceived and developed b y APL , was
begun in 1959 and was put into operat ional use in 1964. In sup-
por t of the Navy Navi ga tion Sa tellite Sys tem , the Department has
carried out a number of investigations which range from fundamen-
tal research th rough exploratory and advanced development to ac-
tual hardware evaluation. The problems in research and analysis
assoc iated wi th the sys tem , and the op por tun ities presen ted for
addi tional space studies, have allowed the Department to make
con t r ibu t ions  in many areas of the space sciences.

The br oad and varied space research programs conduc ted  by
the App lied Physics Laboratory began in late 1960 when Drs. G. F.
Pieper and C. 0. Bostrom joined the staff of the Space Develop-
ment Department to measure and study the radiation environment of
the Navy Navigation Satellites (then known as Transit). In June
1961 , the  Un iversi ty  of Iowa research s a t e l l i t e  ca l led  INJUN 1
was launched pickaback on APL Transit Satellite 4—A with instru—
menta t ion  t ha t  included a set of solid s ta te  proton de tec tors
fu rn i shed  b y APL . These de tec to r s  made the f i r s t  d i rec t  measure-
ments of low energy solar protons in the polar regions and con-
tributed significantly to our understanding of the inner Van Allen
radia t ion  b e l t .

Early satellites that also included APL s c i e n t i f i c  instru-
mentation were TRAAC (Transit Research and Attitude Control) which
was launched in Novemb er 1961 and incl uded par ticle and neu tron
detectors , INJUN 3 which was launched in December 1962 and in-
cluded a proton spectrometer , and the 5E—series of Navy research
satellites that carried various APL instruments. Satellite 5E—1 ,
launched in September 1963 with several onboard electron and pro-
ton detectors , has become one of the longest lived and most pro-
ductive satellites ever launched as data were acquired continu-
ously for six years and the satellite has functioned for a full
solar cycl e (11 years). Research on the short and long term
changes in the radiation belts , solar particle s and their effects
on the polar  ionosp here , and the discovery and study of field
aligned currents in the auroral regions have been reported in some
43 papers based on Satellite 5E—1 data.

~
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When the Trans i t  system became operat ional  in the  l96Os and
Navy support  fo r  basic research in space sc ience  decreased , the
Laboratory turned  to the f l i g h t  o p p o r t u n i t i e s  provided by NASA.
Six Solar  Proton  Moni to r s  (SPMs) we re b u i l t  fo r  a series of NASA
sounding rocke t s  launched f~ om Fort  Church i l l , Canada , dur ing
several solar  pa r t i c l e  events  b e g i n n i n g  in 1966. The s a t e l l i t e
versions of t h i s  moni to r  were inc luded  on IMP F ( I n t e r p l a n e t a r y
Moni to r ing  P l a t f o r m ) launched in May 1967 , IMP C in June 1969 ,
and IMP I in March 1971. Data  from the three satellite monitors
provided a continuous t ime h i s t o ry  of solar p ro tons  f rom May 1967
u n t i l  December 1974 when IMP I r eentered  the  a tmosphere . Othe r
NASA d i r ec t ed  s a t e l l i t e  p r o l e c t s  tha t  ca r r i ed  APL b u i l t  ins t ru-
ments included the IMP—H and IMP—J satellites (Charged Particle
Measurements Experiments), the ITOS (Improved TIROS Operational
Satellite) series of weather  s a t e l l i t e s  (Solar  Proton M o n i t o r s ) ,
the At mospheric Explorer satellites (Photoelectron Spectrometers) ,
Skylab (Experiment M13l), Apollo 17 (Ultraviolet Spectrometer),
and the Apollo—Soyuz (Ultraviolet Absorption Experiment).

APL scientific instrumentation and observations have made
a number of contributions to  space research and technology . Some
of these Include:

— Fi r s t  observat ion of 1o~~— t -ni- r~’v (1 MeV ) solar  pro tons  in
the polar region , first use of solid state particle detectors in
space , and iIrst study of inner zone trapped proton belt stability
during a period of major solar activity (INJUN 1 launched in June
1961) .

— Discovery of a “second ” radiation belt due to the Star-
fish high altitude nuc lear burst (TRM C launched in Novembe r 1961).

— Discovery and mapping of currents flowing along magnetic
field lines connected to the auroral oval , first quantitative model
magnetosphere derived from observations of asymmetry in the outer

- 
- 

zone trapped electrons , first long—term (>5 years) study of trapped
particle time variations and decay of Starfish electron belt , first
detailed correlation of solar protons , VLF propagation , and HF ab-
sorption (PCA), development of an ion chemistry model of the iono—
sphere, and first quantitative connection of solar cosmic ray ioni-
zation effects to ground—based radio transmissions (SE—i launched
in September 1963).

— First observation and determination of high order reso-
nant geopotentional harmonic effects in the motion of near—earth
satellites (5BN—2 launched in December 1963).

— - , —
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— First simultaneous observations of solar protons inside
and outside the magnetosphere (INJUN 4 and Mariner IV launched in
November 1964, and 5E—l).

— First satellite survey of celestial sources of ultra—
viloet radiation , and firs t high accuracy (Rb—vapor magnetometer)
magnetic field measurements by satellite (5E—5 launched in Decem—
ber 1964).

— First measurement of the radial gradient of low—energy
(<1 MeV) protons in Interplanetary space (Explorer 33 and Man —
ner V launched in July 1966 and June 1967 , respectively).

— First operational solar proton monitoring system (IMPs
F through I, ITOS—l , and NOAA 1 through 4 in a continuing program
that started with the first satellite launched in May 1967).

— First theoretically derived global ionospheric model for
effec ts on satellite ranging and confirmation of its validity from
experimental data (Syncoxn 3 and ATS—l and -3 launched in August
1964 , Dece mber 1966 , and November 1967 , respective ly).

— First measurement of short period (3—240 seconds) hydro—
magnetic waves near synchronous altitude (DODGE launched In July
1967).

* 
— First observation of low-energy (sub-MeV) medium nuclei

in solar flare events (Explorer 35).

— First detailed measurements of the solar flare proton
spec trum at low energ ies (E 0.3 MeV) and derivation of strict
quantitative limits on solar particle storage hypothesis , first
detailed mapping of trapped al pha par tic les , and discovery of
heavy ions (C , N , 0) trapped in the Earth’s radiation belts
(INJUN—5 launched in August 1968).

— First detailed analysis of field—aligned currents with
v i s ib l e  aurora , and f i r s t  obse rva t ions  of these c u r r e n t s  in the
southern a u r o ra l  reg ion (TRIAl) launched in September 1972).

- - 
— F i r s t  measurements  of t ime  v a r i a t i o n s  in the  composition

of ene rge t i c  nuc le i  e m i t t e d  in solar  f l a r e s and In the variations
of iron nuclei ei’itted during a solar  p a r t i c l e  event , f i r s t  asso—

• ciation of helium—enriched solar p a r t i c l e  eui i -~si on w i t h  coronal
holes and high speed s t reamers , and the f i r ~i’ observation of shock—
accelerated interplanetary electrons (IMP H launched in September
1972).

- —
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— First measurements of time variations in the composition
of energetic nuclei emit ted in so lar f lares  and in the variations
of iron nuclei emitted dur ing  a solar pa r t i c l e  even t , f i r s t asso-
ciation of hel ium—enriched solar par t ic le  emission wi th  coronal
holes and hi gh speed streamers , and the f i r s t  observation of

- - shock—accelerated in te rp lane tary  electrons (IMP H launched  in Sep—
tetnber 1972).

— Development of prediction techn ique for solar wind dis-
turbances us ing interplanetary scintillation measurements (IMP H
and 34 MHz radio telescope at Clark Lake , Californ ia).

-- First precisely controlled rotating litter chair to mea-
sure changes in vestibular organs of astronaut s (Skylab launched
in May 1973).

— First  association of low—energy solar pa r t i c l e s  w i t h
structure observed in X—ray images of the sun (IMP H and Skylab).

— First high resolution measurements of photoelectron spec-
trum in the thermosphere (AE—C launched in December 1973).

Many of the previously mentioned satellites (the Navy Navi-
gation Satellites , TRAAC , the SE series of satellites , DODGE , and
TRIAD) were developed by APL. Descrip tions of these satellites
are included in APL/JHU document SDO 1600, Artificial Earth Satel—
lites Designed and Fabricated by APL/JHtJ. This publication dis—
cusses support and experimental systems developed by APL and flown
on non— APL s a t e l l i t e s .  Table 1 presents a chronological lis ting
of these satellites and associated instrumentation . Also included
are satellite launch and orbital data , and the prime con trac ting
agency or Project Director. In some cases the specific satellite
ins t rumentation may have been developed by APL for a different
agency ; this will be noted in the individual equipment description .
Abbreviations used in this publication are listed in Appendix A;
reference and bibliographic material arranged according to section
is presented in Appendix B.

Navigation and geodetic equipments that have been developed
by the Laboratory fo r  users of the APL—developed Navy Navigation
Satellite System are described in APL/JHU document SDO 3100, which
was originally published in November 1971 and has since been up—
dated.

Like SDO 3100 and SDO 1600, this publication is ring bound
and formatted to facilitate the addition of new material . The
dissemination of revised and/or new equipment descriptions will be
made according to a distribution list maintained at the Applied
Physics Laboratory/Space Development Department .

— 4 —

~~~~~~~~~~~~~~~~~~~ - z~~:~ ~~~~~~~~~~~~~~~ -— ~~~~~~~.. ~~~~~~~~~~ - -  -



- t~~~~~~~~~~~~~~~~ ’~~ ~~ ~~~~~~‘W1fl fl~~~.— - 
- - —

THE I11I-/N~ I,Il p/I- I~.i, UN/V ERSIT I-

APPLIED PHYSICS LABORATORY SDO 4100
LI - I / /I M AU ’ LA I d )

4’

— I. — £

~ ~ a, —

~ E~~ E E

~ i- ~ ~L —-s o~~ 8 8~ ~~ ~ ~ -~
4 E 2’~~ ~

‘- 
~ E a ~ 

- -- a, �

~U ~~ ~~~~~~~~~~~~ i
4’ ~~ ~~~O ~~~~~ .,~~~~~ ‘ ~~~~~~~.. ~~~~~ ~~ ~~~~~~~~ ~~

1 ~ ~, ~~ ‘ C 
~ 2 ~ O~~~~~ -~~~~ 0

2 ~ ~~~~ 2~~ ~~~~ ~~~~~~~ ~~~~ 
2 ~ ~ 2~~~I ~~ ~~, ~~ -~~~ ~~ - ~a ~‘g,2 

~~~~~~~ 
8- ~ ~ ~ c

I ~ ~ , ~~~~~~~~~~~~~~~~ ~~~ ~~~ U, o ~~a~-2~
-2soE?~~~~o ~~~~ oz~~ a~~~~

— .- /0 dl /0 a, (*) / .  /0 /0 ~ 0

~ .. 
-
~~ ~ ~~~~~~~ ~; ~~~~~~~~~ ~~ !-

.— .- — 2

0 ~ - I-—

t 0 0 0 . I-—

~~~ ~~
. 0 / 0

C — — — — ~~ .- -

/0 I~ ~~

2 C

~/1/ ~~~~~~~~ C

— u. — — u u. is. is. is. — is. is. 4 4 4 is. 31i 4 -

C O~~ 4 4 4 4 4 I-fl 4 4 4 - z U’ 4 Z I - ”  •J) VT 4 o~~-
O a~0 I-~ I-fl VT VT ~~ 4 VT VT I-fl VT VT 4 f l U ’ <  4 4 I-fl —

~~~
-— D O  0 0 0 0 0 0 0 0 j  0 0 2  2 Z 0

C ~~~~~~~~~~~~~~ ~ -
~ 4 < < ~ a 0 L~I I~~C 4  —

E — 4 ~~~~~~~~~ o n ’— 4’
~~~ _ ~ 4’ 4’ /I 0 a I- -~~~

~~~~~~~~~~~~~~~~ ~~~~~~~~ h ~ ~~~~~4.. -,,, > 1- 4 I — <~~-4 , - < I--- 4 1-4 ~-d  ,- 4  - 4  I - - V T  -4  0 — 1- I— i-0 4
El~ —0 ~ a x ~c I— ~— I— 1- I-— I— I— I-- I— I-— 

~
_ 1- 1- 1- 1- I-- C 0 ~

5 5 5  5 5 5 5  5 5 5
a. E4 4’ =

4 0 Q 0 0 0 0 0 .- — .- /0 dl a 0 5 -4’

— ,o .p w ,
~~ ~o ~c /0 /0 /0 P /0 0 /0 /0 /0 - * 4 ’~~~ C

2 sn ~ /0 ~ -s ~- — ~ a~ r-~ — ~~ 
UI-

‘S — — .- /‘ .- .- I-I-I- .- (I-v ~ I- ~~ I-I- . ~ .
(I-I- /0 0 T I -  115 ‘4’ /0 111 1/ ifl 11 /0 0 ~a-

i
S 5

F 0 — 0 — ~~ o €-~ — =
U dl .- /15 — , ~~ — S/4 1-~~ —

I ii ~~~~~~~~~~~~~~ ~~ — 5 = : ~~~~ ~~~~~~~~~~~~~~~~ ~~4 I-~~~~4
~ ~~~ ~~kl ~4 .-. 5. —

~~~ 1 ~~~~ ~~ 40 C 4’ .

~ ~~~~~~~~~~~~~~ ~~~~ ~~~0 0 0~~~0~~~0 0~~ 0~~ O~~ 0~~ UJ~~ W~~ W~~ ~~~~ ~ ~ 
0 C

4’ ~

~
5 9 .- (‘~ ~ fl /0 /1- /0 dl I-i) U) ~ 0

0 0 0 0 0  0 0 0 0 5 — 8

~ ~

—
~~~~~~~~~

—

11;  
______________

~~~~~~~~~~~~~~~~~ :.~~~~~ ~~~~~--- - 
-~~~~ 

~~~~~
--‘-

~~~~ 1. - -  ~~~~~~~~~~~~~~~~ TE-~
---- --- --- --

~~—~



THE ‘ 1 4 , 1 / & 3 ’ / ~N’ VPSI V F /4 ,J -

APPLIED PHYSICS LABORATORY SDO 4100
/ U l , W I t M I - . -  I -*.I

: I: 4 4 c :
0 4 ” k 0 

~ 
0 0 0 0

~~ 
- 

‘

~~

~ ~
/0 >.~~~~ / 0 2 2 / 0 / 0  ~~ 

4 ’ 40
O -~~ - - - a  a 4 o a

I-0 a, a, 2
C ~~ I C  8 C  C — C C

~ 3 —~~~ 3 — — 3 3 ,~~ ~~ ~~ 3 - is

~~~~~~~~ h!!

h~~ hL- H !.~~~ ’ ~
~~~~~ ~~~- 

~~~~~ ~~2 ~~~~
I- ~~~ - -; .J ~~ ~~

~~~~~~~~~~~~~ ~ 
~~~~~~~~~ ~~4

/5.- (5.- (54  t s a  o.- &5~ I-) 0 (5 (SN (S
~ I-n

* — 04 ‘-. .15 /0 P.- 0 /14
/ ~, ~ I-.) — /0 C’~ I-I P.. I-fl 0 (0(0 /0 0 /1. /0 P- — 0 dl I-fl /0

— 3
U — ~~

.41 .41 ‘4’ /1* P.) /0 41) /0 41) 5 0 N dl
~~

. ~~~~~~~~~~~~~~~~ ~
Cl) ~~, ~ .

a 5 ~I ~~ 0 - U

C I-.’ -/0 dl P /1. /0

~~ o
a. - TO

~~~
~~~~~ 

4~~
C — — s. 4 4 — — 4 4 4 4 is. 4 is.

0 1 5  4 /~~ 4 I-fl 4 / f l  4 4 I-fl I-fl U~ 
(4) 4 I-fl 4 C

/4) 4 UT 4 ~n d  &~ ~fl 4 ‘4 4 4 I-fl 4 1/) 2
0 Z 0 2 0 2  0 0 2 Z 2 Z 0 2 0 

~~~ 
—

~~~‘S 4 i s

E a ~~~~~~~~~~~~~~~~~~~ a > a > ~~ 
-~~-~ 

~~~~~~~~~ :
1/ - ~ -~~~~4 ‘ O 1 -~~~~~ 

Z C i 2

a a a S a~~~ a a a a 5 D ~~~~~~~~~

4 c~~ •
C 0

~, a 0 a 0 ~‘ 41. /15 411 4*) 41) 5~ Z~~~ ~
— — __ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ p. p p _  p. 0 E .
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~ 

*1 fl °I- ~ P
0 . /15 N P . )  I-•) dl 0 d~ 0 ‘15 /0 

~~j  ~~~~~~~~~~~

~f ~~~Iis 4 4

—
— ~ og~~ s~~~~~’0. 0. C) - 0~~~Q

S S U) C p a ,  ~~~~~~~ 
F

- — 0 
~~~~~~~

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~

~ I - - 41) ~~
~~ 04- I - !

~~~ ~ 0i- ~~~~~~~~~~~ ~~~~~~
— 

— 0__ -. 2_  ssi -_ — — Z _  . 2 — I n - .  — 4 p 0
•
= 4’ ( 0 U .f U~~~~~~ is

It’ — ~~~~~O O S O~~~~4
/0 I-fl 5 - 4  ~~~~~

-
-~~~ P4’ 41) /0 4.. 8

0 ~ O ~ D ~ ~ ?~~.

~~~~ 

j  ~~~~~~~~~~~~~~~~~~~ 

—

~~~~~~ 

-- -

~~ 

— 
-— -~~~~~~ _i~~~~~~~~~~ - -__________ 

_____



______ - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ - - - _

THE ~Il I - /NS HOPKINS UN/VIR SIT ) SDO 4100
APPL I ED PHYSI CS LABORATOR Y

LI -C l / I L  MA/I ’ . I- ’.L

5

SI- SI- dl -

— 
44 0 0 0 0 N C) a

-4’ /0 /0 0’ 4’ ~ ‘ =
S — - C CS  — C 4’ C

3 3

2 2 3 ‘S .

~~ ~~

, 

~~ ~ H! ~ ! ~~ ~ ~~~~~~~~~ ~~ I~ ~(3 0 0 / 00  / 5 — 15— 0 I-S m (S (5~~~ 0 (5,0 (3 0—
— N — 01 — P.- N /0 — N (15 /0 0)

S.. 4’45~~ 0 -o
c -

~
. 4 3  5 S E

‘S ( 4 1 /  — —

0 0 (3 0
~ P 0  0 0 1  /0 /4) — ~ ~~E /0 N /0 N II-J~~~~~ !I-~A

I ~~~~~~~~ ~ ~~ B 5~~~~°<
S ~~~ • I-15 — 4’0. SI-’. Q~~~~~ .. is

I- — -  ..
~~~~~

o g
U) .- /0 /0 0/ /0 /11 411 I-fl TO 2 E

~~~~~~~~~~~~a. ~~~~~~~~ - - - - -  -

C — / 0 5 I -  9 4/O~~~
~~~~ C

0 — < <  4 — 4 — 4 — 4 4 4 — • S E >  C0 (fl (4) I-I) 4 (41 4 ‘4 4 4 14) I-fl VT 4 
~~ 4 ~~~~, — 5  ~ 0

t~~I3 < 4  4 I-/I 4 (4) ,fl 0 in 4 4 4 1/1 a. U) ~ ~~~— ~2 2  2 0 2 0 0 2 0 2 2 2 Z 0 
~~~~~I - O C  ~

5 05  ~
—

a a a a a a a . 5~~~.S —
E I-~~ /0 —— 3 4 ’  /4’ C 4’ C C . 3 C 1 4’ C C C 0. 2.2 2 — .- 5 2 2 5

~~ > 0 0  0 — a - — — 0 4 -  0 ~~ ~- 4- I— C~~~~ c 4’ 5
UI ‘S 0 (4/ E ”  ~ —
C ~ ~ a.~~~ a. a. a. a. ~ ~ 0 a. ~ a. ~~~~~~~~~ ~— 

~~ ~~ 
I- I- 1- 1- I-— I-- I-— ifl 1- 4- 1- I-— 4- g~ 9 4 . 4  

~
_a a s s  a a s  a a a a

4 41, (~1 C’) ;, 
~ 

/0 ~~~~~~~~~~~~~~ 
-
~

2 - - - - O O O o — i . 4 4’ -
~~~~~~~~~ ~~~~~~~~~~~~ g ~

— N /0 0 — 40 /0 0 — N ~ —- - - - - -

~~0. 4’
~~~ 5 -

— -0 
- -

~ ~
~~~— t~~~ ~~

4 4- — ~~ - 4 44  4 0 C

~g~i ~~ ~ 
-

~~~~~~~~~~~~~~~~~~~~~

~ ~~~~~ !
•- — 0 — ~~~~ O • ~~~

2 c
/0 N (‘1 ‘4’~~~~~ .41 (I- i a .

2~~~~~~s~~ — - 5 — W 4 ~~ 8
NP.)

O 4 1 ) / 0  .4) 40 N /0 0/ 0 . N P.) /0 I-SI 40 N
2~~~~~~ 4*) 1’) I’) 4*) 4*) /0 /0 /0 /0 /0 /0 ‘4’ /0

—7—

- i

~~~~~~~~~~~ 
~~~~~~~~~ 

—
~:~~~



- ~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
_
~~~~~~~

_
~~ __ s l /~~~~~

___ _ - —~~~

THE JOHNS H~~ %INS UNlVE~~SI1V

APPUED P$fYSICS LABORATORY
LAUSEL MARYlAND

C

~~ 

-

~~~~~ ~~ 

.

~ -~ ~~ 

~~ p
is ~., ~, -= 0 a, a, 0’ 0’

~~~~i~~~w ~~~3 2 ‘S 2
4’ ~~~

_
~~~~~/ I-S /4 ’ /4 ’ I-p c

‘S /A~~~~ ~ v s E

~~~~~~~~ 
-
~ ~~~ -g ~

~~, 3 C ! 8 ’ 8 ’ 2~~? 8~ ~ 3 0 )

~
. 

~~~~~~~~~~ ~

- 

~~ 4i ~
~ ~~>0~~~ ~ ~~ o <~., ~0 C T Z C 1 5 Lj 0 0—  0 0

-~~~0 0) ‘4’ ‘4’
(0 41) (0 /0

A — 0  ~i (0 0) 0
— — 1<

i s 5 5

t.

~J ~~~~~~; ii:
U < . ~ 4 <  

1, I
C ~~~~~~~~~~ ‘4 (4) I-fl -J I-fl 4 /4)

‘~~~0 ~~~~~~~ U~ 4 4 a. 4 ~~ 
—~~~~ — -o

2 0 2 Z Z Z 0 2 C
2 C  ° E 

—
I— )- - 0

(~ ,~ —

a ~~~~~~~~~ a 
c
~~

_
~~~ ifl

~~ 41) = 3 = 3 I -~/ 41/ — ~~~~ 4 0 —C c 3  c 3 1  ~ C
x .~ s c  ‘ 4 ’ c 4 ’  S .. C 0  - —

~ ~~~~ I ~~~ ~ 4- 4 0~~~~~~~C

• 
‘
~~ ~~~~~~~~~~~~~

— a w w L~/ S S

~~.. J — /0 N N 
~ ) C I .~~~~~~4 4~~ Il

4 N N /15 t ‘15 N. 11- - 3. 4’ LI
N 0 N 0 /0 N I-~~~ — C

‘ S N  (15 N /0 /0 (15 — (15 ~~~~~~~~~~~~~~~ =C) N /0 /0 0/ N — I-’) /0 C’ — 4
— - Q.~~~~ 0 I U

Z 0 - ~~~
4-

- a ’ S  c UJ C 4
4’ . 0

I-fl
— 0  C 4 / , C C~~~~~~ I-4’
/0 4... ~~~~~~~~~~~~~~ ~

N 4 4 0 w  ~ 4~~ S 5~~~~~~/II- E l
2 ~(/ N 4 — ( 1 5 N P15 

~~N~~~~~ ~~, 
—

~~~~~ <
2 N ‘S ~ N NN  ~~ ~~~~~ 3~~~.= 5 C -

~~Hfl~~— 6 N -
0 0 

~ .
4’ 4 ~~~, “ P 4 I - 0 c

~~~ 4 ~ E 4 <~~~a ~~ 5 a~~~ 4~~~ £ -

Z O  _iw ~~~J w C )~~~~a . t ’ .  Z Q a . Q 0  ~~~~~~~ ~~~~~i s - J 0-

N C’ )

-8-

~ 

- ~~

- - - -  

~~~~~~~~~~~ . _ _ . - _ _ -~~~~~~



1
T I-sE J OHNS HOPKINS UNIVE A S/ TV

APPLIED PHYSICS LABORATORY SDO 4100
4 LA URIL M A N / L A N D

TRAN SIT-ON-DISCOVERER

- I

1-1

l à  .

~ 
I 

_ _ _ _  - —-- - _ _

- — - ~~~~~~~~ — _ 
— . ___________



uS JOSUS NO~~WS ~~~~ saY
~~~~JED PHYSICS LAbORATORY SDO 4100

~~~~~~

j DEWA R FLASK MULTIPLIER/AMPLIFIER

-~ 

- 

~~‘ I — _______  — _____  — 0.06 WATT

1 
I - 3 MHz 64 MHz

3 MHz ~_•~j MULTIPL
] 

{

IPOWERAM PLIFIER} r...I{ J 

. ATULTRASTASL E RF FILTER 006 W T
-~ OSCILLATOR

~~~~~~~~~~~~~~~~~~~~~~~~~~
FREOUENCY STABILITY: 1 PART IN 10a

Fig~ 1.1 Transit-on Discoysrur Simplifisd Block Diagram

I I

1—2

- ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~



THE JO HNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY SDO 4100
LAURE L MAII-/ LANO

I

TRANSIT-ON-DISCOVERER

BACKGROUND

In July 1959 , representatives of the Lockheed Missiles and
Space Co. (LMSC) first discussed with APL the feasibility of em-
ploying a dopp ler tracking system on the Discoverer spacecraft
launch vehicle. The doppler satellite navigation sys tem had been
conceived and was being developed by APL for the APL—proposed
Transit satellites (now Navy Navigation Satellites). Tracking
data obtained with the Transit—on—Discoverer (Fig. I—i) were to
supplement op tical track ing da ta tha t were be ing provided by the
Smithsonian Astrophysical Observatory (SAO) . Weather permitting,
the SAO Baker—Nuan satellite tracking cameras were used to photo-
graph an optical beacon system which consisted of four lamps
mounted on the spacecraft vehicle and which were turned on by a
vehicle orbital pro grammer. The photographs , together with the
times taken , were used by SAO to prepare orbital parameters . The
few precise fixes provided by the highly accurate SAO data were
used to evaluate the AYL doppler tracking technique and the
VERLORT (Very Long Range Tracking) system of obtaining orbital
elements and ephemerides.

TOD was a predecessor to the Doppler Beacons discussed in
Section VI. The first beacons were flown in early 1970, and they
are still being prov ided by APL to various user agencies.

APPLICATION

To track the Discoverer vehicles in their typically low
altitude polar orbits , LMSC des ired a ligh twe igh t , hig h—accuracy
tracking system consisting of operationally simple , rela t ively in-
expensive satellite equipment and ground support Stations. Since
preparations for a TOD fligh t were not unlike those for  a Trans it
satellite , they afforded APL with the opportunity for exercising
and perfecting Transit satellite ground station equipment , devel-
op ing methods for coordinated station communications and station
a le r t ing ,  and preparing computing and analysis programs and facili—
ties . Additionally, APL could verify the accuracy of doppler
t racking by comparing TOD f ixes  wi th  corresponding f ixe s provided
by the SÃO photographs and the radar tracking observations of
VERLORT.
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EQUIPMENT DESCRIPTION

The TOD consisted of an extremely stable transmitter which
cont inuously t r ansmi t t ed  two f r equenc ies  (162 MHz and 216 MHz) so
as to ensure adequate  cor rec t ion  fo r  ionospher ic  r e f r a c t i o n . To
main ta in  the desired f requency s t a b i l i t y ,  t h e  3 MHz c r y s t a l  used
in the osci l la tor  was placed in a Dewar f l a s k . The f l a s k  con—
sisted of concentr ic  cy l inders  of a lu n i n u m  which  were p o l i s h e d

4 and gold plated for heat reflection . The unit was filled with dry
nitrogen prior to flight , but vented to ambient pressure bt -fere
orbi t  in jec t ion . The osc i l la tor  was loca ted  i n s i d e  the  f i r i - ~t rv l—
inder of the Dewar f l a s k  such tha t  the heat  gene ra t ed  by t~~1 oscil-
l a to r  t r ans i s to r s  did not a f f e c t  the c r y s t a l  tenCp€- r - Jt LIre . Pr~~\’~ d ’d
with  i ts own antenna system , the TOD opera ted  independent ’~y at  the

:1 payload and required  only s a t e l l i t e  power.

Discoverer consisted of a f i r s t  s tage Thor and second s t a g e
Agena—B launch vehicle. About one day after the Agena had achieved
orbi t , the payload was ejected from the vehicle in the vicinit y of
Hawaii fo r  subsequent  recove rs’. Thus , the  Discoverer  orbit was in
two phases; the first 24 hours prior to payload ejection and the r v—
nam ing several days prior to battery exhaustion and radio silence.
Doppler tracking of the TOD 162/216 MHz signals was p e r f o r m e d at
five TRJS~ ET stations , including APL/JHU Station 111 in Maryland ,
and at a coopera t ing  s t a t i on  in Lasham , Eng land .  The s t a t i o n s  we re
contro ’~~ed by the S a t e l l i t e  Con t ro l  and Communica t ions  Center  at
APL , and all data were sent to the Center  fo r  p rocess ing  to  ob ta in
accurate orbit  ep hemer ides .

F 1JNCTIONAL OPERATION

The principles of operation for Transit-on—Discoverer were
similar to those of the Doppl er Beacon , except that TOD transmitted
on 162/216 MHz and the beacons employ 162/324 MHz. R e f e r  to Sec—

• tion VI for a functional description of the Doppler Beacon.

FLIGHT RESULTS

TODs were flown aboard the following Discoverer spacecraft:

Satellite Launch Date Reference

—— * 4 Feb 1960 line 1, Table 1
__ * 19 Feb 1960 line 2 , Table 1

1960 Delta 1 15 Apr 1960 line 3 , Table 1
1960 Kappa 1 18 Aug 1960 line 4, Table 1

26 Oc t 1960 l ine 5 , Table 1
1960 Omicron 1 12 Nov 1960 line 6, Table 1
1960 Sigma 1 7 Dec 1960 line 7, Table 1
1961 Epsilon 1 17 Feb 1961 line 8, Table 1
1961 Lambda 1 8 Apr 1961 line 9 , Table 1
*Failed to achieve orbit.
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Right ascension and declination comparisons of APL computed
values derived from TOD ephemerides were found to be in good agree-
ment with SAO values derived from Baker—Nunn camera observations.
Forty sets of usable SAO data, i.e., those for which APL had pre—
pared ephemerides , were received from came ra si tes in Curacao ,
Du tch Wes t Indies , Organ Pass , New Mexico , and Tokyo , Japan f rom
the Discoverer 17 (1960 Omicron 1) flight. Right ascension differ-
ences are shown in Fig. 1—2(a) and declination differences are
shown in Fig. 1—2(b). Each point is the mean value of six to nine
differences which occur within an interval of one minute . The line
drawn to either side of the point specifies the SAO standard devia-
tion at the minimum range of the satellite for which the point is
plotted. The dashed line indicates the mean value of the differ-
ences , and the solid lines represent the standard deviation of the

— 
- 

differences from the mean value. Curacao and Organ Pass differ—
ences were found to yield a standard deviation of less than ±3 km
ascension and of less than ±7 km in declination. The Tokyo da ta
were no t incl uded in the analys is sin ce they prod uced d if fe rences
of about 200 km and , as later corroborated by radar data , were ob—
viously invalid.
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Fig. 1-2 Discover 17 SAO Optical and TOD Doppler Data Fix Comparisons
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Satel lite durinq t he rma l  vacuum tests at APL

Fig. Il-i INJUN 1 and Proton Detector Package
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INJUN SATELLITE PROTON INSTRUMEN T ATION

‘i
i BACKGROUND

The first solid—state radiation detectors flown on a satel—
lite were the low energy Proton Detectors developed and built by
APL f o r  the Sta te  Un ive r s i ty  of Iowa (SUI) INJUN—l satellite
(Fig. Il—i). This radiation research satellite was designed to
provide further information on the energy spectra of the protons
and electrons that make up the geomagnetically trapped radiation
zones discovered by SN Professor J. A. Van Allen , formerly Super-
visor of Upper Air Exp loration at APL/JHU. While much had been

• learned about the composition and extent of the Van Allen Belt ,
further data were required t o  a ccoun t  in detail for the origin and

- 

/ 
behavior of the radiation zones.

— In add i t ion  to i t s  s c i e n t i f i c  value to the geophysics corn—
munity, howeve r , a more accurate description of the Van Allen Belt

• than presen tly existed was of great importance to APL for the very
practical reason that ionizing radiations have a damaging effect
on the operation of solar cells , transistors , and various other
satellite components. It was imperat ive that the operational en-
vironment of the NaV ’A’ Navigation Satellite System (NNSS — formerly
known as Transit), then in advanced development at APL , be well
understood so that the satellites could he designed to operate
satisfactorily for the required five—year lifetime .

The INJUN— l satellite and the NRL (Naval  Research Laboratory)
GREB (Galac t ic  R a d i a t i o n  Energy Balance)  s a t e l l i t e , which was de-
signed to measure solar Lyman—alpha and X—radiation , were included
in the APL Transit 4—A s a t e l l i t e  launching to fully utilize the
payload capability of the Thor—Able Star launch vehicle (Fig. 11—2).
This launching marked the first it  tempt to orbit three satellites
simultaneously.

APPLI CATION

The INJUN—l instrument complement is listed in Table 11—1;
as noted , the Proton Detectors were provided by APL. Scientific
objectives of the INJUN satellites included the following:

1. Measure , with total energy and selective energy detec—
tors , the particle fluxes moving parallel and perpendicular to the
geomagnetic field over a wide range of magnetic latitudes , tnclud—
ing bo th Van Allen radiation zones.

11-3
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Fig. 11-2 INJUN-1 Satellite in First Triple Payload
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Table 11.1
HE 

INJUN.1 Satellite Radiation Detectors

Instrumen t Detection Feature Orientation*

- • 
CdS Total Energy Proton > 5 keV 0 = 1800

Electrons > 100 eV
Light

• CdS with Magnetic Protons > 5 keV 0 = 180°
Broom Electrons > 2 5 0  keV

Light
CdS Total Energy Protons > 5 keV 0 = 90°

Electrons > 100 eV
Light

• CdS with Magnetic Protons > 5 keV = 90°
Broom Elec t rons  > 250 keV

Light
- CdS Optical Monitor Light 0 = 90°

213 GM Counter Electrons > 30 keV 0 = 90°
Protons  > 0 .5  MeV

Photometer Light of 5577 A 0 = 00

Magnetic  Spec t romete r
GM a Electrons 45—60 keV
CM b Electrons 80—100 keV 0 = 900

GM c Background Monito r
F :oton Detector ** Trapped Protons 0 = 90°

1—17 MeV

Proton Detector** Trapped Protons , 0 90°
- Back ground

Proton Detector** Solar Protons 0 = 180°

- 
1—17 MeV

Proton Detector** Solar Protons , 0 = 180°
• - Back ground
I -

*Orientation is referred to the magnetic field line , with 0 = 00

being the downward direction in the Northern Hemisphere .
**Provided by APL/JHU.

1 11—5
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2 .  Measure the  absolute  pa r t i c l e  f l u x  t rapped  in both
rad ia t ion  zones , and provide data for a limited study of Its
energy dependence .

3. Monitor cosmic rays and solar protons over a wide
range of magnetic latitudes.

L~. Enable detailed plotting of t he  aurora l  zones b~’ both
ph o t o m e t c i c  and particle flux methods with high spatial and time
resolution .

5. Provide data for a study of the l a t i t u d e  v a r i a t i o n  of
airgiow and auroral emissions and subsequent correlation with
phenomena measured at sever ~-il g round s t a t i o n s  in the l’n i t e d  S ta te s
and Canada.

I n s t r u m e n t s  s i m i l a r  to many of those  on the  I N J U N  sa te l—
lites were carried on o t h e r , l a t e r  sa t el l i t e s .  This made compari-
sons of data thus obtained in different flights highly meaning ful.

EQUIPMENT DESCRIPTION

The APL p r o t o n — d e t e c t i o n  u n i t s  f o r  the  INJ UN-1 s a t e l l i t e
consisted of two pairs of detectors . One pair was mounted  so t h a t
the two d e t e c t o r s  looked out at r i g h t  angles  to the  s a t e l l i t e  ax i s
and thus  at ri ght  angles  to the  e a r t h ’s m a g n e t i c  f i e l d .  This pa i r
:.easured trapped protons in the inner Van Allen radiation zone.
The other pair was mounted so that the thtectors looked out paral-
lel to the satellite axis and thus parallel to the magnetic field.
These two detectors actually looked out throug h the bottom of the
satellite (as viewed on the launch pad) and thus , because of the
orientation of the satellite ’s permanent magnet , the~’ looked up-
ward at high northern lat itudes to measure solar protons.

All four detectors were symmetri -allv mounted in an alumi-
num hous ing so that they we re essentially identic ally shielded.
Small permanent magnets were mounted over the detectors to pre-
vent electrons of less than 250 keV from reaching the detectors.
One detector of each pair had an opening of 0.18 steradian through
the magnet ; the other detector of the pair had an aluminum plug in
its opening so as to serve as a background monitor for the active
de tector. Each detector was 4 by 4 mm in area and al l  were made
from the same resistivity silicon and were similarly b iased to
ensure identical operation and thus facilitate intercomparisons .
Since the de tec tors were light sens itive , the active member of
each pair was covered with aluminized My lar foil. The response
range for the active detectors was 1—15 Me\’.

11—6
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The electronic circuit of each detector consisted of four
parts: a charge sensitive preamplifier followed by two stages of
voltage amplification and a discriminator pulse shaper. The dis-
crimination level set at the output of the second voltage amplifier
was adjusted to correspond to 900 keV energy deposition in the de-
tector. Pulses large enough to pass the discr imination threshold
fired a univibrator whose output  was tailored to the input require-
ments of the satellite data handling system. The proton detector
package weighed 1060 grams and required 250 milliwatts at +18 VDC.

FUNCTIONAL OPERATION

Proton Detectors

The APL charged particle detectors were of the p—n silicon
junction type. When such a junction is reverse biased , a region
is formed that is free of conducting electrons and holes. The pas-
sage of a charged particle through the depleted layer creates
electron—hole pairs that are separated by the electric field , and
the electrons and holes are collected at the junction surfaces.
The collection of the charge can be observed and the passage of
the incident particle thus noted exactly as is done with an ordi-
nary gas filled ionization chamber.

Junction detectors have several advantages for measurements
of protons in space. They are small and light , can be operated on
low voltages (e.g., 10—50 volts), and consume essentially no power.
The deple tion layer is so thin , generally on the order of 100 mi-
cr ons , that the junctions are insensitive to X—rays and bremstrah—
lung; in addition , they can be made insensitive to electrons. The
size of the output pulse of the detection unit is proportional to
the energy deposited in the junction ’s de pletion layer. By select—
ing an appropriate absorber to cover the entrance hole in a suit-
able shield and by adjusting the discrimination level , it is gem—
erally possible to select a desired energy range with a given
detector.

Spacecraft Subsystems

The satellite data handling system consisted of 64 four—bit
binary shif t register accumulators . Each of the 14 radiation de-
tectors was allotted a number of accumulators consistent with the
expe cted counting rate. In addition , the digital message con tained
a Barker synchron iz ing word , the satellite clock data , var ious
voltage and tempera ture measurements , and data from a magnetic
aspect sensor. Data were read continuously from the accumulators
at the rate of 256 bps. Thirteen of the detectors were read once

11—7
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per second , or to a spatial resolution of 10 km. The last detec-
tor was , in effec t , read fo ur t imes per second , or to a spatial
resolution of 2.5 km , in order to investigate localized auroral
phenomena. A f r e q u e n c y — s h i f t  keying between 3072 and 4096 Hz was
used to indicate b inary  informat ion  readout of the accumulators.
Data were t r ansmi t t ed  to groun d s t a t ions  using amplitude rnodula—
tion on a 136.5 MHz carr ier  wi th  200 mW of power.

The da ta  encoding and telemetry system was designed to per—
mit a direct  o u t p u t  f rom simple ground receiving equipment  in to  a
digital computer. The predicted S/N ratio at a 3000 km slant range
was above 21 dB , at least 9 dB above the threshold for automatic
data processing.

The total satellite power required was 2.0 w a t t s .  Since
th i s  was not s u f f i c i e n t  for  all components to opera te  continuously ,
the sa te l l i t e  subsystems remained normal ly  in a s tandby condition
with only a command receiver  and par t  of the  da ta  sy s tem operating.
The command receiver was interrogated from ground stations at Iowa
City, iowa , and Lima , Peru , and the satellite turned fully on for
various periods subjec t  to the  avai lable s a t e l l i t e  power.

FLIGHT RESULTS

The s imul taneous  launch  of INJUN 1 w i t h  the CREB and Tran—
sit 4—A satellites on 29 June 1961 was successful  except f o r  the
failure of the separation mechanism between INJUN and GREB. The
INJUN magnetic a t t i t u d e  control  system could not orient the corn—
bined payloads , and the  ph o t o m e t e r  was shie lded by GRE B and thus
rendered useless ; all othe r satellite components operated satis—
factorily. The INJL’N-l hi gh inclination orbit (line 10, Table 1)
made it well suited to the taking of radiation measurements as it
passed through th e auroral zones , the lower reaches of the outer

• Van Allen Belt , and the inner belt.

The period 12— 28 July 1961 was noted by the appearance of a
large n umber of solar  f la res  fol lowed by such geoph ys ica l  phenomena
as magnetic storms and ionospheric disturbances. Protons emitted
by the sun were observed in the  t e r r e s t r i a l  atmosphere by the sat-
ellite detectors , permitting for the first time a quantitative
analysis of the proton flux and its variation in the geomagnetic
f ield during bo th quie t and dis tu rbed  m a g n e t i c  cond i t ions .

The INJUN—l satellite represented the first APL attempt to
asses s the environment in which the  opera t iona l  NN SS would func-
t ion . The success of the experiments , partic ularl y the opera t ion
of the Proton Detec tors , led to an expanded research program at
APL concern ing particle measurements and their e f f e c t s  on sa te l l i t e
components.

I18
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The INJ UN— 3 s a t e l l i t e, essent ia l ly  a 60 .96—cm d i ame te r
sphere weig hing about 4 7 . 6  Hg ,  included the APL Proton  Spectrome-
ters  shown in Fig. 11—3 . Launched on 12 December 1962 (line 11,
Table 1), the s a t e l l i t e’ s in i t i a l  apogee and perigee al titudes of
2782 km and 246 km , r e spec t ive ly ,  differed significantly from the
nominal orbit  tha t  was to  be c i r cu l a r  at 950 km. INJ’JN 3 carried
18 p a r t i c l e  de tec tors , th ree  pho tomete r s , and a VLF e l e c t r o m a g n e t i c
wave detector (Table 11—2) .  While an operational ‘,a t t ’llite , the
e f f e c t s  of the undesired o r i e n t a t i o n  and apogee i n c l u d e d  the  fo l-
lowing : (1) several d e t e c t o r s  t h a t  wer e  i n s t al l e d  t o  d e t e c t  par-
t ic les  causing auroras , or in general  dumped particles in the
planned orbi t , de t ec t ed  t r apped  p a r t i c l e s  In s t ead , (2) because the
orbit was chang ing due to atmospheric drag, it was difficult to
measure a c c u r a t e l y  and command scheduling predictions were accu-
rate , and (3) the planned stud y of diurnal variations of several
phenomena was rendered almost  impossible.
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Spectrometv view ports

INJUN-3 Satellite

Fig. ll-3 INJUN 3 and Proton Spectrometers
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Table 11.2
- - 

INJUN-3 Satellite Radiation Detectors

De tectable  Badiat ion
Detector Orientat ion* Proton Energies Electron Energies

213 Gei~ cr Counter — 90~ E ,~~~0.5 MeV E > 40 KeV

Pulse S c i n t iU a t o r  Omni. E > 36 MeV - —

213 Geit~er c o u nt e r  — 9Ø ’ E > 4 Vc V E~~~250 KeV
213 Gci~ er Coun te r  — I30~ E ~~O.5 MeV E ~~ 40 KeV
213 Gej~ er Counter — ~8O° E ~~~~~ ~ eV E ~~~ 40 KeY

• 302 t-ci~ cr Counter  Omni .  E ~~ 20 ~ eV E >1.5 M c V

~1ag. ~c tic  ( a )  - — 40 < E < 60 Key

Ple ctro ri ( b )  — 9ØY — — 80 < E ~
-
~~- :10 ~~~ v

S c t ~ ’o rc t e r  (c )  E > 40 M eV E > 5 ~ eV

D.C. Scintifla or — 130Y F > 100 KeV E > 5 KcV

Electron ‘ a1~~ip1ier — 13Oc > 100 KeV E > 5 Key

P—N Junction (a)$* — ~P 0.5< E 2 MeV fo r  \ — —
P—N J u n c t i on  ( t / ’

~~**  — 9O~ ) 2< E 8 MeV I — —
- each~ ,

P—N Juncti c~ (c)** — 180 ” 8 -  F < 26 MOV pa i r  — —

P—N •Ju ~ ct  ion ( d ) * *  — 180Y 26< E ~~ 160 ‘c’\ - — —

Phot omr~er (a) — 0~ L i g h t  of 5577 2
Photometer (b) — Light of 6300 2
Photometer ( c i  — 1�~O~ Light of 5577 2
VLF Det”ctor VLF 1 kflz to 20 kflz in

6 Frequency Bands and Carrier
Modula t i on  I to  5 kH~

IItcg ral (a) ) F “ 4 M c V  E ~~ 500 KeY
V . l cn o t i c  ( b )  — 90Y E ~~ 4 MeV E ~~ “ 1 MeV
Spectr o~ie ter  (c i E T~ 40 M o V  E ~ 5 McV

• O r i e n t a t i on  Is referred to th~ dire ction of the nrtgnetic fteld line , such that ~—2
”

Co - ‘ - i- s~~cn~ i. to  a d et O c tor  1oo~c in g  downwards t owards  t h e  ear h in t h e  n or t l~e rn
I: ‘ni 1) 1 1 0  rr ’ -

** P z’ ov -dcd  by AP L JHL’.
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(bi RAE- i  1968 55A)

Fig. Ill-i Satellites With APL Magnetic Attitude Control Systems

111—2

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- —- 
- ‘ ‘ ‘‘  - 

‘~~ _______ ___________________________________

THE j /L , IN~, // l/S~~N~~ UN/Y E / - / 5 1 1

APPLI ED PHYSICS LABORATORY DO
LA / l O l l .  M A / / L A N

III

MAGNETIC ATTITUDE CONTROL SYSTEM

BACKGROUND

Satellites with attitude control systems developed by APL
have established such firsts as:

— The first use of magnetic techniques for attitude orien-
tation , and of magnetic hysteresis rods for damp ing satellite no-
tion (Transit lB launched in April 1960).

— Firs t  use of e l ec t romagne t s  fo r  temporary  magne t i c
stabilization (TRAAC launched in November 1961).

— First gravity gradient stabilization of a satellite
(Transit 5A— 3 launched in June 1963).

— First design and use of a magnetic sp in/despin system
(DME—A launched in November 1965).

Several contributions to the art of satellite control and stabili-
zation were also made with the launch in July 1967 of the DODGE
(Department of Defense Gravity Experiment) satellite. These satel—
l i t e s  were des igned and fab r i c a t e d  at APL . In addition , satellites
developed by other agencies have employed attitude control systems
supp lied by APL. These include the NASA/GS FC—developed AE—B (Atmo-
spheric Explorer—B) and RAE—i (Radio Astronomy Exp lorer—l) satel-
lites.

APPLICATION

Scientific Objectives

The AE—B satellite (Fig. 111—la) mission was to obtain
d i rec t  measurement  data to hel p define the s t r u c t u r e  of the atmo-
sphere on a global basis , to aid in the  s t u d y  of the  ph ysics of
the uppe r atmosp he re , and to  e x t e n d  the  knowledge  of so lar—terres-
t r i a l  relationships. AE—B consisted of a 76.2 cm stainless steel
spherical shell which housed six aeronomy experiments and asso-
cia ted electronics for a tct a l weigh t of abou t 218 kg.

The mission of the RAE— l sate llite (Fig. I1I—lb) was to
monitor low frequency radio signals frer~ cosmic sources , from our
own solar system , and from the earth’ s magnetosphere and radiation

111—3
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bel ts. Also , to monitor the sporadic radio bursts from the region
of Jupiter for correlation with simultaneous high frequency obser-
vations made by the global Jupiter Monitoring Network . The satel—
lite body was a cylindrical aluminum structure with four 150 cm
long helical solar panels , and tho total satellite wei ght was about
189 kg.

A t t i t u d e  Cont ro l  Sys tem R e q u i r e m e n t s

The sp ir ~ stabilized (30 rpm) AE— B had mounted about its
equator a /~umber of sampling devices , and It was desired that
these devices view both the forward and wake reg ions of the free
stream during each revolution so that c o mp e n s a t i o n  for  forward ye—
locir\’ could more easily be made . To achieve this at all points
in the orbit , It was required that the sp in axis he oriented no rmal
to the plane of the orbit.

The RAE—l launch sequence required tha t the satelliti - plus
its fourth stage apoge e kick motor be placed into a transition
orbit of 550 km perigee by 6000 km apecec and be sp in stabilized
at 74 rpm. Attitude measurements were then made to c c - t e r c i n I -  5~~ ] f l

axis orientation to ensure p r o p e r  attitude prior to firin ~- the
apogee boost me ter. After the satellite was boosted into circular
orb it , the f~I e r t ~ stage n-as ejected and the yr— ye despin cables
w e r e  d e p l cv / - l.. t o  reduce the spin rate to a nominal 5 rpm . The mag-
netic tor’- - - ~~:ig con t ro l  sy s tem then reduced  the  r e s idua l  sp in and
tumble  to  z e r o , and s t a b i l i z e d  the s p a c e c r a f t  so t h a t  i t s  Z— axis
tr a/-ked the earth ’s magnetic field. Two V experi m ent antennas w
then formed by dep loy ing fou r  booms 250 m in length. The space-
c r a f t  was g rav i ty  s t a b i l i z e d  such t h a t  one V a n t e n n a  p o i n t e d  toward
cart)) and the other toward the gal act ic sphere . A third antenna
cons i s t ed  of  a di pole dep l o y e d  normal to the Z axis of the satellite.

FTOUTPNFNT lESCRIPTION AND FUNCTIONAL OPERATION

. \E—B S a t e l l i t e  C on t r o l  Sy s t e m

The f o r e r u n n er of AE—B , t he  AE—A sat c l i i  te , e x p e r i e n c e d
large variations in spin axis orientation with time . This unwanted
pr /-cession apparentl y originated from the in teract ion of the earth ’s
magnetic field with the natural satellite dipole mom ent. The AE—B
magnetic attitude contro l system (MACS) included magnetic actuators
to control the precession such as observed on AE—A , and a second
s It of magnetic actuators to c o n t r o l s a t e l l i t t -  s i - i n  r a t e .

Spin—axis orientation was controlled by artifi ciall y creat-
ing a d ipo le  m om en t  o f  N or 0. The AE—13 v a r i a b l e  r /lgnp t was a

111—4

_ _  • L —  ~~~~~~~~~~~~~~~~~~~~~~~~ _ - ~~~~~~ — -  i~
_
-

~
-
~~1l



—
~. 

- : T ~~~~~ ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

THE i l l / INS ‘0/ 55 11 5 1 1 1/ / S I -

APPLIED PHYSICS LABORATORY SDO 4100
LAUR EL P 4 / - -  - - A Nt

permanent one , w i t h  a di pole monent  M / 2 , and a var iab le  magnet ,
w i t h  a dipole—moment  range ±M/ 2 (Fig. III—2a). Upon ground com-
mand , a cap acitor bank was d i scharged  th rough the wind ings of the
variable magne t , in one direction or the  o ther , to  produce dipole
moments of M or 0. The va r i ab le  magnet  was built from a vanadium—
permendur alloy .

The AL—B could be spun up or down by ground command. Two
e lec t romagne t s , shown in Fig. III—2b , wer e aligned with the two
s a t e l l i t e  axes p e r p e n d i c u l a r  to  the  spin axis. Torque about t he
spin axis was generated , after the fashion of a dc motor , by inter-
action between the earth’s field and the electromagnetic fields.
The vector magnetometers generated signals proportional to the
ea r th ’s f i e l d .  These were amplified to activate the electromagnets .
To o b t a i n  dc motor  a c t i on , the X—axis magnetometer drove the Y—axis
electromagnet with a 1800 phase change , and the Y— axis  magne tometer
drove the X—axis electromagnet. The change in the AE—B spin rate ,
using this approach , could be as high as 15 rpm /da y.

RAE—l Satell ite Control System

To achieve magnetic stabilization of the RAE—i , an act ive
control system was required which would perform the following:

1. Magnetic field measurements to be used for a t t i t u d e  de-
termination ,

2 . Spin axis orientation pri or to firing the apogee motor
while in the t ransition orbit ,

3. Damp ing of spacecraft spin and t umble following injec-
tion of the -~ate l li tI- into final orbit ,

4. Macnetic stabilization and damp ing of oscillations , and

S . As a backup system for damping libration.

To meet the oblectives , APL supplied the MACS shown in
Fig. 111—3. N I 1St  of the magnetic attitude control functions in-
tended for RAE arE- provided for on APL low a lt i t u d e  s a t e l l i t e s  by
magnetom eters , a n e l e c t r o m a g n e t , and a set  of pass ive  h y s t e r e s i s
rods .  However , pass ive  rods c o u l d  not  be used on RAE because the
magne t i c  f i e l d  is q u i t e  we ak  at 6000 km and long hysteresis rods
could not be t o l e r a t e d  w i t h i n  the  s p a c e c r a f t .  A scheme of “ en-
hanced ” magnetic damp ing was therefore developed by APL in which
a hysteresis function gE -I1, ~rator was used in conjunction with a
set of electromagnets. This system provided detumble and magnetic
stabiliz ati on equ iva lent to passive rods at lowe r orbits.
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V A R I A B L E P E R M A N E N T
REVERSING PER MAN ENT MAGNET

R E L A Y  MACNE T

(a) PULSE M A G N E T I Z E R  SYSTEM

1 SPIN A X I S I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

X ELECTRO MA GNET V ELECTROM AG NE T

(b I SPIN TORQUE SYSTEM

Fig. 111-2 A E-B Pulsed Magnetic Actuator and Torque Systems. Simplified
Schematics
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A three—axis  vector  magnetometer  measured the earth ’s mag-
net ic  field and produced three output  signals proport ional  to the
f i e ld  components. The nominal l inear  range of the magnetometers
was ±100 moe. These signals were telemetered to ground for atti-
tude determination. In addition , the X and Y signals served as
inputs  to the damping system which consisted of a two—channel
hysteresis generator , a two—channel power ampl if ier , and a se t of
X— and Y—axis electromagnets. Both the hysteresis generators and

• the amplifiers had two operational gain states wh ich could be
selected by command. The electromagnets provided magnetic torques
for damping satellite spin and tumble as well as oscillations asso-
ciated with magnetic stabilization . The maximum dipole moment

b strength of these electromagnets was 2 x 1O4 pole— cm.

A Z—axls electromagnet was used fo r  sp in axis precess ion  and
track ing of the earth’s magnetic field during the magnetic stabili—
za t ion  phase. This e lec t romagne t  could be comm anded to  produce  a
constant dipole moment of 4 x l0~ or 1 ~< 1O~ pole—cm , or it could
be turned off. The MACS included a m a g n e t o m e t e r  c o m p e n s a t i o n  sys-
tem , a passive feedback network , wh ich removed the magnetic fields

- - 
prod uced by the electomagnets from the magnetometer sensors . The
demagnetizer was used in conjunction with the damping system to
erase on command the history of the hysteresis generators.

The e l ec t ron i c  hardware was packaged in th ree  r e c t a n g u l a r
books (Fig.  r I I — 4 ) . The total  package  was 12.7 b y 17.8 cm b y 10.8
cm deep and weighed 3.2 kg. The magnetometer sensors were mounted
external to the book. The X and Y e l e c t r o m a gn e t s  were 40 .6  cm
long by 1.4 cm diameter Mumetal cores and weighed 0.09 kg each .
The Z e lectromagne t consisted of four Mumetal rods , each 30.5 cm
long by 1.17 cm in diameter. The four rods weighed 1.54 kg. Total
wei ght of the system was 6.58 kg.

- . Operat ional c a p a b i l i t i e s  of the  MACS were veri fied through
analog s imu la t ion  by APL pr ior  to s p a c e c r a f t  i n t eg r a t i o n . In these
s imulat ions , prototype and flight unit control systems were used
as analog elements which prov ided an exact model for magnetic hys—
teres is damping. During the design phase , analog simulation en—
abled APL to establish electromagnet dipole moment strengths and
a m p l i f i e r  gains which would e f f e c t  the most rap id despin and damp-
ing of oscillations as well as minimum steady state magnetic track-
ing errors . In addition , these simulations provided flight train—
in~ whereb y the opera t ing  modes of the  control  system could be
changed as dynamic  condi t ions  d i c t a t e d  and thus e f f e c t  more rapid
damp ing or more accurate magnetic stabilization. Final simulations .
which emp loyed the f l i ght ha rdware , c o n f i r m e d  the  dynamic  e lectr i -
cal performance of the control system as well as established the
a t t i t u d e  per formance  which could be expec ted  in o r b i t .  

-
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FLIGHT RESULTS

NASA satellites AE—B (Explorer 32, 1966 44A) and RAE—i
(Explorer 38, 1968 55A) were successfully launched on 25 May 1966
and 4 July 1968, respectively (lines 12 and 14, Table 1). A sec-
ond stage command cu tof f  f a i lu re  on Exp lorer 32 resulted in a much
higher apogee than planned.  However , the MACS functioned as p lanned
and good data were received.

Explorer 38 was placed into a t emporary el l ipt ical  orbit for
three days after launch. Then, the apogee motor was ignited to
achieve the desired orbi t  and incl inat ion. Spacec ra f t  desp in opera—
tions were completed on 8 July , and the antennas we re extended in
increments from 22 July to 8 October 1968. The sa te l l i te  was la ter
declared to be fully operational.
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SOLAR PROTON MONITOR ( IMP F AND C)

BACKGROUND

In June 1965 , a joint proposal was issued by NASA/CSFC and
APL o u t l i n i n g  the requi rements  of a Solar Proton Monitor  (SPM) that
could be f lown on the GSFC—desi gned IMP ( I n t e r p l a n e t ar y  Moni tor ing
P l a t f o r m )  —F and —G s p a c e c r a f t  (Fig.  TV—i ) . SPM f e a t u r e s  were
similar to thos e of the Solar Proton Intensity and Composition Ex-
periment (SPICE) , which was designed about the same time to collect
similar data during the ballistic trajectories of sounding rockets.

APPLICATION

Dur ing  a seven year  period ( 1956—1963) p r io r  to  the in i t ia l
SPM proposal , there  were at least 64 occasions when the sun accel—
era ted nuclei  to  energies  g r e a t e r  than a few MeV and these  parti-
cles were subsequently detected in the vicinity of the earth. Such
solar cosmic ray events are of fundamental importance for not only
do they provide information on solar processes , but their propaga-
tion c h a r a c t e r i s t i c s  provide new clues to the  magnetic field con-
fi gura t ions  in the  v i c i n i ty  of the sun and in i n t e r p l a n e t a r y  space .
Furthermore , these solar particle outbursts pose important considera—
tions for  manned space t ravel  in such program s as the (then) forth-
coming Apollo Program.

The primary purpose of the SPMs flown aboard the IMP satel-
lites was to provide systematic monitoring of solar cosmic -rays
over at least half a solar cycle. The basic requirements for such 

-•

a monitoring program were :

1. To furnish simple , reliable flux and spectral measure-
ments ,

2. To operate over a wide flux range and , in particular , to
provide coverage for very large events , and

3. To provi de a simple and t isily reproducible detector sys-
tem to form the basis of an operational r-enitcT ring prograr~.

EQUIPMENT DESCRIPTION

The IMP—F and —G Solar Proton Monlters wt- re similar and con-
sisted of an array of solid state detector~ designed to measure
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proton i n t e n s i t i e s  in the  f o l l ow i n g  energY ranges : 1 � E~ ~ 10
MeV , E~ � 10 MeV , E~ � 30 Mev , and E~ � 60 MeV . The overall de-
sign goal was to achieve a standard , rather simp le detection
scheme specifically intended for d - t Y - /-ti n~ solar protons . Sepa-
rate detectors were used for each energy range , and comb inations
of discriminator levels and shielding thicknesses were employed
to def ine the energy r t - sponse  of each channe l .  Such a method al-
lowed fo r  accura te , a b s o l u t e  f~ u x d e t e r m i n a t i o n s  and for  accurate
uni t  to  u n i t  comparisons ~.-ht~n us ing  a series of payloads to moni-
tor the solar flux over an extended t ime period (� 0.5 solar cy-
cle). Since the specifL goal of observing solar protons requires
tha t useful data he obtained onl y at high magnetic latitudes or
outs ide  the magnetosphere , discrimination techniques for screening
out a background flux of high energy (>100 keV) electrons were not
Inc iLid ed.

Table IV—1 l i s t s  the main characteristics of the various
detectors including estimated count raTes based on maximum ob-
served solar proton flux values. Also shown are the cosmic ray
ba ckground rates that must he considered when observing low level
solar p ro ton  f l uxes .

Channel 1 and Channel 2 Detectors

Each of these  two h ig her  e n e r gy  channels  c o n s i s t e d  of t h r ee
solid statL detectors mounted on orthogonal axes and surrounded by
a hemisp herical shield (Fig. IV—2a ). This a r r a n g e m e n t  p rov ides  an
op t I r .~iim method of o b t a i n i n g  a l a rge  area and a relatively smooth
~o~ netric factor when using disk shaped detectors. The shielding
thickness is by far the most important factor in de tcr-i n ine the
energy threshold in this arrangement. As indicated , the thick—
I I e S S C S  nsed were 5.6 nm~ Cu~ and---L-6 mm Cu . •

The detectors used were surface barrier s o l i d  s ta t e  detec-
t ors , fully depleted , 700 microns thick , having a usable surface
area of 0.83 cm 3 and a no ise leve l nom inall y <20 keV at the operat-
ing bias voltage. These units full’.’ depleted at <150 volt s and
were opera ted  at  200 vo l t s .  R a d i a t i o n  damage e f f e c t s  f o r  channe l s
1 and 2 were  negl ig ible fo r  severa l years  due to  t h e  high bias
levels , the sh ie ld ing  th i ckness , and mode of  operat ion .

Channel 3

This de t ec to r  cons i s t ed  of a 3 mm c u b i c  Li d r i f t e d  solid
s t a t e  d e t e c t o r  su r rounded  by a 170 mg ’cm 2 (0 .63  mm) Al s h i e ld
(Fig. III—2b). The detector had a noise leve l  of <SO keV at its
ope ra t i ng  bias of 200 v o l t s .  W ith a disciminator level of 300
keV , the  energy  t h r e s h o l d  was r a i sed  —~25 keV .  R a d i a t i o n  damage
e f f e c t s  for  t h i s  d e t e c t o r  were thus  n e g l i g i b l e  fo r  t he  f i r s t  year
in o r b i t .
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Ch annel 4

Protons in the energy interval  1—10 MeV were measured by
an 86 microns t h i c k  silicon su r face  b a r r i e r  s o l i d — s t a t e  detector
of 2 cm 2 area. A co l l imator  used wi th  this  de tec to r  r e s t r i c t e d
the viewing d i r ec t i on  to 60° f u l l  ang le normal to the  spacec ra f t
spin axis . The resultant geometrical factor was 1.7 cm2 ste r
(± 10%).  The de tec tor  was shielded f r o m  l ight  by a 0 . 2 5  mil
a luminized My la r  film . Bilevel electronic discrimination p rovided
two channels ; in one channel protons between 1 and 10 ‘-~eV were
me asured , and in the  o ther  channel pa r t i c l e s  d e p o s i t i n g  more than
3.6 MeV were counted.  E lec t ron  count ing  in the  1—10 MeV p r o t o n
channel was insignifican t due to the thinness of the detector.
Counts were accumulated f o r  19.2 seconds in each of t he  two chan-
nels twice every 2.73 minutes.

FU N CTIONAL OPERATION

Refe r  to Fig.  IV— 3 fo r  a b lock  d iagram tha t  show s th c  vari-
ous components  of the  IMP—F and — G SPM and t h e i r  f u n c t i o n a l  re la—
tionshi p. Proton detection in a ki~ -- range of energ ies  was ac-
complished w i t h  semiconduc to r  reverse biased j unc t i ons  as these
are very sens i t i ve  devices w i t h  reasonable  noise characteristics .
The detector o u t p u t , a —harge proportional to the incident proton
energy , was amp l i f ied by a charge sensitive prear~plifier (transfer
f u n c t i o n  is voltage output per charge input) of good noise charac-
teristics. The preamp lifier voltage output was then differentiated
and amplified , differentiated again , and (with the leve l determined
by a discriminator) further amplified. The combined threshold
c h a r a c t e r i s t i c s  of the  d e t e c t o r  sh ie ld ing  and d i s c r i m i n a to r  level
allowed count output s for particles of greater than a preset value .

Detectors

The four SPM detectors were of various cro~~ ~cctions and
employ ed m ass ive copper sh ield ing to ob ta in  the  desired  d e t e c t i o n
c h a r a c t e r i s t i c s .  As i n s ta l l e d  in the  s p a c e c r a f t , t h e  ‘- .ree dome
shields p r o t r u d e d  above the  payload  top surface (thin aluminum
domes were m o u n t e d  on the- payload s u r f a c e  to m a i n t a i n  an RF shield
around t ’e  payload inner  s t r u c t u r e )  and the  fourth detector looked
out the side. The channel  1 , 2 , and 3 detectors were  desi gned to
detect protons of ene-r- y’v levels above 60, 30 , and 10 Me V , r e spec—
tively. The channel 4 dt - t e c t o r  p rov ided  d a t a  of a more comp lex
n a t u r e : be ing  e x t r e m e l y  t h i n  (86 m i c r o n s ) ,  t h e  energy absorbed
per i n c i d e n t  p a r t i c l e  is equal  to the  p a r t ic l e  energy ( c o n s i d e r i n g
p r o t o n s )  up t o  5PI ~ nt 3 MeV and then decreases as the p a r t i c l e
passes t h r o u gh t h e  d e t e c t o r  and the en e r g y  d e p o s i t i o n  per u n i t
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t h i c k n e s s  of de t ec to r  drops as p a r t i c l e  -nL -rgv incre ases. The de—
tector alone thus provided a hand pass of detection energies to
incident protons (restricted by shielding to not more than 30°
frLln~ normal); for the IMP—F and —G SPM this bandpass was set (by
the  f o l l o w i n g  lower level d i s c r i m i n a t o r )  to  between 1 and 10 MeV.

Protons in excess of 30.1 ~1e\ energy , however , can produce
a de t ec to r  output in excess of the 900 keV lower level discrimina-
t or level if their energy level and ang le of incidence through the
cylindrical copper shield used to restrict the look angle of the
detector falls within certain bounds . The worst case is for pro-
tons p e n e t r a t i n g  the detector on a trajectory parallel with its
sur face , all with energies above 30.1 MeV would trigger the lower
leve l d i s c r i m i n a t o r .  This proble m was relieved cons iderab ly by
the use of the upper level discriminator and anticoincidence cir-
cuitry . The upper level d —riminator was set at the 3.6 MeV de-
tection level to detect almo..c all protons between 30.1 and 160
MeV so that the anticoincidence circuit restricted detection to
incident protons between 1 and 10 ~eV and at extreme angles and
energy levels above 160 MeV .

A f i f t h  channe l of information , designated as channel 4b ,
was also included to  p r o v i d e  c o u n t s  fro~ t h e  upper  level discr imi-
nator of channel ~ so that background noise and de od ti~~A es t ima tes
could be determined to ii:iprcve the 1 ~o 10 ~1eV counts.

Signa l Anal ysis

The SPM electronics were used to process the charge outputs
I ror~ t h e  d e t e c t  ors  in s u c h  a c~anne r  t o  r~i n i m iz e  a d d i f. ion~il system
n o i s e , a l l ow c o u n t i n g  up t o  t h e  l i r ~i t  se t  by t h e  s p I l l  e c r a f t  teleme-
t r y  s y s t e m , and c o mi ru t a t e  t h e  d~- t  P1 t or  channe l  o u tp u t s  to s p a c e—
craf t TM s t o r a g e  r e g i s t e r  in s y n c h r o n i s m  with th~ s~~a c t - cr o f t  t i m i n g
inpu t s .  A double  d i f f e r e n t L t  ion s~-h e r ~~ (about  0 .5  ~s) was used in
each a m p l i f i e r  s t r i n g  to  a l l o w  f i s t  c o u n t i n g w i t h  m i n i m u m  o f f s e t  at
high rates. The step output of t h e  p r e a m p l i f i e r  in each channel
was amplified and double d i t f 4 -r t -i- t iated , then detected bY a dis-
criminator wh i ch was adjt~ it able (to allow exact preflight trim) and
which produced a stand~ir~ pulse. The discriminator output was con-
nected to an output buffer circuit only when so selected .

Counting and storaee of the nun her of counts itt a given time
from one of the five detection channels were accomplished in con—
junction with the satellite t e  enetrv sys tem which included a digi-
tal data processor with seve ral possible modes of operation. The
SPM was used in conjunction with a “S—T ” (Signal— (or)—Tlme ) type
iccumularor. The accumu l itor functioned to accumulate (count) until
i t  overf lowed and t h u  I A ttn I c lock  pu l ses  t l - r  t h e  r es t  of the accumu—
lation p & r i l — d .  T~~v , f o r  w c o u n t i n g  r a t e s , the  a c c u m u l a t o r  read
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out the number of pulses c unted and for high counting rates read
the time after overflow .

Teleme t ry I n t e r f a c e

The SPM w as as signed channels 14 and 15 of f rame 0 of the
spacecraft telemetry sequence. This provIded 16 bits of data per
sequence which were sufficient for only one of the five different
meas urements perf ormed by the experiment. To provide for comn-iu ta--
tion of the measurements , three lines corresponding to the first
th ree  b i t s  of the  pay load sequence counter , drove a SPM “Channel
Selec tor ” (internal to the SPM) allowing eight different time corn—
mutated reado uts. Not all eight were unique as there were only
five combinations of particle detectors and dis~ riminator detec-
tion levels; therefo re , SPM channe ls 3 , 4a , and 4b repeated twice
dur ing the eight  pay load sequence interval . Positive synchroniza-
tion was mainta ined  since the drive signals were obta ined from the
least s ign i f i can t  three b i t s  which were read out in the payload
sequence coun t (a 16—bit f o r m a t ) .  This sequence number was read
out twice in each payload sequence , f i r s t  as TM channels 14 and 15
of frame 7 and aga in as TM channels 14 and 15 of f rame 15.

FLIGHT RESULTS

The Solar Proton Monitor w~ s successf ully launched aboard
th e NASA satellites Explorers 34 (IMP F, 1967 SlA) and 41 (IMP G,
1969 53A) on 24 May 1967 and 21 June 1969 , respectively (l ines 13
and 15 , Table 1). Fi gure IV —4 shows the IMP— C s a t e l l i t e  installed
on the Delta launch vehicle the day before launch .
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ITOS SOLAR PROTON MONITOR

BACKGROUN D

A n umber of Solar Proton Moni tor  (SPM) units were fabri—
cated for flight aboard the ITOS (Improved TIROS Operational Sat-
ellite) series of satellites. Developed by APL fo r  the  Envi ron-
mental Science Services A d m i n i s t r a t i o n  I now the National Oceanic
and Atmosp h e r i c  A d m i n i s t r a t i o n ) ,  they were used to measure and
continuously monitor the flux and energy spectrum of protons in
the vicinity of the earth.

In recent years , Information from many sources has been
used to advance our understanding of the properties of solar pro-
ton fluxes. Such parameters as frequency of occurrence , distribu—
tion of intensity, directional properties , energy spectra , and
relative fluxes of heavier nuclei accompanying the protons have
been roughly estimated. With regard to advancing our understand-
ing further , s)stetnatic monitoring is invaluable , both as a source
of data in its own right and as a supplement to information pro-
vided by more specialized instrumentation .

APPLICATION

As par t  of t he  ITOS secondary  sensor  - -~ubsvs ts-m , the  SPM
was designed to measure the proton fluxes encountered in the sat-
ellite orbit , to convert these measurements to a floating-point
b i n a r y  code , and to store these data in the incremental tape re-
corder for subsequent playbac k lad transmittal to ground stations.
The SPM data could also be telemetered on a real—t i ne basis.

The SPM was used in conjunction with other satellite—borne
and ground based sensors to provide warnings of solar proton
storms . These warn ings  may be used in several  way s :  f o r  the  p ro-
tection of personnel aboard spacecraft and high altitude aircraft ,
to alert users of radio f r e q u e n cy  links (VLF through HF) of possi-
ble ionosph e r i c  d i s t u r b ances so t h a t  a l t e r n a t e  radio  p a t h s  or ft c—
quencies may be s e l e c t e d  in advance , and to minimize the possibil-
ity that a nuclear detection n~ethod may be falsely triggered by a
proton event.

EQUIPM~ 4T DESCRIPTION

The lT(~S SI’N fli ght h a r d w a r t -  (Fig. V—I) consisted of a sensor
assembly , a dat a processing electronic s unit , and an electrical har—
ness.

V- 3
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Sensor  Assemb ly

Six sensors (Table V—i) mounted ott an L—shaped bracket corn—
4 prised the sensor assembly. One s u r f a c e  of the sensor bracket

contained fo ur sensors (1, 2 , 3, and 6) which were pointed away
from the earth at all time s during the normal satellite orbit .

:
1 The other surface contained two additional sensors (4 and 5)

which were oriented along the orbit normal.

Sensors 5 and 6 each contained two solid state detectors
that were used to detect protons and alpha particles at several
different energy levels. The other four sensors contained the
equivalent of single elemen t detectors , three sensors were proton
sensors and one  was an e l e 0 -t r o n  f l u x  m o n i t o r .  H i g h e n e r gy e l e c —
tror -ts con t a ined  w i t h i n  th e Van Allen belts could A n t a m i n a t e  the
p r o t o n  s e n s o r  da t a , w h i l e  t h e  e lec t r o n  d e t e c t o r  r e sponded  to e l e c—
trons on ly .  In t h e  p o l a r  regions , oweve r , t h e r e  a re  few e l e c t r on s
in the response range of an~’ d e t e c t or , and e s s e n t ia l ly  pure pro-
ton data could he obtained. The cutoff in counting rate of the
electron det s-cto r was used to define the ed ges cf the trapping
regions.

Data  P rocess ing  Ele ctr onics Unit

The d t t a  processing el&- :t ronics unit , which wei g hed 2.48 kg
and n~- t s I r ~~ J 15.82 cm wide by 1~~.24 cm deep, contain ed the circui—
try r ec.~ red for processing the ~Z}M ~,ensor output data. This con—
s i c t - ~ of th~- ant i i fier—di i- o— r im inat or chains for each data channel ,

- . data encoder to compress and forma t the SPM Informatio n , .-u-id a
power supply to ceit er ite the d~ t ~~. tor hiai ~ voltage and the DC volt—

I C A  required by 1:5 P lect ron i cs

Each ~1M channel accumulated counts in a s c a l e r  d s s i g n e d  t o
accommodate up t o  20 bits of data. Actuall y , otTlv 15 t o 19 bits
were used in each counter , dependin g on the maximum c Ipa it v  re-
qui red for a particular data channel. At  the end of each accumu—
l i t  ion , the data word was converted to a u— b it f’ o~~~~inc  point
binar y format by b r e a k i n g  t h e  n u m b e r  into -i c h a ra c t e r i s t  ~~ (N) and
a mantiss a (M) so that the data word t ook the fo rm M2~’. In this
system , four bits we re allotte d to the ch a ra cter i stic and five bits
to the mantissa , yielding a conversion acc lt r-i c ’- of I part In
(approximately 3’).

The ITOS O } ~~t dat i were S i r T 1 I 1 t I n ~ 1 Y ilslv ava ilable in two forms
with the primary W i t  a f o r m  be i n g a n o n r e t t l r n - t I o - 7 , ro ( NRZ ) code
s u p p l i e d  to  t r a c k  1 o f  t h e  i n c r e m e n t a l  t a p e  r e c or d e r  (ITR) via the
d a t a  f o r m a t  con v e r t e r  ( D F C ) .  Th e . p - dat  t we re  r e c o r d e d  t h r o u g h o u t
t h e  o r b i t  and p l a y e d  back on comman d over a Command and D a t a  A cqui-
s i t i o n  (CDA ) station .
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As an a l t e r n a t e  means of transmitting the SPM data to the
ground , the  3.9 kHz subcarrier oscillator of the 136.77 Ifllz beacon
could t r ansmi t  the r e t u r n — t o — b i a s  (RB ) code supp lied by the SPM
unless a higher pr ior i ty  func t ion  had been commanded.  W i t h  this
alternative , real—tine SPM data were rad iated by the  beacon con-
tinuously except for brief interruptions for command verifications
and (when commanded) housekeeping d ata. It was thus possible to
use the Space Tracking and Data Acquisition Network (STADAN ) and
othe r receiving sites to acquire SPM data. This arrangement was
val uable because on many orbits the data being stored on the ITR
could not be played back until the satellite was in range of the
next CDA site. The beacon transmission avoided a prolonged delay
in data acquisition , and timely warnings of a solar proton storm
could thus be assured.

FUNCTI ONAL OPERATION

R e f e r  to  F ig .  V-2 for a block diagram that shows the van —
ous components of the ITOS SPM and t h e i r  f u n c t i o n a l  r e l a t i o n s h ip.

Sensor Assembly

Proton Sensors 1 and 2. Each of these two higher energy
channels consisred of three 700—micron thick silicon surface bar-
rier d e t e c tor s  co u n t e d  on o r t h o g o n a l  axe s and s u r r o u n d e d  by a
h e m i s p h e r i c a l  copper  s h i e l d .  The t h r e e  o u t p u t s  we re wi red  in
p 1 r 1l~~1 to provide a fairly uniform cross section over a comp lete
hemisphere . The only difference hetwt-en the two  u nits was t he
th ickness  of the shielding dome , i t s  t h i c k n e s s  being by f a r  the
most importan t factor in determining the  en er g ’.- t h r e s h o l d  of the
detectors.

Proton Sensor 3. This detecter consisted of a lithium—
drifted silicon detector in the shape of a 3 mm cube , su r ro unded
by a thin aluminum shield. The dimensions of this detector were
kept  smal l due to the la rge  p r o t o n  f l u x  in the  energy  range

> 10 MeV that is possible following solar—flare events. At
lowe r l a t i t u d e s , m e a s u r e m e n t s  of  e l e c t r o n  d a t a  r ep re sen ted  the
majo r  c o n t r i b u t i o n  of t h i s  d e t e c t o r .

E l e c t r o n  Sensor.  The e l e c t r o n  sensor (sensor 4)  c o n s i s t e d
of a s i n g l e  d e t e c t o r  w afe r i n s i de  a s h i e l d i n g  m o u n t  w i t h  an aper—
t i r -  that d e f i n e d  the  sensor look ang le. A thin light shield
s e r v e d  to preven t extraneous signals shoul d the d e t e c t o r  look
toward the sun . A t h e r m i s t o r  was located in the base of the  sen-
sor to determine the temperature of the assembly. The difference
in temperature between detectors was small. Operation of the

V- 6 
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e1ectr~-n detector d i f f e r e d  t r o m  the  e t h e r  senscrs  in t h a t  the last
amp l i f i e r  o u t p u t  had t w o  p u l s e  h e i g h t  d i s c r i m i nat o r s  (des i gna ted
u p p e r  level  and a - , - -r l e v e l )  w h i c h  f e d  an ant [c o i n c i d e n c e  c i r c u i t .
The funct i n  of t i c  an t  ico~~n c i d s n ce  was to generate a pulse  i f
only t h e  low e r  leve l d i s c r i m i n a t o r w as t r i g g e r e d  a nd not  i f  bo th
the upper and lower level discriminators fired. The anticoimci—
dea - t- circuit o i tput and tippe r leve l disc r im in a t o r out p u t s  were
sub c0 - mmitt I t  ed in to oo, dat .i accumulator which was read out  f o u r
t irs -o each frir-e .

ne 1 l’rot on Sensors  5 and 6. Sensors 5 and 6 were
id~ nt ica l  cx op t  for orient at ion on t h e  sensor b r a c k e t . This  sen-
sor  d e si 5n  c u r i s t e d  of  a t e l e s c o p ic  - i r r a n g em en t  of t o o  s u r f a c e
h c c i  I t  dev ices , a 100— m icr on thick det ector backed by a 200—
m i c r o n  t l i - k  ~~~~~ e c t o r .  These sensors  pr ovided data on lower energy
Proton f l u x e s  b e g i n n i n g  at 270 keV and extending up to 60 N~ V as
well as alp ha rt 1L~le s  f r o m  1 2 . 5  to  32 ~t~-V.

The d a t a  f r om t h e s e  de t  - t o r s  were  subcoinn it it ed  i n to  two
impl ifier channels , one for b o t h  f r o n t  d e t e c t o r  t -~ enentS and the
other f o r both rear detect o r-~ . 1 tie outputs from the fjv5 discrimi—
na t or ui-u ts f~or these chains were ted to t h e  low energy channel
pulse  h a n d l i ng  log Ic. Ihe front and rear d~ t ec or  a r r a n g em e n t  was
used to  de t e n - i :i the d i r e c t  i o n  and en r c  l evel of incident par-
ticles ; e .g. , a p a r t  i d e  1 - tected in both the f r o n t  and rear de—
t e ct or o - by c o i n c i d e n c e  m e t h o d s  wa s d e f i n e d  as c om in g  through the
o p en in~ i p e r t  ure w i t h  an energy level within a given range , whereas
a p a r ’ i d e  d e t e c t e d  onl y in the  rear  d e t e c t o r  probabl y came in
throug h t h e  s h i e l d i n g  due t o  t h e geometric p r operti t s of the sensor
and the de t e - t o r -~- and ‘-a s used in det e rm ining back ground ra t e s .

Da ta__Svs tcr.,

D a t a  F o t r o i t  - The da t a  system was a fixed p roprn - special
p u r p o se  di g it a l process or designed t o  c o n t r o l  and p r oc e ss  t h e  d a t a
from t h e  s ig n a l  a n a l y s i s  c i r c u i t s .  The dat 1 sy s t e m  c i r c u i t ry  com-
p r i s e d  a s t a c k  of multi—layer printed cir cui t h o a r d s  m o u n t e d  above
the s igna l  a n a l y s i s  s c c t i o n .

Data were applied to t h is  s~- s t e m  via 11 input lines: the
ch inni 1 1 , 2 , and 3 discnimir-r it p r o  , t h e  channe l  4 ant  i c o in c i d e n c e
c i r c u i t  and upper  l eve l  d i s c r i t - -  i r t i t o r , and t h e  s ix  o u t p u t s  of the
p u l s e — h a n d l i n g  l og ic .  These 11 i n p u t  l ines  were c ° i n i t s r t a t e d  i n to
a group of seven t ime shared b i n a r y  s c a l e r s  in w h i c h  d a t a  ‘- - cr s°
accum u l a t e d .  The s ca l e r  d a t a  w er e  t i m e — d i - - i s i o n  m u l t i p l e x e d  and
compressed  i n t o  a f r a m e  of 20 nine—bit words f o r  r i - c o r d i n g  on the
ITR. The 180—hit f r am e was read out at the normal clock rate of
15 b i t s/ s  (12 seconds per f r a m e ) .

V—S
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Each 180—bit d a t a  frame began with a nine—bit Barker word
of the  form 111000101 , f o l l o w e d  by 19 words  of r a d i a t i o n  f l u x
d a t a .  The 11 output  l ines f rom the s ignal  analysis section were
appl ied  to seven b ina ry  scalers . The 60 MeV , 30 MeV , and 10 MeV
proton channels had scalers which were not time—shared. Discrimi-
nator data were applied to these three scalers for almost the ful l
frame time , and interrupted only for scaler sampling and reset
once per 12—second f rame . The ene rge t i c  electron channel dat a
were provided via two  input  l ines commuta t ed  in to  one sca ler .  Two
i n t e r l e ived 3—second (1/4 f r a m e )  a c c u m u l a t i o n  i n t e r v a l s  were pro-
vided per frame for each of the two data input lInes. The direc—
tional low energy proton channels provided dat a on six lines com-
mutated into three scalers . Each scaler provided two interleaved
data samples of 1.2—seconds duration per frame .

The 19 data samples per frame were provided in the order
shown in Table V-i . The duty cycle , direction angle , and accumu-
lation tine for each data sample are also given . Pcaler data sam-
ples were taken and processed for the forma t g iven in the table.
Processing consisted of logarithmic compression of 15 to 19 bits
of scaler data in to  a nine—bit word , consisting of a f o u r — b i t
characteristic followed by a five—bit mantissa , all most signifi-
cant bits first.

Con t rol Unit. The control ni t provid ed the necessary con-
trol signals f o r  t he  c o m m u t a t o r , pr ocessor , and scaler units. At
th e beg inning of each wo rd interval in the data frame , th e con t rol
unit energ ized the processor to per for-m a readout cycle on a
sca l e r .  Refe r  to the Word Number column of Table V-I for the se—
q’rence of scaler readouts.

The control cycle was initiated by the setting of the con-
trol enable flip—flop at the start of each word. The setting of
this flip—flop I -ne rgized the power switch and 7~’ kHz astable multi—
vibrator , and enabled the con t rol counter. In state 00, th e con-
trol counter cleared all processor fli p—flops that receive gated
power.

On the firs t clock pulse from the astable multivibrator ,
the control counter went to st a t e  10 and the addressed scaler data
were enabled to p a r a l l e l  t r in s f er  i ito the proce ssor b y a t r a n s f e r
pulse on that scaler ’s transfer l ine . The 01 state provided a re-
set to the addressed scaler and either state (10 or 01) inhibited
data from 1eing applied to the scaler input. The third clock
pulse placed the contro l in s t a t e  11 whe re the control clock was
i n t e r r u p t e d  and th e processor clock enabled. The processor clock
r ema ined  present  u n t i l  a process  comple t e  was r e c e i v e d , a t  which

V— 9
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time the control flip—flop was reset  and ga ted  power removed. The
processing time was be tw ee  - 50 and 400 ps and via dependent up- cm
the  scaler  da ta .

Data Compression Processor. The data compression processor
p received selected scaler data in parallel and performe d a loga-

rithmic conversion of the data. The output was a serial word nine
h its In length , in the f o~~ro o f  a c h a r a ct e r i s t i c  and a ii Irtt issa to
bas e 2.

The processor  c o n s i s t e d  of a 2 0 — b i t  p a r a l l e l — i n p u t  s h i f t
r eg i s t e r , a four—bit synchronous binary counter , and a 10—b i t  o u t —
put shift rec ist er. Processing was performed by p a r a l l e l  entr y
of t he  s e l e c t e d  sca l e r  da t a , fo l lowed b y r i g h t — s i i i f t i t i c  ( n t i t ~~p ..-
ation by 2) until either 15 shifts had occurred or a logic I ap-

peared in the most—significant—bit position of the 20-oft shift
regist e r .  When this occurred , the five :-~ost s i c o i f ~~0 o t t  r e  i - e r
b i t s  and the  f o u r  conuple ented shift pulse counter hit s ~ers-
parallel—transferred into the o u t p u t  data regist er, and t ite- pro &-o ~s-
complete signal was generated. During the last word 0f c- ic -h f r ~~r ,
the Barker word was serially entered into th~ output re ci ster .
Since no da t a  were  p a r a l l e l — t r a n s f e r r e d  i n to  the p rocessor  t t  w o r d
time ts’l , t i l e  o p e r a t i on  of  the prcce ssor did not interfer e with t i l t
Barker word .

The lata coming from the processor in NR Z form were supplied
dir eo ctl’. to the spa eo - r r ft incremental tape recorder. In addition ,
the d a t a  we re encoded into an RB signal by the encoder prior N.
bei ’p sent to the teleme t ry s u b s y s ter  . A s amp l e  of the  SPM data
f o r m a t , showing bo th  the  NRZ and RB p a t t e r n s , is showy in Fi g. V—3.

Scalers .  Each sca le r  c o n s i s t e d  of f r o m  15 to 19 f l i p — f l o p s
arranged into a h i n t j r y  we i gh ted  r i p p l e  coun te r  w i t h  g a t e d  pa ra l l e l
transfer output . I n p u t s  to each s ca l e r  were d a t a , t r a n s f e r , and
reset signals. The scaler counted data pulses as long as they
were supp l i ed , and p a r a l l e l - t r a n s f e r r e d  via output gates on con—
mind. The transfer command u-as followed he a reset to all zeros.

Table V-2 l i s t s  the  seven sca lers  wi th  t h e i r  c o r re s p o n d i n g
d a t a  channe l s , max itm on expec t ed  counts  over the s a m p l i n g  per iod
f o r  these  channe l s , and scaler capacit y . The maximum count rates
fo r  t h e  p r o t o n  channels were based on data obtained from the Solar
Proton Intensity and Composition Experiment (SPICE) rocket probe
experiment flown into the solar proton event of 2 September 1966.

~-~ax imiino electron rates were based on the electr on— cpe ctr oi-leter
d ata obtained from APL Satellite 5E—l (1963 38C). The peak rates
listed In Table V—2 are , in all cases , at least an order of mag—

L 

nitude greater than the maxima derived from these experime nts.
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Tab le V-2
ITOS SPM Solar Capacèty

Max . Expected
Scaler No. Channel No. Count No. Bits Capacity

- 

- 1 10 1.2 x l0~ 19 5.2 x l0~

2 20 3.6 x 1O5 19 5.2 x 1O 5

p 3 30 2.4 x 10~ 19 5.2 x 10~

4 41 3.0 x 10~ 19 5 .2 x 1O5

42 1.5 x 1O
4

5 51,61 3.0 x lO~ 17 1.3 x 10~
54 ,64 7 .2 x 1O4

6 52 ,62 3.0 x IO~ 15 3.3 x iC-
4

55 ,65 4.8 x 10

7 53 ,63 3.0 x 1O
4 

15 3.3 x lO~
56 ,66 3.6 x 1O

3

FLIGHT RESULTS

The ITOS Solar Proton Monitors were flown aboard the follow-
ing satellites :

Sate l l i te  Launch Date  Reference

ITOS— l ( T I R O S — M )  23 Jan 1970 l ine 16 , Table 1

NOAA—1 (ITOS—A) 11 Dec 1970 line 21, Table 1

NOAA—2 (ITOS_B)* 21 Dec 1971 l i n e  26 , Table 1

NOAA—2 (ITOS—D) 15 Oct 1972 line .?8, Table 1

ITOS_E* 16 June 1973 li n e  33 , Table I

NOAA—3 (ITOS—F) 6 Nov 1973 line 35 , Table I

NOAA—4 (ITOS—C) 15 Dec 1974 line 40, Table 1

NOAA—5 ( ITOS — H) 29 July 1976 l ine  48 , Table 1

*Fajled to orbit.
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surface of the aluminum shell , and thermistors are installed in
grooves cut in the shell wall. The thermistors form opposite legs

- o of a Wheatstone bridge which provides t h e  proportional control of
the  hea te r  element  cu r ren t  . The assembly  is once again w r a p p e d
w i t h  a l t e r n a t e  l ayers  of a l u m i n i z e d  My l a r  and Fiberg las , and then
placed in a c y l i n d e r  t ha t  form s the outer shell of the o s c i l l a t o r .

At atmospheric pressure , the layers of M y l a r  and F iberg l as
provide only about 5°C per watt insu~ at ion ; however , at about  I 0 4

- - t o rr  or less , t h i s  i n s u l a t i o n  b e corc~- s  ve ry 1-f f1 ci - lye as i t  m u s t
since hea te r  power is l i m i t e d  to  a maximum of one w a t t .  The
thermal stabilization process tvp ic ii I - r e ( n i  res two to three days
after the vacuum e n v i r o n m e n t  has been achiev ed , dependent m ainl y
upon t h e  p a r t  i c ul ar  c ry s t a l  and oscil l i t  or assembly . The degree
to  which e-m ;erature at  a b i l i ty  is m a i n t a i n e d  is too  smal l  f o r  di-
r e c t  m e a s u r e m e n t ;  t h e r e f o r e , o s c i l l a t o r  f r e ( ~u I n c v  is an i n d ir e c t
me l— li re of heater performance. The at  abil izat ion proc ess is marked
by th e slowing of the frequency dr i ft to w ar d  the S~~OC i f i e d  c r v a t  al
va lue ; e . g . , 5 - 10—10 p a r t s  p e r  dan i f r I r t hree days ari d I 10 10
p a r t s  per d ay  a f t e r  30 d ay s .

Osci  l la t o r  o p e r at i o n  t atnoap cr 11 p r e s s u r e  w i l l  no t  r - ~~u l t
i n - go  i i’men d image . \~T ie  r , -as  the ahoit t em n o i s e  w i l l  i c e  about
ri ot - inti l , th 1  d r i f t  r u  e w ill be hi gh and the absolute freguency w i l l
he about 20 p a r t s  p e r  m i l l i o n  hi gher than n o n - i l .  The f i r s t  st ep
in t h e  a c c e p t  ance t eat s of an os c il l  i t  o r  i s  t o de t e ro t  in  it a at a—
h i  l i - i t  ion ch a r u - t  eri stics. This is u s u a l ly  ou~ o-om p lished at APL
be first mo ult ip lv in g bot h tb1 osc i l la tor si gna l  and a r e f e r e n ce  si g~
n a l  f r o m  a p - e s i  urn s t a n d o i n d  t o  100 ‘-O i . - , mixin g t h e - s e  t w o  s i g na l s  and
m e a s u r i n g  t h e  f r e q u e n cy  of t he  d l i t  I - c - - i c e  s i gn a l  at v a n  j o l t s  averag-
ing times , for exanip ot - , I , 10 , 100 , an d  1000 seconds .  A s i g n i f i c a n t
numb er of sample s at t acit ave - ra gin g t ime , e • c. , about 30 , is t h~-n
used to c;ilcul at ~ - I: riots (S t  a r t o l  lrd dee iat ion) value . A pl ot of 0

t y p i c a l r e su l t  a i s  shown in F i g .  VT — -~h . Once t h e  f r e g u e n c v  d r i f t
rate has c l - e n  e s t a b l i s h e d , t h e  se - n s i t i v i t v  to temperature and volt—
g-~ change s can be rTl - ls ur l-d . Tb is is pe r f o r m e d  by measuring the 0

o f  fset In the f r e q u e n cy  c ill v e - b e i n g p lo t t e d  when temperature or
v o l t a g e  are  -h i n g e d .  T h i s  a s su m e s t h u t  t h e r e  i i i  no chance in dri ft
rat ~- t ha t  accompan i es t he t c - r o p e  r i  t t i r e  or v o l t age change  , a go od
ua s lio--pf ion i t  l ea s t  to t~~Ie  f i r s t  o rd - r .  R e - s u i t s  o~ such tests in—

d i - i t e - t v p i~~a l t e -mpe r u t  i r e - se n s i t i v i t i e s , re fe renced to  a — 3 2  volt
S i i r p  I v , on t i  a rd1 -r c f  5 - 10 — 1 1  pe r dc~ ree - c o t  i pr Ide  and vol t age
a , n s i t  i V i t  l e S  On t I l e  o r d e t  O f  5 iO 1~ per  v o l t .
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FLIGHT RESULTS

Doppler Beacons were flown aboard the fo l lowing  sa te l l i t e s :

Satelli te Launch Date Referen ce

1970 16A 4 Mar 1970 line 17 , Table 1
1970 40A 20 Apr 1970 line 18 , Table 1
1970 98A 18 Nov 1970 line 20, Table 1

— — * 17 Feb 1971 line 22 , Table 1
1971 22A 24 Mar 1971 l ine 24 , Table 1
1971 76A 10 Sep 1971 line 25 , Table 1
1973 14A 9 Mar 1973 line 30 , Table 1
1973 46A 13 Jun 1973 line 32 , Table 1
1973 88A 10 Nov 1973 line 36 , Table 1
1974 20A 10 Apr 1974 line 38 , Table 1
1974 85A 29 Oc t 1974 line 39 , Table 1
1975 5lA 8 Jun 1975 line 41 , Table  1
1975 ll4A 4 Dec 1975 line 42, Table 1
1976 38C ,D,&J** 30 Apr 1976 line 46, Table 1
1976 65A 8 Jul 1976 line 47 , Table 1
1977 56A 27 Jun 1977 line 3~~, Table 1
1977 112A ,B ,&E** ~ Dec 1977 li ne 52 , Table I
1978 2 9 A  16 Mar 1978 li ne 54 , Table 1

*Failed to orbit.
**~tu1tiple Satellite Dispenser Program .

All beacons that were orbited have operated satisfact oril y,
and track tug stations have submitted doppler data ot genera lly ex-
cel lent  q u a l i ty .
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SPM data obtained during the ITOS missions are being corre—
lated with data from other satellites (e.g., IMP, Vela , and Pioneer),
sounding rockets , and with ground based optical/radio sightings .
The long—term goal of this  data ga ther ing  and corre la t ion a c t i v i t y
is to obtain a better understanding of the interaction between solar
radiat ion and the earth ’s environment by providing a systematic U
monitorin g of the proton fluxes over an extended period of time ,
especially dur ing  the prevai l ing  solar cycle .
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DOPPLER hI

BACKGROUND

The doppler tracking se t ens supplied be APL in lQ ’cO for
the Discoverer  launch  veh i c l e s  ( r e fer  t o T r a n s i t  — o c r — h i  s cove r i -r ,
SectIon 1) were essent iallv h r I -adb ’ard be - icon s ~ss, nhle d m o s t  Iv
from satellite parts on hand. fleve lopment of t l c e  H rat in a
series of dedicated Dopp ler Beacons was in i t i i r e d  at APL in ea rl y
1969. The f i r s t  beacons ( F i g .  V I — l )  l,t n e suppl led for use on I. S.
A ir Force vehicles of o p p o r t u n i t y .  S e v e r a l  beacon s (Fi c V T— 2 )
were also supp l i ed  to t h e  Nava l Research  1 . d u - r ~~t or e  (N R L ~ fo r  t h e
M u l t i p l e  S a t e l l i t e  D i spense r  (l-iS D) 180 P r o g r a m -  t r o d , m a r 0  rt Ce ri t lv ,
a number of beacons were fabricat ed for cisc with a ~Oi’ 1 ut p t  iOn
Package (NAV P A C ) E x p e r i m e n t .

-

‘ APPLICATION

The Dopp le r  Beacons  a r t  USed  j ri con ~unc t ion w i t h  st i t  ions
of the T RANET ( T r a c k i n g  N e t w ’r k )  sy s t  c and p ont able Peoc e i t e r
stations to provide dense satellite orbit det e - riori ro ot ion d a t a  in
support of scient i f i c  s pac e  ope~rat  i o n s .  In the ~~SP 180 Pro g ram
app lication , a cluster of t I m e d  s i m i  lam sat0ll it 1 b -a s
b y one veh ic l e  i n t o  n e a r l y  i den t  i c a l  orbits so t o u t  t l r e v  w e - r e -
within a few miles of each o t h e r  at a l l  t I r e s .  T lr ~- b e a c o n s y s t e m

on each s a t e l l i t e  p rov ided  si gna l s  f r o m  w h i c h  f i v e  g r o u n d  st  it  ions
(also developed by APL) c o u l d  d e r i v e  dopp T e - r  d a t a  f o r  use I t t  d i —
termining the satellite pos itions . To id entif y tile signa l s , each

• beacon oscillator radiated signals offset from the nominal fre-—
quencies  of 162 and 3i-~i MH z so tha t  t i r e  r e c e i v e d  s i g n a l s  a t  t he
stations did not overlap. In addition , t h e  l1 1 iu ~Ofl ~~~~~ I l i t  ‘n pro-
vided 5 and 20 Nih- signals directly to the sat ell ite tel e:-- l -t me
system clocks .

EQUIPMENT DES CR1 PT ION

Table V T — i  l i s t s  the  m aj  o r  Dopp l e r  Beac on c o m p o n e n t  a ( l ~ -a~
a n t e n n a ) ,  t h e i r  w e i g h t s  and d i m e n s i o n s , and a s s o c i a t e d  pow e r re—
q u i r e m e n t s .

FUNCTIONAL OPERA TION

Doppler  Beacon o p e r i u t  ion is b a s ed on t i i  n - idle doppler svs—
tern of sate 11 i tt  nav i g a t ion . F i r s t  p I on e e r l -d b y  API  in  t h e  l a t e

v l— ~
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Table V l-1
Doppler Beacon Characte ristics

Unit Weight Dimensions DC
(kg) (cm) Power

Oscillator 1.44 8.89 Dia. x l6 .5~-~~~ 1.25

Frequency 0.56 8.57 x 18.73 x 3.49 1.00 W
S y n t h e s i z e r

DC/DC C o n v e r t e r  0 . 7 2  8 . 5 7  x 18.73 x 3.81 1.25

162 MHz Power 0 . 3 2  8 .57  x 9 .84 x 3. 49 1.00 W
Amplifier

324 MHz Power 0.32 8.57 x 9.84 x 3.43 2.25 \V
Amplifier

Tota l s  3 .36  6 .7 5  W

( a )  I n c l u d e s  shock m o u n t s .

(b) Includes 0.5 W oscillator and 0.75 heater power , corres-
ponding to an ambient temperature of approximately
21.1°C. Maximum heater power is 1 W .

(c ) Based on losses in -12 V regulator and c o n v e r t e r  w h e n
o p e r a t i n g  at a p p rox i m a te 1 v 8O~- e f f i c ie n c y .
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1950s , this system utilizes precise measurements of the frequency
sh it t , or doppler e f f e c t , of f ixed  f r e q u e n c y  rad io  transmissions
:hat are observed by ground stations as a function of t i m u  . The
t r a n s m i t t e r s  are cou ’-rolled b y an u l t r a s t a h i e  o s c i l l a t o r  such t h a t
the cont inuous  wave si gnals are e s s e n t i a l l y  d r i f t  f r e e , and multiple
f r e q u e n c i e s  are chosen so tha t  r e f r a c t i o n  cor r e c t i o n s  can he made .

System

The Doppler Beacon consists essentially of a low frequency
s o u r c e , a ~requenc y s y n t h e s i z e r , and 162 and 324 ~il-1z powe r ampli-
f i e r s  ( F i g .  V I — 3 ) .  The be acon emp loys an ultrastahie crystal con-
trolled oscillator that uses redundant fifth overtone 5 MHz crys—
tals . Very accurate temperature control is prov ided  by comp l e t e l y
r - ! r o o o i u i o t  ~ Yc p - r t  l o n a l— c on t r o l l e d  h e a t e r s .  Any combination of
oscilla tors or h e a t e r s  is se lec tab le  by corrnnand . The 5 MHz s ignal
is used to src1- th e s iz e  S4 MHz s igna ls be f ir s t  m u l t i p l y i n g  to 15 MHz
d i v i d i n g  be 5 to 3 MHz , and then m u l t i p l y i n g  b y 18 t o  ~4 MHz. Two
b u f f e r e d  54 i-iflz o u t p u t s  a re  p rov ided  by t h e  sy n t h e s i z e r  fo r  d r i v i n g
the two powe r amplifiers . The power  a m pl i f i e r s  m u l t i p le the  54 MHz
signal by t h e  a p p ro u r i a t e  f a c t o r  (3 or 6 ) ,  and amp l i f y  t h e  si gnals
to  s u f f i c i e n t  l~ - -c~ is f0r radiation . Typical output powerS are
0.25 cc - i t t  f o r  the 1~-2 MHz and 0.4 watt for the  324  >iHc powe r an p h —
f i e r s .  A DC/ L~C c - - n v e r t e r  is used to  provide  a — 12 vo l t  r e g u l a t e d
pi-es’er supply for the osci l l at1 --r and a —~ 2 v o l t  supp le f o r  the ri—
mainder of the beacon circuit rv.

O~~ m ill ito r

The dual 5 1-51:- oso I l l~~t or , which has h e c o -  used in various
APL sp u - e c  mci  ft simm ce 1°n 1 , emplo ys 5 1-ill;: fifth o v e r ton e  (exact
f r l g m i u n c  es depend  upon t h e  i n d i v i du a l  or ’  oc t el o f f s e t )  na t u r a l
qua rt -c crystals that are used in a ba sicall y modified Pie rce cir—
cul t. Two c o m p l e t i i v  redundan t oscil lator circ u its and assoc iated
crystals are  packaged  toge ther in a single w0l ded cordwood module.
All crystals selected f o r  use in AOL satellites have upper t e  r o m p e r - u —
ture turn ing points of 70° c °C , and crystals that wI ll he used
in the same oscillat -r are ma tch ed with turning points ( ‘t  w i t h i n
0.1°C.

The car dw ood  m o d u l e  is  e n c a p s u l a t e d  w i t h  po lye t helene f o am
and fitted into a metal encl o sum n e to provide therm i l  mass. After
t h e  me ta l  enclosure has been wrapped ~~~i th many alternatu layers of
insulat ing aluminized Mylar and Fib e rplia , i t  i s  i n s t  a i l e d  in a
t h i n  wa i l ed  alu nu ir our ’- s h e l l .  Also  i ns t al  led in  tht- s h e l l  is a
welded cor d w 1 od modul e cons 1st ing of se-na rmi t e mi np fl flers , AGC de-
t ectors , second voltag e regulators , and th e- heater con t rol citc imi -
t rt (Fig. V 1— 4 a) . The ire - it or I- I  etncrt t is it  t a c h e d  t o the out Or
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A 2 - CIRCUITRY

(a) SIMPLIFIED BLOCK DIAG RAM
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I— 1 0 - 1 0
( I )

( I ,

125 12.5 125 1250

A V E R A G I N G  T I M E  (seconds )

(b) RMS STABILITY VERSUS AVERAGING TIME

Fig. Vl -4 Dual 5 MHz Oscillator Block Diagram and Typica l RMS
Stability Curve

VI-8



THE 1- A - A -  OPI l ~- A -  1

APPLIED PHYSICS LABORATORY SDO 4100
A I l S ~ -

s u r f a c e  of the  aluminum shell , and thermistors are installed in
grooves cut in the shell wall. The thermistors form opposite legs
of a Wheatstone bridge which provides the proportional control of
the heater element current . The assembly is once again wrapped
w i t h  a l t e r n a t e  layers of aluminized Mylar and Fiberg las , and then
placed in a cylinde r that forms the outer shell of the oscillator.

At a t m o s p h e r i c  pre ssure , t h e  layers of Mylar and Fiberg las
provide only about 5° C per  w a t t  i n su la t ion ; however , at about l0—~
t orr  or less , this insulation becomes v e ry  e f f e c t i v e  as i t  must
s ince  h e a t e r  powe r is limited to a maximum of one watt. The
thermal stabilization process typicall y requires two to three days
after the vacuum e n v i r o n m e n t  has been achieved , dependent mainly
upon the  particular crystal and oscillator assemb ly. The degree
to which  t e m p e r a t u r e  stabilite is maintained is too smal l  for di-
rect measurement; ther efore , oscillator frcgmi er rcy is an indirect
measure  of he c1~~~r performance. Tire s ta h l  iiz:it ion j : -r oces s  is marked
by the  slowio g of the f r e q u e n c y  d r i f t  toward the specified crystal
value ; e . g . ,  5 x 10— 10 pa r t s  pe r  day after t h r e e  days and 1 l0 10
p a r t s  per day after 30 da~- s .

O s c i l l a t o r  o p e r a t i o n  at a t m o s p h e r i c  pr e s s u r e  viii n e t  r e su l t
in equipmen t damage .  Whereas t u e  - - lb r t  t e r m  no ise  will be about
n orma l , the  d r i f t  r a t e  wil l  be h igh  and the  a b so l u t e  frequency will
be about  20 - ar t s per nri ll io rr h i g h e r  than  n o r m a l .  T im e f i r s t  s tep
in the acceptance t e s t s  of an o s c i l l a t o r  is t o  d e t e rm i n e  i t s  sta-
bilization characteristics. This is usually accomplished at APL
by first multipl ying b o t h  t h e  osci l lat- r signal and a re f e rcn c e  si g-
na l  f r o m  a c e s i u m  s t a n d a r d  t o  100 > lHc , m i x i n g  t h e se  t w o  si gnals  and
m e a s u r i n g  the  f r e q u e n c y  of t h e  d i f f o r e n c e  si gnal  it  v a r i o u s  averag-
ing t ime s , f o r  examp l e , i , 10 , 100 , and 1000 seconds .  A s i g n i f i c a n t
number of samples at each avercucing imo1 , e . c .  , about 30, is then
used to calculate the ‘mr’s ( s t a r o d - u r d  deviation) value . A plot of

• typical results is shown in Fig. Vl— 4b. Once ’ the f r e q u e n cy  drift
rate has been established , the sens itivit y to temperatur e and volt-
age changes  can be m e a s u r e d .  This is p e r f o r m e d  be m e a s u r i n g  t h e
o f f s e t  in the  f r e q u e n cy  curv e ’  1 e i n g  p lo t t o t  when t e m p er a t u r e  or
voltage are changed . This assumes that t T e-rE- is no change in drift
rate t h r i t  accompanies t I c  tem perature or vol t a g e ’ change , a good
assumpt ion  at least to tb ~ first order. Results of such tests in-
dic ate typical t -oomp er at m ir e s e n si t  iv it ies , re ferenced to a — 32 volt
supply, on the order of 5 - 10~~~ p e r  degr -e ceu ti crade and voltage
sensitivities on the order of ~ ~~~~~ per  volt.
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FLIGHT RESULTS

Doppler Beacons were flown aboard the following satellites :

Sa te l l i t e  Launch Date  R e f e r e n c e

1970 l6A 4 Mar 1970 l ine 17 , Tab le  1
1970 40A 20 Ap r 1970 line 18 , Table 1
1970 98A 18 Nov 1970 line 20 , Table I

—- * 17 Feb 1971 l ine  22 , Table 1
1971 2 2 A  24 Mar 1971 l i n e  24 , Table 1
1971 76A 10 Sep 1971 line 25 , Table 1
1973 14A 9 Mar 1973 line 30 , Table 1
1973 46A 13 Jun 1973 line 32 , Table 1
1973 88A 10 No~ 1973 l i n e  36 , Tab le  1
1974 2 0A 10 A pr 1974 line 38 , Table 1
1974 85A 2 9 Oct  1974 l ine  39 , Tab le  1
1975 5lA 8 Jun 1975 l i n e  41 , Tab le 1
1975 i i4 A  Dec 1975 l i ne  42 , Table 1
1976 38C , D , &J** 30 Ap r  1976 line 46 , Tab le 1
1976 65A 8 Jul 197$’ line 47 , Table 1
1977 56A -7 7 Jun 1977 line 4h , Table  1

*Fj j l e d  to  o r b i t .
* *M : u l t i p le  Sa te l l  i t e  D i s p e n s e r  Program .

All beacons that were orb ited have operated m- 11 t isfactorilv ,
and t r a c k i n g  s t a t i o n s  have submitted doppler data of c o e n e r i l l v  ex—
c e l l e n t  q u a l i t y  to  t h e ’ Sciteil ite C e nt  r o l  and  C - e m r ’ - i : n i c a t i o n s  C e n t e r
at APL.
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ORBITING FROG OTOLITH EXPERIME NT

BACKG ROUND

Sensory , rotor , and vegetative disorder of vestibular ori-
gin have been observed to occur in men and animals during short
periods of weightlessness caused by flying airplanes through
Keplerian trajectories. There are several existent hypotheses
which attempt to exp lain these disorders ; common to most of them
is the proposition that the disorders produced he weightlessness
are r e l a t e d  to t h e  otoiith sY s t e m .  The p u r p o s e  of t h e  O r b i t i n g
Frog Otolith Experiment (OFOF) w as  to obtain the first direct re-
cording of the otolith responses in a weig htless environment . A
frog (Rana Catesdiana) was chosen as the subject because it is
small enough to be practical for spacefligh t , it is amphibious
and there fore capable of surviving in an air environment while
surgerY was performed , and it has an otoiith system similar to
t h a t  in man .

The OFOE was developed by Dr. T. Gual t i e r ot t  i of the Univer-
s i t y  of Mi lan , Ital y , whil e a Reside ’n t  Resear c h A s s o c i a t e  u n de r
the auspices of the N ation a l Academy of  S c i e n c e s  working at the
NAS-\ ,’Arm es R e s e ar c h  C e n t e r .  Th e  :1~~~l i ed Phy s i c s  I : b ’ r m i t o r v  de-
si gned and f a b r i c a t e d  the e x p e r i m e n t  p ay l o a d  ( F i g .  Vu — i )  f o r  the
Ame s R e s e a r c h  C e n t e r .

A P P L I C A T I O N

The OFOE r r ’ I R S  ion i n v o i ved  piac i n g  t w o  b u l l  frogs whose yes—
t i b u l a r  nerves  had be en  implanted with pas sive r ri cr oe -lec trodes
i n to  a we i g h t l e s s  e n v i r o n m e n t  f o r  seve ral days. During that time ,
thee were  s u b j e c t e d  to re-p e lt ed r i c c e l e r i t  ions of up to  0.5 g , and
the otc e lith system activit y of each frog was monitored via the
\ e s t  ibu l - i r i m p la n t s .  The frogs we -re contained thi rouc -ho u t the
f i  [g i r t  in a blopacka 1e- Co n s i s t  ing of a self—contained life support
s ys t e m  and a smal l w r i t e r — f i l l e d  c e n t r i f u g e - c a p a b le  o f  developing a
0.5 g f o r c e  i t  t h e  0 t h  f t C  lev el. Electrical impulses \~c-rL ’ re-
co r d ed  and t hi -r ~ t e U r c t  i- ta d to ground tracking stat Ions.

D u r i n g  p r e l a u n ch  r i n d  l a u n c h  p o r l o d s , r e a l — t i m e  d a t a  were
c o n t i n u o u s ly  t e l e m e t e r e Il ( I  r e c e i v i n g  s t i t  ions , w h i l e  In t h e  orb i-
t a l  id i a s e  the  d a t a  were re - c o r d e d  f o r  t r i n s m i s s i o n  to ground sta-
t i o n s .  I t  was e x p e c t e d  t h a t  d a t a w o u l d  he o b t a i n e d  f o r  a per iod
of t h r e e  days , a f t  ~-r - - b  I oh t i e -  experimen t w o u l d  he ’ considered m i t
an e n d  (~i ct u a l l v  , tb .  m i s s i o n  l i s t e d  s ix  days )  . S i n c e  o n ly  d a t a
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ob ta ined  du r ing  the f l i g h t  were r equ i red  f o r  e v a l u a t i o n , n i  - at—
t em pt was made to  recove r the  b i o p a c k a g e .

EQUIPMENT DESCRIPTION AND OPERATION

The OFOE capsule housing was a pressure—tight vessel 33.66
cm in diameter and about 46.35 cm long. Both the bottom closure
and the removable lid were slightly domed to prevent ‘ oil canning ’
should pressure reversals be encountered. About lS .2a cm f r o m  the
b o t t o m  ~ f the  vessel was a support ring to which the inner assem-
bly c o n t a i n i n g  the l i f e  suppor t  arid operating equipment was fas-
tened. Two electrical receptacles were located near the top of
the vessel; one accommodated power supply and data t ransmission
lines and the other provided power to the experiment pyrotechnics.

The inner structure consisted essentially of upper and lowe r
bulkhe ads (F ig. VII—2) joined by a cy linder which had cutouts to
permit access to the centrifuge assembly . The centrifuge airsembly
(Fig. VIu—3) housed the experimental frogs . The centrifuge drive
motor was mounted on the upper bulkhead , and signal amplifiers and
an accelerometer were r r o u n t e d  on the centrifuge. Other electronic
equipment mounted on the upper bulkhead included an inverter , a
set  of slip rings , a converter , the centrifuge drive motor control
unit , and a cas pressure transducer.

The life support system was mounted on the lower bulkhead
and lacluded a 0.48 liter o xy g e n  botti . , a pressure reducer and
regulator , an artificial lung, CO 2 absorber , and water supply. A
water pressure transducer , also mounted on the lower bulkhead ,
a l lowed  a cons tan t c-heck of t h e  p r e s s u r e  in the  w a t e r  c i r c u l a t i o n
s y s t e m .  A r e l i e f  va lve  ensured  t h a t  the  gas p ressure  in the oxygen
l ine  never  exceeded  the amb ient pressure in the c a n i s t e r  by more
than 1 2 . 7 — 1 5 . 2  cm of  w a t e r .  This valve was p r i m  m- r i  lv used to pre-
vent  a b u i l d — u p  of oxygen  p r e s s u r e  in the  a c c u m u l a t o r .

Centrifuge Assembl e

The centrifu ge - consisted of  a cy l i n d e r  25,24 cm In d i -mmete r
by 34.3 cm long with end caps. Centrally located sh ifts , held in
p lac e by ball bearings mounted in the upper and lower bulkheads ,
were loca ted  at r i g h t  angles  to  t h e  eel inder  in t he  ver t  ical  p l a n e
to  f o r m  the r o t a t i o n a l  a x i s  f o r  the c e n t r i f u g e . The c e n t r i f u g e
was  l ocked  in p o s i t i o n  and was not r e le a s e d  u n t i l  a f t e r  the space-
c r a f t  was in orbit and fully stabilized.

Thin shallow—dome d end caps were bolted to each end of the
centrifuge with Intervening r-ih h e -r gaskets to prevent leakage . In

V 11—4
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the center of each cap was a fitting which allowed the frog speci—
mens to be fully Instrumented and mo unted d irec tly to the end cap
before insertion into the c e n t r i f u g e . The e l e c t r i c a l  leads f rom
the EKG and o to l i t h  probes passed t h r o u g h  th ree  w a t e r p r o o f  glands
in each end cap .

Li fe  Support  System

Since it was necessary to ensure survival  and norma l  func-
t ionin g of the f ro gs , the OFOE con ta ined  a l i f e  suppor t  system
(LSS) to maintain a regulated environment for the frogs. The LSS
was designed to meet the physiological requirements of two frogs
weighing approximately 350 g each. The frogs were demotorized to
prevent them from dislodging the implanted electrodes and to re-
duce their metabolic rates. In this condition , the frogs required
no artificial respiration and would remain healthy , without being
fed , for per iods as long as a month. The denc-otoriz ed frogs were
comp letely submerged in water after insertion in the centrifuge.
The water served as a cushion against t h e  high accelerations and
vibrations of launch and was the medium which carried oxygen to
the  f r o g s ’ sk ins  and ca r r i ed  away heat and carbon dioxide .

The LSS consisted of two closed loops; one contained liquid
and t h e  o t h e r  c o n t a i n e d  gas . The i nt e r f a c e  be tween  loops was at a
lung w h i c h  c o n s i s t e d  b a s i c a l l y  of a s e l e c t i v e l y  perme able membrane
of silicone r u b b e r  that separated the liquid and gas . The membrane
passed oxygen from the gas to the liquid side and carbon dioxide
from the liquid to the gas side . The frogs (in the centrifuge)
were in the liquid loop which from the lung to the frogs c o n t a i n e d
water and dissolved oxygen  and from the fro s back to the l ungs
contained water and free carb n1 dioxide. A small pump was used to
circulate the water.

Since the frogs continuall y discarded pieces of skin and
other matter , it was necessary to provide a large area of fine
filtration material around them to prevent foul ing of the water
circulation system. The fil~ er consisted of two fine polyurethane
cy l inde r s  w h i c h  also acted to diffuse the flow of water aroun d the
f r o g s .

The gas loop conslst .d of a circuit through w h i c h  oxygen was
circulated by a small p u m p .  The pump supplied p u r e  o x y g e n  to  t h e
lung whe re some of it passed into the  l i qu id  loop and the rest of
i t  became mixed  w i t h  ca rbon  d i o x i d e  coming f rom the li quid loop.
From the  l u n g ,  the o xy g e n — c a r b o n  d ox ide  m i x t u r e  was passed t h r o u g h
a bed of Bar alyme wh ich abs orbed c a r b on  d i o x ide , and f rom the
Bara l yme , t h e  pure  oxygen was r e tu rned  to  the  pump and r e c i r c u l a t e d .
As oxygen was used by the’ frogs , it s-as r ep len i shed  f rom the  small
oxygen tank.

V 11—7
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L i m i t e d  con t ro l  of  the t e m p e r a t u re  ot  the f rogs ’ e n v i r o nm en t
was p r o v i d e d  by t h e  w a t e r  e v a p o r a t o r  which  m a i n t a i n e d  t h e  w a t e r  t en ’ —
p e r c t l 1 r 5 ’ a t  ab o u t  1i ~° C. The evapora to r  pan covered the  dome in t h e
low e r  b u l k h e a d  and was i :r ov ld e d  s-. t t h  a rel i e f  v a l v e  sc-t  at 0.0106
k g /e m. The ev a p or a t o r  w a t e r  supp ly  was  con t a ined  in a rubber  b lad-
d e r  s u p p o r ted  by t h e  r i n g  in t h e  vessel  imm e d i a t e l y  ab e -y e  the  lower
-lone . In o p e r a t ien , a V O C - r T n o s t  at located I l l  the LSS w a t e r  c i r c u i t
c losed when the  w ater N - - 

~ o r i t  11 r 1 - ex c e e d e d 16° C t h - r e b \ -  a c t u a t i n g
- - a valve  tim ing c i r cIni t so I b a t  a va lve  I c - t w e e n  t i e  bladder and the

evaporator ope b ed p eriodi c_ -I 11 v ‘ ‘r a g i ven  l e n g t h  of t ime . -\s a
result of t i l e -  t e s i d u  1 s e a  l e v e l  a m b i e n t  p ressure  ins ide  the vessel ,

t i t  o r was f or 1  e~ C c c - ,  t ! ~~ b I , c d d t -r  t h r o u g h  t h e -  v a l v e  and into the
e v a p o r at o r .  I n t e r n a l  he ,t loads sI r , ’ trans f e r  r i d t h r o u g h  -i heat
e x c h a n g e r  to the ovapc ’r;itor and dissipated in evaporat Ing the wat er.
When the t e m p e r a t u r e  had  b e e l  - owe-r d e n o b a - 1 ,  t o  open  t he  t P .  rlrost at ,
the  v a l v e  w a s  c l O n ~ee and no T :~ ’re - sater was allo;~-ed t o  ‘low.

SPACECRAFT SL B S Y I ~ F [Mf

The OFOE sp et - cr a ft ( I  i g .  V I I -3 )  w e i g hed 132 .5  ke , and was
7 1 .2 r in d ia r c - .-te- r and IlY .-. cnn ’ l ong .  Tts lowe r sect ion housed
t he  e x p e - r i i ’~~n i r  e 1 e - ~ - a n i c s  and was o c t a g o n a l  in shape  w h i l e  t h e
u p p e r  sec t i on WoS a truncate cone w i  t~ a sp h e r i c a l  ca p.  A v o — v o
despin iss -nn ’ k lv was b ited around the sat e llit c - , and  f o u r  t r i p l e —
t o l d e d  b ocl -~s we r e - l oca t e d  at  90° intervals. A f t e r  ~e ; i i r a t  ion fi OF~

h , - l a c u n a  -- 1-h i c c- I t a. - des pin cables  were  d c - I 1. ry e  d to  d i s p i n  the
S~~t l l ,~~t e ’ t- S -b .’n C t i a l j y  t o  0 r p m .  Then th four boon’s ~ , - r e  c ’ > t t n ~de~d
t o  i m i  t t h e  i t  al a~-ce 1 c - r a t  i _ In t i  i~~

—
~ i z ,  th us pr ovidi ng til e

we ~‘ht less e n v i r o n m e n t  essent ial to the exper irc -en t .

A C~l/Fl I i ’-~ tel l- T il t rv s\-~- t e n c -  t l ~. i t  u sed  t w o  10 Ts’at t -.00 MHz
t r i:~ sc- i t  ters ope-rat ed in tw o  mode’s is shg’en in F i c~ . VI 1—4 . Th~
m u l t  I I c- ’er mode se lec t  swi t el l - ‘ n n t  r o l l e d  w h i c h  tico O h , l n n e  I s  of
o t i 1~ m h  da t a ( f r o g  A or  f r o g  B) would nniodulate a g i v e n  t r a n s m i t N - n - .
Th~- p l a v h a c k  real —time swi tch controlled shet icr plavb -Ick -i real-
t ime data were - transmitted. In the playback po sition , data re-
corded  on an onboard  m a g n e t  in  t a p e  r e c I r d e r we r e ’  p l ay e d  h a c k  at
four t imes the recorded speed when the satellite passed over a
ground tracking station .

The timing and pro g ram r -ing syste m consisted of a solid -tate
programmer used to initiate oh standard tim e functions within the
spat- c-- raft such as de spin  i n i t i a t i o n, boom deplo yment , and e xperi-
ment initiation. Tt also provided for three differ ent experiment
progra m r-~ u t  ines s A - l e c t a b l e  f r o m  t h e  ground . The ep I c - e l-r a f t t im-
ing pu l s e s  were  gen e r a t ed  by an o n n l l l a r b i  t i m e -  code c’cn er at  or w h i c h
was housed w i t h i n  t h e  t e l e m e t r y  sys t~~rn }1C~i encoder.
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t

The command and control system consisted of a p r i m a r y  t o n e
d i g i t a l  command subsys t em and a backup subsystem utilizing straight
tones . The backup subsystem used separate components (receiver and
tone decoder) from that of the primary subsystem and was activated
when no commands to turn on the telemetry transmitter were received
for 126 minutes  by the pr imary subsystem.  The p r imary  command sub-
system had a 70—channel command capability; however , approximately
one—half of these command channels were redundant for reliability
reasons.

FLIGHT RESULTS

The OFOE was successfully launched into earth orbit on
9 Nov ember 1970 f r o m Wall op s Island , Virg inia (line 19 , Table 1).
Six stations of the Goddard Flight Center STADAN (Space Tracking
and Data Acquisition Network) obtained data for six days , which
was the expected maximum period of prop er f u n c t i o n i n g  of the bat-
teries that supplied power to the life support and monitoring s’l’s-
tens . S c i e n t i f i c  f i n d i n g s  are p re s en ted  in R e f .  1.
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VI I I

IMP - I  SOLA R PROTON MONITOR

BACKGROUND

The need for monitoring solar energetic rarticles was recog-
nized in the mid—l960s , and instrumentation for this purpose was
designed jointi\- by NASA/CSFC and APL scientists. The first ver-
sions of the Solar Proton Monitor (SPM) were flown aboard a series
of sounding rockets in the Solar Particle Intensity and Composi—
tion Experiment (SPICE) Program starting in 1966. Launched in
May 1967 , the IMP F (Interplanetary Monitoring Platfo nri) was the
first satellite to carry an SPM (refer to Section IV).

W ithin the last 15 years , the emission of energetic (1 to
1000 M eV I p ro tons  by the sun has been realized to be a fairly com-
mon occurrence , particularly near the peak of the solar activit y

CI 

c y c l e .  From 1956 t o  1963. such protons wore detected in the v i c i n—
ity of the earth on at least 64 occas ions , either directl y by satel—
lite , rocket , or balloon techniques ; or indirectly by ground based
rad io  d e t e c t i o n  of t h e i r  ionosphe r i c  e f f e c t s .

APPLICATION

The SPM (Fig. VIII—l) was used to measure the - - energy spec-
trum , angular distribution , and in te r -it - of chari -ed particles in
the interplanetar y m e d i u m . The three  bas i c  m o n i t o r i n g  channe l s
emp heved omnidirectional detectors to measure proI ens with energy
lev e l s  gr e a t e r  than 60 , 30 , and 10 MeV and were des ignled f o r  s im—
ple , reliable , and reproducible operation.

P r o t o n  f l uxes , in addition Ic ’ be ing  of great intrinsic scien-
tific interest , can have important practical consequences since the
more intense fluxes create a significant radiat ion hazard to manned
s p a c e fl i g h t m i s s i o n s  and give rise to intense , long duration black-
outs in hi g’-i frequency radio communications at hig h latitudes . In
a d d i t i o n  t i  The pr i n t  ical  need f o r  e a r ly  w a r n i n g  c f  the  oc c u r r e n ce
of solar proton events , a i-a sic S c i e n t i f i c  ne -ce. e x i s t s  fo r  t h e
r o u t i n e  m o n i t o r i n g  o f the p r o p e r t i e s  of  s o l a r  pro t on fluxes ove r
an extended period of t im e  ( or  the order of half a solar  c y c l e ) .
Solar protons are of fundamental scientific importance in pro vi - . - -

information on particle acceleration processes at the sun . T~~t
data thus gathered ar e  also used to determine the con figi1 r at i :
t~lt  ma gTa.- t  11 ’ f i e l d s  in i n t e r p l a n e t a ry  spac e  t h a t  in fluerm . - t ’ — t - 

-

gation of protons from the sun to the earth.
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EQUIPMENT DESCRIPTI ON

The SPM consisted of five separate detectors , each using
one or more solid state detector elements to cover the proton
energy range from “-210 keV to ~60 MeV and to measure low energy
electrons and 8.2 to 20 MeV alpha particles . The detectors were
secured to the front panel and the electronics were mounted in
an RF shielded rectangular housing (Fig. VIII—2). The principal
detector characteristics are sunmiarized in Table VIII—l; following
are the major SPM characteristics :

Power Consumption :

1.3 watts average
1.5 watts during calibration

Weight: 3.61 kg

Volume : 5,326.75 cm 3

Detectors 1 and 2

These detectors were identical except for shielding. Each
detector consisted of a set of three surface barrier detectors ,
0.85 cut2 by 700 uut thick , connected in parallel and mounted on
orthogonal axes to provide a uniform geometric factor over 2n
steradians. System noise was about 40 keV , and the discriminator
level was set a’ 150 keV. Since the detectors were fully depleted
(overbiased by i’~25%) and a minimum ionizing particle deposited t’~250
keV , all particles with energies above the threshold set by the
hemispherical shield were counted. This design allowed rather
large changes in temperature , voltage , amplifier gain , detector
resolution , etc. to be tolerated without a serious change in de-
tector response.

Detector 3

This detector was similar to detectors 1 and 2 except that
it was a 3 x 3 x 3 mm Li drifted detector. It was operated at 200
volts bias , which was sufficiently large to eliminate radiation
damage at orbital altitude .

Detector 4

This detector consisted of two surface barrier devices , a
V 1 cm 2 x 50 um detector (4A) backed up by a 1.5 cm2 x 100 pm detec-

tor (4B). Figure VIII—3 shows curves of energy absorption (SE)

VIII—4
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versus particle energy CE) for this channel, including absorber
effects. Electron , proton , and alpha—particle curves are given ,
assuming normal incidence. Discriminator levels and logic are
given in Table VIII—l , and yielded the energy ranges shown. The
two lowest energy proton channels and the alpha—particle channels
were sectored (eight sectors per revolution) and summed over five
revolutions. In addition , the three proton channels were subcom—
mutated with detectors 1, 2, and 3 into the data registers.

1
Detector 5

• This was an experimental solid—state detector , called an
avalanche detector , in which the internal electric field was suf-
ficiently high to produce gain. It was the solid state anology
of a Geiger tube but with the advantages of a well defined geome-
try, high counting rate capability, and low energy threshold (~-‘l0
keV for electrons). It was operated at 200 volts bias . The out-
put was sectored (eight per revolution), but the look direction
was 135° from the satellite spin axis to eliminate the need for a
sun shield. The proton threshold was similar to that of detector
4 so that the electron contribution could be determined. Since
this was an experimental device, a separate on conunand was provided
to eliminate the possibility of interference with the main experi—
ment.

FUN CTIONAL OPERATI ON

Figure VIII—4 shows the 5PM block diagram. Each detector
had associated with it a charge—sensitive preamplifier , voltage
amplifiers, and discriminators. In channel 4, two detectors were
used in a telescope configurat ion, and their discriminator outputs
were combined to yield three proton channels and an alpha—particle
channel. Note that the SPM had an integral in—flight calibrator
and circuitry for measuring the noise level of each channel. These
two features constituted a major improvement over earlier versions
of the SPM and, while desirable for any experiment , were especially
valuable in a monitor ing experiment .

Avalanche Detector

Particles entering the avalanche detector produced electron—
hole pairs which were accelerated under the very high internal
electric fields , causing the liberation of additional , similarly
accelerated carriers. Depending on the point and angle of m ci—
dence , depth of penetration , and eneqy of the impinging particle ,
a charge multiplication of between 102 and 103 occurred (Ref. 1).

• 
V 

Consequently a single factor to convert from incident energy to
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charge collected at the detector output was impossible , instead
-~ an efficiency curve was used to indicate the percentage of parti—

d e s  counted as a function of energy at a given bias voltage , di s-
criminator setting, and temperature. As the particle energy in-
creased , the detector pulses quickly saturated (did not increase
in magnitude as particle energy increased) , thus limiting the use-
fulness of the avalanche detector as a proportional counter. In-
stead , it was used as a threshold device in which the particle
collection efficiency as a function of energy was essential to the
proper interpretation of the threshold. The circuits used for the

• junction detectors were also suitable for use with the avalanche
detector.

Average Noise Monitor

Since the noise cha racter istics of th e ju nc tion detectors
changed with age and temperature , it was desirable to monitor the
noise level as an indication of detector condition . The SPM noise
monitor measured the average noise at the output of the last pulse
amplifier in each channel except the avalanche detector channel .
This high signal level , low—impedance point was relatively immune
to pickup and provided a suitable monitoring point .

Data Format

The IMP—I SPM data consisted of:

1. Six counting rates from three rate registers . Accumu-
lation t ime — 20.48 seconds (low bit rate , L); 5.12 seconds (high
bit rate , H). Cycle time — two snapshots — 40.96 seconds (L);
10.24 seconds (H) .

2. Thir ty—two counting rates from four sets of eight regis-
ters . Accumulat ion time 5 x 1/8 spin period ~ 7.5 seconds. Cycle
time 81.92 seconds one page (L) — one album (H).

3. Eight  analog measurements read sequentially in APP 22
and APP 46. Cycle time one album — 327.68 seconds (L) ; 81.92
seconds (H) .

4. One dig ital pe rformance parameter (DPP) . Cycle tim e— two snapshots — 40.96 seconds (L) ; 10.24 seconds (H) .

The locations of the data in the telemet ry format are speci— ‘V..

fied in Table VIII—2.  Note that the data found in the specified
locations ( i . e . ,  timing signal states , seq uence , frame , and chan—
n d )  were accumulated during a prior time interval.
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Table V ll l -2
IMP-I SPM Data Format

Timing Signals Posit Ion U SPME Data

Item a a a a Seq. F r a m e  Ch. IL) Detector

I 0 
- - -

• I Ic

2 0 4 -. 15 4 1s  0. 2 1 — 0 . 56 M c V  p

3 o B ~~, 2 >30 MeV p

4 0 12 6 1 - 4 2 s  0. 5 6- 2 .  2 \ 1 IV  p

5 2 0 5 , 4 3 > 10  ~leV p

6 4 I 1 ( 1  II’l’, - 
) C -\ I - C a  on—o f f

7 0 1 1 I 0 0 5 , 1, 4 1  0 , 2 1 -0 . 56 m v  ~
8 0 4 ; - . l 5  44s  H . 2 - 2 0 \ l vV a
II 0 8 5 , Ii 12 • 0, 5 h - ~~. 2 T h V  p

10 0 11 1 s >10 I~~V V

II 2 0 5 , 6 1 4  2 . 2 - 7 . 5 Th-V p

12 :t 1(-’1’I’ 22 )  ~ \ I) .111Y10g (‘Ii . 0 - 0 vo l t s

13 1 0 1 1 0 0 n t -

14 0 I n h  2
15 2 0 5 I

16 ~1 3 5) IN’ 1 •4 ) ‘A  I -

— 
17 0 0 1 I - 0 0 V -I l

0 8

1 14 .1 0 S i ,

20 8 Il-U I’ Ii )  -\ N l  •\ nalog Cli. I • power on

(Items 1 — 1 1  ~ flIl I3 1I~ I . p . i l  II 1IIL’• 3•il t l  ‘1 4 r io-  8l”1 i l ls ( I . ) .  20 . 48 seconds (II)).
( 10-ms 12 iii ) 20 % 1 p 1  II III t i n t ’  fo rol:I I bUt C4 I if l g ,  IOII,I o l a t l of l , a nd I l’ ’ I l I I IR i t IOf l  I S  dt r Iven l
from t im in g  sIg nals is ShI W II (1( 1(1w .)

2 1 0 I 0 I 3 14 1 ( 54 ’ ! ’  11) - \ N 2  A n a I n t i  IV1I . 2 temp.

22 0 0 0 I 4 44 4 ( - \ I ’ l ’  1 )  - - \N3  .A nalog Ch . I f l O lSe  I

23 0 1 1 0 :t ~ ll-\ I’}’ 21) -~ ‘-~ 4 A fli1lI-~2 ( ~h . 4 - n oos e  2

24 0 0 I 0 4 8 4( -\I’1’ 4 n l \ \ :  -~naling Ch . 5~~~noIse 3

25 0 1 0 0 4 44 4 ( . .\PI’ 121 -Us ’ Ana log (‘Ii. 6 n0IRC 4A

r lb 0 0 0 0 4 8 4( -\ t ’ I ’ -II.) •U-.7 A nalog Ch . 7 notse 4B
(S}’\ IF  rhannela .- \ N 0 - A N 7  repeat a t  a l l uot ‘it ,  - r a t . -  4 27 4 8  s ( I~~Ifld5 ( I .). 8 1 4 2 seconds (II)),
( Note t Im In g  s ignal (a 4 ,  t 4 •  ‘1~~~. a l  -I I , ! ,-  0 o~ eans n e gat I ve , I i i i . - a r t n .  p o s I tiv e .
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FLIGHT RESULTS

Operation of the Solar Proton Monitor , laun ched in to orbit
aboard the IMP—I satellite on 13 March 1971 (line 23 , Table 1),

• was excellent. Data from the satellite indicated that all sub-
systems of the instrument operated satisfactorily. Figure VIII—5
is a summary of subsystem performance for the first 11 months of
the mission.
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IX

ENERGETIC PARTICLES EXPERIMENT

BACKGROUND

The Energetic Particles Experiment (EPE) for  the Interplane-
tary Monitoring Platforms (IKP)—H and —J missions (Fig. IX—l) was
desi gned to stud y the low energy par t ic le  populations . It was a
j oint research e f f o r t  of the Space Environment Laboratory (SEL) of
the National Oceani c and Atmospheric Adminis t ra t ion (NOA.A) and the
Applied Physics Laboratory.

Most of the experiment electronics were designed and fabri-
cated at APL. However , the main telescope (five surface barrier
detectors with collimator and electron deflection magnet) was de-
signed and fabricated by SEL . Two additional detectors , F and G ,
were provided by APL. Ground support equipment and payload quali-
fication were primarily an APL effort while SEL directed the par—

‘I.- tid e calibration work.

The equipment was del ivered to Elect ro—Mechanical  Research
(EMR) , I n c . ,  College Park , Maryland , a f t e r  ini t ial  qua l i f i c a t i on .
EMR provided payload in tegra t ion  and performe d all work required
prior to launch . APL provided test support  as needed dur ing p ay-
load qualification . Figure IX—2 , th e EPE vi tal opera tions diagram ,
shows the program interagency re la t ionships .

APPLICATION

The EPE was designed to measure low energy protons , electrons ,
and alpha par t ic les  in the interplane tary  medium , the magnetosheath ,
and the geomagnetic tail , and in the v ic in i ty  of the boundaries
separat ing these regions .  The measurements  were used to s tudy the
physics gove rning the origin , t ranspor t , and energy changes of
charged par t ic les  w i th in  these regions and between regions . The
IMP—H and —J o rb i t s , nearly circul ar at 30 to 40 RE ,  permi t ted  regu-
lar sampling of the several regions and , when both spacecraft were
in opera t ion , permi t ted  s imultaneous observations in d i f f e r e n t  loca-
tions.

EQUIPMENT DESCRIPTION AND OPERATION

The EPE ins t rument  (Fig. IX—3)  consisted of a main telescope
assembly and two auxi l iary  detectors , and u t i l i z e d  si l icon sur face
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barrier solid state detectors throughout. The main telescope assem—
bly contained a three—element telescope which was swept clear of low
energy electrons by a magnet placed in the collimator. The tele—
scope consisted of detectors A (50p thick x 25 tr.m2), B, and C (each
SOOii thick x 50 mm 2) whose outputs were used singly and in coinci-
dence to cover the energy ranges 50 keV to 25 MeV for protons and
2 MeV to 35 MeV for alpha particles . Also in the main telescope
assembly we re two detectors , D and E (each 30O~ thick x 3 x 6 mm) ,
which were mounted to one side and used the magnet in an analyzing
capacity to measure electrons between 30 keV and 200 keV.

Of the two separate detectors , F (lOOli thick x 25 ~~2) was
an u l t ra— low noise unit with a single discriminator  level set around
20 keV to measure low energy electrons and protons.  Detector C w as
ultra—thin (—5k thick x 25 ~pj~~2) and had discr iminator  levels set to
measu re alpha part icles and Z � 3 par t ic les  wi th  energy above .-..l50
keV/nucleon.

The main telescope assembly had a look di rect ion perpendicu—
lar to the sa te l l i te  sp in axis , but  the F and C detectors  looked at
450  to the spin axis in order not to view the sun direct ly. All

- - channels were sectored by 8 or 16 to obtain angular d is t r ibut ions
of the particles measured.

The instrument also included complete analog and di gi tal  house—
— keeping systems to  main ta in  current  in fo rmat ion  on the experimen t

modes and the condition of the detectors .  Some 21 commands were used
to control power supplies , discriminator levels , logic select ions ,
etc. A comprehensive electronic in—f l igh t  cal ibrator  provided a
thorough check on the experiment electronics from the preampl i f iers
through the output  logic and permit ted routine calculat ion of dis-
criminator level se t t ings  for  comparison with prelaunch calibrations.
Sutmna ry equipment charac te r i s t i cs  fo r  the EME are listed in Table TX—i.

— 

FLIGHT RESULTS

Energetic Par t ic les  Experiments wet~ successfully launched
aboard the IMP—H and IMP—J satel l i tes  (lines 27 and 34 , Table 1),
respectively) ; both  are operat ing s a t i s f a c t o r i l y .  Data are being
obtained by the GSFC M u l t i s a t e ll i t e  Operation Control Center and
p rocessed by the GSFC Informat ion  Processing Division (IPD) .
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Table IX-1
EME Technica l Data Summary

Ph ysical Characte ristics

Height : 12.7 cm
We ight : 3.18 kg
Power Required : 2 .6  watts  nominal @ 25 °C & 28.0 Volts input

2.8 wat ts  during coninand sequence
3.1 watts during cal ibrate sequence (1/60

duty  cycle)

Particle Identification

Main Telescope:

L — 1 Aj,A~8~ 30 to 200 keV protons

L — 2 A2A4B1 200 to 800 keV protons

L — 3 A4A5Bj, 0.80 to 2.1 MeV protons

L — 4 A4A5B1B2~ 2.1 to 4.5 MeV protons

L — 5 A3A4B2B3C 4.5 to 8.5 MeV pro tons
L — 6 A2B1C 8.5 to 25.0 MeV protons

L — 9 A2B1C Cosmic Ray Background

L — 10 A5B1 2.2 to 8.4 MeV alphas

L — 11 A6B1C 8.4 to 16.0 MeV alphas

L — 12 A5A6B2C 16 to 35 MeV aiphas

Main Electron Detectors :

L — 7 D1D2 30 to 100 keV electrons

L — 8 E1E2 100 to 200 keV electrons

IX—7

~ ;•
,, V— 

~
_
~

_ _ _ _ _ _  — — —-— —

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ -~ 
- 

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~
‘ - - V 

-



T 

- -

iH~ JOHN S HC’PK N -  V I . I  N’. I -
V APPLIED PHYSICS LABORATORY SDO 4100

LAt-Ri t  U AU, ANrI

Table IX-1 (Concluded )
EME Technical Data Summary

Particle Ident i f icat ion (Concluded)

Low Energy Detector :

F Electrons and protons above
15 keV (This level may vary
dependent on det ecto r noise
level )

Heavy Part icle Detector:

C1 Aiphas greate r than 500 keV
C2 Aiphas greater  than 1.6 MeV

C3 Pa rticles of Z greater than 2

Nominal Discriminator Settings

Channel Setting Channel Setting

30/SO keV~
’ C 100 keV4

A2 
200 keV2 D1 30/50 keV~

’

A3 500 keV D2 100 keV

A4 800 keV E1 100 keV

A5 2 .5  MeV E2 200 keV

A6 3.5 MeV F 15/30 keV 1

B
1 

100 keV3 C1 500 keV 5

3.6 MeV C
2 

1.0 MeV5

B3 
9.0 MeV C

3 
2.6 MeV5

variable , 2 A Channe i s t robe , 3B Channel strobe ,
Ch annel strob e , 5G j, 600 , C 2 2.0 , and C3 11.0 for

IMP J, which reflected new information revealed by la te
data from other IMP spacecraft .
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CHARGED PARTICLE MEAS UREMENT EXPERIMENT

BACKGROUND

The NASA—sponsored Interplanetary Monitoring Platform (IMP)
Program represented the mainstream of the United States research
ef for t  in fields and particles from the early 1960s to the early
l970s. APL experiments were flown on IMP s F through J, and are
presently operating on IMPs H and J. As discussed in Sections IV
and VIII , the —F , —G , and —I experiments provided continuous moni-
toring of solar protons from 1967 through 1974, and the data were
used extensively by the worldwide scientific community. These de-
tectors provided data on proton intensities in the energy ranges 1

V 
to 10, greater than 10, 30, and 60 MeV; the IMP—H and —J missions
were to obtain data over a wider range and with greater sensitivity.

The Charged Particle Measurement Experiment (CPME) was first
proposed for the IMP—H and —J missions in 1967 by the team of
Dr. S. M. Krimigis, Principal Investigator , and Drs. T. P. Armstrong
and J. A. Van Al len , when Dr. Krimig is was at the University of Iowa.
When Dr. Krimigis joined The Johns Hopkins University Applied Physics
Laboratory in 1968, the CPME program was transferred to the Space De—
ve].oplnent Department of APL.

A separate and complementary instrument , the Energetic Par-
ticles Experiment (EPE), was also flown aboard the IMP—H and —J
satellites. The EPE is discussed in Section IX .

APPLICATION

The objective s of the CPME (Fig. X—l) were as follows :

1. Study the absolute intensities , propagation character-
istics , local angular distribution , and energy spectra of energetic
electrons , protons , and Z ~ 2 nuclei emitted from the sun ,

2. Measure absolute flux , energy spectra , and solar mnodula—
tion of the low—energy component of cosmic ray electrons and pro-
tons ,

3. Measure absolute intensities , angular distribution , and
energy spectra of charged particles in the earth’ s mnagnetospheric
tail ,

L  __ ~~~~~~~~~~~~~ J~~~~~~~~~II~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~ - __
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4. Observe intensities and energy spectra of sol ar X—ray
emission, and

5. Provide long—term monitoring of the more intense
galactic X—ray sources.

Areas in which these observations are being applied include
studies of the anisotropic diffusive propagation of electrons ,
p rotons , and nuc lei as a function of energy and hel icentr ic  radial
distance . This may resolve ambiguities in the propagation model
caused by anisot ropies in the early part of a solar f lare event ,
and the question of energy and/or velocity dependence of the propa-
gation mechanism can be illustrated . It may also provide a means
for studying macroscopic properties of the interplanetary magnetic
field and for an evaluation of the radial dependence of the diffu-
sion coefficient. The influence of solar modulation on galactic
cosmic ray intensity may thus be ascertained.

Since primary electrons were measured down to 0.2 MeV , in-
formation on the origin of cosmic rays and the relevant portion of
the nonthermal galactic radio spectrum may be provided. It may
also further the understanding of contributions to primary elec-
tron flux from p—p collisions between cosmic—ray protons and inter—
stellar hydrogen and thus provide a means for studying the inter—
planetary modulation mechanism.

Measurement of the primary cosmic ray proton components
should answer questions concerning solar n~ dulation , solar wind
convection , and particle diffusion into the solar system.

EQUIPMENT DESCRIPT ION

The CPME employed two different charged particle detection
techniques . The first technique involved the use of a three—
element solid—state detector array in a dE/dx and E telescopic
arrangement placed within a plastic anticoincidence scintillator.
An opening in the front of the scintillator defined its look angle .
The Proton Electron Telescope (PET) measured electrons , protons ,
alpha particles , and nuclei with Z � 3 in several energy ranges.
The second detection technique involved an array of Geiger—Mueller
(CM) tubes sensitive to electrons and X—rays . Three GM tubes
called the Geiger Telescope (CT), were placed inside an anticoin—
cidence scintillator which again defined look angles. Two addi-
tional GM tubes , called the North—South Telescope (NST), were di-
rected along the spacecraft spin axis and normal to the CT. Figure
X—2 shows the detector look angles with respect to the experiment
package and the spacecraft spin axis , while Fig. X—3 provides an

X—4 
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outline drawing and shows the locations of major components . De-
tector characteristics are summarized in Table X—l for IMP H, and
in Table X—2 for IMP J.

-~ P roton Electron Telescope (PEr

The PET consisted of an array of three solid—state detec—
tors and supporting units. The detectors functioned to Identify

V particle type and determine particle energy . The characteristics
of the detec tors are discussed in the following paragraphs.

Detector Dl. This detector was a totally depleted silicon
surface barrier detector with a nominal thickness of 40 pm and an
active a rea of 2 .0  cm 2 mounted in a shockproof transmission ring
of boron nitride. Detector noise , measured at 23 ° C wi th  a bias
voltage of 20 volts , was about 20 keV fwhm. Resolution for 5.477
MeV alpha par ticles , measured at 23°C with operating bias voltage ,
was less than 50 keV fwhm . The aluminum and gold surface coatings
were 40 pgm/cm2 thick , whi ch cor re sponds to an energy los s of
about 15 keV in the aluminum for 5.477 MeV alpha particles.

Detector D2. This detector was a 990 pm totally depleted
silicon surface barrier detector of 2.0 cm active area mounted in
a shock proo f transmission ring of boron nitride . Detector noise ,
measured at 23°C with a bias voltage of 250 volts , was about 22
keV fwhm . Resolution of 5.477 NeV alpha particles was less than
35 keV fwhm .

Detec tor D3. This detector was a 2700 pm lithium drifted
(total thickness , 3”TOO Lm) silicon detector with an active area of
2 .0  cm2 mounted on an aluminum t ransmission ring. Detector noise ,
measur ed at 23° C with a bias voltage of 450 volts , was in the range
of 13 to 23 keV fwhm . Resolution for 5.477 MeV alpha particles
bias voltage , was 70 keV fwhm .

Geiger Telescope (GT)

The GT , which measured solar and cosmic X—ray fluxes in
several energy ranges , consisted of a set of three Geiger—Mueller
(GM) tubes and supporting units. The GM tubes acted as the basic
radiation measuring devices it-i this telescope. The physical and
operational characteristics are described below.

GM Tube El. This LND—705 GM tube was a neon plus halogen
quen ch gas filled tube with an effective diameter of 0.093 inch
with very thin mica end windows (0.3 to 0.4 mgmfcm 2 mica). Inter-
nal gas pressur es were be tween 30 to 40 cm Hg. The plateau lengths
were >200 volts with a slope of approximatel y 0.03 to 0.15%/volt.
Operating voltage was about 700 volts.
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Table X- 1
IMP-H CPME Detector Measurement Summary

Mln iwum Field of
Energy lilse Geom etric Angular Vj~~ ~~~Particle Channel interval Resolution Pactor Data • Detector Viewing

,VVTYEt- Designation (MeV/Nocleonj (9cc) (em 2 sr) San-li ~~ Type Di rect ion
Proton—Electron Telescope

Protons P1. 0.29 A Ep A 0.50 10.24 1.51. 8 sectors Solid—State 45• full angle
P2 0.50 s E~ s 0.97 10.24 1,51 Derectors In ecli pt ic ~~~~~~~
P3 0.97 A E p A 1.85 10.24 1.51 and Antico—
P4 1.85 A E~ s 4.50 10.24 1.51 incidence
P5 4 . 50 s A 7.90 10.24 1.51 Plastic
P6 7 .90 -. Ep A 13.7 10.24 1.51 ScintilVlator
P7 13, 7 A E

~ 
2 . 2  5.12 0.32

P8 2 5 . 2  s E~ s 4 9 . 5  10.24 0.32 8 sector ,
P9 4 9 . 5  5 E~, A 95.0 5.12 0.32
PlO 9S .0 E~ 138.0 10.24 0.32
P11 193.0 5 F.~ 5 500.0 10.24 0.32

Aiphus Al 0.64 5 10 5 1.17 20.48 1,51 8 sectors
A2 1.17 s E0 A 1.74 10.24 1.51
A3 1.74 A E5 5 4.30 10.24 1.51
A4 4.30 5 10 A 11.5 10.24 1.51
AS 11. 5 5 1.5 5 26.0 5.12 0.32 AR
A6 2 6 . 0  A E5 A 52.0 5.12 0.32 8 sectors~~• 2 5 3 21 0.77 A F.0 ~ 3 .?  5.12 1 5 1  8 secto r ,

Z � 6 22 — 1.60 5 E~ s 3.2  10.24 1.51
2 a 70 Z3 3.35 s 10 A i f  10.24 1.51
Eleecrons E4 0.22 A T e 5 2 . 5  10.24 1,51 8 sectors

ES 0 .S0 ~ s 2. 5 10.24 1.5 1
F6 0,8 r  s I~ A 2.5 10.24 1.51

Intr ”cal P £ > 35 MeV/ t uc leon 5.12 28 cm 2 omnidirect Ional
Protons

Geiger Tc1~ 95~pe
[Electrons El F.~ > 0.(16 1.12 0.015 8 sectors 705 GM Tube 45 full angle
I Proton s E

~ 
-‘ 0.220 

- 
0.015 in ecliptic Il *ne

1 X—Rays 4 to 11 -1 , OV L ’  1. 10’~ ’ ergs/c nt 2 — ct

F I  Tro I s 12A ~ 0.03 10.24 0.17 8 s,-Ctors 704 GM lube
Protons 11, > 0 6 7  6 

0.17
S—Rays 1.5 to 1? £.  0.11 6 l0 ergslcm 2”ct

1EjeCtrUItY £3 E~ > U .I~
V6 40.96 0.110 32 sectors illSA GM Tube 1l~ 15’ 5 40 

-I Protons F~ ~ 2.20 0,110 fan-shapcd ~UI

I~_ R5 Y 5 1.5 to 7. 5 A, 0.31 1 10
_i ergs/cnI2—c t

S E ~ 50 11eV/Nucleon 5.12 28 cm 2 Anticoinciden ce Omnidirectional
T intil lator

No r t h - Sn u ~ h T c  l o L  j-t

Electrons 1.28 E~ 
> 0.016 Dir —I tonal 10.24 0.022 705 GE-I Tube 45~ full U- gl e

Etotonu E
~ 

> 0.210 0irt-~ T toot1 0.022 (South) aT 10 I,  -

~ 60 M0t” Om.,ldlrt-c tio nal ecliptic SOLIt  V

E leet r t l r .T  ET C 1e > 0.016 t*II V ILIIlrc ct i on a l 10.26 0.022 lOS CM Tu be 45~ f ul l  AYI ’ 1e

£rot.oI,, F~ > 0,720 0 t I1t e~ t I tn11  C.022 (?.orth) at 22 - - .1 1

~ 60 11eV
4 Omn idire ctional ecliptic 0. TI

I ‘The duty cycle of all T- .1o,lels is l0O’~ with the  follcmal ng cxcepEions :
El. 71.432; P1 , 1.6 . Fl, 38.212; Al , 19.10%

* Those channels for whIch there is co entty are spln-Vav,r*I.,’I, Channels P1 and 14
,hare a *inglc secTor ,uhcoo.-,v t ator.c A 3nnels A l , Ab , 71 , I’8 share a sIng l e sector
subco~~utator . Also , el-,onels EM and 13 sltur e a ,Er* -1 r  su bco ~~ u t a to r ,

~~ Both spin—sveraged sttd YcTo r inf~ r o o t  Ion  is  obtained,

+ V e c T I n I  incidenc e on dete ctor w*ll; average threshold icr isotropic flus is
closer to 90 NoV.

X—8

_ -~~~~- V - - - - V -  
_ _ _

~- V __ -V~JI.~~_~_ - V ~~~~~-~~ ---- 
- --



V 
- - - ~~~~~~~~~ ~

-1~ 
- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—-

THE JOHNS HOPKINS UNIVERSITY SDO 4100
APPLIED PHYSICS LABORATORY

LAUREL MAR I IA ND

Tab le X’2
IMP.J CPM E Detector Measurement Summary

Ntntm,ay. Field of
Energy Time Geometric Angular View and

Particle Channel Interva l Resolution t Factor Data • 
Detector Viewing

type ~35 jltutlon ,~it-~.’JNucleon) (sec ) (cm2 sr)., Sampling Type Direction

Proton-Electron Telescope

Proton, P1 0.29 A E~, 0.50 10.24 151 8 sectors  Sol id-State 45° full angle
P2 0.50 ~ 1p 0.96 10.21. 1.51 Detectors in eclipt ic p lane
13 0.96 . F

1 
� 2.00 1O.2i~ 1.51 and Ant ico-

PIe 2.00 s F 4.60 10.24 1.51 incidence
£5 l..60 I. � 15.0 10.21, 1.53. Plast ic
P7 15.0 4 4 25.0 5.12 0.32 Sc intillator
P8 25.0 4 48.0 10,21, 0.32
P9 48.0 .. s 96.0 5.12 0.32
PlO 96.0 4 A 145.0 10.24 0.32
P11 190.0 s i~, ~ 440.0 10.24 0.32

Ai phas 53 0.59 a. 4 1,14 20.48 I..~~ 8 sectors
A2 1.16 s E~ s 1.80 10.24 1.51
A3 1.80 s E~, ‘~ 4 ,20 10.214 1.51 8 sectorsY
Ale 4,20 s F0 s 12.0 1.0.24 1.51
A5 12.0 4 4 29 .0 5.12 0.32
A6 29.0 s 1.0 4 52.0 5.12 0.32

2 a 3 Z1 0,70 s F0 s 3 .30 5,12 1.51 8 sec to r s t
2 a 6 z2 1. 45 ; 1.,, 3.30 10.24 1.51 8 sectoroi
Z 5 20 Z3 3. 10 F,~ a. t .80 10. 21. 1.51
Z 5 3 21, 6.0 1; s 105.0 10.24 1.51
t itotror, FL 0.2? 

~~ 
. 2.5 30.21. 1.51 8 s ec t or a0

0.50 4 1 , -. 2.5 10.24 1.51
p 0,80 1. s 2. 5 10.21. 1.51 omnidirectiona l

Integral TI E > 3) I~t- ’./ Na~ leon 5.12 28 c~
2

Protons
Ceig,cr Teievcope

Electron s El E a 0,01.3 5. 12 0.015 8 sec to rs  705 CM Tube 4) full angle
Protons E~, O. lf2 0.015 in ecl ipt ic  plane
5-Rays I, to 17 & , 0.26 . 10~ ’ ergs/cm2-ct

Fiectron s T O Y  F~ 5 0,031 10.24 0.17 8 s ec to rs  701. CM Tube
Protons F~ a (1,593 0.17
5-Rays 1.5 to 12 , 0.11 • 10 erg,/cm2-ct

Flec tron s C) a 0.085 40.96 0.220 16 sectors 7115A GM Tube fl°15’ 1,~ ’
Proron~ F > 2.20 0.220 fan-shaped col-
i-Pays l~

’
25 to 7.5 A. 0.27 5 10~~ ergs/rm2-ct limator in

ecl iptic plane.

- S F 50 T’- - V / NU ~ loo n 5.12 28 cm2 Ant icoincid en ce Omnidirectiona l
Scintilla tot

I1.tectr1,l n P28 a 0.0 12 Di roct in f l a l  10.24 0.022 705 CM Tube 45’ full 5o(le
a O l i f  Di rec t l~~~,I 0,022 (South) at 2730

F ~ 
(.~ ~~~V~~’ I t I l d i t ,  - T i i t ! e c l i p t i c  south.

frlectrc’n . L2C Fe a 0,017 (u n i d t r c o r ;  c t ,  I 10.21, 0,022 705 CM Tube 1,5’ full asp ic
I1’roto,,a F 5 0.732 I~ n r - I d I , e  t lo ns l O.F422 (North) at 22’30’ from

a 60 t’ .-V ’ Snoi d ir e c ci o nal ecliptic n ’nit h .

t v  c y c l e  of all channe ls 1. 1003’ sir ’- tI,a followin g e .cept i -t-. El , 51.56%; 11, F28, TI , ?S .78%; Al , 19.109 .

Those ti n ,  no I. for which I ’ , r , -  l~ no entry are spin -awe, s~~eJ . I I I IV I t c i  s £1 and EL shale * single sector subconrnutat or;
thannel , Al , A 3 , 21 , .~2 share a •1rt p~Ir se ct or s -O-c--- ,v,tutu t or. A ls -- , channels EZA and 1.1 sI,are a sing le suhcorn,tatot .

110th spls-averafed an,i se ct r c l -  s - I t t  Ion  is  obtained.
‘e r i t r a l incidence on detec ror w all , asersge thr es hold for lsotro ~.ir flus t. closer to —, 90 ReV .
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GM Tube E2A. This LND—7O4 GM tube was an argon plus halogen
quen ch gas filled tube with an effective diameter of 0.25 inch .
The mica end windows had thicknesses in the range 1.5 to 2 mgm/cm”
mica. Internal gas pressures were about 57 cm 1-1g. The p la teau
lengths were >200 volts with a slope of app roximatel y 0.11%/vol t.
Operating voltage was about 850 volts.

GM Tube E3. This LND—7l15 GM tube was a custom—made krypton
plus halogen quench gas filled pancake tub e with an effective diame-
ter of 0.40 inch. The mica end window had a thickness of 1.5 mgm/
cm2 mica. Internal gas pressures were 8 to 15 cuiNg. The plateau
lengths were 100 volts with a slope of 0.02 to 0.07%/volt. Operat-
ing voltage was about 900 volts.

North—South Telescope (NST)

The NST , which measured pargicle and pro ton fluxes from the
directions of the north and south ecli p tic poles (within 22.5°),
consisted of a pair of GM tubes and supporting items . A collimator
and holder comprised the housing assembly. The collimator was made
of brass and allowed GM tubes E2B and E2C to have a conical look
ang le , for nonpenetrating particles , of 45 0 full angle . The holder
was made of aluminum and held the collimators so that their axes
were 22.5 ° from t h e  vertical , or north—south polar axis. The pur-
pose of this sli ght inclination from vertical was to  prevent the
satellite body from obstructing a portion of the view angle. The
corobinaT ion of brass collimator and aluminum holder provided shield-
ing to a minimum of 60 MeV for protons in all directions except the
look ang le.

FUNCTIONAL OPERATION

Referring to Fig. X—4 , each of the PET detectors , incl uding
the anticoincidence photomultipl ier , had as associated charge—
sensitive preamp lifier followed by voltage amplifiers and pulse
hei ght discriminators. Outputs from the discriminators were routed
to the channe l log ic section whe re coincidence and anticoincidence
functions determined charge species and energy levels. Timing
pulses were generated from the first voltage amplifier stage by a
limiting amplifier and timing mark one—shot. This circuit produced
a strobe pulse at the zero—crossin g point of each input pulse. In
this manner , timing accuracy was preserved over the full dynamic
range of the channel.

Coincidence pulses were generated in AND gates where the tim-
ing signal s were mixed with the PET photomultiplier anticoincidence

x-lO
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pulses. Strobe pulses from the coincidence gage sampled discrimi-
nator outputs In the channel logic section .

A 180 MeV discriminator was coupled directly to preamplifier
A to measure iron group nuclei signals (2 � 20). Named Z3 , this
signal was combined direc tly with the PMT anticoincidence signal in
the channel logic section.

The anticoincidence signals in bo th the PET and CT were from
scin tillator—photoinultiplier combinations . The two channels were
identical . Timing, however , was differen t because CT used leading-
edge timing to inhibit GM signals , whereas PET used trailing—ed ge
timing with a delay line added to match zero—crossing detection in
the PET pulse—height discriminators .

Each GM tube output was used to drive a saturating pulse
amplifier. In the case of the CT tubes , the saturated pulse out-
puts were combined with the PM tube signal for anticoincidence .

The rate limiter and pulse shaper section contained one—shot
circuits that generated standardized output pulses for data inter—
face with the spacecraft encoder. Rise and fall times were con—
trolled as well as a maximum set on the output pulse rate.

Several output s were divided by sector accumulators . This
sectoring, con trolled by the spacecraf t opt ical aspe c t sys tem ,
channeled the outputs into eight equal sectors around the space-
craft spin axis. To keep the total number of accumulators to a
minimum and at the same t ime sec tor as many o utpu ts as poss ibl e ,
the sectored dat a commutator time—sequenced several signals into
the sectored data registers . In the case of signal E3 , the sec-
tored data conunutator further divided the sectors into 32 subsec—
tors under cont rol o f sp in divide signals from the OA system. The
data outputs are summarized in Tables X— l and X — 2 .

The PET discriminator thresholds and the channel logic were
checked wi th  the in—flig ht calibrator. A train of test signals
following a ramp envelope was appl ied to the PET preamp l i f ier in
parallel with the detector signals . Different preamplifier pairs
and different test—pulse height combinations were used to optimize
the discriminator tests. Calibration occurred automaticall y once
each 46 hours under control of the spacecraft clock .

Several command functions permitted the control of the ex-
perimen t configuration . Power to the in—flight calibrator could
be commanded off in case of calibrator failure . Similarly, the
high voltages for the photomultiplier tubes could be commanded off
individual ly.  Two addi tional commands perm itt ed a reduc tion in

X-12
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~ I amplifier gains on the A and B de tec to r s  in case of detector fail-
ures. The total number of commands required was minimized by hay-
ing the individual commands latch in one direction only. They
were reset together by reapplicationof the power on command.

Several analog parameters and the command status were tele—
metered through one analog performance (AP) parameter. The noise
monitor measured equivalent m s  amplifier noise from the PET de—
tec tors , and the AP commutator multiplexed the independent read-
ings into one output along with temperature and power—suppl y
voltage readings.

The CPME power supply system consisted of a primary supply
con taining a freq uency stabiliz ed choppe r , a DC— to—DC converter ,
and voltage regulators. The primary supply also developed a square—
wave drive to a detector high—voltage supply and to two PMT power
supp lies.

FLIGHT RESULTS

Charged Particle Measurements Experiments were successfully
launched aboard the IMP—H and IMP—J satellites (Fig. X—5) on
23 September 1972 and 20 October 1973 , re sp~~c t i v e l v  ( l i nes 27 and
34 , Table 1), and are operating satisfact orily. The sensitivities
of the CPME instruments are such that stud ies are carried out from
quiet—time galactic intensities to intense solar flare events , to
the detection of electrons originatinc in the magnetospher e of
Jup iter. The data represen t a large reservoir of physical mea—
surements which are presentl y being analyzed by scientists at APL ,
the University of Kansas . and the NOAA/S pace Environmen t Laboratory .
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ULTRAVIOLET SPECTRO?€TER EXPERIMENT

BACKG ROUN D

The Ultraviolet Spectrometer (UVS) Experimen t Program Sl69 ,
under contract from the NASA Manned Spacecraft Center , was imple-
mented to perform measurements in the far ultraviolet spectrum as
part of the Apollo 17 lunar mission . Dr. W. C.. Fastle of the De-
partment of Physics/JHU was Principal Investigator ; APL responsi-
bilities included the design and fabrication of two Fastie— Fhert
spectroneters for flight use , a mockup for astronaut training, a
prototype unit , a qualification unit , and CVS test equipment.
Also , a thermal test model and units for engineerin g evaluation
and cross calibration were provided from parts and assemblies on
hand.

The UVS design was derived from the extensive exper ienle of
the Princi pal Investigator and co—experimenters in the development
of a variety of Ebert scanning tnono~~irometers for experiment aboard
sou nd ing rock et s , satellites , and interplanetar y v e h i c l e s .  However ,
the following features represented advances in desi cii and perfor-
mance with respt - c t to th e earlier flight ~ p~- c t r o m & - t I - r s :

1. A mu lt iple angled L- xt o rnal ent r,lnI ~~
- baffle to reduce

scattered light impingement on the ~b otom u1ti p 1i~~r tube (PMT).

2. Phot omultipl ier elEctronics and data system, that provided
- -  wide dynamic range and a li m it o1 detect ion dictated by dark cur-

rent noise pulses emitted by the FMT .

3. An image tripling mirror system at the exit slit to in—
crease the sensitivity of the spectrom eter.

The net result of these features was to provide an instrument with
a sensitivity of at least one orde r of m agnitude improved over
Ebert systems previousl y used in space experiments , and which also

- -  
exhibited greatly improved scattered li ght characteristics.

APPLICATION

The C\’S (Fig. X I—l) was developed t o  perform quantitative
measurements of the composition of the atmosphere of the moon dur-

• ing various degrees of solar illumination as part of the I O f l t i f l U~
—
, 

ing analy sis of the inte r ,-~ - t ion of the solar win d with the lunar
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surface . Determinat ion of the lunar atmosphere composi tion was by
detection of the resonance reradia tion of energy in the ultra-
violet region (1180 A to 1680 A) . Specifically , the primary ex-
perimental objective was to determine the atomic composition , den—
sity , and scale height for each constituent of the lunar atmosphere .
Secondary objectives were as follows :

1. Measure the temporary atmosphere crea ted by the lunar
module engines.

2. Measure the lunar  UV albedo .

3. Study the lunar darkside fluorescence.

4. Measure UV galactic emission.

5. Study the atomic hydrogen distribution in the earth ’s
geot all.

EQUIPMENT DESCRIPTION

The mechanical design of the UVS was modular to provide for
simplified assenhlv and subcomponent interchangeability. These
modules , shown in Fig. XI— 2 , are described in the following para-
graphs .

The b a f f l e , or sunsh ade , contained rectangular baffle plates
that formed a rectangular , pyramid shaped field—of—view to m inimize
the effects o f  scattered radiation . It was about 48.3 cm long, and
the inside surfaces were painted black to r educ e  l i g h t  r e f l e c t i o n .
The en t r ance  b a f f l e  was thermally and electrically connected to
the front p late by through b olt s . The external surface was coated
with a special white paint having an i/ c  of 0.21/0.85. Since the
remainder of the UVS was insulated from its environment , the baffle
was the prim ary radiator and absorber of heat energy.

The electronics module Intained an intergrated PMT , a pulse
amplifier and discriminator , a high voltage supply for the P~ T , a
low voltage DC/DC converter , pulse counting circuitry , and teleme-
try precondit loning circuitr y . This module also contained the
spacecraft and GSE electrica l Interface connector s .

The front plate served as a mounti ng base for the baffle ,
electronics housing, the entrance and exit slits , lnn r baffle ,
image t r i p l i n g  m i r r o r s , and diffraction grat ing with associated
motor driven scan mechanism . The entrance and exit slits were
sl ots machined about 0.198 crr wide by 5.69 cm long and 0.198 cm
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wide by 0.128 cm long , respectively. A 0.127 cm thick rectangu-
lar aluminum tube (the inner baffle) had small fin sections to re-
duce scattered light and admit only the direct rays in the field—
of—v iew to the input half of the mirror. The exit mirrors were
about 0.51 cm thick and 11.481 cm long, and trapezoidal in shape.
The ends were about 3.18 cm by 1.27 cm wide.

The main housing was a machined aluminum casting that served
as a l ight—t ight box for the optical system and the supporting
structure for other UVS modules . The Ebert mirro r , mounted in a

-~~ separate machined housing that was bolted to the aft end of the
main housing, was divided into input and output halves by a l ight
baffl e strip. The input half acted as a collimator to provide
p ara l lel l ight incident on the grating, and the output half
focused the diffracted li ght from the grating onto the exit slit.

As an integral unit , the UVs was completely enclosed within
super—insulation blankets of aluminized My lar and Kapton sheets
except for the baffle , front plate , interface connectors , and
mounting pads.

(;rating Mechanism

The grat ing mechanism was used to cycle the grating through
the 1130—1680X wavelength range . It consisted of a motor and gear
reducer drive , cam and follower , grating housing, reflective dif-
fraction grating, and fiducial mark detector. A synchronous rotor
and g~-~ r reducer unit , which required about 2 . 5  watts at a fre—
quency of 100 Hz , drove the cam in one direction at a uniform rate
to repeat the wavelength scan cycle once every 12 seconds. The
radius c-f the c- am groove , as a function of the angle of rotation ,
controlled t h e wavelength scan profile as a function of time . The
groove also served to retain and prevent the cam followe r from
damaging the cam because of vibration—induced chattering during the
Apollo launch.

The fiducial mark detector consisted of a small slit in the
cam through which infrared light , emitted by a gallium arsenide
light source , could pass to a phototransistor detector . The fidu-
cial mark indicated the end of scan , and its output synchronized
the word format . The cam follower was fastened to a shaft which
rotated the grating through a 50 ang le. The angular relationship
between the cam follower and the normal to the grating was adjust-
able. A theodolite was used to set the grating angular position to0
match the precise relative position of the cam follower to 1215.65 A.

Ebert M irror

The Ehert mirror was made of Cervit and codted on its
polished surface with alumine~ and magnesium fluoride . Overall ,
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dimensions were about 23.5 cm long by 16.0 cm wide by 4.6 cm thick ,
with a spherical radius of 100 cm. A baffle strip about 2.3 ~m
wide separated the mirror surface into two halves.

The optical design of the UVS was that of an Ebert spectrome-
ter whose optical components consisted of an external baffle , en-
trance sli t , Ebert mirror , scann ing diffraction grating, exit slit
and mirror , and photoelectric sensor. The external baffle may be
describ ed as a multi ple angled horn designed so that light originat-
ing outside the specified field of view is greatly attenuated be-
cause of multiple reflection before passing through the entran ce
slit. Figure XI—3 diagrams the optical system and external baffle ,
and shows the look angle from the Scientific Instrument Module (SIM)
of the Command System Module (CSN).

The mirror collimated the radiation admitted by the entrance
slit , redirected the radiation onto the diffraction t~rating, and
refocused the diffracted radiation onto the exit slit. Optical
vignetting was reduced to virtually zero by use of the exit slit
mirrors.

FUNCTIONAL OPERAT I ON

Figure Xt- -~ shows th e LIVS block diagram together with those
functions directly associated with the scientific data gathering
system such as the PMT , pulse amplifier and discriminator , counting
and timing circuits , and the output rig ister.

Digital Counting System

A digital countin g system followed the PMT. Outputs from
the photomultiplier , which consisted of approximatel y 10 ns pulses
of 105 to lO~ electrons , were processed by the pulse amplifier and
discriminator ( PAD) . The PAD integrated and amplified each pulse ,
and provided threshold discrimination . Pulses with energies above
the selected threshold generated a standardized pulse for further
counting. Pulses below the predetermined threshold of ~ 3 mV were
rejected. A threshold discriminator drove a one—shot mult ivibrator
that generated the standard pulse to drive the counter . The one—
shot had a pulse width of about 0.8 i,j s , and a dead time of about
0.8 is. Thus , for every 10 ns input pulse greater than the se-
lected threshold , a standardized 0.8 ts (approx.) pulse was gen-
era ted , except for the situation where input pulses would arrive
cl oser than 1.6 ~s , at whi~ h t ime the system became overloaded.
Thus , the m a x i m u m  periodic rate at which the system counted was
approximately 625 ,000 pulses/second .
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Because the generation of photoelectrons occurred at random
times , the syst em became nonlinear; however , this nonlinearity af-
fected only the result at high count rates . The output from the
PAD was counted by the 16—bit accumulator. The accumulator

— counted the 0.8 ~
js pulses for a 0.1 second period. At the end of

each 0.1 second period (as defined by the timing circuits) the
acct~mulator transferred its data to the output register and was
cleared to prepare it for counting during the next 0.1 second
count period. The clear operation and the data transfer took
pla ce in less than 30 ~s, therefore causing negligible loss in the
accumulator count period. Data transfer to the output register
took place via the data multiplexer. The use of a 16—bit accumnu—
lator allowed the digital electronics to accumulate 65 536 pulses
every 0.1 second , whi le  the PAD could genera te on ly app rox imately
62 ,500 pulses/0.l second . Thus , the system could not overflow to
cause ambiguities in the data.

Data Multip lexer

The data multip l exer normally transmitted scientific data
in the accumulator to the output register. During the cam flyh ack
time , however , the multi plexer inserted special fiducial words into
the output register. The cam flyback time was about 0.5 second ,
i.e., five 16—bit words could be transmitted in that time . All
five special words were initiated by the detection of a fiduci al
mark located on the cam at the end of scan position .

Words 1 and 2 formed a special fixed pattern , selected be-
cause such a pattern could not occur naturall y in the dat a pattern .
Wo rd 3 , called the scarf period word , recorded the number of 2.5 ms
intervals occurring between fiducial marks. This was nominally 12
seconds~ hence , the word would nominally record 4800 counts. Words
4 and 5 were also special sync words . Words 4 and 5 were identical
t o  words 2 and 1 , respec tively.

The output register was a 16—bit parallel—to—serial register.
Data were entered in parallel via the data multiplexer at the end
of each 0.1 second accumulation period . Upon arrival of the i/VS
enable gate and the i/VS shift clock , the data were then serially
shifted to the i/VS data output line via the buffer amp lifier as
shown in Fig. XI—4.

Timing and Counting Circuits

The timing circuits controlled the accumulation period and
the transfer of all data to the output register. Proper data word
synchronism with the wavelength scan system was accomp l ished b y the
fiducial ma rk detector. Generation of two—phase square wave ,
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required for the motor drive electronics , was also accomp lished
by the timing circuits. All counting of photoelec trons was syn—
chronized wi th the grating positio~ to es tablish the waveleng th
reference . Thus , the fiducial mark detector signal was used to

— synchronize a divide—by—40 counter once during each 12 second scan .
The divide—by—40 counter was driven from the 400 Hz i/VS timing sig-
nal , and generated the 0.1 second intervals for the accumulator.

-: Thus , the accumulator counting circuits were maintained in syn-
chro nism w i t h  the  g r a t i n g  d r i v e  s y s t e m .

The snvc word code (words 1 , 2 , 4, and 5) was also generated
by the t iming circuits , upon arrival of the fiducial pulse. The
code was generated and injected into the dat a stream via the data
multiplexer. The special t i m in g  word (word  3) was also injected
i n to  the  d a t a  stream by the timing circuits. This word was gen-
era ted b y a 16—bi t  c o u n t e r  t h a t  r ecorded  the  number  of 400 Hz
pulses be tween  f i d u c i a l  m a r k s .  This  number  g a v e  i n f o r m a t i o n  on
any poss ib le  v a r i a t i o n s  of m ot o r  speed. Since the hysteresi3 syn—
chronous moto r  r e q u i r e d  a two—p hase 100 Hz square wave dr ive , the
t i m i n g  c i r c u i t s  used the  400 Hz timing reference to  gene ra t e  the
motor  d r i v e s .  F l i p — f l o p  c i r c u i t s , a p p r o p r i a t e l y  g at e d , accep ted
the 400 Hz s igna l  and d iv ided  I t  i n t o  tw o 100 Hz square waves hav-
ing a phase relationship of  90 0 .

The fiducial mark detect or consisted of a s o l i d — s t a t e  l igh t —
e m i t t i n g  diode and a p h o t o  t rat~si stor . fo l l owed  by a c omparator
and one—shot  m u l t i v  ib r a t o r .  The d iode  e m i t t e d  l i gh t  to  the  p hoto
t r a n s i s t o r  v ia  a O . 0 2 ~~4 cm s lo t  in the c am .  O u t p u t  f rom the  pho to
transistor was amplified and used for t r i g g e r i n g ,  a one—sho t m u l t i —
vibrator. The f i d u c i a l  m , i rk  d e t e c t o r  synchronized the divide—b y—
40 coun te r  in t h e  t i m i n g  s y s t e m .  Thus the  e l e c t r o n i c  d a t a  system
was s y n c h r o n i z e d  w i t h  the  w a v e l e n g t h  scan . The f i d u c i a l  mark was
positioned so that i t  cou ld  be g e n c r i t e d  at  t h e  b e g i n n i n g  of the
f l y ba c k  pe r iod .

The housekeep i n g  e l ec t r o n i c s  g t -n c r a t e d  s i x  a n a l o g  t e l e m e t r y
functions. The c i r c u i t s  c o n s i s t e d  of integrated operational ampli-
fiers to serve as buffers between the Scientific Data System (SDS)
analog system and the p r i m a r y  sensors . For t h e  bus voltage func-
tion , resistor scal l u g  c i r c u i t s  we re used to  d r i v e  the  o u t p u t  opera-
t ional  amp lifiers. The bus input current was measured by differ—

-•  e n t ia l l v  sens ing  the v o l t a g e  a c ro s s  a r e s i s t o r  I n s e r t e d  in series
w i t h  the 28 v o l t  DC r e t u r n . T~’e t e m p e r a t u r e  m e a s u r e m e n t s  et- re made
b y sens ing  the  volt i g t -  at -r o s s  a the r m i s t o r — r e s i s t o r  b r i d g e  ne twork
d r iven  by a p r e c i s i o n  v o l t a g e  r e f e r en c e .  A l l  t e l e i - ’e tr v  f u n c t i o n
o u t pu t s  we re 0 t o  5 .0  volt s f u l l  s c a l e .

A c u r r e n t  sensin g de v i c e  was provided t o  limit the 28 vol t
bus c u r r e n t  d e l i v e re d  t o  the i/VS should an e l e c t r i c a l  f a i l u r e
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occur in the UVS. A so l id—sta te  switch would open the 28 volt  bus
in approximately 5 ma should the current exceed the 1.5 ampere
limit. The circuit breaker would reset automatically should bus
powe r be remo ve d and reappl ied .

FLIGHT RESULTS

The Apollo 17 launch countdown began on 1 December 1972 and
continued until liftoff on 7 December ( l ine  29, Table 1). D u r i n g
th is period , the UVS performed properly and data T’c’re monitored
continually via the spacecraft SDS. After liftoff , the spacecraft
operated nominally and achieved earth orbit after 11 minutes and

-~ 47 seconds of powered flight. Translunar injection occurred at
3:12:36 .

Miss ion Opera tions

Data were obtained while the CSM was in lunar orbit and dur-
ing transearth coast under the conditions identified in the follow-
ing modes:

Mode I — Data were collected when the CSM +X axis was
aligned to the  ve loc i ty  vector  and the  SIM bay c e n t e r l i n e  a l i g n e d
to the nadir. Data were collected during one lunar orbit and dur-
ing crew rest periods , with emphasis on a 15 minute period spanning
CSM sunset terminator crossing.

Mode II — Data were collected when the CSM +X axis was
aligned to the velocity vector and the SIM bay centerline to the
nadir. Data were collected during crew rest periods , with empha-
sis on a 15 minute period spanning CSN sunrise terminator crossing.

Modes I and II pe rmi t t ed  observat ion of the l u n a r  a tmosphere  d u r i n g

• predawn and pos tsunse t  periods , where b y the  lunar  atmosphere is
i l l u m i n a t e d  and the  lunar  su r f ace  is n o t ;  a condition allowing
resonant ly  s c a t t e r e d  r ad ia t ion  to be observed. The remaining
operat ing time in these modes provided a measure of the lunar
albedo and , poss ibly ,  luna r phosohorescence.

Mode I I I  — Da ta were collec ted d ur ing two lunar orbi ts w ith
the spec t romete r  op t ica l  axis point ing  at grazing incidence to the
lunar surface . This mode provided a look through a long atmospheric
path against a galactic background wh ich maximized the instrument ’s
signal strength .

Mode IV — Considering the  moon an o c c ult i ng  d isk , the UVS
viewed zodiacal light both parallel and perpendicular to the eclip-
tic plane , and scanned several pred etermined bands on the celestial
sphere .

XI—l2
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I Mode V — Data were collected during transearth coast with
the spectrometer axis aligned to different celestial coordinate
positions .

I Mode VI — The spectrometer was operated during transearth
coast while the CSM was in passive thermal control. Modes V and
VI permitted the investigation of the presence and distribut ion of
atomic hydrogen between the earth and the moon , and determination
of ultraviolet emission of galactic and extragalactic sources.
Cont ro l s  were furnished in the CSM for the crew to activate and
deactivate the instrument and to open and close the Reaction Con-
trol System plume protective door that covered the baffle entrance .

— Apollo 17 entered luna r orbit on the fourth day of mission
operations. Also on the f o u r t h  day , the  STh bar  door  was j e t t i —
soned , and s h o r t l y t h e r e a f t e r  the  i/VS was activated. After lunar
orbit i n j e c t i o n , l u n a r  o r b i t a l  s c i e n t i f i c  exp l o r a t i o n  was m i —
tiated and completed with the transearth injection maneuver which
occurred during the eleventh day of operations. Splashdown cc—
curred on the fourteenth day .

Performance Evaluation

-• The i/VS obtained nume rous useful data throughout the entire
mission . All experiment objectives were achieved. Spectrometer

• operation was normal aithoug li the instrument experienced a photo—
multiplier tube dark current of 25 counts per second , which was
c o n s I d e r a b ly  higher than 0.7 counts per second measured during
p r e f l i ght  t e st s .  The hi gh dark  coun t  was  a t t r i b u t e d  to cosmic
radiat ion , and was about an order  of m a g n i t u d e  hi gh e r  t han  expec t ed .
A l t h o u g h  the  i/VS dark coun t remained higher than normal throughout
the mission , it did not i m p a i r  the ability to measure the lunar
albedo on the sunlit side or the Lyman—alpha at l2l6X on the dark
side , iior did i t  i m p a i r  the ability to measure th~ hydro gen den—
sity in the lunar atmosp here .
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SKYLAB EXPERIMENT M131

BACKGROUND

Sky lab , originally called the Apollo Applications Program ,
was the successor to the Gemini and Apollo programs . It consisted
of three manned miss ions of 28 , 59 , and 84 days du ra tion , respec—
t ively , in a large earth—orbiting space station . Each mission in—
eluded a series of i n — f l i g ht  medical and ph ys io logica l  experiments
designed to provide an in—depth study of individual body systems
and a comprehens ive unders t anding of man ’s reaction to long term

- - weightless flight. Biomedical experiment data were obtained in
the areas o f neuroph ys iology , musculoskeletal physiology , bio-
chemis try , hematology , cytology , and card iovascular and respira—
tory metabolic functions .

The Skylab Experiment 14131 (Fig. XII—l), developed by APL
fo r  the  Naval  Ae rospace M e d i c a l  Research  Labora to ry  and the  NASA !
Lyndon B. Johnson Space Center , was to test the human vestibular
f u n c t i o n .

APPLICATION

Physiological considerations suggest that the response of
the vestibular svsterrt can be substantially modified during weight—
lessness , and that such modifications affect ~unceptibi lity to
motion sickness and judgment ot spatial localization . The evalua-
tion of such effects require s the measurement of responses to pre—

• cisely controlled accelerations before , during, and after exposure
to prolonged zero—gravity conditions. For th is purpose , a pre-
cisely contro lled rotating chair was designed , fabricated , tes ted ,
and installed in the Skylab orbital workshop (Oh S). This chair
was used in three test modes to evaluate the astronauts ’ vestibu—
lar  sys tems .

To evaluate the subject ’s detection of small angular accel—
era tions , the chair was rotated through any of 24 acceleration
pro f i l e s , which ranged between 0.0200 and 6.0°/s2. To evaluate

- . the changes in the subject ’s percept ion of motion , the cha ir was
rotated at any of 10 constant velocities while the seated subject
executed ce r t a in  p resc r ibed  head and upper—body movements. The
test  was to e s t a b l i s h  t h e  degree to w h i c h  a subject ’s mot ion sen—
sitivity changed as a result of zero—gravity exposure . To eval—
uate  the a b i l i t y  of a b l i n d f o l d e d  s u b j e c t  to r e t a i n  s p a t i a l
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orien tat ion in the absence of tac ti le cues , the chair was extended
in to a li tt er , or reclining, position and then tilted into a corn-
bined pitch—roll attitude.

The major f ea tu re  of the chair was i t s  a b i l i t y  to impart
very smooth , tigh tly con trolled , rotational accele rations and ye—
locities to the vestibular organs of a seated test subject. The
chair and its servo control system were capable of per fo rming  at
levels below the sens i t iv i ty  threshold  of the normal v e s t i b u l a r
organs.

The specific experimental objective s were as follows :

1. To acquire pertinent data to establish the validity of
measurements of specific behavioral/physiological responses in—
fluenced by vestibular activity under one— and zero—g conditions .

2. To determine man ’s adaptability to atypical vestibular
cond itions and to predict habitability of future spacecraft when
subject to conditions involving subgravity and Coriolis forces.

3. To measure the accuracy and variability in the judgment
of spatial coordinates based upon atyp ical  gravity receptor cues
and inadequate visual cues.

EQV I PME~:T DESCRIPTION

The major Skylab Experiment Ml31 equipment (Fig. XII—2) con-
sisted of the rotating lit ter chair , the contro l console , and the
equipment stowage . The equipment stowage included the storage
cab inet and items normally stowed: the OTG (otolith test goggles),
blindfold , hiteboards , readout device , and the reference sphere .

Rotating Litter Chair (RL C)

The RLC was a precision electric motor driven rotating chair
which could also be tilted as a chair or as a litter in a combined
pitch—roll plane while in the static mode . Its folding construc-
tion of tubular frame and metallic seat and back permitted the con-
version from the stowed configuration (Fig. XII—3) to the upright
and litter modes. Proximity sensors were installed about the chair
for de tec tin g and signal ing the prope r tilt of the head in the four
cardinal directions.

The chair drive , or motor base assembly , cons isted essen—
tially or a 66.04 cm diameter hemispherical fairing which covered
t he  motor  hous ing ,  power amp l i f i e r , and n i t r o g e n  sys tem.  The chair
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dr ive shaft extended through the top of the fairing to a maximum
of 44 .72  cm above the floor. The motor housing consisted pri—
narily of a sealed aluminum cylinder containing the motor , tachome-
ter , drive shaft , and bearings. The motor and tachometer , moun ted
in tander ’ along the lower end of the dr ive s h a f t  and contained
within a pressurized housing, consisted of a wound armature which
was attached directly to the drive shaft , a permanent magnet field
attached to the stationary motor  h o u s i n g ,  and a bru sh r ing  also
a t t a c h e d  to  the  h o u s i n g .  The s h a f t  was s u p p o r t e d  at the  upper  end
o f  t he  h o u s i n g  by a class 7 r ad ia l  ba l l  b e a r i n g ,  and at the  lower
end b y a p a i r  of  c lass  a n g u l a r  c o n t a c t  ba l l  b e a r in ~-s w h i c h  ac—
cotin~odated 1u~t h  r a d i a l  and t h r u s t  loads on the  s h a f t .  The t h rus t
bearings and associated lubricant were tested under a 90.7 kg axial
load f o r  a t o t - al of 240 .000 r e v o l u t i o n s  ove r a period of 280 hours ,
w i t h  no v i s i b l e  d e g r a d a t i o n  in e i t h e r  t h e  b e a r i n g s  or t h e  lubri-
ca n t s .

To p r e v e n t  oxygen or  - o r r o s  ive ( - o u t  a nin a nt s  f r - n  e n t e r i n g
the  m o t o r  h o u s i n g  and a f f e c t i n g  t h e  bru she s or b e a r i n g s , an a tmo—
spher~ o f  d ry  n i t r c~ e n was ri a i : -i t a i n e d  w i t h i n  the  rrotor hous in g at
approxl na te lv 5— 13 cm of vlt er above the  ambien t  prI - si-~ur &- .

The m o t o r  w , i s  s e rv - con t r o l l e d  and had the  c a p a b i l i t y  of
r o t a t i n g  t h e  s~- a t e d  su bj l - c t  w i t h i n  t 1 i~ l i m i t s  of 1—30 rpm wi th  an
a c c u r a cy  of  1~~. To e l im h at ~ - u n c o n t r o l l e d  s t i n i ~l a t i o n  and allow
S e f l S I  t ive  f o ~~- t ional neasu rt -:- -ent s of t h e  ~-e st ih u l a r  o rgans , rota-
tion was a- - -onp l~ sht-d by d i r l - o t  not - -r coup l ing with no s lack  and
little vi h r ,Tt ion.

Cont ro l Console

ThE- - - n t  r o T  console contained all contr ols n e c e s s ar y  to
c o n d u c t  ht -  various experir t n t  s . F :it - c c - n t  r - l  f u n c t  ions \~- L- r c -  p laced
in three c r - I I ; - i n ~~s :  t F -- -~ - a s S o c i a t L -d with the ~~ t e s t s , those  asso—
c~ t e d  w i t h  rlic - OCT t e s t  - , and those  w h i c h  s- ore  cc-m on to b o t h  OGI
and MS o p e r a t ions .

Coot r d s -o~m-~ofl to h - t i  ~ - - t  s in c l u d t d t h e  m a i n  power swi tch
.1 t a~~h c-r- - t  er , a mds t or . t  h u t  ton • t i n -  OCT ~~S tro dL and d i r e c t i o n
r o t a ry  ‘~s - i t c hes , a- system 1- t -~~~~t p~ishbut tc -n and i n d i c a t o r , and a
f n i t  in d~~c a t - - r  t h a t  l i t  i f  h e  c h a i r  was ac. - e l e r a t e d  t o  over 35
rpm , or i f  a d e q u . I t  e f l I  trot - tn - t t -- -~~u r t - Wa s not det o c t  -d in the motor
h tusi ng , or i t  t h -  ~IOWt r .inpl j f ~~ - i -  o - - t- r l o a d  d t - t - L- t I ’r had  a- t i ’.- a t e d ,
or if t I~ chair a- t - l t - r a t i o n  e x c e t - d t -d a p p r c ’ . i m . i t e l v  fn~0/ s - .

Ftj i~~~ nt Srowagt- Ttom~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ The ~TC was n~~t -d to mea sure the
visu al I ( -V E’ - n t - u t  - i t  i - -n i n  t w o  d i m e n s io n s  md - r - ~ ided the visual
ta rcl - t f r  the o- u l -gvr ,il illusion .

Y 1 1—7
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Biteb oards. The biteboa~ds were of stainless steel super-
imposed with cast materials of each subject ’s dental impressions
to hold the OTG pre c isely and comfortably in position over the ob—
server ’s eyes.

Reference Sphere, Magnetic Pointer, and Readout Device.
These items were used for measuring spatial localization using non—
visual clues. The magnetic pointer was held against the reference
sphere and moved b y the observer while the subject ’s judgmen ts we re
m easured by a three dimensional readout device that allowed free
translational movement.

S .ppor t  Equi pment. Addi t iona l  suppor t  equ i p m e n t  inc luded
an instruction and questionnarie sheet for use in the evaluation
of motion sickness sensitivity, and a recorder to record the ob—
serve r ’s voice comments.

FUNCT IONAL 0PEB~T 1ON

In order to impart closely controlled angular accelerations
and velocities to a seated subject , a direct—drive brush—t ype DC
torque motor was used as the prime mover. The angular velocity of
the chair was sensed by a precision—grade , brush—type DC tachome-
ter that forme d the feedback element in a closed—loop , angular—
velocity servo . This combination , and associated electronics ,
controlled the oculogyral illusion acceleration rates to within
1% (pius 0.0015°/s2) of the selected value (a, below). This same
system maintained the chair  to  w i t h i n  1% (p lus  0 .05  rpm) of the
selected constant velocity rates (b, below) while it undervent
variations in torque loading as the test subject changed his body
position during the motion sensitivity test.

AN GU IA q  AT,GL JIAR

001 ACCELERAT ION 001 ~~;:~~~ ERATION

STEP Id.-4 ~~ STEP ~~ s
1)

r~
. ~ PU hF 

__________

~3 ±  9 0 1 20 21 1 900
~ 10 0 1 50 22 2 400 12 5

O~~9O 23 3 000 ___________________________ 
tO

_  _ _  
/ 

--_

10 20 30 40 50 90 55 TEST TIME
TIM E I,~coHd,l MAX IMUM 17 MINUTES

(a )  Ocu logyra l angu Iar-acc e Ier .~t ion /t irne test  profik . ( t~~ Motion scnsi t i s i t y  ang u lA r -s  eI.xi~~~/ ti me t est  prof ile.
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During the OGI threshold test , the subject was seated in
the rotating chair and wore the OTG which contained a fixed visua l
target. The chair was then accelerated and decelerated at specific
rates. The subject verbally reported the direction of apparent
(hence the term illusion) lateral motion , if any , of th e tixed
visual target in the OTG. This illusion was the result of stimula—
tion of the fluid in the semicircular canal of the inner ear caused
by acceleration and deceleration of the chair.

The e l e c t r i c a l  c o n t r o l  s y st e m  c o n s i s t e d  of an angular ve-
locity profile generator and a servo loop. The profile generator
prov ided  a des i r ed  command a n g u l a r  vel ocit y—ti- re profile. Posi-
tive and negative reference voltag~- - (Fig. XlT— 4) from zene r diode
power supplies a n d  prec is ion  r e s i s t i v e  d i v i der s  p r o v i d e d  DC volt-
ages that were proportional to a desired MS or OCI velocit y—time
profile. The appropriate voltages for a particular program were
se lec ted  by the MS or OGI p rogra m select  sw it ~~

T s on t he  con t ro l
console. When a profile was to be g e n e r a t e d  fo r  a t e s t , t h ese
voltages were switched b the control ss-it-:h -s to the input of the
command i n t e g r a t o r , a chopper  s t a b i l i z e d  DC o p e r a t i o n a l  a m p l i f i e r .
The c o n t r o l  sw i t ches  s-er ~- a c t u a t e d  by the  c o n t r o l  p r-e rar -re r Lv
var ious  e l e c t r i c a l  timing circuits. When a cons tan t DC v o l t a g e
was fed into the integrator , i t s  o u t p u t  was t he  inteL - r a l  of the
c o n s t a n t  i n p u t  v o l t a g e  and t h e r e f o re  a l i n e a r  ramp f u n c t i o n . Since
a velocity ramp represents a co n st . - I n t  a c c e l e r a t i o n  or dece l e ra t ion ,
it follows that a particul ar constart inp ~~t voltage to t h e  inte-
grator represents a particular constant acceleration or decelera-
t ion . When a constant vol tage was applied to the integrator input
and t h e n  removed (or  t h e  i n p u t  \-aS set  to  ze ro ) , t he  i n t e g r a t o r
o u t p u t  wou ld  be the  expected ram p f u n c t i o n  u n t i l  the  i n p u t  was set
to zero . The int~~-rato r hL ld th. - last value - -~ the ramp function
u n t i l  the  i n p u t  was again changed f :om t h e  ~erc  v a l u e .  The analog
voltage being held ” represented a constant angul r velocit y .
When dece l e r a t i on  from t h i s  constan ’. v e l o ci t \-  was desired , a con-
s t a n t  vo l t age  of o p p o s i t e  p o l a r i t y  ‘~as fed to the i n t e g r a t o r .  The
o u t n u t  of the  i n t e g r a tor  t hen  a p p r o a c h e d  zero  v o l t ag e , and the
chair  dece l e ra t ed  under the control of the propr-ir: linearl y to
zero velocity. When thi s occurred the cha 4 r ri -- r a ined at zero ve-
locity until another too t was start ed.

The cl:tput of the pr t -file generator was the command i n p u t
to  the  servo loop.  The i n t e g r a t i o n  in the servo loop, wh ich makes
this a type I s o r u l -  sy s t e m , g u a r a n t e e d  - er - a ng u l a r  a c c e l e r a t i o n
and deceleration errors in the c h a i r  s h a f t  motion in the steady
state. The output of t h e  servo  i n te ,~rator was fed to a s o l i d —
state linear power amp l if i& r. The output of th~ amp li fier was con-
nected to the direct-drive DC torque chair motor. A precision DC

-- tachometer mounted on the shaft of tiit- chair m e a su r e d  the chair
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angular velocity in terms of a voltage analog. The actual chair
angular velocity was then compared to the commanded angular veloc-
ity , in te rms of analog vol tages , at the input of the servo inte-
grator.

Several devices such as an OGI threshold computer , an OGI
and MS keyb oard for  record in g the sub jec t ’s responses to these
tests , and an audio cadence signal were included to assist the op-
erator and subject in performing the experiments.

During the nonrotational portion of the tests , the chair
shaft was locked and the electrical system disabled. The chair
could then be extended into a litter position , and the subject
blindfolded and strapped to the chair. The observer then slowly
tilted the chair from the horizontal to a -~2O° position with ri

accuracy of 0.5°. When a preselected position was reached , the
bl indfolded test subjt - - -t aligned a hand—held p itch and roll scale
with an unseen r~ ferenc. axis within the space laboratory . His
ability to identify his p sition accuratel y was an indication of
the degree to which the subject depended upon tactile clues for
spatial orientation .

FLIGHT RESULTS

The Experir-.eut M131 equipmen t was operated 1-ithout failure
during the three manned Skylab missions. Good data were obtained
throughout each mission by both the crewmen and by telemet r~’ to
ground stations. Scientific findings are presented in Ref. 1.
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X III

PHOTOELECTRON SPECTROMET ER

I
BACKGROUND

The Photoelectron Spectrometer (PES; Fig. XIII—l) designed
and developed by APL was part of the complement of scientific in-
struments aboard three NASA Atmospheric Explorer (AE) satellites
that were designed and flown to obtain data on the physics of the
ear th ’s upper atmosphere. The goal of the AE—C , —D , and —E space-
craft series was to carry out a coordinated investigation of the
chemical and energy processes that control the structure of the
thermosphere and produce its spatial and temporal variations .
The first satellite , AE—C (Fig. XIII—2), was launched into a 68°
inclined orbit in the previously unexplored altitude range between
130 and 300 lan to elucidate the nature of the processes that con—
trol the structure of the upper atmosphere . Similarly , AE—D was
launched into a polar orbit and AE—E was launched into an equa—
ton al o r b i t .

The principal investi gator was Dr. J . P. Doering of The
Johns Hopkins University Department of Chemistry, and two co—
invest igators  were from APL. The experiment was similar to those
used b y Doering et al. (Refs. 1 and 2) on sounding rocke t experi-
ments , but modifications were incorporated to make the instrument
suitable for satellite use .

APPLICAT I ON

The PES was designed to measure the intensity, angular dis—
tribution , and energy spectrum of low—energ y electrons in the
ear th ’s t h e r m o s p h e r e .  The instrument measured electrons with en-
erg ies f rom 1 to 500 eV . Two h i g h — r e s o l u t i o n  modes allowe d de—
tailed observation of electrons with energies between 1 and 100 eV
and between 1 and 25 eV . This capability was particul arly valu-
able , since no data existed on electron distribution below 10 eV.

EQUIPMENT DESCRIPTION

The PES contained two identical electron detectors (sensor
assemblies) and one control and d a t a — h a n d l i n g  package  (main  elec-
t ronics assembly) . Sensor No. 1 was mounted on the satellite up-
per basep late about 200 off th e +X axis and sensor N o .  2 was
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mounted on the main electronics assembly and secured to the upper
baseplate about 20° off the —X axis. The sensors protruded through
the spacecraft thermal blanket and solar panel , and were ro tated
so that the senscr field of view was not obstructed by the space—
craft surface . In this configuration , the sensors were capable of

-
~~ monitoring simultaneous electron activity in both directions along

the geomagnet ic  f i e ld  l ines.

To avoid shadowing of electrons by the spacecraft (Ref. 3),
the sensors were e levated from the  upper  basepla te  by 139.7 cm ,
resulting in a vantage point 15.24 cm below the spacecraft upper
surface.

Senso r Assembly

Each sensor (Fig. XIII—3) contained a concentric hemisphere
electrostatic analyzer , an electron multiplier and its associated
hig h—vol tage bias supply, and analog elec t ron ics which inc luded  a
pream p l i f i e r , a m p l i f i e r , d i s c r i m i n a t o r , and r a t e  l i m i t e r .  The dual
hem isphere electrostatic analyzer consisted of two metal hemi—
spheres mounted concentrically and insulated electrically from each
other as well as from ground. A molybdenum annulus restricted par-
ticle access to the analyzer except through a l.~ mm opening at the
anal yzer entr ance. Molybdenum was used because of its dimensional
and surface stability; such stabilit y was essential to prevent
charge accumulation (and therefore field distortion) at the ana-
lyzer apertures.

The e n t r a n c e  and e x i t  apertures ~e re b a f f l ed to reduce  d a t a
contamination from ultraviolet li ght. The baffles consisted of
holes in the outer hemisphere large enough to include the solid
angle determined by the entrance and exit collimators , yet small
enough to leave the electric field between the hemispheres virtu—

• ally undisturbed. Ultraviolet ligh t passing throug h th e entrance
baffle caused secondary ele ctron em ission upon strikin’i’ the rear
cover. A copper plat e biased at +50 volts was installed behind
the entrance baffle to collect these secondary electrons.

A Ni—63 radioactive source was installed in the magnetic
shield directly above the exit a p e r t u r e  b a f f l e  hole  so t h a t  ~ emis-
s ion  from the source passed through the baffle to strike the elec-
tron multiplier , producing a background coun t for calibration of
the sensor electronics.

The electron multiplier bias supply (Ref. 4) produced volt—
— ages up to 4500 volts , and special packag ing techniques were em—

ployed to avoid damage f r o m  corona  d i s c h a r g e . S ince  materials
outgas to some degree in a hi gh vac uum , it was likely that the
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high—vol tage supp ly would experience occasional arc ing beca use of
increased local pressure caused by outgassing either in a vacuum
chamber or in orb it.

Increasing the spacing between components in critical areas
reduces but does not eliminate the likelihood of arcing. A corn—
prom ise PES fabrication technique used an Inorganic material to

-V house and isolate each ind ividual component In the Cockcroft—
Walton type multiplier. The components were laid out  w i t h  minimum
spacing ,  and cavi t ies were mach ined In to an inorgan ic ma ter ial as
shown in Fig . XIII—4 . Corona paths existed only in the seams be-
tween cavities. If arcing d id occur , no permanent low impedance
paths were formed. The low—voltage components of the bias supply
were moun ted on a printed circuit board but separated from the
high—voltage section by an electrostatic shield.

The analog electronics (Ref. 5) consisted of a charge sensi-
tive pream plifier , dual amp lif iers, a voltage discriminator , and
an output buffer. The preamp lifier collected the charge appearing
at the electron multiplier anode and produced an output vol tage
proportional to its magnitude. The output signal of the pre ampli-
fier was then processed by a cascaded pair of pulse amplifiers be-
fore being applied to the pulse height discriminator.

-V Main E lec t ron ics  Assemb ly

The main electronics assembly housed the circuits that pro-
duced the required sensor signals includ ing powe r , hemisph ere
sweep vol tages , and high—voltage commands. The main electronics
circuits also adjusted the experiment operating mode , cal ibra ted

I the hemisphere deflection sweep supply , accumulated the sensor out-
pu t pulses , monitored housekeep ing items , and handled data going
to and from the spacecraft subsystems . All P E S / s p a c e c r a f t  electri-
cal interfaces were made through a 50—p in connector mounted in the
main electronics assembly .

The main power supply was mounted in an electrostaticall y
shielded enclosure to minimize radiated RFI . The dig ital data sys-
tem contained PMOS data registers. Since there were more suscepti-
ble to radiation damage than TTL registers , the di gital data system
was placed in a location that took maximum advantage of incidental
shield ing. In addition , two 0.4f~ cm aluminum plates were  nivited
to the side of the main electronics cover to increase shielding
against radiation that impinged perpendicularl y to the solar panels.

I
XIII—7

I 
~~-~~_ _ _ _

-V — - -V  - V - -— —- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- a - V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~~~~~

THE JOHNS HOPKINS UNIVERS ITY

APPLIED PHYSICS LABORATORY
L A U R E L  MART LAIAC SDO 4100

-

b

Fig. X lll- 4 Bias Supply Construction and Cockc roft-Wa lton Component
Isolation to Reduce Corona Effects
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FUNCTIONAL OPERATION

Sensor Assembl y

Electrost atic Analyzer. Electrons entered the electro-
static analyzer  via a 9° by 20° collimator. When the voltage dif-
ference between the hemispheres was LV , electrons with energy of
approximately 28V were bent in a semicircle between the hemispheres
to strike the electron multip lier. Electrons with energr of less
than 2AV collected on the inner hemisphere , and electron s with
energy of more than 24V collected on the outer hemisphere .

A ground plane was provided near the collimator entrance to
red uce the effect of spacecraft electric fields on the electrons ’
trajectories prior to their entering the  a n a l y z e r .  A f t e r  entering
the analyzer , the electrons remained subject to path distortion be-
cause of magnetic fields , including those generated by the space-
craft and the earth; therefore , the hemispheres were enclosed with
magnetic shielding material. The hi ghly permeable shields were
composed of 80% N i , 15% Fe , and 5Z Mo and were a minimum of 0.0762
cm. A Helmholtz coil used to test the e f f e c t i v e n e s s  of the shield
indicated that a field strength of 7 gauss could be applied along
the most susceptible axis before particle data were seriousl y com-
promised . Since the shield of the electron gun (used as the par—
tid e source) may become ineffective at the higher field intensi—
ties , 7 gauss was the minimum upper useful limit of the flight
magnetic shield.

Distortion of the magnetic field in the vicinity of the in—
strunient Impeded a clear interpretation of the apparent measured
electron energy and angular distribution. A field of several hun-
dred gamma may in fac t distort the distribution of low energy
electrons entering the instrument field of v i ew . Consequently, a
great deal of attention was given to the problem of assuring mag-
netically clean spacecraft.

Any ultraviolet light that passed throug h the analyzer into
the electron multipli er would cause counts that y or e  i n d i s t i n g u i s h —
able from electron counts. To reduce this possibi lity , holes were
cut in the outer hemisphere to baffle the light . Secondary  elec-
t ron  emission was collected on an el&-ct ro n trap which consisted
of a copper plate biased at +50 volts.

The baffle hole in the exit portion of the electrostatic
- - analyzer was a convenient opening fo r  ~

- particles from the Ni-63
radioactive sourE-V e . These ~ particles provided a known background
count to calibrate the el t-ct ron multi plier gain . The nominal cali—
b r a t i o n  count  r a t e  was 2 to 3 per second , which exceeded the esti—
mated cosmic ra y  background count of less than 1 per  second .
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Electron Multip lier. After an electron emerged from the
electrostatic analyzer , it struck the first dynode of a 20—stage
Johnston Laboratories focused mesh electron multipl ier (!~ l—l—5NG) .
The screen of the multiplier was biased at 9% of the total multi-
plier voltage and was used to accelerate the electron to an energy
sufficient to produce secondary emission upon contact with the
first dynode of the multiplier. Each subsequent dynode liberated
additional electrons , resulting in a nominal gain of 106 for a
multiplier bias voltage of 3000 volts (screen voltage of 270 volts).
Increasing the bias to 4500 volts raised the gain to about 109. It
should be noted , however , that these were average gain val’~es , and
the multi plier actually ~Usplaved a rather broad pulse height dis-
tribution that must be considered during calibration .

The electron multi plier wa~ housed in a compartment sepa-
rated from the other electronic circuits and kept free of material
that could degrade the exposed multiplier. Only the necessary
bias and filter components were mounted with the multip lier.

Electron Multip lier Bias Suppl y. As the electron multiplier
operated , degradation occurred in the final dynode stages because
these stages emitted the greatest number of electrons per pulse .
The resulting loss In multiplier gain was offset by the use of a
commandable bIas supply . Initially , the multip lier was baised
near the  m i n i m um bias supply output of 3000 v o l t s .  The bias was
increased upon command as required in seven equal increments to a
maximum output of 4500 volts.

Analog Electronics. The charge output of the electron
multi plier was collected at the input of a charge—sensitive pre-
amplifier. Two pulse shaping and amplifying stages , a d iscrimi-
nator , and a rate limiter followed the p r e a m p l i f : e r .

Experimental results indicated that a discriminator setting
of ~~~ electrons was adequate to produce a counting efficienc~’ of
approximatel y 80~ at a bias supply setting of 3200 volts when the
multiplier was new.

Bi polar  p u l s e  s h a p i n g  was used with a zero crossing time of
about 0.5 us in the unsaturated mode , resulting in amplifier rate
l i m i t i n g  of about 2 m i l l i o n  pps ( p a r t ic l e s  per second). The buf-
fer circuit was rate—limited so that the maximum electron count
rate from the sensor was nominally 250 ,000 pps.

Main E l e c t r o n i c s  Assembl y (F ig .  X I I I — 5 )

The PES electrostatic analyzer selected electrons with en—
erg~ of 2.’V when LV volts were applied across the hemispheres.
Howev er , the electr on entere d the analyzer on a zero—potential
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electric field line with respect to the spacecraft chassis. There-
for e , the ratio of hemisphere potentials was carefully selected to
maintain the electron path at zero potential so that the electron
would travel in a smooth semicircle between the hemispheres. It
was determ ined (Ref. 6) that for the PES analyzer dimensions , a
500 eV electron required +140.35 volts applied to the inner hemi-
sphere and —109.65 volts applied to the outer hemisphere .

The deflec tion swcep supply was a digital/analog (D/A) con—
verter that produced synchronized positive and negative linear
ramps wi th  ma x imum vol tages  of +140.4 and —109.6 volts. The ramps
contained 64 steps and had commandable gain networks that provided
for a selection of one of three sweeps with maxim~nI sweep energies

— of 500 , 100 , or 25 eV (35 eV on AE—D and _E*). Consequently, the
theoretical analyzer resolut ion was 25 eV/63 ~~~ 0.4 eV. Local elec-
tr ic and magnetic fields , however , limited the practical resolution
to about 2 eV.

Experiment Operat ing Modes

The three  d e f l e c t i o n  sweeps were used in combinations t ha t
produced f ive energy range operating modes:

1. In Mode I, all three r amps wer e used , with the 25 eV
ramp being used 50% of the time and the remaining t ime being
equal ly shared b~ th e 100 to 500 eV ramps.

2. In Mode II, the 25 and 500 eV ramps were alternated.

3. Mod es I I I , IV , and V used single ramps w i t h  peaks of
25 , 100 and 500 eV , respectively .

In addition to the five energy range modes , there were fast
and slow modes. When the satellite spin rate was less than approxi—
ma tely 4 rpm , the deflection sweep operated in the slow mode in
which there were 64 vol tage  steps and 64 data words per ramp . At
higher spin rates , the deflection sweep operated in the fast mode
in which there were still 64 steps per ramp but only 16 data wc rds
per ramp; i.e. , each data word contained data f rom f o u r  s t eps  on
the  ramp .

*Data from AE—C revealed importan t structure in the 25—30 eV re—
gion Therefore , the low energy sweep was changed to 0—35 eV for
the AE—D and —E instr’.nents to obtain improved energy resolution
for th is part of the spectrum .
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The PES was allotted four main frame telemetry words for
sensor (particle) data. These words were used to transmi t any of
the following information :

1. Sensor No. 1, particle data only,

2. Sensor No. 2, pa r t i c l e  da ta  only ,

3. “Sensor Alternate ,’ in which particle dat a were taken
alternately from each sensor at 4—second intervals , and

4. D e f l e c t i o n  sweep ca l i b ra t i on  d a t a , and 8—second  sequence ,
initiated by command , which measured and transmitted the deflection
sweep voltage at each step of the deflection sweep ramp .

Weight and Power Requirements

The following PES weights include the thermal shields and
the  t es t  connector  cove r bu t  not  t he  e x t e r n a l  cab les :

E \ pL - I I : t t l- r l t  IP ~t~- L - I ~~ \ - I . 1 ~~P I U I t  —
I L i t _ I t  Of l  ~I o n
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PES power requirements were as follows :
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FLIGH T RESULTS

Photoelectron Spectrometers were launched into orbit aboard
the AE—C , A E— D , and A E—E s a t e l l i t e s  on 13 December 1973 , fI October
1975 , and 20 N o v e m b e r  1975 , r e s p e c t i v e l y  ( l i n e s  35 , 41 , and ‘-a 3 , re-
spectively, Table 1). Data obtained from the PES onboard SE—C were
used in the first general classification of 1ow—ener~ v (1—500 eV)

XIII—13

I

-V -V -V _  - _
~~~ ~~~~~~ - V - V  - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



_______ -- - - V -  -V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_ _  - 
-VP,

THE - PNO~ PL4iP % UI L I T  p

APPLIED PHYSICS LABORATORY
L A I  i t A  ‘ P  A N t

electron fluxes in the high latitude ionospheric regions with high
resolution energy spectra measurements. In addition to the energy
spectra already associated with the normal day airgiow , four major
classes of low—energy  e l e c t r o n s  were Identified (Ref. 7).

Launched in to  a po la r  o rb i t , the PES aboard AE—D provided
energy—time spectrograms of low energy (0—500 eV) electrons over
the north polar region at altitudes between 300 and 1200 km (Ref. 8)
when the satellite orbital plane was aligned w ith in a few hou rs of
the noon—midni ght local time meridian . While good PES data were
received , a major satellite system failure caused the failure of
all onboard experiments and subsequent satellite reentry .

The daytime photoelectron energy spectrum was measured at
altitudes above 154 km with the PES onboard AE—E. Much higher en-
ergy resolution spectra than previous AE—C results were obtained
(Ref. 9).
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ULTRAVIOLET ABSORPTION
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Fig. XIV I Ultraviolet Absorption Experiment MA-059 Aboard Apollo
Soyuz Test Project
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I APOLLO-SOYUZ ULTRAVIOLET ABSORPTION EXPERIM~~T MA—059

BACKGROUN D

The principal objective of the Apollo—Soyuz Test Project
(ASTP) was the do cking of a United States Apollo and a Soviet
Union Soyuz spacecraft in earth orbit to test compat ible rendevous
and do ck ing eq uipment and procedures . An additional objective of
major importance was the program of scientific investigations con-
ducted during the mission. The ASTP experiments package comprised
28 separa te experiments of which five , including the Ultraviolet
Absorpt ion (UVA) Experiment MA—059 (Fig. XIV—l) , involved the par-
tIc ipation of both spacecraft. The successful ASTP mission started
with the Soyuz launch from the Baykonur , Kazakhstan launch complex
on 15 July 1975. Seven and one—half hours after the Soyuz launch ,
the Apollo spacecraft was launched from the NASA John F. Kennedy
Space Center to eventually , about 45 hours later , dock with the
S oy u z .  Joint  o p e r a t i o n s  were  conduc ted  at the  n e a r — e a r t h  a l t i -
tude of about 220 km for two days , after which Soyuz landed in the
USSR on 21 July and the Apollo landed near Hawaii on 24 Ju1y~

Principal Investigators for the APL— supplied UVA Experiment
were from the NASA Lyndon B. Johnson Space Center and the Univer-
sity of Michi gan . Co—investigators were from the Un i v t - V r s  itv of
Pittsburgh and Harvard Un ivers ity .

APPLI CAT ION

The objective of the UVA Exp eri r -Vt-nt ~- as to measure the con—
centration of atomic A x v ~~en and atomi c nitrogen in the atmosphere
by UV a b s o r p t i o n  and resonance s - V a t  t e r i n g  s p t - c t  r o scopv . Seconda ry
objectives were as follows :

1. To measure the abundance of atomic oxygen and nitrogen
within the ambient cloud around the Soyuz spacecraft.

2 .  To d e t e r m i ne t h e  atmospheric gas t e m p e r a t u r e .

3. To measure  t h e  a t o m i c  oxvgt -n var iation within the orb i-
tal path.

4. To deter mi ne the atmosphere natural wind velocit y .
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One of the uses of these data was to permit the evaluation of the
effec ts of the supersonic transport (SST) and other producers of
high altitude contaminants on the uppe r atmosphere .

EQUIPMENT DESCRIPTION

The UVA Experiment (Fi g. XIV—2)  employed a m o d i f i e d  version
of the spectrometer provided by APL for the Apollo 17 lunar mis—
sion (refer to Section XI). The unit was modified by removal of
the entrance baffle , which was replaced with collecting optics and
an ultraviolet lamp housing. In addition , new power supplies and
an electronics system were developed to adapt the unit for the
ASTP mission. A star—trackin g type sensor, used in conj unc t ion
with the retroreflecto r on Sovuz. was added to enable the Apollo
astronauts to point the experi~. t accurately at the Soyuz space-
craft. A new grating drive cam was also designed for the spec-
trometer , and a new electronics system was designed to Interface
the experiment with the Apollo telemetry system .

Spectrorneter Assemb ly

The spectrometer  assemb ly consisted of two resonance lamps , F

an Incandescent lamp , a startracker and telescope , and a VU spec-
trometer. The nitrogen and oxygen lamps were mounted in a cluster
around the entrance aperture to the spectrometer. The angular
spread of the lamps was 30

, and had the following characteristics :

I n t e n s i t y
Lamp Wavelength (A) (Photons/s)

Oxygen Triplet: 1302.17 , 1304 .87 , 1013
& 1306.04

Doublet : 1355.60 & 1358.52

Nitrogen Triplet : 1199.55 , 1200.23 , 2 X 1012

& 1200.71

Doub let: 1492.62 & 1494.67

The v i s ib le  lamp contained two redundant  incandescent  bulbs which
illuminated the retroreflector to activate the startracker elec-
tronics and determine experimnent pointing.

The spectrometer was a 0.5 m focal length Ebert —Fastie
scanning , grating spectrophotometer that used two 52 2 mm slits;
the entrance slic was collimated on the grat ing and the g r a t i n g
was imaged on th~ exi t  slit. The incoming light signal photons
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were coun ted by a pho tomultipl ier tube and di gital counting elec—
tronics. 0The grating dr ive mechanism scanned 1200 , 1304 , 1356 ,
and 1495 A in a 12 second scan pro gram.

A startracker w ith a f ield of view of 6° in pi tch and 30 in
yaw , aligned to the spectrometer optical axis , was prov ided to
calibrate and monitor the spectrometer pointing.

Ret roreflector

The re troreflec tor array ( RRA) tha t was moun ted on the Soyuz
consisted of three ind ividual arrays , each with seven individual
corner reflectors , having a reflector flatness of T/lO measured at
r 6328 ~~. The total reflectivity of the RRA was 50% between 1200
and 1500 A, and the return bean deviation for the total array was
no greater than 4 arc seconds.

Phisical Parameters

The UVA experimen t measured 384.0 mm 1054.1 mm 498.88 mm ,
and we ighed about 40.7 kg. Total powe r consumption was about 85
watts.

FUNCTIONAL OPERATION

Figure XIV—3 is a simplifie d functional block diagram of the
UVA experiment. Light from the UV lamp was reflected off the trans-
mitting mirror to the Soyuz retroreflector. At the same time , visi-
ble li ght was also transmitted to the Soyuz spacecraft. The return
beams were used by the startracking sensor to provide pointing in-
formation to the astronauts and by the UV spectrometer to measure
UV absorp t ion .

The electronics system generated a 400 Hz timing signal for
the spectrometer which was synchronized with the PCM t e l emet ry  dat a
system in the ASTP Apollo Command Service Module. The output data
from the spec trome ter cons iste d of photon counts taken over 0.1
second in terval s and wh ich were supp lied to the telemetry system
as 120 16—b it words every 12 seconds. After 12 seconds , the spec-
trometer grat ing drive cam repeated its frequency scan .

The electronics sys tem also generated signals for the two UV
lamps to switch thc lamps on and off so that only one lamp was on
at a time. This reduced back gro und noise and elimina ted lamp inter-
ference at the spectrometer entrance slit. The output from the star—
tracker was analyzed by a special—purpose analog circuit in the
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b. EXPERIMENT BLOCK DIAGRAM

Fi g. X IV-3 UVA Experiment Simplified Ray and Block Diagra ms
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electronics system. This circuit drove a pointing error meter
which the Apollo astronauts used to aim the UVA experiment at the
Soyuz retroreflectors .

The electronics system also included analog circuitry to
monitor 12 housekeeping functions in the experiment. These func—
tions were telemetered to the ground in real time .

The elec tronic parts and integrated circuits were packaged
on three multilayer printed circuit boards which were mounted
paral lel  to the three boards designed fo r  the Apollo 17 spectrome —
ter system. In addition , one of the Apollo 17 boards was modified
to work with the new system.

Ground suppor t equipme n t for  the UVA experimen t , which in-
cluded bench test equipment (BTE), was also supplied by APL. The
BTE provided power and simulated spacecraft signals for comprehen-
sive p re f l ight testing of the hardware . A dig i tal  panel meter al-
lowed all housekeeping functions and the 15 DC power supp ly volt-
ages to be monitored. A digital pr in ter provided hard copy of
these functions plus the spectrometer outputs and t ime of day .

Pr ovision was made f o r  suppl ying to the t’VA a simulated
pulse count from the BTE. This pulse count was inserted into the
UVA PAD (pulse amplifier and discriminator) , located electricall y
following the p}iotomultipller tube , to enable testing of the UVA
PAD and all follow—on electronic3. This pulse count could be
varied from zero to the maximum count processed by the UVA Experi-
ment.

The UVA cam motor could be stopped by enabling the motor
position cont rol. This allowed the cam to stop at any position
(or wavelength) during a rotation and remain at this location for
f i x e d  wavelength  testing until the motor stop signal was removed.

FLIGHT RESULTS

First in—fli ght data were taken with the UVA Experiment on
16 July 1975 , one day after launch (line 42 , Table 1) , and good
da t a were ob t a ined  th roug hout the mission . Scientific findings
are presented  in R e f .  1.

XIV-8 
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NAVPAC (Navigational Package)

1
BACKGROUND

The accu ra t e  de te rmina t ion  of the orbit of a low—altitude
satellite is subjec t to uncertainties due to such factors as atmo—
spher ic drag effects and gravity field model errors. Consequently,
for precise position determinations , a large network of ground
stations is required to obtain doppler tracking data from such sat-
ellites . Installation and operation of these stations can be ex-
pens ive , especiaily if they are remotely located. Also,geographical
or political constraints may make station establishment impossible
or Impracticable .

In 1975, a program was i n i t i a t e d  that  had as i ts  o b j e c t i v e
and r equ i r emen t  the  d e t e r m i n a t i o n  of a s a t e l l i t e  o rb i t  us ing  satel—
lite—to--satellite dopp ler tracking . The NAVPAC (Navigational Pack—
age) experiment (Fig. XV-l) was designed and deve loped by APL to
meet the program goals , and a flight system was delivered and
launched by June 1977.

APPLI CAT ION

The NAVUAC experiment is used primarily to provide very ac-
curate satellite positioning through denser measurements than would
be possible from a limited number of TRANET stations and Geoceivers.
Other uses of NAVPAC data include atmos pheric density studies and
improvement of the gravity field model.

EQUIPMENT DESCRIPTION

— NAVPAC instrumentation includes a r~u1tisate11ite receiver used
to automaticall y acquire and track signals from as many as three
simultaneously-in-view Navy Navigation Satellites . A three—axis
miniature elec ’ rostatic accelerometer (MESA), deve l -1-e d by Bell
Aerospace Corp. , is used to sense a l l  n o n — ~~r a v 1t 1 t t io n a t accelera-
tions of the satellite host vehicle (MV) . The an t enna r-v --t em con—
slsts of a 400 MHz dipole and a left—hand circular polari.:td quadra— 

-V

filar helix for 150 MHz reception , !~cth n1 Tlrt ed -n a ~~-ployable boom.
The 400 MHz dipole aliuws reception of I l - f t  and 1~~r t- h and circular
polar ized signals as t ransmitted by d i ffer tn t types ~ i NAVSATS. Size
and weight were not primaril y limitin g tacto rs In the initial NAVPAC

XV-3
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design, and the system was packaged in the most expedient configura-
tion . Power , volume , and weight requirements (less MESA) follow :

Power: 16 W at 28 V DC

Volume : (a) Instrument Envelope — 25.4 cm 71.12 cm x 116.84 cm
(b) Antenna Envelope — 162.56 cm x 21.59 cm OD

Weight: (a) Instrument Panel — 60.78 kg
(b) Antenna — 2.04 kg.

FUNCTIONAL OPERATION

The multisatellite receiver (Fig. XV—2) consists of a fre-
quency synthesizer, three dual channel (two frequency) tracking
loops (DTLs) with associated contrrd logic , and two RF sections.
Each RF section contains a narrow} and preselect filter , preampli-
f I e r , and IF amplifier. Receiver system requirements include:

1. Automatic acquisition and tracking of NAVSAT signals
without pass alert information (i.e., predictions of when a NAVSAT
will be in view), and automatic reacquisition of the sIgnal after
a signal fade (e.g., due to an antenna null).

2.  Rejection of signals not containing NAVSAT type modula-
tion .

3. Acquisition and tracking f signals vhose doppler char-
acteristics (i.e., rate of change and total rise— to—set excursion)
are about twice that observed by a fixed ground station .

4. Circuitry to prevent any t~-o DTLs from tracking the same
N AVSAT . An o p t i o n a l  mode of o p e r a t i o n  a l lows  the three DTLs to
acquire and track a si~ g1e satellite.

The data processing unit (DPU) controls all data collection
and movemen t in NAVPAC . The central prccessing unit (CPU) accepts
digitized data from various DPU subsystems , and creates several
data files in a temporary buffer. When the buffer is full , the
contents are automatically t ransferred to a tape recorder for later
transmission to a ground station . A tape recorder bypass mode al-
lows data transfer directl y from the buffer to the ground station
should the recorder fail. The CPU accepts data from the time code
generator (TCG), the MESA , the doppler and refraction counters for
the three DTLs, the NAVSAT two—minute time mark (T~TN) and identi—
fication (ID) recovery electronics , NV t ime mark electronics , and
the engineering and diagnostic telemetr y electronics. The TCG

XV— 4
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f u n c t i o n s  as a coun~~- i dr iv t-n h~’ i i  ul t , 1 S t i I l ) ~~ e 5 I-iHz os Il i ,At -r
to create LE p r e c i s io n  t ir:~ au ’u-t at ion l C h i i ! 1

The DC / DC c o n v e r t  I T  r-V on v e r t s  t h e -  MV - I n r o g u l  a t  t O  l - o w ~- r i- o
t h e  v a r i o u s  v o l t  lgt S n e E d - i  1 - - the rt-celve r m d  U l t  a svs  t ~~ -

~—A \IAC can be c c r m , o d e d  i n t o  s Y -’ : I~~r~~L con f ~ur m t  ions t

o s c i l l a t o r  and c o u n t c r — o :~~ v en t~ l i l — s v s T  -~.s on .  1n - i ~ d i t i o u , t I.1
b u f f e r  sto ragt - a i l e u - a t ’ - i  t o  t n t  ious data tvp1-s ~~~~~ 

L 1~ ni L di: i o d
by c o n — m in i .  This jll~~vr -  m , iy i nur~ t lexi b ili tv i t poS-~-r U-onstrain t s
are  imp o s t - i  d u r i n g  the  n:~ ss i o n  or  should  t h e  k - - n i  n i r e n t  r m ~ f u n c t  i o n

‘1 he olloving ~~~ t a arE - suppi ~-J 1 v ‘‘PAi.

1. oc rrrec t ed dopp le r i ~: er ~d

I . ~~
-
~sp~~ 1~~ - i~ r~ t rae t i ~~ ~ nf o r n - a t  I -n , scalE v a o p  c~:i —

mat ’:-lv t I - n , rt -fE ’r oi ced t o  ~.00 ~Ii L- Ca d i t  tI - r E -n I ~ 1 Y  I I I  l i v E - U
frc ~ , t i-c -~~L~ 1r110 and ‘50 ~ - ; ,  sicnals)

3. fl~~~: : o J U 1 l 1 t P- V L l  ~ A\ S 11T n - 1~ i iIs f r o m  vii:,li ‘I . . - ~- t e i ~~~i t t  T~-h~~
mi nd ID I r E - ‘h t a i ne d . The ~~

- V \ ’
~~\T ti n1 - m m r ~ s alI L rv ~al~~:’i -V a: ion c: t h e

d a t a  s\- -- t , -In T( L :1 J a n i 1 s ~ N - u i r t -J  ion : i ’ i g n  i on  c o ’ n I p u t m m t i 1 I i n ~-

lt - r o m t - t e r  O , I t i , b t i , n 1  f n o m  th1 ~-
-V
~~c m d  h r~ t

vehicle t r m l n -V U - . . . i r U s .

FLII ;111 RES PI  T~

The t i r st  h A V F A C  u - i i i  — n c  tn-i s i 1 1 y  Ia n u t  h od  on June 1~’~~
(lin t -~9. i , m h l1 - I ) . P r i e r  to iiiunoh , ~- - - - ~~ ,\T t r 1 ~-k ir ’~- t I - S i t s  ;-e r t -
per~ orn. T -d at AI w i t h  ‘i- c ci IIn~- V i fl y r - s I ~~ ts

— Clock cm i i i - t , i  ion ~-r rc r , -~J us , I T,icnn ,

— Averiigt - t i t  t t i  1 c - 1 ’~~- , j(3 A~~ cm .

ln—or 1-i t r sulT s I c’: - -nn l r l r t d v1 I I w i t h  t int - st rev - - n t  ‘ - r e n t s

~eL~~~LIi da t - I - i n  use-i  isv t i n -  ~r m v -, ! t i - r t m i t -V i -  ~~ -~ l l - I ’ n - V -V C1 151 Or
( I -~~l~ i 1 ac - n r i t  V r e e - - n n - ~ t r u t  the host vehi cle i-rh 1 t 1 S t  I I
he gr avit y fi t -ld m odel of In earth. The A i r  F e r n  Geop hy sic al

Imi h c r i t  or ’~ IISI ’S - - ~- !ESA data for atmo spheric dt -nr - i tv  St

A second N A V I A C  was r- Im( - L-eI-v- Iul1v launched on 16 ~.i rch  1978
(l ine 54 , lahie 1); additional N A V I AC s vi-m t 1 -u s- a~~ in various stages
of fabrication and tt -’n t. 
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LOW ENF RGY CHARGED PARTICLE EXPERIMENT (VOYAGER)

I BACKGROUND

The NASA Voyager (formerly called Mariner Jupiter/Saturn)( Pro gram was implemented to obtain scientific data on the surface
- I  charac teristics , atmospheric compositions , ionospheres , masse s,

sizes , and sur ro und ing fields of Jupiter , Saturn , and many of their

• satellites. The rare alignment of the outer planets and the reduced
outer planet flyby distances in the last half of the l970s afforded
an ideal o p p o r t u n i ty  f o r  such a mission . Voyager  spacecraft (Fig.
XVI—l ) instrumentation included a Low Energy Charged Particle (LECP)
Exper imen t des igned and f abric at ed by APL . The Principal Investi-
gator for the experiment is Dr. S. M~ Krimi gis of APL , and co—
investigators are Dr. C. M . Bostroni of APL/JHU , Dr .  L .  J . Lanzerotti

I 
of Bell L a b o r a t o r i e s , Dr .  W . I .  A x f o r d  of the  Max Plancl~ Instit ute
for Aeronomv , and Drs. C. Y. Fan , T. P. Armstrong, and G. Gloeckler
of the Universities of Arizona , Kansas , and Marylan d , resp ectively.

The LECP Experiment (Fig. XVI—2) , the first APL i n s t r u m e n t
f l own on a p lanetary probe , will provide comprehensive measurements
on the time and spatial distribution and intensity of low energ\’
nuclear particles in the interp lanetary medium as well as in the
vicinity of Jupiter , Saturn , Uranus , and perhaps Neptune. The ex-
periment was developed under the sponsorshi p of the Offic e of Lunar
and Planetary Programs at NA SA Headquarters.

APPLICAT I ON

The Voyage r missions represent a uni que opportunity to per-
form exploratory measurements at Saturn and pr obabl y Ura nu s , in the
outer extremes of the interplanetary medium and (possibly) in the
interstellar medium , and to conduct further studies of the Jovian
env i ronmen t .  S tud ies  t h a t  w i l l  be ~onducted using LECP experiment
data inc lude  the  f o l l o w i n g:

1. Investigate the existence , spatial extent , and dynamical
morphology of Saturnian and Uranian magnetospheres and measure the

I spectra l and angular distributions , composition , and p lasma flow s
of particles in the radiation belts , b ow shock , transition region ,
and magrtetotail; determine the planet ary and satellite magnetic mo-
ments and the nature of non—thermal radio emission .

2. Investigate the quasi—stead y energetic particle flux in
interplane tary space for stud ying solar modulation mechanisms , the

1 X V I — 3
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radia l  gradient  and rad ial scal e of modul ati on , short term modula—
tion effects , the solar , galac t ic , and planetary components , and
p a r t i c l e  acce le ra t ion  mechanisms in the interp lanetary medium , and
(possibly) the terminus of the heliosp here .

3. Perform “second generation ” studies (i.e., supplemental
to those of Pioneer  10 and 11) of the composition , energy spectrum ,
and azimuthal and pitch angle distribution of Jovian magnetospher ic
charged particles bearing on questions of origin , transport , los s ,
and of sources of decameter and decimeter radio emission , inc lud ing
important satellite sweep ing and source effects.

4 .  S tudy  the  e n e r g e t i c  p a r t i c l e  env i ronmen t s  of natural
p lanetary satellites and deduce satellite magnetic moments , con—
ductivities , and the electrod ynamics of the interaction with the
p lane ta ry  magne tosp heres .

5. Make inferences c o n c e r n i n g  the o r i g i n  and i n t e r s t e l l a r
propa ga ti on of g a l a c t i c  cosmic r ay s , and their confinement times
and path length distributions , by measuring the e l e m e n t a l  and iso—

- - - top ic composition and anisotropv of galactic particles after the
Sa t u r n i a n  ( U r a n i a n )  e n c o u n t e r .

In a d d i t i o n , the  p r o p a g a t i o n  in the  dist int i n t e r p l a n e t a ry  medium
of p a r t i c l e s  e m i t t e d  a t  t h E - sun w i l l  be s t u d i e d  by i n v e s t i g a t i n g
their m ntens it v— time profiles , energy Spectra , craii ents , and
a n i s o t r o p i e s  and t lnt ~ c h a r ge  and i so t o p e  c o m p o s i t i o n . Also , an in—
v e s t i gat i o n  w i l l  be c o n d u c t e d  of l a r g e  and smal l  sc~i l e  magnetic
s t r u c t u r e s  in the  interplanet ar v  n-ed i ons and near planets using
cha rged particle angular distribut ions in order t o  a u g m e n t  magne —
t onnnt ’ter measur ements.

EQUIPMENT D E S C R I P T I O N

The LECP Experiment uses 2 3  solid—state detectors configured
in two distinct dett-ctor subsystems — the low t-nergv mi gnetosp heric
pargicle analyzer (L~ M1’A), and the low enercv part icle telescope
(LEPT). Design of the first subsystem (Ref. 1) is optimized for
specific particle species , energies , and intensities expected near
the p lanets; the second subsystem is optimized for Interplanetary
and interstellar me Ts m r€-nssou t s . Angular d i s t r i b u t i o n s  in the eclip-
tic plan e and pitch angle distrib utions are obtained using an eight—
sector scanning motor. Detector characteris tics are summarized in
Table XV I—l ; experimen t weight md power  r e q u i r e m e n t s  f o l l o w :

I X V I - 5
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Table XVI.1
LECP Experiment , Summary of Detector Characteristics

Si t - S i  RSSI’ON SIn NtCi1 ’ \R~~~ NU~ 1IF1 ’ OF GEOMETRIC
DETECTOR DETECTO R NCC L SOv -  (M’-V V’ unU) CHARGE PARAMETERS FACTOR DYNAMIC RANGE~~

DFS ICN AT IO ~ I t t i P U  Ii n I l  I n  ~v-v- ( Me t )  RAN (.F t’t l-)cn rk l cm Sr (cm 2 sec srY 1

1— ..~~~ L1 . U 1  — 4 , p t a i 2 (b) 0 . 1 2  0 .3  — l0~
Low Energy 1—4 , 2 a 2 (to — 10 L In C s .)
Pr otons & Ions

:~~ t~~~ 0.010 - 0.2 , e 2 0.002 50 - 108
UI~ En s r y v ~~~ t~~~

1 Ic .  C.~~, 5
S Electrons

I 7 1 t  ‘y 9 .2  — 1, D . 2°2 10 — l0~
LiSi’ \ Medium Energy

i - -w Er -r~~n Electrons

P a r t i c l e  i-~~ j , — 0. S t 7, p Z — 1 1 0.5- 1-1 — 0 — 10
A n a ly z e r  t i n S  I r i t i - r n n  itv — 0, 3 7 5  — > . z —

- V opUrsi ti n nu — 0 .3 75 — — 12 , Z .~ 
j -V 

-.

15 - 1’- - )  p 2 .r 1 1 5 . 0 3  — 0 — 5 x lO~~
High Energy—High - - 2 , e ———--— 1

- In tensi ty  r - t -nnnn  - 11, e
and Electrons

- - 
Oc t . o n t o  - 0.1 , e -- - -  

,( c t  0.002 —

- I -w Frn -r g s
- 

Et,- ctr o ns i
ti Ec li~ t i c

I S i t  ra low 11,- r u  -~ I - I- , IS 2 2 1 — 2 .1 — 0 — 10~
rotal F 3,. In , fl-. 7 P . 1-S 7 . ~- 6

Low Iner gv
Particle - -  - -- i t r a  Thin 0. 43 ’ - - . -. Z — 1Aperture - —- I F / x vi E G.m — s O  n • 2

- 
- 1t , f l  — 10 7 — 3 — i l -  2 — 0 . 5  — 0 — 10

— O . 0 ~ — i l  z —

I Multi 3 - 31 Z 1 . 2
- i F ’ d x  v s F ‘- . 3  ~-y -z • t~~T l 5 :,3 - — o —

I 7 - S  - 115 7 — l 1 — ~~
LEFT > 0. . e 2

Low Energy
Particle Four Pi r am ,- T - ,  31 — 22 ( 7 1 , 2 4

Te l escope  
High F nrrgy 

d E/da - 270 -S 
: 

— —

Parti c le - - .

Aperture 
1374 High . 200 S-V 1 2 20 1O

F
c/ day~~~

t

I Se n s i t iv i t y  > 6~ I 2 20

I 
P e n e t r a t i n g

A n t i c o i n c t I I -V f l e .-‘ 11 7 . - 1 1 — 200 l0 c d av 3’
~

Dynamic ranges are approxima te. In current r n - i -  0- - S . ) ,  - it  g -  and energy re solution - n-nnr,-Stt s do s r  appl v Lower limi t
depends on RTG background which is ~-. l0~~ c n r n t n t s r. ud f o r  c e r t a i n  F~~ channels.

(b) 
Magne tic deflecti on sep a rates electrons and ions for  I FHC’A t ie I -ri through 6; 7 meauur e ntent Is single parameter.

(c) 
E lect rons a r e  identified via sc a ttering from a gold foil.

(d) 
D etector scans perpendicular t n- e r l i p t i  - plane and IISCN n-  -yt 1 -n n- t i c  deflec tion.

(e) 
I’osmit ray background c o u n t i ng  ra te ;  range e x t e n d s  t — t i m e - n  hackground .

All tabular data for 7 a I are ~
-V N -,-’1nal”. -V

( g )  Approxim ate energy ranges for I s - t ~~~,. I ’ e s - i u t i . n :

Z — 1, 2 0.2 — 30 MeV/nuc l .  (a pprox. l (AM — 1)
Z — 3— 8 1.0 — 60 M eV/ nu cl . (a çp r ox. 1 (1iM • I )
2 — 9-l’ 1.0 — 90 Me V/n uci . (approx .) I S  — 2)
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Power Consumption :

4 . 2 9  W ± 2% f rom 2 . 4  kHz at far encounter
• 4.15 W 2~/ from 2.5 kHz at near encounter

4 . 2 9  W ± 2~ from 2.4 kHz at cruise
4 . 9  mW

~V ~ 2% f rom 30 VDC at c ru i se
102.0 niWav ± 2% f rom 30 VDC at e n c o u n t e r .

We ight: 7460 grams .

Experiment comp lexity can be inferred from the following:
Over 30 ,000 solder  j o i n t s  bond almost 6000 components within each
instrument , the circuitry being based on the use of 261 cus tom—
designed hy brids of 14 different types for amplification , ciscrimi—
nation , timing, pulse height analyzer , and da t a  f u n c t i o n s .  Since
the experiments are required to operate for at least six years and
possibly 8—10 years as t h e  spacecraft pass out of the solar system ,
many of the circuits are redundant and capabilities of the detector
channels overlap.

L Low Energy Magnet osphe r i c  P a r t i c l e  Anal y z e r  (LEMPA)

LE!~~A d e t e c t o r s  ( F i g .  X V I — 3 )  were  des ign ed  f o r  low energyr thresholds (10—15 key), clean separation ~ f ions f r o m  e l e c t r o n s ,
good sensitivity , and large (~ l0u1) dvnarsic range .

Detector a ( p r o t o n s ,  ions). This is the primary detector
for  m e a s u r i n g  p r o t o n s — i o n s  at low energies (p4 5 k c V )  with hig h sen—
s i t iy it v  (G 0 .12  cm 2 sr )  and good e n e r gy  r e s o l u t i on . It  cons i s t s
of a 25 mm 2 , 100 sm s u r f a c e  h a r r i e r  t o t  d i v — d e p l e t e d  d e t e c t o r , wit h
the aluminum side f a c i n g  t he  i n c o m i n g  p a r t i c l e  f l t ’x  ( t o  m i n i m i z e
radiation damage). A rare -eart h ah oy rs:ogn E -V t is used to deflect
elec trons with energies n~.1.OU key away fr -ro the det ec t o r. These
electrons are subsequen t lv counted by detectors ~ and i , and the a
detector output is fed Into ‘:issdow-tvpc discrim inators which pro-
vide continuous informatio n In 10 pm -t e n—Ion differ ential channels.

Detectors B and ~ (e~
, - - V tr c : r—) . Thes- e are the primary detec-

t o r s  f o r  m e a s u r e m e n t  of 1’w e’ne rt ’v ~e iS keV) electrons . Detector ~
is 5 mm 2 , 100 sm thick, wh ila- h - t e n  tor y Is S mm- , 100 nm thi ck;
they  are  des igned to measure t ;- .~- low and intt’ rr le di.i t l -V energy por-
tions of the spectrum: , respectivel y.

De t e ct o r ;~ ’ ( t - 1 e n - t r o i s r ~~~, This ~Iet e ctn ~r measures electrons
ove r the same ent -rgv int e r va l : as d e t e c t o r  bu t  w i t h  a f i e l d  of
view cen te red  9Q 0  f r o m  t h a t  of B and per 3- t- ndicu l ir to the ecli ptic
plane . I t  m ain ly provides detailed angular distribution measure-
ments not only in planetar y magnetorn phei~ -s , but also in the inter-
plan et1-irv medium. Essential ly , comp lete electron pitch angle
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A - u r~~n,~ j si , i s ~ l i e s Look inq - - A and B detectors

.5 deleclo, 20 5,n 1 - n -  0 - 3 0  300 pm 5 mm1

\ h - I l l ,  s 3005ni 5 rnm2

\ : ‘ — ~4l~- ’ Back -

— - - ‘ ‘ - 100 pm 25 2 -V

:~~: 
•-V-V-V_ -V-V-V 

‘.‘ --; n .- ’~~ sliipId \ CI: .

29 I n ’  a -sn
. 5 th - I - Sm

- — - -‘ ~~~~~~~~~~~ L i  • ~ ~~~~ o 1 3 4 - -
0 /  3 nie1 ’~ Inns

(a ) Low energy mag net ospher ic par t icle analyzer

,T hs , - - -
, -- ,127 . .  ‘ -V lb0 Mm 800 ~~~

03 ni - c , ’ . 2500 ,., 850 mm2

- 
It - - t h .  . / -l deteclo’ 2500 tAm 850 mm 7

-V ji ~ 100 - --  800 . . . ‘

/ !  L~~~~~~~~~~~~~~4; ; 

~~~~~~~~

Isolation 
~~‘ - n l h t - ~~ , -.in i - I d 

c m

(b) Low energy particle telescope

Fig. XV I.3 LEMPA and LEPT Detector Subsystems
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d i s t r i b u t i o n s  are ob ta ined  dur ing  ro agnetospheri c  encounters  by the
use of an umbrella—like passive shield with narrow r ec t angu la r  look

V angles. Detector ~~
‘ is a 5 mni2, 100 urn thick sensor and uses scat-

tering from a gold surface to separate electrons and ions .

Detector 6 (High Intensity Prot ons, ci s and Z � 3 Nuclei).
This wi l l  ob ta in  high i n t e n s i t y  pro ton , a lpha p a r t i c l e  and Z � 3
composition , energy spec tra , and t h r e e — d i m e n s i o n a l  an gular d i s tr ibu -
t ions in the Sa tu rn ian , Uran ian , and Jovian radiation belts. The de-
sign is optimized for a radius of closest approach of ...~5 Rj, and for
the p ro ton  env i ronment  measured  by the  Pioneers 10 and 11 s p a c e c r a f t .
The sensor consis ts  of a ..-20 tim , 1 mm 2 totall\ -V —dep leted surface bar-
rier detector.

Detecto r 6’ (Protons, ions). This detector measures protons
and ions at the same ene rgy  in t e rva l s  as d e t e c t o r  ~ but  wi th  a
f i e ld  of view up to 90 ° f r c m  t h a t  of ~ by sharing the umbrella pas-
sive shield with detector B ’. Together , detectors 6 and ~~

‘ prov ide
es sen t i a l ly  c o m p l e t e  t h r e e — d i m e n s i o n a l  p r o t o n  and ion p i t c h  angle
distributions during ma gnetosp herlc encounters. Detector Y is
1 mm2 , 20 sin t h i c k  and u t i l i z e s  t h e  same e l e c t r o n i c s  as d e t e c t o r  c~.

D e t e c t o r s  AB (Hi gh In t e n s  v— H i gh  Ene r gy) .  De t ec to r s  AB
are inc luded  to increase  the  dynamic  r an g e  of the s \ - V s t e m  in bo th
ene rgy  and i n t e n s i ty  to  va lues  wel l  above those measured  by detec-
tors ci, 8, and ~~. Both devices are 5 mm2 , ..-300 nm thick surface
ba rrier detectors spaced .-.~5 mm apart inside shielding materia l .
In the forward direction , detector B is shielded by 2.6 gm /cm ’-
brass and d e t e c t o r  A by 0.35 gm/cm 2 magnf -s i sirl .

Low Energy P a r t i c l e  Te lescop e (LEPT )

The LEPT (Fi g. x V l — 3 )  is based on a h i d i r i - c r i o n a l  t e lescope
c o n s i s t i n g  ot  seven s i l i c o n  s u r f a c e  b a r r i e r  d e t e t t r s- n comprising
two m u l t i — d E / d x  x E d e t e c t o r  sy s t em s  ( D1 —D 5)  p l . a~-ed b a c k - t o — b a c k
and utilizing a common e ig h t — e l e m t - n t  c y l i n d r i c a l  l i t h i u m — d r i f t e d
s i l i con  d e t e c t o r  s h i e l d  (-\( 1 —AC8).

D e t e c t o r  D l .  The f i r s t  det ector of the d E/ d x  vs .  E s y s t e m
consis ts  of 0 S e t  of two ~~~~~~ s-rn thick , 50 mm and one .~2 urn t h i c k ,
25 mm 2 surface barrier detectors. h a c h  det e c to r is arranged at an
appropriate angle to t h e axis of t h e  t e l e s c o p e  so t ha t  v a r i a t i o n
of the A E signal  over the  a n g u l a r  f i e l d  of view of t he  t e lescope
is minimized.

Detector D2. This large area (8 cm2), —150 sm thick detec-
tor serves as the total E detector f- -r  p a r t i c l e s  p e n e t r a t i n g  the
Dl detectors. It is o p e r a t e d  in a n t i c o i n c i d e n c e  with detectors Al
to  A8 , and in coinc idence with detector Dl. P u l se s  f rom t h i s  de-
tector are log—amp lified and fed into threshold discriminators for
rate data and into a 256 channel pulse—heig ht analyzer.
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Detectors .Al—A 8. These detectors define an anticoincidence
cylinder and have typical dimensions of 2.5 cm 6 cm 1 mm. Each
pair of detectors has a separate preamplifier—amplifier chain and
can be commanded off separately. By connecting two pairs of detec-
tor outputs together , t ’,cc- separate measurements of the omnidirec-
tional p e n e t r a t i n g  p a r t i c l e  r a t e  are obtained .

Detectors D3 and D4. These detectors are used in a dE/dx
vs. F combination to extend the energy range of the telescope from
—.4 to .’—40 ~e\ /nucleon . Both detectors are 2450 urn th icK , 8.5 cm’-
l i t h i u m  d r i f t e d  devices which s e rve  as t ot a l  F sensors .

L1etecter t~~. This detector is ~~90 urn thick , 8 cm 2 and is
used as a ~F dete ctor in the medium energy end of the LEPT. In
combina t ion  w i t h  d e t e c t o r s  Ln3 and D-~ , t he  o u t p u t  of d e t e c t o r  D5 is
fed to the p a r t i c l e  i h - r t i f i e r  sy s t e m  to provide species rate data
and p r i o r i t y  i n f o r m a t  ion f o r  the  d e t a i l e d  pu l se  h e i gh t  analy ses .

- 

- 
FTJNCTIONAI . OPERATION

Figure XVI—4 shows t h e  LECP e x p e r i m e n t  sy s t e m  b l o c k  d iagram .
The LEPT , or i n t e r p l t r s t - t a r y / i n t e r s t el l a r  m e a s u r e m e n t  s u b sy s t e m , em—
ploys two bas ic  p a r t i c l e  i d e n t i f i c a t i o n  and ene rgy  m e a s u r e m e n t
t echn i ques ( R e f .  2 ) .  The f i r s t  method  is the conventional range—
energy technique . The second method  of i d e n t i f i c a t i o n  ( R e f .  3)
relies on forming the product:

P a~~ E1 ~E2
b

whe re ~E1 and 2.E- si r ,- the ener cies deposited in detectors 1 and 2
and a and b are constants. The product P is unique for each
particle type and has a relative ly constan t slope on a log—log
scale over a l a r g e  range c-f pa r t i c l e  e n e r gy . A p p r o p r i a t e  ‘P ’ dis-
criminator levels (which plot as P = c o n s t a n t )  in conjunction with

~E d i s c r i m i n a t o r s  are  used t o  distinguish particle types.

The pulse shaping and amplifier elements for each of the
LEPT det e ctn— rs are contained in electronics box No. 1 of Fig. XVI—~~.
The FET charge—sensitiv e preamp lifiers fir the LEPT detectors are
basically of the same d t- ’ign . The circuit bios voltages , currents ,
and feedback networks are set with components external to the hy—
brid allowing one design to meet the diverse LEPT dynamic range and
detector capacitance require ments.
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The LEPT l inear  a m p l i f i t rs are a l s o  c-~e t’,-c-~ of microcir-
cui t , and ex te rna l  bias ond filter L o I I . p o m t -n t s  a rt  n~ded  to produce
the desired pulse  shap in g  a nO dynam ic range . Double—m t . n”ration ,
d o u b l e — d i f f e r e n t i a t i o n  b i p o l a r  : -u i s e  shap ing  w i t h  po l e—zero  cance l—
lation is used in all channels , The pulse width from the  beg i n n i ng
of the pulse to its zero- n me ssing is abou t  3 us , and particle count-
ing rates in excess of iü~ nps can be handled.

The large range -f par ticles and energi es measured require
the use of l o g a r i t h m i c  p u l s e  a m p l i f i e r s .  i n c - s e  s i m p l i f : c r c , com-
bined wi th  pulse  s u m m i n i n - .~mp1 i t  ier s , p e r f o r m  the  p r o d a c t  “P ” .

Four tw c—inp ut co i n c i d e n c e  c i r t u i t s  r e g i s t e r  p a r t i - i e  coin-
c i d e n c e  d e t e c t io n  b e s v e e r s  ad .l a ce n t  d n - t e c t o r s .  E~ ch circuit cirplor s
a low—power Schottky g a t e  and op e r a t e s w i t h  p u l s e s  as na r ro w  as
25 ns , p e r m i t t i n g  a t i n e c r e t i  ca l  c o i n c i d en : e  window of 50 n s .  The
a c t u a l  c o i n c i d e n c e  c indo w , dc- t e r rs i s- -d 1 y 8/N ratio and t i m i n g  walk
cons ide ra t ions , is 1-~ OO O s .

The d i s c r i m i n -~t n . -r s  ~-mp loo I ‘s~5 i nci c t o  c o n s e r v e  p o we r  and
- 

- are packaged  tu o— c-a -h in isvb ri i m i c r o c i r c u i t s .  On e — s h o t s  used to
produce discri m in s~ or timing sin - :-al s also c r - -p l oy  C~biS dice and use
a similar d u a l — c i r c r s i  t h-.-b ri -J packa ge. 1-ocical combinati ons c-f 31
pulse height discriminators , togeth~-r with coincidence timing, are
used to ic- ri- s .~t 7  differen t data - h a n n e ls  . Particle c - V e n t S  f r o m  the
47 rate channels arc cc-uute- d li-i ~~— bi t a c c u m u l a t i o n  r e g i s t e rs . The
data are transferred and stored in 2 5—bi t intrall el—in serial- cot
registers until a “ r ea d ” command i s  rt-V ct- i S O .  The data a rc- t h e n
s h i f t e d  i n to  a .14— to id -bit log c - r r p r e - s i o n  - i r c I s i t , and t h e  cc-i— —
pressed data are r e i a - - ~- l to t , - spa~ c- cr o ft data sy s t e m .  The 2 4 —
b i t  a c c u m u l a t o r  n~ d sh i ~ t r t ’c i  s r a r e  m ad e  s r - -rn f i v e  ( - V \~Q~ rgc—
scale integration d i c c -  w h i c h  - i re  h ou s e d  i n  a h - c l - r i d  m i c r o c i r c u i t .

The LF~~~A , or n e a r — p lsii ~c-t mt-as - n r ’ -mt-nts subsystem , employs
two primary dc L~~. ccat ion met h o d s .  In t h e  f t  r st  , low m d  medium
e n e r gy  e l e c t ro n s  a re  de f 1c-~~t~ - l  i n t s  t o t a l  n - O t t  gv d e t e c t o r s  ( b e t a
and gamma ) via a s i n t c - r - d  en h a l ~ - -~ ar s . i n i u r s  r a r e  e - r t h  m a g n e t .  The
more massive p r o t o n s  and ions pass  t h r o u g h  the m a g n e t i c  f i e l d  to
strike the tot al energy sic - t o -I or alp ha. The l aw—noise alp ha and
beta channels allow measurem en t of ele :t r n and proton energies as
low as 12 kc-V. ~o- p a r t  ic-Ic- intensities inorense and s imple  pu l se
counting become s difficu l t , t h c -  al pha and ‘- e ta -~e t t- ~- to r currents
are monitor n- - i , t hus  e x t e n d i n g  t h e  u s e f u l  range ot  i n t e n s i ty  mea—
surements. Flrc -  second 1d~-n t if i sition i - i. thod errs p lov s  a c o m b i n a t i o n
of shielding and energy loss to r c - st r~ n t the  response of detectors
A- and B to h i g h  er l t - r gv  p i r ~ id es .  The  A—B d e t e c t  or  - m s  ten is
ar ranged as a t e l e scope .
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Since high energy electrons will be abundant near the
planets , about 0.45 kg of tungsten is used as shielding to prevent
high—energy electron contamination of the low—energy detectors.
The high intensities of radiation trapped in the Jovian and (proba-
bly) the Saturnian magnetic fields require the use of extremely
fast—pulse circuitry in several channels to prevent pulse pileup
effects and saturation ; this necessitated the development of spe-
cial hybrid amplifiers and discriminators to handle counting rates
in excess of 25 x 106.

Pitch Angle Distribution

With the Voyager spacecraft attitude very nearly fixed in
inertial space, except during occasional maneuvers , a rotating plat—
form (Fig. XVI—5) is used to obtain particle angular distribution

• measurements. The platform is driven by a stepper motor through
eight 45 0 sectors . The sector rate is once every 24 seconds during
planetary encounter, once every six seconds during to encounter ,
and once every six minutes in the interp lanetary medium . Pitch
angle distributions are obtained by two additional detectors placed
in a cone/dome combination in which the cone sets the azimuth view
angle and holes in the dome set the elevation view angles. Thus, a
single mechanism is used to obtain pitch angle distributions in two
planes.

Other Experiment Systems

The large number of LECP discriminators and logic windows
led to the development of a new calibration system (Ref. 4) for
amplifier gains and discriminator settings , as well as detector

Stationary aluminum
Are. • 0 77 cm2 dome 12mm thick)

• (typ. 7 places)

6’ I i3’ Scatterer area Igold plated)6 Detector assembly \~ 
~,
tu ngste n absorber 13mm)

Fig, XV I-5 Dome Detector Assembly.
Tungsten shields (3mm) Incoming electrons are swept away

from detector o (a , Fi g. XV I•3 )  by
t he magnet and counted in detectors
0 and ~~. Detectors b, 6’ are

~~
‘ Detector assembly insensitive to electrons of any energy.
lOOp, 5mm 2 ..,,,,, ~ Tungsten shielding is to eliminate

interference from high energy
penetrating electrons in the Jovian

~~
‘, 6’ Horn magnetosphere.

rot ites with
LEMPA 0 1 2 3 4 5

cm
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noise and PHA linearity. The calibrator pulse drives the preampli-
fiers with a continuous pulse train. Discriminator pulses are
selectively fed back to set the pulse amplitude such that the dis—
crisninator triggers at 12% and 88% rates. Both the detector noise
and discriminator setting m a y  then ‘tie deduced . In addition , radio—
active sources provide a background count rate for calibration .

Detector voltages range from less than one volt for the thin
Dl detectors to 450 volts for the thickest detectors. The power
supply for the detectors is a sinewave oscillator Cockroft—Walton
multiplier combination which is capable of producing bias voltages
of many kilovolts (Ref. 5).

The experiment command receiver accepts 32—bit serial corn—
mand words from the space~ raft and utilizes 12 of these bits in the
form of four 10—bit cotmumiand words and two address bits. Thus , 40
bits are available as commands to place the experiment into various
operating modes. They are used primarily for switching power via
hybrid power switches. For example , each of the detector amplifier
channels can be individually disabled in case of failure. Also ,
the detector bias nay be decreased by 25~’ upon command. In addi-
tion , there are motor speed , sector—select , and high—power motor
drive commands, The last is emp loyed if the motor develops a bear—
ing wear problem.

FLIGHT RESULTS

Low Energy Charged Particle Experiments were successfully
launched aboard VoYagers 2 and 1 on 20 Augus t and 5 September 1977,
respectively (lines 50 and 51, Table 1). Each was turned on about
22 minutes after injection into the Jupiter trajectory , and opera-
tion of both is sat isf~i cti .~rv with good data being returned . The
LECP Experiment scientific team will analyze and evaluate the nu-
clear particle data obtained in the Interplanetary medium until
Jupiter encounter which will occur in March 1979 (Voyac’er 1) and
July 1979 (Voyager 2). At that time , details of the planetary en-
vironmen t will be observed . Encounter of Saturn will occur about
two years later. An extended mission will allow Voyager to visit
Uran us and perhaps Neptune , and eventually escape the solar system .

Three operational modes will be employed to obtain optimum
coverage in the two environments encountered (I.e., the magneto-
spheres — distant and near — of Jupiter , Sa turn , and Uranus , and
the interplanetary medium):

1. Cruise Mode. During this mode , bo th de tec tor sys tems
(except AB , 6, and “ ‘ of LEMPA) will collect data. The steppin g
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rate is one rev. /48 m m .  This mode is appropriate for the inter—
• planetary medium where particle fluxes are not large. The bit

rate allocation is 2/3 for PHA data and 1/3 for rate data.

2. For Encounter Mode—Jupiter , Saturn, and Uranus. Sixty
days prior to closest approach to the planet, the stepping plat-
form rate is increased to one rev./min . The experiment bit rate
increases to 600 bps. At this time, the bit allocation is 1/3 to
PHA data and 2/3 to rate data.

3. Near Encounter Mode—Jupiter. At .-25 to 15 Rj all LEPT
• detectors are commanded off and all remaining LEMPA detectors

(i.e., AB , 5, iS ’) are commanded on.

To ensure that LEPT and LEMPA data continuity is maintained ,
each of the two subsystems will be sampled equally between the far
and near encounter modes. This is particularly desirable in the
Saturn and Uranus encounters where long communication times and a
totally unknown environment could compromise measurements in any

L one mode.
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XVI I

PARTICLE FLUX MONITOR
(INTERNATIONA L ULTRAViOLET EXPLORER)

BACKGROUND

In a telecon of 28 December 1977 , APL was first queried on
the pos8ibility of providing a radiation detector for the Interna—

• tional Ultraviolet Explorer (IUE) spacecraft then awaiting a 26
January 1978 launch at Cape Canaveral , Florida. The IUE camera
system was sensitive to particle radiation and, since the planned
orbit included several of the most intense regions of the outer Van
Allen Belt, it was desired that a suitable device be employed to

• continuously measure the prevailing radiation levels. An appropriate
Instrument not being readily available, APL quickly assembled a de-
vice using spare parts and circuit designs from previous satellIte
programs. Subsequent tests on the hastily assembled breadboard In-

‘ - dicated that the project was indeed feasible. With NASA/GSFC con-
currence , APL then proceeded with the design and development of the
Particle Flux Monitor (PPM) for the IUE (Fig. XVII—1). In the short
period of 7 days, interface specifications were developed , hardware
was fabricated and assembled , and functional and environmental tests
were performed. A fully flight—qualified instrument was delivered
to the launch site and integrated with the spacecraft just 16 days
before launch (Fig. XVII—2 ) .

APPLI CATION

The 671 kg IUE , developed by NASA in cooperation with the
European Space Agency and the British Science Research Council (BSRC)
was launched to examine the ultraviolet spectral region 1150 A —

3200 A , a region which is inaccessible from the ground . It was
recommended during the IUE Flight Readiness Review in mid— December
1977 that, to protect the camera system a particle detector be in-
stalled on the spacecraft to monitor the energetic electron environ-
ment.

Apprised of the mission requirement and upon short notice ,
APL provided a Particle Flux Monitor that is now in routine use by
IUE ground control center personnel to determine when camera opera-
tions should be suspended due to high radiation.

XVI 1—3
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EQUIPMENT DESCRIPTION AND OPERATION

An outline drawing and simplified block diagram of the PPM
are shown in Fig. XVII—3. The detector is similar to that used in
the gamma channel of the Low Energy Magnetospheric Particle Analyzer
(LEMPA) on the Voyager spacecraft Low Energy Charged Particle Ex—
periment. Refer to the preceding article (XVI) for a functional
description of the LEMPA telescope. General PPM detector character-
istics are as follows:

Type: Li—Drift Silicon
Thickness: 963 j~m 2

-- - Area: 5.40 mm
H Bias: +100 V

Reverse
Current : 0.050 pA @ +24°C

Noise: 4.10 keV @ +24°C
Capacity: 2.0 pf
Depletion: 25 V.

L

Following are the PPM unit electrical and weight require-
ments:

Power: 38 ma @ 28.0 V
Range : 10 cts/sec to 200K cts/sec
Output Level: 0 to 5 V DC
Output
Impedance : 10K ~ in parallel with .01

Weight : 565 g.

FLIGHT RESULTS

The Particle Flux Monitor was successfully launched aboard
the international Ultraviolet Explorer on 26 January 1978 (line 53,
Table 1). The PPM was turned on about one hour after launch and

• operation appeared normal. This was later confirmed when data from
the first few orbits were examined and compared with prelaunch pre—
diction of the radiation environment. GSFC and personnel from BSRC ,
developers of the UV television camera system, initially turned the
IJV camera on in a calibration and test mode and the PPM data were
used to determIne permissible operating times. Subsequent opera-
tions involved measuring UV camera background as a function of PPM
output to determine safe levels of operation and to maximize observ-
ing times.
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I XVIII

SEASAT-A INSTRUMENTATION (RADAR ALTIMETER , SAP-

I DATA LINK , DOPPLER BEACON , LASER RETRO REFLECTOR ALRA

I BACKGROUND

The NASA SEASAT— A spacecraft (Fig. XVIII— 1) , the f
satellite designed specifically for oceanographic observat
launched in a proof—of—concept mission to evaluate techniq
the global monitoring of oceanological and related meteoro
phenomena from space, and to prove the feasibility of empi
operational, multisatellite SEASAT network to monitor the
on a continuous near—real-time basis. Major SEASAT—A inst
tion included three types of radar and two different radio•

I provide data on wave height and direction , surface wind sp
I direction, ocean surface topography and temperature , and t

ice distribution and land areas.

APPLICATION

I Several experiments were conducted with SEASAT—A;
AlL provided instrumentation for the AltLneter/Precision 0
termination (POD) Experiment and the Imaging Radar Experim

7 APL radar altimeter provided very precise height measureme
the satellite above the ocean surface, and of the signific
height at the subsatellite point. The altitude measuremen
combined with the precision ephemeris to determine sea—sur
raphy. The POD Experiment data were obtained from several
sources, including the doppler beacon and a laser retroref
array (LEA) provided by APL.

The first satellite laser ranging experiment took
1964 usIng the LRA on the Beacon Explorer—B satellite (196
and this APL—fabricated satellite continues to serve as an
laser ranging target (Ref. 1). The SEASAT LEA (Fig. XVIII
passive POD device consisting of 96 quartz retroreflectors
on a circular substrate surrounding the radar altimeter , x
back to a receiving telescope pulsed beans of ligh t direct
satellite by a ground laser transmitter. The transit ti~ c
light pulses, coupled with angular data , provided a preci~
mination of satellite orbit.

The Imaging Radar Experiment employed a Synthetic
Radar ~SAR), developed by the Jet Propulsion Laboratory olI fornia Tnstitute of T~chnology , that provided all—weather
of land •~nd sea surfaces with a resolution of 25 m . As o:

I
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I conceived, the wideband radar return signal was to be digitized at
the spacecraft and the data telemetered on S—band. However, an AlL

I 
study indicated that , for full resolution imagery , the onboard digi-
tizing approach consumed more transmission bandwidth than was readily
available. As an alternative, AlL proposed an analog data link that
used simple frequency translation of the L—band echo to S—band ,
thereby minimizing the RF allocation problem.

i 
EQU IPMENT DESCRIPTION

Essentials of the doppler beacon provided by APL are dis-
cussed in Section VI of this publication , and laser retroreflector

I arrays and laser ranging have been described elsewhere (Refs . 1, 2).
I This section will deal mainly with the radar altimeter and the SAR

wideban d analog data link .

I Radar Altimeter

NASA has supported the development of progressively more

I accurate satellite radar altimeters as part of the Earth and Ocean
Physics Application Program (EOPAP). The SEASAT—A altimeter repre-
sented a third generation design that built on experience gained
from the Skylab and GEOS—C programs. The altimeter consisted of a

I 1 silLS0 beamwidth, nadir—looking , parabolic antenna, an attached
RF section , and a remotely located signal processing section
(Fig. XVIII—3). The altimeter generated a linear—FM waveform and
transmitted it at a 2.4 kW peak power level, 13.5 GUz center fre-
quency , and a 1000 Hz pulse repetition frequency (PRF). The high
resolution permitted a 10 cm altitude precision and a 10 percent
(or 0.5 in) wave height precision for wave heights between 1 and
20 in. The high pulse rate reduced the sampling variability of the
altitude and wave height measurements.

I Table XVIII—l provides a comparison of Skylab , GEOS—C, and
SEASAT—A altimeters. All three altimeters employed a similar tray—
eling wave tube (TWT). The variation in return signal strength

5 with altitude and footprint area required the use of pulse compres-
sion for GEOS—C and SEASAT—A , whereas Skylab, which operated at a
lower altitude, could use a 100 ns uncompressed pulse. The 3.125

I 

ns resolution of SEASAT—A (Ref. 3) defined a 1.7 km footprint diem—
eter and required a longer pulse and a higher antenna gain to give
a S/N ratio per pulse equal to or better than GEOS—C.

1 SAR Data Link

t The SAR was designed to image swaths approximately 100 kin

5 wide with a 25 m resolution , and thus provide all—weather coverage

1
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at any time of day or night. The wideband analog data link devel-
oped by APL was used to transmit , receive , and demodu late the oscil—
lator , timing generator , and receiver outputs from the SAR , making
them available to ground based recordin g equipment . An analog data
link design was preferred over more conventional digital schemes
primarily to conserve RI’ bandwidth and also allow use of existing
receiving station equipment.

‘ 

Table XVIII.1

- 
- SEASAT-A Radar Altimeter Parameters Compared

Parameter Sky lab GEOS—C SEASAT—A

Mean Altitude (Ian ) 435 840 800

Antenna Beamwidth (deg.) 1.5 2.6 1.6

Frequency (GRz) 13.9 13.9 13.5

Peak RF Power (kW) 2 2 2
Average RF Power (W) 0.05 0.24 6.5

Pulsewidth (Uncompressed) 100 ns 1 ~is 3.2 ~as

Pulsevidth (us)
(Compressed) —— 12.5 3.125

Repetition Frequency (Hz) 250 100 1020

Footprint Diameter (kin) 8 3.6 1.7

Altitude Precision (m a) -c 1 at < 50 cm -C 10 cm

The SAR data link (Fig. XVIII—4) consists of a spaceborne
modulator/transmitter assembly, ground—based receiver/demodulator
equipment, and the time—varying space—to—ground transmission link.
The main RF input to the data link is the SAR return signal as ob-
tained at the output of the SAR receiver at the L—band frequency.
As shown in Fig. XVII1—5, the actual target echo occupies less than
half of the interpulse period (IPP) , but its position within the

• period is a variable that depends on orbit altitude and the rate
of the pulse repetition frequency (PRF). The narrow RF pulses occur
at the PRF and result from leakage of the main transmission through
the receiver isolation circuitry. The remainder of the IPP is filled
with white receiver noise at a level determined by the gain setting
of the SAR receiver. Additional data—link inputs consist of the
radar PRP timing pulses and the STALO signal.

The output signals from the data link are obtained from the
demodulator and consist of the SAR return signal translated to a

L XV III— 7
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to a video center frequency of 11.4 MHz , a sample clock at one—half
the received STALO frequency (45.53 MHz), and a PRF pulse stream
that is delayed to align in time (using prepass information) with
the beginning of the echo portion of the SAR return signal. These
three signals are used by the SAR data formatting and recording
(SDFR ) subsystem to digitize the echo , providing 5—bit samples at
a rate of 45.53 x 106 samples per second . Digitization occurs only
over the interval when the target echo is present and is initiated
by the delayed PRY pulse from the demodulator. The final output
from the SDFR consists of high—density digital tapes containing
the video samples, status information, and Greenwich mean time (GMT).
The tapes are processed off-line to produce the target images.

The SAR system (Ref. 4) is completely coherent; i.e., all
RF , modulation, and sampling signals are derived from the stable
local oscillator (STALO) within the transmitter. The pertinent
characteristics of the SAR sensor are listed in Table XVIII—2.

Table XV III- 2

SAR Sensor Characteristics

STALO Frequency 91.059 MHz (f
5
)

Center Frequency 1274.83 MHz (14 f)

Modulation Linear FM (Chirp)

Modulation Deviation ±9.5 MHz

Pulse Width 34 ps Nominal

Peak Power 1200 W Nominal

PRF 1464 , 1540, 1561, 1647 pps
(Command selectable)

Rcvr Noise Temperature 650 K

Rcvr Cain Control 77 to 98 dB

Maximum Rcvr Output +13 dBm

FUNCTI ONAL OPE RATION

Radar Altimeter

Major functional elements and a signal flow diagram of the
radar altimeter are shown in Fi g. XVI I I—6 . Key interface signals
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between the RF and signal processor sections are : a transmit/re-
ceive trigger from the synchronizer to the dispersive delay line
(DDL) to generate both transmit and local oscillator (LO) chirped
pulses; a 5 MHz reference signal (locked to the spacecraft refer—

-

• 
ence) to the up—converter and frequency multiplier (TJCFM) for co-
herent generation of all RF signals used in the conversion of the
80 MHz bandwidth DDL output pulse at 250 MHz to transmit drive and
local oscillator pulses at 13.5 and 13.0 CHz respectively ; and 10
MHz bandwidth bipolar video signals from the receiver to the high—
speed waveform sampler (HSWS).

The transmit drive output from the UCFM is at a +20 dBm
level; the driver TWT used on GEOS—C is eliminated. The TWT am-
plifier (TWTA) used a similar 2 kW NT as on Skylab and GEOS—C;
however, the 6.5 W average radiated RF power of SEASAT—A was a
substantial increase over previous designs so that the TWTA repre-
sented a critical new element. The u~.e of a chirped LO pulse re—
suited in a full—deramp mode of operation in which frequency domain
filtering achieved the effect of t ime domain resolution.

The HSWS converts and stores 64 samples of I and Q v ideo
at a 20—MHz rate during the 3.2 i~s receive irt~..erva1 defined by the
LO pulse. The digital filter bank then accesses these samples
sequentially in the interval between receptions and , in conjunction
with a sine/cosine look—up table in a read-only memory (ROM) , im-
plements a phase rotation algorithm and accumulates sums ov’~ the
64 samples to form a contiguous bank of filte’s. The filter bank
spacing and overall tuning are set ‘v- the manner in which the sine/
cosine memory Is addressed during each reid—out cycle. Addressing
corresponds to a linear phase progression representative of both
the center frequency of the filter being implemented as well as a
fine range offset derived from altitude tracking. Square—law de—
tection is accotnplisi ed in a ROM addressed by the magnitude of the
digital filter output.

Altitude tracking operations were conducted in the adap-
tive tracker using detected outputs from the digital filter bank.
The hardware implementat ion of the adap t ive  t racker  was buil t
around a microprocessor with filter bank outputs read out as serial
9—bit words and accumulated (averaged ) for 50 pulse— repetition in—
tervals to provide smoothed waveform samples. The samples were
then accessed by the tracker to close the hei ght tracking , receiver
gain control , and wave—height estimation loops. The flexibility
of the adaptive tracker was also used to format and output basic
measurement data (which included all waveform samples) to the TM
system via an interface and control unit , as well as to interpret
altimeter commands and control the sequencing of the altimeter --
through acquisition , track , and calibration states.
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SAR Data Link

The satellite-borne modulation/transmitter functioned to
J encode the PRF pulse stream so that the SAR timing epochs, corres—

ponding to RF transmission, could be recovered on the ground to
better than 1 us precision. The encoded PRF, STALO, and SAR return
signals were multiplexed into a single 20 MHz S—band telemetry
channel in such a way that the signals could be separated in the
ground equipment. Finally, the composite RF signal was transmitted
at a power level suff ic ient  to ensure that the noise of the ground
receiver did not s ignif icantly degrade recovery of the signals.

The PRF timing information (a, below) is transferred
through the data link in the form of a PRN code. The PRF trans-
mission epochs are used to reset a PRN code generator that produces
a synchronized code output containing 4096 binary bits every PRF

• period . The code—generator clock signal is obtained by fixed divi-
sion of the STALO frequency ; the division factor is slaved to the
PRF rate (selected by command to the SAR sensor) so that the code
divides each IPP into exactly 4096 subintervals regardless of FRF.
This high—resolution time code is used to biphase modulate an L—band
pilot ca rr ier obtaine d by frequency mult i p l l - .ation of the STALO .
The modulator output is RF— summed with the pilot and echo signals
to produce a composite L—band spectrum that is up—converted to
S—band by mixing it with a coherent local—oscillator signal before
amplification.

L band return

~~~~~ ~ }-.-j ~ 1-~~ ~~~ tri~~i~r~~~~ er 
1J~, 

Antenna

STALOJ~Frequency
mu lt ip l Iers J L band pilot

Local oscillator

(a) Data-link spacecraft implementation

The transmitter composite RF output consists of p ilot car-
rier and PRN spread—spectrum signals, which are constant at +14 dBm ,
the the variable SAR echo return . The RF gain of the data—link
components is set so that , at a relatively high input echo level
of 0 dBm , the transmitter output is 5 watts. Since the l—dB gain
compression of the transmitter occurs at 9 watts , It will operate
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in its linear range most of the time . The data—link antenna is a
quadrifilar helix with right—hand circular polarization and gain
greater than 2.5 dB at a 20° ground—station elevation angle.

The major part of the transmitter power, under normal tar—
get situations , is taken up by the SAR echo. Since the echo is
essentially wideband random noise , its density adds directly to the
receiver noise density and become the dominant noise term in the
recovery of the PRF and pilot signals. These signals also represent
interfe rence to the echo signal recovery , but their effect at the
output of the image processor is small compared to that of the re—

• ceiver noise .

The S—band signal is received by the 9—rn dish antenna and
1 amplified 20 dB by the parametric amplifier (b, below). The noise

t emperature of the receiving system is set by the dish/ampl i f ier
combination to about 90 K at a 20 ° elevation angle. The d own—
converter reduces the center frequency of the composite signal to
465.1 MHz by mixing wi th  a s table  1800 MHz LO signal obtained by
mult ip l ication of the 5 MHz station frequency standard . The signal
is then provided to the multifunction receiver (MFR), which phase—
locks to the data—link pilot component and further reduces the
center frequency to 110 MHz. In doing this the coherency of the
signals is destroyed because the doppler shift has been removed
from the center frequency but remains on the modulation. As the
MFR phase—tracks , its LO signal at 132.4 MHz follows the phase
changes of the received pilot that are due to satellite motion.
This signal is provided as a doppler reference to reestablish
coherency of the data—link signals in the demodulator. The MFR
also uses the received pilot to adjust its RF gain so that the
pilot level at 110 MHz is constant . By the AIX action the down—
link atLenuation is removed and the relative signal—level varia-
tions observed at the 110 MHz output are due solely to target cross
section and the geometry of the target link .

9 ‘IPti l
dish ai i t e,1r~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ MH, J MFR lock n ( 1 c I  0

s i t  in —

y
tj i lj r d

(b) STDN portion of data-link ground system
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I The MFR provides four signals to the demodulator , i .e.,
• the 110 MHz IF , the 132.4 MHz doppler reference , a 10 MHz station

reference , and a DC signal indicating the lock status of the MFR.

I The SAR—unique demodulator performs the remaining signal—recovery
functions , which include decoding the PRN code to produce output
PRF pulses , recovery of the STALO , final video down—conversion and

• amplification of the SAR return signal , and coherency correction
• I using the doppler reference from the MFR.

I FLIGH T RESULTS

SEASAT—A was successfully launched into orbit on 27 June

1 1978 (line 55, Table 1). First radar altimeter data taken of sea
conditions on the Atlantic Ocean off the Delaware Bay indicated
wave heights averaging 2 m. The observations were verified by

i measurements of surface conditions collected by aircraft  and the
GEOS—C satellite. On 10 October 1978, a malfunction in the space-
craft electrical system resulted in the termination of all onboard
instrumentation. Prior to this, however , some 69 days of data were
collected and are presently being processed.

High resolution images of the ocean surface showing waves,
icebergs , coastal conditions , and ice leads were returned by the on—
board SAR. The APL—provided microwave data link and ground station
equipment for processing the signals into digital data functioned
as expected. Figure XV II I— 7 shows a SAR image of the Beaufort Sea
area.

Excellent data were also obtained with the radar altimeter.
Figure XVIII—8, which covers a short segment in the Atlantic Ocean ,
plots the difference between the altimeter height reading and a
height derived from the Goddard Earth Model (GEM) lOB. The resid-
ual heigh t data points that result reflect small scale departures
from the geoid model as well as surface features caused by ocean
dynamic processes including currents and tides. The trace is based
on 1 second ( 10—samp le) averages of height data points and demon—
strates the low noise level of the SEASAT—A altimeter. The small-
est division is 20 cut. The striking anomaly associated with the
Puerto Rican Trench and the surface perturbation resulting from
the Gulf Stream can be seen. Under the influence of the Coriolis
force, a surface gradient proportional to the rate of flow and
normal to the direction of flow is generated that forms the basis

- for mapping oceanic currents by altimetry.
- 

The laser retroreflector array was used for accurate
satellite positioning , and the doppler beacon operated satisfactor-
ily to allow precise orbit determination.

--
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I Appendix A

ABBREVIATI ONS AND DEFINITION S

I
i AE Atmosphere Explorer (satellite)

I Al’ Analog Performance
V ASTP Apollo—Soyuz Test Project

• 
0 

BE—B Beacon Explorer—B (satellite)

BPS Bits per Second

BSRC British Science Research Council

CDA Command and Data Acquisition

• CDU Command Distribution Unit

CPU Control Processing Unit
— 

CSM Command System Module

• D/A Digital Analog

DB Doppler Beacon

- DDL Dispersive Delay Line

DFC Data Format Converter

DMA Defense Mapping Agency

DPU Data Processing Unit

DTL Dual Tracking Loop

DODGE Department of Defense Gravity Experiment (satellite)

DPP Digital Performance Parameter

EMR Electro—Mec hanical Research , Inc.

EODAP Earth and Ocean Physics Application Program

EPE Energetic Particles Experiment

ESA European Space Agency

ESS Experiment Support System

ESSA Environmental Sciences Services Administration
(now NOAA)

• FDS Flight Data System

PET Field Effect Transistor

FPB Floating Point Binary

A-3
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FWHM Full-Width Half—Maximum

Geoceiver Geodetic Receiver

GEOS Geodetic Earth Orbiting Satellite

• GEOS Geodynamics Experimental Ocean Satellite

GM Geiger—Mueller

GMT Greenwich Mean Time

CREB Galactic Radiation Energy Balance (satellite)

GSE Ground Support Equipment

GSFC Goddard Space Flight Center

GT Geiger Telescope

HSWS High—Speed Waveform Sampler

HV Host Vehicle

L ID Identification

IMP Interplanetary Monitoring Platform

IUE International Ultraviolet Explorer

IPD Information Processing Division (GSFC)

IPP Interpulse Period

ITOS Improved TIROS Operational Satellite

ITR Inc remen tal Tape Reco rde r

keV Kiloelectron Volts

LECP Low Energy Charged Particle

• LEMPA Low Energy Magnetospheric Particle Analyzer

LEPT Low Energy Particle Telescope

LMSC Lockheed Missiles and Space Co.

LO Local Oscillator

LRA Laser Retroreflec~tor Array

LSS Life Support System

MACS Magnetic Attitude Control System

MESA Miniature Electrostatic Accelerometer

MeV Million Electron Volts

MFR Multifunction Receiver

MS Motion Sensitivity

MSD Multiple Satellite Dispenser

A-4
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1150CC Multisatellite Operation Control Center (GSFC)

NASA National Aeronautics and Space Administration

• 
1 

NAVPAC Navigational Package

-
~~ NNSS Navy Navigation Satellite System

1 NOAA National Oceanic and Atmospheric Administration
(formerly ESSA)

NRL Naval Research Laboratory

-
~ 1 NRZ Nonreturn to Zero

~0 NST North—South Telescope

OFOE Orbiting Frog Otolith Experiment
0~~ OCI Oculogyral Illusion

OTG Otolith Test Goggles

OWS Orbital Workshop

- - PAD Pulse Amplifier and Discriminator

PCA Polar Cap Absorption

- .  
PES Photoelectron Spectrometer

PET Proton Electron Telescope

PD Proton Detector

PPM Particle Flux Monitor
- ‘ PHA Pulse Height Analyzer

1 PMOS Positive Metal Oxide Semiconductor

PMT Photomultiplier Tube

- 7 POD Precision Orbit Determination

- . .  PPS Pulses per Second

- .  PRF Pulse Repetition Frequency

I RAE Radio Astronomy Explorer (satellite)

RB Return to Bias

~ I 
RE Earth Radii

RFI Radio Frequency Interference

RLC Rotating Litter Chair

ROM Read-Only Memory

RRA Retroreflector Array

SAO Smithsonian Astrophysical Observatory
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SAR Synthetic Aperture Radar -

SCO Subcarrier Oscillator -

SDFR SAR Data Formatting and Recording 
-

SDS Scientific Data System

SEL Space Environment Laboratory (NOAA)

SGLS Space Ground Link System (Air Force)

SIN Scientific Instrument Module 
-

SPICE Solar Particle Intensity and Composition Experiment -

(Program)

SPM Solar Proton Monitor

SPME Solar Proton Monitor Experiment

SST Supersonic Transport

STADAN Space Tracking and Data Acquisition Network

0 
STALO Stable Local Oscillator

SUI State University of Iowa

TCG Time Code Generator -

TIROS Television Infrared Observation Satellite

TMTM Two—Minute Time Mark -

TOD Transit—on—Discoverer 
-

TRAAC Transit Research and Attitude Control

TRANET Tracking Network

TRIAD Three bodied (satellite)
• TTL Transistor—Transistor Logic

TWT Traveling Wave Tube -

TWTA Traveling Wave Tube Amplifier -

UCFM Up—Converter Frequency Multiplier -

UVA Ultraviolet Absorption -

UVS Utralviolet Spectrometer

VERLORT Very Long Range Tracking

VLF Very Low Frequency
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