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FORWARD 

This report  summarizes t h e  r e s u l t s  of a design def in i t ion  study of the TIROS 
Operational Ver t ica l  Sounder-Basic Sounder Unit (TOVS/BSU) . The study was 
conducted by Gulton Indus t r ies ,  Incorporated, Data Systems Division , and by 
Beckman Instruments, Incorporated, Advanced Technology Operations, f o r  t he  
National Oceanic and Atmospheric Agency, National Environmental S a t e l l i t e  
Service. 

The pr inc ipa l  object ive of t h e  study w a s  t o  demonstrate t h a t  t h e  s t r ingent  
performance and r e l i a b i l i t y  requirements for an operational sounder could 
be m e t .  
Radiometer, now i n  o r b i t  on NIMBUS 5 ,  the  accuracy requirements are more 
s t r ingent  and t h e  o r b i t  i s  more demanding from a radiometric point of view. 

Although t h e  TOVS/BSU i s  s imi la r  t o  t h e  Infrared Temperature P r o f i l e  

The pr inc ipa l  conclusion of t h e  study i s  tha t  improvements i n  detector  and 
interference f i l t e r  technology, and a unique thermal approach make it poss ib le  
t o  meet the performance requirements with a r e l i a b l e  design. 
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Sect ion  1 - Summary 

PURPOSE AND FUNCTIONS OF THE INSTRUMENT 

The proposed TIROS Operat ional  V e r t i c a l  Sounder-Basic Sounding Unit (TOVS/SSU) i s  a 
h i g h - r e l i a b i l i t y  space f l igh t  instrument f o r  making radiometr ic  measurements f o r  t h e  
deduction of g loba l  atmospheric temperature p r o f i l e s  from t h e  su r face  t o  10  m i l l i -  
bars pressure  a l t i t u d e .  

The TOVS-BSU w i l l  f l y  aboard t h e  TIROS-N s a t e l l i t e  on a 906-nautical  mile  
sun-synchronous o r b i t .  The instrument  p e r f o m s  a s t e p  scan perpendicular  t o  t h e  
s a t e l l i t e ' s  e a r t h  t r a c k  which, i n  conjunct ion wi th  t h e  e a r t h ' s  r o t a t i o n ,  pro- 
v ides  complete e a r t h  coverage. The instrument  field-of-view i s  small, providing 
t h e  high r e s o l u t i o n  requi red  t o  obta in  u s e f u l  soundings i n  t h e  presence of p a r t i a l  
cloud coverage. The intended u s e f u l  l i f e t i m e  of  t h e  instrument i s  two yea r s .  

The BSU measures r a d i a t i o n  leaving  t h e  e a r t h ' s  atmosphere i n  t h e  near  and 
in te rmedia te  i n f r a r e d  reg ions  of t h e  electromagnet ic  spectrum. The instrument 
measures t h e  r a d i a t i o n  emerging from t h e  t o p  of  t h e  atmosphere i n  s e v e r a l  spec- 
t r a l  i n t e r v a l s  ranging from t h e  cen te r  of a molecular absorp t ion  band out t o  t h e  
wing of t h e  band. Thermal energy measured near  t h e  opaque band c e n t e r  a r i s e s  
from higher  a l t i t u d e s  because of  t h e  atmospheric absorpt ion of t h e  energy emi t ted  
a t  lower l e v e l s .  Energy measured i n  t h e  wing of an absorp t ion  band comes from 
lower a l t i t u d e s  because of  t h e  h igher  t ransparency  of t h e  upper atmosphere. If 
t h e  d i s t r i b u t i o n  of  t h e  absorbing gas i s  known, t h e  measured v a r i a t i o n  of outgoing 
r a d i a t i o n  with wavelength can be i n t e r p r e t e d  i n  terms of  t h e  v a r i a t i o n  of atmos- 
pher ic  temperature  wi th  a l t i t u d e .  

Measurements 
made i n  t h e  1 5  pm C02 absorp t ion  band provide t h e  b a s i c  rad iance  data f o r  genera- 
t i n g  a temperature sounding. 
region ( 7 )  provides  compa t ib i l i t y  wi th  mult i - layered atmospheric modeling p rogram 
Measurements i n  o t h e r  s p e c t r a l  regions provide f o r  c e r t a i n  c o r r e c t i o n s  t o  be  made 
t o  t h e  above radiance measurements. The e f f e c t  of ozone absorp t ion  a t  14.3 pm 
can be  cor rec ted  by determining atmospheric ozone content  using radiance data from 
t h e  9.6 vm band. 
of a moisture p r o f i l e  which i s  i n  t u r n  u s e f u l  for f u r t h e r  c o r r e c t i o n s .  

of 1.125 degrees t o  provide f o r  sounding i n  t h e  presence of p a r t i a l  cloud cover. 
Smith has shown t h a t  i f  ad jacent  FOV elements have a d i f f e r e n t  percentage of Cloud 
cover ( l i k e l y  f o r  small FOV's) then  a so lu t ion  f o r  t h e  average 
nee may be obtained.  When clouds e x i s t  i n  a FOV t h e  3.8 um and 11 u m  b r igh tness  
temperatures  d i f f e r .  Small FOV's a r e  necessary t o  make it l i k e l y  t h a t  t h e  average 
does not  d i f f e r  much from e i t h e r  FOV " c l e a r  column" rad iance .  The de tec to r - s igna l  
Processing system mst provide d a t a  from adjacent  FOVs t h a t  i s  s t a t i s t i c a l l y  in- 
dependent i n  order  f o r t h e  above s o l u t i o n  t o  be  v a l i d .  

The t a b l e  opposi te  i n d i c a t e s  the s p e c t r a l  reg ions  of i n t e r e s t .  

The r e l a t i v e l y  l a r g e  number of channels i n  t h i s  

Measurements i n  t h e  water  vapor r o t a t i o n  bands allow determinat ion 

The window channels func t ion  i n  conjunct ion with t h e  s m a l l ,  half-power (mv) 

1' c l e a r  column" radi- 
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SPECTRAL REGIONS OF INTEREST 

surements in the listed spectral regions allow the deduction 
ic temperature profile at pressure altitudes from 10 to 1000 

Band Function 
__.-- -. - A (w) 

3 . 8  IR Atmospheric Window Sur face Temperature 
4 . 3  C02 Absorption Temperature Profile 
9 . 6  03 Absorption Ozone Profile 
11.1 IR Atmospheric Window Surface Temperature 
15 C02 Absorption Temperature Profile 
18-30 Water Vapor Rotation Bands Moisture Profile 
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S e c t i o n  1 - Summary 

SUMMAKY OF PRINCIPAL DESIGN KEQUIKEMENTS 

Very a c c u r a t e  r ad iomet r i c  measurements i n  14 channels  which cover t h e  important  
s p e c t r a l  bands wi th  a c c u r a t e  r e g i s t r a t i o n  of t h e  f i e l d s  of view of each channel  
must be made t o  o b t a i n  s a t i s f a c t o r y  atmospheric  soundings. 

S p e c t r a l  r ad iance  measurements are requ i r ed  a t  14 d i f f e r e n t  wavelengths t o  
o b t a i n  soundings of  t h e  atmospheric temperature  and moisture  p r o f i l e s .  The 14 
channels  used t o  o b t a i n  t h e  soundings l i e  i n  t h e  s p e c t r a l  wavelength range from 
3 . 8  t o  29 pm, and have t h e  c l o s e l y  s p e c i f i e d  c e n t e r  wavenumber and s p e c t r a l  
bandwidths given i n  Table  1. From 11 t o  15 p (channels  4-11) t h e  r equ i r ed  
s p e c t r a l  bandwidth i s  on ly  about 2 pe rcen t .  Channel 11 i s  loca ted  a t  t h e  
narrow maximum of t h e  C 0 2  abso rp t ion  (Q-branch). Because of t h e  h igh  abso rp t ion  
a t  t h i s  wavelength,  t h i s  channel can  see only  t h e  h i g h e s t  a l t i t u d e s .  The chan- 
n e l  bandwidth must be made s m a l l  t o  correspond t o  t h e  narrowness of  t h e  
abso rp t ion  band. 

The mois ture  p r o f i l e  channels  (12 ,  13,  14) have longer  wavelengths (18.8 - 
29.0 pm). E s p e c i a l l y  a t  29 p, advanced i n t e r f e r e n c e  f i l t e r  technology and t h e  
u s e  of somewhat d i f f e r e n t  imaging techniques  are necessary  t o  provide t h e  
d e s i r e d  s e l e c t i o n .  

which t h e  measurements i n  t h e s e  channels  must be made, Measurements i n  each 
channel  must be made wi th  t h e  accuracy l i s t e d  i n  Table  11. 
scale rad iance  i s  s p e c i f i e d  t o  be t h a t  of a 330°K blackbody, t h e  accuracy 
t y p i c a l l y  r equ i r ed  corresponds t o  only  0.05-0.1% of f u l l  scale, o r  t o  a noise-  
equ iva len t  temperature  d i f f e r e n c e  of about  0.08"K (worst  case, channel 4 ) .  

m i r r o r  emiss ions ,  p r o v i s i o n  must be made f o r  p e r i o d i c  c a l i b r a t i o n  by t h e  viewing 
of space and t h e  c a l i b r a t i o n  blackbody. 

re la t ive  e r r o r  between t h e  po in t ing  d i r e c t i o n  of t h e  va r ious  channels  must be 
less than  0.01 degree t o  a t t a i n  t h e  d e s i r e d  r e g i s t r a t i o n  and independence of 
measurements. The o p t i c s  and t h e  e l e c t r o n i c s  must be designed t o  prevent  
d e t e c t a b l e  c r o s s t a l k  between channels  o r  memory from scene t o  scene .  

view, weight ,  and envelope, i t  i s  necessary  t o  d e s i g n  a l i g h t  c o l l e c t i o n  and 
d e t e c t i o n  scheme having a very  low no i se -equ iva len t  s p e c t r a l  r ad iance  and a very  
h igh  r e j e c t i o n  of s t r a y  l i g h t .  It i s  a l s o  necessary  t o  pay c l o s e  a t t e n t i o n  t o  
thermal e f f e c t s  which might; induce e r r o r s  between channels  a f t e r  t h e  i n - f l i g h t  
c a l i b r a t i o n .  
t h e  s u n l i g h t  t o  e n t e r  d i r e c t l y  i n t o  t h e  scanner  c a v i t y  du r ing  a s u b s t a n t i a l  
p o r t i o n  of t he  TIROS o r b i t  a t  c e r t a i n  t i m e s  o f  t h e  y e a r ,  l ead ing  t o  temperature  
v a r i a t i o n s  w i t h i n  t h e  ins t rument .  
f l i g h t  c a l i b r a t i o n  blackbody tempera tures  are e s s e n t i a l ,  and t h e  thermal  and 
o p t i c a l  des ign  must a s s u r e  t h a t  o t h e r  temperature  v a r i a t i o n s  do n o t  l e a d  t o  
unacceptable  d r i f t s .  
o f  t h e  allowed 100-ms measurement i n t e r v a l  and must retrace a t  n e a r l y  100 Pul ses  
pe r  second t o  provide t h e  8.0-second l i n e  per iod  r e q u i r e d .  It must o p e r a t e  con- 
t i n u o u s l y  f o r  two yea r s .  

t a i n e d  i n  NOAA/NESS S p e c i f i c a t i o n  10040-101, Technica l  S p e c i f i c a t i o n  f o r  a 
Design Study of t h e  TIROS Opera t iona l  Vertical Sounder (TOVS) , Revis ion  B y  datxd 
1 /31/72 .  

The most important  des ign  requirement i s  t h e  s t a b i l i t y  and accuracy wi th  

Because t h e  f u l l -  

To e l i m i n a t e  e r r o r s  from d e t e c t o r  s e n s i t i v i t y  changes,  s t r a y  l i g h t ,  and 

The o p t i c a l  system i s  r equ i r ed  t o  ma in ta in  a p r e c i s e  alignment because t h e  

To  achieve  t h e  r equ i r ed  accuracy w i t h i n  t h e  s t a t e d  c o n s t r a i n t s  on f i e l d  of 

The l o c a t i o n  of t h e  BSU on t h e  sunny s i d e  of t h e  s p a c e c r a f t  a l lows 

S t a b i l i t y  and a c c u r a t e  measurement of t h e  i n -  

The scanner  must s t e p  and se t t le  a c c u r a t e l y  i n  a f r a c t i o n  

The d e t a i l e d  performance requirements  f o r  t h e  Basic Sounder Unit  are Con... 

The r e a d e r  should c o n s u l t  t h i s  s p e c i f i c a t i o n  f o r  f u r t h e r  d e t a i l s .  

1-2 
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TABLE I. TOVS-BSU SPECTRAL CHANNEL A ~ S I G ~ N T S  
The narrow bandwidth at the absorption maximum at 669 cm-' is a particularly 
critical requirement, since it permits accurate high-altitude soundings. 

Centroid Wave Spectral Band- 
Channel No. Number cm-1 width cm-1 Function 

1 2700 + l o  300 2 50 Infrared Atmospheric Window 
2 2350 + 4 50 3: 5 Temperature Profile 
3 1030 rt 4 25 5 3 Ozone Correction 
4 899 2 15 + 4, -1 Infrared Atmospheric Window 
5 750 C 1 15 + 4, -1 Temperature Profile 
6 735 5 1 15 + 4, -1 Temperature Profile 
7 715 k 1 15 + 4, -1 Temperature Profile 
8 700 k 1 15 + 4, -1 Temperature Profile 
9 690 k 1 15 + 4, -1 Temperature Profile 
10 675 k 1 15 + 4, -1 Temperature Profile 
11 669 k 0.5 3.5 +1.0, -0.5 Temperature Profile 
12 532 k 2 25 3: 5 Moisture Profile 
13 432 + 2 25 3: 5 Moisture Profile 
14 340 k 2 25 2 5 Moisture Profile 

TABLE 11. DESIGN REQUIRW3NTS FOR TOVS-BSU 
_ _  - - - 

Very high radiometric accuracy is required to get satisfactory temperature 
profiles. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Full-scale Radiance 

Noise Spectral Radiance, Relative 
Error Between Channels, Scene-to- 
Scene Memory 
Absolute Accuracy 

Field of View 

Relative Field-of-View Alignment 
Channel-to-Channel Cross Talk 
Maximum Weight 
Maximum Envelope 
In-Flight Calibration Method 

Scanner - No. of Steps 

- Step and Dwell Period - Scan and Retrace 

Equivalent to that from 330°K.. 
blackbody. 
0.15 Ch 3-14, 0.02 Ch 2 ,  0.003 
Ch 1, (mW/m2-sr-crn'l) 

2 rtl .O required (mW/m -sr-cm-') 
k0.5 design goal (W/m -sr-cm-') 
1.125 degrees (50% power) 
1.25 degrees (9W0 power) 
1% of 5W0 FOV, or 0.01125 degree 

2 

-60 dB 
45 lb 
24 x 12 x 14 in. 
Space and calibration blackbody 
look. 

36 steps, each 1.125 degrees, or 

100 ms 
8.0 s 

each side of nadir 

0 Digital Resolution 11 bits, with sign and parity 
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Sec t ion  1 - Summary 

KEY FEATURES OF THE: INSTRUMENT DESIGN 

The o p t i c s  and e l e c t r o n i c  des ign  of t he  TOVS-BSU fo l low t h e  approach proven on 
t h e  ITPR instrument  on NIMBUS-5. The des ign  of t he  scanner  i s  improved, a l though 
similar i n  concept .  These des igns  r e s u l t  i n  a n  instrument  t h a t  provides  t h e  
d e s i r e d  performance. 

A s  shown i n  t h e  instrument  b lock  diagram t h a t  fo l lows ,  l i g h t  r e f l e c t e d  
from the  scan mi r ro r  e n t e r s  one of seven r e f l e c t i n g  t e l e scopes  which image t h e  
d i s t a n t  scene onto  a f i e l d  s t o p  t h a t  determines t h e  FOV.  Th i s  l i g h t  i s  chopped 
by a r o t a t i n g  d i s c .  Each t e l e scope  con ta ins  a d i c h r o i c  beam s p l i t t e r  t o  d i v i d e  
t h e  chopper l i g h t  i n t o  two beams which are s e p a r a t e l y  f i l t e r e d  and imaged on 
uncooled, bu t  t empera tu re - s t ab i l i zed ,  p y r o e l e c t r i c  d e t e c t o r s .  

a complete r o t a t i o n  once each 100-ms scene t i m e  ( s h a f t  speed 600 rpm). To 
achieve a chopping frequency which provides  t h e  lowest  d e t e c t o r  n o i s e ,  t h e  t e l e -  
scopes are arranged i n  two r i n g s ,  each having f o u r  p o s i t i o n s ,  so  t h a t  a 40-Hz 
chopping frequency i s  a t t a i n e d  w i t h  two t r a c k s  of f o u r  a p e r t u r e s  each .  There 
is  one spare  p o s i t i o n .  To opt imize  t h e  channel s e n s i t i v i t i e s ,  one group of f o u r  
t e l e scopes  has  an  80-mm a p e r t u r e ,  whi le  t he  o t h e r  group of t h r e e  has  a 61-m 
a p e r t u r e .  To achieve a s t a b l e  ze ro  r e f e r e n c e ,  t h e  chopper i s  n o t  made b l ack  
b u t  r a t h e r  r e f l e c t s  t h e  l i g h t  of a r e fe rence  blackbody onto  t h e  d e t e c t o r  du r ing  
t h e  per iod  when t h e  scene i s  blocked.  
e r r o r s  from chopper temperature  v a r i a t i o n  on t h e  sun-drenched TIROS o r b i t .  

u se  of a Cassegra in ian  t e l e scope .  The secondary m i r r o r  of t h e  t e l e scope  i s  
imaged on t h e  d e t e c t o r  by a l e n s .  The c e n t r a l  zone of t h e  secondary m i r r o r  
(which f aces  t h e  a p e r t u r e  i n  t h e  primary m i r r o r )  i s  made concave t o  image t h e  
d e t e c t o r  on i t s e l f  and r e j e c t  s t r a y  r a d i a t i o n  from t h e  f i e l d  s t o p .  

The low noise-equiva len t  r ad iance  d e s i r e d  i s  a t t a i n e d  by t h e  u s e  of  tri- 
g lyc ine  s u l f a t e  p y r o e l e c t r i c  d e t e c t o r s  wi th  i n t e g r a l  p r e a m p l i f i e r s .  
temperature  of t hese  d e t e c t o r s  i s  c o n t r o l l e d  a t  3 5 ° C .  The chopper s i g n a l  i s  
ampl i f i ed ,  demodulated, and f i l t e r e d  us ing  a s e p a r a t e  i n t e g r a t o r  f o r  each chan- 
n e l .  
r e f e rence  pickup on t h e  chopper.  
o f  memory e f f e c t s  by s e l e c t i o n  of  t i m e  cons t an t s  i n  t h e  s igna l -hand l ing  cha in .  
The d a t a  i s  d i g i t i z e d  by an  11 -b i t  b i p o l a r  c o n v e r t e r .  

The scanning mechanism employs a s ize-15  motor and a size-3C harmonic d r i v e  
t o  achieve  t h e  d e s i r e d  s t epp ing  performance. Th i s  des ign  i s  d i f f e r e n t  i n  d e t a i l  
from t h a t  used i n  t h e  ITPR, bu t  similar i n  concept .  Important  d i f f e r e n c e s  i n -  
c lude  t h e  use  o f  a low- ine r t i a  d r i v e  t o  reduce torque  requi rements ,  a new d e s i g n  
f o r  t h e  e l e c t r o n i c  d r i v e  c i r c u i t ,  and a new assembly procedure which a l lows  easy  
assembly of t h e  pos i t i on - sens ing  s h a f t  encoder and which provides  s h a f t s  f o r  Use 
i n  checking motor torque i n  p l a c e .  

i s  a l s o  synchronized t o  t h e  scanner  by means of  a phase-locked loop which a s s u r e s  
cons t an t  phasing of t he  s i g n a l s  and readout .  The i n t e g r a t i o n  per iod  is  75 m i l l i -  
seconds.  
of t h e  scene-blocking o f  t he  40-Hz chopper.  

en t r ance  of s u n l i g h t  i n t o  t h e  mi r ro r  c a v i t y .  
m i r r o r  p reven t s  t h e  sun from reaching  t h e  c a l i b r a t i o n  blackbody, and n e a r l y  
completely s h i e l d s  t h e  m i r r o r  i t s e l f .  Even w i t h  t h i s  shade, t h e  housing must 
be made h e a v i e r  t o  conduct h e a t  t o  r a d i a t o r  pane ls  used t o  re ject  t h e  s o l a r  heat: 
and t h e  h e a t  from the  e l e c t r o n i c s ,  which i s  a l l  l oca t ed  i n  t h e  rad iometer  housing 

To avoid p o s s i b l e  scene-to-scene v a r i a t i o n s  i n  chopping, t h e  chopper makes 

Th i s  proven des ign  i s  necessa ry  t o  prevent  

The r equ i r ed  angu la r  r e s o l u t i o n  and s t r a y  l i g h t  r e j e c t i o n  are a t t a i n e d  by 

The 

The demodulation i s  synchronized by a s i g n a l  de r ived  from an  o p t i c a l  phase- 
P a r t i c u l a r  a t t e n t i o n  is  pa id  t o  t h e  e l i m i n a t i o n  

Data process ing  ope ra t ions  are synchronized w i t h  t h e  scanner .  The chopper 

A scanner  s e t t l i n g  t i m e  o f  37.5 mi l l i s econds  i s  obta ined  by making use  

Thermal c o n t r o l  of  t h e  instrument  i s  p a r t i c u l a r l y  c r i t i c a l  because of 
A sunshade c a r r i e d  by t h e  scan  
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This design approach has been 
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S e c t i o n  1 - Summary 

ARRANGEMENT OF THE INSTRUMENT 

'rile ‘l‘OVS-lrSIl, Wlllc .1;  i s  n s c n n n i l l ~  rtldlulnc’tcr, C o n s I S t s  t’:;sl’llt I t 1 1  I s  II l*cllrl I -  
I < * v c ~ ~ - c ~ c l  : i t  1 - t t C l t 1 1 - c ’  n1c> l111 tc \ c l  011  t l \ c x  t ~ ~ ~ c l e ~ ~ ~ i d c  t 3 f  t l l ~  s p i l c * i ~ L * i . ; l I ~ t  I1 ip,llt . A I : I I * ~ , C .  
v i e w i n g  p o r ~  on iLs ~ O L L O I I I  p e r m i t s  t he  instrument  t o  perforin a s t c p - w i s e  scan 
back and r o r t h  about the s p a c e c r a f t  s u b o r b i t a l  t r a c k .  The instrument  a l s o  has  a 
space-look func t ion  du r ing  which it looks a t  space above t h e  limb of t h e  e a r t h ,  
on i t s  r i g h t  o r  a n t i - s u n  s i d e .  

A c r o s s - s e c t i o n a l  view o f  t h e  TOVS-BSU i s  shown i n  t h e  accompanying f i g u r e .  
It c o n s i s t s  e s s e n t i a l l y  of a main frame t o  which va r ious  f u n c t i o n a l  sub- 
assembl ies  are a t t a c h e d .  The instrument  i s  organized wi th  t h e  o p t i c a l  sub- 
assembly a t  t h e  f r o n t  end and t h e  scanner  subassembly a t  t h e  rear. The scanner  
subassembly c o n s i s t s  o f  a l a r g e  45-degree m i r r o r  t h a t  r o t a t e s  incrementa l ly  
about an  axis p a r a l l e l  t o  t h e  r o l l  a x i s ,  a d r i v e  mechanism, and an encoder f o r  
m i r r o r  p o s i t i o n  sens ing .  The e l l i p t i c a l  scan  m i r r o r  i s  o f  bery l l ium,  wi th  a 
gold r e f l e c t i v e  c o a t i n g .  Because of t h e  i n s u l a t i o n  problems presented  by t h e  
TIROS N o r b i t ,  t h e  scan  m i r r o r  has  a sunshie ld  which i s  e s s e n t i a l l y  a l a r g e ,  
thin-wal led c y l i n d e r  wi th  c u t o u t s  f o r  t h e  en t r ance  and e x i t  beams. 

p o r t i o n  of t h e  ins t rument .  The d r i v e  source  i s  a permanent magnet s t e p p e r  
motor of 90-degree s t e p  ang le .  Speed r e d u c t i o n  between t h e  d r i v e  motor and 
t h e  m i r r o r  s h a f t  i s  achieved by t h e  use  of a harmonic d r i v e  gea r  r educe r .  Th i s  
i s  a unique power t ransmiss ion  dev ice  which y i e l d s  high-speed r educ t ion  i n  a 
s i n g l e  pass  wi th  extremely low backlash a t  t h e  ou tpu t  s h a f t .  It i s  a com- 
m e r c i a l l y  manufactured product  and has  been proven i n  both  i n d u s t r i a l  and aero-  
space a p p l i c a t i o n s ,  such as i n  t h e  Apollo Lunar Rover. I n  a d d i t i o n  t o  t h e  
harmonic d r i v e ,  t he  scanner  housing con ta ins  t h e  s h a f t  encoder ,  which g ives  
scanner  p o s i t i o n  informat ion ,  

descr ibed  space look p o s i t i o n  and an i n t e r n a l  c a l i b r a t i o n  p o s i t i o n .  I n  t h i s  
p o s i t i o n  t h e  scanner  looks s t r a i g h t  up a t  t h e  upper p o r t i o n  of t h e  ins t rument  
housing.  I n  t h i s  area is  mounted an  a r r a y  of  blackbody cavi t ies .  These c o n s i s t  
of  an  i so thermal  monometallic p l a t e  whose temperature  i s  a c c u r a t e l y  monitored.  
The p a t t e r n  of t h e  blackbodies  matches t h e  p a t t e r n  of  t h e  p a r a l l e l  t e l e scopes  
i n  t h e  o p t i c s  deck. 

ins t rument .  It c o n s i s t s  of t h e  t e l e scope  a r r a y  ( f o r  o p t i c s )  and the  thermal ly  
c o n t r o l l e d  a f t  o p t i c s  housing,  on which are mounted t h e  d e t e c t o r - p r e a m p l i f i e r  
u n i t s  and t h e i r  a s s o c i a t e d  o p t i c a l  components. Between t h e  f o r e  and a f t  o p t i c s  
i s  loca ted  t h e  r e f l e c t i v e  chopper wheel.  

a gold c o a t i n g .  
wheel has  two active d iame te r s .  Each d iameter  c o n s i s t s  of a t o r o i d a l  r e f l e c t i n g  
s u r f a c e ,  w i t h  e q u a l l y  spaced c u t o u t s .  The t o r o i d a l  r e f l e c t i v e  s u r f a c e s  image 
t h e  blackbody c a v i t i e s  on t h e  d e t e c t o r s .  
h o l e s  machined i n  t h e  housing,  which are a c c u r a t e l y  tempera ture-cont ro l led .  

r i g i d i t y  and thermal  s t a b i l i t y .  It h a s  s u r f a c e s  f o r  mounting t h e  subassemblies  
t h a t  have been d i scussed ,  as w e l l  as t h e  instrument  e l e c t r o n i c s .  The e l e c t r o n i c s  
are mounted i n  convenient  areas, p r i m a r i l y  i n  t h e  upper p a r t  o f  t h e  ins t rument  
housing where pockets  are provided f o r  t h i s  u s e .  The upper p a r t  of t h e  hous ing  
a l s o  has  ears f o r  mounting t h e  package t o  t h e  s p a c e c r a f t ,  and an  area f o r  space-  
c r a f t  i n t e r f a c e  e lectr ical  connec tors .  

The m i r r o r  s h a f t  i s  c a r r i e d  i n  bea r ings  i n  a housing a t t ached  t o  t h e  rear 

For c a l i b r a t i o n ,  t h e  scanner  can  be commanded t o  s t e p  t o  both  t h e  p rev ious ly  

The o p t i c s  subassembly i s  a sepa rab le  u n i t  mounted i n  t h e  f r o n t  of t h e  

The r e f l e c t i v e  chopper wheel,  l i k e  t h e  o t h e r  r e f l e c t i v e  elements ,  employs 
Because of t h e  two d iameters  of t h e  t e l e scope  a r r a y ,  t h e  chopper 

The blackbody cavi t ies  are blackened 

The instrument  housing i s  an aluminum c a s t i n g ,  designed p r i m a r i l y  f o r  
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TOVS-BSU INSTRUMENT m I G H T  BREAKDOWN 

The b a s i c  dimensions of the  instrument  package are:  24 inches long,  14 
inches  deep,  and 12  inches wide,  with a wider (14-inch) area a t  t h e  top  
for t h e  mounting tabs .  A t a r g e t  weight of 45.0 pounds can be reached f o r  
t h e  complete BSU, a l l o c a t e d  t o  the  va r ious  assemblies  i temized.  

I Unit Weight ( l b )  

Housing 

Scanner Sub ass emb 1 y 

13.5 

7 . 3  

Opt ics  Subassembly 12.4 

Housing Blackbody Subassembly 

E l e c t r o n i c s  

1.5 

7 .O 

Covers 1.3 

2 .o 
T o t a l  45 .0  

Hardware, Connectors,  Cabling - 
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Section 1 - Summary 

RELATION TO PREVIOUS INSTRUMENT 

The TOVS is a radiometer based on the Infrared Temperature Profile Radiometer (ITPR) 
design. The ITPR is a seven-channel instrument operating aboard the NIMBUS 5 space- 
craft. While the designs are conceptually similar, the detailed designs differ 
because of different environmental and spacecraft constraints. 

Each ITPR channel simultaneously views a 1.8-degree FOV, which corresponds 
to a 20-nautical-mile-diameter field at the subsatellite point. A cross-course 
step-scan mirror assembly covers three grids, each consisting of 14 FOVs and 10 
scan lines. One is to the left of the subsatellite track, one about the center, 
and the third to the right. The scan drive uses a permanent magnet stepper motor 
and harmonic drive to provide 1.8-degree step increments. An 11-bit encoder re- 
solves all look angles, including space and housing calibration positions. 

except for channels 1 and 2 ,  which share one telescope with a dichroic beam 
splitter for channel separation. The seven channels are separated into two 
"window" channels, one water vapor channel , and four carbon dioxide absorption 
channels for temperature profiling. The channel assignment, spectral band and 
comparison with the TOVS requirements are shown in the facing table. 

Secondary optics focus the scene radiance onto triglycine sulphate (TGS) pyro- 
electric detectors. During the blocked portion of the chopped scene, the 
detector views a reference blackbody cavity, which is maintained at the same 
temperature as the detector assemblies. 

The ITPR optical system consists of one Cassegrainian telescope per channel, 

In the ITPR, scene radiances are modulated at 25 Hz by a rotating chopper. 

Instrument calibration is achieved by viewing "space" and housing blackbodies. 
The major portion of the ITPR electronics is in a separate 3/3 NIMBUS 

module. Only detector amplifiers and chopper drive electronics are in the radio- 
meter housing. 

The TOVS instrument will include a l l  the electronics and the radiometer in 
one structure. The ITPR radiometer and electronics weighed 37 pounds. The TOVS 
weight objective is 45 pounds. 

are major differences in operating environment which will affect the TOVS design. 
The ITPR operates in a nominal 500-nautical-mile, sun-synchronous polar orbit 
with a 12 noon ascending node. In this orbit the ITPR is exposed to the sun 
only briefly, over the poles. The TOVS will operate in a 906-nautical-mile orbit 
with an inclination of 103 degree and a 3-pm ascending node. In its orbit, unlike 
the ITPR, one side of the TOVS can be exposed to the sun at all times, and the 
sunlight can directly enter the mirror cavity over a large portion of the orbit. 
The higher thermal loading from the sun and the inclusion of the electronics in 
the radiometer unit impose severe design requirements on the TOVS. 

While the ITPR and TOVS are similar in configuration and function, there 
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Sec t ion  2 - Study Program 

SLTFQIARY OF STUDY PROGRAM 

The p r i n c i p a l  purpose of t h e  s tudy  was t o  examine the  f e a s i b i l i t y  of a conceptua l  
des ign  of t h e  TOVS-BSU. A l l  s tudy  g o a l s  were accomplished, and t h e  d e t a i l e d  con- 
c l u s i o n s  show t h a t  a v i a b l e  o p e r a t i o n a l  ins t rument  can be b u i l t  us ing  p a r a l l e l  
t e l e s c o p e s  and d i c h r o i c  b e a m s p l i t t e r s .  

Purpose and Scope of t he  Study, The purpose of  t h e  TOVS-BSU s tudy  was t o  
e s t a b l i s h  a conceptua l  des ign  f o r  a sounder ins t rument  us ing  p a r a l l e l  t e l e s c o p e s  
and s p e c t r a l  s e l e c t i o n  by means of  i n t e r f e r e n c e  f i l t e r s  and-d ich ro ic  b e a m s p l i i t e r s ,  
as  well  as  t o  examine t h e  f e a s i b i l i t y  of t h a t  des ign  by means of  tests and a n a l y s e s  
d i r e c t e d  at' uncovering c r i t i c a l  d e s i g n  problems. 

Although t h e  s tudy  d i d  n o t  inc lude  a d e t a i l e d  des ign  of t h e  e n t i r e  i n s t r u -  
ment ,  d e t a i l e d  des ign  of t h e  o p t i c s ,  s canne r ,  d e t e c t o r  p r e a m p l i f i e r ,  and ana log  
s i g n a l  channel  was r e q u i r e d .  The d e t e c t o r  p r e a m p l i f i e r ,  one o p t i c a l  t e l e s c o p e  
wi th  a p p r o p r i a t e  f i l t e r s ,  and t h e  scan mechanism were f a b r i c a t e d  and t e s t e d ,  

Table I. Sepa ra t e  sub ta sk  r e p o r t s  were submit ted f o r  s i x  sub ta sks ,  a s  shown. 
%he presen t  r e p o r t  summarizes and updates  t h e  e s s e n t i a l  r e s u l t s  o f  t h e s e  sub- 
t a s k  s tudy  r e p o r t s .  Seve ra l  sub ta sks  were deemphasized dur ing  t h e  course  of 
t h e  s tudy ,  and t h e i r  resu l t s  a r e  inc luded  i n  o t h e r  r e p o r t s .  The scan  p a t t e r n  was 
found t o  be almost  un ique ly  s p e c i f i e d  by t h e  requi rements  of t h e  Global  Atmos- 
p h e r i c  Research Program. The scan p a t t e r n  desc r ibed  i n  t h e  r e p o r t  was adopted 
e a r l y  i n  t h e  s tudy  by agreement between t h e  c o n t r a c t o r s  and NOAA. The systems 
i n t e r f a c e  s tudy  r e q u i r e d  on ly  a p re l imina ry  d e f i n i t i o n  of t h e  mechanica l ,  thermal  
and e l e c t r i c a l  i n t e r f a c e ,  s i n c e  the  d e t a i l e d  s p a c e c r a f t  des ign  has  not  been chosen. 

S i p n i f i c a n t  Accomplishments of t h e  Study, A l l  of t h e  s tudy  sub ta sks  were 
completed. Extens ive  d e t e c t o r  and PET t e s t i n g  e s t a b l i s h e d  t h e  p r e s e n t  l i m i t s  of 
p y r o e l e c t r i c  d e t e c t o r  technology f o r  t he  TOVS-BSU a p p l i c a t i o n ,  

A complete a n a l y s i s  of t h e  o p t i c a l  des ign  was v e r i f i e d  by tes ts  made on a 
p r e c i s i o n  mockup of two channels ;  c r i t i c a l  f i l t e r s  and b e a m s p l i t t e r s  were pro-  
cured  and t e s t e d .  
as des igns  of t h e  scan  d r i v e  c i r c u i t  and t h e  c o n t r o l  l o g i c ,  The scan mechanism 
was des igned ,  breadboarded, and t e s t e d ,  A thermal  des ign  and a n a l y s i s  was com- 
p l e t e d ,  and r a d i o m e t r i c  e f f e c t s  from o p t i c a l  component tempera ture  changes were 
computed. A l l  o t h e r  e l e c t r o n i c  and mechanical  systems were s t u d i e d .  P a r t i c u l a r  
a t t e n t i o n  was pa id  t o  t h e  des ign  of  t h e  housing and s t r u c t u r e  t o  o b t a i n  accurate 
weight  estimates, and t o  a complete d e s c r i p t i o n  of t h e  e l e c t r o n i c s  t o  o b t a i n  
a c c u r a t e  power estimates. The r e s u l t s  were r e p o r t e d  i n  t h e  s i x  sub ta sk  r e p o r t s .  
A pre l imina ry  v e r s i o n  o f  t h i s  r e p o r t  was provided as  inpu t  t o  a des ign  review h e l d  
13 and 14 February 1973, a t  Albuquerque, N e w  Mexico. 

P r i n c i p a l  Conclusions of  t h e  Study, The p r i n c i p a l  q u a l i t a t i v e  conc lus ions  of 
t h e  s tudy  a re  shown i n  Table 11. Because of improvements i n  FET technology,  pyro- 
e lectr ic  d e t e c t o r  s e n s i t i v i t y  i s  now l i m i t e d  by i n t e r n a l  mechanisms r a t h e r  than by 
e l e c t r o n i c  n o i s e  (at  an optimum chopping f requency) .  The o p t i c a l  des ign  images 
enough l i g h t  on t h e s e  d e t e c t o r s  t o  come ve ry  c l o s e  t o  t h e  des ign  goa l  (wi th in  a 
f a c t o r  of  1.11). 
ponents  can be c o n t r o l l e d  well enough t h a t  b a r e l y  d e t e c t a b l e  changes i n  s i g n a l  
l e v e l s  occur  between c a l i b r a t i o n s .  
c r i t i c a l  components a r e  a l s o  w i t h i n  s p e c i f i c a t i o n s .  
test e f f o r t  shows t h a t  i t  i s  p o s s i b l e  t o  b u i l d  a l i g h t w e i g h t ,  r e l a t i v e l y  low 
power scanner  which meets t h e  s t epp ing  requi rements .  
mechanical systems des ign  shows t h a t  t h e s e  g o a l s  can be m e t  w i th  t h e  a l l o t t e d  
weight and power. 

Study Subtasks,  The s tudy  was organized  i n t o  sub ta sks  as  shown i n  t h e  

A preampl i f i e r  and ana log  channel  des ign  was completed as w e l l  

The thermal  a n a l y s i s  shows t h a t  t h e  tempera ture  changes of com- 

The o p e r a t i n g  and nonopera t ing  tempera tures  Of 

The scan  mechanism d e s i g n  and 

F i n a l l y ,  t h e  e l e c t r o n i c  and 
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TABLE I. STUDY SUBTASKS 

The present report summarizes the results of the following subtasks. 

Subtask Notes 
Detector Study * 
Optical and Radiometric Design Jr 

Analog Electronic Channel * 

Scan Mechanism and Drive Circuit Design 
TOVS Control Logic * 
Thermal Design * 

Scan Program and Pattern 
* 

Systems Interface Study 
Systems Design Study 

*Separate study report submitted 

TABLE 11. SIGNIFICANT CONCLUSIONS OF THE STUDY 
These results show that the TOVS-BSU is a viable operational 
instrument. 

0 Filter and Dichroic Performance Satisfactory 
0 Detector Noise Intrinsic, acceptable 
0 Radiometric Error 
0 Thermal Behavior 

Close to design goal 
Satisfactory 

0 Calibration Frequency Adequate 

0 Scanner Performance Sa t is factory 
0 Weight Allowance Adequate 

0 Power Allowance Adequate 

FR 1101-101 2- 1 



S e c t i o n  2 - Study Program 

SUMMARY OF OPTICAL AND RADIOMETRIC STUDY 

The manufac tu re r ' s  estimates of d e t e c t o r ,  i n t e r f e r e n c e  f i l t e r ,  and d i c h r o i c  beam- 
s p l i t t e r  performance w e r e  used t o  e s t a b l i s h  a b a s e l i n e  o p t i c a l  c o n f i g u r a t i o n  
c o n s i s t i n g  of a m u l t i p l e  t e l e scope  a r r a y .  Analyses of  t h e  performance of t h i s  
b a s e l i n e  des ign  were confirmed by tests performed on a n  o p t i c a l  mockup, an  
engineer ing  model of t h e  most d i f f i c u l t  t e l e scope  arrangement.  The r ad iomet r i c  
performance of t he  instrument  w a s  c a l c u l a t e d  us ing  t h i s  test  d a t a  and t h e  r e s u l t s  
of  t h e  d e t e c t o r  and thermal  des ign  s t u d i e s ,  and w a s  found t o  be c l o s e  t o  t h e  
des ign  g o a l .  Improvements i n  t h e  des ign  t o  provide improved performance are 
f e a s i b l e .  

Scope- The des ign  s tudy  f o r  t h e  TOVS-BSU w a s  l i m i t e d  t o  o p t i c a l  con- 
f i g u r a t i o n s  us ing  m u l t i p l e  t e l e scopes ,  each viewing t h e  s a m e  scene ,  w i t h  
i n t e r f e r e n c e  f i l t e r s  and d i c h r o i c  b e a m s p l i t t e r s  i n  each t e l e scope  t o  s e p a r a t e  
t h e  l i g h t  i n t o  14 s p e c t r a l  channels .  The advantages of t h i s  approach are 
expla ined  i n  d e t a i l  l a t e r ;  t h e  p r i n c i p a l  advantage i s  t h a t  a l l  d e t e c t o r s  v i e w  
t h e  same scene f o r  most of  t h e  scan  dwel l  t i m e .  Chopping i s  performed 
independent ly  of s p e c t r a l  s e l e c t i o n ,  l ead ing  t o  reduced r ad iomet r i c  o f f s e t s  and 
lower c r o s s t a l k  between channels .  
i s  t h a t  t h e  i n d i v i d u a l  t e l e scopes  i n  a m u l t i p l e  t e l e scope  a r r a y  are smaller and 
g a t h e r  less l i g h t .  The t e l e scopes  use  more o p t i c a l  components, and must be  c a r e -  
f u l l y  a l igned  t o  view t h e  same scene .  The s tudy  was performed t o  see i f  t h e s e  
d isadvantages  could be overcome t o  r e a l i z e  t h e  advantages o f  t h e  c o n f i g u r a t i o n .  
Analyses were v e r i f i e d  by tes ts  made on an  o p t i c a l  mockup, c o n s i s t i n g  of  one 
t e l e scope  wi th  t h e  most d i f f i c u l t  combination of f i l t e r s  and d i c h r o i c  beam- 
s p l i t t e r s .  The p r i n c i p a l  t a s k s  performed i n  t h e  s tudy  are l i s t e d  i n  t h e  t a b l e  
o p p o s i t e .  

F i l t e r  and Dichro ic  Study-  Because i t  w a s  decided t h a t  t he  o p t i c a l  mockup 
would be an engineer ing  model of a f l i g h t  des ign ,  i t  w a s  necessary  t o  e s t a b l i s h  
an  e a r l y  des ign  b a s e l i n e  us ing  p r e d i c t i o n s  of  d i c h r o i c  and f i l t e r  performance 
a v a i l a b l e  s h o r t l y  a f t e r  t h e  s tar t  of  t h e  s tudy .  
by means of  a survey of t h i n - f i l m  f i l t e r  and d i c h r o i c  manufacturers  t o  de te rmine  
t h e i r  c u r r e n t  c a p a b i l i t i e s .  

a c o n f i g u r a t i o n  s tudy  w a s  performed t o  f i n d  t h e  t e l e scope  and d i c h r o i c  a r range-  
ment which provided t h e  b e s t  d i v i s i o n  of scene energy between t h e  14 s p e c t r a l  
channels ,  t a k i n g  i n t o  account geometric and chopping c o n s t r a i n t s .  The s tudy 
showed t h a t  t he  b e s t  arrangement cons i s t ed  of  f o u r  l a r g e  (80 mm) t e l e s c o p e s  and 
t h r e e  s m a l l  (61 mm) t e l e scopes  arranged i n  two c o n c e n t r i c  r i n g s  w i t h  one spa re  
p o s i t i o n .  
arrangement.  The s i z e s  of t h e  t e l e scopes  w e r e  chosen t o  make use  of a l l  of t h e  
c lear  a p e r t u r e  of  t h e  instrument  a v a i l a b l e  w i t h i n  t h e  a l l o t t e d  envelope f o r  t h e  
ins t rument .  Appl ica t ion  of t h i s  ground r u l e  l e d  t o  a b a s e l i n e  d e s i g n .  

Implementation of  Base l ine  Design- The d e t a i l s  of t h e  b a s e l i n e  des ign  were 
then  worked ou t  by r a y - t r a c e  t o  e s t a b l i s h  t h e  exac t  dimensions and l ayou t  o f  t h e  
o p t i c a l  components, f i r s t  f o r  t h e  mockup t e l e scope  and then  f o r  t h e  rest of t h e  
in s t rumen t .  
pared wi th  the  a i d  of  t h e s e  ray-traces. 
669 cm'l) and channel 14 (340 c m - 1 ) .  

O p t i c a l  Analysis ,  Ray-trace ana lyses  were performed t o  p r e d i c t  t h e  
a b e r r a t i o n s  and t o  determine t h e  s e n s i t i v i t y  of t h e  p o s i t i o n  of  t h e  f o c a l  p o i n t  
t o  t e l e scope  parameter v a r i a t i o n s  and o p t i c a l  component mounting e r r o r s .  
movements o f  t h e  f o c a l  p o i n t  were then  used t o  c a l c u l a t e  t h e  e r r o r s  i n  t h e  ShIlrP- 
nes s  and t h e  c e n t r o i d  o f  t h e  f i e ld -o f -v i ew.  O p t i c a l  mounting t o l e r a n c e s  r e w i r e d  
w e r e  found t o  be t i g h t  bu t  ach ievab le .  

The p r i n c i p a l  d i sadvantage  of t h e  approach 

These estimates were obta ined  

Conf igura t ion  Study- With t h e  f i l t e r  and d i c h r o i c  performance d a t a  i n  hand, 

Each t e l e scope  need c o n t a i n  only  one d i c h r o i c  b e a m s p l i t t e r  i n  t h i s  

The mockup was b u i l t  t o  r e l eased  drawings and s p e c i f i c a t i o n s  P r e -  
The mockup d e t e c t e d  channel  11 (Q-branch, 

Thc 

An a n a l y t i c a l  c a l c u l a t i o n  of  t h e  diff 'l-action 
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from the  annular  aper ture  was performed, which showed t h a t  t he  d i f f r a c t i o n  i n  
a l l  channels should be acceptab le ,  although the  longest  wavelength channel 
was near ly  d i f f r a c t i o n - l i m i t e d .  

Opt ica l  Test ,  Tes t s  which were made on the  f i l t e r s  and d i ch ro ic s  pur -  
chased f o r  the mockup and on t h e  o p t i c a l  mockup i t s e l f ,  confirmed the  p red ic t ions  
of the  ana lyses .  D i f f r ac t ion  i n  the  longest-wavelength channel appeared t o  be 
l a r g e r  than ca l cu la t ed ,  probably because the  c a l c u l a t i o n  d id  not account f o r  
the d i f f r a c t i o n  from te lescope  mi r ro r  s p i d e r s .  

da t a  on f i l t e r s  and d i ch ro ic s  obtained near the  end of the  study program, a s  
w e l l  a s  the  r e s u l t s  of t he  thermal a n a l y s i s  of the  instrument ,  an ana lys i s  of 
the  s t a t i s t i c a l  and systematic  radiometr ic  e r r o r s  w a s  performed, allowing f o r  
the in f luence  of i n - f l i g h t  c a l i b r a t i o n  e r r o r s  and o p t i c a l  component temperature 
changes. This a n a l y s i s  showed t h a t  because of t he  o r b i t a l  temperature  v a r i -  
a t i o n s  produced by s o l a r  r a d i a t i o n  on the  TIROS o r b i t ,  f requent  c a l i b r a t i o n  of 
t he  TOVS-BSU o r  any similar instrument i s  necessary,  but t he  required accurac ies  
can be a t t a i n e d .  The no i se  s p e c t r a l  radiance design goals  can be met wi th in  a 
few percent .  
d i ch ro ic  and d e t e c t o r  da t a  w i l l  lead t o  improved performance. 

design goals  can be met, o r  very c lose ly  approached, w i th in  the  envelope and 
weight c o n s t r a i n t s  of t he  TIROS spacec ra f t ,  and t h a t  f u r t h e r  improvements a r e  
poss ib l e .  

Radiometric Analysis,  Using t h e  r e s u l t s  of t he  de t ec to r  study and improved 

Fur ther  opt imizat ion of t h e  base l ine  design using recent  f i l t e r  

Conclusions- The o p t i c a l  design and ana lys i s  showed t h a t  the  TOVS-BSU 

TASKS I N  THE OPTICAL AND RADIOMETRIC DESIGN STUDY 

The following d e t a i l e d  s t u d i e s  were performed t o  show t h a t  t he  
o p t i c a l  and radiometr ic  design goa ls  a r e  a t t a i n a b l e .  

0 F i l t e r  and d i ch ro ic  survey 

e Opt ica l  conf igura t ion  s tudy 

0 Detai led base l ine  des ign  

e F i l t e r  and d i ch ro ic  procurement and t e s t  

0 Opt ica l  mockup design,  f a b r i c a t i o n ,  and t e s t  

e Opt ica l  a n a l y s i s  

0 Radiometric ana lys i s  
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Section 2 - Study Program 

DESCRIPTION AND RESULTS OF THE DETECTOR STUDY 

Uncooled pyroelectr ic  de tec tors  can be used i n  t h e  TOVS-BSU because t h e  required 
noise l e v e l  i s  la rger  than t h e  fundamental l i m i t  imposed by thermal background 
r ad ia t ion ,  and a l so  because they provide adequate de t ec t iv i ty  i f  t h e  detector  
material, input FET, and chopping frequency are cor rec t ly  selected.  T e s t s  
performed during the  design de f in i t i on  program showed e x p l i c i t l y  t h a t  t h e  
necessary NEP's a re  a t t a inab le  f o r  t h e  instrument design described herein.  

The noise equivalent power of any detector  i s  subject t o  a fundamental 

This l i m i t  f o r  a black detector  i n  equilibrium with 
lower l i m i t  a r i s i n g  from t h e  noise produced by t h e  random absorption and 
emission of photons. 
t h e  surrounding cavi ty  i s  given by t h e  equation: 

5 1/2 NEP > (16 k aT A )  

where k i s  Bol tmen ' s  constant ,  T i s  t h e  absolute  temperature, CJ i s  t h e  
Stefan-Boltzman constant ,  and A is  the  detector  area. For a 2 mm c i r c u l a r  
detector  a t  300°k, t h e  l i m i t  i s  1.0 x 10-11 W/ 

aperture  (80 m m ) ,  t h e  FOV ( 1 . 1 2 5 O ) ,  and t h e  ove ra l l  transmission including 
spider and secondary blockage, f i l t e r  and l e n s  lo s ses ,  and ac-dc conversion. 
For a 2 mm de tec tor ,  t h e  NEP required i n  t h e  most s ens i t i ve  channel i s  
1.0 x 10-l' W/ Hz, which i s  a f ac to r  of 10 l a rge r  than t h e  photon back- 
ground l i m i t .  

Because t h e  detector  t i m e  constants and temperature coe f f i c i en t s  should 
be t h e  same for  a l l  channels, it i s  des i rab le  t o  use t h e  same kind of 
de tec tor  f o r  a l l  channels. No non-therma.1 de tec tors  a re  known which w i l l  
cover t h e  wide spec t r a l  range of t h e  instrument. 
which a l so  provides t h e  required de tec t iv i ty  i s  t h e  pyroelectr ic  detector .  
Pyroelectr ic  detectors  of  TGS or doped TGS can be obtained which provide t h e  
NEP required t o  meet o r  c losely approach the  s e n s i t i v i t y  design goals. Very 
low noise Fet input amplif iers  are required t o  r e a l i z e  t h e  performance p o t e n t i a l  
of the  detectors .  

It w a s  reaffirmed t h a t  t o  a t t a i n  t h e  lowest NEP, it i s  necessary t o  operate 
t h e  detector  a t  a low chopping frequency preferably below 50 Hz. Chopping i s  
required because at  very low frequencies,  amplif ier  l / f  noise causes degraded 
performance. From 15 Hz t o  about 75 Hz NEP degrades as t h e  square root  of  
frequency above t h a t  t h e  vol tage noise produced by t h e  input FET dominates, 
and t h e  narrowband NEP increases linearrly with frequency. 
i s  l imi ted  by t h e  d i e l e c t r i c  l o s s  of t h e  detector  ( loss  tangent no ise) .  
t h i s  noise mechanism i s  i n t r i n s i c ,  t h e  NEP va r i e s  as t h e  square root  of t h e  
detector  area, giving a constant d e t e c t i v i t y  D* of about 1 . 5  x LO9 c m - v s  
Amplifier noise i s  s t i l l  a contr ibuter  but not s ign i f i can t  if t h e  Fet has been 
properly selected.  

temperature range, and a l s o  because t h e  temperature coef f ic ien t  of responsivi ty  
i s  f a i r l y  l a rge  ( - l % / O C  f o r  TGS at  35OC), it i s  necessary t o  control  t h e  de- 
t e c t o r  temperature. 
t u r e  should b e between 2 5 O C  and 3 5 O C  control led t o  + l 0 C ,  w i t h  a d r i f t  r a t e  
between ca l ibra t ions  of 0.loC or  l e s s .  

Hz. 
The NEP required by a TOVS de tec t ion  channel can be estimated from t h e  

The only thermal detector  

A t  40 Hz,  t h e  NEP 
Since 

Because pyroe lec t r ic  detectors  exhib i t  t h e i r  optimum NEP over a narrow 

The d e t a i l  de tec tor  study showed t h a t  t h e  de tec tor  tempera- 
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Tests designed t o  simulate t h e  most severe i n  o r b i t  rad ia t ion  environment 
show t h a t  only s l i g h t  degradations i n  NEP can be expected. The attendent f a c t  
es tabl ished i s  t h a t  t h i n  de tec tors  work best  i n  t h e  rad ia t ion  f i e l d .  

p a r a l l e l  channel system and pyroelectr ic  detectors .  A p a r a l l e l  system allows 
t h e  use of small detectors  a t  very reasonable angles of incidence on the de- 
t ec to r s .  Acceptance angle tests have shown t h a t  f o r  t h e  l a rge  telescope of t he  
system detector  diameters of 1.5 mm work w e l l .  For a l a rge r  telescope as m i g h t  
be required i n  a color sequent ia l  system t h e  detector  becomes commensurately 
l a rge r  holding f nwnbers constant. Maintaining the  necessary thinness f o r  
detectors  of no more than double the  above diameter verges on impossibi l i ty .  
When operated i n  a high s e n s i t i v i t y  mode, pyroelectr ic  detectors  a re  bas i ca l ly  
slow devices. Channel-to-channel or color-to-color mixing by thermal smearing 
i s  avoided by going t o  a p a r a l l e l  channel system. 

Detector systems considerations reveal  a bas ic  compatibil i ty between a 

HIGHLIGHTS OF THE DETECTOR EVALUATION STUDY 

The following items were establ ished or ver i f i ed  during t h e  study. 

- ~ 

0 Uncooled detectors  can be used 

0 TGS based pyroe lec t r ics  of fe r  b e s t  performance 

0 

0 

Only t h i n  elements provide necessary performance 

Low frequency chopping enhances NEP 

0 Temperature control  i s  needed 

0 Radiation e f f e c t s  a r e  not severe 

0 Detectors have l a rge  acceptance angles 

0 Compatibility with FET amplif iers  e x i s t s  
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Section 2 - Study Program 

APPROACH TO ANALOG SIGNAL HANDLING 

The primary problem i n  t h e  s igna l  handling area i s  achieving the  necessary amplif ier  
noise leve l .  
scene or FOV are  not t o  be contaminated by s igna ls  from any combination of previous 

A secondary problem i s  t h e  requirement t h a t  s igna ls  coming from one 

Achieving the  necessary amplif ier  noise l e v e l  i s  made d i f f i c u l t  by v i r t u e  
of t he  high impedance nature  of t h e  detector  source. A n  amplif ier  i s  required 
t h a t  has a normally low voltage noise and an extremely low current  noise.  The 
problem i s  fur ther  aggravated by t h e  f a c t  t h a t  at t h e  high impedance l eve l s  
microphone noise can be severe. 
between t h e  de tec tor  and pre-amplifier. 

f a c t  t h a t  op t i ca l  chopping must occur at a r e l a t i v e l y  low frequency f o r  bes t  
detector  performance. 
If however, it i s  made too  low then t h e  frequencies r e su l t i ng  from chopping mix 
with scene-to-scene induced s igna l  components which can have a fundamental 
component as  high as 5 Hz r e su l t i ng  i n  c ross ta lk  or "memory errors" .  

t i m e  per  scene and t h e  number of colors  viewed i n  t h a t  t i m e .  Fortunately,  fo r  
a p a r a l l e l  channel system t h i s  bandwidth i s  minimized. Frequency domain analysis  
has shown t h a t  t h e  spectrum f a l l s  t o  a negl ig ib le  l e v e l  above 20 Hz thus allowing 
a chopping frequency of 40 Hz without mixing e f f e c t s  i f  t h e  passbands a r e  properly 
designed. Following t h e  necessary demodulation, in tegra t ion  over an i n t e g r a l  
number of scene chops minimizes any res idua l  mixing e f f ec t s .  

able  devices exists. Devices from at least four manufacturers were foun 
provide acceptably low current  noise,  i . e .  t h e  range of 5 x 
less. Voltage noises of less than 25 nV/ e Hz are  qu i t e  common. 

The use of matched Fet  p a i r s  i s  recommended for  t h e  input s tage combined 
with the  pre-amplifier c i r c u i t  developed and used on t h e  I T P R .  The design 
forces  the  dc po ten t i a l  of t h e  detector  ac t ive  terminal  t o  within a few multi- 
v o l t s  of ground and surroundings. This minimizes microphonic problems due t o  
motion of t h e  very s m a l l  element e lectrode lead. 

This requi res  a carefu l ly  designed in t e r f ace  

The scene-to-scene independence problem i s  made somewhat d i f f i c u l t  by t h e  

The optimum chopping frequency f a l l s  at 40 Hz or l e s s .  

The spectrum or bandwidth of t h e  scene radiance s igna l  i s  a function of t h e  

A FET t e s t i n g  program revealed t h a t  an adequate source of supply f o r  su i t -  

A/ P Hz or 

A r e l i a b l e  source fo r  t h e  necessary l a rge  valued b i a s  r e s i s t o r s  has been 
establ ished It has been determined t h a t  r e s i s t o r s  whose res i s tance  must be 
c lose  t o  loi2 ohms can be safe ly  described noisewise by t h e  Johnson re la t ionship .  
They are physical ly  very small and f i t  i n t o  most de tec tor  packages qui te  eas i ly .  

Voltage mode amplification i s  recommended at t h e  chopping frequency t o  con- 
t r o l  t he  responsivi ty  temperature coef f ic ien t .  
such as used i n  t h e  ITPR pre-amplifiers i s  suggested. 

Computer modeling and other analysis  has shown t h a t  a scene in tegra t ion  t i m e  
of 75 msec can be used i f  proper phasing i s  employed within t h e  instrument system. 
With proper scan s t e p  and chopper phasing 37.5 msec i s  s t i l l  ava i lab le  f o r  t h e  
scan s t e p  and s e t t l e .  Accurate full wave demodulation i s  required t o  keep scene- 
to-scene c ross ta lk  at t h e  lowest possible  l eve l .  

Operating point s t a b i l i z a t i o n  
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KEY FEATURES AND FACTS 

0 

0 

0 

0 

0 

0 

a 

0 

a 

0 

0 

P a r a l l e l  system avoids channel c r o s s t a l k  

Scene-to-scene c ros s t a lk  can be cont ro l led  

Gains are e a s i l y  customized t o  channel 

Adequate a v a i l a b i l i t y  of low noise  FETS 

Detector-F'ET i n t e r f a c e  i s  c r i t i c a l  

Voltage mode ampl i f ica t ion  i s  recommended 

Full wave demodulation i s  needed 

A 75 msec i n t e g r a t i o n  t i m e  can be used 

Power requi red  for s i g n a l  handling i s  low 

P a r a l l e l  system parts count i s  r e l a t i v e l y  high 

A channel f a i l u r e  does not render instrument worthless 
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S e c t i o n  2 - Study Program 

STUDY OF THE, SCAN MECHANISM AND DRIVE C I R C U I T  

A f t e r  t h e  scan p a t t e r n  w a s  s e l e c t e d ,  t he  torque  and speed requirements  f o r  t h e  
scanner  were der ived  and were used as t h e  i n p u t  t o  a comparison of d i f f e r e n t  
d r i v e  mechanisms. The comparison favored t h e  use  o f  a s t e p p e r  motor and harmonic 
d r i v e ,  w i t h  a s ingle-phase  b i p o l a r  d r i v e  c i r c u i t .  Tests on a breadboard of t h i s  
scanner  show t h a t  t h e  b a s e l i n e  performance i s  a t t a i n e d .  Analysis  i n d i c a t e s  t h a t  
improved performance can be a t t a i n e d ,  making p o s s i b l e  a longer  s i g n a l  i n t e g r a t i o n  
pe r iod  . 

Scan P a t t e r n -  E a r l y  i n  t h e  s tudy ,  it w a s  r e a l i z e d  t h a t  t h e  Global Atmos- 
phe r i c  Research Program (GARP) scan  g r i d  requirements ,  t oge the r  w i th  t h e  i n s t r u -  
ment requirements ,  implied an e s s e n t i a l l y  unique scan  p a t t e r n ,  c o n s i s t i n g  of  72 
scene elements  ( 3 6  on each s i d e  of  n a d i r ) .  When t h e  angular  i n t e r v a l  between 
t h e s e  elements i s  1.125 degrees ,  complete e a r t h  coverage i s  ob ta ined .  With a 
scene dwell-t ime of 100 mi l l i s econds ,  each scan  l i n e  can be completed i n  8 .0  
seconds,  of which 7.2 seconds i s  used f o r  t h e  forward step-and-dwell  and 0.72 
seconds (of t h e  0.8 second a v a i l a b l e )  i s  used f o r  re t race a t  100 s t e p s  pe r  
second. With a half-power f i e l d  of view of 1.125 degrees  (equal  t o  the  s t e p  
i n t e r v a l ) ,  t h e r e  i s  some scene-to-scene ove r l ap ,  b u t  t h e  l i n e  widths  are such 
t h a t  s p a c e c r a f t  motion provides  s u i t a b l e  l i n e - t o - l i n e  spac ing .  
each 32- l ine  frame i s  used f o r  i n - f l i g h t  c a l i b r a t i o n ,  and t h e r e  i s  enough t i m e  
a v a i l a b l e  t o  make s t a t i s t i c a l l y  a c c u r a t e  c a l i b r a t i o n  measurements. 

One scan l i n e  of 

Der iva t ion  of Torque and Speed Requirements- The moment of i n e r t i a  of t h e  
e l l i p t i c a l  scan mi r ro r  i s  determined by i t s  d e n s i t y ,  area, and by t h e  th i ckness  
r equ i r ed  f o r  r i g i d i t y  and thermal  uni formi ty .  
was decided t o  a l low 50 mi l l i s econds  f o r  t h e  mi r ro r  t o  s t e p  and se t t le .  
torque  and damping requirements  were then  determined.  The d r i v e  mechanism a l s o  
had t o  be capable  of s t epp ing  under load a t  t h e  retrace rate of 100 s t e p s  per  
second. 

i nc lud ing  s t epp ing  motors w i th  va r ious  speed-reducing dev ices  as w e l l  as a d i r e c t -  
d r i v e  se rvo ,  were compared as shown i n  Table  11. The accuracy,  wear, weight ,  
power, ease of assembly, behavior  i n  t h e  launch environment,  r e l i a b i l i t y ,  and com- 
p l e x i t y  of each a l t e r n a t i v e  w a s  cons idered .  The comparison showed t h a t  t h e  s t eppe r -  
motor harmonic-drive combination used on t h e  I n f r a r e d  Temperature P r o f i l e  Radiometer 
remains t h e  b e s t  choice ,  p r imar i ly  because of  i t s  s i m p l i c i t y ,  low weight ,  low wear 
rate,  and high inherent  r e l i a b i l i t y .  A t  t h i s  t i m e ,  it appears  t h a t  d i f f i c u l t i e s  
experienced w i t h  t h e  ITPR d r i v e  cannot be  a t t r i b u t e d  t o  any b a s i c  f law i n  t h e  
stepper-motor harmonic-drive mechanism. 

De ta i l ed  Design and Component S e l e c t i o n -  A d e t a i l e d  des ign  of  a s t e p p e r -  
motor harmonic-drive mechanism was performed. Components, i nc lud ing  a pin- type 
s h a f t  encoder ,  were s e l e c t e d  f o r  performance i n  t h e  TIROS environment.  The s e l e c t e d  
d r i v e  c i r c u i t  i s  a b i p o l a r  s ing le-phase  (br idge)  c i r c u i t  which provides  t h e  r equ i r ed  
torque  a t  lower power than  t h e  c i r c u i t  used on ITPR. While a s tudy  of l u b r i c a n t s  
w a s  o u t s i d e  t h e  scope of t h e  s tudy  ( t h e  use  of s i l i c o n e  l u b r i c a n t s  was s p e c i f i e d ,  
as on ITPR), a reexaminat ion of  t h e  approach t o  l u b r i c a t i o n  w a s  performed s i n c e  
a n a l y s i s  i n d i c a t e s  t h a t  l u b r i c a n t  degrada t ion  may have c o n t r i b u t e d  t o  t h e  ITPR 
f a i l u r e .  

u s ing  components as c l o s e  as p o s s i b l e  t o  those  r equ i r ed  f o r  t h e  f l i g h t  des ign .  By 
reducing the  inpu t  i n e r t i a  of  t h e  harmonic d r i v e ,  and wi th  t h e  use of t h e  bread-  
board d r i v e  c i r c u i t ,  i t  proved p o s s i b l e  t o  m e e t  t h e  retrace requirements  and t o  
s t e p  and s e t t l e  i n  50 mi l l i s econds .  
t h a t  t h i s  performance w a s  a t t a i n e d  over  a wide temperature  range (-20 t o  +6OoC) 
even wi th  t h e  commercial motor and l u b r i c a n t s  used.  

A t  t h e  beginning of  t h e  s tudy ,  i t  
The 

Comparison of A l t e r n a t i v e  Drive Mechanisms- A l t e r n a t i v e  d r i v e  mechanisms, 

Tes t ing  of Scanner Breadboard, A breadboard of t h e  scan mechanism was b l i l t  

Temperature tes ts  wi th  t h e  breadboard showed 
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Conclusions. The scan mechanism and d r i v e  c i r c u i t  study showed t h a t  the  
required performance can be a t t a i n e d  with a mechanism weighing 2.5 pounds 
(exclusive of t he  mir ror )  which consumes an average power of less than 8 wat t s  
measured a t  the  input  t o  the  d r i v e r .  With f u r t h e r  op t imiza t ion  of t he  motor 
and d r i v e  c i r c u i t ,  ana lys i s  i nd ica t e s  t h a t  the  d r i v e  w i l l  be  capable of 
s tepping and s e t t l i n g  wi th in  37.5 mi l l i seconds ,  which would allow use of a 
75-ms s i g n a l  i n t eg ra t ion  per iod,  and would lead t o  a 22-percent improvement i n  
the  noise-equivalent  s p e c t r a l  radiance.  

TABLE I .  SCAN PATTERN PARAMETERS ' 

These parameters a r e  determined by GARP p a t t e r n  and instrument f i e ld -o f -  
view and da ta  frame requirements 

S t e p  s i z e  
Step i n t e r v a l  
Steps per  l i n e  
Time per  l i n e  
Step and dwell t i m e  
Retrace times a v a i l a b l e  
Actual r e t r a c e  time 
Lines p e r  frame 
In- f 1 igh t c a l  i b r a t  ion  

1.125 degrees 
100 mi l l i seconds  
72 
8.0 seconds 
7 .2  seconds 
0.8 second maximum 
0.72 second a t  100 s t eps  per second 
32 
Once per  frame 
(Two measurements, each 2.4 seconds) 

TABLE 11. ALTERNATIVE DES IGNS CONSIDERED 
These designs were evaluated using the  c r i t e r i a  l i s t e d  i n  the  t e x t  

0 Stepper-motor and harmonic d r i v e  
0 S t e p p e r  motor and gear t r a i n  
0 Responsyn 
0 Direc t -dr ive  servo 

TABLE 111. PROPERTIES OF THE SELECTED DRIVE 
The se l ec t ed  stepper-motor harmonic-drive combination has t h e  fol lowing 
performance # 

0 Weight 2.5 pounds 
0 Power: l e s s  than 8.0 wat t s  
0 S e t t l i n g  time: less t han  50 mi l l i seconds  
0 Maximum r e t r a c e  r a t e  125 s t e p s  per  second 
a Fatigue s a f e t y  f a c t o r  3.7 
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Section 2 - Study Program 

DESIGN OF THE SEQUENCING AND CONTROL L O G I C  

A t o t a l l y  synchronous system i s  required i n  regard t o  scanning, o p t i c a l  chopping, 
s i g n a l  inte-at ion,  d i g i t i z a t i o n ,  and da ta  readout. 

The requirement f o r  t o t a l  synchronism a r i s e s  f irst  o f  a l l  from the  r a t h e r  
Due t o  t h e  s m a l l  amount of t i m e  per scene prec ise  nature of the  scan pa t te rn .  

and r e su l t an t  s m a l l  number of op t i ca l  chops, it i s  important t h a t  scanning, 
chopping, and in tegra t ion  window be phase locked. 
5 O  and can be reasonably implemented d i g i t a l l y .  
a t  random phase posi t ions depending on where it las t  stopped, t h e  d r ive  t o  it 
must be var iab le  i n  phase over +180° r e l a t i v e  t o  a reference derived from the  
TIP clock. 

t h e  dr ive  pulses for  t h e  s t e p  scan and r e t r ace .  
time i s  determined by t i m e  shaping the  dr ive  pulses.  

The allowable phase e r ro r  i s  
Since t h e  chopper motor starts 

The study has shown t h a t  spec ia l  care  i s  required i n  regard t o  generating 
Damping and therefore  s e t t l i n g  

~~ 

A spec ia l  dual instrument operating mode i s  required during t h e  i n t e r v a l  
of switchover from one instrument t o  t h e  other .  This i s  accomplished by doubling 
the t i m e  per  scene r e su l t i ng  i n  an iden t i ca l  output da t a  rate t o  t h a t  of a 
s ingle  instrument i n  normal mode. 
t he  start  of a scan l i n e  i s  synchronized with major frame sync pulses.  

During t h i s  mode as wel l  as i n  normal mode 

A requirement for a "super major frame" sync pulse w a s  defined. In  order 
t o  minimize dead t i m e  between t h e  BSU and SSU from uncorrelated ca l ib ra t ion  

11 in te r rupt ions  it i s  suggested t h e  TIP provide i n  e f f e c t  a 
every 256 seconds or some other  convenient number i n  t h i s  range. 

the 14 in tegra tors  t o  hold c i r c u i t s  i n  synchronism. 
t e n t s  are d i g i t i z e d  i n  sequence and where necessary placed i n  storage t o  pro- 
vide a reasonably smooth output data flow. 

c a l  sync" pulse 

Simultaneity of d a t a  readout from t h e  14 colors  i s  obtained by converting 
Subsequently t h e i r  con- 
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Sect ion  2 - Study Program 

SUMMARY OF THE THERMAL DESIGN AND ANALYSIS 

The thermal design and a n a l y s i s  s tudy showed t h a t  the  range and o r b i t a l  v a r i a t i o n  
of o r b i t a l  temperatures could be con t ro l l ed  wi th in  acceptab le  l i m i t s  wi th  the  
a l l o t t e d  instrument weight and power and with the  agreed-upon thermal i n t e r f a c e .  

ment subjec t  t o  inherent  thermal con t ro l  problems, not  only because of i t s  
r e l a t i v e l y  high power consumption and the  f a c t  t h a t  s o l a r  r a d i a t i o n  e n t e r s  t he  
scanner c a v i t y ,  but a l s o  because i t  i s  a p rec i s ion  radiometer opera t ing  i n  the  
thermal i n f r a r e d  region,  so t h a t  it i s  p o t e n t i a l l y  s e n s i t i v e  t o  minute temperature 
v a r i a t i o n s  of o p t i c a l  components. The ob jec t ives  of  t h e  s tudy were t o  design a 
thermal con t ro l  system t o  a s su re  t h a t  the  range and o r b i t a l  v a r i a t i o n s  of i n s t r u -  
ment temperature were acceptab le ,  and t o  v e r i f y  the  des ign  by a n a l y s i s .  

Nature of Problems Encountered, Because the  instrument power i s  l a r g e r  than 
the  power which can flow across  the  spacec ra f t  i n t e r f a c e ,  the  excess  power must 
be r ad ia t ed  t o  space.  Because the re  are some TIROS o r b i t s  on which t h e  sun never 
s e t s ,  while f o r  o r b i t s  a t  o t h e r  times of t h e  year  t h e r e  i s  an apprec iab le  t i m e  
spent i n  the  e a r t h ' s  shadow, the  v a r i a t i o n  of t he  s o l a r  hea t  input  i n t o  the  
scanner c a v i t y  i s  l a r g e .  On some o r b i t s ,  sun l igh t  w i l l  s t r i k e  the  scan mi r ro r ,  
o p t i c a l  t e lescopes ,  and even t h e  c a l i b r a t i o n  blackbodies i f  no precaut ions are 
taken.  The gold-coated scan mi r ro r  could become very h o t ,  s ince  the  s o l a r  
a b s o r p t i v i t y  of gold i s  much higher  than the  thermal emis s iv i ty .  Py roe lec t r i c  
d e t e c t o r s  a r e  temperature-sensi t ive,  and must be temperature-control led t o  s t a b i l i z e  
the  r e spons iv i ty  . 
heat  can be conducted through the  instrument s t r u c t u r e  and d i s s i p a t e d  by pass ive  
r a d i a t o r s  loca ted  on both s i d e s  of t he  instrument .  To prevent  t he  sun l igh t  from 
r a i s i n g  t h e  temperature of t he  scan mir ror  and from d i s tu rb ing  t h e  temperatures 
of the  o p t i c a l  components and c a l i b r a t i o n  blackbodies,  a sunshade i s  requi red ;  t h i s  
shade i s  a t tached  t o  the  scan mir ror  and r o t a t e s  wi th  i t ,  serv ing  both t o  shade t h e  
c r i t i c a l  components and t o  d i s s i p a t e  the  inc iden t  s o l a r  energy by r a d i a t i o n .  An 
a c t i v e l y  con t ro l l ed  h e a t e r  can then be used t o  s t a b i l i z e  the  temperature of t h e  
d e t e c t o r s ,  d e t e c t o r  o p t i c s ,  and chopper-reference blackbodies .  

Deta i led  Thermal Design and Analysis, The d e t a i l s  of t h i s  scheme were worked 
ou t  and i t s  performance v e r i f i e d  by use of a 20-node computer model a n a l y s i s  which 
took i n t o  account t he  p r i n c i p a l  thermal e f f e c t s .  The r e s u l t s  of t hese  model 
c a l c u l a t i o n s  helped determine the  mechanical des ign  of t he  instrument housing, 
which took i n t o  account the  thermal conductance requirements and the  thermal 
g rad ien t s  which mus t  be withstood without in t roducing  s i g n i f i c a n t  o p t i c a l  misal ign-  
ments. 

Conclusions of the  Study- The thermal design s tudy  showed t h a t  a pass ive  
temperature c o n t r o l  method could c o n t r o l  t h e  instrument temperatures so t h a t  t he  
temperatures of c r i t i c a l  components (such as motors) d id  not exceed t h e i r  spec i f i ed  
ranges.  Active con t ro l  of the  d e t e c t o r  temperatures can be accomplished with a 
small  h e a t e r .  The v a r i a t i o n s  i n  o p t i c a l  component temperatures lead t o  ba re ly  
de t ec t ab le  changes i n  s p e c t r a l  radiance between c a l i b r a t i o n s  so t h a t  co r rec t ions  
der ived from the  i n - f l i g h t  c a l i b r a t i o n s  are s m a l l .  The warmup t i m e  and t h e  power 
requi red  t o  hold the  motors above 0°C i n  t he  nonoperating condi t ion  were also 
ca lcu la t ed  and are given i n  the  d e t a i l e d  thermal d iscuss ion  later i n  t h i s  r e p o r t .  

Object ives  of t he  Thermal Design and Analysis-  The TOVS-BSU i s  an i n s t r u -  

Approach t o  the  Thermal Desipn, Preliminary a n a l y s i s  showed t h a t  t h e  excess  
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PRINCIPAL OBJECTIVES OF THE THERMAL DESIGN STUDY 

0 Design of thermal control system to limit 

0 Verify design by analysis 
instrument temperature excursions 

MAJOR THERMAL DESIGN FEATURES 
These design features assure adequate control of 
instrument temperatures. 

0 Excess heat dissipated by passive radiators 

o Sunshade carried on scan mirror keeps sun 
off optics, calibration blackbodies, and 
most of scan mirror 

0 Active heater stabilizes detector temperature 

SELECTED ANALYTICAL RESULTS 

0 Motor temperatures lie within acceptable 

0 Interface heat transfer is less than the 15 

0 Optical and blackbody orbital temperature 
variations between calibration produce barely 
detectable change in background radiance. 

range (-25 to +70°C) 

watts allowed 
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Sect ion 3 - Opt ica l  Subsystem Design 
Subsec t ion - Configurat ion 

SELECTION OF RADIOMETER CONFIGURATION 

The s e l e c t e d  approach f o r  making rad iometr ic  observa t ions  is t o  measure a l l  14 
s p e c t r a l  channel rad iances  i n  p a r a l l e l  with ind iv idua l  d e t e c t o r s .  
over a s e r i e s  approach are t h a t  e r r o r s  i n  measurement caused by channel-to- 
channel c r o s s t a l k  a r e  e l imina ted ,  and p y r o e l e c t r i c  d e t e c t o r s  t h a t  have a f l a t  
s p e c t r a l  response and need not  be cooled can be used. 

The advantages 

The r equ i r ed  rad iometr ic  observat ions could be taken e i t h e r  i n  p a r a l l e l  o r  
i n  s e r i e s  during each scan scene, 
one f o r  each channel,  view t h e  scan scene simultaneously.  I f  taken i n  s e r i e s ,  
one or more d e t e c t o r s  sense energy from a s p e c t r a l  scan made during the  t i m e  
frame of each scan scene, I n  t h i s  mode, each de tec to r  would be time-shared, 
measuring energy i n  seve ra l  s p e c t r a l  channel8 a t  var ious  times during each scan 
scene. 
fol lowing d i scuss ion ,  

p r o f i l e  is c r i t i c a l l y  dependent upon the  accuracy of t h e  s p e c t r a l  rad iometr ic  
measurements, 
must be taken from e s s e n t i a l l y  the  same f ie ld-of -v iew (FOV). I n  a d d i t i o n ,  t he  
measurement of a s p e c t r a l  channel rad iance  must be independent of the  rad iance  
ou t s ide  of t he  bandpass of t h a t  channel;  t h a t  i s ,  t h e r e  must be no c r o s s t a l k  
between channels.  

1) 
ind iv idua l  channel FOVs were a l igned  wi th in  the  necessary accuracy on a similar 
para l le l -channel  radiometer ,  the  ITPR now f l y i n g  on the  NIMBUS-5 s a t e l l i t e ;  
2) use of i nd iv idua l  d e t e c t o r s  f o r  each channel e l imina te s  a major source of 
channel-to-channel c r o s s t a l k ,  

A series approach t o  da t a  c o l l e c t i o n  r e q u i r e s  some form of image motion 
compensation t o  c o r r e c t  s p e c t r a l  observa t ions  f o r  t h e  s a t e l l i t e  o r b i t a l  v e l o c i t y  
because the  FOV changes between observa t ions .  Such compensation mechanisms i n -  
c r ease  the  r e l a t i v e  channel po in t ing  e r r o r s ,  which should not exceed 0.01 degree.  
Memory i n  t h e  de t ec t ion  c i r c u i t r y  can g ive  r i s e  t o  channel-to-channel c r o s s t a l k  
i n  the  series approach, Even i n  the  absence of d e t e c t o r  memory, t h e r e  are 
e l e c t r o n i c  memory e f f e c t s  ( a r i s ing  from c a p a c i t a t i v e  elements,  f o r  example) t h a t  
can in t roduce  unacceptable c r o s s t a l k  and rad iometr ic  e r r o r .  

observa t ions  r e q u i r e s  c a r e f u l  c a l i b r a t i o n  t o  e s t a b l i s h  r e l a t i v e  channel ga ins .  
Experimentation a s soc ia t ed  with t h e  I T P R  ind ica t ed  t h a t  s a t i s f a c t o r y  c a l i b r a t i o n  
was r e a d i l y  achieved,  I n  a d d i t i o n ,  t h e  d e t e c t o r s  used on ITPR and TOVS-BSU have 
been proven t o  have very  stable response and ga in  c h a r a c t e r i s t i c s .  
channel g a i n  is not  e l imina ted  i n  a series approach because t h e  o p t i c a l  element 
producing the  s p e c t r a l  scan must be c a l i b r a t e d  and a l s o  must be s t a b l e .  

Additional. Advantages of P a r a l l e l  Detec t ion  Technique - An a d d i t i o n a l  ad- 
vantage results from t h e  use of a p a r a l l e l  d e t e c t i o n  technique, 
taken i n  p a r a l l e l  dur ing  the  e n t i r e  scan scene i n t e r v a l  a l low s u f f i c i e n t  energy 
t o  be c o l l e c t e d  f o r  de t ec t ion  by r e l a t i v e l y  slow thermal de t ec to r s .  
d e t e c t o r s  have a f l a t  s p e c t r a l  response over the  near  and in te rmedia te  i n f r a r e d  
region.  They need not be cooled and, t h e r e f o r e ,  lend themselves t o  simple 
instrument des ign  and h igh  r e l i a b i l i t y .  

I f  taken i n  p a r a l l e l ,  14 ind iv idua l  d e t e c t o r s ,  

The advantages and disadvantages of each technique a r e  considered i n  the  

Accuracy Considerat ions - The c a l c u l a t i o n  of an atmospheric temperature 

Radiometric observat ions made i n  each of the  14 s p e c t r a l  channels 

The p a r a l l e l  approach t o  da t a  c o l l e c t i o n  can s a t i s f y  both c r i t e r i a :  

Ca l ib ra t ion  Considerat ions - The use of i nd iv idua l  d e t e c t o r s  t o  make p a r a l l e l  

Re la t ive  

Observations 

P y r o e l e c t r i c  
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MAJOR CONSIDERATIONS IN SELECTING RADIOMETER CONFIGURATION 

0 Negl ig ib l e  channel c r o s s t a l k .  

0 S a t i s f a c t o r y  c a l i b r a t i o n  t o  e s t a b l i s h  re la t ive channel  
ga ins .  

e F l a t n e s s  of  d e t e c t o r  response .  

Uncooled d e t e c t o r s .  
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Sect ion 3 - Opt ica l  Subsystem Design 
Subsection - Configuration 

METHOD OF SPECTRAL SELECTION 

A nondispersive system incorpora t ing  d i ch ro ic  beamspl i t te rs  and bandpass f i l t e r s  
i s  chosen f o r  channel s epa ra t ion  and s p e c t r a l  s e l e c t i o n  i n  the  TOVS-BSU, providing 
a s i m p l e  and redundant o p t i c a l  system with adequate s e n s i t i v i t y  independent of 
scene p o l a r i z a t i o n .  

The TOVS-BSU c o l l e c t s  energy from the  scan scene with a t e l e scop ic  o p t i c a l  
system which de f ines  t h e  f ie ld-of-view (FOV). Afte r  c o l l e c t i o n ,  t h e  energy i s  
chopped, segregated i n t o  14 s p e c t r a l  channels ,  and de tec t ed .  The sepa ra t ion  
of energy is  accomplished by the  d e t e c t o r  o p t i c s .  
accomplished by e i t h e r  d i spe r s ive  o r  nondispersive techniques;  t h a t  i s ,  by use 
of a g r a t i n g ( s )  o r  a combination of r e f l e c t i n g  and t r ansmi t t i ng  t h i n - f i l m  
in t e r f e rence  f i l t e r s .  

i s  the  requirement t h a t  t he  BSU should not  be s e n s i t i v e  t o  the  p o l a r i z a t i o n  of 
incoming r a d i a t i o n .  The temperature p r o f i l e  theory assumes the  use of a radiom- 
e t e r  i n s e n s i t i v e  t o  p o l a r i z a t i o n .  Even i f  the  p o l a r i z a t i o n  caused by atmospheric 
s c a t t e r i n g  were accu ra t e ly  measurable, t he  a v a i l a b l e  temperature p r o f i l e  theory 
could not make use of t he  add i t iona l  information without complex and as y e t  
unproved ex tens ions .  To achieve an accu ra t e  p r o f i l e ,  i t  i s  e s s e n t i a l  t h a t  t h e  
instrument readings d i f f e r  by not  much more than t h e  noise  l e v e l  when the  
p o l a r i z a t i o n  s t a t e  of incoming r a d i a t i o n  i s  changed. This  requirement implies  
t h a t  ve ry  low s e n s i t i v i t y  t o  p o l a r i z a t i o n  ( ~ 1 % )  is  an important design 
c o n s t r a i n t .  

temperature p r o f i l e  radiometer has  been exhaus t ive ly  s tud ied  a t  Beckman. While 
it i s  f e a s i b l e  t o  bu i ld  such an instrument ,  t h e  use of a s i n g l e  g r a t i n g  imposes 
severe c o n s t r a i n t s  on the  d e t e c t o r  conf igura t ion  and produces i l l - d e f i n e d ,  y e t  
extreme, p o l a r i z a t i o n  s e n s i t i v i t y  i n  the  instrument response.  The l i m i t a t i o n  
on a v a i l a b l e  space f o r  a g r a t i n g  instrument r equ i r e s  t h a t  d e t e c t i o n  of c l o s e l y -  
spaced s p e c t r a l  channels incorpora tes  d e t e c t o r s  i n  c l o s e  jux tapos i t i on .  Pyro- 
e l e c t r i c  d e t e c t o r s  must be packaged with t h e i r  r e spec t ive  ampl i f i e r s  f o r  optimum 
ope ra t ion .  These requirements imply t h a t  a r e l a t i v e l y  i n f l e x i b l e  and c o s t l y  
detector-amplif  i e r  a r r a y  must be  developed. 

Although t h e  po la r i z ing  p r o p e r t i e s  of d i f f r a c t i o n  g ra t ings  have been given 
ex tens ive  s tudy,  p r e d i c t i o n  of performance i s  q u a l i t a t i v e  i n  na tu re .  Q u a n t i t a t i v e  
eva lua t ion  must: be c a r r i e d  out experimental ly  and i s  q u i t e  s e n s i t i v e  t o  the  
f a b r i c a t i o n  techniques used i n  the  manufacture of t h e  g r a t i n g .  

mechanical design of the  d e t e c t o r  o p t i c s  systems t o  be both simple and compact. 
The technique i s  based upon t h e  use of t h in - f i lm  technology. Bandpass f i l t e r s  
employing th in - f i lm  i n t e r f e r e n c e  determine t h e  s p e c t r a l  p r o p e r t i e s  of t he  
ind iv idua l  channels .  I n  order  f o r  a channel f i l t e r  t o  be e f f e c t i v e ,  i t  must 
r e j e c t  a l l  s p e c t r a l  energy except f o r  t h e  bandpass of  i n t e r e s t .  The s p e c t r a l  
region of overlap between t h e  s p e c t r a l  response of t h e  p y r o e l e c t r i c  d e t e c t o r  and 
the  expected s p e c t r a l  rad iance  of t h e  scan scene i s  2 . 5  p t o  50 pm. S ta t e -o f -  
t h e - a r t  i n  t h in - f i lm  technology d i c t a t e s  t h a t  the  channel f i l t e r  be composed of 
two elements i n  o rde r  t o  provide t h i s  sideband r e j e c t i o n :  (1) a bandpass f i l t e r  
t o  determine the  s p e c t r a l  c h a r a c t e r i s t i c s  of a p a r t i c u l a r  channel,  and (2) a 
blocker  f i l t e r  t o  r e j e c t  a l l  sideband energy not r e j e c t e d  by t h e  bandpass f i l t e r .  
Bandpass r e j e c t i o n  i s  accomplished both by the  th in - f i lm  coa t ings  arid the  s p c c t r a l  
t ransmi t tance  of the  bandpass and blocker  f i l t e r  s u b s t r a t e s .  

separa ted  by d i ch ro ic  beamsp l i t t e r s  i n t o  two o r  more beams which are subsequvntly 
passed through i n t e r f e r e n c e  f i l t e r s .  The d i c h r o i c  beamsp l i t t e r ,  by v i r t u e  oJ i t s  

The sepa ra t ion  may be 

A f a c t o r  t h a t  g r e a t l y  a f f e c t s  t he  choice of technique f o r  s p e c t r a l  s e l e c t i o n  

Dispers ive  Technique - The use of a g r a t i n g  i n  t h e  des ign  of a space f l i g h t  

Nondispersive Technique - The use of  nondispersive techniques al lows t h e  

To use the  l i g h t  co l l ec t ed  by a te lescope  more e f f e c t i v e l y ,  i t  may be 
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thin-film coatings, reflects or transmits energy located spectrally on either 
side of a cut-on/cut-off wavelength. 
point depends on the state of polarization of the incident light. The dichroic, 
therefore, tends to be polarization-sensitive in the region spectrally close to 
the cut-onlcut-off. 
mittance and reflectance at points very far removed from cut-on/cut-off are 
difficult. The selection of spectral channels to be separated by a dichroic is,- 
therefore, important. The channels must be sufficiently far apart to ensure a 
lack of polarization sensitivity, but be close enough to allow high transmittance 
and reflectance. Use of several dichroic beamsplitters in series enhances these 
difficulties. 

The proper placement of channels with dichroic beamsplitters makes it pos- 
sible for a nondispersive system to achieve adequate sensitivity independent of 
polarization. Nondispersive elements allow for a simple and compact mechanical 
design with a simple detector configuration. Above all, a nondispersive system 
provides redundancy in the form of individual spectral defining optics for each 
channel. 

The wavelength of the cut-on/cut-off 

The design and fabrication of a dichroic with high trans- 

KEY FEATURES OF NONDISPERSIVE DETECTOR OPTICS 

These features provide the rationale for the 
selection of a nondispersive approach to channel 
spectra 1 select ion. 

0 Simple and compact mechanical system, 

0 Simple detector configuration. 
0 Well-defined polarization rejection. 
0 Adequate sensitivity. 
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Sec t ion  3 - Opt ica l  Subsystem Design 
Subsect ion - Conf igura t ion  

CONSTRAINTS ON CHOICE OF OPTIMUM TEIESCOPE CONFIGURATION 

The s i z e ,  number, and arrangement of t e l e scopes  used f o r  c o l l e c t i o n  of  scene 
r a d i a t i o n  are optimized t o  meet the  channel  (NER)V des ign  goa l s  wi thout  i n t r o -  
ducing s e n s i t i v i t y  t o  scene p o l a r i z a t i o n .  The c o n s t r a i n t s  of t h a t  op t imiza t ion  
are:  (1) the  ins t rument  clear a p e r t u r e  a v a i l a b l e ,  (2)  t h e  chopper c o n f i g u r a t i o n  
and frequency,  (3) t h e  energy ba lance  among channels  a l lowing  f o r  f i l t e r  losses, 
and ( 4 )  t h e  performance of  a v a i l a b l e  d i c h r o i c  b e a m s p l i t t e r s .  

To m e e t  t h e  des ign  goa l s  f o r  no i se  equ iva len t  s p e c t r a l  rad iance  (NER),, 
and t o  ma in ta in  instrument  i n s e n s i t i v i t y  t o  scene p o l a r i z a t i o n ,  i t  i s  necessary  
t o  choose t h e  optimum s i z e s ,  number, and arrangement of t e l e s c o p e s .  

c o l l e c t i o n  of scene r a d i a t i o n  r e f l e c t e d  from t h e  scan  m i r r o r  must be conta ined  
w i t h i n  t h e  c i r c u l a r  instrument  c l e a r  a p e r t u r e  (CA) de f ined  by t h e  p r o j e c t i o n  of 
t h e  r o t a t i n g  scan m i r r o r ’ s  s u r f a c e  area normal t o  t h e  t e l e scope  o p t i c a l  a x i s .  
The d iameter  of t h e  ins t rument  CA i s  10.75 inches ,  based upon t h e  BSU s i z e  
1 i m i  t a t  ion  . 
q u i r e s  t h a t  t h e  t e l e scopes  be placed i n  one o r  more r i n g s ,  each corresponding 
t o  a chopper t r a c k .  A l l  channels  must have t h e  same chopping frequency and 
phasing so t h a t  t h e i r  i n t e g r a t i o n  and scan  sequencing are i d e n t i c a l .  I n  o r d e r  
f o r  a l l  channels  t o  have t h e  same chopping frequency,  each r i n g  must have t h e  
same number of  t e l e scope  p o s i t i o n s ,  whether t h e  p o s i t i o n s  are used o r  n o t .  

d iameters  a l lows t h e  ba lanc ing  of  energy among channels  which r e q u i r e  d i f f e r e n t  
t e l e scope  energy o u t p u t s  because t h e  channel t r ansmi t t ances  and (NER) des ign  
g o a l s  are d i f f e r e n t .  S ince  the  use  of d i f f e r e n t  s i z e s  of t e l e scopes  i n c r e a s e s  
d e s i g n  and f a b r i c a t i o n  c o s t s ,  t he  number of d i f f e r e n t  s i z e s  should be minimized 
commensurate w i t h  t h e  s a t i s f a c t i o n  of (NER)” des ign  g o a l s .  

p r o f i l e s  i n  t h e  presence of p a r t i a l  c loud coverage n e c e s s i t a t e s  t h e  e l i m i n a t i o n  
of scene-to-scene v a r i a t i o n s  i n  instrument  response.  S l i g h t  v a r i a t i o n s  i n  
chopper window widths  w i l l  occur  i n  f a b r i c a t i o n .  To e l i m i n a t e  scene-to-scene 
e r r o r s  due t o  t h i s  v a r i a t i o n ,  t h e  chopper must r o t a t e  an  i n t e g r a l  number of 
r e v o l u t i o n s  i n  each 100-ms scene frame t i m e .  The minimum angu la r  v e l o c i t y  f o r  
t h e  chopper corresponds t o  one revolu t ion-per -scan  frame t i m e ,  0 .1  second, o r  
10 r / s .  

wi th  t h e  number of t e l e scope  p o s i t i o n s  on each r i n g  of t e l e s c o p e s .  Based on 
a chopper r o t a t i o n  frequency of  10 r / s ,  t h e  chopping frequency f o r  N t e l e s c o p e  
p o s i t i o n s  i s  10 x N Hz. S ince  t h e  optimum chopping frequency f o r  p y r o e l e c t r i c  
d e t e c t o r s  i s  about 40 Hz, t h e  use  of fewer t e l e scope  p o s i t i o n s  on each r i n g  i s  
d e s i r a b l e .  
d e t e c t o r  n o i s e ,  bu t  n o t  so low as t o  in t roduce  scene-to-scene c r o s s t a l k  r e s u l t i n g  
from d e t e c t o r  t r a n s i e n t  response .  

d i c h r o i c  b e a m s p l i t t e r s  which are c r i t i c a l  i n  ins t rument  op t imiza t ion  are t h e  
t r ansmi t t ance ,  s e n s i t i v i t y  t o  p o l a r i z a t i o n ,  and a b i l i t y  t o  e f f e c t i v e l y  s e p a r a t e  
two c l o s e l y  spaced wavelengths .  

Due t o  the  s t r i n g e n t  (NER),, des ign  goa l s  , channel  t r ansmiss ion  l o s s e s  must 
be minimized. Although t h e  peak r e f l e c t a n c e  of a d i c h r o i c  i s  r e l a t i v e l y  h igh  
(-95%) , peak t r ansmi t t ance  i s  1-80 percen t  o r  less a t  wavelengths g r e a t e r  t han  
15 pm. To main ta in  as high a channel t r ansmi t t ance  as p o s s i b l e ,  t h e  number of  
d i c h r o i c s  placed i n  the o p t i c a l  pa th  of t h a t  channel  must be kept  as small as  
i s  f e a s i b l e .  

C o n s t r a i n t s  on Telescope S i z e s  and Arrangement. The t e l e scopes  used f o r  

The use  of a r o t a t i n g  chopper to .modula te  the  ou tpu t  of t h e  t e l e scopes  re- 

The t e l e scopes  need not have t h e  same diameter .  Use of d i f f e r e n t  t e l e s c o p e  

v, 

Chopping Frequency Cons ide ra t ions .  The accu ra t e  c a l c u l a t i o n  of temperature  

The s i g n a l  chopping frequency f o r  a g iven  chopper angular  v e l o c i t y  i n c r e a s e s  

The optimum frequency of 40 Hz r e s u l t s  from a l o w  frequency f o r  l m  

C r i t i c a l  P r o p e r t i e s  of Dichro ic  Beamsplitters - The o p t i c a l  p r o p e r t i e s  of 
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Due t o  the  d i f f i c u l t i e s  i n  t h e  des ign  of wide-band d i c h r o i c s ,  t r ansmi t t ance  
and r e f l e c t a n c e  are s i g n i f i c a n t l y  degraded a t  wavelengths f a r  removed from 
t h e  t r a n s i t i o n  po in t  midway between peak t r ansmi t t ance  and peak r e f l e c t a n c e ;  
" f a r  removed'' as e s t a b l i s h e d  by the  s t a t e - o f - t h e - a r t  i s  about  50 pe rcen t  of 
t he  t r a n s i t i o n  p o i n t  wavelength.  

l i m i t e d  a b i l i t y  t o  e f f e c t i v e l y  s e p a r a t e  c l o s e l y  spaced wavelengths .  'i'he 
s p e c t r a l  r e g i o n  between peak r e f l e c t a n c e  and peak t r ansmi t t ance  i s  f i n i t e .  
The width of t h i s  t r a n s i t i o n  r eg ion  i s  e s t a b l i s h e d  by t h e  s t a t e - o f - t h e - a r t  
a t  about 10 pe rcen t  o f  t h e  wavelength of t h e  c u t o f f  p o i n t .  Th i s  l i m i t a t i o n  
a lone  l i m i t s  a d i c h r o i c ' s  a b i l i t y  t o  e f f e c t i v e l y  s e p a r a t e  wavelengths .  I n  
a d d i t i o n ,  t h e  s p e c t r a l  l o c a t i o n  of t h e  c u t o f f  r eg ion  i s  s e n s i t i v e  t o  t h e  
s ta te  of p o l a r i z a t i o n  of  t h e  i n c i d e n t  energy,  thereby  e f f e c t i v e l y  witlcning 
t h e  r e g i o n  by a f a c t o r  which i s  c r i t i c a l l y  dependent upon t h e  c o a t i n 3  p rocess ,  
so t h a t  i t  must be f a b r i c a t e d  and t e s t e d  f o r  i n s e n s i t i v i t y  t o  p o l a r i z a t i o n .  

t h a t  t h e  d i c h r o i c  be r equ i r ed  t o  s e p a r a t e  only channels  spaced greate:. t han  
10 pe rcen t  and less than  50 pe rcen t  i n  wavelength.  

A d i c h r o i c  b e a m s p l i t t e r ' s  s e n s i t i v i t y  t o  p o l a r i z a t i o n  i s  r e l a t e d  t o  i t s  

Due t o  t h e  i n h e r e n t  o p t i c a l  p r o p e r t i e s  of t h e  d i c h r o i c ,  i t  i s  impera t ive  

CRITICAL ASPECTS CONSTRAINING THE CHOICE OF OPTIMUM 
TELESCOPE CONFIGURATION 

Telescopes 

0 Limited t o  instrument  clear a p e r t u r e .  
0 Centered on one o r  more r i n g s .  
0 Same number of t e l e s c o p e  p o s i t i o n s  pe r  r i n g .  

Chopping Frequency and Phase 

0 Same f o r  a l l  channels .  
0 

0 

Determined by number of t e l e scope  p o s i t i o n s  on each r i n g .  
Optimum f o r  low d e t e c t o r  n o i s e  and low scene-to-scene 
c r o s s t a l k  i s  about 40 Hz. 

D i ch r o  i c B e  a m  s p 1 it t er s 

0 Cannot e f f e c t i v e l y  s e p a r a t e  wavelengths spaced c l o s e r  than 
10 pe rcen t  nor f a r t h e r  a p a r t  t han  50 pe rcen t .  

0 Limited t o  t r ansmi t t ance  of about 80 p e r c e n t .  
0 Exhib i t  p o l a r i z a t i o n  s e n s i t i v i t y .  
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Subsect ion - Conf igura t ion  

SELECTION OF PREFERRED CONFIGURATION 

The p r e f e r r e d  c o n f i g u r a t i o n  c o n s i s t s  of seven t e l e scopes :  t h r e e  t e l e scopes  on one 
r i n g  and four  t e l e scopes  on a second r i n g ,  Telescopes a r e  loca t ed  a t  fou r  p o s i t i o n s  
on each r i n g ,  leav ing  an  u n f i l l e d  p o s i t i o n  on the  o u t e r  r i n g  of t h r e e  t e l e scopes .  
This  conf igu ra t ion  resu l t s  i n  an  optimum chopping frequency of 40 Hz. 

Examination of Extremes - To see t h e  need f o r  t h e  use of d i c h r o i c s ,  con- 
s i d e r  f o r  example the  use  of 14 t e l e scopes  con ta in ing  no d i c h r o i c s  a t  a l l .  
Fourteen t e l e s c o p e s ,  nes t ed  w i t h i n  t h e  ins t rument  CA, would n o t ,  however, pro-  
v ide  s u f f i c i e n t  energy t r a n s f e r  t o  s a t i s f y  (NER)ygoals even i f  100-percent 
t r ansmi t t ance  could  be achieved.  It fo l lows  then  t h a t  d i c h r o i c  s p l i t t e r s  are 
needed, 

The oppos i t e  extreme -- t he  u s e  of on ly  one t e l e scope  -- i s  obvious ly  not  
f e a s i b l e .  Th i r t een  d i c h r o i c s  would be r e q u i r e d  t o  s e p a r a t e  a l l  f o u r t e e n  chan- 
n e l s .  The t o t a l  t r ansmi t t ance  of t h i r t e e n  d i c h r o i c s  would not  provide s u f f i c i e n t  
energy throughput t o  s a t i s f y  (NER),design goa l s .  I n  a d d i t i o n ,  s e v e r a l  d i c h r o i c s  
would u l t i m a t e l y  be r equ i r ed  t o  s e p a r a t e  wavelengths f a r  less  than  10 pe rcen t  
a p a r t ,  r e s u l t i n g  i n  degraded t r ansmi t t ance  and severe  p o l a r i z a t i o n  s e n s i t i v i t y .  
Use of an  in t e rmed ia t e  number of t e l e scopes  might s a t i s f y  both the  p o l a r i z a t i o n  
i n s e n s i t i v i t y  and (NER)”design goa l s .  This  i s ,  i n  f a c t ,  t he  mot iva t ion  f o r  
ins t rument  op t imiza t ion ,  

In f luence  of Dichro ic  P r o p e r t i e s  - A s  s t a t e d  i n  the  previous t o p i c ,  the  s t a t e -  
o f - t h e - a r t  imposes a l i m i t a t i o n  on the  a b i l i t y  of d i c h r o i c s  t o  s e p a r a t e  c l o s e l y  
spaced wavelengths wi thout  in t roducing  polarizat , ion e f f e c t s  and degrada t ion  of 
t r ansmi t t ance  and r e f l e c t a n c e .  This  a spec t  i s  e s p e c i a l l y  c r i t i c a l  because of 
the  c l o s e  proximi ty  of seven s p e c t r a l  channels  d e t e c t i n g  t h e  C02 abso rp t ion  band 
between 13.3 pm and 14.9 g m .  

Due t o  t h e  c l o s e  proximity of t he  seven channels  d e t e c t i n g  t h e  15 prn C 0 2  
* a b s o r p t i o n  band, use of fewer than s i x  t e l e scopes  would r e q u i r e  t h e  d i c h r o i c  
beamsp l i t t e r  t o  s e p a r a t e  s p e c t r a l  channels  closer than  10 pe rcen t  o r  1 .6  pm. 
This requirement i s  too  s t r i n g e n t  f o r  t h e  s t a t e - o f - t h e - a r t .  A 6- te lescope  con- 
f i g u r a t i o n  would r e q u i r e  one beamsp l i t t e r  t o  s epa ra t e  the  1 3 . 3  gm and 14.9 pm 
channels .  Although such a d i c h r o i c  could be f a b r i c a t e d ,  i t  would bc cxpcctcd t o  
e x h i b i t  severe  p o l a r i z a t i o n  s e n s i t i v i t y .  This  undes i r ab le  f e a t u r e  e l i m i n a t e s  a 
6- te lescope  c o n f i g u r a t i o n  from f u t h e r  cons ide ra t ion .  

by l i m i t a t i o n s  on d i c h r o i c  performance. 
p l ac ing  one of t h e  seven channels  d e t e c t i n g  the  15pm C02 band on each of seven 
t e l e scopes .  C r i t i c a l  a s p e c t s  i n f luenc ing  the  op t imiza t ion  of a seven-telescope 
c o n f i g u r a t i o n  a r e  d i scussed  i n  t h e  fo l lowing  paragraphs.  

t e l e scope  c o n f i g u r a t i o n  avoids  problems a r i s i n g  from l i m i t a t i o n s  on d i c h r o i c  
performance. 
des ign  g o a l s .  
s i n c e  (NER),, 
app rec i ab ly  f o r  chopping f r equenc ie s  i n  excess  of 40 Hz. 

s i n g l e  r i n g  i s  a poor choice  because of d e t e c t o r  n o i s e  r e s u l t i n g  from a h igh ,  
70-Hz chopping frequency.  7ho rows of t e l e scopes  - four  t e l e s c o p e s  and t h r e e  t e l e -  
scopes each ,  pos i t i oned  i n  s e p a r a t e  r i n g s  - provide a n  optimum chopping frequency 
of 40 Hz. Although a 40-Hz chopping frequency r e s u l t s  from t h e  l o c a t i o n  of l o u r  
t e l e scopes  on one r i n g ,  t h e  requirement  t h a t  a l l  channels  have t h e  same chopping 

The use of a conf igu ra t ion  involv ing  six o r  fewer t e l e scopes  i s  precluded 
This l i m i t a t i o n  can be avoided by 

In f luence  of Chopper Frequency on a Seven-Telescope Conf igura t ion  - A 7 -  

Considera t ion  must now be given t o  the  s a t i s f a c t i o n  of (NER)V 

i s  d i r e c t l y  p ropor t iona l  t o  d e t e c t o r  no i se  which i n c r e a s e s  
Channel (NER),, b e a r s  a d i r e c t  r e l a t i o n s h i p  t o  chopping frequency 

A c o n f i g u r a t i o n  comprising seven equal  diameter  t e l e scopes  pos i t i oned  on a 
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KEASONS MOTIVATING THE SELECTION OF A PREFERKED C O N F I G U M T I O N  OF SEVEN 

R I N G ,  THREE rJiJ THE OTHER. 
TELESCOPES CENTERED ON TWO DIFFERENT RINGS -- FOUR TELESCOPES ON ONE 

0 I n a b i l i t y  of d i c h r o i c  b e a m s p l i t t e r s  t o  s e p a r a t e  channels  i n  a f i ve  

P o l a r i z a t i o n  s e n s i t i v i t y  of  d i c h r o i c  needed f o r  a s i x - t e l e s c o p e  

0 Optimum use of  d i c h r o i c s  i n  a seven- te lescope  c o n f i g u r a t i o n .  
0 High, and t h e r e f o r e  u n s u i t a b l e ,  chopping frequency r e s u l t i n g  from 

0 Optimum chopping frequency of 40 Hz r e s u l t i n g  from seven t e l e s c o p e s  

o r  fewer t e l e scope  c o n f i g u r a t i o n s .  

c o n f i g u r a t i o n .  

seven t e l e s c o p e s  c e n t e r e d  on a s i n g l e  r i n g .  

cen te red  on two d i f f e r e n t  r i n g s .  
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Section 3 7 Optical Subsystem Design 
Subsection - Configuration 

OPTIMIZATION OF THE PREFERRED CONFIGURATION 

The preferred configuration of seven telescopes consists of four large and three 
sn~i11 tcl escopcs whosc diametcrs are chosen to provide tlre energy transfer to the 
spec t ra l  clianiiels in order to best satisfy the NERu design goals. For the base- 
line design, the ratio of the telescope diameters was 1 . 3 1 .  Later data on filter 
transmission and detector sensitivites leads to a ratio of 1.60. 

The seven-telescope configuration chosen avoids problems arising from 
limitations on dichroic performance and allows use of the optimum chopping fre- 
quency. This configuration can be optimized further by use of two different 
diameter telescopes in order to balance the distribution of energy to the spec- 
tral channels. The result of this optimization is the selected optimum config- 
uration illustrated in the facing figure. The optimization prqcedure described 
below provides a ratio of large-to-small telescope-diameters; geometric calcu- 
lation based upon the instrument reduces that ratio to the diameters shown in 
the figure. 

The optimization procedure operates on the thesis that the energy output 
of the telescopes must be balanced to meet the channel NERydesign goals. 
Calculations are based upon channel bandpass,Av, NERy design goals, and ex- 
pected channel transmittance, T. 
diameter D, detector NEP,dV, and T as follows: 

The channel NERy is related to telescope 

The baseline design described in detail in this report was assumed the use 
of detectors whose NEP amplifier current-noise limited and was therefore inde- 
pendent of the detector diameter. 

energy transfer to satisfy each channel NERu design goal, varies according to 
the relation, 

With this assumption the telescope diameter, required to provide sufficient 

3 ' 
D -  [NERV x A V X  T 

Channel placement on the telescopes, as listed in the opposite table, is 
established on the basis of D values calculated initially without regard to 
dichroic transmittance or reflectance. The ratio of diameters of large and 
small telescopes required for an optimum configuration is determined by the 
ratio of the D values of the most critical channel associated with a large tele- 
scope and the most critical channel associated with a small telescope. Since 
dichroic transmittance and reflectance are not equal and vary with wavelength, 
the total channel transmittance must take into account the transmittance and 
reflectance of the dichroic for the final baseline configuration optimization 
presented in the table. 
of D values incorporating dichroic transmittance, is verified by the table. 

Once the diameter ratio is determined, it is simple to determine the actual 
maximum telescope diameter. 
the telescope diameters are 80 mm and 61 nun. 

It has been established by the study subtask that pyroelectric detector 
noise varies directly as the square root of the detector area since the noise is 
loss-tangent limited. Because detector and telescope diameters are directly re- 
lated by optical design, detector noise is directly proportional to telescope 
diameter, and will therefore vary between channels placed on large and small 
telescopes, 

Proper placement of channels, after final calculation 

For an instrument clear aperture of 10.75 inches, 
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+ NER 

0 .003  
0 . 0 2  
0 . 1 5  
0 . 1 5  
0 . 1 5  
0 .15  
0 . 5  
0.15 
0 .15  
0 . 1 5  

For d e t e c t o r s  whose s e n s i t i v i t y  i s  i n t e r n a l l y  l i m i t e d  with cons t an t  d e t e c t -  
i v i t y ,  DJc, t he  t e l e scope  diameter  var ies  as  fo l lows  wi th  NERu, T ,  a n d h u :  

Baseline Revised 
D Tele. D Tele. 

1.30 S .  1 . 7 2  L 
1 .56  L 2.45 L 
0 .91  S 0 . 8 3  S 
1 . 1 6  S 1.34 S 
1.26 S 1.59 S 
1.26 L 1.59 L 
1.70 L 2.31* L 
1 .15  L 2.38 L 
1.15 L 2.38 S 
1.16 L 2.54 L 

D -[NE% x h v  x T I-' . 

1 
2 
3 
4' 

5-7 
8- 10 
11 
12 
13 
14 

This v e r s i o n  impl ies  t h a t  a l a r g e r  v a r i a t i o n  i n  optimum diameter  r a t i o  i s  t o  

Following thrdugh t h e  same channel  assignment and op t imiza t ion  procedure g iven  
be expected.  

above, we f i n d  t h a t  t h e  channel assignment i s  d i f f e r e n t .  Since channel  1 i s  t h e  
most important  channel ,  i t  i s  p laced  on a l a r g e  t e l e scope  t o  provide a lower NER, 
channel  a t  t h e  expense of channel 13 which i s  p laced  on a small t e l e scope .  The 
optimum te l e scope  diameter  r a t i o  becomes 1.60, corresponding t o  t e l e scope  diam- 
e t e r s  i n  a 10.75-inch c l e a r  a p e r t u r e  of 87.5 and 56 mm. These changes r e q u i r e  some 
minor r edes ign  of the  chopper and d e t e c t o r  o p t i c s  and t h e  t e l e scopes .  

300 
50 
25 
15 
15 
15 

3 . 5  
15 
15 
15 

PARAMETERS CKITICAL TO ENERGY BALANCE 

The va lues  of channel  t r ansmi t t ance ,  bandpass,  and NER, determine t h e  r e l a t i v e  
t e l e scope  d iameters  r equ i r ed  t o  s a t i s f y  NER v d e s i g n  g o a l s .  

Channel Bandwidth I Transmittance 
Dichroic F i l t e r  & Lens 

0 . 9 5  
0 .95  
0 . 9 5  
0 .95  
0 .80  
0.80 
0 .95  
0 .80  
0 .80  
0 .75  

0 . 6 8  
0 . 4 3  
0 .34  
0 . 3 5  
0 . 3 5  
0 . 3 5  
0 . 2 1  
0 . 1 4  
0.14 
0.14 

.?.- 

Based upon a r e v i s e d  f i l t e r  and l e n s  tranSmittanCe of 0.26. 1110-104-236 

'INSTRUMENT CA 10.75  OD 

TEUSCOPE DUMETER 

BASELINE REVISED 

A 80 m 8 7 . 5  mm 
B 61  urn 56 mn 

"C" W I L L E D  POSITION 

Nesting of Telescopes Within the  Instrument  Clear  Aperture .  A 
proper  p ropor t ion  i n  l a r g e  and small t e l e scope  d iameters  a l lows  
op t imiza t ion  of channcl throughput t o  channel NERy des ign  goa l s .  
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Section 3 - Optical Subsystem Design 
Subsection - Configuration 

EXPECTED PERFORMANCE OF BASELINE AND REVISED CONFIGURATION 

‘l’hc boscl iiw configuratioii ciin bc reoptimized in light of revlscd opticul design, 
dctector N E P  vo lucs , oiid improvcd clwiiiiel transmit kancc. 
resul.tiiig irom that reoptimization indicate an improvement in the satisfaction of 
NERy design goals. 

Cal culat ion of NERyvalues 

A baseline configuration was established at an early stage of the TOVS-BSU 
design study to facilitate the construction of the optical mock-up. Although the 
baseline configuration was optimized for energy balance, revised channel trans- 
mittances and detector NEPs, resulting from investigation made in the study pro- 
gram, required a reoptimization. Reoptimization of the baseline configuration 
was discussed in the previous topic. Evaluation of the performance of the base- 
line and optimized configuration are as follows: 

NERydesign goals. The calculation of NERv values is carried out in the section 
on detector NEP, and channel transmittance and bandwidth, The data listed in 
the opposite table are based on that calculation. The ratio between the calcu- 
lated and design goal NERy provides a means of assessing the performance of the 
baseline and revised configurations. 

design goal NERyvalues, was satisfactory enough to allow its use in further 
study and testing of the BSU. The improvement in performance gained by a re- 
optimization of the baseline configuration i s  particularly notable in channels 
1, 2, 11, and 14. Due to this improvement, the revised configuration becomes 
the foundation for the development of BSU flight instrumentation. 

Satisfaction of NERV design goals is indicated in the table opposite for 
both the baseline and revised configurations. 
initial and revised values of channel transmittance and detector diameter and NEP. 

Optimization of the optical configuration, centers around satisfaction of 

The calculated performance of the baseline configuration, in terms of the 

The NERyvalues are based on 
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hannel 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Baseline 
Configuration 

1.25 
1.39 
0.62 
0.99 
1.13 
1.13 
1.13 
0.90 
0.90 
0.90 
1.25 
0.94 
1.01 
1.17 

Revised 
Conf ig ur a t ion 

0.76 
1.09 
0.56 
0.94 
1.11 
1.11 
1.11 
0.70 
0.70 
0.70 
0 .98  
0.74 
1.24 
0.91 
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Sect ion  3 - Opt ica l  Subsystem Design 
Subsect ion - Opt ica l  Dcsigu 

SELECTION OF OPTICAL CHANNEL CONFIGURATION 

Analys is  of t h e  r ad iomet r i c  and f ie ld-of -v iew requirements  l eads  t o  an  o p t i c a l  
c o n f i g u r a t i o n  which employs a r e f l e c t i n g  t e l e s c o p e ,  r e f l e c t i n g  chopper a t  t h e  
f i e l d  s t o p ,  and a d e t e c t o r  o p t i c a l  r e l a y  which images t h e  d e t e c t o r  on t h e  
secondary m i r r o r .  

The primary o b j e c t  of t h e  o p t i c a l  des ign  i s  t o  provide t h e  d e s i r e d  angular  
r e s o l u t i o n  wi th  minimum rad iomet r i c  e r r o r .  To m e e t  t h i s  o b j e c t i v e ,  t h e  o p t i c a l  
t r a i n ,  c o n s i s t i n g  of t h e  c o l l e c t i n g  o p t i c s ,  f i e l d  s t o p ,  chopper,  d i c h r o i c  
s p l i t t e r ,  f i l t e r ,  and d e t e c t o r  must be designed f o r  h igh  r e j e c t i o n  of s t r a y  
l i g h t  and thermal emiss ions .  

s m a l l  f i e l d  of view. Th i s  t e l e scope  must be fo lded  t o  achieve t h e  d e s i r e d  
long f o c a l  l eng th  i n  a s h o r t  space .  

The Cassegra in ian  r e f l e c t i n g  t e l e scope  conf igu ra t ion ,  c o n s i s t i n g  of a 
concave primary m i r r o r  and a convex secondary m i r r o r ,  p rovides  t h e  r equ i r ed  
f o c a l  length  and fo lded  geometry. 

An o p t i c a l  chopping scheme must be used t o  achieve t h e  d e s i r e d  systems 
s e n s i t i v i t y .  The use of  a r e f l e c t i v e  c o l l e c t i n g  t e l e scope  wi th  low-emittance 
m i r r o r  s u r f a c e s  permi ts  l o c a t i o n  of t h e  chopper a t  t h e  rear of t h e  t e l e s c o p e  
nea r  t h e  t e l e scope  focus .  The s m a l l  s i z e  of t h e  beam near  t h e  focus  makes i t  
easy  t o  provide an accu ra t e  r ad iomet r i c  r e fe rence  by imaging a small, cons t an t -  
temperature  blackbody d i r e c t l y  on t h e  d e t e c t o r  wi th  a low-emittance r e f l e c t i n g  
s u r f a c e  on t he  chopper.  An a p e r t u r e  loca t ed  a t  the  focus of t he  t e l e scope  j u s t  
behind t h e  chopper can then  a c c u r a t e l y  d e f i n e  t h e  f i e l d  of view. 

An o p t i c a l  system i s  necessary  t o  r e l a y  t h e  l i g h t  through t o  a d i c h r o i c  
b e a m s p l i t t e r  and, from t h e r e ,  through a f i l t e r  t o  t h e  d e t e c t o r .  The d i c h r o i c  
and f i l t e r  are n o t  p e r f e c t l y  e f f i c i e n t  and do e m i t  thermal r a d i a t i o n ;  t h e r e -  
f o r e ,  t h e s e  components must, i n  any case, be  loca ted  a f t e r  t h e  chopper where 
t h e i r  unchopped emissions w i l l  no t  be d e t e c t e d  except  as c o n s t a n t  background. 
Because low e m i s s i v i t y  i s  n o t  r equ i r ed ,  a s imple r e f r a c t i v e  l e n s  system can be 
used f o r  t he  r e l a y  o p t i c s .  Germanium l e n s e s  perform b e s t  i n  t h e  s h o r t  wave- 
l eng th  channels ,  whi le  t h e  use  of  s i l i c o n  l enses  i s  necessary  f o r  t h e  long-wave 
channels .  

The d e t e c t o r  r e l a y  o p t i c s  must no t  image t h e  d e t e c t o r  on t h e  f i e l d  s t o p  
because the  accuracy o f  t he  f i e l d  alignment could be destroyed by a d e t e c t o r  
misalignment o r  nonuniformity i n  r e s p o n s i v i t y  a c r o s s  t h e  d e t e c t o r ,  

S t r a y  l i g h t  c o n t r o l  r e q u i r e s  t h e  use of b a f f l e s  i f  l i g h t  s c a t t e r e d  i n t o  
the  f i e l d  s t o p  i s  imaged on to  t h e  d e t e c t o r .  Such b a f f l e s  c o n t r i b u t e  t o  d i f -  
f r a c t i o n  and may c o n t r i b u t e  new sources  of s c a t t e r e d  l i g h t .  

To e l i m i n a t e  s t r a y  l i g h t  and reduce t h e  e f f e c t s  of d e t e c t o r  nonuni fonni ty ,  
i t  i s  b e t t e r  t o  focus  t h e  d e t e c t o r  on t h e  ape r tu re -de f in ing  s u r f a c e .  By making 
t h i s  s u r f a c e  t h e  secondary m i r r o r ,  a l l  need f o r  b a f f l e s  o r  hoods i s  e l imina ted .  

r a d i a t i o n  from behind t h e  f i e l d  s t o p  from being r e f l e c t e d  and imaged on t h e  
d e t e c t o r ,  the  c e n t e r  of t h e  d e t e c t o r  must be masked o f f .  The o p t i c a l  mockup 
b u i l t  f o r  t h e  s tudy  employed a concave c e n t r a l  zone on t h e  secondary m i r r o r ,  a 
less e f f e c t i v e  approach. The masked-detector  approach was used i n  t h e  ITPR. 

A l ayou t  of  t h e  o p t i c a l  system which r e s u l t s  from a p p l i c a t i o n  of t h e s e  
p r i n c i p l e s  i s  shown on t h e  o p p o s i t e  page.  The detai ls  of t h e  system d e s i g n  are 
d i scussed  nex t .  

A t e l e s c o p i c  o p t i c a l  system must be  used t o  c o l l e c t  enough l i g h t  from t h e  

The c e n t r a l  zone of  t h e  secondary m i r r o r  i s  unused. To e l i m i n a t e  chopper 
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CONSIDERATIONS LEADING TO CHOICE OF OPTICAL CONFIGURATION 

Problem Approach t o  be Used 

Light  c o l l e c t i o n  from small  FOV 

Low emiss ion  R e f l e c t i n g  t e l e scope  

Telescopic  c o l l e c t i n g  o p t i c s  

Shor t  geometry 

High s e n s i t i v i t y  

Cassegra in ian  t e l e scope  

O p t i c a l  chopper 

Accurate  r ad iomet r i c  r e f e r e n c e  

Accurate  f i e l d  d e f i n i t i o n  

I n c l u s i o n  of d i c h r o i c  and f i l t e r  Detec tor  r e l a y  o p t i c s  

E l imina t ion  of s t r a y  l i g h t  

R e f l e c t i v e  chopper wi th  blackbody 

F i e l d  s t o p  not  a t  d e t e c t o r  

Image d e t e c t o r  on secondary m i r r o r  

1110-104 -21 1 

.- 

SECONDARY MIRROR 

P 

DETECTOR AND 

TYP. FILTER 

LENS DOUBLET 

D I CHRO I C 
BEAMSPLI TTER 

FIELD S T O P 1  

IMARY MIRROR 

61 -MM CASSEGRAINIAN TELESCOPE DETECTOR OPTICS 
-. 

0ptrici:I Layout of a 61-mrn Telescope W i t h  Detec tor  Opt ics .  
f o r  u s e  i n  t h e  BSU a r e  of t h e  sphere-sphere Cassegrnininn type.  
o p t i c s  c o n s i s t  of nondispers ive  e lements ,  f i l t e r s  and d i c h r o i c ,  d e f i n i n g  t h e  
channcl  s p e c t r a l  c h a r a c t e r i s t i c s  and d e t e c t o r  l e n s  doub le t s  imaging t h e  a p e r t u r e  
s t o p  of t h e  system on to  t h e  s u r f a c e  of  t h e  d e t e c t o r s .  

The t e l e s c o p e s  s e l e c t e d  
The d e t e c t o r  
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Sec t ion  3 - Opt ica l  Subsystem Design 
Subsect ion - Opt ica l  Design 

DESIGN OF THE TELESCOPE 

The Cassegra in ian  r e f l e c t i n g  t e l e scopes  employ s p h e r i c a l  m i r r o r s  f o r  ease of 
manufacture ,  f i n i s h i n g ,  and al ignment .  Parameters are chosen t o  provide minimum 
secondary mi r ro r  obscu ra t ion  c o n s i s t e n t  wi th  good image q u a l i t y ,  and p r a c t i c a l  
dimensions f o r  t h e  f i e l d  s top  and d e t e c t o r  o p t i c s  camponents. 

The Cassegra in ian  t e l e scope  c o n f i g u r a t i o n , m n s i s t i n g  of a concave primary 
m i r r o r  and convex secondary, permi ts  t h e  e f f e c t i v e  t e l e scope  f o c a l  l eng th  t o  be 
many t i m e s  g r e a t e r  t han  i t s  phys ica l  l e n g t h .  It al lows v e r y  s m a l l  angular  
f ie lds-of -v iew t o  be g r e a t l y  magnif ied a t  t h e  prime image p lane  wi th  a very  
s h o r t  t e l e s c o p e  s t r u c t u r e .  The c i r c u l a r  f i e l d  s t o p  opening, l oca t ed  p r e c i s e l y  
on t h e  prime image plane of t h e  t e l e s c o p e ,  completely d e f i n e s  t h e  angu la r  f i e l d -  
of-view of t h e  r a d i a t i o n  from t h e  e a r t h  scene .  

computer r a y - t r a c e  us ing  t h e  fol lowing r a t i o n a l e :  
The dimensions of the t e l e scope  m i r r o r s  and f i e l d  s t o p s  are  determined by 

0 The primary m i r r o r  d iameter  i s  made as l a r g e  as p o s s i b l e ,  c o n s i s t e n t  

0 The primary and secondary m i r r o r s  are made s p h e r i c a l ,  t o  permit  

wi th  instrument  s i z e  and weight c o n s t r a i n t s .  

economi,cal manufacture ,  t e s t ,  and al ignment ,  and t o  make i t  easier 
t o  g ive  t h e  m i r r o r s  a h igh  p o l i s h  t o  reduce emission and s c a t t e r i n g .  

0 The re la t ive a p e r t u r e  a t  t h e  f i e l d  s t o p  is  chosen t o  be f / 4 ,  so  t h a t  
t h e  beam pass ing  through t h e  i n t e r f e r e n c e  f i l t e r s  i s  not  t oo  
d ive rgen t  . 

0 The d iameter  o f  t h e  f i e l d  s t o p  i s  then  chosen so t h a t  d i c h r o i c s ,  
l e n s e s ,  and f i l t e r s  are  of e a s i l y  manufactured s i z e s .  

o To minimize t h e  d iameter  of  t h e  f i e l d  s t o p ,  t h e  secondary m i r r o r  
i s  p laced  as c l o s e  as p o s s i b l e  t o  t h e  f i e l d  s t o p ,  c o n s i s t e n t  w i th  
a n  accep tab le  level of  a b e r r a t i o n .  

A drawing of  t h e  r e s u l t a n t  des ign  i s  shown on the  f ac ing  page. The t a b l e  
(oppos i t e )  i t emizes  some of  t he  more important  t e l e scope  parameters  t o g e t h e r  
wi th  the  corresponding va lues  used i n  t h e  NIMBUS-5 ITPR, and it  compares BSU and 
ITPR double-sphere t e l e scope  dimensions and performance c h a r a c t e r i s t i c s .  

While s p h e r i c a l  m i r r o r s  cannot  produce t h e  image q u a l i t y  which a parabolo id  
primary m i r r o r  and hyperboloid secondary m i r r o r  o r  o t h e r  a sphe r i c  m i r r o r  com- 
b i n a t i o n s  can produce, t h i s  sphe r i ca l -mi r ro r  Cassegra in ian  t e l e scope  m e e t s  a l l  
t h e  angular  f i e ld -o f  -view s p e c i f i c a t i o n s .  

economically matched i n  r a d i u s  of cu rva tu re  and s p h e r i c i t y ,  and can  be a l igned  
e a s i l y  t o  t h e i r  own o p t i c a l  a x i s  t o  g ive  t h e  s p e c i f i e d  alignment of f i e l d - o f -  
view c e n t r o i d s  between a l l  channels .  Sphe r i ca l  m i r r o r s  can a l s o  economically 
be g iven  a ve ry  h igh  q u a l i t y  s u r f a c e  p o l i s h  which i s  necessa ry  t o  permi t  less 
than  1-percent  e m i s s i v i t y  and less than  1-percent  d i f f u s e  scat ter  a f t e r  c o a t i n g .  
Parabolo ids ,  hyperbolo ids ,  e l l i p s o i d s ,  and higher-degree a s p h e r i c  o p t i c a l  s u r f a c e s  
are much more expensive t o  produce and t o  match i n  q u a n t i t i e s .  It i s  a l s o  
d i f f i c u l t  t o  produce h igh -qua l i ty  s u r f a c e  p o l i s h  on a s p h e r i c s .  

The c e n t r a l  zone of t he  secondary m i r r o r  i s  not  used,  s i n c e  those  r ays  which 
would t h e o r e t i c a l l y  use  t h i s  area are p h y s i c a l l y  blocked by t h e  secondary m i r r o r  
b e f o r e  they  eve r  reach  t h e  primary m i r r o r .  T h i s  zone of t h e  secondary m i r r o r  can 
r e f l e c t  s t r a y  r a d i a t i o n  t o  t h a t  c e n t r a l  p a r t  of t he  d e t e c t o r  which is an  image of 
t h i s  c e n t r a l  zone of t h e  secondary m i r r o r .  

The corresponding s p h e r i c a l  m i r r o r s  of t h e  d i f f e r e n t  t e l e scopes  can  be 
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To keep s t r a y  r a d i a t i o n  from reaching  t h e  d e t e c t o r ,  a mask may be used 

In the  des ign  of t he  o p t i c a l  niockup, an  a l t c r n a t i v c  h i t  less  c\ffc.ctive 
i n  the  image plane of t he  secondary m i r r o r ,  l oca t ed  a t  tlie d e t e c t o r .  

approacli w a s  t aken .  Tlic u u u s c d  c e n t r a l  zone o E  tlic secondary iiiirror was 
given a concave s p h e r i c a l  surFace w i t h  a r a d i u s  of cu rva tu re  e x a c t l y  equal  
t o  the secondary m i r r o r  f i e l d - s t o p  spac ing ,  as shown i n  the  drawing oppos i t e .  
T h i s  concave dimple i n  the  secondary mi r ro r  t hen  p r e c i s e l y  images t h e  co r re s -  
ponding c e n t r a l  z o m  of t h e  d e t e c t o r  back on i t s e l f .  
h e l p s  e l i m i n a t e  i n c i d e n t  s t r a y  l i g h t ,  i t  a l lows  thermal r a d i a t i o n  from t h e  
f i e l d  s t o p  and d e t e c t o r  o p t i c s  t o  be chopped and then  r e f l e c t e d  t o  t h e  
d e t e c t o r .  Because t h e  d e t e c t o r  o p t i c s  are t o  be t empera tu re - s t ab i l i zed ,  t h e  
rad iometr ic  e r r o r  i s  accep tab le ,  b u t  not  d e s i r a b l e .  

i s  s u p e r i o r  and i t s  use  i s  recommended. 

Although t h i s  approach 

Radiometric a n a l y s i s  shows t h a t  t h e  masked-detector approach used on I T P R  

1110-102-214 

1.125' ANGULAR FIELD OF VIEW --4 
, 

FIELD STOP SECONDARY MIRROR 

DIMPLE 
PRIMARY MIRROR 

Kay Trace Drawing of Cassegrain Telescope. Sphe r i ca l  m i r r o r s  provide adequate  
d e f i n i t i o n  and a r e  used f o r  ease  of manufacture and tes t ,  
secondary i s  d e l i v e r a t e l y  made concave. 

The center of t h e  

SELECTED TELESCOPE PARAMETERS -__-- .. ----_I.- ---- -- 
BSU ITPR - - 

BSU 
61-mm Dia. 80-mm D i a .  53.249-mm Did - - .  

PRIMARY MIRROR RADIUS OF CURVATURE (MM) 

SECONDARY MIRROR RADIUS OF CURVATURE (MM) 

PRIMARY-SECONDARY MIRROR SPACING (MM) 

SECONDARY MIRROR FIELD STOP SPACING (MM) 

SECONDARY MIRROR DIAMETER (MM) 
PRIMARY MIRROR DIAMETER (MM) 

PRIKARY MIRROR USED AREA DIAMETER (MM) 

FOCAI, LENGTH (MM) 

FIELD STOP DIAMETER (MM) 

HALF-POWER FOV DIAMETER (DEGREES) 

NIIPIIERICAL APERTURE (NA) AT FIELD STOP 

PERCENT OBSCURATION 

CILXLE OF CONFUSION (DEGREES) 

TOTAL AREA OF ACCEPTANCE WITH 

SPIDER AND SECONDARY OBSCURATION (a2) 

148 . 20 
78.70 
47.70 
74.86 
19.52 
61.0 
58.452 
218.062 
4.282 
1 125 
0.131* 

14.46 
0,077 

20.87 

194.50 
103.20 
62.60 

98.44 
25.60 
80.0 

76.654 
286.709 
5.630 
1.125 

0.131* 

14.00 
0,077 

35.99 

121.607 3 
64.5231 
39.100 

61 100 
16.000 
53.249 
45.708 
178.571 
4.6 
1.4760 
0.131* 

14.95 
0. il 

13.9525 

- -  *FOR W E  AT CENTER OF FIELD-OF-VIEW.. 
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DESIGN OF DETECTOR OPTICS 

Each of  t h e  14 channels  u ses  a double t  l e n s  system t o  sha rp ly  image i t s  t e l e scope  
secondary mi r ro r  on  t h e  d e t e c t o r ,  making t h e  secondary m i r r o r  t h e  a p e r t u r e  s t o p  of 
the  t e l e s c o p e ,  Only t h r e e  d i f f e r e n t  l e n s  des igns  a r e  used f o r  t h e  14 channels .  

The d e t e c t o r  o p t i c a l  systems commence a t  t h e  f i e l d  s t o p  and inc lude ,  i n  
o r d e r ,  a d i c h r o i c  f i l t e r  b e a m s p l i t t e r ,  s p e c t r a l  f i l t e r s ,  t h e  doub le t  l e n s e s ,  a 
window t o  seal  t h e  d e t e c t o r ,  and t h e  d e t e c t o r  i t s e l f .  The f i g u r e  i s  a n  o p t i c a l  
schematic  of two t y p i c a l  d e t e c t o r  channels  fol lowing t h e  f i e l d  s t o p  of a 
t e l e s c o p e .  

be designed s p e c i f i c a l l y  f o r  maximum r e f l e c t a n c e  a t  45-degree inc idence  f o r  t h e  
s p e c t r a l  bandwidth r equ i r ed  by t h e  r e f l e c t i v e  channel ,  and f o r  maximum t r ansmi t -  
t ance  a t  45-degree incidence f o r  t h e  s p e c t r a l  bandwidth of t h e  t r ansmi t t ed  channel .  
The d i c h r o i c  f i l t e r s  f o r  a l l  channels  have t h e  same phys ica l  dimensions.  

Two s p e c t r a l  f i l t e r s  w i th  b locke r s  are r equ i r ed  by each channel i n  a d d i t i o n  
t o  the  d i c h r o i c  f i l t e r  i n  o r d e r  t o  p rope r ly  d e f i n e  t h e  s p e c t r a l  bandwidth. These 
s p e c t r a l  f i l t e r s  immediately fo l low t h e  d i c h r o i c  f i l t e r  i n  both  t h e  r e f l e c t i n g  
and t r a n s m i t t i n g  channels .  The s p e c t r a l  f i l t e r s  have t h e  same mounting d iameter  
f o r  a l l  14 channels .  I n  t h e i r  o p t i c a l  p o s i t i o n ,  t h e  maximum i n c i d e n t  angle  f o r  
any ray  a t  t h e s e  f i l t e r s  i s  less than 8 degrees .  Thus, near-maximum s p e c t r a l  
performance can be expected from t h e s e  f i l t e r s .  

o f  each channel and s h a r p l y  images t h e  t e l e scope  secondary m i r r o r  on  t h e  d e t e c t o r .  
The doub le t  l e n s e s  f o r  a l l  14 channels  have t h e  same phys ica l  d iameters .  The 
doub le t  l e n s e s  f o r  channels  1 through 11 are made from germanium, and r e q u i r e  two 
d i f f e r e n t  se ts  o f  s u r f a c e  r a d i i ,  depending on whether t h e  l enses  are used w i t h  a 
61-or 80-mm OD t e l e s c o p e .  The double t  l enses  f o r  channels  12, 13, and 14 are 
m a d e  from s i l i c o n  and r e q u i r e  a t h i r d  set  of  s u r f a c e  r a d i i .  These t h r e e  sets  of 
l e n s  s u r f a c e  r a d i i  have been opt imized by automatic  computer r a y - t r a c e  procedures  
f o r  t h e  same numerical a p e r t u r e  (NA) a t  t h e  d e t e c t o r ,  and are a b l e  t o  image t h e  
c i r c u l a r  edge of t h e  secondary m i r r o r  a t  t h e  s u r f a c e  o f  t h e  d e t e c t o r  w i th  aber -  
r a t i o n s  which are less than  1/200 o f  t h e  d e t e c t o r  d iameter ,  o r  1/200 of t h e  
secondary m i r r o r  d iameter  f o r  t h a t  matter,  s i n c e  they are images of one ano the r .  
The d e t e c t o r  i s  manufactured wi th  a s e n s i t i v e  d iameter  j u s t  s l i g h t l y  smaller than  
t h e  secondary mi r ro r  image; t h u s ,  it cannot r e c e i v e  s t r a y  r a d i a t i o n  from t h e  edges 
and o u t s i d e  of t h e  secondary m i r r o r .  I f  channel  1 2  o r  13 i s  placed on a 61-mm 
te l e scope  (as  considered i n  an  a l t e r n a t i v e  d e s i g n ) ,  des ign  of  a s i l i c o n  l e n s  f o r  
a 61-mm te l e scope  w i l l  be  r e q u i r e d .  

The imaging scheme a l s o  has  the  advantage t h a t  t h e  image of t h e  d e t e c t o r  a t  
t he  f i e l d  s t o p  i s  defocused s o  t h a t  nonuni formi t ies  i n  d e t e c t o r  response do not  
produce corresponding nonuni formi t ies  i n  s e n s i t i v i t y  ac ross  t h e  f i e ld -o f -v i ew.  

A t h i n  window i s  mounted several m i l l i m e t e r s  i n  f r o n t  of each of  t h e  14 
d e t e c t o r s .  The windows are germanium f o r  channels  1 through 1 2 ,  and s i l i c o n  f o r  
channels  1 2 ,  13, and 14.  They are so ldered  t o  t h e  d e t e c t o r  housing as a s ea l .  
The s p e c t r a l  f i l t e r s  and t h e  double t  l e n s e s  can be mounted i n  a s e p a r a t e  housing 
i s o l a t e d  from t h e  d e t e c t o r ,  which provides  convenient  mounting and s e r v i c i n g  of 
t h e s e  e lements .  The d e t e c t o r  housing i s  a d j u s t a b l e ,  re la t ive  t o  t h e  f i l t e r  and 
l e n s  housing, i n  t h e  event  any f i n a l  d e t e c t o r  adjustment  i s  needed. The f i n a l  
adjustment  w i l l  be made wi th  machined adap te r s  which w i l l  remain s t a b l e .  

t o  t h e  o p t i c a l  subtask  r e p o r t .  

The d i c h r o i c  f i l t e r  i s  mounted a t  45 degrees  t o  t h e  t e l e scope  a x i s .  It must 

A double t  l e n s  ( a  two-element l e n s  system) fo l lows  t h e  two s p e c t r a l  f i l t e r s  

The d e t a i l e d  des ign  d a t a  f o r  t h e  d e t e c t o r  o p t i c s  is g iven  i n  an  appendix 
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Ray Trace of Detec tor  Opt ics .  
uniformly i n t o  an  a r e a  on t h e  d e t e c t o r .  

Notice  how a p o i n t  on t h e  f i e l d  s t o p  i s  imaged 
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Sect ion  3 - Opt ica l  Subsystem Design 
Subsect ion - Opt ica l  Design 

OPTICAL DESIGN OF CHOPPER AND REFERENCE BLACKBODY 

A r e f l e c t i v e  chopper i s  used t o  image t h e  d e t e c t o r  of  each channel i n t o  a thermal ly  
c o n t r o l l e d  and measured r e fe rence  blackbody c a v i t y  t o  e l i m i n a t e  r ad iomet r i c  e r r o r  
from chopper temperature  v a r i a t i o n s .  

A h igh ly  r e f l e c t i v e  chopper,  i n  conjunct ion  wi th  a n  e f f i c i e n t  blackbody 
c a v i t y ,  can  provide a h ighe r  blackbody emi t tance  and b e t t e r  blackbody temperature  
c o n t r o l  and measuring accuracy than  can  a b l ack  chopper wheel, t h e  temperature  
of which must be s t a b l e  and uniform t o  b e t t e r  t han  0.08"K whi le  i t  i s  r o t a t i n g  
t o  avoid d e t e c t a b l e  r ad iomet r i c  e r r o r .  Consequently,  a r e f l e c t i v e  chopper i s  
used f o r  a l l  channels .  

f i e l d  s t o p .  The chopper s u r f a c e  f ac ing  t h e  f i e l d  s t o p  i s  a s e c t o r  of a concave 
t o r o i d  wi th  a c i r c u l a r  c r o s s - s e c t i o n ;  it has  f o u r  e q u a l l y  spaced windows i n  two 
r i n g s  t o  g ive  f o u r  chopping c y c l e s  pe r  chopper r o t a t i o n  f o r  each set of tele- 
scopes.  The concave t o r o i d  s u r f a c e  i s  h i g h l y  pol i shed  and gold-coated f o r  
p r e f e r a b l y  less than  1-precent  e m i s s i v i t y  and less than  1-percent  d i f f u s e  s c a t -  
t e r .  During t h e  chopping c y c l e ,  when t h e  chopper blocks t h e  f i e l d  s t o p ,  t h e  
t o r o i d a l  m i r r o r  images t h e  d e t e c t o r s  of both channels  i n t o  a small, blackbody 
c a v i t y  loca t ed  on t h e  chopper s i d e  of  t h e  f i e l d  s t o p .  

Separa te  t o r o i d a l  m i r r o r  chopper s u r f a c e s  have been designed by computer 
r a y - t r a c i n g  f o r  t h e  channels  fo l lowing  t h e  6 1  and 80-mm te l e scopes ,  s i n c e  t h e s e  
t e l e scopes  are mounted a t  d i f f e r e n t  r a d i i .  These r a y - t r a c e s  have shown t h a t  
such t o r o i d a l  chopper m i r r o r s  mounted on a s i n g l e  chopper d i s c  can image t h e  
d e t e c t o r s  completely w i t h i n  cavi t ies  having r e l a t i v e l y  s m a l l  openings and re la-  
t i v e l y  l a r g e  i n t e r n a l  a r e a s ,  f o r  a h i g h , e f f e c t i v e  emis s iv i ty .  

each t e l e s c o p e .  The cavi t ies  are tempera ture-cont ro l led  t o  +1"C, and are 
a c c u r a t e l y  temperature-monitored. 

from t h e  d e t e c t o r  through the  f i e l d  s t o p  i s  imaged i n  the  blackbody. The black-  
body cavi t ies  w e r e  made c y l i n d r i c a l  i n  t h e  o p t i c a l  mockup, as shown. The w a l l s  
of t he  cavi t ies  were coated wi th  3M b lack  p a i n t .  

The l igh t -chopper  chops t h e  e n t e r i n g  r a d i a t i o n  j u s t  be fo re  it reaches  t h e  

Sepa ra t e  bu t  i d e n t i c a l  c a v i t i e s  are used as the  r e fe rence  blackbody f o r  

Shown on t h e  f ac ing  page i s  a r a y - t r a c e  drawing showing how l i g h t  coming 
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SPOT DIAGRAM OF f 1,  

+ " DETECTOR IMAGE. 
THIS IMAGE I S  * ENTIRELY CONTAINED 
IN THE BLACKBODY 
OPENING. 

+ 

7 , r~age C h a r a c t e r i s t i c s  oE Toroida l  Chopper Mir ror .  A mirror  chopper and bLackbody 

vi s t  be used t o  provide r ad iomet r i c  r e f e r e n c e  of adequate  s t a b i l i t y .  
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Sec t ion  3 - Opt ica l  Subsystem 
Subsect ion - Opt ica l  Design 

DESIGN OF THE PHASE REFERENCE PICKUP 

The phase-reference pickup provides  r e fe rence  f o r  synchronous demodulation of 
d e t e c t o r  s i g n a l s  and synchroniza t ion  of t h e  chopper wi th  t h e  d a t a  system. A 
narrow beam i s  i n t e r r u p t e d  by an  edge on t h e  chopper wheel t o  provide a r e f e r e n c e  
s i g n a l  wi th  r a p i d  and unambiguous l i gh t -da rk  t r a n s i t i o n s .  
confirmed by mockup t e s t i n g .  

To achieve  t h e  r equ i r ed  n o i s e  performance, t h e  TOVS-BSU employs synchronous 

The des ign  has  been 

demodulation of  d e t e c t o r  s i g n a l s .  The r o t a t i o n  of t h e  o p t i c a l  chopper i s  
synchronized w i t h  t h e  scanner  and i n t e g r a t o r  sequence by means of a phase- 
locked loop.  The synchronizing s i g n a l  i s  de r ived  from a n  o p t i c a l  phase- refer -  
ence pickup which i s  s e n s i t i v e  t o  t h e  angular  p o s i t i o n  o f  t h e  chopper.  The 
pickup must provide  an i n d i c a t i o n  of  chopper p o s i t i o n  which i s  s t a b l e  t o  a 
f r a c t i o n  of  a degree .  

instrument  because t h e  f i n i t e  beam s i z e  and s c a t t e r i n k  of  l i g h t  caused t h e  
s i g n a l  t o  make a gradual  t r a n s i t i o n  from l i g h t  t o  da rk .  As a r e s u l t ,  t h e  duty  
cyc le  and phasing were not  w e l l  de f ined .  Th i s  d i f f i c u l t y  has  been c o r r e c t e d  
by a des ign  (shown i n  F igu re  A) which has  been incorpora ted  i n t o  t h e  o p t i c a l  
mockup. 

The beam from a ga l l ium a r s e n i d e  l i g h t - e m i t t i n g  d iode  (LED) i s  co l l imated  
by a small h o l e  t o  achieve  a beamwidth of about 0.005 of an  i n c h .  Th i s  beam 
i s  a l t e r n a t e l y  i n t e r r u p t e d  and t r ansmi t t ed  a t  40 Hz by t h e  chopper wheel, on a 
27-inch circumference,  and i s  de t ec t ed  by a p h o t o t r a n s i s t o r .  Th i s  choice  of  
beamwidth i s  equ iva len t  t o  0.27 e lec t r ica l  degree  i n  one c y c l e  of  t h e  40-Hz 
r e f e r e n c e  s i g n a l .  The waveform produced as t h e  chopper i n t e r r u p t s  t h e  beam 
i s  t h u s  very  n e a r l y  square .  

t h e  chopper i n  t h e  o p t i c s  subassembly. Because t h e  l i g h t  t r ansmi t t ed  by t h e  
d e f i n i n g  a p e r t u r e  i s  small, i t  i s  important t o  s h i e l d  t h e  p h o t o t r a n s i s t o r  from 
s t r a y  l i g h t  t o  reduce t h e  background s i g n a l .  When t h i s  is done, t h e  photo- 
t r a n s i s t o r  can  be opera ted  i n t o  a dc-coupled e l e c t r o m e t e r ,  as shown i n  F igu re  
B .  Th i s  e l ec t rome te r  i s  followed by an  ac-coupled a m p l i f i e r  as shown. I n  t h e  
o p t i c a l  mockup, t h i s  a m p l i f i e r  w a s  made t o  have such a h igh  ga in  t h a t  i t  
func t ioned  as a +15 V limiter used t o  d r i v e  t h e  r e fe rence  inpu t  of  a lock- in  
a m p l i f i e r .  The observed swi tch ing  t i m e  was 80 ps,  which corresponds t o  1.15 
e lec t r ica l  deg rees .  
because of t h e  f i n i t e  slew rate of t h e  low-power o p e r a t i o n a l  a m p l i f i e r  used;  
however, it i s  q u i t e  accep tab le .  

Fo r  f l i g h t ,  t h e  a m p l i f i e r  ga in  need only  be l a r g e  enough t o  d r i v e  a com- 
p a r a t o r  l oca t ed  i n  an  e l e c t r o n i c s  subassembly t o  conver t  t h e  analog s i g n a l  t o  
a l o g i c  l e v e l .  The r e d u c t i o n  i n  s l e w  r a t e  w i l l  a s s u r e  t h a t  t h e  o p t i c a l l y -  
de f ined  r e s o l u t i o n  i s  a t t a i n e d .  

draws 10 mA from +5 V. 

s t a t i o n s  where such pickups can be placed. 

D i f f i c u l t i e s  w e r e  experienced w i t h  t h e  o p t i c a l  pickup used i n  t h e  ITPR 

The p h o t o t r a n s i s t o r  s i g n a l  i s  ampl i f ied  by c i r c u i t s  which are loca ted  a t  

Th i s  va lue  i s  l a r g e r  t han  t h a t  de f ined  by t h e  o p t i c s  

The phase- reference  pickup e l e c t r o n i c s  d i s s i p a t e s  about  60 mw when t h e  L E D  

The phase r e f e r e n c e  pickup i s  e a s i l y  made redundant ,  s i n c e  t h e r e  are f o u r  
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F i g u r c  A .  O p t i c a l  Conccpt of  Phase R e f e r e n c e  P i c k u p .  
by o n  a p e r t u r e  i s  c u t  by t h e  chopper t o  p r o v i d e  a s h a r p  t r a n s i t i o n .  

The narrow beam d e f i n e d  

1110-104-208 
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F i g u r e  B .  E l e c t r o n i c ’  Concept of Phase  R e f e r e n c e  P i c k u p .  The p h o t o - t r a n s i s t o r  
c u r r e n t  i s  a m p l i f i e d  by a d c  e l e c t r o m e t e r  and a n  ac-coupled b u f f e r  a m p l i f i e r .  
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S e c t i o n  3 - O p t i c a l  Subsystem Design 
Subsec t ion  - Opt ica l  Design 

PROPERTIES OF OPTICAL COMPONENTS 

The o p t i c a l  components used i n  the  TOVS-BSU m u s t  be s u i t a b l e  f o r  space  f l i g h t  and 
must be of a q u a l i t y  s u i t a b l e  f o r  a c c u r a t e  r a d i o m e t r i c  measurements i n  t h e  n e a r  
and in t e rmed ia t e  i n f r a r e d  r eg ion .  Key p r o p e r t i e s  of  components a r e  summarized he re .  

Telescope m i r r o r  b lanks  s h a l l  be  of  fused  s i l i c a  so a s  t o  provide thermal  
s t a b i l i t y  of t h e  m i r r o r  f i g u r e s ,  
u l t r a h i g h  r e f l e c t i v i t y  of t h e  coa ted  s u r f a c e ,  y i e l d i n g  a low e m i s s i v i t y .  Fused 
s i l i c a  o f f e r s  a n  advantage over  o t h e r  h igh  thermal  s t a b i l i t y  g l a s s e s ;  t h a t  i s ,  
m e t a l l i c  c o a t i n g s ,  i f  d e f e c t i v e ,  can be d i s s o l v e d  wi thout  e t c h i n g  t h e  s u b s t r a t e  
s u r f a c e .  Such rework cannot  be accomplished w i t h  CERVIT mater ia ls .  

Lens,  d i c h r o i c  b e a m s p l i t t e r s ,  and f i l t e r - b l o c k e r  s u b s t r a t e s  s h a l l  be of a 
m a t e r i a l  s u i t a b l e  f o r  t h e  wavelengths of i n t e r e s t .  Suggested materials a r e  l i s t e d  
i n  Table I. They s h a l l  be f a b r i c a t e d  from o p t i c a l  g rade  mater ia l ,  f r e e  of  inhomo- 
g e n e i t i e s ,  and s h a l l  be annea led .  The index of  r e f r a c t i o n  of t h e  material used i n  
t h e  f a b r i c a t i o n  of t h e  b l anks  s h a l l  be s u f f i c i e n t l y  wel l  de f ined  t o  provide  proper  
d a t a  f o r  o p t i c a l  des ign .  

The po l i shed  s u r f a c e s  of t h e  m i r r o r s  s h a l l  be of 10-20 s u r f a c e  q u a l i t y  (or 
b e t t e r  i f  p r a c t i c a l )  t o  provide  low e m i s s i v i t y  of t h e  f i n a l  coa ted  s u r f a c e ,  Other 
o p t i c a l  e lements  s h a l l  be o f  a 40-60 s u r f a c e  q u a l i t y  t o  avo id  s c a t t e r .  O p t i c a l  
s u r f a c e s  s h a l l  e x h i b i t  no grayness  o r  orangepee l .  

The f i g u r e  of t h e  o p t i c a l  s u r f a c e s  s h a l l  be de f ined  by t h e  o p t i c a l  d e s i g n  
and s h a l l  be s p e c i f i e d  on c o n t r o l  drawfngs. A l l  f i g u r e s  s h a l l  be v e r i f i e d  by tes t -  
ing  a g a i n s t  t e s t  g l a s s e s .  The r a d i u s  of t es t  g l a s s e s  s h a l l  be c e r t i f i e d  by 
independent  t e s t i n g  l a b o r a t o r i e s .  T e s t  g l a s s e s  s h a l l  be d e l i v e r a b l e  i t e m s .  

e s t a b l i s h e d  by t h e i r  a p p l i c a t i o n .  The meta l l ic  c o a t i n g s  of  m i r r o r s  s h a l l  pqovide 
h igh  r e f l e c t i v i t y  throughout  t h e  near  and in t e rmed ia t e  i n f r a r e d  r e g i o n ,  2.5flm t o  
30 pm. 
i n t e r e s t  and s h a l l  be a s  uniform as  p r a c t i c a l ,  minimizing r u n  o f f .  S p e c t r a l  re- 
quirements  of d i c h r o i c ,  f i l t e r ,  and b locker  e lements  s h a l l  be i n  accordance wi th  
t h e  a p p l i c a t i o n  and s h a l l  be the rma l ly  s t a b l e  as o u t l i n e d  i n  t h e i r  s p e c i f i c a t i o n s .  

Thin-f i lm c o a t i n g s  s h a l l  no t  d e t e r i o r a t e  under the  environmental  c o n d i t i o n s  
normal t o  space f l i g h t  a p p l i c a t i o n s  a s  o u t l i n e d  i n  Table 11. Degradat ion i s  de- 
f i n e d  a s  a change i n  s p e c t r a l  p r o p e r t i e s  beyond t o l e r a n c e s  e s t a b l i s h e d  by t h e  
s p e c i f i c a t i o n  o r  adhes ion  o r  s u r f a c e  q u a l i t y  of t h e  c o a t i n g s .  Nondegradation du r ing  
c l ean ing  s h a l l  no t  be a p p l i c a b l e  t o  m i r r o r  coa t ings .  T e s t  specimens s h a l l  be f a b r i -  
c a t e d  i n  a manner i d e n t i c a l  t o  t h a t  of t h e  e lements  t hey  r e p r e s e n t ,  Environmental  
t e s t i n g  of t h e  q u a l i f i c a t i o n  t e s t  specimens s h a l l  i n d i c a t e  conformance t o  t h e  
environmental  requi rements .  A l l  o p t i c a l  components s h a l l  be s u b j e c t e d  t o  sc reen ing  
t e s t s  t o  e l i m i n a t e  f a i l u r e s  caused by i n f a n t  m o r t a l i t y .  These tests s h a l l  be  de- 
veloped by o p t i c a l  eng inee r ing  and r e l i a b i l i t y  personnel  and s h a l l  be monitored by 
Q u a l i t y  Assurance.  

Fused s i l i c a  can be po l i shed  t o  provide  a n  

The t h i n - f i l m  c o a t i n g  of  o p t i c a l  e lements  s h a l l  m e e t  t h e  s p e c t r a l  requirement  

A n t i r e f l e c t i o n  c o a t i n g s  of  l e n s e s  s h a l l  be opt imized f o r  wavelengths  of  
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m L*.B E I. SUGGESTED TERI 

Die materials listed are suggested 
indicated. 

BECKMAN INSTRUMENTS LNC. 
Advanced Technology Operat ions 
C. F. Dadson 

LS FOR OPTICAL ELEMENTS 

as suitable for the wavelengths 

Element Wave length Region Suggested Materia 1 

Mirror N/A Fused Silica 
Lens Dichroic 3.7 k m  to i5.gm Germanium Silicon 

& Filter 18.8pm to 29pm located 

Blocker -- As required 

TABLE IT. OUTLINE OF ENVIRONMENTAL TESTS 

The coatings on optical elements shall not be permanently degraded 
by testing under the listed environmental conditions. 

Condition Abbreviated De scr ip t ion of Te s t 

HumF d i t y 

High Temperature 
Low Temperature 

Adherence Requirements of MIL-M-13508 prior 

Requirements of MIL-C-675 

+500C for a period of 24 hours 
-25O in 10-5 torr, +5OC in maximum 
humidity test 

t o  humidity t e s t  

Radiation 

Cleaning 

Irradiation by bremsstrahlung in 
accordance with specification 

Isopropyl alcohol with cotton tipped 
applicator (n/a to mirror coatings) 

FR 1110-101 3-. is 



Sec t ion  3 - Opt ica l  Subsystem Design 
Subsect ion - Mechanical Design Opt ics  Subassembly 

ARRANGEMENT OF THE OPTICS SUBASSEMBLY 

The TOVS o p t i c s  subassembly c o n s i s t s  of t he  assembly o f  t h e  t e l e scopes ,  t h e  tele- 
scope mounting p l a t e ,  and t h e  tempera ture-cont ro l led  d e t e c t o r  o p t i c s  housing w i t h  
the  d e t e c t o r s ,  f i l t e r s ,  d i c h r o i c s ,  b lackbodies ,  and d e t e c t o r  o p t i c s .  This  sub- 
assembly i s  a primary s t r u c t u r a l  element of the  ins t rument  which is  s e p a r a t e l y  
a l i m e d  and t e s t e d .  

A s  shown i n  t h e  f ac ing  f i g u r e ,  t h e  o p t i c s  subassembly has  two main p a r t s :  
t h e  t e l e scope  mounting p l a t e  w i t h  a t t a c h e d  t e l e scopes  and chopper motor;  and 
t h e  d e t e c t o r  o p t i c s  housing wi th  i t s  d e t e c t o r s ,  d e t e c t o r  o p t i c s ,  f i l t e r s ,  
d i c h r o i c s ,  b lackbodies ,  and thermal  c o n t r o l  h e a t e r .  The t e l e scope  mounting 
p l a t e  is  machined from aluminum a l l o y  wi th  an  in t e rmed ia t e  thermal  s t a b i l i z a t i o n  
t rea tment  be fo re  f i n a l  machining. It i s  b a s i c a l l y  a f l a t  p l a t e  wi th  a cu tou t  
for t h e  chopper motor and a c i r c u l a r  a r r a y  of c u t o u t s  f o r  t h e  t e l e s c o p e  barrels.  
In  t h e  area o f  t h e  t e l e scope  c u t o u t s ,  t h e r e  i s  a thickened s e c t i o n  f o r  added 
s t r e n g t h  i n  t h e  cusp area between t h e  t e l e s c o p e s .  
tapped h o l e s  t o  accommodate t h e  o p t i c s  housing are provided a t  t h e  o u t e r  pe r iphe ry  
of  t h e  t e l e scope  mounting p l a t e .  The r o t a t i n g  o p t i c a l  chopper wheel and i t s  h e a t  
s h i e l d  are accommodated i n  t h e  area between t h e  t e l e s c o p e  mounting p l a t e  and t h e  
o p t i c s  housing.  The o p t i c s  housing i s  a primary mount f o r  a l l  a f t  o p t i c s  and a l l  
d e t e c t o r s  as w e l l  as t h e  s i t e  of t h e  r e f e r e n c e  b lackbodies ;  i t s  thermal  mass makes 
p o s s i b l e  accu ra t e  temperature  c o n t r o l  of d e t e c t o r s  and b lackbodies .  

have t o  do w i t h  t h e  d e t e c t o r s ,  t h e  r e f e r e n c e  b lackbodies ,  and t h e  chopper wheel.  
The d e t e c t o r s  and t h e  r e f e r e n c e  blackbodies  must be made thermal ly  s t a b l e .  
T h e i r  temperatures  should not  vary  more than  a f e w  hundredths of  a degree  between 
c a l i b r a t i o n s  i f  i n t e r p o l a t i o n  between c a l i b r a t i o n s  i s  t o  be avoided.  

mass, namely, t h e  d e t e c t o r  o p t i c s  housing whose temperature  i s  c o n t r o l l e d  by use  
of a h e a t e r .  The blackbody cavi t ies  are machined d i r e c t l y  i n  t h e  be ry l l i um 
housing,  wh i l e  t h e  d e t e c t o r - p r e a m p l i f i e r  housings are mated t o  t h e  housing wi th  
j o i n t s  of low thermal  r e s i s t a n c e .  It i s  a l s o  necessary  t o  avoid channel- to-  
channel  temperature  v a r i a t i o n s .  Th i s  i s  accomplished by ensu r ing  t h a t  t h e  h e a r  
f low i n  t h e  thermal ly  s t a b l e  mass i s  symmetrical. Accordingly,  t h e  d e t e c t o r  o p t i c s  
housing i s  b a s i c a l l y  c i r c u l a r  w i th  t h e  h e a t  i npu t  d i s t r i b u t e d  t o  avoid g r a d i e n t s  
i n  t h e  s t r u c t u r e .  To minimize t h e s e  g r a d i e n t s ,  t h e  d e t e c t o r  o p t i c s  must be i s o -  
l a t e d  from the  rest of t h e  ins t rument .  I s o l a t i o n  i s  achieved i n  t h e  TOVS i n s t r u -  
ment by thermal ly  t a i l o r i n g  t h e  s t r u c t u r a l  c o n t a c t  p o i n t s  between t h e  o p t i c s  
housing and the  t e l e scope  mounting p l a t e .  A c r o s s - s e c t i o n a l  view of one of t h e  
mounting p o i n t s  i s  shown i n  F igu re  B .  The thermal p r o p e r t i e s  of t h e  j o i n t  are 
a c c u r a t e l y  determined by c o n t r o l l i n g  t h e  material c r o s s - s e c t i o n a l  area and thermal 
p a t h  l eng th  o f  t h e  mounts. 

Temperature Cont ro l  of  Chopper - Since  t h i s  instrument  employs thermal ly  
s t a b l e  r e f e r e n c e s  and a r e f l e c t i v e  chopper wheel,  t h e  temperature  s t a b i l i t y  re- 
quirement on t h e  chopper i s  f a r  less s t r i n g e n t  t han  i t  would be o the rwise ,  b u t  
t h e  chopper temperature  must s t i l l  be reasonably  uniform and s t a b l e ;  t h e  r e q u i r e -  
ment is  about 2°C. Uniformity i s  achieved by s t a b i l i z i n g  t h e  chopper wheel a t  
t h e  temperature  of  t h e  o p t i c s  housing and by making i t  of a thermal ly  conduct ive 
material .  The primary mechanism i s  r a d i a t i v e  coup l ing .  Except f o r  t h e  r e f l e c t i v e  
t o r o i d a l  areas, t h e  s i d e  of  t h e  chopper wheel t h a t  f a c e s  t h e  a f t  o p t i c s  housing 
i s  b l a c k ,  as i s  t h a t  s i d e  of t h e  o p t i c s  housing.  A heat s h i e l d ,  thermal ly  
grounded t o  t h e  o p t i c s  housing,  i s  in t e rposed  between t h e  chopper wheel and t h e  
t e l e scope  mounting p l a t e .  Thus, t h e  chopper wheel i s  surrounded by material a t  
o p t i c s  housing tempera ture .  It receives a very  s m a l l  h e a t  input  from i t s  hub 

Accurately-machined pads and 

C r i t i c a l  Thermal Areas - The c r i t i c a l  thermal  areas i n  t h e  o p t i c s  assembly 

T h i s  c o n t r o l  i s  achieved by thermal ly  coupl ing  t h e s e  elements  t o  a s t a b l e  
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because a l l  o f  t h e  chopper moto r ' s  h e a t  d i s s i p a t i o n  occurs  i n  i t s  
s t a t i o n a r y  s t a t o r  and not  i n  t h e  r o t o r  t o  which the  chopper wheel i s  
a t t a c h e d .  

1110-104-211 

TELESCOPE 
MOUNTING PLATE 

Figvre  R 

la P I O F F  ASSEMBLY 

Figure  A 

Figure  A .  
d e t e c t o r s ,  and r e fe rence  blackbodies  a r e  mounted on a tempera ture-cont ro l led  
p l a t e  . 

Arrangement of the  TOVS Opt ics  Subassembly. The f i l t e r s ,  d i c h r o i c s ,  

Fip.it1-e B .  
concro l  of the  p l a t e  i s  achieved by thermal ly  t a i l o r i n g  the  s t r u c t u r a l  con tac t  
poinr s between the o p t i c s  housing and the  t e l e scope  mountingplate .  

A Cross-Sect ional  View of one of the  Mounting P o i n t s .  Temperatllre 
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Sect ion  3 - Opt ica l  Subsystem Design 
Subsection - Mechanical Design of Optics Assembly 

CONSTRUCTION AND SUPPORT OF THE TELESCOPES 

The l i g h t - c o l l e c t i n g  te lescopes  a r e  subassemblies which are ind iv idua l ly  mounted 
on a basep la t e .  Cy l ind r i ca l  panels  space the  primary and secondary mi r ro r s  which 
are mounted with wave sp r ings .  The mounting p l a t e  i s  a l igned  t o  t h e  a f t  o p t i c s  
by p ins .  

The base l ine  design chosen f o r  study employs individually-mounted t e l e -  
The te lescope  scopes because t h i s  approach has been success fu l  i n  the  p a s t .  

layout  i s  shown i n  Figure A .  

sur face  mounted i n  the  te lescope  b a r r e l s .  
a r e  he ld  cover the  f u l l  per iphery of the mi r ro r  and are precision-machined i n  
the  metal  of t he  te lescope  b a r r e l .  The mir rors  are held f i rmly  aga ins t  t h e i r  
seats by wave spr ings  of c i r c u l a r  form. The contac t  a r ea  of the  spr ings  aga ins t  
the  mir ror  i s  the  same as t h e  pro jec ted  contac t  a r e a  a t  the  mi r ro r  seat t o  avoid 
bending stresses i n  t h e  m a t e r i a l  of t h e  m i r r o r .  
the  a f t  end of the  te lescope  b a r r e l s  o f f e r  a r e a c t i o n  sur face  f o r  t he  sp r ing  
f o r c e  and keep t h e  e n t i r e  assembly toge the r .  
i s  chosen s o  as t o  keep the  mi r ro r s  aga ins t  t h e i r  s e a t s  under the  worst  con- 
d i t  ions  of environmental loading.  

r a d i a l  d i r e c t i o n ,  a s m a l l  amount of c learance  i s  necessary because of t h e  
d i f f e r e n c e  i n  temperature c o e f f i c i e n t  of t he  fused s i l i c a  mi r ro r s  and t h e  -7 aluminum te lescope  b a r r e l s  ( 3 . 1  x 10 per  OF and 12.9 x per  O F ,  r e s p e c t i v e l y ) .  
Taking i n t o  cons idera t ion  t h e  g r e a t e s t  poss ib l e  temperature swings, t h e  c learance  
t h a t  must be allowed on t h e  diameter i s  0.006 i n .  S l i g h t  movement of a sphe r i ca l  
mir ror  on a sphe r i ca l  seat produces no changes i n  t h e  o p t i c a l  parameters, so such 
motion i s  of no concern.  The impact fo rces  which may exist between t h e  mi r ro r s  
and the  wa l l s  of the  te lescope  tubes are not  e a s i l y  ca l cu la t ed ;  however, t he  
damping produced by t h e  mir ror  clamping fo rces  w i l l  a t t e n u a t e  t h i s  g r e a t l y ,  o r  
even prevent the  r e l a t i v e  motion a l t o g e t h e r .  
80-m mir ro r ;  t h e  d iamet ra l  c learance  requi red  f o r  t he  61-mm o b j e c t i v e  i s  smaller. 

Secondary Mirrors  - The te lescope  secondary mir rors  a r e  mounted i n  the  same 
manner f o r  both the  80- and 61-mm te l e scopes .  These mir rors  a r e  centered on the  
o p t i c a l  axis a t  t he  mounts of the  te lescope  tubes by th ree  sp ide r  arms. These 
mi r ro r s  a r e  a l s o  held i n  p lace  by sp r ing  p res su re .  However, t h e  o p t i c a l  design 
does not a l low f i r s t - s u r f a c e  mounting of t h e  secondaries ,  a s  t h e i r  pe r iphe r i e s  
must be kept c l e a r  t o  avoid excess ive  blockage. Therefore ,  t he  mi r ro r s  are 
second-surface mounted, t h e  second sur face  being a shoulder which bea r s  on the  
metal of the  sp ide r  mount. 
of the  mi r ro r  mus t  be accu ra t e ly  con t ro l l ed ;  however, t h e  convex shape allows 
t h i s  t o  be done e a s i l y .  Wave spr ings  similar t o  those  used f o r  t h e  t e l e scope  
o b j e c t i v e s ,  although much smaller, are used t o  provide the  s e a t i n g  fo rce fb r  the  
secondar ies .  Retent ion and a r e a c t i n g  su r face  f o r  the  spr ings  are given by re- 
t a i n i n g  r i n g s  assembled i n t o  grooves ground i n t o  the  rear p a r t  of t h e  mi r ro r  
bodies .  The fused s i l i c a  m a t e r i a l  i s  s u f f i c i e n t l y  s t rong  t o  a l low t h i s  procedure.  
For the  cases  a t  hand, t he  maximum ca lcu la t ed  t e n s i l e  stress i n  t h e  material i s  
1 7  p s i  f o r  the  l a r g e  te lescope  secondary. I n  order  t o  ensure s t a b l e  pos i t i on ing  
of the  te lescope  secondary, and t o  reduce temperature d i f f e rences  between t h e  
mi r ro r s  and the  sp ide r  mounts, t he  mi r ro r s  are loca ted  by beveled indium r ings- -  
a technique t h a t  w a s  employed success fu l ly  i n  the  ITPR instrument .  

supports  t he  te lescope  b a r r e l s .  
as t h e  main s t r u c t u r a l  support  member f o r  the  e n t i r e  o p t i c s  subassembly. 

Primary Mirrors  - The sphe r i ca l  t e lescope  primary mi r ro r s  a r e  f r o n t -  
The s e a t s  aga ins t  which t h e  mir rors  

Reta iners  pinned i n  p lace  a t  

The preload of the  wave spr ings  

The preloading spr ings  loca t e  the  mi r ro r s  i n  t h e  a x i a l  d i r e c t i o n .  I n  t h e  

This  d i scuss ion  i s  based on the  

The length from the  shoulder t o  the f igured  sur face  

Telescope Mounting - The aluminum te lescope  mounting plate  loca te s  and 
It a l s o  c a r r i e s  t he  chopper motor, and serves  

Thc 
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t e l e scope  mounting p l a t e  has  a p a t t e r n  of  l a r g e  cu tou t s  
t o  accommodate t h e  t e l e scope  b a r r e l s ,  and a h o l e  a t  t h e  c e n t e r  f o r  t h e  
chopper motor.  The s i z e  of  t h e  t e l e scope  a p e r t u r e s  i s  so  l a r g e  t h a t  t h e r e  
i s  l i t t l e  mater ia l  l e f t  i n  t h e  cusp areas where ad jacent  t e l e scope  cu tou t s  
meet. S ince  r i g i d  mounting of t h e  t e l e scopes  i s  a n e c e s s i t y ,  an annular  
thickened s e c t i o n  w a s  added t o  the  p l a t e  i n  t h e  cusp area, thereby  achiev ing  
adequate  s t r u c t u r a l  r i g i d i t y  wh i l e  r e t a i n i n g  t h e  optimized o p t i c a l  des ign .  
The th ickening  i s  shown oppos i t e  i n  t h e  s i d e  view of t h e  p l a t e  (F igure  B). 

Threaded ho le s  f o r  mounting t h e  a f t  o p t i c s  housing on i t s  i n s u l a t i n g  
space r s  are  provided a t  t h e  per iphery  of  t h e  t e l e scope  mounting p l a t e .  
a l s o  are provided f o r  mounting t h e  t e l e scope  mounting p l a t e  (and thus  the  
e n t i r e  o p t i c s  subassembly) t o  t h e  instrument  housing.  Space i s  provided f o r  
t h e  i n s t a l l a t i o n  of l o c a t i n g  dowel p i n s  through t o  t h e  a f t  o p t i c s  housing.  
These p i n s ,  i n s t a l l e d  when t h e  o p t i c s  subassembly i s  i n i t i a l l y  a d j u s t e d ,  are 
necessary  t o  preserve  o p t i c a l  a l ignment .  

p l a t e ,  which shunts  t h e  motor ' s  h e a t  f low t o  t h e  instrument  housing.  
i nc rease  i n  t h e  th i ckness  of t h e  p l a t e  i n  t h e  cusp area reduces t h e  thermal  
impedance. 

on two d iameters  

Holes 

The chopper motor i s  mounted i n  t h e  c e n t e r  of t h e  t e l e scope  mounting 
The 

1110-104-217 
1110-104-21r 

I 

. .. 

Figure A .  
f aces  i n  ind iv idua l  b a r r e l s  us ing  wave washers f o r  compression. 

Telescope D e t a i l .  The mi r ro r s  a r e  mounted t o  p r e c i s e l y  machined s u r -  

PIN E 

Figure  B .  
s l r e n g t h  where each te lescope  i s  mounted and i s  a l igned  t o  the  d e t e c t o r  o p t i c s  
assembly by means of p i n s .  

S i d e  View of Telescope Basepla te .  The basepla te  i s  thickened f o r  

, 
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Sec t ion  3 - Opt ica l  Subsystem Design 
Subsect ion - Mechanical Design of Optics  Subassembly 

MOUNTING OF DETECTOR OPTICS 

The d e t e c t o r  o p t i c s  i s  mounted on a s i n g l e  tempera ture-cont ro l led  housing i n t o  
which i s  machined t h e  f i e l d  s t o p s  and t h e  mounting s u r f a c e s  f o r  d i c h r o i c  m i r r o r s ,  
f i l t e r  and l e n s  modules, and d e t e c t o r s .  

The d e t e c t o r  o p t i c s  housing provides  a c i r c u l a r  a r r a y  of d e t e c t o r  o p t i c s  
mounting p o i n t s .  With each mounting po in t  i s  a s s o c i a t e d  one r e fe rence  b lack-  
body (a  blackened c a v i t y  machined i n t o  t h e  metal of  t h e  hous ing) ,  one d i c h r o i c  
mounting s u r f a c e ,  and two l e n s / f i l t e r  mounting cavi t ies .  Each mounting p o i n t  
i s  used by two channels ,  w i th  t h e  s p l i t  between t h e  two channels  occur r ing  a t  
t he  d i c h r o i c  m i r r o r .  Thus, t h e  d i c h r o i c  m i r r o r ,  f i e l d  s t o p ,  and r e f e r e n c e  
blackbody c a v i t y  are shared  by both  channels ,  as shown i n  t h e  d e t e c t o r  o p t i c s  
layout  o p p o s i t e .  

F i e l d  S tops  - The f i e l d  s t o p s  are machined i n t o  t h e  d e t e c t o r  o p t i c s  housing 
which i s  a c c u r a t e l y  a l igned  t o  t h e  t e l e scope  mounting p l a t e  wi th  p i n s .  

Dichro ic  Mi r ro r s  - The d i c h r o i c  mounting s u r f a c e s ,  se t  a t  a n  ang le  o f  45 
degrees  t o  t h e  incoming o p t i c a l  a x i s ,  are machined d i r e c t l y  i n t o  t h e  m e t a l  o f  
t h e  o p t i c s  housing,  pe rmi t t i ng  t h e  d i c h r o i c  m i r r o r s  t o  be  f i r s t - s u r f a c e  mounted. 
Th i s  technique enhances t h e  o p t i c a l  accuracy and s t a b i l i t y  of t h e  system. 
e v e r ,  a l a r g e  pocket which must be  provided t o  a l low i n s t a l l a t i o n  of t h e  d i c h r o i c s  
i n t e r f e r e s  wi th  t h e  placement of t h e  l e n s e s  and f i l t e r s  f o r  t h e  axial channel .  
To e l i m i n a t e  t h i s  problem, f i n a l  machining of  t he  bores  f o r  mounting t h e  a x i a l  
channels '  l enses  and f i l t e r s  i s  no t  done u n t i l  t h e  l e n s  and f i l t e r  s epa rab le  
modules are i n s t a l l e d  and pinned i n  p l a c e .  Th i s  improved d i c h r o i c  mounting 
technique a s s u r e s  t h a t  t h e  accuracy of l e n s  and f i l t e r  mounting is  not  com- 
promi sed .  

Mounting o f  Dichro ic  Mi r ro r s  - The d i c h r o i c  m i r r o r s  are h e l d  a g a i n s t  t h e  
a c c u r a t e l y  machined seats i n  t h e  o p t i c s  housing by be ry l l i um copper s p r i n g  c l i p s .  
The s p r i n g  c l i p s  employ t h e  s a m e  material  and p r e c i s i o n  as t h a t  s p e c i f i e d  f o r  t h e  
o t h e r  o p t i c s  mounting s p r i n g s .  Each d i c h r o i c  i s  held a g a i n s t  i t s  seat wi th  a 
f o r c e  of  1 . 0  l b ,  and a generous c l ea rance  is  allowed around t h e  pe r iphe ry  of t h e  
d i c h r o i c  s i n c e  s l i g h t  l a t e ra l  movement i s  of no concern.  

Dichro ic  m i r r o r s  are r e a d i l y  a c c e s s i b l e  when t h e i r  corresponding a x i a l l y  
mounted housings are removed. 

T ransmi t t i ng  De tec to r  Op t i c s  - The t r a n s m i t t i n g  d e t e c t o r  o p t i c s  (blocking 
f i l t e r s ,  bandpass f i l t e r s ,  and l e n s e s )  of t h e  TOVS instrument  are mounted i n  a 
modular f a s h i o n .  For each channel  t h e r e  are two modules con ta in ing  t h e s e  
elements--one f o r  t h e  f i l t e r s  and one f o r  t h e  l e n s e s .  Spr ing  p r e s s u r e  i s  used 
t o  r e s t r a i n  and a c c u r a t e l y  l o c a t e  the  elements i n  much the  same manner a s  is 
done wi th  the  t e l e scope  m i r r o r s .  For every  channel  t h e r e  i s  a c a v i t y  i n  t h e  
o p t i c s  housing a t  t h e  d e t e c t o r  mounting f l a n g e .  I n t o  t h i s  c a v i t y  i s  i n s e r t e d  
the  f i l t e r  module, which i s  loca ted  a g a i n s t  a shoulder  a t  t h e  bottom of t h e  c a v i t y .  
A pre- loading  s p r i n g  i s  p laced  a t  t h e  top  of t h e  c a v i t y .  The l e n s  housing i s  
i n s e r t e d  n e x t ,  followed by a r e t a i n i n g  r i n g  which f i t s  i n t o  a machined groove i n  
t h e  hous ing .  The s p r i n g  f o r c e  seats t h e  components a g a i n s t  t h e  shoulder  and t h e  
r e t a i n i n g  r i n g ,  r e s p e c t i v e l y ,  t hus  l o c a t i n g  them a c c u r a t e l y  (accuracy of l o c a t i o n  
is  e s s e n t i a l  f o r  t h e  l e n s e s  though not  so important  f o r  t h e  f i l t e r s ) .  The l ay -  
o u t  of one of t h e  l e n s  mounting modules is shown i n  F igure  B ;  a f i l t e r  mounting 
module i s  shown i n  F igure  C .  

How- 
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A .  Typical  De tec to r  Op t i c s  Layout. A l l  
components a re  l o c a t e d  by r e f e r e n c e  t o  
machined s u r f a c e s  
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C. F i l t e r  Module. Modular mounting a l -  
lows f i l t e r  and b locker  t o  be tes tecl  
t o g e t h e r  i n  f i n a l  c o n f i g u r a t i o n  
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Sect ion 3 - Opt ica l  Subsystem Design 
Subsection - Mechanical Design of Optics Assembly 

MOUNTING OF DETECTOR-PREAMPLIFIER MODULES 

The TOVS d e t e c t o r s  and preampl i f ie rs  a r e  mounted i n  a s tandard housing which i s  
the  s a m e  f o r  a l l  14 channels .  Important cons idera t ions  i n  the  des ign  and 
mounting of these  housings are accuracy, o p t i c a l  s t a b i l i t y ,  thermal s t a b i l i t y ,  
and ease of  access .  

Housing Types - The de tec to r -p reampl i f i e r  housings are made of aluminum 
and a r e  about 3 / 4  of an inch i n  diameter by 1 -1 /2  inches long. 
mounted on t h e  o p t i c s  housing i n  t h e  p a t t e r n  shown i n  the f i g u r e  oppos i te .  
There are b a s i c a l l y  two types of housings: those placed a x i a l l y  i n  the  package 
( t r ansmi t t i ng  channels) and those placed c i r cumfe ren t i a l ly  ( r e f l e c t e d  channels ) .  
It i s  d e s i r a b l e  t h a t  a l l  be r e a d i l y  a c c e s s i b l e  f o r  s e r v i c e .  The a x i a l  housings 
are removed d i r e c t l y  from the  end of t he  instrument a f t e r  t he  cover i s  removed. 
The c i r cumfe ren t i a l ly  located housings can be removed from the  s i d e s  and bottom 
of the  package, w i th  t h e  except ion of one channel which may be removed through 
a hole  i n  t h e  e l e c t r o n i c s  t r a y .  
the  o p t i c s  deck is  dismounted. 

designed t o  ensure accura te  mounting both with r e spec t  t o  focus and t o  placement 
i n  t h e  o p t i c s  f i e l d .  Accurate placement along the  o p t i c a l  a x i s  (focus) i s  
achieved by mounting t o  optimized dimensions determined by computer r ay - t r ace  
and by the  use of i n t e r f a c e  adapters  of s e l ec t ed  thickness  a t  the  housing i n t e r -  
f ace .  The advantage of t h i s  method of p lac ing  the  d e t e c t o r s  and d e t e c t o r  o p t i c s  
a x i a l l y  i s  t h a t  t h e r e  a r e  no adjustments which can creep a f t e r  f i n a l  assembly. 

Lateral Placement - Proper la teral  placement of t he  a c t i v e  areas of t h e  
d e t e c t o r s  a t  t he  f ie ld-of-view i s  achieved by ind iv idua l ly  ad jus t ing  each d e t e c t o r  
housing. To f a c i l i t a t e  t h i s ,  the  d e t e c t o r  housing mounting f langes  and t h e i r  
mating areas on t h e  o p t i c s  housing are precis ion-lapped t o  a f l a t n e s s  of  +-0.0005 
of an inch which permits  t h e  d e t e c t o r  housings t o  be moved l a t e r a l l y  i n  such a 
manner t h a t  no change of focus takes  p lace .  Thus, any energy changes seen  when 
t h e  adjustment i s  made a r e  due s o l e l y  t o  t h e  lateral  movement of t h e  d e t e c t o r  
chip i n  the  f i e l d .  
screws are t igh tened .  The t h e o r e t i c a l  l o c a t i o n  of  t he  o p t i c a l  axes of t h e  var ious  
channels i s  held with s u f f i c i e n t  accuracy t h a t  a g r e a t  range of  adjustment f o r  
the  d e t e c t o r s  i s  not  necessary.  Accordingly, t he  l a t i t u d e  allowed i s  k0.005 inch.  

Achieving Op t i ca l  and Thermal S t a b i l i t y  - Ensuring long-term o p t i c a l  s t a b i l i t y  
of the  d e t e c t o r s  i s  pr imar i ly  a matter of ensuring t h a t  they do not  move about 
once i n i t i a l  adjustment i s  made. There are two p i l o t  ho les  i n  t h e  f langes  o f  
a l l  d e t e c t o r  housings,  and these  are used t o  d r i l l  and ream holes  f o r  two 
l o c a t i n g  p ins  which prevent  any movement o f  t h e  d e t e c t o r  housings.  
a r e  i n s t a l l e d ,  i t  i s  poss ib l e  t o  remove a complete d e t e c t o r  housing and then  
repeat i t s  l o c a t i o n  back on the  o p t i c s  housing. 

The maximum d e s i r a b l e  channel-to-channel temperature v a r i a t i o n  i s  about 1 " C ,  
and the  maximum temperature v a r i a t i o n  between c a l i b r a t i o n s  (every 256 seconds) 
i s  about 0 . 1 O C .  
pe ra tu re  of t h e  housing with a propor t iona l  temperature c o n t r o l l e r .  The success  
of t h i s  scheme obviously depends upon having the  d e t e c t o r s  and d e t e c t o r  housings 
isothermal  with t h e  o p t i c s  housing. This  is done by providing a low thermal 
r e s i s t a n c e  between d e t e c t o r  housings and the  o p t i c s  housing. It should be noted 
t h a t  the d e t e c t o r s  are i n t e n t i o n a l l y  loca ted  on t h e  o p t i c s  housing i n  a sym- 
m e t r i c a l  fash ion ,  and dummy d e t e c t o r  housings are mounted a t  the  spare  channel 
l o c a t i o n s .  This  tends t o  avoid channel-to-channel temperature g rad ien t s .  

They are f lange-  

A l l  may be removed with e q u a l  f a c i l i t y  when 

Mounting Accuracy Considerat ions - Detec tor -preampl i f ie r  housings must be 

When optimum p o s i t i o n  is achieved, the  d e t e c t o r  mounting 

Once the  p ins  

Thermal s t a b i l i t y  of t h e  d e t e c t o r s  i s  very important t o  radiometr ic  accuracy. 

These thermal s p e c i f i c a t i o n s  are m e t  by con t ro l l i ng  the  tem- 
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Sect ion 3 - Optical  Subsystem Design 
Subsection - Mechanical Design of Optics Subassembly 

DETAILS OF CHOPPER D I S C  AND DRIVE 

The chopper d i s c  i s  designed f o r  good mechanical and thermal s t a b i l i t y ,  and i s  
d i r ec t -d r iven  by a 20-pole h y s t e r e s i s  synchronous motor a t  600 r/min. 

d e t e c t o r  onto t h e  temperature-control led r e fe rence  blackbodies .  

synchronous speed. The 40-Hz chop, required by the  system des ign ,  i s  accomplished 
with a four-bladed chopper d i s c  d r iven  a t  600 r /min.  
equal i n  s i z e  s ince  a symmetrical chopping p a t t e r n  is  des i r ed .  

There a re  two r i n g s  of cu tou t s  i n  t h e  chopper, corresponding t o  t h e  two r i n g s  
of te lescopes .  A view of t he  chopper d i s c  i s  shown i n  Figure A .  The r e f l e c t i v e  
su r faces  between r i n g s  a r e  pol ished and gold-coated, while the  rest of t he  chopper 
i s  black f o r  good r a d i a t i o n  coupling t o  the  tempera ture-s tab i l ized  d e t e c t o r  o p t i c s  
housing. 

f o r  t h i s  p a r t  s ince  the  m a t e r i a l  i s  s t a b l e ,  has a high e l a s t i c  modulus, and 
po l i shes  w e l l .  The process allows i t  t o  be formed i n  ve ry  t h i n  sec t ions  i n  a 
s t r a i n - f r e e  manner with d e t a i l  f e a t u r e s ,  such as s t rengthening  r i b s ,  e a s i l y  
produced. 

de t ec t ed ;  t he re fo re  i t  i s  important t h a t  the  chopper temperature be s t a b l e  and 
uniform wi th in  2-4°C so  t h a t  t h e  e f f e c t s  of emission can be c a l i b r a t e d  ou t .  

of t h e  d i s c  m a t e r i a l  i s  important .  The conduct iv i ty  of n i c k e l  i s  q u i t e  good-- 
more than ha l f  t h a t  of aluminum--and b e t t e r  than the  common a u s t e n i t i c  s t a i n l e s s  
steels by a f a c t o r  of more than 5 .  

It i s  necessary t o  s t rengthen  the  r i m  of t he  chopper wheel with a continuous 
band of m a t e r i a l  t o  compensate f o r  the  l a r g e  cu tou t s  which would otherwise tend 
t o  weaken i t .  Th i s  continuous r i m  i s  a l s o  used t o  c r e a t e  t h e  phase re ference  
s i g n a l .  The phase re ference  pickup (see F igure  B) i s  an o p t i c a l  t r ansmi t t i ng  
device with a very narrow beam, which i s  in t e r rup ted  by t h e  passage of  notches 
i n  t h e  r i m  of t h e  chopper wheel, thereby genera t ing  a precise phase r e fe rence  
s i g n a l .  

100-Hz pulses  from the  power supply.  It is  very similar i n  des ign  t o  a previous 
u n i t  flown on another  s a t e l l i t e  instrument .  
oz- in ,  and i t s  weight w a s  7 .5  02. 

i s  of inver ted  des ign ,  wherein t h e  s t a t o r  i s  a c t u a l l y  loca ted  i n s i d e  t h e  r o t o r .  
This  he lps  t o  reduce weight with t h i s  type of motor, s ince  i t s  weight i s  mostly 
i n  the  copper and i r o n  of t h e  s t a t o r .  I n  t h i s  a p p l i c a t i o n  i t  i s  a l s o  very easy 
t o  provide a large-diameter  hub t o  which t h e  chopper d i s c  can be mounted; t hus ,  
t h e  problem of  secure ly  a t t ach ing  i t  t o  a small-diameter s h a f t  with t a p e r  p ins  
and such hardware i s  avoided. To avoid an i n e r t i a  problem, the  r o t o r  i s  of 
t i t an ium.  (A t h i n  r i n g  o f  magnetic a l l o y  pressed i n t o  the  per iphery of  t he  
t i t an ium p a r t  completes the  magnetic c i r c u i t . )  
des ign  i s  v e l o c i t y  s t a b i l i t y ;  t he  motor i nhe ren t ly  has  a very low v e l o c i t y  r i p p l e  
( f l u t t e r ) ,  t he re fo re  the  chopper d i s c  need not  be a f lywheel-- i t  can be designed 
f o r  as low an i n e r t i a  as poss ib l e .  

The chopper i s  a d i s c  with t o r o i d a l  r e f l e c t i n g  sur faces  which image t h e  

The chopper d i s c  is  a t tached  d i r e c t l y  t o  t h e  motor r o t o r  and d r iven  a t  

The blades and cu tou t s  are 

The d i s c  i s  made of electroformed n i c k e l ,  a d e s i r a b l e  ma te r i a l  and process  

Thermal emission from even the  pol ished gold sur faces  of t he  mir rors  can be 

Because of t h e  need f o r  a thermally s t a b l e  chopper, t h e  thermal conduct iv i ty  

The chopper d r i v e  motor i s  a 20-pole h y s t e r e s i s  synchronous u n i t  d r iven  by 

The u n i t  had a r a t e d  torque of 0.8 

The motor i s  pr imar i ly  of t i t an ium cons t ruc t ion .  The chopper d r i v e  motor 

A s t rong  po in t  of t h e  mul t ipo le  
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F i g u r e  A .  
t o  chop t h e  l i g h t  f o r  e a c h  of two r i n g s  of t e l e s c o p e s .  

P l a n  V i e w  o f  Chopper Showing C u t o u t s .  Two rows o f  c u t o u t s  a r e  needed 
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MOTOR BEARINGS 
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F i g u r e  B .  
t h e  r o t o r  of t h e  d r i v e  moto r .  

BSU Chopper Di sc  and D r i v e .  The chopper  d i s c  i s  a t t a c h e d  d i r e c t l v  t o  
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Sec t ion  3 - Opt ica l  Subsystem Design 
Subsystem - Mechanical Design of O p t i c s  Subassembly 

STRUCTURAL ANALYSIS OF THE OPTICS 

S t r u c t u r a l  a r e a s  which are seen  as  p o t e n t i a l l y  troublesome i n  t h e  o p t i c s  sub- 
assembly are:  bending of t h e  t e l e scope  t u b e ,  bending of t h e  d e t e c t o r  p reampl i f i e r  
assembly, and i n e r t i a l  movement of s p r i n g - r e t a i n e d  o p t i c a l  components. 

The t e l e scope  tubes  were t r e a t e d  as t i p - loaded  c a n t i l e v e r e d  beams. The 
maxim m s t ress  and d e f l e c t i o n  i n  the  material of t h e  t e l e scope  tubes  are  51 
l b l i n  and 6 x inches ,  r e s p e c t i v e l y .  The c a l c u l a t e d  n a t u r a l  f requency of 
3140 Hz i n d i c a t e s  t h a t  t h e r e  w i l l  be no resonance problems. 
n o t  go above 2000 Hz.) 
semblies  g i v e s  stress and d e f l e c t i o n  v a l u e s  of 141 l b / i n 2  and 21 x 10-6 inches .  
The n a t u r a l  f requency of t h e s e  components i s  about  5300 Hz, which i s  well above 
t h e  e x c i t i n g  f r equenc ie s .  

a g a i n s t  t h e i r  s e a t s  by sp r ing  p res su re ,  s i n c e  i t  i s  d e s i r a b l e  that: t h e s e  com- 
ponents remain a g a i n s t  t h e i r  s e a t s  under t h e  worst  cond i t ions  of loading .  A c -  
c o r d i n g l y ,  a n  a n a l y s i s  was made t o  ensu re  t h a t  t h e  r e q u i r e d  s e a t i n g  f o r c e s  would 
no t  be o v e r l y  l a r g e .  

The a p p l i c a b l e  random v i b r a t i o n  t e s t i n g  spectrum f o r  t h e  BSU i s  shown i n  
t h e  f a c i n g  f i g u r e .  
sha rp  r o l l o f f  above t h a t  po in t .  This  y i e l d s  a n  r m s  f i g u r e  of 20 g, and t h e  des ign  
po in t  i s  t aken  as  t h r e e  t imes  t h e  rms, o r  60 g. Spr ings  f o r  s e a t i n g  p r e s s u r e  a t  
60 g ,  +20 pe rcen t ,  f o r  manufactur ing t o l e r a n c e .  The r e s u l t s  a r e  shown i n  t h e  
t a b l e  oppos i t e .  Unit  stresses on t h e  o p t i c a l  components are  n e g l i g i b l e .  

Y 
(Test ing does 

A s i m i l a r  a n a l y s i s  of t h e  d e t e c t o r  p r e a m p l i f i e r  as- 

The t e l e s c o p e  m i r r o r s ,  d i c h r o i c s ,  f i l t e r s ,  and d e t e c t o r  l e n s e s  a r e  h e l d  

It shows on ly  whi te  n o i s e  a t  0 . 2  g2 per  Hz t o  2000 Hz, with  
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Applied Random Vib ra t ion ,  TOVS Basic  Sounder Uni t .  Su rv iva l  of 
random v i b r a t i o n  wi th  t h i s  s p e c t r a l  d e n s i t y  i s  a n  ins t rument  
des ign  requi rement .  
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Sec t ion  3 - Opt ica l  Subsystem Design 
Subsect ion - Mechanical Design of Optics  Subassembly 

NATURE OF OPTICAL SUBSYSTEM INTERFACE REQUIREMENTS 

I n t e r f a c e  c o n s t r a i n t s  f o r  t he  o p t i c a l  subsystem e x i s t  i n  s e v e r a l  a r e a s :  mecliniiical, 
opti.cri1, s t r u c t u r a l ,  and thermal .  The mechanical requirement i s  p r i m a r i l y  one of 
size and a l s o  has t o  do wi th  ease  of access. O p t i c a l l y ,  the primary cons ide ra t ion  
i s  s t a b i l i t y  - -  the o p t i c a l  a x i s  of the  instrument  r e l a t i v e  t o  the  s p a c e c r a f t  i s  
determined by the  f i t - u p  of the  o p t i c s  deck. The s t r u c t u r a l  requirement has  t o  do 
p r i m a r i l y  wi th  environmental  s t ress ;  however, because of thermal  requi rements  i t  
a l s o  i s  necessary  t h a t  a high-conductance path t o  t h e  instrument  frame be provided.  

The mounting of t h e  o p t i c s  deck m u s t  be s u f f i c i e n t l y  s t a b l e  and s t r a i n - f r e e  
t o  ensure  po in t ing  accuracy.  Although t h e r e  i s  no s t a t e d  requirement f o r  a b s o l u t e  
p o i n t i n g  accuracy ,  i t  i s  cons idered  d e s i r a b l e  t h a t  t he  ins t rument  e x i t  beam be 
w i t h i n  0 . 1  degree of t r u e  nad i r .  Also,  t h e r e  should be no long-term change i n  t h e  
in s t rumen t ' s  po in t ing  ang le .  Of g r e a t e r  importance are  channel- to-channel  e r r o r s .  
It i s  e s s e n t i a l  t h a t  a l l  channels  view t h e  same scene wi th  a n  accuracy of 0 .1  
degree maximum channel-to-channel po in t ing  ang le  v a r i a t i o n .  What t h i s  means i s  
t h a t  t h e  t e l e s c o p e s ,  when assembled t o  t h e  o p t i c s  deck, must be a l i g n e d  a c c u r a t e l y  
and must not  l o s e  t h i s  alignment as a r e s u l t  of being b o l t e d  t o  t h e  ins t rument  o r  
because of long-term d r i f t .  
t rea tments  t o  s t a b i l i z e  both t h e  instrument  frame and t h e  o p t i c s  deck components 

and by machining t h e  mating s u r f a c e s  t o  s u f f i c i e n t  f l a t n e s s .  For thermal r easons ,  
a minimum area of con tac t  of about 22 i n . 2  i s  necessary ;  and f o r  mechanical r easons ,  
i t  i s  d e s i r a b l e  t h a t  clamping p res su res  n o t  be too h igh .  With such a l a r g e  a r e a  
of c o n t a c t ,  of Course, t h e  l a t t e r  cond i t ion  i s  e a s i l y  met. I n  f a c t ,  i t  i s  neces- 
s a r y  t o  i n c r e a s e  t h e  number of screws f o r  thermal reasons  so t h a t  s u f f i c i e n t l y  
in t ima te  thermal  c o n t a c t  i s  assured .  

There i s  a mechanical s t r e n g t h  requirement on the  o p t i c a l  subsystem i n t e r f a c e  
r e l a t i n g  t o  environmental  stress. The t o t a l  weight of t h e  o p t i c s  deck i s  12.6 lb, 
with t h e  c e n t e r  of g r a v i t y  loca t ed  as  shown i n  the  f a c i n g  f i g u r e ,  Environmental 
stresses a p p l i e d  t o  t h i s  u n i t  - -  due t o  both shock and v i b r a t i o n  -- can r e s u l t  i n  
t e n s i l e ,  compressive,  and shear  loading a t  t h e  i n t e r f a c e .  Since t h e  moment arm of 
t h e  c e n t e r  of g r a v i t y  about  t he  mounting plane i s  on ly  0.37 inch ,  t h e  loading  i s  
p r i m a r i l y  d i r e c t  t e n s i l e  and shear  loads  -- high  loads due t o  bending cannot 
develop 

subsystem i n t e r f a c e  of  about  22 i n . 2 .  A d d i t i o n a l l y ,  t h e  use of thermal compound 
a t  t h e  j o i n t  t o  l e s s e n  con tac t  r e s i s t a n c e  i s  necessary ,  S i l i c o n e  rubber  i s  spec i -  
f i e d  f o r  t h i s  purpose. This  m a t e r i a l  i s  a p p l i e d  t o  t h e  fay ing  s u r f a c e s  and then  
the  j o i n t  i s  made up i n  t h e  normal manner w i t h  t h e  excess thermal  compound being 
wiped away. Experience has  proved t h i s  technique.  A cont inuous s i l i c o n e  f i l m  
on t h e  o rde r  of  0.003- t o  0.005-inch t h i c k  can be expec ted ,  Because of t h e  
e l a s t i c i t y  of t h e  cured  s i l i c o n e  material, screw pre load  does not  r e l a x  wi th  t ime. 
Thus, t h e  mechanical p r o p e r t i e s  of t h e  j o i n t  a r e  not  a f f e c t e d .  

These cond i t ions  are  met by us ing  proven thermal 

Thermal des ign  of t he  instrument  r e q u i r e s  a minimum con tac t  area a t  t h e  o p t i c a l  
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TOVS O p t i c a l  Subsystem. 
a h i g h  thermal  conductance.  

This  assembly r e q u i r e s  a r i g i d  mounting w i t h  
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Section 4 - Analysis of Optical Performance 

To make the fields of view of the different channels match, and to avoid cross- 
talk between neighboring scenes, the centroids of the fields of view of each 
channel must be accurately matched and the edges of the fields must be sharp. 
An analysis program has been carried out to show that the BSU baseline design 
provides the required performance. 

The orbital atmospheric sounding technique depends on a high degree of 
correlation between the readings taken in the different spectral channels. 
Each channel must view almost exactly the same scene. It is also necessary 
to make each scene radiance measurement independent of the radiance of neigh- 
boring scenes, both to minimize error and to reduce the number of data- 
processing steps required in real-time. 

Control of Image Quality - Sharp FOV edges are attained by providing good 
image quality, which is affected (see listing opposite) not only by aberration 
and diffraction, but also by errors in the alignment of the telescopes and the 
tolerance in cornponent mounting. 

Matching of FOV Centroids - To attain the required matching, it is neces- 
sary that the centroids of the FOV of the various channels match each other 
within 1 percent of the half-power FOV, or within 0.01125 degree. The list 
opposite shows there are three principal effects which tend to result in 
variations of the FOV centroid from channel to channel. The first is the 
attainment of the required mechanical alignment by means of the control of 
mechanical tolerances in the placement of the telescopes and detector optics 
as well as the proper positioning of each component. Second and third are the 
elfects of nonuniformities in detectors and lenses. 

have been investigated by precision ray-trace techniques whose details are 
reported in an appendix. 

FOV centroid and the size of its circle of confusion were investigated by per- 
turbing the location of each optical element in turn. Ray-traces run with the 
perturbed values were compared to unperturbed traces to determine the required 
sensitivity, which then provides a specification for mechanical tolerances in 
manufacture. 

The effects of nonuniformity of detectors has been investigated by means 
of a ray-trace showing the intensity at; the detector of on- and off-axis radia- 
tion. The effects of lens and filter nonuniformity should be similar and, 
therefore, were not separately investigated. 

bution of rays in object space originating from the center and edges of the 
field stop. 

a simultaneous calculation of aberration and diffraction, diffraction of the 
annular aperture was estimated analytically by integrating the Fraunhofer 
diffraction pattern over the field stop and circular field of view. 

briefly discussed in the following topics. 

Nature of Analysis Performed - All of these effects, except diffraction, 

The effect of misalignment of optical componenets on the location of the 

Aberration was estimated by use of a spot diagram of the angular distri- 

Because time did not permit the completion of a computer program to provide 

The results of the analyses, described in detail in the appendix, are 
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CONTROL OF IMAGE QUALITY 

Scene-to-scene cross talk is influenced by the following 
factors : 

o Diffraction 
0 Telescope alignment 

and to le ranc e 

MATCHING OF FOV CENTROIDS 

Three principal sources of error must be controlled to 
match the channel FOV's to the required tolerance of 
0.01125 degree, 

Alignment of each telescope 

0 Nonuniformity of detectors 
Nonuniformity of lenses 

to common centerline 
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S e c t i o n  4 - Analys is  of O p t i c a l  Performance 

ANALYSIS OF GEOMETRIC IMAGE 

The double-sphere t e l e scope  des ign  meets t h e  50 and 99 percent  FOV des ign  g o a l s .  
N o  r ays  from o u t s i d e  t h e  99-percent FOV e n t e r  t h e  f i e l d  s t o p .  Resolu t ion  i s  
e x c e l l e n t ,  w i th  a n e a r l y  cons t an t  a b e r r a t i o n  bo th  on and o f f  a x i s ,  and w i t h  a 
c i r c l e  of confusion whose half-power width i s  0.077 degree.  

The t e l e scope  f i e l d  s t o p s  w e r e  s e l e c t e d  t o  provide t h e  d e s i r e d  1.125- 
degree half-power FOV, s i n c e  NER, c a l c u l a t i o n s  showed t h i s  FOV i s  a t t a i n a b l e .  
The e f f e c t  o f  geometric a b e r r a t i o n s  i s  t o  round o f f  t h e  edge of  t h e  i d e a l  
1.125 degree FOV. 
a f f e c t  t h e  s p e c i f i e d  r e j e c t i o n  of o f f - a x i s  r a d i a t i o n  un le s s  t he  a b e r r a t i o n s  
a l low t h e  acceptance o f  r a d i a t i o n  which i s  o u t s i d e  t h e  99-percent FOV. The 
t o t a l  ha l f -wid th  of t h e  bundle of  r ays  emanating from t h e  edge o f  t h e  f i e l d  
s t o p  should then  be narrower than  t h e  d i f f e r e n c e  between angular  r a d i i  o f  t h e  
half-power and 99-percent FOV. The s p e c i f i e d  va lues  a r e :  

I n  t h e  absence of d i f f r a c t i o n ,  t h i s  rounding o f f  does not  

0 Radius o f  99 percent  FOV 0.6250 degree 
0 Radius o f  50 percen t  FOV 0.5625 degree 
0 Difference  0.0625 degree 

The a b e r r a t i o n  c h a r a c t e r i s t i c s  of t h e  61-mm and 80-mm diameter  t e l e scopes  
were eva lua ted  by two q u i t e  d i f f e r e n t  r a y - t r a c e  methods. I n  one, a l a r g e  
number o f  p a r a l l e l  r a y s  e n t e r s  t h e  t e l e scope  w i t h  a given angular  FOV, and t h e i r  
po in t - spread  image f u n c t i o n  i s  analyzed a t  t h e  prime image p l ane .  I n  t h e  second, 
a l a r g e  number of  r ays  s tar ts  from a s i n g l e  p o i n t  on t h e  prime image p lane  and 
f i l l s  t h e  a p e r t u r e  s t o p  w i t h  r a y s .  T h e i r  angular  f i e ld - sp read  f u n c t i o n  i s  
eva lua ted  i n  o b j e c t  space.  The l a t t e r  approach can  y i e l d  t h e  image q u a l i t y  i n  
t h e  o b j e c t  space and i s  more e a s i l y  compared wi th  t h e  BSU s p e c i f i c a t i o n .  The 
f i g u r e  oppos i t e  shows t h e  a c t u a l  spo t  diagrams obta ined  by t h i s  method f o r  two 
p o i n t s :  one a t  t h e  c e n t e r  of t h e  f i e l d  s t o p  and one a t  t h e  edge. The a b e r r a t i o n  
i s  most ly  s p h e r i c a l ,  wi th  some coma evident  a t  t h e  edge o f  t h e  FOV. The spo t  
diagrams are, of course ,  i d e n t i c a l  f o r  t h e  80-mm and 61-mm t e l e scopes  which have 
t h e  same re la t ive  dimensions.  The maximum angular  spread  f o r  a l l  r ays  i s  found 
t o  be 1.248 degrees ,  j u s t  i n s i d e  t h e  99-percent FOV s p e c i f i c a t i o n ,  wh i l e  t h e  h a l f -  
power FOV i s  c a l c u l a t e d  t o  be 1.120 degrees ,  s l i g h t l y  less than  t h e  1.125 degree 
des ign  g o a l .  The f u l l  width a t  h a l f  maximum (half-power) r a d i a l  width of t h e  
s p o t  diagram a t  t h e  edge of  t h e  f i e l d  i s  1.35 mrad, o r  0.077 degree;  t h e  r m s  width 
i s  0.059 degree .  

Because a l l  geometr ic  r ays  o r i g i n a t e , w i t h i n  t h e  99-degree FOV, on ly  d i f -  
f r a c t i o n  and t h e  e f f e c t s  of  misalignments can cause energy t o  be rece ived  from 
o u t s i d e  t h i s  f i e l d .  The Cassegra in ian  t e l e scope ,  designed f o r  minimum secondary 
d iameter  and maximum u s e f u l  a p e r t u r e  wi th  s p h e r i c a l  m i r r o r s  t hus  provides  
adequate  image q u a l i t y .  
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TOVS DOUBLE SPHERE TELESCOPE F/3.82. 286.709 MMFL--80 MM OD 8-14-72 

E - _  

99X RADIATION 
FIELD-OF-VIEW 
RADIUS 0 .625 DECREE '. ' 

HALF-POWER 
FIELD-OF-VIEW 
RADIUS 0.560 DECREB 

IMAGE PARAMETERS 

These va lues  apply  t o  both t h e  80-mm and 61-mm 
t e l e s c o p e s .  

Half -Power FOV 1.120 degrees  
F u l l  FOV 1.248 degrees  
Half-Power Width of  Poin t  0.077 degree 

Image 

Angular Field-of-View 200-Ray Diagrams f o r  Ray S t a r t i n g  P o i n t s  a t  Edge and 
Center of  F i e l d  S t o p  
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Sect ion 4 - Analysis  of Opt ica l  Performance 

CALCULATION OF DIFFRACTION EFFECTS 

Fraunhofer d i f f r a c t i o n  from t h e  annular  te lescope aper . ture  has been ca l cu la t ed  f o r  
a c i r c u l a r  f ie ld-of-view by use of an a n a l y t i c a l  approximation. 
p r e d i c t s  t h a t  a l l  channels should m e e t  t he  99-percent FOV spec i f i ca t ion .  

The c a l c u l a t i o n  

The importance of d i f f r a c t i o n  i n  determining t h e  response a t  wide angles  
can be seen by examining the  a n a l y t i c a l  form f o r  Fraunhofer d i f f r a c t i o n  from a 
c i r c u l a r  aper ture .  
i s  

The i n t e n s i t y  func t ion  a t  the  image plane f o r  a po in t  ob jec t  

where J i s  the  Bessel Function of the  f i r s t  order  and 1 
X = 2 ~ a e / ~  

where a i s  the  r a d i u s  of the  ape r tu re ,  h i s  the  wavelength, and 8 i s  the  angle  
equiva len t  t o  the  geometric pos i t i on  on t h e  f i e l d  s top .  For l a rge  angles  so t h a t  
x >> 1, t h i s  i n t e n s i t y  func t ion  v a r i e s  a s  

I (e )  - ( 8 / n x  3 ) COS 2 (X - 3 n / 4 )  
0 

The r a p i d l y  varying cosine term i s  smoothed out  i n  p r a c t i c e  by imperfect d e f i n i -  
t i o n  of edges and by a b e r r a t i o n s ,  so t h a t  the  average value i s  

I (e) = 4 d x  3 
0 

The inverse  cube dependence does not f a l l  o f f  a l l  t h a t  r ap id ly .  When one 
i n t e g r a t e s  t h i s  po in t  response over t he  f ie ld-of-view t o  ob ta in  t h e  energy 
d i s t r i b u t i o n ,  and then  i n t e g r a t e s  again t o  f i n d  t h e  energy ou t s ide  a given ang le ,  
i t  i s  found t h a t  t h i s  energy f a l l s  o f f  q u i t e  slowly, thus d i f f r a c t i o n  i s  by no 
means a n e g l i g i b l e  source of s t r a y  r a d i a t i o n ,  even though the  angular  r ad ius  of 
the  f i r s t  d i f f r a c t i o n  r i n g  i s  much l e s s  than the  abe r ra t ion  point  spread (0.44 mrad 
compared t o  1.4 mrad even i n  channel 14). 

energy when in t eg ra t ed  over s o l i d  ang le ,  i s :  
For an annular  d i s c ,  t h e  d i f f r a c t i o n  func t ion ,  normalized t o  u n i t  t o t a l  

where b i s  the  ou te r  r a d i u s ,  a i s  the  inner  r ??ius,  and k = 27~/A. This formula i s  
der ived by I . L .  Goldberg and A .  W. McCulloch( who used t o  perform a numerical 
i n t e g r a t i o n  t o  f i n d  the  energy f a l l i n g  ou t s ide  a c i r c u l a r  f i e l d  with a given s i z e  
of c i r c u l a r  f i e l d  s top .  One f i r s t  c a l c u l a t e s  the  a c t u a l  angular  s e n s i t i v i t y  by 
i n t e g r a t i n g  the  above d i s t r i b u t i o n  over t h e  f i e l d  s t o p ,  and then c a l c u l a t e s  t he  
energy ou t s ide  a given rad ius .  
r e s u l t s  i n  the  angular  reg ion  needed. 

and Bel l  was used t o  perform the  i n t e g r a t i o n .  The method employs an approxima- 
t i o n  t o  the  convolution of f i e l d  s t o p  and source ,  and a l s o  employs the  asymptat ic  
expansion of t h e  Bessel func t ion  f o r  l a rge  arguments. 

passes  through a f i e l d  s t o p  of angular  r a d i u s  r from a d i f f u s e  source a t  angles  s 
o r  l a r g e r :  

Unfortunately,  Goldberg and McCulloch do not  g ive  

btl@f than a numerical method, the approximate a n a l y t i c a l  method of S t e e l ,  De, 

This approach leads  t o  t h e  following equat ion f o r  t he  f r a c t i o n a l  energy which 
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E A s + r  
log s-1: = 

2 2 (b-a) r  

A p l o t  of t h i s  func t ion  i s  shown i n  t h e  f i g u r e  f o r  h = 29 
25.6 mm, and r = 9.77 m i l l i r a d i a n s  ( a l l  r a y - t r a c e  v a l u e s ) ,  The c a l c u l a t e d  d i f f r a c -  
t i o n  from o u t s i d e  t h e  s p e c i f i e d  99 percent  FOV i s  l e s s  t han  1 p e r c e n t ,  namely, 0.77 
percent .  

An improved c a l c u l a t i o n ,  which t a k e s  i n t o  account  t h e  in f luence  of  a b e r r a t i o n s  
on d i f f r a c t i o n s  a s  w e l l  as t h e  in f luence  of t h e  secondary m i r r o r  s p i d e r s ,  r e q u i r e s  
a f a s t  r a y - t r a c e / i n t e g r a t i o n  computer s o l u t i o n  s p e c i a l i z e d  f o r  t h i s  purpose,  The 
Beckman r a y - t r a c e  program, because of  i t s  g e n e r a l i t y  and h igh  p r e c i s i o n ,  cannot  be 
adapted  d i r e c t l y  t o  perform such an  i n t e g r a t i o n ,  a l though i t  i s  being modif ied t o  
c a l c u l a t e  t h e  po in t - sp read  func t ion .  

m,  b = 76.6 mm, a = 

1110-104-23 

I 
I 

I I I 1 

I 

I 
I 

I 
1.10 1.15 1.20 1.25 1.30 1.35 

FOV ANGLE, DEGREES 

Fraunhofer  D i f f r a c t i o n  From Annular Aperture  f o r  Channel 14 ( 2 9 ~ ) .  
FOV s p e c i f i c a t i o n  i s  m e t .  

The 99% 

I. L. Goldberg and A. W.  McCulloch, Applied Opt ics  8, 145,  (1962). 
( 2 ) W .  11. S t e e l ,  M. D e ,  and J, A .  B e l l ,  J. Opt. SOC. Am. 62, 1099, (1972). 
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Sect ion 4 - Analysis of Optical  Performance 

SENSITIVITY TO DETECTOR NONUNIFORMITY 

A major advantage of the  BSU o p t i c a l  conf igura t ion  i s  the  i n s e n s i t i v i t y  of the  
cen t ro id  of the  f i e l d  of view t o  de t ec to r  nonuniformit ies ,  which has  been con- 
firmed by a de t ec to r  ray- t race .  

Because t h e  de t ec to r  i s  imaged upon the  secondary mirror  and not upon the  
f i e l d  s t o p ,  t he  image of a poin t  source i s  defocused, This e f f e c t  l i m i t s  t he  
s e n s i t i v i t y  t o  de t ec to r  nonuniformity. 

t r a c e ,  200 p a r a l l e l  r ays  which uniformly f i l l e d  the  en t rance  a p e r t u r e  were 
t r aced  from the  en t rance  ape r tu re  t o  the  de t ec to r  f o r  two cases:  one with the  
r ays  p a r a l l e l  t o  t he  o p t i c  a x i s ,  and one with the  r ays  a t  an angle  correspond- 
ing t o  t h e  half-width of the  half-power FOV. 

was uniformly i l lumina ted  i n  a c i r c u l a r  spot .  The motion of an image poin t  
ac ross  the  FOV causes t h i s  spot t o  be s l i g h t l y  moved and d i s t o r t e d ,  as  shown 
i n  the  r ay - t r ace  spot  diagram opposi te .  (The darker  spo t s  correspond t o  the  
ob jec t  po in t  a t  t he  cen te r  of the  FOV.) The motion of the  ob jec t  ac ross  the  
FOV corresponds t o  a motion of t he  cen t ro id  of the  s e n s i t i v e  a rea  by much l e s s  
than 1 percent .  This e f f e c t  mat te rs  very l i t t l e ,  s ince  the  de t ec to r  i s  over- 
f i l l e d  by the  image of the  secondary mirror .  A t  most,  t h e  de t ec to r  need only be 
about 1 percent  undersize t o  e l imina te  nea r ly  a l l  of t h i s  e f f e c t .  I f  we assume 
the  outer  1 percent  of t he  de t ec to r  t o  be completely i n s e n s i t i v e  on one s i d e  
only ,  then the  corresponding s h i f t  i n  the  FOV cen t ro id  would be much l e s s  than 
1 percent .  

c a t i o n  of ?lo percent  v a r i a t i o n  ac ross  the  de t ec to r  i s  not only acceptab le  but 
conservat ive . 

The r e s i d u a l  s e n s i t i v i t y  was checked with a r a y  t r a c e .  To make the  r a y  

Spot diagrams a t  the  de t ec to r  were obtained which showed t h a t  the  de t ec to r  

The design i s  thus  ve ry  i n s e n s i t i v e  t o  de t ec to r  nonuniformity. A s p e c i f i -  
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Ray Trace of Detec tor  Image f o r  Object Point  a t  Center of FOV (Dark Spots) and 
Edgc of FOV (Light  Spots) .  The c e n t r o i d  of t h e  image, which o v e r f i l l s  t h e  o c t a l  
d e t e c t o r ,  moves less  than  1 percent  of t he  d e t e c t o r  d iameter ,  so  t h a t  t h e  e f f e c t  
of d e t e c t o r  nonuni formi t ies  on t h e  FOV c e n t r o i d  i s  n e g l i g i b l e  with d e t e c t o r s  
uniform t o  210 percen t  o r  b e t t e r .  
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Sec t ion  4 - Analys is  of Op t i ca l  Performance 

INFLUENCE OF MISALIGNMENTS ON ' N E  ACCUMCY OF THE FIELD 017 VIEW 

An a n a l y s i s  of t h e  in f luence  of o p t i c a l  component mounting e r r o r s  and misa l ign-  
ments shows t h a t  t o l e r a n c e s  of less than  0.001 inch must be main ta ined  i n  m i r r o r  
mounting t o  achieve  t h e  d e s i r e d  FOV accuracy ,  

To determine t h e  e f f e c t  of o p t i c a l  component pos i t i on ing  e r r o r s  on t h e  
c e n t r o i d  and s ize  of t h e  f i e ld -o f -v i ew,  t h e  r a y - t r a c e  program was used t o  f i n d  
t h e  changes i n  t h e  p o s i t i o n  of t he  t e l e scope  focus a s  a f u n c t i o n  of t e l e scope  
p o s i t i o n  e r r o r s .  A r a y - t r a c e  using two extreme r a y s  was made t o  d e t e r m i n e . t h e  
l o c a t i o n  of t h e  unperturbed focus.  Then one mounting parameter was per turbed  
a t  a t i m e  and t h e  t r a c e  was r epea ted  t o  determine the  l o n g i t u d i n a l  and la te r -  
a l  s h i f t  i n  t h e  f o c a l  po in t .  With each r a y - t r a c e ,  t he  computer a u t o m a t i c a l l y  
a d j u s t s  t he  spacing between t h e  secondary m i r r o r  and t h e  f i e l d  s t o p  u n t i l  t h e  
two r a y s  p r e c i s e l y  focus on t h e  image. 

The p o s i t i o n i n g  e r r o r s  s t u d i e s  were t h e  types  of e r r o r s  l i s t e d  o p p o s i t e ,  
which are  t h e  spacing between t h e  primary and secondary m i r r o r s ,  t h e  l a t e r a l  
s h i f t s  of one s p h e r i c a l  mi r ro r  r e l a t i v e  t o  the  next  s u r f a c e ,  and changes i n  
s p h e r i c a l  m i r r o r  r a d i i .  
magnitudes,  covering two decades,  0.0025 mm, 0,0250 mm, and 0.250 mm, which a r e  
roughly e q u i v a l e n t ,  r e s p e c t i v e l y ,  t o  0.0001 i n c h ,  0.0010 inch ,  and 0.0100 inch ,  

Each type of e r r o r  was r ay - t r aced  f o r  t h r e e  d i f f e r e n t  

A p l o t  of t h e  focus  s h i f t  a s  a func t ion  of t h e  p e r t u r b a t i o n  i s  g iven  i n  t h e  
appendix a long  wi th  the  computer-generated d a t a .  It was found t h a t  t h e  e r r o r s  
i n  focus  a re  l i n e a r l y  r e l a t e d  t o  t h e  p e r t u r b a t i o n s  i n  t h e  range i n v e s t i g a t e d .  

The l o n g i t u d i n a l  focus  s h i f t s  were r e l a t e d  t o  the  change i n  t h e  f i e l d - o f  
view as  a r e s u l t  of defocusing as fo l lows:  i f  x i s  t h e  p o s i t i o n  of t h e  focus ,  
p i s  the  component l o c a t i o n  parameter ,  d i s  the  f i e l d  s t o p  d iameter ,  and F i s  
t h e  F number, then  t h e  FOV broadening i s  g iven  by 

The d e r i v a t i v e  d x / a p  was determined from t h e  r a y - t r a c e  r e s u l t s .  

The movement of t h e  c e n t r o i d  caused by l a t e r a l  motion i n  t h e  y d i r e c t i o n  
normal t o  t h e  o p t i c  a x i s  i s  

= - 1 a9 [%] c e n t r o i d  d d P  

where a g a i n  t h e  p a r t i a l  d e r i v a t i v e  i s  determined from the  ray-trace. 

The r e s u l t s  of t h i s  a n a l y s i s  a r e  shown i n  t h e  t a b l e  oppos i t e .  To a t t a i n  
t h e  r e q u i r e d  FOV image sharpness ,  i t  i s  necessary  t o  c o n t r o l  t h e  primary- 
secondary spacing t o  0.0008 inch ,  
i t  i s  necessary  t o  keep l a t e r a l  s h i f t s  i n  t h e  primary mi r ro r  l o c a t i o n  t o  less 
than  0.0006 inch ,  Other t o l e r a n c e s  are less c r i t i c a l ,  Meeting t h e s e  t o l e r a n c e s  
r e q u i r e s  t h e  customary degree of care i n  mounting o p t i c a l  components-an a s p e c t  
d i scussed  i n  t h e  Subsect ion on Mechanical Design of Opt ics  Subassembly. 

To meet t h e  c e n t r o i d  alignment requi rement ,  
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SOURCE OF ERROR FOCAL ERROR 

DESCRIPTION )(w) [ ( Inches)  

A s i m i l a r  e r r o r  a n a l y s i s  was performed f o r  the de tec to r  o p t i c s .  The analys is  
priirrrirl i y dt?ttmiriiied tlra irrurgilis required 011 tire sacoiidnry irrirror s lac  dctactor 
s i a e ,  uiid dctocLor posiLLoiiiiig. 'Lliis analys is  i s  rcportud i n  t h e  appendix t o  
tlic u p L i c s  s u b t u s k  report. 

LATERAL ERROR 

(d (Inches) 

DIMENSIONAL TOLERANCES FOR 1% FOV IMAGE ERROR 
Calcu la t ions  a r e  f o r  t he  smaller  (more c r i t i c a l )  61mm te lescope .  

Primary t o  Secondary SpacinR 0.020 0.0008 >0.250 >0.0100 

Late ra l  S h i f t  of Primary >0.250 >0.0100 0.0151 0.0006 

La te ra l  S h i f t  of Secondary >0.250 >0.0100 0.025 0,0010 

Primary Radius ~ 0.040 0.0016 >0.250 >0.0100 

Secondary Radius 0.100 0.0040 >O. 250 >0.0100 - 
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Section 4 - Analysis of Optical Performance 

ESTIMATES OF SCENE-TO-SCENE CORRELATION AND CHANNEL CENTROID MATCHING 

Because the scan step is equal to the width of the half-power field-of-view, 
and not the 99-percent field-of-view, the correlation between adjacent scenes 
is relatively large. 
fications if extreme care is taken. 

The centroids of the fields can be matched within speci- 

Scene-to-Scene Correlation - Part way through the study program, it was 
agreed that the scan step would be made equal to 1.125 degrees, which is - 
equal to the half-power iield-of-view of the baseline design. This choice 
of step angle is a natural result of the scan geometry and readout timing. 
Because of the geometric aberrations, there will be an overlap of the fields- 
of-view, as shown in the figure opposite. 

The 50-percent FOV is the full-width-at-half-maximum of the response 
function obtained when a point source moves across a diameter of the FOV. 
Much more than half the total energy lies within this FOV. To estimate the 
energy which lies outside the 50-percent FOV, a convolution calculation was 
performed, assuming a triangular point-spread function with a base width of 
2.2 mrad, which is a good fit to the ray trace. With care in mounting, the 
contribution of additional blurring from defocusing can be made negligible. 
The resulting distribution has a quadratic tail which extends out to the 99- 
percent FOV. The solid angle under this tail is approximately 

where e = radius of 50-percent FOV = 9.8 mrad 

O2 = radius of 90-percent FOV = 10.9 mrad 
1 

A 0  = base width of spread function = 2.2 mrad 

Since the solid angle of the entire FOV is 3.02 x 
solid angle in the outer annulus is 1.9 percent. About 1/8 of the energy over- 
laps one adjacent scene, so that the scene-to-scene correlation is 0.2 percent. 

While the geometric aberrations dominate inside the 99-percent FOV, dif- 
fraction contributes outside that field. 
energy comes from outside the 99-percent FOV,' The added contribution of dif- 
fraction in channel 14 is an eighth of this 0.1 percent. The contribution in 
other channels is directly proportional to the wavelength and inversely propor- 
tional to the telescope diameter. 

It follows that the scene-to-scene correlation may be as large as 0.3 
percent in channel 14. 
by the TOVS-BSU specification, which requires that the correlation be less than 
the noise equivalent spectral radiance, which is about 0.1 percent of a full- 
scale signal. 

of-view can be matched with the required accuracy of 0.01125 degrees, provided 
that the detectors are uniform to aboutf10 percent, the lenses and filters are 
properly rotated for best alignment, and telescope mirrors are stably mounted 
with certain critical tolerances held to a few ten-thousandths of one inch. 

sr, the fraction of the 

For channel 14, 0.8 percent of the 

This value is about three times larger than that implied 

Relative Channel Centroid Matching - The centroids of the channel fields- 
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REQUIREMENTS FOR CHANNEL CENTROID MATCHING 

- 
0 Detectors uniform toi10% 

0 Lenses and f i l t e r s  ro ta ted  f o r  
bes t  alignment 

0 Telescope mirrors must have precis ion 
o p t i c a l  mounts. 

11 10-104-23 

DIRECTION OF SCAN + 

Overlap of Circular  F ie lds  i n  Rectangular Scan Grip. 
equal to  the 50 percent FOV, there  i s  overlap between adjacent scenes and scan 
l i n e s .  

Because the s t e p  angle i s  
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Sec t ion  4 - Analysis of Opt ica l  Performance 

EFFECTS OF POLARIZATION 

Radiometric e r r o r  due t o  p o l a r i z a t i o n  e f f e c t s  i s  dependent upon the  degree of 
p o l a r i z a t i o n  of the  scan scene r a d i a t i o n ,  the  scan angle  with respec t  t o  nad i r ,  
and the  v a r i a t i o n  o f  d i ch ro ic  beamspl i t te r  t ransmi t tance  and r e f l e c t a n c e  wi th  
the  p o l a r i z a t i o n  s ta te  of t h e  inc ident  r a d i a t i o n .  The e f f e c t  should be less 
than f i v e  percent  of the  degree of p o l a r i z a t i o n  of scene r a d i a t i o n  and less than 
0.1 percent  f o r  e s s e n t i a l l y  unpolarized scene r a d i a t i o n .  

Degree of Po la r i za t ion  - The degree of p o l a r i z a t i o n  of e lectromagnet ic  
energy r ad ia t ed  i n t o  space from the  e a r t h ' s  sur face ,  the  t roposphere,  and the  
s t r a tosphe re  i s  i l l -de f ined .  Radiat ion t ransmi t ted  through the  e a r t h ' s  
atmosphere i s  p a r t i a l l y  polar ized  by s c a t t e r i n g ,  a physical  process which i s  
inhe ren t ly  p o l a r i z a t i o n  s e n s i t i v e .  The degree of s c a t t e r i n g ,  however, v a r i e s  
i nve r se ly  a s  t h e  fou r th  power of  t he  wavelength o f  t he  s c a t t e r e d  r a d i a t i o n  
except i n  regions of s t r a y  absorp t ion .  Thus, p o l a r i z a t i o n  becomes a less 
c r i t i c a l  cons idera t ion  i n  t h e  d e s c r i p t i o n  of longer  wavelength r a d i a t i o n ,  so 
t h a t  t h e  channel most l i k e l y  t o  be a f f ec t ed  i s  the  3 . 8  pm channel (Channel 1). 
The degree of p o l a r i z a t i o n  of r a d i a t i o n  de tec ted  by t h e  BSU may, however, 
p resent  a problem i f  the  instrument t ransmi t tance  i s  a func t ion  of t he  s ta te  
of p o l a r i z a t i o n  of t h a t  r a d i a t i o n .  

Scan Anple - Energy r ad ia t ed  from a given scan scene w i l l  be p a r t i a l l y  
polar ized  as t h e  r e s u l t  of r e f l e c t i o n  o f f  t he  metall ic su r face  of the  scan 
m i r r o r .  The degree of p o l a r i z a t i o n  i s  a func t ion  of t h e  angle  of incidence 
and complex ind ices  of r e f r a c t i o n  f o r  t he  metall ic su r face  of  the  scan mi r ro r .  
The p o l a r i z i n g  p rope r t i e s  of a m e t a l l i c  r e f l e c t o r  a r e ,  however, much less than 
those of d i e l e c t r i c  r e f l e c t o r s .  The fac ing  graph provides estimates of t h e  
r e f l e c t a n c e  of h i g h - r e f l e c t i v i t y  gold i n  t h e  i n f r a r e d  as a func t ion  of  BSU 
scan angle .  The e s t ima tes  presented are based upon the  complex index of re- 
f r a c t i o n  of a gold coa t ing  a t  4 p given by t h e  American I n s t i t u t e  o f  Physics 
Handbook. The graph shows a maximum d i f f e rence  i n  r e f l ec t ance  of 2.6 percent  
f o r  l i g h t  p o l a r i z a t i o n  i n  p a r a l l e l  and perpendicular  p lanes .  

An o p t i c a l  element possessing a c i r c u l a r  symmetry and inc l ined  normal t o  
t h e  inc iden t  r a d i a t i o n  w i l l  not con t r ibu te  t o  the  p o l a r i z a t i o n  of t h a t  r a d i a t i o n .  
Although t h e  angle  of incidence of r a d i a t i o n  on the  te lescope  mi r ro r  i s  not  
90 degrees ,  c i r c u l a r  symmetry w i l l  average out  any p o l a r i z a t i o n  e f f e c t .  
c h a r a c t e r i s t i c  i s  a l s o  t r u e  of t he  d e t e c t o r  l enses .  Bandpass and blocking 
f i l t e r s  a r e  o r i en ted  normal t o  inc ident  r a d i a t i o n  and, t he re fo re ,  do not  a c t  
a s  p o l a r i z e r s .  Although d e t e c t o r  lenses  and f i l t e r s  may e x h i b i t  some b i r e -  
f r ingence  (and, therefore ,  e x h i b i t  po la r i z ing  p r o p e r t i e s ) ,  a s  a r e s u l t  of 
mechanical stresses, t h i s  e f f e c t  can be minimized, i f  not e l imina ted ,  by annealing 
the  s u b s t r a t e s  p r i o r  t o  f a b r i c a t i o n  and by properly mounting t h e  o p t i c a l  elements. 
Other than the  scan mi r ro r ,  the  only o p t i c a l  element with p o t e n t i a l l y - c r i t i c a l  
po la r i z ing  p rope r t i e s  i s  t h e  d i ch ro ic  beamsp l i t t e r .  

Dichroic  Beamsp l i t t e r  Var i a t ion  - The po la r i z ing  p rope r t i e s  of a d i c h r o i c  
beamsp l i t t e r  c r i t i c a l l y  depend upon t h e  des ign  and f a b r i c a t i o n  of  the  t h i n  f i l m  
coa t ings .  I n  p a r t i c u l a r ,  t he  s p e c t r a l  l oca t ion  of cu t -of f  and cut-on po in t s  
v a r i e s  wi th  t h e  s t a t e  of p o l a r i z a t i o n  of i nc iden t  r a d i a t i o n .  I f  t h e  s p e c t r a l  
channels separa ted  by t h e  d i c h r o i c  are s u f f i c i e n t l y  f a r  removed from each 
o t h e r  (by more than 2 pm), the  d i ch ro ic  can be designed s o  t h a t  t he  cu t -of f  
and cut-on po in t s  are q u i t e  d i s t a n t  from the  s p e c t r a l  regions of i n t e r e s t ,  
thus  minimizing t h e  p o l a r i z a t i o n  e f f e c t s .  

With proper des ign  and f a b r i c a t i o n ,  a d i ch ro ic  beamspl i t te r  can have a 
t ransmi t tance  and r e f l e c t a n c e ,  f o r  channels s u f f i c i e n t l y  separa ted  i n  wavelength, 

This  
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t h a t  are v i r t u a l l y  independent of t h e  s t a t e  of p o l a r i z a t i o n  of t h e  i n c i d e n t  
r a d i a t i o n .  Tests conducted i n  t h e  p re sen t  s tudy ,  as w e l l  as c a l c u l a t i o n s  
pcrrornicd by Op t i ca l  Cont ing  Labora to r i e s ,  Incorpora ted ,  under a subcon t rac t ,  
IIave sliowii t h n t  t he  v n r i n t  L o n  of r e f l e c t a n c e  wi th  p o l a r i z a t i o n  i s  uode tcc t ab le ,  
whi le  t h e  v a r i a t i o n  i n  t r ansmi t t ance  is  less than  5 pe rcen t .  These r e s u l t s  are 
repor ted  i n  d e t a i l  i n  an appendix.  

1110-104-210 

I R a d i a t i o n  P o l a r i z e d  Normal t o  the  Plane of Incidence 
11 Radia t ion  Po la r i zed  P a r a l l e l  t o  t h e  Plane of  Incidence 

Ref lec tance  a t  4 p m  of a Gold Coating on t h e  BSU Scan Mir ror  as a Funct ion of 
Scan Angle. This  graph i n d i c a t e s  data c a l c u l a t e d  from t h e  BSU scan geometry, 
and i s  based upon complex i n d i c e s  g iven  i n  the  American I n s t i t u t e  of Physics  
Handbook . 
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Section 5 - Optical Testing 
Subsection - Description of Test Program 

DISCUSSION OF TESTING GOALS AND PHILOSOPHY 

A test procedure was developed to verify the predicted performance of the components 
and optical test assembly, and to estimate the performance of the TOVS-BSU. 

The testing of the optical test assembly was deaigned to verify calculated 
data, explore aspects such as polarization sensitivity and diffraction effects, 
and investigate the practical aspects of component manufacturing and their in- 
fluence on instrument performance. 

Some aspects of the TOVS-BSU testing are duplications of ITPR tests. 
possible, the techniques developed for the ITPR tests were applied and the equip- 
ment utilized. 
designed and constructed and new measurement techniques developed, 
plied for the polarization sensitivity measurements of optical components and the 
completed optical test assembly, The polarization measurements were particularly 
troublesome since the test equipment itself is highly polarization-sensitive, 

The design goal was, for both tests, to explore the phenomena as thoroughly 
as time allowed on this study. Some of the effects observed were expected to 
produce signal changes of only one percent (diffraction effect). 

components, utilizing silicon as substrate material. This wavelength region is 
not as well known with respect to component fabrication as the germanium range. 
The goal was the development of fabrication techniques to produce components which 
would pass all the applicable specifications for environmental exposures and 
produce components with the highest possible bandpass transmission and greatest 
sideband rejection. 

test the two channels with the most difficult overall requirements, namely, 
channel 11 ( 6 6 8 . 5  wave numbers) and channel 14 (340 wave numbers). This optical 
test assembly was also constructed in such a way that ITPR filters could be used. 
This permitted testing in the 3- to 10-micrometer region to measure polarization 
sensitivity, The TOVS-BSU filters were replaced by ITPR filters of channel 1 and 
5. The anti-reflection coatings of the TOVS-BSU lens assembly transmit enough 
energy in these bands to perform these particular measurements. 

The testing was performed in three major steps, the component testing, the 
evaluation of the subassemblies, and the system testing on the assembled optics 
test assembly. Throughout the testing sequence, all parameters with a possible 
influence on the final test results were investigated, 

infrared spectrophotometer and a specially constructed test collimator with a 
blackbody source. 
measurements on individual optical components as well as on the complete optics 
test assembly, 
ments of stray light, polarization sensitivity, and response versus temperature 
level. Both instruments had been used for ITPR measurements and needed only minor 
modifications to perform the TOVS-BSU testing, 

component and subassembly testing are discussed in detail, Also included is a 
summary of the test results of the subassembly testing and the possible influence 
which these results may have on the system testing, 
several purposes, One of the more important of these was to investigate how well 
theoretical data could be translated into actual hardware. It a160 permitted 
evaluation of how the combination of the tolerances of individual elements could be 
arranged to minimize errors in the final result, such as the orientation of vhe 
lenses with respect to each other to average possible transmission differences. 

Wherever 

For other tests such as diffraction effects, new equipment was 
The same ap- 

An important aspect of this study was the manufacture and testing of optical 

A dual-channel, single-telescope optical test assembly was constructed to 

The majority of the testing was performed on two instruments--a Beckman IR-12 

The IR-12 was modified to permit polarization and transmission 

The collimator was utilized for alignment and integrated measure- 

The complete test sequence is discussed in this section, Parameters of 

The system testing served 
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The locgtion and the orientation of components were changed to evaluate tolerance 
brackets as well as the effect of extreme tolerances on system performance. Test- 
ing of tlie complete optics test assembly permitted evaluation of hard-to-analyze 
opticill. parameters such as polarization sensitivity and diffraction. 

A s  c? result of a l l  tlie testing performed, it is possible to estimate with 
considerable accuracy the performance of the remaining channels. To achieve as 
accuratc an cstimatc a s  possible, the amount of test data obtained and the 
exploration of applicable cases went beyond the normal test concept. The primary 
goal of the total test sequence was also verification of predicted performance, 
which is discussed in detail, in a later topic. 

mSTING GOALS AM) PHILOSOPHY 
The testing proceeded in stages beginning with individual components 
and ending with the main assembly. 

0 Test every aspect of components, subassemblies, and main 
a s semb 1 y 

- Dimensional Tolerances - Spectral Characteristics 
- Alignments 
- Diffraction Effects - Polarization Sensitivity 
- Stray Light 

0 Test sequentially to be able to use data of previous tests. 
0 Test for verification of predicted performance of channels 

11 and 14. 
0 Test to obtain enough data to predict performance of the 

remaining channels. 
0 Utilize proven test methods where possible. 
0 Use existing test equipment where possible. 
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Section 5 - Optical Testing 
Subsection - Description of Test Program 

DESCRIPTION OF OPTICAL MOCKUP 

An o p t i c a l  mockup consis t ing of one telescope was constructed t o  p e r m i t  
v e r i f i c a t i o n  of the t h e o r e t i c a l  predict ions through s p e c t r a l  and geometrical 
t e s t i n g  (alignment). The design and construct ion was a s  c lose  t o  t h a t  of a 
f l i g h t  model as possible.  

The o p t i c a l  mockup i s  depicted i n  the photographs opposite;  i t  c o n s i s t s  
of an 80-mm "large" telescope and has two o p t i c a l  channels. A l l  o p t i c a l  
components and subassemblies a r e  constructed a s  discussed i n  Section 3 
Optical  Design. A r o t a t i n g  r e f l e c t i v e  chopper i s  included i n  the mockup 
which modulates the diverging incident  r a d i a t i o n  j u s t  p r i o r  t o  the f i e l d  
stop. The outer  r i m  of t h i s  chopper a l s o  i n t e r r u p t s  the  beam of an o p t i c a l  
phase-reference pickup (PRP). This PRP provides the phase reference s igna l  
f o r  lock-in amplif iers  used t o  read out s igna l  energy. The chopper motor 
i s  a 400-Hz h y s t e r e s i s  synchronous motor which provides 40-Hz s igna l  modula- 
t i o n  through the chopper d isc .  

The two o p t i c a l  channels a r e  designed t o  place the Channel 14 (29 micro- 
meters, 340 wavenumbers i n  the transmitted beam, and Channel 11 (15 micro- 
meters,  668 wavenumbers) i n  the r e f l e c t e d  beam. These two channels represent 
the channels with the most d i f f i c u l t  o v e r a l l  requirements. 

coat ings;  components f o r  Channel 11 a r e  germanium subs t ra tes .  The f i l t e r  from 
the  ITPR instrument can a l s o  be accommodated. These f i l t e r s  have g r e a t e r  
bandwidth f o r  higher energy throughput f o r  field-of-view t e s t i n g  and a r e  
located i n  the 3 .8  - t o  14pm region which i s  u t i l i z e d  t o  tes t  the polar iza-  
t i o n  s e n s i t i v i t y  of the  mockup. 

The Optical  Mockup i s  mounted on an a u x i l i a r y  mount which permits 
i n s t a l l a t i o n  on a collimator-blockbody test  f i x t u r e  o r  an ex terna l  platform 
f o r  a Beckman IR-12 Inf ra red  Spectrophotometer. 

was performed with two types of pyroe lec t r ic  de tec tors ,  a t r i g l y c i n e s u l f a t e  
(TGS) and double oxide de tec tors  with var ious coatings.  

The components f o r  Channel 14 are s i l i c o n  s u b s t r a t e s  with appropriate  

The o p t i c a l  mockup can be f i t t e d  with severa l  types of de tec tors ;  t e s t i n g  
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Section 5 - Optical Testing 
Subsection - Description of Test Program 

DISCUSSION OF TESTS PERFORMED 

To establish a high degree of confidence in the test results, testing was performed 
at the individual component level on subassemblies and on the completed system. 

Every aspect which might affect the final result was investigated. This was 
especially important at the subassembly level in testing the lens assemblies and 
filter assemblies for uniformity of transmission over the entire effective aperture. 

A list of tests performed is shown opposite. The field-of-view (FOV) test, 
in final form, was performed with a source one-tenth of the FOV to measure response 
across the FOV. This test also establishes the half power and full FOV points 
across an individual scan. Enough scans were performed to completely cover the 
FOV of the system. Apertures with the exact diameters for the half-power points 
and 1.25 degrees FOV were used to measure the integrated FOV response, while the 
response for other field sizes was measured using an iris diaphragm, 

urements of the individual components which were then verified for the completed 
channel on a specially modified spectrophotometer. 

various blackbody temperatures for comparison with the calculated channel 
sensitivities. Spectral polarization measurements were performed on a specially 
modified infrared spectrophotometer for which the internal polarization properties 
have been established. All operational mirror and channel orientations were 
duplicated, and the polarization sensitivities of the transmitted and reflected 
channels were established, 

optically from imperfect components system and reflection of radiation into the 
FOV from structures and housings. 

Stray light directly from outside the FOV was measured with a blackbody at 
elevated temperature with the signal measured with an aperture of correct FOV 
size versus a blackbody opening approximately four times the area, Stray light 
from different wavelength ranges i s  measured with broadband filters and on a 
spectrophotometer. 

to incident sunlight at anticipated angles of exposure, 

Spectral response for all channels was obtained through transmission meas- 

Throughput-testing establishes the response of the assembled channels to 

Stray light contributes to the detector signal from a variety of sources, 

Radiation directed into the FOV was investigated by exposing the instrument 
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LIST OF SYSTEM TESTS PERFORMED ON MOCKUP 

0 Field-of-view (FOV) t o  e s t a b l i s h  response ac ross  FOV. 
0 Field-of-view (FOV) t o  e s t a b l i s h  response t o  c i r c u l a r  f i e l d s  of 

0 Spect ra l  response t o  measure t ransmission of assembled channels 

Throughput ( s e n s i t i v i t y )  of assembled channels 11 and 14. 
0 Pola r i za t ion  s e n s i t i v i t y  of assembled channels 1 and 5 (ITPR). 
0 D i f f r a c t i o n  e f f e c t s  i n  channel 14. 
0 Stray  l i g h t  from ou t s ide  FOV. 
0 St ray  l i g h t  from d i f f e r e n t  wavelength ranges.  
0 St ray  l i g h t  from s c a t t e r e d  r a d i a t i o n  inc ident  on s t r u c t u r e s .  

varying s i z e s .  

11 and 14. 

L I S T  OF COMPONENT AND SUBASSEMBLY TESTS PERFORMED 

0 Spec t r a l  t ransmission of f i l t e r s  and d i ch ro ic  versus  temperature,  

0 

angle  of inc ident  r a d i a t i o n ,  and p o l a r i z a t i o n .  
Transmission uniformity of f i l t e r  and l ens  assemblies.  
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Section 5 - Optical Testing 
Subsection - Description of Test Program 

TEST EQUIPMENT AND CALIBRATION 

The test equipment for the optical mockup is carefully designed and constructed 
for optimum performance. All instruments are maintained in calibration and align- 
ment during the test phases; all important parameters are monitored and recorded. 

Most of the tests described in the previous section are performed on two 
instruments--an infrared collimator with a blackbody source and a specially 
modified Beckman IR-12 spectrophotometer (see figure opposite). The infrared 
collimator is a Newtonian type telescope of 1250-mm focal length. 
plane is located outside the main body and serves as a mounting plane for a 
variety of accessories. These accessories are: 

The focal 

ID Aperture plates of various diameters for integrated field-of-view 

e Movable aperture plate to scan across the FOV with a small opening 

e A continuously variable iris aperture for diffraction studies. 

All apertures are aligned within 0.025 mm at the collimator image plane. 
With the optical mockup installed on the collimator, the collimator image 

plane is focused on the field stop with a 4.7-to-1 reduction. The accuracy of 
the aperture plate orientation is therefore within 0.0053 mm at the field stop 
of the mockup. 

The mockup itself is aligned on the collimator in such a way that the 
backlighted field stop projects a perfectly centered image on the collimator 
image plane. 

The blackbody is maintained at an elevated temperature (approximately 950°C) 
24 hours a day and the temperature maintained with a thermocouple readout. 

Stray light measurements are performed with ITPR long-wave and short-wave 
pass filters. These filters have been measured on a Beckman IR-12 spectrophoto- 
meter for leaks. The filters are installed in front of the mockup telescope 
spinning to minimize heating from the blackbody. 

spectrophotometer with a wavelength range of 2.5 mm to 50 mm. This instrument 
is equipped with an external platform for spectral transmittance measurements 
(single beam) on the assembled optical mockup. The exit slit of the instrument 
is focused essentially on the mockup field stop which is verified by removing 
one of the order-sorting filters, and projecting visible radiation from the 
grating onto the field stop. 

For polarization measurements, a silver bromide wire-grid-type polarizer 
is installed directly behind the slit. The optical mockup is mounted in such 
a way that it can be rotated around the optical axis to simulate scan mirror 
rotation of an operational instrument. 

with a polarizer aligned in a common optical path to minimize grating polari- 
zation influence on the measurements. 

(FOV) measurements. 

in front of the blackbody. 

The second major test instrument is a specially modified Beckman IR-12 

All component transmission measurements .are performed in double-beam mode 

Reflectance measurements are performed with a reflectance accessory. 
The wavelength calibration of the spectrophotometer is periodically checked, 

utilizing absorption peaks of the CO, and H,O bands. 
The test setup for the optical mockup includes a Princeton Applied Research 

look-in amplifier whose reference signal is provided by the phase-reference pickup 
(PRP) signal from the mockup. 

monitored with an oscilloscope. 
Phasing of the signal output is adjusted for maximum output and verified and 
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OPT. PATH 

Throughout the testing phase, all aspects which can possibly influence the re- 
sults, such as purging, local heating, stray light, cleanliness of equipment, 
and maintenance of calibration, are carefully observed and monitored. 
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Section 5 - Optical Testing 
Subsection - Results of Tests Performed 

SUMMARY OF OPTICS TESTING 

Results of the optics testing show that the essence of optical requirements has 
been met. Testing indicated that the FOV for channel 14 is diffraction-limited 
but that the 99% requirement can only be approximated to within 0 .6  percent. 

An optical mock-up of an 8 0 - m  telescope was constructed, incorporating 
channel 11 (668.5 wave numbers) in the reflected mode and channel 14 (340 wave- 
numbers) in the transmitted mode, for component and system testing. Testing of 
the components, subassemblies, and the assembled system was completed. The 
following is a sumary of the results. 

Silicon filters and dichroics for channel 14 were fabricated to obtain 
practical manufacturing experience. They met all applicable environmental test 
specifications. The transmittance of the filter was improved from 1 5  to 26 percent. 
The dichroic had optimum reflectance for channel 11 and 65 percent trans- 
mittance for channel 14. This is somewhat less than the expected 75 percent. 
The manufacturer, however, is confident of achieving 7 5  percent transmittance. 
Transmittance varies by approximately 4 percent for different states of 
polarization. 

germanium and silicon, respectively, and had transmittance values of 89 and 
83 percent. Transmittance values of the double-lens assemblies, with the lenses 
oriented at random with respect to each other, are on the order of 3 percent. 
Experience on the I T P R  indicates that uniformity can be improved by selective 
orientation of the lenses, The field-of-view (FOV) tests performed at 2630 cm-l 
and 691 a n - 1  show that the requirements for the half-power points at 1.125 
degrees FOV and the containment of 99 percent of the energy in 1.25  degrees 
FOV can be met. At 340 cm-I (channel 14), diffraction effects reduce the energy 
contained in the 1.25 degrees FOV t o  98.4  percent. 

It was shown that FOV flatness was influenced to a greater extent by 
variations in detector lens transmittance than by variations in responsitivity 
over the sensitive area of the detector, Orientation of the detectors to meet 
the 1 percent FOV alignment specification was not difficult to perform. 

much better than the originally estimated 7 percent. The spectral transmittance 
scan of the assembled channel 14 shows no alteration of the spectral characterie- 
tics due to the influence of other components. 

instrument response by variations in the state of polarization of energy detected 

The individual lenses for channels 11 and 14 were manufactured from 

The total transmittance value for channel 14, approximately 12 percent, is 

Polarization tests on the mock-up indicate about a 3-percent modulation of 

in channel 11 at 669 cm' 1 . 
The stray-light tests performed show less than 1 percent of stray light 

contributed from outside the FOV. No stray light could be measured from wave- 
length regions below the channel bandpasses to beyond 50 micrometers. 
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TEST RESULTS 

0 

0 99 percent  of energy i s  conta ined  w i t h i n  t h e  

0 98.4 percent  of energy i s  Contained w i t h i n  t h e  

8 

0 Transmittance va lue  of channel 14 i s  12  percent .  
0 P o l a r i z a t i o n  s e n s i t i v i t y  of  channel 11 i s  acceptab le .  
0 S t r a y  l i g h t  from o u t s i d e  t h e  FOV i s  less than  1 

0 Response from o t h e r  wavelength r eg ions  i s  l e s s  than  

Half-power p o i n t s  a r e  w i t h i n  t h e  r equ i r ed  1.125 
degrees  (FOV) . 
r e q u r e d  1.25 degrees  FOV f o r  channels  1 t o  13.  

r equ i r ed  1.25 degrees  FOV f o r  channel 14. 
Asymmetry of r ad iomet r i c  FOV i s  w i t h i n  t h e  r equ i r ed  
1 percent .  

percent .  

1 percent .  
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Section 5 - Optical Testing 
Subsection - Kesults of Tests Performed 

TESTING OF FILTERS 

Thc filters for clionnel 14 (340 wovenumbers) were fabricated to obtain practical 
manufacturing experience. Testing of the filters shows that all required speci- 
fications have been met or exceeded. 

The filter for the reflected channel (Channel 11) is a germanium 668.5 
wavenumber filter with 5.5 wavenumber bandwidth purchased to ITPR specifications. 
Its properties were thoroughly investigated for the ITPR program and they also 
pass TOVS-BSU specifications. This filter is not discussed in this topic. The 
filter for the transmitted channel (Channel 14) is a silicon filter which was 
fabricated to obtain practical manufacturing experience. 
ties of substrate and coating are not as well known as those of germanium 
especially with respect to environmental conditions such as humidity, vacuum, 
and temperature. Still, all required specifications have been met by the filter. 

Listed in the table are the filter characteristics as established by the 

Of special interest is the transmission of the *filter which was originally 

The combined proper- 

filter supplier. _- 

estimated to be 15 percent. A s  shown in the facing figure, this transmission was 
almost doubled (Beckman scans). 

The scans of the individual filter elements also show adequate sideband 
rejection with only a minute leak at 1580 wavenumbers as discernible from the scans. 

Sideband rejection was specified to 200 wavenumbers, No spectral transmittance 
scans have been performed beyond this point. 

Transmittance of the filter assembly was also measured with the elements 
oriented at 4 degrees to the incident radiation to simulate the BSU optics. There 
was no measurable change observed from the transmittance curve in the figure 
(zero degrees to incident energy), 

The two filter elements (bandpass and blocker) are mounted in a separate 
subassembly (see the figure). This approach facilitates alignment of the 
filter elements with respect to each other and maintaining this alignment 
during spectral testing and installation in the aft optics deck, The filter 
elements are held in place in the subassembly by a spring washer. 

can indeed be fabricated to meet a11 desired specifications. 
and testing of the silicon filter supplements the extensive data gathered with 
the ITPR filters (manufactured from germanium). 
filter requirements for the entire TOVS-BSU wavelength range can be met success- 

It has been shown that the silicon filters for Channel 14 (340 wavenumbers) 
The manufacture 

It can be concluded that the 

fully. 
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FILTER DAW SHEET 
(19' Dec. 1972) 

Channel Number 

Filter Properties 
Ob s e rved Specified 
14 14 

Filter Serial Number 44/11 

Filter Center Wavenumber (cm ) 

Half Bandwidth (cm-') 27.8 25 $5 

Filter Transmission (percent) 28 25 

Half Bandwidth Centering-l 
Point (cm ) 341.4 

1% Absolute Transmission Points 363.5/319.7 370 /310 

Center Wavenumber Shift V Y  

340.6 340 52 -1 

Temperature (ern") 0.4 per 25OC +14, -6 for 0-5OOC 
Filter shifts to lower wavenumbers with decrease in temperature. 

Integrated Out-of-Band Transmission 0.477 1% 
Coating Batch Numbers 
Bandpass : 
Blockers : 

21121272/21121572 
21120172/21120472 

Material of Filter Element: proprietary 
Material of Blocker Element: proprietary 
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Sec t ion  5 - Opt ica l  Tes t ing  
Subsect ion - Resu l t s  of Tests Performed 

PKOCUREMEN'L' AND TESTING OF DICHROICS 

The d i c h r o i c  f i l t e r  was manufactured t o  o b t a i n  p r a c t i c a l  manufacturing exper ience .  
The d i c h r o i c  meets a l l  s p e c i f i c a t i o n s  wi th  s a t i s f a c t o r y  r e s u l t s .  

The beam s p l i t t e r  (d i ch ro ic )  f o r  Lhe TOVS-BSU mockup r e f l e c t s  channel  11 (668.5 
wavenumbers) and t r ansmi t s  channel  14 (340 wavenumbers); t he  s u b s t r a t e  m a t e r i a l  i s  
p o l y c r y s t a l l i n e  s i l i c o n  wi th  some doping element.  The t r ansmi t t ance  and r e f l e c t a n c e  
scans  of t h e  dichroic:  a r e  shown i n  t h e  f ac ing  f i g u r e .  The t ransmit tan 'ce  of t h e  340 
wavenumber band i s  approximately 64 percent  which i s  somewhat below the  expected goa l  
of 75 percent .  However, according t o  the  manufac turer ,  t h i s  goa l  can be reached.  
The r e f l e c t a n c e  a t  668.5 wavenumbers i s  near  maximum. 

The t r ansmi t t ance  ve r sus  temperature  a t  340 wavenumbers i s  shown below. 

TEMPERATURE 

ooc 
25OC 
5OoC 

TRANSMITTANCE 

61.5 percent  
65.5 percent  
65.0 percent  

0 The 6-percent  change i n  t r ansmi t t ance  between O°C and 25 C i n d i c a t e s  a decrease  i n  
t r ansmi t t ance  wi th  a decrease  i n  temperature  a t  low temperatures .  There i s  no 
d e t e c t a b l e  wavelength s h i f t  wi th  temperature  change. 

The t r ansmi t t ance  of t h e  d i c h r o i c  w i t h  vary ing  ang le  of inc idence  i s  a l s o  
e s t a b l i s h e d .  The i n c i d e n t  r a d i a t i o n  of from 40 t o  50 degrees  t o  t h e  normal does 
not  measurably change t r ansmi t t ance  but  produces a small wavelength s h i f t  of approx- 
imate ly  4 wavenumbers a t  t h e  370-wavenumber peak. 

The p o l a r i z a t i o n  s e n s i t i v i t y  of t h e  d i c h r o i c  was measured on a Beckman IR-12 
spectrophotometer  wi th  a wi re -g r id  p o l a r i z e r  i n  double-beam mode. 
o r i e n t e d  a t  45 degrees  with r e s p e c t  t o  t h e  sample beam such t h a t  t h e  p lane  of 
inc idence  was normal t o  t h e  s l i t .  The t r ansmi t t ance  of t h e  d i c h r o i c  changed from 
60 percent  t o  56 percent  a b s o l u t e  wi th  p o l a r i z a t i o n  s ta tes  of 0 and 90 degrees ,  
r e s p e c t i v e l y ,  The l o c a t i o n  of t h e  wavelength peak d i d  not  seem t o  change wi th  change 
i n  p o l a r i z a t i o n  s t a t e s ,  

The d i c h r o i c  was 

A l l  environmental  s p e c i f i c a t i o n s  such as  humidi ty ,  vacuum, and temperature  a re  
m e t  by the  d i c h r o i c .  

The d i c h r o i c  which was i n v e s t i g a t e d  and used i n  t h e  mock-up i s  manufactured by 
Spectrum Systems, Waltham, Mass. 

Another d i c h r o i c  which t r a n s m i t s  channel  11 (668.5 wavenumbers) and r e f l e c t s  
channel  14 (340 wavenumbers) could  not  be i n v e s t i g a t e d  due t o  l a c k  of t i m e .  This 
d i c h r o i c  i s  manufactured by O C L I ,  Santa Rosa, C a l i f ,  The O C L I  t es t  r e s u l t s  a r e  
d i scussed  i n  t h e  t o p i c  on system p o l a r i z a t i o n  s e n s i t i v i t y .  

The manufacture of t h i s  most d i f f i c u l t  d i c h r o i c  can be accomplished wi th  e i t h e r  
channel  11 o r  channel  14 i n  the  t r a n s m i t t e d  o r  r e f l e c t e d  channel .  The t e s t e d  
d i c h r o i c s  meet a l l  required.specifications. 
a n t i c i p a t e d  d i c h r o i c  combinations f o r  t h e  TOVS-BSU can be f a b r i c a t e d  t o  meet i h e  
d e s i r e d  performance s p e c i f i c a t i o n s .  

It can be concluded t h e r e f o r e  t h a t  a l l  
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WAVELENGTH IMICRONS, 
4 5 6 7 8 9 IO 12 I5 20 30 50 200 MODtL $80 

tINt 

Iu CONITAkl Y 
PUMlRI*OEil A I c & 7  

No I W r n  3000 2500 2000 I800 1600 1400 1200 IO00 800 600 400 200 0 .  
WAVENUMBER (CM') 

Spec t r a l  Scans of t he  TOVS-BSU Dichroic  Beamspli t ter  
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Sec t ion  5 - Opt ica l  Tes t ing  
Subsect ion - Kesul t s  of Tes t s  Performed 

Coated s i l i c o n  and germanium l enses  f o r  t h e  mockup were f a b r i c a t e d ,  assembled, and 
t e s t e d  f o r  t r ansmi t t ance  and un i fo rmi ty .  The l e n s e s  m e t  t he  s p e c i f i c a t i o n s  f o r  
t r ansmi t t ance  and un i fo rmi ty .  

The l e n s  assemblies  f o r  channel  11 and channel  14 c o n s i s t  of two l enses  
each which are mounted i n  a s e p a r a t e  housing as shown i n  F igu re  A ,  f a c i n g .  
Th i s  type  of  mounting f a c i l i t a t e s  t e s t i n g ,  handl ing ,  and mounting of  t h e  l enses  
i n  t h e  a f t  o p t i c s  deck; it a l s o  p re se rves  alignment of t h e  two l e n s e s  wi th  
r e s p e c t  t o  each o t h e r .  The l e n s e s  are he ld  i n  p l a c e  i n  t h i s  subassembly by a 
s p r i n g  washer.  

The l e n s e s  f o r  channel  11 (668.5  wavenumbers) were manufactured o u t  of 
germanium; those  f o r  channel  14 (340 wavenumbers), ou t  o f  s i l i c o n .  A l l  l enses  
are s u i t a b l y  coa ted  w i t h  a n t i r e f l e c t i o n  coa t ings  t o  o b t a i n  maximum t r ansmiss ion  
a t  t h e  r e s p e c t i v e  wavelength.  The fo l lowing  t r ansmi t t ance  va lues  were obta ined:  

668.5 wavenumbers - 89 percent  
340 wavenumbers - 83 percen t  

Both types  of  l enses  are manufactured o u t  of p o l y c r y s t a l l i n e  m a t e r i a l  and a l l  
r a d i i  are checked wi th  t e s t  g l a s s e s  c a l i b r a t e d  t o  0.025 mm. 

taken f o r  humidity and t h e  sco tch  t a p e  t e s t  on the  s i l i c o n  l e n s e s .  However, 
t he  manufacturer  i n d i c a t e s  t h a t  t hese  s p e c i f i c a t i o n s  could have been m e t  a s  w e l l  
as the  t ransmiss ion  improved i f  more t i m e  had been allowed f o r  manufacture .  

mockup. The f i l t e r  assembly f o r  t h e s e  tests was rep laced  consecu t ive ly  by t h r e e  
d i s c s  wi th  3-mm h o l e s  loca t ed  as shown i n  F igu re  A .  With t h e s e  d i s c s  s t a t i o n a r y ,  
rhe  l e n s  assembly w a s  r o t a t e d  and 16 i n d i v i d u a l  readings  were taken  f o r  one 
complete r e v o l u t i o n .  The graphs of t h e s e  t e s t s  are shown i n  F igure  B .  

i n  t h e  three i n d i v i d u a l  t es t s  a re  as fo l lows:  

The germanium l enses  p a s s  a l l  environmental  s p e c i f i c a t i o n s .  Except ion w a s  

Uniformity tests w e r e  performed on t h e  complete l e n s  assembly i n  t h e  

The percentage  v a r i a t i o n s  f o r  a complete r e v o l u t i o n  f o r  t h e  s i l i c o n  l e n s e s  

Test a c e n t e r  h o l e  2 . 7 6  pe rcen t  
Test: @ h o l e  1 d iameter  o f f - c e n t e r  2 .84  percent  
T e s t  O h o l e  2 diameter  o f f - c e n t e r  5.55  percen t  

The resu l t s  f o r  t he  germanium l enses  w e r e  s i m i l a r .  A knowledge of t h e  

I f  necessary ,  t h e  l enses  can  be t e s t e d  i n d i v i d u a l l y  and then  a l igned  wi th  
t r ansmiss ion  uni formi ty  i s  important s i n c e  i t  in f luences  f ie ld-of -v iew un i fo rmi ty .  

r e s p e c t  t o  each o t h e r .  Coat ing "run-off" can a l s o  be determined wi th  t h e s e  m e a -  
surements bu t  was no t  a t tempted i n  t h e s e  t es t s .  

s p e c i f i c a t i o n s ,  wi th  t h e  excep t ion  s t a t e d  p rev ious ly  i n  t h e  t e x t .  It can be 
concluded, t h e r e f o r e ,  t h a t  t h e  l enses  f o r  a l l  TOVS-BSU can be f a b r i c a t e d .  

The germanium and s i l i c o n  l e n s e s  passed a l l  dimensional  and t r ansmi t t ance  
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Figure A .  Transmission Sensitivity of Silicon Lens Assembly 
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Figlire B. Apparatus for Testing Uniformity of Lens Transmittance 
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Sec t ion  5 - Opt ica l  Tes t ing  
Subsect ion-  Resu l t s  of T e s t s  Performed 

RESULTS OF FIELD-OF-VIEW TESTING 

The f i e ld -o f -v i ew (FOV) t e s t s  of channel  11 and 14 show t h a t  t h e  des ign  g o a l s  f o r  
half-power p o i n t s  and f u l l  FOV have been m e t .  S t r ay  l i g h t  acceptance i s  less than  
2 pe rcen t  f o r  each channel.  

The f i e ld-of  -view (FOV) requirements  f o r  t h e  i n d i v i d u a l  channels  are as 
fo l lows:  The FOV s h a l l  no t  exceed 1 .20  degrees  a t  t h e  half-power p o i n t s ;  
r educ t ion  of t h e  half-power FOV t o  1.125 degrees  s h a l l  be a des ign  g o a l .  Ninety- 
n ine  pe rcen t  of t h e  t o t a l  energy observed s h a l l  emanate from a c i r c u l a r  FOV not  
g r e a t e r  t han  1.125 degrees  cons ide r ing  a cont inuous uniform t a r g e t .  

The ITPR f i l t e r  of channel  1 ( c e n t e r  wavenumber 2675, half-bandwidth 450 
wavenumbers) w a s  i n s t a l l e d  i n  the  t r a n s m i t t i n g  channel of  t h e  o p t i c a l  mockup 
(channel 14,  c e n t e r  wavenumber 340) t o  provide  adequate  energy throughput  f o r  
t he  FOV measurements. The measurements are performed wi th  a source  which sub- 
tends  about one- four th  of t h e  FOV. The r e s u l t a n t  FOV response i s  shown i n  t h e  
f ac ing  f i g u r e  which i l l u s t r a t e s  t h a t  t h e  des ign  goa l  of reducing  t h e  half-power 
po in t  t o  less than  1.125 degrees  has  been r e a l i z e d .  The energy o u t s i d e  t h e  
1 .25  degree FOV is  3 . 3  p e r c e n t ,  as c a l c u l a t e d  from t h e  scan  d a t a .  Th i s  va lue  
i s  l a r g e  because o f  t h e  l a r g e  source  used.  

With t h e  channel  14 f i l t e r  (340 wavenumbers) i n s t a l l e d ,  t h e  FOV scan  i s  
s imi l a r  bu t  somewhat ha rde r  t o  o b t a i n  due t o  t h e  "lower s igna l - to -no i se  r a t i o .  
The FOV scans  f o r  channel 11 are s i m i l a r  t o  t h e  ITPR f i l t e r  (channel 1) response .  
It appears  t o  be no t  a t  a l l  d i f f i c u l t  t o  r e a l i z e  a l -pe rcen t  p o s i t i o n i n g  accuracy 
wi th  t h e  d e t e c t o r s .  

response from a n  a p e r t u r e  which subtends 1.25 degrees  a t  t h e  opening of a b lack-  
body, ve r sus  no a p e r t u r e  a t  t h e  blackbody opening. The a p e r t u r e s  are 26.8 mm 
ve r sus  76.2 mm, r e s p e c t i v e l y .  With a blackbody temperature  of 9OO"C,  t h e r e  i s  
approximately a 2-percent  i n c r e a s e  i n  response between t h e  two measurements 
(channel  14, 340 wavenumbers) . 
d e t e c t o r  response a c r o s s  t h e  d e t e c t o r  s e n s i t i v e  area.  

s lope  of t h e  t o p  could be reversed  (see t h e  f i g u r e ) .  Th i s  amount of  response  
change has  not  y e t  been c o r r e l a t e d  wi th  t h e  measured t r ansmi t t ance  changes of 
t he  l e n s  assembly. 

assembly and d i c h r o i c  w i l l  c o n t r i b u t e  t o  t h i s  e f f e c t .  

miss ion  scans  of t h e  subassemblies ,  it should be p o s s i b l e  t o  o b t a i n  a p e r f e c t l y  
f l a t  FOV t o p .  

The s h i f t  of t h e  FOV c e n t r o i d  c a l c u l a t e d  from t h e  d a t a  shown i n  t h e  lower 
f i g u r e  oppos i t e  i s  0.04 percen t  of t h e  50-percent  FOV, a va lue  which meets t h e  
1 pe rcen t  c e n t r o i d  matching s p e c i f i c a t i o n ,  

Another test  measuring t h e  energy contained i n  t h e  1.25-degree FOV i s  t h e  

The nonuniform response ac ross  t h e  FOV w a s  o r i g i n a l l y  a t t r i b u t e d  t o  vary ing  

It w a s  found, however, t h a t  by r o t a t i n g  t h e  l e n s  assembly 180 degrees ,  t h e  

It i s  f u r t h e r  p o s s i b l e  t h a t  t r ansmiss ion  nonuni formi t ies  of  t he  f i l t e r  

By r o t a t i n g  t h e s e  components t o  re la t ive p o s i t i o n s  determined from t r a n s -  
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Section 5 - Optical Testing 
Subsection - Results of Tests Performed 

RESULTS OF SPECTRAL TRANSMITTANCE TESTS 

The spectral transmittance scans for the completely assembled optical mockup show 
that the optical elements do not influence channel transmittance. 

There are 12 optical component surfaces between telescope opening and 
detector sensitive areas. They all can contribute to the final energy bandpass 

final bandpass can be predicted accurately. A check on this prediction can be 
performed by scanning the bandpass with a high-resolution source. A Beckman 
I R - 1 2  spectrophotometer is used in the single-beam mode to furnish this source. 
The complete optical mockup is mounted on an outboard platform and the energy 
is directed out of the instrument through an opening in the cover. The plat- 
form is covered with a housing which permits purging the entire optical path. 

shown in the figure opposite. The reflected scan of channel 11 will not be 
discussed since dichroic and lenses are not optimized for this wavelength 
region. 

region of the spectrophotometer which results in low signal-to-noise ratio for 
the pyroelectric detector. The scan shown in the figure is performed with a 
slit width of 5 wavenumber resolution (versus 25 wavenumber bandwidth for chan- 
nel 14) .  

A transmittance scan of the channel 14 filter is superimposed over the 
channel response scan. The scan clearly shows that the transmittances of the 
individual optical elements do not appreciably influence the bandpass of the 
completed channel. 

This scan is a test to verify the shape of the bandpass only. The shape 
of the filter transmission curve, which ultimately should determine the total 
channel transmittance, is well preserved as is the location of  the hclf-bandwidth 
points. 

seen" by the detector. A l l  components have been tested individually and the I 1  

The scans of channel 11 (with ITF'R channel 5 filter) and channel 14 are 

Channel 14 (340 wavenumbers) unfortunately is located in a very low-energy 
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Sect ion 5 - Optical  Test ing 
Subsection - Resul t s  of Tes ts  Performed 

RESULTS OF POLARIZATION TESTING 

Testing of ITPR f i l t e r s  and TOVS-BSU f i l t e r  and d i ch ro ic  v e r i f i e s  t h e i r  i n s e n s i t i v i t y  
t o  po la r i za t ion .  The ITPR d i ch ro ic  t ransmi t tance  v a r i e s  15 percent w i t h  t he  s t a t e  of 
p o l a r i z a t i o n .  A l l  p o l a r i z a t i o n  t e s t i n g  i n d i c a t e s  t h a t  components f ab r i ca t ed  f o r  this 
study a r e  s u f f i c i e n t l y  f r e e  from p o l a r i z a t i o n  s e n s i t i v i t y  t o  a s su re  accu ra t e  radiometr ic  
measurements by both channels 11 and 14. 

Complete p red ic t ion  of the  TOVS-BSU performance r e q u i r e s  determinat ion of 
the  instrument response t o  v a r i a t i o n s  i n  the  degree of p o l a r i z a t i o n  of energy 
r ad ia t ed  and s c a t t e r e d  by the  scene. To e s t ima te  instrument response t o  scene 
p o l a r i z a t i o n ,  the  o p t i c a l  mock-up a s  wel l  a s  i t s  cons t i t uen t  components were 
t e s t e d  f o r  v a r i a t i o n s  i n  response and t ransmi t tance ,  r e spec t ive ly ,  w i t h  t he  
s t a t e  of p o l a r i z a t i o n  of inc ident  energy. I n  a d d i t i o n ,  the  p o l a r i z a t i o n  sens i -  
t i v i t y  of s eve ra l  ITPR components was t e s t e d  t o  p red ic t  such s e n s i t i v i t y .  

Var ia t ions  i n  t ransmi t tance  and r e f l e c t a n c e  with the  s t a t e  of p o l a r i z a t i o n  
of bandpass f i l t e r s  and b lockers ,  a s  w e l l  as d i ch ro ic  beamsp l i t t e r s  were meas- 
ured i n  a double-beammode on a Beckman IR-12 i n f r a r e d  spectrophotometer with a 
p o l a r i z e r  a t tachment ,  

Optical  mock-up response t o  polar ized  l i g h t  was measured using the  o p t i c a l  
test platform a t t ached  t o  the  I R - 1 2 .  
and c a l i b r a t i o n ,  t he  IR-12 was a l t e r e d  t o  allow every output  from t h e  monochrometer 
t o  leave the  instrument through a hole  i n  i t s  cover. This energy was l i n e a r l y  
po la r i zed  with a s i l v e r  ch lo r ide  p i l e -o f -p l a t e s  p o l a r i z e r  p r i o r  t o  fo ld ing  and 
co l l imat ing  by t h e  o p t i c a l  test platform o p t i c s ,  

f o r  v a r i a t i o n  i n  t ransmission with s ta te  of p o l a r i z a t i o n  of energy i n c i d e n t ,  
normal t o  the  plane of t h e  f i l t e r s .  

were t e s t e d  f o r  v a r i a t i o n  i n  t ransmi t tance  and r e f l e c t i o n  with the  s t a t e  of 
p o l a r i z a t i o n  of energy inc ident  a t  45 degrees ,  
sample compartment and inc l ined  t o  the  inc ident  beam a t  45 degrees ,with the  plane 
of incidence normal t o  the  I R - 1 2  monochrometer s l i t s .  Thc r e s u l t s  of t he  t e s t i n g  
a r e  presented i n  t h e  oppos i te  t a b l e .  They i n d i c a t e  l i t t l e  p o l a r i z a t i o n  sens i -  
t i v i t y  i n  r e f l e c t a n c e  f o r  e i t h e r  d i ch ro ic .  
d i ch ro ic  had approximately 15 percent  higher  abso lu t e  t ransmi t tance  a t  900 cm- 
( ITPR channel 2) f o r  energy l i n e a r l y  po la r i zed  i n  the  plane of incidence.  The 
TOVS-BSU d i ch ro ic  exhib i ted  about 4-percent  higher  abso lu t e  t ransmi t tance  a t  
340 cm-l f o r  energy polar ized  i n  the plane of incidence and 
abso lu te  t ransmi t tance  a t  370 an'' ( the poin t  of peak t ransmi t tance) .  
r e f l e c t a n c e  of e i t h e r  d i ch ro ic  was i n s e n s i t i v e  t o  s t a t e  of p o l a r i z a t i o n  wi th in  
t h e  v a r i a t i o n  i n  t h e  experimental  e r r o r  of 5 percent .  Theore t i ca l  p o l a r i z a t i o n  
t ransmi t tance  curves from OCLI  (ITPR d ich ro ic )  and experimental  curves  from 
Spectrum Systems (BSU d ichro ic)  v e r i f y  the  above t e s t i n g  wi th in  the  expected 
accuracy of measurement $2 percent .  

The o p t i c a l  mock-up was t e s t e d  f o r  response t o  l i n e a r l y  polar ized  energy 
u t i l i z i n g  the  I R - 1 2  and an accessory o p t i c a l  platform a s  discussed above. The 
experimental  se tup  simulated t h e  BSU scanning opera t ion  by u t i l i z i n g  a 
s t a t i o n a r y  scan mir ror  (aluminized f l a t ,  i nc l ined  a t  45-percent with r e spec t  
t o  inc ident  co l l imated  energy) and r o t a t i n g  t h e  o p t i c a l  mock-up t o  s imulate  a 
360-degree scan p a t t e r n ,  

po lar ized  i n  i t s  plane of incidence,  
r o t a t i o n  of the  o p t i c a l  mock-up, then corresponded t o  an instrument S e n s i t i v i t y  
t o  scene po la r i za t ion .  

A s  discussed i n  the  top ic  on t e s t  hardware 

The TOVS channel-14 f i l t e r  and ITPR channels 1 and 2 f i l t e r s  were measured 

No p o l a r i z a t i o n  s e n s i t i v i t y  was detected.  
The TOVS-BSU channel 11-14 d ich ro ic  and an I T P R  channel 1 and 2 d i ch ro ic  

The d i ch ro ic s  were placed i n  the  

I n  t ransmission,  however, t he  ITPRl 

l -percent  
The 

The monochromatic energy inc iden t  on the  simulated scan mir ror  was l i n e a r l y  
Var ia t ion  i n  ins t rument  response with 

5-22 FR 1110-101 



BECKPIAN INSTRLJbENTS , INC, 
hdvn 11 c e d Te c I1 11 o 1 os y 0 per  :I t i on s 
C. F. Dadson 

Center Wave Number 

T I I  

R I I  -RI 

llie t r ansmi t t ance  of t he  s i lver  c h l o r i d e  p o l a r i z e r  l i m i t e d  t e s t i n g  t o  the  
BSU r e f l e c t e d  channel 11 (as  s imulated by a channel  5 ITPR bandpass f i l t e r  i n  
conjunct ion  wi th  the  TOVS-BSU channel 11-14 d i c h r o i c ) .  Instrument  response was 
found t o  be modulated s i n u s o i d a l l y  wi th  a peak-to-peak ampli tude of 4 percent  
of average response by r o t a t i n g  t h e  o p t i c a l  mock-up through 360 degrees .  The 
&percent  v a r i a t i o n  i n  response p l aces  an  upper l i m i t  on the  p o l a r i z a t i o n  
s e n s i t i v i t y  of t he  d i c h r o i c  which i s  i n  agreement with t e s t i n g  of t h e  d i c h r o i c  
r e f l e c t a n c e .  

t e s t i n g ,  t h e  d i c h r o i c  beamsp l i t t e r  i s  r e spons ib l e  f o r  t h e  p o l a r i z a t i o n  s e n s i -  
t i v i t y  of t h e  BSU. Tests on the  TOVS-BSU channel 11 through 14 d i c h r o i c  
i n d i c a t e  t h a t  d i c h r o i c  b e a m s p l i t t e r s  can ,  i n  f a c t ,  be f a b r i c a t e d  which a r e  
s u f f i c i e n t l y  i n s e n s i t i v e  t o  p o l a r i z a t i o n  t o  a s s u r e  a c c u r a t e  r ad iomet r i c  
mea suremen t s . 

A s  d i scussed  i n  t h e  t o p i c  on E f f e c t  of P o l a r i z a t i o n ,  and as v e r i f i e d  by 

h 
, ITPR TOVS- BSU 

Channel 1 \Channel  2 Channel 1 - 2  Channel 4 Channel 11-14 
F i l t e r  1 F i l t e r  Dichro ic  F i  1 t e r  

I R-2675 CI I I ’~  

2675 cm” 900 cm’l T-900 cm’l 340 cm” T-340 cm” 

<0.01 <0.01 0.15 < 0.01 0.04 

<O. 05 < 0.05 

T: Transmit tance 1 1 :  po la r i zed  p a r a l l e l  to plane  of inc idence  
R: Ref lec tance  1: po la r i zed  normal t o  p lane  of inc idence  
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Sec t ion  5 - Opt ica l  Tes t ing  
Subsect ion - R e s u l t s  of Tests Performed 

RESULTS OF DIFFRACTION TESTING 

The d i f f r a c t i o n  measurements i n d i c a t e  t h a t  t he  requirement t o  pass  99 percent  of 
t h e  channel  e n e r g i e s  through a 1.25-degree f ie ld-of -v iew can be m e t  wi th  t h e  pos- 
s i b l e  except ion  of channel  14. 

- 
An a t tempt-was  made-to measure t h e  e f f e c t  of d i f f r a c t i o n  on the  f i e l d l o f -  

view response of t h e  TOVS-BSU o p t i c a l  mockup i n  channel  14 (340 wavenumbers) 
and channel  14 with  an  ITPR f i l t e r  (2630 wavenumbers). 

v a r i a b l e  a p e r t u r e )  i n s t a l l e d  a t  t h e  c o l l i m a t o r  image plane.  The aperture  was 
va r i ed  from an opening of l e s s  than  1.125 degrees  f ie ld-of -v iew (FOV) t o  more 
than  1.25 degrees  u n t i l  an i n c r e a s e  i n  opening d i d  no t  produce a h ighe r  s i g n a l  
from the  d e t e c t o r .  This  s e t t i n g  was used a s  the  100-percent response i n  t h e  
graph of t h e  f i g u r e  oppos i te .  The graph p l o t s  percent  response ve r sus  opening 
of t h e  i r is .  The 1.25 and 1.125 degrees  FOV a r e  marked a t  t h e  corresponding 
i r is  openings,  The scan  f o r  channel  14 (340 wavenumbers) was performed wi th  
a blackbody temperature  of 97OoC, the  co l l ima to r  was purged wi th  n i t r o g e n  gas  
which a l s o  cooled the  b l ades  of t he  i r is  diaphragm. The response curve  shows 
98.4 percent  a t  1.25 degrees  FOV which i s  c l o s e  t o  the  requested 99 oercent .  
I n  a previous measurement, a 98-percent response was obtained on the  b a s i s  of 
an opening of double t h e  diameter  used f o r  s e t t i n g  the  100 percent  l e v e l  f o r  
t h e  above measurements. 

on ly  the 340 wavenumber f i l t e r  was rep laced  wi th  a 2630 wavenumber f i l t e r  and 
t h e  temperature  changed t o  635OC t o  g e t  "on sca l e . "  
po in t  i s  w e l l  w i t h i n  the  1.25 degrees  FOV. This  ag rees  wi th  a prev ious  measure- 
ment which d id  no t  show an inc rease  i n  s i g n a l  between an a p e r t u r e  of t he  c o r r e c t  
1.25 degree FOV s i z e  ve r sus  an  a p e r t u r e  double the  diameter used t o  s e t  100 
percent  f o r  t he  above measurement. 

The second s e r i e s  of po in t s  on the  2630 wavenumber graph i s  a second s e t  
of measurements. D i f f r a c t i o n  e f f e c t s  would r e s u l t  i n  a broadening of t he  c u t  
on a t  t h e  100-percent po in t  and an i n c r e a s e  of s i g n a l  a t  t he  1.25-degree FOV. 
Broadening and s i g n a l  i n c r e a s e  ( s t r a y  l i g h t )  should be more pronounced w i t h  
the  340 wavenumber f i l t e r  t han  wi th  t h e  2630 f i l t e r .  This  i s  c l e a r l y  ev iden t  
from the  graphs.  

The d i f f r a c t i o n  measurements are d i f f i c u l t  t o  perform since v e r y  small 
s i g n a l  changes have t o  be measured, and a mul t i t ude  of f a c t o r s  can in f luence  
t h e  results. 

It appea r s ,  however, t h a t  t h e  d i f f r a c t i o n  e f f e c t s  can  be measured. The 
measurements were performed a t  t he  extreme wavelength p o i n t s  of t h e  TOVS-BSU. 
The r e s u l t s  i n d i c a t e  t h a t  t h e  99-percent energy requirement  f o r  t he  FOV can be 
m e t  f o r  most channels  w i t h  t h e  except ion  of channel  14 which i s  reduced t o  98.4 
pe rcen t .  

The i n f r a r e d  c o l l i m a t o r  was used w i t h  an i r i s  diaphragm (cont inuous ly  

The second scan  shown on t h e  graph was a g a i n  obta ined  wi th  channel  14, 

The 99-percent response 
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Sec t ion  5 - Opt ica l  Tes t ing  
Subsect ion - Resu l t s  of Tes ts  Performed 

OUT-OF-BAND ENERGY TESTING 

The out-of  -band rncrgy t e s t i n g  was performed wi th  broadband r i l t e r s  f o r  s e l e c t c d  
wnvclength regions.  Resul t s  i n d i c a t c  e x c e l l e n t  out-of-band r e j e c t i o n  f o r  most 
wave 1 ength  bands.  

Energy which reaches  t h e  d e t e c t o r  from o u t s i d e  t h e  FOV i s  s t r a y  l i g h t  and 
a f f e c t s  t he  accuracy  of  t h e  measurement. This type of  s t r a y  l i g h t  was i n v e s t i -  
ga t ed  dur ing  t h e  FOV t e s t i n g  and t h e  d i f f r a c t i o n  e f f e c t  measurements. Resu l t s  
i n d i c a t e  e x c e l l e n t  out-of-band r e j e c t i o n  from t h i s  source wi th  less than  1-percent  
i n f luence  on the  bandpass s i g n a l .  

A d i f f e r e n t  out-of-band tes t  i s  desc r ibed  i n  t h i s  s ec t ion .  Energy from 
t h e  blackbody source i s  passed through broadband f i l t e r s  l oca t ed  d i r e c t l y  i n  
f r o n t  of t h e  t e l e scope  openings.  
above t h e  bandpass of t h e  r e s p e c t i v e  channel  f o r  an  i n t e g r a t e d  measurement of 
s t r a y  l i g h t  o u t s i d e  the  channel  bandpass ,  bu t  w i t h i n  t h e  FOV, and t r a n s m i t t e d  
through a l l  o p t i c a l  e lements  through "leaks." 

These out-of-band energy tes ts  were performed on t h e  t r ansmi t t ed  channel  
wi th  an  ITPR 2630 wave number f i l t e r  i n s t a l l e d  and r e f l e c t e d  channel  wi th  an  
ITPR 691 wave number f i l t e r .  The graph i n  t h e  f ac ing  f i g u r e  shows t h e  l o c a t i o n  
of t h e  channel  bands and t h e  t ransmiss ion  ranges of t he  v a r i o u s  t e s t i n g  f i l t e r s .  

f i l t e r s ;  t h e  blackbody i s  a t  635OC f o r  ITPR f i l t e r s ,  

200 wave numbers. It i s  i n t e r e s t i n g  t o  note  t h a t  none of t h e  abso rp t ion  f i l t e r s  
(Ca F2,  OW-1 and qua r t z )  i n d i c a t e  t h e  presence of ou t  of band. 
pass  (LWP) f i l t e r s ,  which a r e  coa ted  KRS-5 s u b s t r a t e s ,  may have l eaks  o r  p in  
ho le s  themselves which would c o n t r i b u t e  t o  t h e  apparent  s t r a y  l i g h t  i n  both 
channels .  P in  h o l e s  would c o n t r i b u t e  more s t r a y  l i g h t  t o  t h e  2630 wave number 
channel than  t o  t h e  o t h e r  channel ,  which i s  indeed t h e  case, Since none of t he  
ou t  of band t h a t  t h e  channels  w i l l  ever see i s  a t  t h i s  e l e v a t e d  tempera ture ,  i t  
was concluded, from t h e  measurements performed, that  t h e  channels  have e x c e l l e n t  
out-of-band r e j e c t i o n  f o r  t h e  s h o r t e r  and f a r  i n f r a r e d  wavelength r eg ions .  Re-  
s u l t s  on s t r a y  l i g h t  r e j e c t i o n  f o r  longer  r eg ions  up t o  200 wave numbers are 
less conclus ive ,  

390 c m ' l ,  f i l t e r s  were a l s o  t e s t e d  f o r  long wavelength out-of-band energy t r a n s -  
mi t tance .  
t r ansmi t t ance  of energy of wavenumber 200 cm . Tests on both BSU f i l t e r s  i n -  
d i c a t e  out-of-band energy r e j e c t i o n  t o  a level less than  1 pe rcen t ,  

The f i l t e r s  s e l e c t i v e l y  pass  energy below and 

The f ac ing  t a b l e  shows t h e  response of t h e  channels  with t h e  va r ious  t e s t i n g  

The c r y s t a l  q u a r t z  i s ,  i n  e f f e c t ,  a f a r  i n f r a r e d  f i l t e r  t r a n s m i t t i n g  p a s t  

The long-wave 

The TOVS-BSU channel  11 ( re f l ec t ed )  , 668.5 cm'l, and channel  14 ( t r ansmi t t ed )  

These f i l t e r s  were t e s t e d  a g a i n s t  q a r t z  t o  provide d a t a  regard ing  -r 
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Section 6 - Detectors and Signal Processing 

symm CONSIDERATIONS 

Consistent with the  opt ica l  design a detection/signal processing system is  re- 
quired involving a detector per channel ; para l l e l  amplification, demodulation 
and integration, followed by a time shared 12  b i t  ADC system. 

Among the  s t a r t i ng  pwameters and requirements, the  use of uncooled detectors 
and a t o t a l  available time of LOO msec per scene or  FOV are the  most s ignif icant .  
Following close behind are  the  requirements of scene-to-scene independence and 
simultaneity of measurement fo r  a l l  colors or channels. 

The Figure depicts  t h e  processing block diagram which yields  t h e  required 
r e s u l t s  given all t h e  constraints .  The multiplexer and A/D converter although 
par t  of the analog processing i s  not included i n  the  diagram. 
these areas follow l a t e r .  
proper def in i t ion  of detector charac te r i s t ics  which a re  qui te  special .  

One of t he  tasks  of t h i s  design def in i t ion  study was t o  f ind  t h e  best  pos- 
s i b l e  uncooled detector consistent with sens i t i v i ty  requirements and op t i ca l  
interface requirements and at t h e  sane t i m e  properly characterizing it i n  
operation. 
pyroelectric detectors  offer  t he  bes t  performance. Among pyroelectric detectors 
tr iglycene sulphate (TGS) has the  best s ens i t i v i ty  for  detectors i n  t h e  1 t o  
2 mm diameter range as w e l l  as appropriate spec t ra l  charac te r i s t ics .  Basically, 
a pyroelectric detector works by outputting a charge when the  element i s  ex- 
posed t o  radiant energy. Radiant energy when absorbed by t h e  element causes 
a change i n  i t s  temperature which, i n  turn,  is  responsible f o r  generating t h e  
charge. 

t o  leve ls  necessary f o r  subsequent grocessing. 
is  an input stage consisting of careful ly  specified f ie ld  e f fec t  t r ans i s to r  (FET) . 
The second stage of t h e  pre-amplifier i s  suggested t o  be an W O 8 A  or equivalent 
on the  basis  of low power consumption and adequately low noise. The recommended 
c i r c u i t  i s  v i r tua l ly  ident ica l  t o  t h a t  used on ITPR. 

prior  t o  a synchronous demodulator and integrator .  
fiers used t o  implement these functions should be LM108A as w e l l .  Although 
some c i r c u i t  d e t a i l s  a r e  given here most of them a r e  included i n  t h e  Analog 
Channel Report. 

detectors do not warrent more than 11 b i t s  the  temperature monitoring c i r c u i t s  
can use 12  b i t s  t o  advantage. 
between instrument inception and i t s  execution (as was the  case i n  the  ITPR) 
maximum benefit  can be gained only with a 1 2  b i t  system. 

Discussion of 
The building of t he  block diagram starts with the  

The r e s u l t  of t h i s  investigation showed t ha t  alanine doped TGS 

A very low noise pre-amplifier i s  required t o  convert t he  detector s ignals  
A t  the  hear t  of t h e  pre-amplifier 

Additional gain and frequency shaping are provided by the  post-amplifier 
All t h e  operational ampli- 

Analog t o  Digi ta l  conversion t o  1 2  b i t s  is  suggested; while the  present 

Also, should there  be detector improvements 
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Sec t ion  6 - Detectors  and S igna l  Processing 

DETECTOR SELECTION 

I ~ i i i l d i n g  u good de tec to r  involves  f i r s t  of 11 t h e  proper ch i c e  of material Cor t h e  
~(-11s i 11p, clement l'ollowect by proper mounting Lechnfques 

'I'lic point. OC dc:parl;ure i n  terms of f ind ing  t h e  bes t  material w a s  pure TGS used 
very success fu l ly  on t h e  ITPR program. This s e c t i o n  d i scusses  some of t h e  s i g n i f i c a n t  
f i nd ings  i n  t h e  search  f o r  t h e  b e s t  material or d e t e c t o r .  

Triglycene Sulphate  (TGS) has  been found t o  be gene ra l ly  t h e  b e s t  m a t e r i a l  f o r  
d e t e c t o r s  when high s e n s i t i v i t y  i s  of paramount importance. It i s  p a r t i c u l a r l y  
good i n  s i t u a t i o n s  where r e l a t i v e l y  l a r g e  d e t e c t o r s  are r equ i r ed  f o r  o p t i c a l  reasons.  
This  i s  because it has a low d i e l e c t r i c  cons tan t  r e l a t i v e  t o  most o the r  m a t e r i a l s  
and a t  t h e  same time e x h i b i t s  a good pyroe lec t r i c  c o e f f i c i e n t .  Pure TGS, however, 
s u f f e r s  s e v e r a l  disadvantages f o r  genera l  usage. One i s  a r e l a t i v e l y  l o w  Curie 
temperature ( i . e . ,  49O) above which t h e  py roe lec t r i c  e f f e c t  vanishes .  This  i s  
not a s i g n i f i c a n t  problem f o r  t h e  TOVs because of temperature con t ro l .  More 
se r ious  i s  t h e  p o s s i b i l i t y  of pure TGS spontaneously depoling over t h e  t ime s c a l e  
of months, e s p e c i a l l y  i n  a r a d i a t i o n  environment, n e c e s s i t a t i n g  an i n - f l i g h t  means 
of repol ing .  
both of t h e s e  problems. The Table conta ins  a l i s t i n g  of TGS and some of i t s  
d e r i v a t i v e s .  Included a r e  parameters of importance i n  determining d e t e c t o r  
performance. I n  add i t ion  t o  TGS, s e v e r a l  o the r  good d e t e c t o r  materials are 
included.  

t e s t e d :  i r r a d i a t e d  TGS, deutera ted  TGS(DTGS), a l a n i n e  doped TGS(uTGS), a combination 
of' TGS and TGSe, SBN(50,50), and PbTiO . 
noise ,  acceptance angle ,  and s e n s i t i v i s y  t o  r a d i a t i o n  damage. With t h e  r e s u l t s  
information i s  a l s o  presented f o r  r ep resen ta t ive  TGS d e t e c t o r s  on board ITPR i n  
o r b i t .  

10-10W/7/Hz a t  no l e s s  t han  a 40 Hz chopping r a t e  would be  requi red .  Fu r the r ,  
t h e  d e t e c t o r  s i z e  had t o  be about 2.0 mm i n  diameter .  The exact  s i ze  depended 
a g r e a t  deal on t h e  use fu l  acceptance angie  of t h e  d e t e c t o r .  
l i m i t  of 35' from normal w a s  s e t  f o r  t h e  o p t i c a l  breadboard simply because t h e r e  
w a s  l i t t l e  information a v a i l a b l e  on t h e  acceptance angle .  Two channels i n  t h e  
ITPR had d e t e c t o r s  with a m a x i m u m  incidence angle  of 2 8 O  and appeared t o  have a 
r e spons iv i ty  nea r ly  as good as those  t h a t  had a 140 m a x i m u m  angle  was about t h e  
b e s t  input  a v a i l a b l e .  

absorbing over t h e  e n t i r e  s p e c t r a l  range of i n t e r e s t .  A uniform cons t ruc t ion  
technique c o n s i s t i n g  of a semi-transparent f r o n t  e l ec t rode  can be employed. 
Q u a l i t a t i v e l y ,  if t h e  e l ec t rode  i s  t o o  opaque, most of t h e  energy w i l l  be re- 
f l e c t e d ;  if t h e  e l ec t rode  i s  too  tenuous,  t h e  d e t e c t o r  s e r i e s  r e s i s t a n c e  becomes 
too high and in t roduces  noise .  

The a c t i v e  a r e a  f o r  a d e t e c t o r  can be determined by e i t h e r  t h e  f r o n t  or rear 
e l ec t rode .  It i s  most convenient t o  u s e  t h e  rear e l e c t r o d e  then  t h e  takeoff  l e a d  
f o r  t h e  f r o n t  e l ec t rode  can be  out of t h e  a c t i v e  area. 

Severa l  v a r i a t i o n s  of TGS have been proposed which address  one or 

During t h e  design d e f i n i t i o n  s tudy t h e  fol lowing types  of d e t e c t o r s  were 

The parameters of i n t e r e s t  were r e s p o n s i v i t y ,  

Prel iminary o p t i c a l  throughput ca l cu la t ions  ind ica t ed  t h a t  NEPs of less than  

A design c o n s t r a i n t  

For t h e  TOVS, TGS or i t s  d e r i v a t i v e s  o f f e r  t h e  advantage of being inhe ren t ly  
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Strontium Barium Niobate (SBN) has long a t t r a c t e d  t h e  interest  of 
i n v e s t i g a t o r s  i n  search  of py roe lec t r i c  de t ec to r  materials. 
por t ions  of t h e  f i r s t  two elements can be considered but  most of them 
spontaneously depole with t i m e .  
poling with a moderately l a r g e  d i e l e c t r i c  cons tan t .  However, loss  tangents  
run unacceptably high on t h e  order of 1 t o  2%. 
for Lead T i t a n a t e  PbTi03. 
t h e  d i f f i c u l t y  of growing l a r g e  enough single c r y s t a l s .  
i n  t h e  v i c i n i t y  of 1%. 
at wavelengths below about 6 microns. 
f r o n t  su r f ace  absorbers which are d i f f i c u l t  t o  make uniform and ye t  not 
degrade respons iv i ty .  

The p o s s i b i l i t y  of immersing one of t h e  higher d i e l e c t r i c  constant 
materials i n  a germanium hemisphere was considered because of t h e  f a c t o r  of 
s i x t e e n  a r e a  reduct ion  it of fered .  The techniques and improvements of 
immersion were demonstrated by Laser Prec is ion  Corp., bu t  t h e  needed per- 
formance f o r  TOVS was s t i l l  not r e a l i z e d .  This was due t o  t h e  high lo s s  
tangent of t h e  SBN used i n  t h e  experiment. 

A de tec to r  f a b r i c a t e d  of KT4000, a Low d i e l e c t r i c  constant material, 
w a s  t e s t e d  and found not t o  provide the  needed performance e i t h e r  because 
of t h e  low capacitance u n i t  t h a t  r e s u l t e d .  
value of d i e l e c t r i c  cons tan t  and moderate loss  tangent would appear t o  
be t h e  b e s t  candidate f o r  immersion. 
t h e  var ious  f ind ings  uncovered during t h e  immersion e f f o r t .  

Vaxying pro- 

A 50%/50% combination e x h i b i t s  s t a b l e  

The same objec t ion  holds 
This  i s  only a v a i l a b l e  as a ceramic because of 

Loss tangents  are 
Both materials do not provide i n t r i n s i c  absorption 

This  introduces t h e  need f o r  

A material wi th  an  in te rmedia te  

Appendix -5- conta ins  a r e p o r t  on 
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Curie D i e l e c t r i c  Pyroe lec t r ic  Spec i f i c  Loss 

OC c ca- OK-1 j cn-3~K-1 
Material Temp Constant Coef f Heat Tangent Source 

TGS 49 

DTGS 62.9 

al TGS 50 

a2 TGS 51 

I r r a d i a t e d  TGS 48 

Lithium 660 
Tanta la te  

PbTi03 470 

40 

20 

25 

20 

30 

380 

47 

200 

3.5 

2 .5  

3.7 

3.9 

3.8  

6.5 

1 . 9  

6.0 

2.5 

2.5 

2 .1  

3.16 

3.36 

- ~ ~ ~~~ ~ 

5 x t o  5 x 10-3 Various 

5 x t o  5 x Barnes/bhlizrd 

to 5 

to IO-* 

Mullad  s1 13% alan ine  
i n  so lu t ion  

Mullard a2 2G% a lan ine  
i n  so lu t ion  

-4 5 x 1 0  t o  1 x LO-* Mullard & 3arnes 

.01 t o  .02 Barnes Rpt. 

Molectron 2 

.01 Mat sushi t a 





Sec t ion  6 - Detectors and Signal  Processing 

BASIC DETECTOR PERFORMANCE CONSIDERATIONS 

It i s  u s e f u l  and perhaps necessary t o  review some fundamental cons idera t ions  
involving pyr o e l e c t r i c  de t ec to r s  and t h e i r  use  i n  systems. 

If t h e  de t ec to r  i s  represented i n  t e r m s  of a vol tage  generator t h e  
n 

w ShC Rv = r e spons iv i ty  (h) can be w r i t t e n  as: 

where 

w = 2 7 r f  f = Chopping Frequency 

51 = Pyroe lec t r jc  Coeff ic ien t  - Coulombs / 'Kern2 

S = Spec i f i c  Heat - Jou le s  / OKcm3 

h = Element Thickness 

C = Capacitance 

A s  long as t h e  element absorbs a l l  t h e  energy r e spons iv i ty  i s  independent 
of th ickness  because t h e  capacitance term has th ickness  i n  i t s  denominator. 
I n s e r t i n g  values f o r  TGS y i e l d s  a t h e o r e t i c l  r e spons iv i ty  of 800v/w a t  25Hz 
for t h e  ITPR de tec to r  s i z e  of .0256cm2. Measured va lues  of 650 t o  700 V/w 
i n d i c a t e  reasonable agreement. Direct r a t i o i n g  t o  4OHz y i e l d s  a f i r s t  c u t  
r e spons iv i ty  of 420V/w f o r  t h i s  s i z e  de t ec to r .  

Before d iscuss ing  e l e c t r i c a l  or c i r c u i t  t ype  noise  a review of some b a s i c  
thermal performance l i m i t a t i o n s  is i n  order.  Before an uncooled de tec to r  Can 
be considered, t h e  r a d i a t i v e  exchange noise  must not  be exceeded. 
mately an order of magnitude away from t h e  i n t r i n s i c  r a d i a t i v e  noise  l i m i t  of 
a 3 0 0 0 ~  element of t h e  s i z e  of i n t e r e s t  as seen below. 

We a r e  approxi- 

NEP = (4KT2 GTR) 1/2 

NEP = 4 T ~ ( K  A~ U T )  1 / 2  

NEP = 6.9 x W/m 

3 GTR = Ad UT E 

U = Stef an-Boltzmann Constant 

= 5.67 x W/cm T 

2 Ad = 1.76 mm f o r  d = 1 . 5  mm 

E = emiss iv i ty  

K = Boltzmann's Constant 

2 4  

Thermal conduction noise  l ikewise  i s  not l i m i t i n g  i f  reasonable thermal 
i s o l a t i o n  of t h e  element i s  r e t a ined  a f t e r  mounting. I n  p r a c t i c e ,  i f  the 
d e t e c t o r  thermal t i m e  constant i s  on t h e  order of 100 msec or longer, conduction 
no i se  i s  not a l imia t ion .  

GTc = Thermal Conductance 2 1/2 
NEP = (4 KT GTc) 
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We can estimate G 

H 

from knowledge of t h e  thermal time constant.  TC 
SAdh 

S = Specific Heat 

= 1 . 5  J/OK cm 

= - = -  
3 GTC T T 

T~~ 
h = Detector thickness NEP = ( 4 KT2S A h ) l I 2  

= 10 t o  50 pm 

NEP = 3.62 x W / G  f o r  10  pm elements. 

The remaining detector  noises are frequency dependent and are perhaps 
eas i e s t  t o  grasp i f  f i r s t  expzessed i n  terms of a voltage noise. 
using the  expression 

noise l eve l .  A f i n i t e  de conductance across t he  element electrodes 
y ie lds  t h e  following noise: 

Then 
en we  can re la te  them t o  t h e  necessary NEP = -  
RV 

C = 25pf 40 pm th i ck  

lOOpf 100 pm th ick  

Typically it i s  possible t o  a t t a i n  a conductance of 10 
s ize  element i n  question. This y i e lds  a noise of 21 nv Hz a t  40 Hz 
f o r  t h e  1.8mm d i a  detector  40 pm th i ck  or 5.25 nv/ 
t h i ck  element of t h e  same area .  These correspond t o  NEPs of 5 x 
and 1.25 x W / f i  respect ively.  

res i s tance  i n ' t h e  electrodes.  For TGS reported values range from 
t a n  6 = 5 x 10-3 t o  5 x 10-4. 

H z f o r  a 10  pm 
Wn/H.l 

Loss tangent noise  typ ica l ly  includes d i e l e c t r i c  losses  and series 

Voltage noise due t o  it is: 

'n W C  tan C = 25 pf 40 prn 

100 pf 10  pm 

T h i s  y i e lds  a noise of 1 1 5 n V / G  fo r  a 40 pm t h i ck  element and 57 n V / G  
f o r  a 10pm t h i ck  e lemes1 .8  m a  d i a  i f  t a n  6 Corresponding NEPs 
are 2.73 x 10-l' W / v  Hz and 1.37 x 
tangent these r e s u l t s  would be divided by a f ac to r  of 3.16. 

proviso i s  t h a t  it must be th ick  enough t o  absorb t h e  energy. 
t e s t  da t a  w i l l  show t h a t  t h i s  i s  t h e  c even f o r  10  pm elements. 

and 800 V/W requi res  a t o t a l  input equivalent noise of 80 nV/@z or less. 
Since noises add quadrat ical ly  the re  i s  a reasonable allowance ava i lab le  
f o r  amplifier noise.  

W / x  For t h e  lower loss 

Quite c l e a r l y  a t h i n  detector  o f f e r s  t h e  bes t  performance. 

Attainment of an NEP of 10-10 W/K with  respons iv i t ies  between 500V/W 

The o n l y  
Subsequent 
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Sect ion  6 - Detectors  and S igna l  Processing 

THE PRE-AMPLIFIER 

I n  a properly designed c i r c u i t  t h e  ampl i f ie r  may u s e  e i t h e r  vo l tage  or cu r ren t  
feedback or none without changing t h e  S/N r a t i o .  
temperature c o e f f i c i e n t  i s  lowest i n  t h e  vo l t age  mode of opera t ion .  

The d e t e c t o r  r e spons iv i ty  

Secondary cons idera t ions  such as s t a b i l i t y  and microphonic p r o p e r t i e s  
tend t o  d i c t a t e  t h e  exact conf igura t ion .  
feedback a t  high f requencies  and cu r ren t  feedback a t  dc .  This  combines s e v e r a l  
d e s i r a b l e  f e a t u r e s  including d r iv ing  t h e  dc p o t e n t i a l  of t h e  d e t e c t o r s  a c t i v e  
t e r m i n a l  t o  wi th in  a few m i l l i v o l t s  of ground. 
performance as wel l  as r a p i d  recovery from overload. See Figure.  

Thc key t o  good S / N  performance depends on concurrent low vo l t age  and 
Low cur ren t  no i se  i n  t h e  input  s tage .  
t h e  on ly  acceptab le  devices  t o  f i l l  t h i s  need. Most e x i s t i n g  systems employing 
p y r o e l e c t r i c s  a r e  ampl i f ie r  no i se  l i m i t e d  because very low noise  F e t s  a r e  
j u s t  becoming a v a i l a b l e .  

t h e  TOVS ob jec t ives  were t o  b e  met. I n  gene ra l ,  one has t h e  choice of e i t h e r  
l o w  vo l t age  noise  or low cu r ren t  no i se  from t h e  s tandard o f f e r i n g s  of 
manufacturers.  These correspond t o  l a r g e  geometry and small geometry devices  
r e spec t ive ly .  
f a c t o r y  compromises; u sua l ly  some s e l e c t i o n  i s  requi red  f o r  one or both  
no i se  parameters.  

importance. 
adequate s e l e c t i o n  of Fe t s  i s  a v a i l a b l e .  

vo l t age  noise  i s  def ined as t h a t  obtained with a s h o r t  c i r c u i t e d  input .  
i s  w r i t t e n  d i r e c t l y  as "n. 

f o r  a l a r g e  range;  below t h i s  it e x h i b i t s  a usua l ly  se r ious  l / f  c h a r a c t e r i s t i c  
and i s  i n  r e a l i t y  one b i g  reason f o r  a chopped system. Current no i se  i s  
found by i n s e r t i n g  an impedance Zs  i n  series wi th  t h e  input  not ing t h e  increased 
noise  and performing a quadra t ic  sub t r ac t ion .  - e d i f f e r e n c e  Having 

found t h e  cu r ren t  no i se  i t s  e f f e c t  with a de tec to r  i n  p lace  y i e l d s  a vo l t age  
noise  

The ITPR preampl i f ie r  used vo l t age  

This  y i e l d s  good microphonic 

Junc t ion  F e t s  as of t h i s  wr i t i ng  are 

It w a s  e s s e n t i a l  then  t o  e s t a b l i s h  t h e  a v a i l a b i l i t y  of s u i t a b l e  F e t s  i f  

Intermediate  geometry devices  have been found t o  y i e l d  satis- 

The Table p re sen t s  a summary of F e t s  t e s t e d ;  and t h e  f i n a l  r e s u l t s  of 
An More complete data i s  found i n  t h e  analog channel r e p o r t .  

Retaining t h e  vo l t age  equivalent  r ep resen ta t ion  s t a r t e d  earlier,  t h e  
It 

Generally Sn i s  f l a t  wi th  frequency above 50 Hz 

in - 
ZS 

in 5, = - 
OC 

Once again a t h i n  d e t e c t o r  shows an advantage as seen when a t y p i c a l  cu r ren t  
no i se  of 5 x A/ @ i s  appl ied .  

Sn = 7 9 . 5 n v / G  40 pm t h i c k  x 1 .8  mm d i a  @ 40 Hz 

= 20 nv/& LO I.cm t h i c k  x 1.8 mm d i a  @ 40 Hz 

Corresponding NEPs are 1.9 x 10-l' and 4.75 x W/./Hz 
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Voltage noises of 20 t o  25 n V m  are readi ly  avai lable  especial ly  
i f  current  noise i s  not so c r i t i c a l  as with t h i n  detectors .  It can be  
observed t h a t  t h e  input capacitance of t h e  amplif ier  was not allowed 
fo r  i n  determining Rv. 
effected because noise as w e l l  as Rv go down with ex t ra  c i r c u i t  capacitance. 

f o r  Fet  leakage cur ren ts .  
noise problem. 

I n  order t o  r e a l i z e  t h e  noise performance possible w i t h  t h e  above 
Fe ts ,  severa l  other po ten t i a l  problems must be avoided. 
power supply l i n e  must be w e l l  control led.  
pre-amp power requires  fur ther  de ta i led  engineering. 

r e l a t i v e  motion of t h e  detector  s igna l  lead with respect t o  t h e  case 
can be avoided or grea t ly  reduced by arranging t h a t  t h i s  lead i s  near 
dc ground poten t ia l .  Using current mode amplification is one way of 
accomplishing t h i s .  The other  source of microphonics arises i n  t h e  
c r y s t a l  i t s e l f .  All pyroelectr ic  materials are piezoelectr ic  which 
demands t h e  m a x i m u m  i so l a t ion  possible fo r  t h e  detector  element. Sup- 
p l i e r s  of de tec tors  have developed mounting techniques which cont ro l  
microphonics qui te  w e l l .  Any design which demands a new mounting technique 
would be inv i t i ng  d i s a s t e r  unless  adequate t i m e  f o r  t e s t i n g  i t s  microphonic 
cha rac t e r i s t i c s  i s  avai lable .  

It turns  out t h a t  f i r s t  order ,  NEPs are not 

A bias  r e s i s t o r  i s  needed f o r  operating point s t a b i l i t y  or for  a path 
Resis tors  of 5 x 10" ohm or greater  o f f e r  no 

Noise on t h e  
The optimum method of supplying 

Microphonic noise  of a t  least two types can occur. One due t o  
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nv/ q z  
FFT Total  Noise i n  Be-amp With A 
Designat ion 30pf Cap. Simulating Detector 

2 N  519 9-1 

2N5199-2 

m5199-3 

2N5199-4 

2N5199- 5 

2N5454-1 

DW1154-2 

DN1154-3 

DNll5 4- 4 

2N5521-1 

2N5521-3 

AD841-1 

AD841-2 

20Hz - 
94 

174 

28 0 

103 

122 

165 

90 

94 

103 

112 

85 

106 

108 

40Hz 

52 

65 

- 

104 

52 

55 

68 

42.5 

42 

52 

52 

50 

62 

50 

8 0 ~ ~  - 
32 

43 

44 

25 

29 

39 

28 

24 

36.5 

26 

28 

36.5 

36.5 

Removing Noise 
of a 2 x 1011 
Load Resis tor  

40Hz 

46 

60 

101 

- 

45.6 

49 

63 

34 

38 

46 

46 

43 

57 

43 

8 0 ~ 2  

29 

41 

42 

21.6 

26 

37 

25 

20 

34 

22.8 

25 

34 

34 

Derived* 
Current 
Noise 

x A/ 

4.67 

5.74 

12.0 

5.26 

5.44 

6.68 

3.02 

4.23 

4.06 

5.24 

4.58 

5.99 

3.45 
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‘1’1fE n~~CTOII/Pr\E-AMPLIFIER NOISE EQUIVALENT C I R C U I T  

A noise equivalent c i r c u i t  i s  a convenient t o o l  which can be used t o  ga in  full b e n e f i t  
from t h e  t e s t  r e s u l t s  presented l a t e r .  
equivalent c i r c u i t  f o r  t h e  de t ec to r  plus t h e  pre-amplifier. 

The f i g u r e  dep ic t s  t h e  two forms of a noise  

The f i rs t  t h i n g  tha t  should be not iced  i s  t h a t  t h e  vol tage  response v a r i e s  
inverse ly  w i t h  frequency and t h e  cur ren t  response i s  independent of frequency. 
If t h i s  f a c t  i s  ignored it i s  easy t o  l o s e  t h e  proper perspec t ive  i n  regard t o  
signal-to-noise r a t i o .  Although most re ferences  i n  t h i s  r e p o r t  are i n  terms 
o f  t h e  vol tage  equivalent no ise  it i s  use fu l  t o  include t h e  cu r ren t  representa t ion  
as wel l .  

i n t r i n s i c  de t ec to r  no ise  i n  form of t h e  l o s s  tangent i s  t h e  performance l i m i t i n g  
f a c t o r  for t h i s  appl ica t ion .  

The l i m i t i n g  f a c t o r  i n  t h e  ITPR s i t u a t i o n  was ampl i f i e r  o r  Fet cur ren t  
no ise .  The combination of a higher chopping frequency, t h inne r  elements and 
b e t t e r  Fe t s  i s  respons ib le  f o r  t h e  change. 

su re  w e  have made a proper choice of ampl i f ica t ion  type.  When t h e  signal-to-noise 
r a t i o  i s  formed for t h e  two cases it i s  seen t h a t  t h e  r e s u l t  i s  i d e n t i c a l .  

The most s i g n i f i c a n t  r e s u l t  of t h e  t e s t i n g  and evaluation program i s  t h a t  

I n  view of t h i s  it i s  i n s t r u c t i v e  t o  examine t h e  l o s s  tangent e f f e c t  t o  make 

S / N  = rls __ _ _ _ _  
4ICT Tan 6wCd 

Inspection of some of t h e  o the r  no ise  sources r e v e a l s  similar r e s u l t s .  
when a p a r t i c u l a r  frequency s i t u a t i o n ,  combined wi th  a p a r t i c u l a r  geometry a n d .  
a v a i l a b l e  Fe t s  might one approach emerge b e t t e r  than t h e  o the r .  

because of t h e  lower temperature c o e f f i c i e n t  of t h e  vol tage  respons iv i ty .  
m i n i m i  zes t h e  de t ec to r  temperature con t ro l  requirements bu t  does not e l imina te  
t . ti e m . 

Only 

Se lec t ion  of  t h e  vol tage  mode for  TOVS as w a s  done f o r  ITPR i s  j u s t i f i e d  
This 
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Section 6 - Detectors and S i g n a l  Processing 

A t  t h e  ou t se t  of t h e  t e s t i n g  program a dec is ion  was made t o  do t h e  c r i t i c a l  t e s t i n g  of 
de t ec to r s  and amplifiers were mated. 

E’ets of known q u a l i t y  were incorporated i n t o  a package also containing t h e  
de t ec to r  element and t h e  l a r g e  b i a s  r e s i s t o r .  The impetus f o r  t h i s  came from 
d i f f i c u l t i e s  encountered i n  t r y i n g  t o  eva lua te  bare  element de t ec to r s  under t h e  
ITPR program. The d i f f i c u l t i e s  of c o n t r o l l i n g  microphonics and extraneous pickup 
when t h e  high impedance l eads  needed t o  be routed through connectors a r e  ser ious .  
I n  add i t ion ,  t h i s  f a c i l i t a t e d  more r e a l i s t i c  r a d i a t i o n  t e s t i n g  because of t h e  
c lose  s i m i l a r i t y  t o  f i n a l  packaging techniques.  

One of t h e  r u l e s  of the  t e s t i n g  program ( e a s i l y  enforced with t h e  above 
packaging approach) w a s  t h a t  r e spons iv i ty  and noise  were t o  be measured with 
t h e  same ampl i f ie r .  The r e s u l t a n t  measured NEPS have v i r t u a l l y  no unce r t a in ty  
about them a r i s i n g  from ampl i f i e r  gain unce r t a in t i e s .  

Measurements were made of  t h e  input c h a r a c t e r i s t i c s  of t h e  type  of pre- 
amplifier c i r c u i t  employed on t h e  ITPR. Because of t h e  high loop ga in  o f  t h e  
ci  r c u i t  (provided by t h e  opera t iona l  ampl i f i e r )  t h e r e  should be  v i r t u a l l y  no 
Mi l le r  m u l t i p l i c a t i o n  of t h e  d ra in  ga te  capacitance of t h e  input  Fe t .  Using a 
2N519‘7 for t h e  input  Fet a simple t e s t  cons is ted  of  i n j e c t i n g  a s m a l l  s i g n a l  
from a low impedance source on t h e  ground s i d e  of a 17 pf capac i tor  s imula t ing  
t h e  de tec tor .  The ampl i f i e r  output was noted and then  a l s o  noted when t h e  
capac i tor  was shorted.  The r a t i o  of  t h e  output vo l tages  r e s u l t e d  f’rom an ampli- 
f i e r  input capacitance of 15 pf .  Several  s i g n a l s  a t  frequencies between 10  Hz 
and 200 Hz were used t o  v e r i f y  t h a t  t h e  impedance w a s  indeed capac i t i ve  i n  na tu re .  

i nc iden t  angle w a s  determined. The de tec to r  viewed an extended source through 
a s m a l l  aper ture .  By r o t a t i n g  the  de tec to r  case about an axis passing through 
t h e  element, a cosine response i s  t h e  ideal r e s u l t .  The d e t a i l e d  r e s u l t s  are 
presented i n  t h e  de t ec to r  r epor t .  No s i g n i f i c a n t  depar ture  from t h e  cosine re -  
sponse was noted, I n  each case t h e  response a t  s m a l l  angles from t h e  normal were 
g r e a t e r  than a t  normal incidence.  A s  fa r  as t h e  de t ec to r  response i s  concerned, 
inc ident  angles up t o  45’ o f f e r  no pro’blem. A compromise however must be made i n  
s e t t i n g  t h e  peak of t h e  a n t i - r e f l e c t i o n  coating response; t h e  optimum poin t  would 
be at t h e  cont ro id  of t h e  r a y  angle over an annular f i e l d .  A l t e rna te ly  t h e  
window could be  a dome of appropr ia te  r ad ius  and then  a n t i - r e f l e c t i o n  coated for 
optimum throughput. 

The r e s u l t s  i n  regard t o  NEP are shown i n  t h e  Table; they  r equ i r e  some dis- 
cussion. Only d e t e c t o r s  4 and 5 provide acceptable performance f o r t h e  TOVS. 
They were very t h i n  de t ec to r s  of  c1 a lan ine  TGS employing a Mullard developed 
mounting method. 
v i r t u a l l y  i d e n t i c a l  t o  t h e  ITPR de tec tors ,  which were of pure TGS, epoxy s e a l i n g  
r a t h e r  than so lde r  w a s  used. Sea l ing  t h e  capsule w i t h  epoxy w a s  agreed on t o  
expedite de l ivery  and might have been a m i s t a k e .  Another d i f f e rence  from ITPR 
w a s  t h a t  po l ing  w a s  accomplished by r a d i a t i o n  except i n  t h e  case of t h e  deutera ted  
element. Inspec t ion  o f  t h e  data sheets supplied w i t h  the low performance u n i t s  
revealed measured loss  tangents between 0.7 and 1.0%. 
incomplete poling. The i r r a d i a t i o n  induced pol ing  w a s  annealed out  of two u n i t s  
and were then  subsequently repoled. The respons iv i ty  went up between 5 and 10% 
confirming suspicions.  However, t h e  noise  d id  not go down i n d i c a t i n g  permanent 
damage. The manufacturer agreed t h a t  t h e  damage was l i k e l y  permanent and f r e s h  
s tar t  would be  needed t o  ob ta in  d a t a  on non-irradiated ma te r i a l .  

I n  addi t ion  t o  Responsivity and Noise t e s t s ,  t h e  response as a func t ion  of  

Detectors 1 through 3 were e lec t roded  and mounted i n  a manner 

This i nd ica t ed  poss ib l e  
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NEP NEP 
Detector 

I d e n t i f i c a t i o n  

I r r a d i a t e d  TGS 
-l 

I 

I r r a d i a t e d  TGS I J 

I r r a d i a t e d  TGS /TGS el i 

Irradiated 

DTGS #3 

a TGS #If 
#4 

i 
a TGS #ij 

a TGS #5 

Immersed" 
KT4000 

ITPR TGS 

Lead Ti tana te  

SBN 50/50 a 
I 

Element  
S i z e  

1 .5  mm dia.  
x 40 

1.5 mm d i a .  
x 40 pm 

1.5  mm d i a .  
x 40 pm 

1.5 mm d i a .  
x 40 pm 

1 . 5  mm d ia .  
x 40 pm 

1.5 x 1.5  rnm 
x 10 pm 

1.5 x 1.5 
x 10 pm 

1.5  x 1.5 rnm 
x 1 0  vrn 

.7 mm x .7mm** 

Fet 
ZSE 

2N5199 

ai5199 

D N 1 1 5 4  

D N 1 1 5 4  

D N 1 1 5 4  

1 1 0 0 6 ~  

11006~ 

1 1 0 0 6 ~  

D N l l 5  4 
(2 .8  mm x 2.8 mm e f f e c t i v e )  

2.56 mm ~ ~ 2 0 8 1  
x 50 w 

1.0 mm d i a  

2.02mm2 x 100 pm 

t; 
Ln * See Appendix on Immersion Studies  f o r  more d e t a i l  

** Approximate area needed for TOVS 

Operating 
Temp. 

25O 

3 5OC 

25OC 

3 5 O C  

25OC 

25OC 

35OC 

25OC 

25'C 

3 7 O C  

25OC 

25OC 

at  40 Hz a t  90 Hz 
w/ 4 - E  w/ m 

2.3 x 1 0  -lo 3.3 x 

- -10 2.2 x 1 0  

1 .6  x 2.04 x 

3.0  x 2.0 x 

2.3 x 3.7 x 

9.4 x 1 . 4  x 

8.4  x - 

1.30 x 10-l' 2.0 x 

2.0 x - 

2.0 x - 
@ 25Hz 

6 x 1 10-9 

4.8 x 



Section 6 - Detectors and Signal Processing 

DETECTOR/PRE-AMPLIFIER TEST RFSULTS - CONTINUED 

Examining t h e  shape of t h e  NEP vs. frequency curve f o r  a t h i c k  de tec to r  and 
a t h i n  d e t e c t o r  as shown i n  t h e  fi ure  i s  revealing. From a normalization po in t  
at 40 Hz curves depic t ing  l / v = e h a v i o r  are 

equivalent c i r c u i t ,  we f i n d  only one element which produces t h i s  behavior;  namely, 
t h e  l o s s  tangent.  Since we do not have a measure of t h e  l o s s  tangent f o r  t h e  
mounted element, it must be obtained i n d i r e c t l y .  We sub t r ac t  t h e  noises  con t r i -  
buted by known sources and make a trial assignment of t h e  remainder t o  l o s s  tangent.  
Solving t h e  equation 

. Over a l a r g e  po r t ion  
of t h e  frequency range t h e  noise  follows t h e  1/ Recalling t h e  noise  

e 2 =  4 K T t a n 6  
n 

-3 

W C  

for t a n  6 y i e l d s  3 x 10 and 8 x f o r  t h e  10 urn and 40 urn t h i c k  elements, 
r e spec t ive ly .  The t h i n  element o f f e r s  t h e  b e s t  performance; t h i s  i s  of course 
n o t  a new r e s u l t  bu t  v e r i f i e s  what has been p red ic t ed  by many expos i tors  on pyro- 
e l e c t r i c  de t ec to r s .  The t h i n  de t ec to r  has of course a l s o  reduced cont r ibu t ions  
from cur ren t  no ise  because o f  i t s  increased capacitance. Also cons i s t en t  i s  t h e  
derived l o s s  tangent f o r  t h e  t h i c k  u n i t s  with d i r e c t  measurements of t h i s  para- 
meter made by t h e  manufacturer. The d i f fe rence  i n  l o s s  tangent does not de r ive  
from d i f f e rences  i n  th ickness  bu t  i n  t h e  ma te r i a l s  treatment.  The de tec to r  
evaluation has shown t h a t  a t  least one modification of TGS, t h a t  of c1 a lan ine  
doping, provides t h e  necessary performance f o r  t h e  TOVS. S i g n i f i c a n t l y  t h i s  
material r ep resen t s  t h e  company's standard product and can be expected t o  be 
reproducible.  Detectors of pure TGS as used on t h e  ITPR were not r e t e s t e d  speci-  
f i c a l l y  under t h i s  program. 
t h e  completed ITPR shows t h a t  by decreasing t h e  th ickness  from 50 Clm t o  25 pm 
w i l l  a l s o  y i e l d  useable de t ec to r s  f o r  t h e  TOVS. The TOVS i s  not l i m i t e d  then t o  
e i t h e r  one de tec to r  supp l i e r  or material. 

t h e r e  i s  a s m a l l  improvement i . e .  10% i n  NEP when going from 25OC t o  3',"C. 
Within l i m i t s  then t h e  d e t e c t o r  mounting p l a t e  temperature can be allowed t o  
be set by thermal c o n s t r a i n t s .  

Analysis of t h e  performance of t hese  de t ec to r s  i n  

This  t e s t i n g  program as w e l l  as r e s u l t s  from t h e  ITPR program showed t,hut. 
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Sect ion  6 - Detectors and Signal  Processing 

ITPR DJPECTOR PERFORMANCE 

An ana lys i s  based upon ITPR NEN performance follows. 

An almost d i r e c t  c a r r y  over of r e s u l t s  i s  poss ib le  here  because geometrical 
requirements f o r  T O V ' s  d e t e c t o r s  are almost i d e n t i c a l  t o  ITPR u n i t s .  The 
l a r g e r  of the  two TOVs te lescopes  r equ i r e s  a de tec to r  with an O.D. of 2 mm 
( t h e  ITPR s i z e ) ,  t h e  cen te r  17% of area being desens i t i zed .  This s i z e  i s  
cons i s t en t  wi th  an  af t  o p t i c s  f /no .  of 0.7.  Changing t h e  f /no .  t o  say 0.6 
would reduce t h e  diameter t o  1.7 mm. 

NEN's of 0.0035 and 0.0030 mw/m2-sr-cm'l f o r  t he  prototype and f l i g h t  u n i t s ,  
r e spec t ive ly .  This performance has been v e r i f i e d  f o r  t h e  prototype u n i t  now 

F i n a l  system performance d a t a  f o r  Channel 1 ( t h e  3.8 p channel) showed 

Several  o ther  channels exhib i ted  equivalent performance but  i s  not 
t h e  data because of quantizing l i m i t a t i o n s .  
t h e  r e l a t i o n s h i p  

NEP ( A f ) l l 2  NEN = 
r~~ s( NA) 2 ~ 1 ~ 2 ~ V  

i n  o r b i t .  
evident i n  

Using 

where 

A f  = system noise  bandwidth = 2.O5Hz 

Afs = area of f i e l d  s t o p  = 16.6 mm 

NA = numerical ape r tu re  = 0.129 

2 

= transmission of opt'ics = 47% T1 
T2 = chopping f a c t o r  = 0.5 

-I Av = 415 cm 

y i e l d s  a de tec to r  NEP of 2.0 x 10-l' W/ 
of 25 Hz and opera t ing  temperature of 35O. 
d e t e c t o r s  used on ITPR w a s  TOO V/w which y i e l d s  a t o t a l  input equivalent no i se  
of 140 nv/b%. 

from t h e  above noise.  

a t  t h e  a t tendent  chopping frequency 
The average r e spons iv i ty  of t h e  

The following e a s i l y  demonstrated sources of no ise  can now be removed 

FET vol tage  noise  = 2 x 25 nv / \ /Hz=  35 n v / e  

(Both FET's i n  preamp con t r ibu te  vo l t age  no i se . )  

FET cu r ren t  no i se  e f f e c t  = in/uC c = 45 pf 

= 2eIG = 113 nv/ .m 
e = e lec t ron  charge I~ = 2 pa (average f o r  ITPR FET'S @35Oc) 
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11 
a t  25 Hz. There are some addi t iona l  small sources of noise such as 
second-stage noise  which we w i l l  neglect because we want t o  e s t ab l i sh  
an upper l i m i t  of t h e  loss  tangent induced noise.  Quadratic subtract ion 
of these known noises from t h e  t o t a l  noise leaves 63 n v / m f o r  t h e  
worst possible l o s s  tangent noise. Using t h e  expression developed earlier 
f o r  t h i s  noise 

The load r e s i s t o r  of 2 x 10 ohms contr ibutes  40 nv/& of noise 

where 
T =  

K =  

w =  

c =  

n W C  

308'K 

1.38 x 10 

2 7~ 25 

-23 

45 Pf 

We f ind  t h a t  t a n  6 becomes 1.65 x LOo3. 
loss tangents between 2 and 3 x 10-3 by Barnes Engineering, as w e l l  as 
others .  
amplif ier  which removes a l l  but a f e w  m i l l i v o l t s  of dc vol tage across  t h e  
de tec tor .  

This compares t o  cur ren t ly  reported 

The d i f fe rence  i s  cred i ted  t o  t h e  biasing arrangement of t h e  pre- 
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Section 6 - Detectors and Signal  Processing 

DETECTOR PERFORMANCE VS. SIZE 

We are now i n  a pos i t i on  t o  genera te  information which w i l l  make it poss ib l e  t o  
do trade-off s t u d i e s  involving de tec to r  s i z e  and NEP. 

This i s  necessary t o  provide inpu t s  f o r  f i n a l  des ign  i n t e r a c t i o n s  r e l a t i n g  
instrument s i z e  and N E N ' s .  
for d e t e c t o r s  of t h e  Mullard cons t ruc t ion .  
i n  diameter do sources of no i se  o ther  than  loss tangent become l i m i t i n g .  
Figure B 
t h a t  t h e  th ickness  has been decreased t o  25 urn. 
of FET's with t h e  following s p e c i f i c a t i o n s  a r e  incl-uded. 

Figure A shows a curve of NEP vs .  de t ec to r  s i z e  
Only when t h e  s i z e  goes below 1 mm 

shows a curve f o r  pure TGS d e t e c t o r s  such as used on ITPR except 
I n  add i t ion ,  t h e  performance 

= 6~ 'DS ID = 100 p a  

= 0.3 pa 

= 50 V 

= 1 . 5  v 
= 150 Ma 

= 200 pmho 

e 10  Hz = 25 nv Hz 

e 100 M z  = 12 nv Hz 

'GS 

BvGSS 

'GS( o f f )  

IDS S 

yf s 
-1/2 

n 

n 
-112 

We use  a n  opera t ing  poin t  of 3 5 O C  f o r  t h i s  development. S t a r t i n g  with 
de t ec to r  s i z e ,  a 2 mm diameter annular de t ec to r  w i t h  an area of 0.0256 
which had a n  average r e spons iv i ty  of 700 V/W a t  25 Hz. I n  t h e  vo l t age  

ITPR 
2 cm 

mode 
r e spons iv i ty  i s  inva r i an t  with th ickness  but  v a r i e s  d i r e c t l y  wi th  frequency. 

s e r v a t i v e  because t h e  ampl i f ie r  r e l a t i v e  capacitance loading i s  less for t h i n  
de t ec to r s .  A t  3 5 O C  pure TGS has a re la t ive d i e l e c t r i c  constant of 75. This 
y i e l d s  a de tec to r  capacitance of 67.5 pf and a t o t a l  c i r c u i t  capacitance of 
77.5 p f .  
10 pf of input capacitance.  
conserva t ive ly  2 x 10-3 (ITPR w a s  1.65 x 10-3). 

We write t h e  following no i se  vol tages  

We can then  s ta te  a r e spons iv i ty  of 437.5 V/W a t  40 Hz. This  i s  very  con- 

Using t h e  above FET as t h e  input s t age  y i e l d s  an  ampl i f i e r  with about 
The loss  tangent a v a i l a b l e  for pure TGS i s  

42 nv Hz -1/2 

- 23 nv Hz -1/2 

- 10 nv Hz -1/2 

55 nv Hz -1/2 

l o s s  t a n  no i se  - 
vo l t age  noise  - 25 nv Hz 

cu r ren t  no ise  

load  r e s i s t o r  

rms t o t a l  

-1/2 

- e n NEP = F) -1/2 3.25 x lO-"W/Hz 
L L  v 
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For use i n  subse uent NE3 ca lcu la t ions  the detector  NEPs used 
were 1.2 x 10-l' W/& f o r  2 mm OD de tec tors  and 9 x 10-11 W / \ r .  
f o r  1.5 mm OD de tec tors .  This corresponds t o  t h a t  needed f o r  80 mm 
and 6 1 m  d i a  te lescopes and f .7 af t  opt ics .  Note t h i s  includes a 
safety f ac to r  of about 25% over t h e  best 10  pm u n i t  tested.  A good 
y ie ld  of useablc devices can be expected. The NEP i s  not expected t o  
degrade f o r  f numbers down t o  0.5. 

An overview of t he  pyroelectr ic  detector  s i t ua t ion  a t  t h i s  point 
revea ls  t h a t  t h e  performance exists t o  meet t h e  previously estimated 
TOVS requirements. 
t h a t  t h i n  de tec tors  work b e t t e r  than th ick  de tec tors  was ver i f ied  exp l i c i t l y .  
The data a l s o  shows t h a t  t he  various modifications of TGS are not much 
better than  pure TGS as far as  s e n s i t i v i t y  i s  concerned. 
material propert ies  of t h e  modified versions of TGS look very good, 
these same propert ies  are not always retained when fabricated i n t o  
ac tua l  elements. They do, of coursel have other advantages such as 
immunity t o  depoling and higher operating temperatures. 
TGS materials were found t o  be good de tec tors ,  i n  pa r t i cu la r  PbTi03 and 
SBN 50/50, but not good enough f o r  appl icat ion t o  t h e  TOVS. 
ruggedness and high temperature c a p a b i l i t i e s  recommend them f o r  more 
severe environments. 

a$ t o  t h e  space r ad ia t ion  suscep t ib i l i t y  of de tec tors  which might be 
flown on t h e  TOVS, The question of t o t a l  dose surv iva l  had bas i ca l ly  
been answered during ITPR t e s t i n g  ( f o r  TGS d e t e c t o r s ) ,  but t h e  magnitude 
of induced noise  was r e a l l y  an open question. Tests designed t o  simulate 
t h e  noise  s i t u a t i o n  showed t h a t  only nominal increases could be expected. 
Th i s  w a s  g rea t ly  re inforced by data from ITPR and VTPR i n  o r b i t  showing 
s i m i l a r  r e s u l t s .  What the  simulated tests showed w&s t h a t  t h i n  de tec tors  
are less suscept ible  than th i ck  de tec tors .  

The predict ion,  based on f i r s t  pr inc ip le  considerations,  

Although bulk 

Several  non- 

Their 

This program a l s o  addressed i tself  t o  obtaining b e t t e r  information 
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Sect ion  G - Detectors and Signal Processing 

?OST AMPLIE’ICATION 

The post amplif ier  has the  important function of shaping the frequency passband 
which, when properly designed, controls  scene-to-scene crosstalk.  

A thorough analysis  of t h i s  i s  developed i n  the  Analog Channel Report and 
Math Model Appendix. Because of t h e  l / f  noise cha rac t e r i s t i c s  of useable 
ampl i f i e r s  a chopping systcm mst be employed. Prac t ica l ly ,  s ince it i s  d i f -  
f i c u l t  t o  provide a stable detector  dc response, op t i ca l  chopping i s  very 
appropriate.  There are, of course, radiometric advantages t o  op t i ca l  
chopping as w e l l .  Now, i f  one assumes varying scene-to-scene i r rad iances ,  
i t  i.s seen t h e  detector  i s  exposed t o  rad ia t ion  having frequency components 
a r i s ing  from changing scenes as w e l l  as chopping. 
scene-induced frequencies must be separated or l a rge  e r rors  can arize i n  
subsequent demodulation. The post amplifier i s  a convenient place t o  sup- 
press t h e  scene-to-scene frequency components; gain i s  almost a by-product. 

illhe facing page indicates  some approximate waveforms which on first 
c-onsiderations would appear t o  y ie ld  e r ro r  free r e s u l t s .  
represent i s  a detector  amplifier system which has a f l a t  response. Two 
sit,uations must be discussed i n  view of at  least two detector  p o s s i b i l i t i e s .  

The de tec tors  fabr icated by Mullard L t d .  have thermal time constants of 
approximately 100msec. This r e l a t i v e l y  short  t i m e  constant i s  due t o  a f a i r l y  
t i g h t  thermal bond with a massive mounting header. It i s  almost i n  var ian t  
with pressure or type of gas i n  the  capsule. -43 amplifier zero located so as t o  
cancel t h e  thermal pole i s  a reasonable solut ion i n  t h i s  case. It must be done 
carefu l ly  because any lack  of f l a tnes s  i n  the  response around t h e  m a x i m u m  scene 
induced frequencies w i l l  r e s u l t  i n  scene-to-scene c ross ta lk .  

Detectors of t h e  ITPR construction had thermal t i m e  constants on t h e  ordei. 
of 2 seconds. Moreover, t he re  was considerable un i t  t o  un i t  var ia t ion ,  making 
cancel la t ion of t he  de tec tor  thermal t i m e  constant with an amplifier zero an 
individual  adjustment proposit ion f o r  each channel. Further, t h e  long t i m e  
constant i s  not stable w i t h  changes i n  t h e  state of vacuum i n  the capsule. To 
avoid t h i s  problem i n  the  ITPR program t h e  amplifier passband w a s  not designed 
t o  have a f l a t  response but rather the  low frequencies (below the  chopping 
frequency) were suppressed with an ex t ra  amplifier high pass coupling. 
coupled w i t h  an appropriate se lec t ion  of in tegra tor  start  times eliminated t h e  
problem. 
optimize t h e  amplif ier  passband t o  achieve a s i m i l a r  r e s u l t  with the  TOVS. 

about zero. This i s  a very spec ia l  case s t a t i s t i c a l l y  not l i k e l y  t o  happen; 
a random scene sequence w i l l  r e s u l t  i n  wandering de l e v e l s  which are acceptable 
as long as the  subsequent demodulation is  full wave. Since t h e  detectors  do 
not have a dc response t h e  dc leve l  w i l l  never get  out of control  f o r  any 
imaginable  sequence of scenes. 

One can consider a chopping arrangement where the re  i s  i n  e f f ec t  one 
chop per each scene ( a  5 Hz chop r a t e  i n  t h i s  case) .  Corrections f o r  t he  
lack of dc response could be made by clamping t h e  s igna l  during the  blocked 
beam period. The question of what i s  t h e  correct  l e v e l  t o  clamp t o  immediately 
a r i s e s  (1) because there i s  noise on the  detector  output,  and (2 )  t he  lack  of 
high frequency response i n  t h e  detector  d i s t o r t s  the  waveform so tha t  the  
reference plateau cannot be accurately ident i f ied .  
zation and adjustment of each de tec tor  and i t s  pre-amplifier can t h i s  be made 
t o  work. This i s  not consis tent  w i t h  an easy reproducibi l i ty .  Far worse 
is  the  s e n s i t i v i t y  of such f i n e  tuning t o  component d r i f t  and change w i t h  time 
and rad ia t ion  i n  space. 

Chopping-induced and 

What they i n  f a c t  

This,  when 

The prime purpose of developing t h e  math model (see appendix 3)  i s  t o  

The demodulator output for t he  a l t e rna t ing  scene case i s  symmetrical 

Only by individual  optimi- 
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Section 6 - Detectors and Signal Processing 

1~EMOl)L~lATION AND INTEGRATION 

1 r i  o i * d c ~  Lo i*e:tLizc t h e  low scene-to-scene memory e f f e c t  presented i n  the  previous 
:;w L i o n ,  h l l - w a v e  demodulation and in tegra t ion  i s  required.  - 

The reference f o r  demodulation i s  obtained from an auxi l ia ry  o p t i c a l  

Because of t h e  r e l a t i v e l y  small number of chops per scene ( i . e . ,  4 chops 
phase reference pickup located on t h e  chopper wheel. 

a t  40 Hz), t h e  chopper dr ive  and therefore  t h e  r e su l t an t  PRP must be phase 
locked t o  the  scan dr ive  timing. 
tolerance of - + 5.0° by t o t a l l y  d i g i t a l  means and i s  discussed i n  t h e  cont ro l  
s ec t  ion. 

per phase i n  which the  switches are driven by the  PRP and PRP s igna ls ,  
respect ively.  The most important requirement of the  phase s p l i t t e r  i s  
t h a t  t h e  inverted s igna l  not have an o f f s e t  re la t ive  t o  the  non-inverted 
s ignal .  If t h i s  dc symmetry i s  not maintained, then any residue of the slow 
scene induced component tha t  appears a t  t h e  post amplif ier  output w i l l  
produce e r ro r s  i n  t h e  output. 
formed by t h e  demodulator w i l l  quickly revea l  t h i s .  
as an  admixture of full-wave and half-wave demodulation; t h e  results are 
qu i t e  apparent. 

T h i s  can be accomplished within an acceptable 

The full-wave demodulator cons is t s  of a phase s p l i t t e e n d  a FET switche 

A review of t h e  mathematical operation per- 
Lack of symmetry appears 

Fourier Ser ies  Representations : 
a 

+ c (an cos n u t  + b s i n  n u t )  0 Signal ( e  ) = - 
S 2 n 

n = 1,3,5,7,0m* 
1 

PRP(eref) = C bn s i n  n u t  (fill Wave) 
... n .= 1,3,5,7, 

1 

- - -  A + zb s i n  n u t  ( ~ a l f  Wave) 2 n 
Forming t h e  products on a t e r m  by term bas+s r vea ls  t he  terms which contr ibute  
t o  t h e  desired output are of the form bnbn s i n  nut.  8 

b b '(l-cos2nwt) 

2 All other  products y i e ld  purely n n  T h i s  can be rewr i t ten  as: 
ac terms which are subsequently smoothed. 

i s  not zero; then there  i s  t h e  obvious product of (F) K (A) where K denotes 
t h e  s t rength of the  half-wave contamination. Pure f u l l  wave demodulation i s  needed. 

of course,  w i l l  never be exact ly  t rue .  
posi t ions and t h e  width of t he  PRP o p t i c a l  beam produce some uncertainty.  
The e f f ec t  of lack of time symmetry i n  t h e  PRP a l s o  adds a dc component t o  
i t s  series representat ion.  

A The exception i s  when t h e   term 
2 

a0 

It i s  assumed throughout tha t  t h e  PRP i s  per fec t ly  symmetrical which, 
Tolerances on chopper blade edge 

It is important t o  minimize any lack  of symmetry. 
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One of t h e  prime requirements imposed by meteorologists i s  t h a t  
there be independence between fields of view. I n  other words, a lack  
of scene-to-scene c ross ta lk .  
a rigorous inves t iga t ion  was conducted aimed at  establ ishing whether 
it w a s  b e t t e r  i n  in t eg ra t e  or  l o w  pass f i l t e r  subsequent t o  demodulation. 
Select ing the cutoffs  of various f i l t e r s  t o  meet the independence re- 
quirements yielded t h e  r e s u l t  t h a t  in tegra t ion  was  t h e  best. 

1/2T where T i s  t h e  in tegra t ion  in t e rva l .  

Pr ior  t o  and during t h e  ITPR program, 

The noise bandwidth of an in tegra t ion  type system comes out as 

Iter, t h e  noise r e j ec t ion  it o f f e r s  against  more d i sc re t e  types of 
te r fe rence  i s  less than ideal. Figure A shows t h e  amplitude vs .  
cquency response of a 40 Hz chopped system and a 50 msec in tegra t ion  
me. Figure B shows t h e  same r e s u l t  for a 75 msec integrat ion.  Note 
c difference i n  response t o  60 Hz fo r  t h e  two cases.  For t h e  sug- 
s ted  75 msec in tegra t ion  time grea te r  care  
om 60 Hz during ground checkout. Alternately,  the  clock frequency 
ring ground checkout could be changed s l i g h t l y  so 60 Hz would f a l l  

However, un l ike  a low pass 

w i l l  be needed i n  shielding 

n a n u l l  point.  
nterference i n  ITPR f o r  the same reason. But once i n  o r b i t  t h e  
hannel noise i n  f a c t  went below any a t ta ined  during checkout. 

he second harmonic of t h e  chopping frequency of 80 Hz. 

There existed some lack  of tolerance t o  60 Hz 

Both periods of in tegra t ion  presented provide a n u l l  response t o  
This i s  of 

Quite c l e a r l y  any in tegra t ion  over a non-integral 
course due t o  t h e  f a c t  t h a t  t h e  in tegra t ions  are over an in t eg ra l  
number of chops. 
number of chops is  invi t ing  disaster. 
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Section 6 - Detectors and S igna l  Processing 

ANA I ,OC MI1 LTI PLEXEH REQUIREMENTS 

A study or t h e  analog mul t ip lexer  requirements for TOVs was conducbed t o  deter -  
mine t h e  performance requirements and components t o  be used i n  t h e  cons t ruc t ion .  

Basic Requirement: A p rec i s ion  analog multiplexer i s  requi red  t o  provide 
the  means of t i m e  sharing of t h e  ADC between t h i r t y  e igh t  (38) input data 
sources.  Requirements imposed upon t h e  multiplexer are summarized i n  Table A.  
The e l e c t r i c a l  requirements are not very s t r i n g e n t  s ince  each of t h e  input  
data channels a r e  dr iven  from a low impedance source ( 0 . 1  s2 t y p i c a l )  and 
t h e  output i n t e r f a c e s  d i r e c t l y  wi th  a high input  impedance buffer. 

Approaches: 
were considered; i . e .  (1) junct ion  FET type and ( 2 )  MOS FET type .  
elements and assoc ia ted  d r i v e r  c i r c u i t s  for both  of t h e s e  approaches are 
d i f f e r e n t  and t h e r e f o r e  provide d i f f e r e n t  advantages and disadvantages. 
summary of t h e  MOS and JFET multiplexer c h a r a c t e r i s t i c s  i s  shown i n  Table B. 

A j unc t ion  FET type  multiplexer w a s  u t i l i z e d  on t h e  ITPR 
and exhib i ted  exce l l en t  performance c h a r a c t e r i s t i c s .  
s t a b l e  devices with good r a d i a t i o n  to l e rance ,  since t h e i r  c h a r a c t e r i s t i c s  are 
based on bulk conduction. The c o n t r o l  c i r c u i t r y  necessary t o  t u r n  t h e  
switches ON and OFF add components t o  t h e  bas ic  multiplexer which i s  a 
disadvantage i n  t h e  areas of r e l i a b i l i t y  and volumn. ON r e s i s t a n c e  of 
t h e  JFET is  low and reasonably cons tan t  a t  100 ohms. Temperature v a r i a t i o n s  
r e f l e c t  a chance i n  ON r e s i s t a n c e  of approximately 5 ohms. 

The MOS FET multiplexer u t i l i z i n g  a P channel, enhancement 
mode, monolithic , MOS FET switching element was considered. 
ca t ions  for  t h e  device inc lude ;  500 R ON r e s i s t a n c e ,  1000 MR OFF r e s i s t a n c e ,  
2.2pf input capacitance and l.0nA leakage cu r ren t .  
a v a r i e t y  of conf igura t ions  are a v a i l a b l e  including, fou r  (41, f ive ( 5 )  and 
s ix  (6)  analog switches per chip.  Advantages of t h i s  type  of multiplexer 
include, high packaging d e n s i t i e s ,  simple d r i v e  c i r c u i t  requirements, and 
no ex te rna l  b i a s ing  components. Although t h e  MOS FET i s  more s e n s i t i v e  t o  
r a d i a t i o n  than  t h e  JFET, it is  a s u i t a b l e  device for opera t ion  on t h e  TOVs 
instrument. 

Recommendation: The JFET type  mul t ip lexer  is  recommended f o r  t h e  TOVs 
experiment. 

a )  

Two ( 2 )  bas i c  approaches t o  synthesizing t h e  multiplexer 
The switch 

A 

Junction FET: 
JFETs are inhe ren t ly  

MOS FIE: 
Typical s p e c i f i -  

In t eg ra t ed  switches i n  

Fac tors  lead ing  t o  t h i s  recommendation are l i s t e d  below: 
Space savings advantage of the MOS FET multiplexer i s  not 
t o o  s i g n i f i c a n t  due t o  t h e  re la t ive small number of analog 
inputs  . 
Radiation to l e rance  of t h e  JFET g ive  it an advantage over t h e  
MOS FET, 
E l e c t r i c a l  performance c h a r a c t e r i s t i c s  and ope ra t iona l  re- 
l i a b i l i t y  of bo th  devices are adjudged t o  be equiva len t .  

b )  

c )  
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ITEM 

TABLE A : Multiplexer Requirements 

MOS FET 

Char a c t  er i st i c  s 

Analog S'oltage Range 

Type of Input 

Number of Data Point 

Number of Temperature Monitors 

Number of Special  Monitors 

Operating Mode 

H edundanc y 

Transfer Error, Maximum 
Power Consumption 

Sampling Rate 

ON Resistance 

OFF Resistance 

Requirements 

+ l0VDC t o  -1oVDc 
Analog Voltage, Single  Ended 

1 4  
23 
1 

Sequential  

Non-Redundant 

0 .1  mV 
0.2 Watts 

2.0 ms/channel 

500 52,  max. 

100 52, min. 

TABLE B: Comparison of MOS & JFET Charac ter i s t ics  

+ l O v D C  t o  -1ovDc Input Voltage Range 
( TOVs Requirement ) 

Type of Analog Switch 

Type of Driver 

Number of Bias Components 

Relat ive Power (OFF/ON) 

Relative Volume 

Switch Resistance ( O N )  

1 ,eitkuge Curr ent  @25OC 

Pt*~~rc~ l rdown  Voltage 

P Channel 
Enhancement Mode 

Integrated Ci rcu i t  

None 

3mw/25mw 

500 a 
1 

l.0nA 
35 VDC 

JFET 

+lOvDC t o  -1ovDc 

N Channel 
Depletion Mode 

Discrete  Component 

2 

1 mw/32mw 
6 
100 52 

0.lnA 
40 VDC 
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Section 6 - Detectors and Signal hrocessing 

CH. NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

30 
11 
12 
13 
14 
1 5  
16 

b 

ANALOG MULTIPLEXER DESCRIPTION 

A twenty (20) channel prime multiplexer coupled w i t h  a twenty-four (24)  channel 
submultiplexer w i l l  provide t h e  necessary TOVs analog gating. 

Multiplexer Configuration: A simplif ied block diagram of t h e  analog 
multiplexer i s  shown i n  Figure A, and cons is t s  of a twenty (20) point prime 
multiplexer,  a twenty-four (24) point submultiplexer, and associated control  
log ic .  Sampling rate f o r  t h e  prime multiplexer i s  1 0  sps/channel, while t h e  
subcommutated channels are sampled a t  a 10/12 sps/channel. 
submultiplexers are arranged i n t o  two gat ing s t ruc tures ,  each of which has 
i t s  own respective amplifier.  

Prime Multiplexer: 
analog prime multiplexer.  
groups w i t h  four ( 4 )  switches/group. 
nected together a t  a common mode and provide t h e  switching t o  connect one (1) 
switch from t h e  f i rs t  l e v e l  t o  t h e  multiplexer output. 
provides some advantages i n  f a i l u r e  mode e f f ec t s ,  reduces e r ro r s  due t o  
leakage cur ren t ,  and provides some sharing of switch dr ives .  

while channels 15  and 16 are dedicated t o  submultiplexer A and B. 

each a re  required t o  commutate t h e  twenty-four (24)  instrument monitor 
points.  
l e v e l  switches are connected t o  form two ( 2 )  groups of gates  consis t ing 
of s i x  ( 6 )  switches/group. Second l e v e l  switching i s  used t o  se l ec t  one 
of t h e  f i r s t  l e v e l  groups. Amplifiers are required t o  provide gain for  
t h e  precision temperature bridges and buffer i so l a t ion  f o r  the  thermister 
monitors. 

Note t h a t  t he  

A 4 x 4 matrix configuration is  recommended f o r  t h e  
F i r s t  l e v e l  switches are arranged as four ( 4 )  

Second level switch outputs are con- 

This configuration 

Channel numbers 1 t h r u  1 4  are reserved f o r  the  infrared energy data, 

Submultiplexer : Two ( 2 )  submultiplexers consis t ing of twelve (12) channels 

A two l e v e l  switching matrix of s i z e  6 x 2 is recommended. F i r s t  

Sampling Format: A recommended sampling format i s  tabulated 
below: 

~ -~ 

DATA 
I R  Channel 1 
I R  Channel 2 
I R  Channel 3 
I R  Channel 4 
I R  Channel 5 
I R  Channel 6 
I R  Channel 7 
I R  Channel 8 
I R  Channel 9 
I R  Channel LO 
I R  Channel 11 
I R  Channel 12 
I R  Channel 13 
I R  Channel 1 4  
Subcormnutator A 
Subcommutator B 

NOTE : 

1) Subcommutator A cons is t s  
of 12 channels of 
temperature monitors 
denoted as TML-TMl2. 

2 )  Subcommutator B cons is t s  
of 11 channels of 
temperature monitors 
denoted as TMl3-TM24, 
p lus  t h e  bridge 
exc i ta t ion  vo l t  age. 
Refer t o  t h e  in te r face  
document f o r  addi t ional  
i n f  oma t  i on. 
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Section 6 - Detectors and Signal Processing 

ANALOG MULTIPLEXER CIRCUITS 

Analog multiplexer c i r c u i t s  a re  w e l l  defined and use t h e  same type of components as 
t h e  ITPR instrument. Errors contributed by t h i s  c i r c u i t r y  i s  negl ibible .  

General: 

Note t h a t  t h e  f i r s t  l e v e l  switch uses a r e s i s t o r  diode network t o  control  

Analog Switch: 

A s ingle  path t h r u  t h e  analog multiplexer i s  shown i n  Figure A t o  
i l l u s t r a t e  t h e  first and second l e v e l  switch c i r c u i t s  and a t y p i c a l  switch dr iver .  

the  Fet while a boot s t r a p  connection i s  recommended for  t h e  second l e v e l  switch. 
The bas ic  switch element i s  an N channel, s i l i c o n ,  junct ion,  

f i e l d  e f f ec t  t r a n s i s t o r  , par t  number 2N4393. 
cha rac t e r i s t i c s ;  including R ( O N )  of 100 m a x i m u m ,  V of -3Vdc max. , I (OFF) of 

0 . 1  nA @ 25'C, and BV 

a re  a l s o  acceptable. 
longer a d i f f i c u l t  t a sk .  
conditions : 

This device has exce l len t  e l e c t r i c a l  

DS P D 
of -40 V minimum. Alternate devices of equivalent qua l i t y  

Gs 
Select ion of a high qua l i ty ,  space qua l i f i ed  p a r t  i s  no 

Control of t h e  switch i s  provided by es tab l i sh ing  these 

Switch On: vg = vs 

Switch O f f :  vg < vs (min) -vP 

Switch Driver: A two s tage t r a n s i s t o r  switch d r ive r  i s  used t o  t r a n s l a t e  t h e  
matrix control  s igna ls  from log ic  l eve l s  ( 0  t o  +5 Vdc) t o  voltages of -20 Vdc 
( O F T )  t o  +l5 Vdc ( O N ) .  
commended because of  t h e  low power consumption cha rac t e r i s t i c .  Integrated c i r -  
c u i t  type dr ivers  were consisted; but  were rejected.  

i s  required at t h e  output of t h e  prime multiplexer.  An in tegra ted  operat ional  
amplif ier ,  Ty-pe LKi08 i s  recommended. 
low b ia s  cur ren ts  and low power consumption considerations.  
a t  3.0 mV m a x i m u m  dc o f f s e t  and typical. drifts  of 3.0 pV/OC; b i a s  current i s  
3.0 nA m a x i m u m ,  and dc o f f s e t  current  i s  0.4 nA with a TC of 2.5 pA/OC. 
consumption i s  40 mW maximum.  

Multiplexer Errors :  The analog multiplexer contr ibutes  e r ro r s  which degrade 
t h e  qua l i t y  of t h e  analog data.  Main e r r o r  sources include JFet ON r e s i s t ance ,  
leakage current ,  cross  t a l k ,  o f f s e t  current d r i f t  and o f f s e t  voltage d i r f t  due t o  
t h e  buf fer  amplifier.  Errors were computed; t he  r e s u l t s  of which summarized below: 

Circui t  i s  s i m i l a r  t o  t h e  one used on t h e  ITPR and i s  re-  

Buffer Amplifier: A precis ion,  uni ty  gain,  voltage follower type amplifier 

This choice was based upon o f f s e t  s t a b i l i t y ,  
The LMl08 i s  specif ied 

Power 

Error Source Value 

a. Error due t o  d e l t a  change of rds  0.006 mV 
b. Error due t o  o f f s e t  current of AL 2.4 ).lv 
c .  Error due t o  o f f se t  voltage of Al 0.09 mV 
d. Error due t o  leakage currents  of switches 2.4 pV 
e. Error due t o  cross  t a l k  t h r u  switches 1 . 2  pv 
TOTAL ERROR (LINEAR SUM) 0.113 mV 
TOTAL RMS ERROR 0.091 mV 

(0.0009% FS) 
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Section 6 - Detectors and Signal Processing 

ANALOG-TO-DIGITAL CONVERSION METHOD 

Evaluation of severa l  conversion techniques shows t h a t  t h e  successive approximation, 
trail, current type converter,  u t i l i z i n g  an o f f se t  binary code i s  t h e  most su i t ab le  
ror t h e  TOVS instrument. 

General Requirement: Analog da ta  generated within t h e  TOVS system must be 
converted t o  a d i g i t a l  number f o r  subsequence data transmission. 
t h r u  the  ADC includes a l l  in f ra red  energy channels, selected temperature monitors, 
and ca l ib ra t ion  voltages.  

Conversion Methods: Several d i f f e ren t  approaches t o  performing t h e  conver- 
s ion were invest igated,  including 1) dual slope in tegra t ion ,  2)  ramp comparator, 
and 3) successive approximation. 

The dual slope in tegra t ion  technique i s  a very accurate conversion method. 
A two s t ep  in tegra t ion  process i s  employed where t h e  analog input i s  integrated 
f o r  a f ixed t i m e  T1, after which the  integrated i s  discharged at a precis ion r a t e  
over t h e  period T2. A measurement of t h e  t i m e  i n t e rva l  T2 y i e l d  the  d i g i t a l  value 
of t he  analog input.  The major cha rac t e r i s t i c s  of  t h i s  type of converter a re  
l i s t e d  below: 

Data processed 

0 Yields a very accurate conversion value. 
0 Very insens i t ive  t o  noise,  
0 Uti l izes  very simple c i r cu i t ry .  
0 Consumes very l i t t l e  power. 
0 Relat ively slow conversion r a t e .  
While t h i s  conversion technique has many good cha rac t e r i s t i c s ,  t he  slow con- 

version rate i s  not compatible with t h e  TOYS requirement. This cha rac t e r i s t i c  
eliminates the  dual slope in tegra tor  type ADC. 

proportional t o  t h e  input voltage provides the  conversion value. Conversion rate 
i s  faster than t h e  dual slope technique, but i s  slower than t h e  TOVS requirement. 

mode and ( 2 )  current mode. 
of t h e  dual-slope and ramp comparators but a r e  more complex than e i t h e r .  
parison of t h e  current and voltage mode conversion technique i s  shown i n  Table A. 
The ADC used on t h e  ITPR provides an example of the vol tage mode technique, while 
the  current  mode converter i s  modeled after t h a t  employed on t h e  ERB program. 
The main differences between them i s  t h e  D/A method used t o  develop t h e  t r a i l  
voltage/current s teps .  

type i s  recommended fo r  use on t h e  TOVS. An o f f se t  binary code i s  recommended i n  
l i e u  of t h e  sign magnitude i n  order t o  eliminate t h e  absolute value amplif ier  and 
obtain gains i n  accuracy and s implici ty .  

The ramp comparator i s  similar t o  t h e  slope in tegra tor  i n  t h a t  a t i m e  i n t e r v a l  

Two ( 2 )  successive approximation techniques were considered; i . e . ,  (1) voltage 
Both of these techniques overcame t h e  speed l imi t a t ions  

A com- 

Recommended Conversion Method: The successive approximation, current surmdng 
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ITEM 

FIGURE A:  TOVS & ITPR ADC CHARACTERISTICS 

Input Volt age Range 

Number of B i t s  

Output Code 

I Conversion Method 

B i t  Trial Period 

Power Consumption 

Rela t ive  Volumn 

ITPR CONVERTER 

+10 Vdc t o  -10 Vdc 

11 B i t s  
(10 Data + Sign)  

S i  gn/Magni tude  

Successive Appr oxi- 
mation, Trial Voltage 

1.0 ms 

2.10 Watts 

1.0 

TOVS CONVERTER 

+LO Vdc t o  -10 Vdc 

E2 B i t s  

Offset Binary 

Successive Approxi- 
mation, "rail  Current 

125 u s / B i t  

0.95 Watts 

0.9 



:;ccLion 6 - Detectors and S i g n a l  Processing 

ADC ERROR ANALYSIS 

C i r c u i t r y  employed i n  t h e  analog t o  d i g i t a l  converter w i l l  con t r ibu te  an  e r r o r  
of l e s s  than  0.032% t o  t h e  encoded value under t h e  worst case  conditions.  

A comprehensive e r r o r  a n a l y s i s  has been performed on a l l  ADC c i r c u i t s .  
T h i s  work, toge ther  with a l l  supporting data and computation i s  on f i l e  a t  
Gulton D a t a  Systems Divison. 
r e p o r t ;  however, a summary of t h e  r e s u l t  i s  shown i n  Table A of t h e  ad jacent  
Page * 

c a s e  value of 0.0889% of f u l l  s c a l e  or 8.89 mV. 
approach t o  error. 

ol' O.O',&% of' f u l l  s c a l e  or 5.8 mV. 
HM:; value  and i s  computed for severe  environmental conditions and w i d e  
v a r i a t i o n s  of c i r c u i t  component t o l e rances .  

and t o  ob ta in  t h e  system e r r o r  v i a  t h e  RMS summation approach. 
computation y i e l d s  values of 0.032% of f u l l  s c a l e  or  3.2 mV absolu te .  
A very  reasonable number. 

The background work i s  not included i n  t h i s  

A l i n e a r  summation of a11 t h e  t abu la t ed  e r r o r s  y i e l d s  a m a x i m u m ,  worst 
This  i s  a very  pess imis t i c  

The  RMS summation of a l l  t h e  tabula ted  e r r o r s  y i e l d s  a max imum va lue  
This f i g u r e  i s  t h e  worst case  maximum 

A more r e a l i s t i c  ca se  i s  t o  compute t he  RMS which occurs i n  each c i r c u i t  
This 
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TABLE A Tabulation of ADC Errors 

ERROR SOURCE 

Offset  Voltage Match (Switches) 
TC of Tracking (Switches) 
Leakage Current (Switches) 
Tolerance & TC ( Resis tors  ) 

B i a s  Current 
O f f  s e t  Volt age D r i f t  
S e n s i t i v i t y  Error 
Long Term D r i f t  

To ta l  Error (Lineax Sum) 

Input Voltage Changcs 
TC of Reference Diode 
TC of Zener Current 
Offset  Drift of Current Amplifier 
Long Term D r i f t  

Total  Error (Linear Sum) 

System Error (RMS) 

ERROR, 

0.0166 
0.0100 
0.0025 
0.0213 

0.0504 

0.0025 

0.0005 
0.0175 

0.0255 

0.0050 

0.0001 
0.0010 
0.0040 
0.0049 
0.0030 

0.0130 

0.058 
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:;c:cLion 6 - Detectors  and S igna l  Processing 

D E S C R I P T I O N  OF THE ADC CIRCUITS 

The N)C i s  comprised of p rec i s ion  analog c i r c u i t s  designed wi th  i n t e r g r a t e d  
networks and supplemented where necessary with d i s c r e t e  components. 

t ieneral  Descr ipt ion:  A s impl i f i ed  block diagram of t h e  ADC i s  shown 
on 1,he ad jacent  page and c o n s i s t s  of an input  b u f f e r  ampl i f i e r ,  a p rec i s ion  
rei’crence supply,  l adder  network, comparator c i r c u i t  and c o n t r o l  l o g i c .  

Quad Current Switches and Resister Network C i rcu i t :  Three quad cu r ren t  
switches,  a p rec i s ion  resister network and an ampl i f i e r  a r e  used t o  genera te  
accura te  b inary  weighted c u r r e n t s .  
work and three quad cu r ren t  switches are HCN-28 (Hy Comp) , ICL8018A ( I n t e r s i l )  , 
I(:Ijt3O19A and T C L 8 0 2 0 A  r e spec t ive ly .  
:in M l O O  or equiva len t  p a r t .  

resisters of cu r ren t  switching t r a n s i s t o r s  i s  obtained.  This i s  done by 
using t h e  r e fe rence  t r a n s i s t o r s  of quad wi th  an ope ra t iona l  ampl i f i e r  and 
a high p rec i s ion  cu r ren t  source.  
currenL of t h e  r e fe rence  t r a n s i s t o r  (Q6) i s  equal  t o  V R E F / ( R ~  + R 8  + R9). 
‘[’he ampl i f i e r  output  vo l t age  i s  forced  t o  be  equal  t o  t h e  value of t h e  
base vol tage  necessary t o  make t h e  emi t t e r  c u r r e n t  of Q6 equal  t o  IREFx (1 + B ) / B .  
The base cu r ren t  i s  suppl ied by t h e  ampl i f i e r  ou tput .  Since t h e  bases  of a l l  
e l e v e n  cu r ren t  switching t r a n s i s t o r s  are t i e d  t o  t h e  base of Q6 and t h e  
switching t r a n s i s t o r s  t r a c k  t h e  r e fe rence  i n  B and VBE, t h e  vo l t age  drops 
:icross emi t t e r  resisters are equal .  

a t  t h e  emitter, t h e  quads gene ra t e  exact  b i t  cu r ren t s .  To maintain t h e  
progression of b inary  weighted b i t  c u r r e n t s ,  a s e t  of four  matched resisters 
(lOK, 20K, 40K and 8 0 ~ )  i s  used a t  t h e  switching t r a n s i s t o r  of each quad 
and t h e  cu r ren t  ou tputs  of t h e  second and t h i r d  quads are p r e c i s e l y  a t t enua ted  
by 1/16 and 1/256 r e spec t ive ly .  

c o n s i s t s  of a s t a b l e  r e fe rence  diode and a p rec i s ion  r e s i s t e r .  
genera tes  a r e fe rence  c u r r e n t  of 125 p amps. 

c o e f f i c i e n t  of .OOO’j%/oC and t . c .  of t h e  p rec i s ion  r e s i s t o r  R 7  i s  5 ppm/OC. 
Due t o  t h i s ,  e r r o r  i n  t h e  r e fe rence  cu r ren t  i s  less than  0.01% over t h e  
opera t ing  temperature  range of O°C t o  4OoC. 

A stable, p rec i s ion  vo l t age  source i s  provided by t h e  p o s i t i v e  vo l t age  
r e g u l a t o r ,  which uses  an LMlO5 in t eg ra t ed  c i r c u i t .  I t s  func t ion  i s  t o  t a k e  
t h e  +15 VDC unregulated vo l t age  d i r e c t l y  from t h e  TOVs power supply and t o  
output  a stable +12 VDC. 

I n  t h e  c i r c u i t ,  t h e  output  vo l t age  is  set by Res i s to r s  R3 and R 5 .  
With a proper s e l e c t i o n  of t h e  r e s i s t o r  va lues  of R3 and R 5 ,  exac t  +10 v o l t s  
output  is  obtained.  Res i s to r  R 1 ,  connected between c u r r e n t  l i m i t  and output  
te rmina ls  of t h e  LMl05, provides  t h e  s h o r t  c i r c u i t  p ro t ec t ion .  Capacitor C 1  
i s  t h e  frequency compensating capac i to r  and it s t a b i l i z e s  t h e  LMl.05. C2 
on t h e  r e fe rence  by-pass t e rmina l  he lps  t o  reduce t h e  output  no ise .  

Recommended p a r t  numbers for r e s i s t e r  net-  

In t eg ra t ed  ampl i f ie r  A 1  should be  

I n  t h e  c i r c u i t ,  a s t a b l e  cons tan t  vo l t age  drop ac ross  a l l  eleven emi t te r  

By ampl i f i e r  feedback theory  t h e  c o l l e c t o r  

because of t h e  cons tan t  emitter vo l t age  drops and t h e  p r e c i s i o n  resisters 

P rec i s ion  Reference Source: The r e fe rence  cu r ren t  genera tor  c i r c u i t  
The c i r c u i t  

The r e fe rence  diode C R 1  used i n  t h e  c i r c u i t  has a vo l t age  temperature 
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Compru-ator C i r c u i t  : An in t eg ra t ed -c i r cu i t  comparator i s  recom- 
Iiwnded. National Semiconductors LM-11lH w i l l  perform t h i s  func t ion .  
Spec i f i ca t ions  f o r  t h i s  device  inc lude  low b i a s  cu r ren t  (0.06 p A ) ,  
good vol tage  ga in  (200 V/mV) , low input  o f f s e t  cu r ren t  (0 .04 p A )  
maximum, and low power consumption (80 mW). Response t ime i s  not 
Loo impressive ht 2GO n s ;  bu t  t h e  s e n s i t i v i t y  and s t a b i l i t y  about 
t h e  threshold  l e v e l  more t h a n  compensate f o r  t h e  slower speed. 

used t o  improve t h e  comparator response.  Res i s to r  R8  provides p o s i t i v e  
feedback which produces h y s t e r i s i s  i n  t h e  t r a n s f e r  c h a r a c t e r i s t i c .  
T h i s  h y s t e r i s i s  i s  required to reduce t h e  s e n s i t i v i t y  of t h e  comparator 
Lo t h e  input  no ise .  

I n  t h e  c i r c u i t ,  two clamp d iodes ,  CRl and CR2, at  t h e  input  are 

I 

I O F F S E T  

I 
1 

CONTROL L O G I C  - , I.‘ I ’- I I ,411 ) 

Figure A 
ADC OUTPUT ADC Block D i a g r a m  
( 1 2  B I T S )  
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I i A D l A T I  ON CONS IDERATI ONS 

Radiation simulation tests as w e l l  as da ta  from ITPR and VTPR i n  o r b i t  show a small 
noise increase over port ions of the  o r b i t .  Total  dose survival  i s  not a problem as 
evidenced by e lec t ron  bombardment tests on ITPR and constant ca l ib ra t ions  i n  o r b i t .  

There are two d i s t i n c t  e f f e c t s  on t h e  pyroelectr ic  detector /amplif iers  due 
t o  inner Van-Allen rad ia t ion .  Both a r e  t r ans i en t  e f f e c t s ,  and both defy shielding 
w i t h i n  any reasonable l i m i t s  of space and weight. One i s  the  noise increase due 
t o  conductivity changes i n  and on (bulk and surface e f f ec t s )  t h e  de tec tors  and 
semiconductors due t o  bremsstrahling, t h e  x-ray production due t o  t h e  decelerat ion 
of <5  Mev e lec t rons .  This amounts t o  an approximate 20% increase i n  t h e  noise 
l e v e l  of the detector /amplif ier ,  over t h e  range of expected inner Van-Allen b e l t  
e lectron flux and spectrum. The other e f f ec t  i s  noise spikes due t o  >45 Mev 
protons, occurring randomly from a few per second t o  once per few seconds. These 
spikes may be bes t  handled by ignoring the  e r r an t  da t a  point .  
shows t h i s  i s  a va l id  procedure f o r  t h e  high gain Q branch channel i n  pa r t i cu la r  

m e n t a l l y .  See t h e  Appendix on Radiation Effects  fo r  d e t a i l s  of t h e  ana lys i s  
and experimental data. The most s ign i f i can t  f inding i n  t e s t s  performed w a s  t h a t  
t h in  de tec tors  a r e  less suscept ible  than th i ck  de tec tors .  This supports the  
recommendation coming from t h e  other noise evaluations t h a t  t h e  TOVS should use 
t h e  th innes t  p r a c t i c a l  detector  elements. 

where conductivity modulation may occur with incident  r ad ia t ion ,  impedances are 
at safe low l eve l s .  Even i f  t h e  off  impedance of a switch degrades, l i t t l e  or no 
error occurs because t h e  source impedance of other po in ts  tying t o  t h e  mode are 
so low ( a n  op amp output)  t h a t  no e f f ec t  i s  t o  be expected. Amplifier gains are 
r e s i s t i v e l y  determined and are near ly  oblivious t o  t r ans i en t  e f f e c t s  i n  t h e  con- 
s t i t u e n t  operat ional  amplif iers .  

Data from o r b i t  

Both of these e f f e c t s  have been deduced ana ly t i ca l ly  and v e r i f i e d  experi- 

I n  other portions of t h e  analog channel, such as t h e  multiplexer and ADC 
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Section 7 - Scanner Subsystem Design 
Subsection - Surmnary 

REVIEW OF OBJECTIVES AND REQUIREMENTS FOR TKE SCANNER DESIGN AND TEST PROGRAM 

A scan mechanism design and test program was conducted as part of the Basic 
Sounder Unit (BSU) instrument study with the objective of establishing a scanner 
design that is compatible with the BSU instrument and that meets performance 
specifications. Following the design selection, a laboratory mockup of the 
scanner (including electronics) was built and tested. 

The BSU is part of the TIROS Operational Vertical Sounder (TOVS), an 
TOVS, in instrument system that will be flown on the TIROS-N spacecraft. 

turn, is part of an operational meteorological data gathering system that has 
a performance requirement of two years. As a consequence of the operational 
li€etime, as well as the instrument mission, the scanner subsystem must meet 
the requirements listed in the table on the facing page, with respect to 
performance, physical characteristics, and environmental factors. This topic 
discusses those overall requirements and the major considerations in meeting 
them. 

meters of the scan program and from the mirror characteristics. The scan 
mirror, which is designed for accurate manufacture and optical stability, has 
certain physical characteristics. However, for the purpose of the scanner 
design, the only characteristic necessary to consider is the moment of inertia, 
since it is this feature of the mirror that affects scanner performance. 
other scanner performance requirements resulted from the scan program study; 
they represent scanner output functions which must be achieved. 

by space, weight, and power requirements implied by the BSU instrument system 
design. 
stresses which the BSU instrument will experience. 

performance, it is specified performance which has the greatest impact upon 
design feasibility. Accordingly, it was the performance requiremente which 
primarily were addressed by the scanner study. 
t h a t  it was more important to simulate scanner dynamics rathcr than bc an C X W L  
copy of flight hardware. 

Of significance 
to the hardware design was the experience gained from building, testing, and 
flying the ITPR instrument, which had many requirements similar to those of the 
BSU.  
optimize scanner subsystem hardware based upon ITPR experience, and to define 
requirements for scanner components. 

The scanner performance requirements were derived from the given para- 

The 

The physical characteristics of the scanner subassembly are impacted most 

The environmental requirements are derived from the testing and service 

Although a11 requirements are important and affect successful scanner 

This emphasis also dctermiticd 

Hardware requirements were also addressed by the study. 

Accordingly, the design phase of the scanner study was an opportunity to 
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SCANNER mQtl1~m~NT's 

The s t e p ,  dwell ,  and r e t r a c e  requirements are extremely c r i t i c a l .  

Performance 

0 I n e r t i a  Load 25.2 gm cm2 a t  motor 

0 Step Angle and Accuracy 1.125" kO.1" 

0 Step and Se t t l e  Time 50 ms 

a Retrace Speed 100 s t e p s / s  

0 Angular Range 360" 

Physical  C h a r a c t e r i s t i c s  

0 Space Envelope 

0 Weight 

a Drive Power 

11.25 i n . d i a  x 15 in.  long 

2.5 lb* 

8 W* 

E nv i r o  nmen t a 1 

0 Operating Temperature Range -25°C t o  +70°C 

0 Accelera t ion  22 

0 Vibrat ion 5 - 2000 Hz Sine ,  10 g a l l  axis 
20 - 2000 Hz Random, 20 g runs 

* Design Goals 
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S e c t i o n  7 - Scanner Subsystem Design 
Subsec t ion  - Summary 

NATURE OF SCAN PATTERN AND SEQUENCE 

The scan p a t t e r n  requirements  f o r  t h e  TOVS-BSU can  be de r ived  almost uniquely from 
Llic' iiccd l o r  complcte geographical  coverage, t h e  d e s i r e d  F ie ld  of view, g r i d  s i z e ,  
:ind o r l ~  i t:t  I pc'riocl . 

SpcciFied Kequirements. The TOVS instrument  must have a scan  p a t t e r n  which 
provides  complete geographical  coverage. The des ign  s h a l l  inc lude  s e l e c t i o n  of 
scan dwell  t i m e ,  space and housing blackbody viewing pe r iods ,  and scanning t r a n s i t  
times. 
FOVs) o r  less i n  a square  area. The scan  g r i d  p r o j e c t i o n  on t h e  e a r t h ' s  s u r f a c e  
s h a l l  cover  a geographic area whose dimensions are nominally 400 x 400 Ian, based 
on a s a t e l l i t e  a l t i t u d e  of 1678 km. The scan  t r a n s i t  t i m e  w i l l  be chosen t o  a l low 
success ive  scan g r i d s  t o  be sepa ra t ed  by no more than  one f i e l d  of view based 
upon a s a t e l l i t e  ground speed of 5 .56  km/s. 
r eg ions  ex tending  o u t  t o  a t  l eas t  36 F O V s  on each s i d e  of t h e  s p a c e c r a f t  t r a c k .  
The maximum area ove r l ap  of  t h e  99-percent FOV l i m i t s  s h a l l  n o t  exceed t h r e e  per -  
c e n t  of t h e  ins tan taneous  FOV ( I F O V )  area f o r  e lements  i n  success ive  scan  s t r i p s .  

Derived Kequirements. Based upon a nominal 120-minute o r b i t a l  pe r iod ,  f u l l  
g l o b a l  coverage r e q u i r e s  t h a t  t h e  angle  subtended by a scan l i n e  a t  t h e  e a r t h ' s  
c e n t e r  be 30". 
presented  on t h e  f ac ing  page. S o l u t i o n  t o  t h e  geometry y i e l d s  a va lue  of (b = 41 .06  
degrees  Seventy-two I F O V s  of 1.125 degrees  can  be obta ined  i n  an  81-degree scan  
l ine .  Therefore ,  d a t a  w i l l  be sampled from 36 I F O V s  on each s i d e  o f  n a d i r ,  c o r r e s -  
ponding t o  a scan p a t t e r n  of 440.5 degrees .  The area subtended by t h e  I F O V  a t  t h e  
ends OF the  scan w i l l  resemble an e l l i p s e .  The minor d iameter  of  t h i s  e l l i p s e  w i l l  
determine the  l i n e - t o - l i n e  spac ing  w i t h i n  a 400-Ian square  g r i d .  Geometric 
c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  proper  number of  scan  l i n e s  f o r  cont iguous coverage 
a t  t h e  edge of t h e  scan  i s  8.22 scan  l i n e s  p e r  400 km. The number of scan l i n e s  
m u s t  be a whole number. I f  e i g h t  l i n e s  are s e l e c t e d ,  s i g n i f i c a n t  gap between scan 
l ines w i l l  occu r .  I f  n ine  l i n e s  are chosen, then  t h e r e  i s  some ove r l ap  a t  o u t e r  
LFOV of the scan wi th  l e s s  gap a t  n a d i r .  Th i s  would be the  p r e f e r r e d  scan coverage.  

Ver t i ca l  raster of the g r i d  i s  generated by t h e  forward v e l o c i t y  o f  Llic ~ p u c e -  
crafL.  

Each scan  g r i d  s h a l l  be  comprised of approximately 80 scan  elements  (1.125' 

The TOVS s h a l l  sample d a t a  from 

Scan ang le  about n a d i r ,  4, i s  determined then  by t h e  geometry 

= 5 .56  km/s - 
"F - 120 x 60 

T i m e  r equ i r ed  t o  cover  400 km i s  

- - -  - 400 - 72 s 
g r i d  5.56 

I: 

T i m e  r equ i r ed  t o  advance 1 scan  l i n e  i s  e i g h t  seconds.  Th i s  scan  time a l lows  
s a t i s f a c t i o n  of t he  maximum t h r e e  p recen t  area ove r l ap  of i n s t an taneous  99 pe rcen t  
FOVs i n  success ive  scan  s t r i p s .  -- __ 
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EARTH SURFACE 

1678 km 
ALTITUDE 

EARTH SURFACE 

U EARTHCENTER 

Scan Geometry Related t o  Earth-Spacecraft Relationship Scan Geometry Related t o  Earth-Spacecraft Relationship 
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Sec t ion  7 - Scanner Subsystem Design 
Subsection - Summary 

IMPACT OF SCAN SEQUENCE ON SCANNER DESIGN 

TIic  'I'OVS instrtiiiwnt scanning  sequciicc is  thc s ingle iiiosr important f a c t o r  n f € e c t i i i g  
111~. t l t ~ s i ~ * . i i  0 1  t l i c  sctmiic'r. '1'0 c'ovci- tlic dcsLrcd f i e l d ,  t l r c  scnnncr milst pc.rforiii 
riipid stc.pping riiidcr f ixcd control , w i t h  f ixed  tiniiiig. The t i m c  a l l o t t e d  f o r  scene 
vicwjtig a f f e c t s  the remaining timc a v a i l a b l e  f o r  s tepping  and s e t t l i n g ,  and thus 
tinpacts scanner dynamics. 

The scanning program has t h r e e  d i s t i n c t  phases: s tep-dwell ,  retrace, and 
c a l i b r a t e .  The t iming of each of  these  func t ions  i s  shown i n  the  f i g u r e .  One 
s tep-dwell  cyc le  i s  of 100-ms dura t ion ,  and c o n s i s t s  of  a dwell  per iod of 75 m s  
followed by a s t ep -and- se t t l e  period of 37.5 m s  . The chopper func t ion  i s  shown 
t o  the  same t i m e  base t o  i l l u s t r a t e  the  synchronizat ion of scanning, chopping, and 
s i g n a l  i n t e g r a t i o n .  
t h r e e  re ference  chops. The s t e p  i s  i n i t i a t e d  during a chopper re ference  phase 
when the  scene i s  blocked, so the  amount of d a t a  l o s t  during scanner s tepping  i s  
minimized. 

s t e p s ,  o r  7 .2  s a t  100 m s / s t e p .  An a d d i t i o n a l  800 m s  i s  allowed f o r  r e t r a c i n g ,  
br inging  the  t o t a l  a l l o t t e d  time f o r  one scan l i n e  t o  8 .0  s .  Since t h e  scanner 
d r i v e  input  f o r  r e t r a c i n g  i s  100 pps, the  72-step i n t e r v a l  i s  a c t u a l l y  r e t r aced  
i n  only 72 m s ,  l eav ing  an 8-ms cushion before  the  next scan l i n e  i s  begun. 

The t h i r d  i l l u s t r a t i o n  i n  t h e  f i g u r e  shows the  scanner sequencing f o r  a 
complete da t a  g r i d  of 32 scan l i n e s  as w e l l  a s  how the  c a l i b r a t i o n  func t ions  f i t  
i n t o  the  scan  program. Ca l ib ra t ion ,  which i s  performed a t  t h e  end of each scan 
g r i d ,  c o n s i s t s  of a space look and a housing blackbody look. The space look, i n  
t e r m s  of scanner r o t a t i o n a l  angle ,  i s  70 degrees above nad i r ;  t he  housing black-  
body look i s  180 degrees above nad i r .  

The spec i f i ed  scan sequence imposes two demands on the  scanner design:  
s tepping  and s e t t l i n g ,  and slewing. Of the  100 m s  f o r  each d a t a  frame, only 
37.5 are a v a i l a b l e  f o r  s tepping  and s e t t l i n g ,  which impacts the  torque and damping 
of t he  scan d r i v e  motor. Slewing involves the  r e t r a c e  and t h e  movement t o  c a l i -  
b r a t i o n  p o s i t i o n s .  The requirement i s  t h a t  a 100-pps input  t o  the  scanner must 
be followed without e r r o r  so t h a t  t h e  commanded p o s i t i o n s  w i l l  be reached i n  
t i m e ,  which impacts t h e  motor s l e w  ra te  of t h e  loaded motor. 

meters: motor output  torque,  system i n e r t i a ,  and damping. The torque must be 
s u f f i c i e n t l y  high t o  ge t  t he  motor r o t o r  and connected i n e r t i a s  ou t  of i t s  de- 
ten ted  p o s i t i o n  quick ly .  
t han  37.5 m s .  

The system slewing rate must be high enough t o  a l low movement between t h e  
commanded p o s i t i o n s  i n  t h e  times shown i n  t h e  sequencing diagram. The requi red  
output  s l e w  rate i s  100 s t e p s  of 1.125 degrees /s ,  o r  an angular  rate of 1.96 rad/s .  
This  a f f e c t s  t he  s tepper  motor parameter of no-load speed, o r  s t e p  ra te ,  and a l s o  
impacts  t he  motor 's  de t en t  to rque ,  s ince  high de ten t  torque tends t o  lower the  no- 
load s t e p  r a t e .  Balancing of t hese  two parameters t o  achieve adequate speed whi le  
keeping good damping i s  one of the  t r a d e o f f s  t h a t  must  occur i n  the  motor design 
process .  

One i n t e g r a t i o n  per iod c o n s i s t s  of t h r e e  scene chops and 

A scan l i n e  c o n s i s t s  of 72 scenes viewed s e r i a l l y .  This  r equ i r e s  72 scanner 

The s t ep -and- se t t l e  requirement a f f e c t s  the  choice of t h r e e  system para-  

Stepping and s e t t l i n g  toge ther  must consume no more 

Jc The system design shows t h a t  i t  i s  d e s i r a b l e  t h a t  t he  scanner s t e p  and se t t le  
i n  37.5 m s .  This  value appears t o  be a t t a i n a b l e ,  bu t  t h e  b a s e l i n e  mechanical 
des ign  subjec ted  t o  breadboard t e s t i n g  was based o n - a  50-ms s t ep -and- se t t l e  
i n t e r v a l .  
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1110-102-' 

STEP TIMING 
SCENE -0-9- 

-- REF. - INTEGRATE 4 
- 9  POSITION 1 -- POSITION 2 

0.060 S 0.1 S 

40 HZ 
CHOP FREQ SCANNER AND CHOPPER 

ARE SYNCHRONIZED, 
NOTE 'IHAT STEPPING 
OCCURS DURING 
CHOPPER W E R E N C E  
PUSE. 

DWELL & 
MIRROR STEP 

RETRACE 

STEP 72 
7.2 ' l '  S 

G i ' E P  AND SETTLE ---..-(.. 
SCAN LINE 

.-.....I-- -- 
0.1 s 0.2 s 

7.92 S 

-SCANLZNE 
CONSISTS OF 72 DWELL 
PERIODS FOLLOWED BY 
RAPID RETRACE. 

:RID 6 
LILTBRATION 

STEP TO SPACE 

STEP BACK TO START 
OF SCAN LINE 

CALIBRATION SEQUENCING 

ONCE EVERY 31 SCAN LINES 
(EVERY 248 S ) .  A LINE 
IS SKIPPED Ty) PERMIT 
SPACE AND HOUSING 
CALIBRATIONS . 

TOVS Scan and Calibration Sequencing, 
of three chops per scene, increasing the instrument signal-to-noise ratio. 
steppping and settling required impacts the scanner dynamics. 

A 75-ms integration period permits the use 
The 
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S e c t i o n  7 - Scanner Subsystem Design 
Siibscction - Summary 

'l'lic 'L'OVS-IS11 scaiiiic'i- dc~sigii  i s  a simple , s t r a igh t fo rward  conf igu ra t ion  that  meets 
tlic pcrfonnancc o b j e c t i v e s .  It i s  similar t o  the  ITPR dcs ign ,  bu t  has been i m -  
proved t o  avoid assembly problems, and t o  provide b e t t e r  thermal s t a b i l i t y  and 
increased  l i f e .  

The scanner ,  a major f u n c t i o n a l  p a r t  of t h e  BSU ins t rument ,  i s  cons t ruc t ed  
as a se l f - con ta ined ,  s e p a r a t e l y  checkable subassembly. I n  a d d i t i o n  t o  being 
designed t o  t h e  demanding parameters  of t h e  BSU a p p l i c a t i o n ,  t h e  scanner  i s  con- 
f igu red  t o  ensure  ease of p r o d u c i b i l i t y  and t h e  h igh  r e l i a b i l i t y  needed f o r  an  
o p e r a t i o n a l  ins t rument .  

The major des ign  f e a t u r e s  of t h e  i n - l i n e  scanner  assembly are shown i n  
Table  I .  S ince  t h e  instrument  performs a s tepped scan ,  a s t e p p e r  motor w a s  
chosen as t h e  source of motive power. Because of i t s  s i m p l i c i t y ,  low wear rate,  
l i g h t  weight ,  and extremely accu ra t e  t r ansmiss ion  of motion, a harmonic d r i v e  
w a s  s e l e c t e d  as t h e  speed reducing element o f  t h e  mechanism. The encoder i s  a 
seven- t rack  p i n  c o n t a c t  t ype .  It i s  s imilar  t o  t h a t  used i n  t h e  ITPR ins t rument ,  
bu t  major improvements have been inco rpora t ed .  The main s t r u c t u r e  o f  t h e  sub- 
assembly i s  aluminum. The scan  mi r ro r  s h a f t  i s  supported on pre- loaded b a l l  
bea r ings  whose l a r g e r  s i z e  and inc reased  number r e f l e c t  t h e  g r e a t e r  s i z e  of t h e  
I3SU scan m i r r o r .  

The BSU i s  similar i n  concept t o  t h e  ITPR ins t rument .  Some f e a t u r e s  and 
arrangements of  f e a t u r e s  c a r r y  over d i r e c t l y ,  bu t  t h e  p r a c t i c a l  des ign  of t h e  
instrument  and of t he  scanner  subsystem i s  impacted by t h e  increased  speed, 
coverage,  and l i f e  requirements  of  t h e  BSU. 

ments over  t h e  techniques  used i n  t h e  ITPR. Some s p e c i f i c  d e t a i l s  are shown i n  
Table  11. The des ign  of t h e  d r i v e  motor i s  changed t o  inco rpora t e  a l a r g e  f l ange  
on i t s  f r o n t  end, e l i m i n a t i n g  a j o i n t  t h a t  e x i s t e d  p rev ious ly  and a l lowing  g r e a t l y  
improved c o n c e n t r i c i t y  between motor and harmonic d r i v e ,  which improves t h e  
accuracy and smoothness of motor t r ansmiss ion .  The non-meta l l ic  motor mount t h a t  
w a s  used f o r  ITPR has been e l imina ted  t o  improve t h e  r i g i d i t y  of  t h e  motor 
mounting and t o  conduct h e a t  d i r e c t l y  t o  t h e  ins t rument  hous ing .  The increased  
scanner  dynamical performance r equ i r ed  t h a t  i n e r t i a s  a t  t h e  motor s h a f t  be re- 
duced by changing t h e  harmonic d r i v e  t o  a low i n e r t i a  des ign .  

of a u n i t i z e d  s h a f t  encoder .  Th i s  dev ice  was changed from t h e  ITPR des ign  so 
t h a t  i t  is  pre-assembled be fo re  being placed i n  t h e  scanner  assembly, which a l lows  
t h e  u n i t  t o  be checked o u t  and shipped by t h e  manufacturer  as a n  assembled u n i t .  
R e l i a b i l i t y  i s  g r e a t l y  enhanced and assembly problems t h a t  e x i s t e d  w i t h  t h e  ITPR 
are completely absen t .  The method o f  w i r ing  t h e  encoder a l s o  was changed, t o  
inco rpora t e  a connec tor .  Th i s  aga in  i s  a g r e a t  improvement over  t h e  hard  wi r ing  
used on t h e  ITPR encoder .  Both t h e  scan  m i r r o r  and t h e  encoder are indexed t o  
t h e  main s h a f t  by means of  p r e c i s i o n  Woodruff keys,  a l lowing  easy  phasing of 
encoder t o  m i r r o r  a t  i n i t i a l  assembly. F i n a l l y ,  t h e  method of mounting t h e  main 
s h a f t  bea r ings  w a s  changed. To avoid any p o s s i b l e  thermal problems which might 
occur  wi th  t h e  pre- loaded bea r ings ,  a monometall ic bea r ing  mount was designed.  
Th i s  i nvo lves  a s t a i n l e s s  steel  sleeve pressed  i n t o  t h e  aluminum scanner  housing.  
The gradual  loosening of t h e  bea r ing  o u t e r  races i n  t h e i r  bores  t h a t  i s  sometimes 
encountered cannot happen wi th  t h i s  des ign .  

The des ign  genera ted  by t h e  scanner  s tudy  w a s  based on bo th  p a s t  exper ience  
and a n a l y s i s .  To prove o u t  t h e  key des ign  f e a t u r e s  of  t h e  scanner ,  p a r t i c u l a r l y  
as r ega rds  scanner  dynamics, a l a b o r a t o r y  breadboard model was cons t ruc t ed  and 
t e s t e d .  

A number of f e a t u r e s  i n  t h e  BSU scanner  r e p r e s e n t  s i g n i f i c a n t  d e s i g n  improve- 

The des ign  improvement most s i g n i f i c a n t  f o r  checkout and assembly i s  t h e  use  
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TABLE I. MAJOR DESIGN FEATURES 

0 Assembly 

a Motor 

0 Reduction Drive 

0 Encoder 

e S t r u c t u r e  

0 Bearings 

- I n - l i n e  

-90-degree PM Stepper  

-Size 1 C  Harmonic Drive 

-Pin Contac t ,  7 - t rack  

-Aluminum f o r  Thermal Conduction 

-Tandem P a i r  F ron t ,S ing le  Rear - 
preloaded 

TABLE 11. IMPROVEMENTS I N  BSU OVER ITPR INSTRUMENT 

The TOVS-BSU scanner  des ign  inco rpora t e s  improvements based on prob- 
lems encountered i n  t h e  ITPR assembly. 

0 Drive Motor Mounting - I n t e g r a l  mounting f l ange  f o r  
improved c o n c e n t r i c i t y  

0 Harmonic Drive - Low-iner t ia  wave gene ra to r  

0 Encoder Design - Pre-assembled 

0 Bearing Mounting - Monometallic Design 

0 Encoder Wiring - Connector 

0 Mirror-Encoder Alignment - Keyway 

0 Motor Thermal C i r c u i t  
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DISCUSSION OF ITPR SCANNER PERFORMANCE 

Present  understanding of t h e  f a i l u r e s  t h a t  have been experienced w i t h  t h e  ITPR 
scanner  does not  appear t o  i n v a l i d a t e  t h e  similar TOVS-BSU scanner  d e s i g n .  The 
f a i l u r e s  appear  t o  have been caused by reduced motor to rque  and l u b r i c a n t  de-  
g r a d a t i o n  r a t h e r  than  by a b a s i c  des ign  f law,  and both of t h e s e  c o n d i t i o n s  can 
be prevented by improving motor and l u b r i c a n t  manufactur ing c o n t r o l s .  

The scan  mechanism i n  t h e  I n f r a r e d  Temperature P r o f i l e  Radiometer (ITPR) 
on NIMBUS-5 i s  very  s imi la r  i n  des ign  t o  t h a t  recommended f o r  t h e  TOVS-BSU. 
It m e t  t h e  somewhat less demanding t r a n s i e n t  response and retrace requirements  
f o r  ITPR and was e x t e n s i v e l y  t e s t e d  i n  engineer ing  model, p ro to type ,  and f l i g h t  
u n i t  tes ts  p r i o r  t o  s p a c e c r a f t  i n t e g r a t i o n .  

The scanner  on t h e  ITPR f l i g h t  u n i t  f o r  NIMBUS-5 malfunct ioned i n  thermal-  
vacuum t e s t i n g ,  f a i l i n g  t o  fo l low t h e  commanded sequence r e l i a b l y .  Disassembly 
of the  scanner  f a i l e d  t o  show any obvious mechanical f a i l u r e  o r  source  o f  i n -  
crc?ascd torauc  load ,  a l though t h e r e  was some evidence of wear and a g l a s s y  
p a r t i c l e  was found i n  t h e  harmonic d r i v e  l u b r i c a n t ,  bu t  a t  a n  u n c r i t i c a l  
Location. Motor torque was lower than  nominal. The f a i l u r e  w a s  a t t r i b u t e d  
p r i m a r i l y  t o  low temperatures  which increased  l u b r i c a n t  v i s c o s i t y ,  a l though t h e  
scanner  w a s  overheated du r ing  t e s t i n g .  

The pro to type  instrument  w a s  then  s u c c e s s f u l l y  t e s t e d  i n  thermal  vacuum, 
i n t e g r a t e d  wi th  t h e  s p a c e c r a f t ,  and launched i n  December 1972.  A f t e r  several 
weeks of s u c c e s s f u l  o p e r a t i o n  of  t h e  e n t i r e  ins t rument ,  t he  scanner  aga in  be- 
gan t o  behave e r r a t i c a l l y ,  as tk o t h e r  u n i t  had done. Later it was  found t h a t  
t h e  instrument  could be turned  back on,  and t h a t  t h e  scanner  would o p e r a t e  
normally;  b u t ,  a f t e r  a per iod  of t i m e ,  t h e  e r r a t i c  o p e r a t i o n  would aga in  occur .  
Th i s  behavior  p a t t e r n  has  been more o r  less c o n s i s t e n t .  There i s  no obvious cor -  
r e l a t i o n  between e r r a t i c  behavior  and ope ra t ing  temperature ,  a l though t h e  scan-  
ner temperature  has  exceeded t h e  q u a l i f i c a t i o n  l i m i t  of 45°C. 

not  complete.  So f a r ,  t h e  r e s u l t s  of t h e  i n v e s t i g a t i o n  are as fo l lows:  
I n v e s t i g a t i o n  of t h e s e  f a i l u r e s  i s  i n  p rogres s ,  and t h e  i n v e s t i g a t i o n  is  

Mechanical and s t r u c t u r a l  a n a l y s i s  conducted du r ing  t h e  TOVS scanner  
des ign  eLfo r t  has  not d i s c l o s e d  any source  ol: bear ing  I a i l u r e ,  ~ X C P N -  

Hive d r i v e  wear, o r  other fundamental mcclianical desigri Flaw. 

Glassy p a r t i c l e s  have been found, not  on ly  i n  t h e  harmonic d r i v e ,  bu t  
r e c e n t l y  a l s o  were found i n  t h e  unused G-300 g rease  used t o  l u b r i c a t e  
t h e  motor. These p a r t i c l e s  were found deep i n  t h e  squeeze tube  and w e r e  
e v i d e n t l y  e i t h e r  i n  t h e  g rease  when d e l i v e r e d  o r  were the  r e s u l t  of 
aging t h a t  occurred s i n c e  t h e  motor was greased .  

The g rease  used t o  l u b r i c a t e  t h e  harmonic d r i v e  w a s  purchased s e p a r a t e l y  
by t h e  d r i v e  s u p p l i e r .  

The tendency t o  form such p a r t i c l e s  i s  a known p rope r ty  of some s i l i c o n e  
g r e a s e s .  

The permanent magnet motors were opera ted  above t h e  45°C q u a l i f i c a t i o n  
temperature .  Conceivably,  demagnet izat ion could have r e s u l t e d  from 
repea ted  thermal cyc l ing .  The motor involved i n  t h e  f i r s t  f a i l u r e  w a s  
s e n t  t o  the  s u p p l i e r ,  who found it t o  be p a r t i a l l y  demagnetized. 

The motor s u p p l i e r  d i d  not test t h e  motor wi th  t h e  s ing le-phase  d r i v e  
c i r c u i t  used i n  t h e  ins t rument  b u t  r a t h e r  used a two-phase c i r c u i t  
which provided more to rque .  The torque  becomes marginal  when a s i n g l e -  
phase d r i v e  i s  used.  
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A t  t h i s  po in t  i n  the  inves t iga t ion ,  it appears t h a t  t h e  f a i l u r e  was caused 
by improper t e s t i n g  and inadequate screening of the  motors, which allowed use 
of  motors of iiiarginal torque c a p a b i l i t y .  This  problem may have been aggravated 
by contamination of the  g tease  and overheat ing of the  motors.  To prevent 
recurrence i t  i s  ev iden t ly  necessary t o  increase  the  con t ro l s  used i n  procure- 
ment of scan d r i v e  corponents,  a precaut ion which would be taken i n  any case 
f o r  an  ope ra t iona l  instrument.  

A number of improvements have been made i n  the  TOVS scanner design t o  
f a c i l i t a t e  assembly and t e s t i n g  and t o  provide g r e a t e r  performance margins.  
ITPR encoder w a s  of  separable  design--one p a r t  was a f f ixed  t o  the  output  s h a f t  
and the  o t h e r  t o  the  scanner d r i v e  housing. Because of t h e  encoder loca t ion ,  
the  assembly was b l ind  and v e r i f i c a t i o n  of proper assembly w a s  d i f f i c u l t .  En- 
coder wir ing w a s  a l s o  d i f f i c u l t  i n  t h a t  t h e r e  was hard wir ing t o  t h e  p i n  cage, 
and i t  was poss ib l e  t o  o v e r - s t r a i n  the  cable .  The TOVS encoder i s  a u n i t i z e d ,  
pre-assembled design and has i t s  own electrical connector,  thus  avoiding t h e s e  
problems. A p o t e n t i a l  problem was noted with t h e  ITPR mir ror  s h a f t  bear ings ,  
which were mounted d i r e c t l y  i n t o  t h e  aluminum of  the  scanner housing. This has  
been f ixed  i n  the  TOVS scanner by adding a pressed-in s t a i n l e s s  steel  s leeve  
i n t o  which the  bear ings are sea ted .  The immediate area of  t he  bear ing mounting 
i s  thus  monometallic and d i f f e r e n t i a l  thermal expansion problems are avoided. 
The bear ing s i ze  has been increased because of t he  g r e a t e r  mass of t h e  TOVS 
scan m i r r o r .  The use of d i f f e r e n t  l ub r i can t s  i s  beidg considered. 

with the  TOVS scanner t o  a s su re  r e l i a b i l i t y  i n  o r b i t :  motor q u a l i f i c a t i o n  t o  
higher  temperatures,  improved materials and process c o n t r o l s ,  and improved 
implementation of supp l i e r  r e l i a b i l i t y  and q u a l i t y  programs t o  a s su re  adequate 
screening and acceptance t e s t i n g  of motors, d r i v e s ,  and o the r  devices .  

The 

In a d d i t i o n  t o  the  above improvements, t he  following s t e p s  should be taken 

IMPROVEMENTS I N  BSU SCANNER DESIGN AND MANUFACTURE 

These improvements a r e  a d i r e c t  r e s u l t  of ITPR experience.  

e Motor i s  heat-sunk t o  instrument housing. 

0 Encoder i s  a un i t i zed  assembly. 

0 Use of  connectors .  

ID Monometallic s h a f t  bear ing design.  

0 Increased manufacturing c o n t r o l s .  

e Use of  more r e l i a b l e  l u b r i c a n t s .  
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ANALYSIS OF SCAN DRIVE MECHANISM REQUIREMENTS 

Analys is  of t h e  speed,  accuracy ,  and weight requirements  f o r  t h e  BSU showed t h a t  
only r? few a l t e r n a t i v e  des igns  a re  s u i t a b l e .  

The primary requirements  of t h e  scan d r i v e  a r e  response  t i m e ,  accuracy ,  and 
a b i l i t y  t o  o p e r a t e  f o r  two y e a r s  i n  o r b i t ,  The scanner o p e r a t e s  i n  two modes: 
s t ep -dwe l l ,  and r e t r a c e .  The requi rements  are  in tended  t o  ensu re  t h a t  opera-  
t i o n  i s  s a t i s f a c t o r y  i n  both modes. The l i f e  requi rement ,  of cour se ,  i s  v i t a l  t o  
instrument  success .  

The necessary  motor to rque  and speed c h a r a c t e r i s t i c s  can be der,ived from 
the response- t ime requirements .  The mechanism des ign  a n a l y s i s  shows t h a t  t h e r e  
a r e  two torque  c o n d i t i o n s  t o  be met: t h e  motor peak to rque  must be a t  least  8 
o z - i n . ,  and t h e  average  o r  running torque  a t  100 pps must be 2.6 oz- in .  minimum. 

The d e t a i l e d  dynamic a n a l y s i s  a l s o  de f ined  t h e  necessa ry  system damping. 
The s tep-dwel l  t r a n s i e n t  response should be s l i g h t l y  underdamped t o  ach ieve  a 
minimum response  t i m e  and t o  reduce  l o s s e s  which would i n c r e a s e  torque  r e q u i r e -  
ments dur ing  r e t r a c e  i f  t h e  motor were c r i t i c a l l y  damped. D e t a i l e d  a n a l y s i s  
shows t h a t  a damqing __ ._ f a c t o r  of  0 .4  t o  0 .6  i s  needed. ~ - 

The accuracy requirement  r e l a t e s  t o  t h e  s tep-dwel l  mode of ope ra t ion .  The 
accuracy of t h e  i n s t r u m e n t ' s  look ang le  i s  determined d i r e c t l y  by how a c c u r a t e l y  
the  scanner  s t e p s .  The o v e r a l l  p o i n t i n g  accuracy requirement  f o r  t he  ins t rument  
i s  0 .1  degree ,  which a l s o  means a scanner  p o s i t i o n i n g  accuracy of  0 . 1  degree,  a s  
t h e r e  i s  no o p t i c a l  doubl ing i n  the  scanner .  I f  h a l f  of t h i s  t o t a l  a l lowable  
system e r r o r  i s  a l l o t t e d  t o  t h e  scanner ,  t he  r equ i r ed  output  s h a f t  p o s i t i o n i n g  
accuracy would be 0.05 degree .  For an 8 0 : l  speed-reduced system, t h e  accuracy  
requirement  a t  t he  motor s h a f t  then would be decreased t o  4 degrees ;  and, s i m i -  
l a r l y ,  f o r  o t h e r  speed r educ t ion  r a t i o s .  P o s i t i o n i n g  accuracy r equ i r ed  of a 
d i r e c t - d r i v e  system would s t i l l  be 0.05 degree .  

The l i f e  requirement  i s  a fundamental  p a r t  of the  o p e r a t i o n a l  ins t rument  
s p e c i f i c a t i o n .  I f  i t  i s  assumed t h a t  one BSU has  t o  ope ra t e  cont inuous ly  f o r  t he  
e n t i r e  two-year pe r iod ,  t h e  scanner  ou tpu t  s h a f t  w i l l  exper ience  an equ iva len t  of 
4 x lo6  r e v o l u t i o n s  t o t a l .  
pondingly h ighe r  t o t a l  r e v o l u t i o n s ;  thus ,  f o r  t he  case  of an 8 0 : l  speed-reduced 
system, motor t o t a l  r e v o l u t i o n s  would be 3 x 108 r e v o l u t i o n s .  

Seve ra l  systems which could m e e t  t h e  requirements  a r e  l i s t e d  i n  Table  I f  on 
t h e  f a c i n g  page. F i r s t  i s  a 90-degree s t e p p e r  motor w i th  8 0 : l  harmonic-drive 
speed  r educ t ion .  The next  system--the Responsyn--is a v a r i a t i o n  of  t h e  harmonic 
d r i v e  p r i n c i p l e  wherein the  r o t a t i n g  wave genera tor  i s  r ep laced  by the  r o t a t i n g  
magnetic f i e l d ,  and t h e r e  i s  no phys ica l  high-speed s h a f t .  "he Responsyn i s  a l s o  
a s t e p p e r .  The t h i r d  a l t e r n a t i v e  i s  a s t e p p e r  motor d r i v i n g  through convent iona l  
gea r s  r a t h e r  t han  the  harmonic d r i v e .  F i n a l l y ,  t h e  d i r e c t  d r i v e  s e r v o  r e f e r r e d  
t o  would be a "pancake" type  dc torque  motor d i r e c t l y  coupled t o  t h e  scanner  ou t -  
pu t  s h a f t .  I t  would have both r a t e  and p o s i t i o n  feedback.  

d i scussed  above i n  d e t a i l .  

Geared-up p a r t s  of t h e  system would exper ience  c o r r e s -  

The fo l lowing  s e c t i o n s  of t h i s  r e p o r t  w i l l  examine t h e  a l t e r n a t i v e  des igns  
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TABLE I. SCAN DRIVE MECHANISM REQUIREMENTS 

The der ived  requirements  were e s t a b l i s h e d  and taken  a s  f i r m  
c o n s t r a i n t s  on des ign .  

SPECIFIED REQUIREMENTS DERIVED REQUIREMENTS 

Response Time 
0 Step  and s e t t l e  i n  1.125 - Peak Motor Torque = 8 oz- in .  

degrees  i n  0.04 s - Avg Motor Torque = 2.6 oz- in .  
a t  100 pps 

- Damping R a t i o  != 0.4 - 0.6 
Accuracy 

R e p e a t a b i l i t y  
0 Each s t e p  4-0.05 degree 

0 S t a r t  each success ive  
scan  l i n e  a t  same p o i n t  
J-0.05 degree 

2 yea r s ,  -t 2000-hr t e s t i n g  - 3 x 108 r e v s  a t  i npu t  s h a f t  
L i f e  

0 

Power 
0 Less than 10 W average - 30 W peak 

Weight 

- 

0 Minimum p o s s i b l e ,  con- - 2.5 l b  
s i s t e n t  wi th  weight 
budget 

TABLE 11. CANDIDATE SYSTEMS 

Each system is  analyzed i n  t h e  next t o p i c .  

0 Stepper  Motor - Harmonic - Accuracy e a s i l y  m e t ;  select 
Drive system parameters  t o  meet 

response time requi rements  

0 Responsyn - Equals performance of  s t e p p e r /  
harmonic d r i v e ,  bu t  has  no 
hold ing  torque  

0 Stepper  Motor - Gear - D i f f i c u l t  t o  meet accuracy  
Drive requi rements .  Dynamics about  

same a s  those  above 

Much system complexi ty  t o  meet 
accuracy requirement  

0 Direc t  Drive Servo - Mechanical ly  s imple,  bu t  heavy. 
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SLPDlARY OF DRIVE blllC~lANISP1 COMPARISON 

llic stcppc'r motor-Iinrmonic d r i v e  des ign  was s e l e c t e d  f o r  t he  scanner  of i t s  s i m p l i c i t y ,  
low backlash ,  low weight ,  low wear, low stress f a c t o r s ,  and power-off ho ld ing  torque.  

Severa l  candida te  des igns  f o r  t h e  TOVS-BSU scanner  were compared t o  select  t h e  
b e s t  des ign .  The cand ida te s  were: a permanentatnagnet stepper-harmonic d r i v e  combina- 
t i o n ,  a s t eppe r  d r i v i n g  through convent iona l  g e a r s ,  a d i r e c t - d r i v i n g  dc  to rque r  type  
motor with feedback,  and the  "Responsyn" dev ice ,  which a l s o  inco rpora t e s  a harmonic 
d r i v e  . 

Severa l  s e l e c t i o n  c r i t e r i a  were used. Foremost was accuracy ,  s i n c e  t h i s  i s  
v i t a l  t o  ins t rument  success .  Both output  accuracy and backlash were t abu la t ed .  
System complexity i s  i n d i c a t e d  by feedback requi rements ,  e l e c t r o n i c  complexi ty ,  
b a l l  bea r ing  coun t ,  and t o t a l  e lec t romechanica l  o r  mechanical device  count .  The 
b e s t  i n d i c a t o r  of expected l i f e  i s  t h e  s t r e s s  on t h e  mechanism; t h i s  was t a b u l a t e d  
as con tac t  stress i n  the  speed r educ t ion  elements .  Also examined were weight ,  
whether o r  no t  a p p l i c a t i o n  of e l ec t r i ca l  power was necessary  t o  achieve  hold ing  
to rque ,  and p o t e n t i a l  l u b r i c a t i o n  problems. 

i s  based p r i m a r i l y  on maximum r e l i a b i l i t y  and maintenance of s p e c i f i e d  performance 
a f t e r  two yea r s  i n  o r b i t .  Q u a n t i f i c a t i o n  of t h e s e  cons ide ra t ions  was accomplished 
by weight ing t h e  s e l e c t i o n  c r i t e r i a .  
they  could be "scored" by mul t ip ly ing  rank  f i g u r e s  and weighted v a l u e s  of  t h e  
c r i t e r i a .  The r e s u l t a n t  f i g u r e s  a r e  shown i n  t h e  t a b l e  on t h e  f a c i n g  page. 

The geared s t eppe r  motor des ign  has  a number of drawbacks. The most s e r i o u s  
one i s  ques t ionab le  l i f e  due t o  t h e  high Her tz ian  c o n t a c t  stresses i n  the  gea r  t e e t h .  
This  i s  a problem inhe ren t  i n  i n v o l u t e  gea r ing  which cannot be avoided i n  weight- 
opt imized systems. Lubr ica t ion ,  t o o ,  promised t o  be a p r o b l e b - t h e  backlash r e q u i r e -  
ment would d i c t a t e  such a t i g h t  mesh t h a t  t h e r e  would be no room f o r  t h e  copious 
l u b r i c a n t  f i lms  needed f o r  good gea r  l i f e ,  The gear  d r i v e  was t h e r e f o r e  d i s q u a l i f i e d .  

There are  t h r e e  primary d isadvantages  t o  t h e  d i r e c t  d r i v e ,  c l o s e d  loop motor: 
excess ive  weight ,  system complexity,  and high power consumption becausc of the  con t ro l  
e l e c t r o n i c s  r equ i r ed .  The p ro jec t ed  weight of t h i s  system was t h r e e  t o  f i v e  t imes 
the  p ro jec t ed  weight of t h e  o t h e r  cand ida te s ;  and t h e r e  would be t h e  need f o r  an  
a u x i l i a r y  angu la r  r a t e  feedback device  t o  c l o s e  t h e  loop--a device  not  r equ i r ed  by 
any of t h e  o t h e r  systems. 
locked. The d i r e c t  d r i v e  system does ,  of cour se ,  o f f e r  mechanical s i m p l i c i t y ;  hence 
t h e  need t o  cons ider  i t ,  

The Responsyn d r i v e  i s  b a s i c a l l y  a harmonic d r i v e  and s t e p p e r  motor i n t e g r a t e d  
i n t o  one device .  There i s  no mechanical element t o  deform the  f l e x i b l e  member; 
i n s t e a d ,  t h i s  i s  accomplished by t h e  r o t a t i n g  magnetic f i e l d  of t h e  e l e c t r i c a l  s t a t o r .  
The device  i s  a t t r a c t i v e  f o r  t h e  same reasons  t h a t  recommend t h e  stepper-harmonic 
d r i v e  combination, However, i t  has  one f a u l t :  t h e r e  i s  no phys ica l  c o n t a c t  between 
the  f l e x s p l i n e  and i t s  mating member except  i n  t h e  presence of e l ec t r i ca l  e x c i t a t i o n ,  
so  t h a t  t h e r e  i s  no power-off ho ld ing  torque ,  I n  f a c t ,  t h i s  device  would r e q u i r e  
cont inuous a p p l i c a t i o n  of power, and t h i s  high power requirement  i s  s u f f i c i e n t  t o  
d i s q u a l i f y  t h i s  d r i v e .  

reducer--was t h e  one s e l e c t e d ,  This system o f f e r s  t h e  b e s t  combination of perform- 
ance ,  low weight and power, and f avorab le  l i f e  f a c t o r s .  This  s u b j e c t i v e  e v a l u a t i o n  i s  
r e i n f o r c e d  by t h e  "score" f i g u r e s  r e s u l t i n g  from t h e  numerical  t r adeof f  exercise 
d e t a i l e d  i n  t h e  t a b l e .  

Since each des ign  can be made t o  achieve  t h e  d e s i r e d  c h a r a c t e r i s t i c s ,  s e l e c t i o n  

Then, when t h e  candida te  des igns  were ranked ,  

Power must be kept  on a t  a11 t imes t o  keep the  servo  loop 

The remaining des ign- - the  combination of s t eppe r  motor and harmonic d r i v e  speed 
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Only t he  open loop stepper-harmonic d r i v e  meets design ob jec t ives  w i t h  
acceptab le  weight,  power, and pro jec ted  l i f e .  - 

Lank 

- 

Rank 

- 

Ra nl 

- 

ianE 

Stepper 
Motor/ 
Harmonic 
Drive 

Stepper 
Motor/Gear 
Train 

Direc t  
Drive 
w/Feedbacl 

Re l a  t ive  
Impor t a nc e 
o f  C r i t e r i a  C r i t e r i a  Re sponsyn 

Accuracy 0.1 
degree 

l o w  

none used 

2 min 

8 

No 

2.5 l b  

2,000 
p s i  

4 
Minor 

4 

4 

4 

3 

2 

4 

4 

3 

2 

3 
- - 
- 

0.1 
degree 

l o w  

none used 

6 min 

10 

No 

3.5 lb 
30,000 

p s i  

5 

Severe 

1 

4 

4 

1 

1 

4 

3 
1 

1 

1 
- - - 

0.1  
degree 

high 

requi red  

0 

5 

Ye s 

8-10 l b  

0 

4 

Minor 

2 

1 

1 

4 

4 

1 

1 
4 

3 

4 
- - 
- 

0.1 
degree 

1 ow 

none used 
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DESCKIPTION OF HARMONIC DRIVE 

The harmonic d r i v e  i s  an  aerospace  proven power t r ansmiss ion  device  t h a t  uses t h e  
e l a s t i c  p r o p e r t i e s  of metals t o  effect  a d i f f e r e n t i a l  motion between engaging mem- 
b e r s  and thus  ach ieve  a high v e l o c i t y  r a t i o .  I ts  ou t s t and ing  f e a t u r e s  a r e  g r e a t  
t o r s i o n a l  r i g i d i t y ,  and the  a b i l i t y  t o  achieve  a v e r y  h igh  speed r a t i o  without  
i n t e rmed ia t e  s h a f t s ,  

Harmonic Drive - Harmonic d r i v e  10 y e a r s  ago by USM Corporat ion h a s  
been engineered f o r  both i n d u s t r i a l  and a e r o s p a c e / m i l i t a r y  a p p l i c a t i o n s ,  such 
a s  missiles,  s a t e l l i t e s ,  t h e  Apollo Lunar Rover, and o t h e r s .  It i s  a v a i l a b l e  i n  
s t o c k  des igns  i n  a wide range  o f  s i z e s .  

An i l l u s t r a t i o n  of  t h e  harmonic d r i v e  p r i n c i p l e  i s  shown i n  F igu re  A. It 
c o n s i s t s  of t h r e e  primary elements:  a f l e x i b l e  s p l i n e  which appears  a s  a normal 
g e a r ,  a c i r c u l a r  s p l i n e  which i s  s imilar  t o  a n  i n t e r n a l  g e a r ,  and a wave g e n e r a t o r .  
The f l e x i b l e  s p l i n e  i s  d e f l e c t e d  by t h e  wave g e n e r a t o r  i n t o  an e l l i p t i c a l  shape 
arid c o n t a c t s  t h e  c i r c u l a r  s p l i n e  i n  two areas.  Ro ta t ion  of t h e  wave gene ra to r  
causes  the major a x i s  of t h e  e l l i p s e  t o  r o t a t e ,  The r e s u l t a n t  p rog res s ive  meshing 
of  f l e x  s p l i n e  and c i r c u l a r  s p l i n e  t e e t h  l eads  t o  d i f f e r e n t i a l  a c t i o n ,  because of 
t he  d i f f e r i n g  t o o t h  numbers, 
ber - -  r e s u l t s .  

e p i c y c l i c  gea r  t r a i n .  However, t h e  harmonic d r i v e ’ s  load c a r r y i n g  c a p a c i t y  i s  
g r e a t e r  t han  f o r  a convent iona l  g e a r  t r a i n  because t h e  load  i s  c a r r i e d  a t  two 
oppos i t e  a r e a s  i n  t h e  s p l i n e  mesh and i s  d i s t r i b u t e d  over  a number of s p l i n e  t e e t h  
a t  each area of c o n t a c t ,  
i n  r o l l i n g  contact--which i s  necessary  because of t h e  r e l a t ive  motion between t h e  
mating t e e t h - - t h e  harmonic d r i v e  has  e s s e n t i a l l y  z e r o  v e l o c i t y  a t  t h e  p o i n t  of 
c o n t a c t .  The re fo re ,  where gear  t e e t h  have r o l l i n g  a c t i o n  which i s  e s s e n t i a l l y  l i n e  
c o n t a c t ,  harmonic d r i v e  t e e t h  have area c o n t a c t .  

Because of t h e  lower c o n t a c t  stresses and near -zero  r e l a t i v e  v e l o c i t y  between 
L I t r o  f l e x  splint* and the cfrccilnr s p l i n e  ( i t  i R  estj-mat-ed t h a t  o n l y  a mnxjmum nf t-wo 
pc+rc+c*rtt: 1 1 1  Ip o(‘c(irri I J C I  w i a a * t t  I l i t .  I w o  riicrtitl)r*rrc i i i i d r i r  I 1 1 1  I I r ~ r ~ r l )  , I I  I I I O I  $ 4  0 1 b 1  ~ I I I I I I I I  I I I I I I  I 
cat loti syfitcm L l i ; i n  l or  oLlicr d r i v e s  is i c a s i b l e .  ‘I ’ l i c .  C ~ I - C I J ~ U ~  H ~ J  Itic C ~ I I I  IM g~)Jc l -  
p l a t e d  t o  provide a low-s t r e s s  shea r  s u r f a c e ,  and t h e  mating t e e t h  can be coa ted  
w i t h  a vacuum g r e a s e ,  A r e s e r v o i r  can be l o c a t e d  a d j a c e n t  t o  t h e  g e a r  mesh, a s s u r -  
i ng  molecular  f low a c r o s s  the  meshing s p l i n e s ,  suppor t  b e a r i n g s ,  and ou t  t o  t h e  
l a b y r i n t h  seals .  

Another advantage of  t h e  harmonic d r i v e  i s  t h a t ,  s i n c e  t h e  f l e x i b l e  s p l i n e  can 
be a non- ro ta t ing  e lement ,  t h e  s t e p p e r  motor and wave g e n e r a t o r  can be packaged a s  
a h e r m e t i c a l l y  s e a l e d  u n i t ,  o f f e r i n g  improved bea r ing  l i f e  as  a r e s u l t  of optimum 
l u b r i c a t i o n  techniques ,  
app 1 ica t i o n s  

One of t h e  l i m i t a t i o n s  of t h e  harmonic d r i v e  i s  t h e  tendency t o  seek  a pre-  
f e r e n t i a l  p o s i t i o n  of t h e  f l e x i b l e  s p l i n e ,  
o r i e n t a t i o n ,  t h e  f l e x i b l e  s p l i n e  tends  t o  seek a n  e l l i p t i c a l  p o s i t i o n  a t  a f i x e d  
a n g u l a r  l o c a t i o n .  Therefore ,  when t h e  d r i v e  i s  s topped a t  some o t h e r  p o s i t i o n ,  t h e r e  
i s  a tendency t o  s p r i n g  back, S ince  a permanent-magnet s t e p p e r  motor i s  be ing  used ,  
t h e  motor r e s t o r i n g  f o r c e s  w i l l  oppose t h e  torque  gene ra t ed  by t h e  f l e x i b l e  s p l i n e .  
This  to rque  inpu t  i s  a measurable value and i s  inc luded  i n  t h e  harmonic d r i v e  spec i -  
f i c a t i o n  t o  a s s u r e  t h a t  t he  p o s i t i o n  accuracy  i s  well  w i t h i n  t h e  a l l o t t e d  t o l e r a n c e  
band, Typ ica l ly ,  t h e  maximum p r e f e r e n t i a l  p o s i t i o n i n g  torque  i s  0.3 oz - in .  o r  less .  

An a p p l i c a t i o n  of t h e  harmonic d r i v e  t o  t h e  BSU scanner  i s  desc r ibed  i n  d e t a i l  
i n  t h e  fo l lowing  t o p i c s .  

A slow r o t a t i o n  of t h e  f l e x  s p l i n e - - t h a t  ou tpu t  mem- 
The d i r e c t i o n  of r o t a t i o n  i s  oppos i t e  t o  t h a t  of  t h e  wave g e n e r a t o r ,  

The outward a c t i o n  of  t h i s  assembly i s  i d e n t i c a l  t o  t h a t  of a d i f f e r e n t i a l  

Unlike a gea r  which uses  a n  i n v o l u t e - p r o f i l e  r e s u l t i n g  

This unique f e a t u r e  h a s  been e x p l o i t e d  i n  a number of 

Due t o  r e s i d u a l  stresses and g r a i n  
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Responsyn - Another harmonic d r i v e  device considered i n  the  scan d r i v e  com- 
par ison was the Responsyn. This device i s  a v a r i a t i o n  of t he  bas ic  harmonic d r i v e ,  
and i s  a l s o  made by the  USM Corporation. It incorpora tes  t he  harmonic d r ive  i n t o  
a s tepper  motor. The mechanical wave generator  is replaced by a r o t a t i n g  magnetic 
f i e l d  which f l e x e s  the  i n t e r n a l  s p l i n e ,  This g r e a t l y  s i m p l i f i e s  t h e  assembly and 
provides a minimum weight ac tua to r  a s  wel l  a s  t h e  h ighes t  response and damping 
c h a r a c t e r i s t i c s ,  The Responsyn, however, r equ i r e s  power t o  r e t a i n  p o s i t i o n ,  and the  
dr iv ing  power and a*:eragc holding power combined a r e  excessive and exceed t h e  
a l l o t t e d  power budget. 

1110-102-7 r 
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Figure A. I l l u s t r a t i o n  of Harmonic Drive P r inc ip l e ,  A small  d i f f e rence  i n  the  
number of t e e t h  on f l e x s p l i n e  and c i r c u l a r  s p l i n e  causes slow CW r o t a t i o n  of 
f l e x s p l i n e  when wave genera tor  is r o t a t e d  CCW. 

1110-102-1; 

UTPUT 
OTION 

CIRCULAR SPLINE WAVE GENERATOR FLEXSPLINE 
(STATIONARY (HIGH SPEED) (LOW SPEED) 
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Figure B. Harmonic Drive Components, 
i n e r t i a  wave genera tor  cons i s t ing  of an e l l i p t i c a l  bearing. 

This f i g u r e  shows a conventional high- 
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CHOICE OF SCANNER CONFIGURATION 

Arrangement of the scanner  components r e s u l t e d  i n  a s imple a x i a l  des ign .  The o n l y  
t r a d e o f f  necessary  involved t h e  l o c a t i o n  of t h e  encoder ,  which was l o c a t e d  on t h e  
output  s h a f t  f o r  phasing accuracy ,  s i ze  
t o  the d r i v e  motor,  

c o n s t r a i n t s ,  and n e g l i g i b l e  r e f l e c t e d  i n e r t i a  

Seve ra l  c o n f i g u r a t i o n s  were cons idered  t o  provide  a scanner  which a s s u r e d  
component a l ignment ,  minimum suppor t  s t r u c t u r e  ( fo r  weight c o n s i d e r a t i o n s ) ,  and 
checkout of  d r i v e  performance a t  f i n a l  assembly. 

f i g u r a t i o n  and r e q u i r e d  by t h e  harmonic d r i v e .  
The scanner  has  several des ign  c o n s t r a i n t s  de r ived  from t h e  ins t rument  con- 

0 Size  of t h e  scan  assembly--11.0-in. d iameter  by 16 .5- in ,  l eng th .  
0 Phasing o f  encoder and m i r r o r ,  
0 Motor load--reduce a l l  i n e r t i a  loads  t o  t h e  motor t o  enable  use of  

a Provide  f o r  motor ou tpu t  to rque  tes ts .  
minimum s i z e  motor,  

The packaging c o n s t r a i n t s  a r e  shown i n  F igure  A .  Consider ing t h e  space 
r e q u i r e d  f o r  bea r ing  and scan  housing,  on ly  3 i n ,  a re  a v a i l a b l e  f o r  t h e  motor 
and i t s  suppor t  s t r u c t u r e .  This ,  i n  t u r n ,  becomes a c o n s t r a i n t  on s e l e c t i n g  t h e  
motor and encoder .  
l o c a t e d  on a ccmnnon a x i s ,  s imp l i fy ing  t h e  s t r u c t u r e  and assembly. 

and c a l i b r a t i o n  sequence, The 9 - b i t  encoder ,  m i r r o r ,  and ins t rument  o p t i c a l  a x i s  
m u s t  be i n  phase t o  determine t h e  viewing a n g l e  of t h e  1.125-degree f i e l d  of view. 

There a re  two p o s s i b l e  l o c a t i o n s  of t h e  encoder:  on t h e  output  s h a f t ,  o r  a t  
t he  motor.  The encoder a t  t h e  output  s h a f t  i s  a s i n g l e  d i s c  m u l t i t r a c k  u n i t .  I f  
loc*aL r-cl on Lhe  moLor, the encoder e i t h e r  m u s t  b e  geared down Lo tlie Ranie r n l  i r ?  

I I I I  f l t c r  l~iiri i i~>ili~ r i r t v i y  o r  I I I I I ~ I  I I ~ U  a i l r i i l~  f-fi irit  P I I I ~ M ~ O ~  , T I )  1 ~ 0 ~ 1 ~  I ~ I P  / t i 0 1  I i a  l i i r l i l  

Irtp, , i t  I O  pert crrL or Le8s ul 1 lie iiiol-or requires a WCI 1 1  dicrnieLer wi LI t  I I H ) ~  e l u r  i i b  

L O  revolve  9 b i t s .  The t y p i c a l  s i z e  of a u n i t  t h a t  w i l l  meet thetie requiremenl-s 
i s  such t h a t  t h e  combined motor and encoder  assembly could  not  be packaged i n  
t h e  a v a i l a b l e  space .  

t o  check motor performance a f t e r  assembly and environmental  t e s t i n g ,  Access t o  
t h e  f r e e  end of t h e  motor s h a f t  i s  necessary  t o  couple  t o  a dynamic torque  test  
f i x t u r e .  

based upon t h e  d r i v e  a n a l y s i s  desc r ibed  i n  t h e  remainder of  t h i s  section. 

S e l e c t i o n  of t h e  harmonic d r i v e  pe rmi t s  a l l  components t o  be 

A s h a f t  encoder i s  r e q u i r e d  t o  read  o u t  m i r r o r  p o s i t i o n s  throughout  t h e  scan  

One f e a t u r e  t o  be inc luded  i n  t h e  o p e r a t i o n a l  scanner  des ign  i s  t h e  a b i l i t y  

The d r i v e  assembly i s  shown in Figure  B. 

The d e t a i l e d  f e a t u r e s  of t h i s  l ayou t  are d i scussed  l a t e r ,  

The components shown were s e l e c t e d  
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Figure A. Outline of Scan Drive Assembly Showing Packaging Constraints of Mirror,  
Harmonic Drive, and Motor, 

1110-102-15 
1 

HARMONIC DRIVE 
FLEXSPLINE WAVE GENERATOR 

LABYRINTH SEAL 

SCAN MIRROR 

SHAFT ENCODER 

PIN CAGE INDEXING PIN 

Figure B. BSU Harmonic Drive Scanner Mechanism 
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SELECTION OF MOTOR AND DRIVE RATIO FOR RETRACE 

Motor and Drive Rat io  Requirements - The scan motor must d r i v e  the  scan 
mir ror  under two d i f f e r e n t  loading condi t ions .  The step-dwell  per iod r equ i r e s  
the  motor t o  d r i v e  t h e  mi r ro r  1.125 degrees i n  0.05 s every 0.1 s and r e t r a c e  
81 degrees i n  0.72 s ,  o r  1.125 degrees every 0.01 s .  The r e t r a c e  determines 
motor acce le ra t ion  requirements,  while the  s t e p - s e t t l i n g  determines the  damping. 
The mechanism i s  f i r s t  designed t o  s a t i s f y  the r e t r a c e  rate and then  checked 
f o r  damping c h a r a c t e r i s t i c s .  

90-degree s t e p  angles .  For  a mi r ro r  s t e p  angle  of l . l25-degrees ,  d r i v e  r a t i o s  
of 40, 80, 120, o r  160:l  are requi red ,  with corresponding s t e p  rates (50, 100, 
150, e t c . ) .  

Basis f o r  Motor Se lec t ion  - Se lec t ion  of t he  s tepper  motor i s  based upon 
two requirements:  (1) the  torque requi red  t o  a c c e l e r a t e  t h e  load,  and (2) t h e  
average torque requi red  t o  d r i v e  t h e  load a t  a s p e c i f i c  pu lse  rate.  Although 
the  r e t r a c e  rate i s  1.125-degrees every 0.010 s ,  the  c h a r a c t e r i s t i c s  of t h e  
s t eppe r  motor do not r equ i r e  the  motor t o  t r a v e l  one s t e p  angle  i n  0.01 s t o  
a c c e l e r a t e  t he  load t o  cons tan t  v e l o c i t y .  It i s  necessary only t o  r o t a t e  through 
ha l f  t he  s t e p  angle  during the  f i r s t  pu l se .  The next pulse  w i l l  i nc rease  motor 
acce le ra t ion  s ince  t h e  mass now has angular  momentum i n  the  d i r e c t i o n  of r o t a t i o n .  
Typica l ly  the  motor "locks in" a t  t h e  pulse  rate wi th in  two o r  t h r e e  s t e p s .  This  
c h a r a c t e r i s t i c  w i l l  reduce the  motor torque requi red .  

Determining Average and Peak Torque Requirements - The average torque re- 
q u i r e d  t o  d r i v e  t h e  motor a t  112.5 degrees pe r  secondis the  d i f f e rence  between 
t h e  acce le ra t ion  and the  equiva len t  torque provided by t h e  angular  momentum of 
the  m a s s ,  as shown i n  equat ion (1). Added t o  t h i s  value a r e  torques necessary 
t o  overcome f r i c t i o n  and de ten t  torque,  as shown i n  equat ion ( 2 ) .  

Permanent-magnet s tepper  motors are a v a i l a b l e  with e i t h e r  45-degree o r  

r T  1 

(1) 

where JL = scan mir ror  i n e r t i a ,  JWsG. = wave genera tor  i n e r t i a ,  J 
8 = motor s t e p  angle ,  N = d r i v e  r a t i o ,  t = t i m e ,  TF = f r i c t i o n  torque,  and 
TDT = de ten t  to rque .  

45-degree s t e p  angle and twice the  s t e p  r a t e ,  t he  peak torques would double.  
The average torque would a l s o  inc rease .  

mechanism f o r  d r i v e  r educ t ion ,  
s e l e c t i n g  the  smal les t  harmonic d r i v e  t h a t  w i l l  meet the  required torque  and 
d r i v e  r a t i o .  However, a t r adeof f  must be made between required torque and d r i v e  
r a t i o ,  s ince  use of a h igher  d r i v e  r a t i o ,  and, t he re fo re ,  a h igher  s t e p  r a t e ,  

= JL + JwOG, S 

The r e s u l t s  a r e  p l o t t e d  i n  the  f i g u r e  f o r  a 90-degree s t e p  angle .  For a 

Se lec t ion  of Drive Rat io  - A harmonic d r i v e  i s  used i n  the  scan d r i v e  
The space and weight budgets n e c e s s i t a t e  
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0.6 

0.4  

r equ i r e s  less torque .  

reduct ion  r a t i o  of 80 : l )  i s  w e l l  wi th in  the  range of t he  smal les t  harmonic 
d r i v e  ( s i z e  1 C ) .  Although an increase  in s t e p  rate and d r i v e  r a t i o  would re- 
duce the  torque required t o  d r ive  t h e  scan mi r ro r ,  an  increase  beyond the  d r i v e  
r a t i o  range a v a i l a b l e  f o r  a 1C hArmonic d r i v e  would r equ i r e  a l a r g e r  harmonic 
d r i v e ,  with a corresponding increase  i n  weight,  s i z e ,  and wave genera tor  i n e r t i a .  
Such an increase  would provide no system advantage. 

Se lec t ion  of Motor - From t h e  d a t a  presented i n  the  f igu re ,  t h e  se l ec t ed  
d r i v e  r a t i o  of 8 0 : l  based upon a 90-degree s tepper  a t  100 pps r equ i r e s  8 oz- in .  
peak torque and 2 . 6  oz- in .  average torque.  Motors are a v a i l a b l e  t h a t  meet o r  
exceed these  requirements;  e . g . ,  t he  15 P-03 from Computer Devices. The r a t i n g s  
are f o r  single-phase d r i v e  a t  28V. 

The requi red  torque (based upon a s t e p  rate of 100 pps and a d r i v e  

1 

7- AVG - 
\ 

40:l 80:l 120:l 160:l DRIVE RATIO 

RATIO 
WE?- 

, 4  oz 

0.011 SIZE 3C WT. 9.6 02 

0.165 SIZE 5C WT. 14.4 02 

Required Torque - Speed Curve t o  Drive Scan Mirror During Retrace Period,  
Se lec t ion  of reduct ion  r a t i o ,  s t e p  r a t e ,  and d r ive  s i z e  can be determined 
from t h e  da t a  presented.  
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APPROACHES FOR CONTROLLING THE SETTLING CHARACTERISTICS 

To achieve the  des i r ed  response with minimum weight and power, t h e  c h a r a c t e r i s t i c  
response curve of the  s t e p  dwell per iod should be underdamped, with the  las t  
crossover  of t h e  +0,1 degree e r r o r  band occurr ing  before  50 m s .  To c o n t r o l  t h e  
s e t t l i n g  c h a r a c t e r i s t i c s ,  the  s lope  of the  motor performance curve can be se l ec t ed  
t o  provide the  required damping. Other p o s s i b i l i t i e s  are modulation of t h e  appl ied  
vol tage  o r  the  u s e  of dynamic braking.  

A motor capable of d r iv ing  the  load a t  t h e  100-pps r e t r a c e  rate can 
obviously s ing le - s t ep  i n  0.05 s .  How the  r o t o r  arrives a t  i t s  f i n a l  p o s i t i o n  
(1.125 degrees)  i s  dependent upon the  damping. The response curve can be any 
shape between the  underdamped and t h e  c r i t i c a l l y  damped curve and even s l i g h t l y  
overdamped i f  the  angle  i s  wi th in  the  e r r o r  band a t  0.05 s .  From t y p i c a l  curves 
p l o t t e d  i n  Figure A ,  only an underdamped response similar t o  curve B (which a l s o  
t r a v e l s  approximately h a l f  t h e  s t e p  angle  i n  0.010 s )  can be considered,  un less  
t h e  torque,  weight,  and power a r e  unnecessar i ly  increased .  

shown i n  Figure B .  
requirements shown by curve B .  The motor performance curve is  a func t ion  of 
t he  a i r  gap only (assuming a l l  o t h e r  parameters a r e  the  same). The smaller the  
a i r  gap, the  g r e a t e r  t he  magnetic coupling between s t a t o r  and r o t o r ,  which pro- 
duces a higher  s t a l l  torque and de ten t  to rque .  The maximum s t e p  rate i s  
reduced s ince  the  higher  de t en t  fo rce  reduces motor output torque.  

The scanner d r i v e  damping is  a func t ion  of v e l o c i t y  dependent parameters 
such as the  s lope  of  the  torque-speed curve,  viscous damping, and e x t e r n a l  
e l e c t r o n i c  c i r c u i t  f e a t u r e s  (e .g . ,  dynamic braking,  re t ro- torquing ,  and modu- 
l a t i o n  of t he  appl ied  vol tage  during t h e  s ing le - s t ep  pe r iod ) .  The damping 
sources  are l i s t e d  i n  the t a b l e  below. 

The motor torque-speed curves corresponding t o  the  response curves are 
The motor must provide t h e  a c c e l e r a t i o n  and average torque 

---___I 

A model of t he  motor load combination descr ib ing  the  motion and damping 
Once confirmed by a n a l y s i s ,  a d r ive  breadboard c h a r a c t e r i s t i c s  i s  requi red ,  

can be assembled and t e s t e d .  

. -- --__ - DAMPING SOURCES - ,. .. 
* 

0 Motor Damping Fac tor  - ( in-oz-s / rad)  

0 Viscous Damping - Not p r e d i c t a b l e ;  should be less than  10% 
of t o t a l  damping t o  avoid changes i n  
response.  

* 
0 Dynamic Braking - A l l  motor windings are grounded a f t e r  

power pulse  t o  d i s s i p a t e  c u r r e n t s  generated 
from the  r o t o r  magnetic f i e l d .  

0 Retro-Torquing - Momentarily applying a r eve r se  pulse  t o  the  
las t  phase t o  l i m i t  overshoot .  

0 Control led Veloci ty  - Applies vol tage  modulation wi th in  t h e  0.050-s 
Gradient * period t o  con t ro l  motor v e l o c i t y ,  reducing 

overshoot .  
- - ____.- - _ _  - - - . ~ -  --... 

- - ______. 

*The motor damping f a c t o r  can be se l ec t ed ,  and the  dynamic braking and con- 
t r o l l e d  v e l o c i t y  g rad ien t  a r e  r e a d i l y  implemented. 
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Figure A. Scan Mirror Response Curve Relating Settling Characteristics and 
Acceleration for Retrace. 

Figure B. Typical Motor Torque-Speed Performance Curves Slowing Relative 
Behavior. The motors are identical except for air gap. 
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Sec t ion  3 - Scan Mechanism Design Analys is  
Subsect ion - Design V e r i f i c a t i o n  

MATH MODEL DESCRIBING SCANNER MOTION 

A l i n e a r i z e d  second o r d e r  equat ion  desc r ib ing  t h e  s t e p  se t t le  motion of t h e  scannek 
w a s  developed on the  ITPR program. The model p red ic t ed  performance w i t h i n  10 per -  
c e n t  of tes t  d a t a .  A s i m i l a r  a n a l y s i s  of  the BSU scanner  shows t h a t  the selected 
motor and harmonic d r i v e  are capable  of d r i v i n g  t h e  scan  mi r ro r  and meeting t h e  
s i n g l e  s t e p  response-and re t race-rate .  

The math model i s  used t o  determine whether a s p e c i f i c  motor w i l l  meet t h e  
s tep-dwel l  requirements .  
c o n d i t i o n s .  

are de f ined  o p p o s i t e ) :  

The scanner  breadboard w i l l  e s t a b l i s h  a c t u a l  ope ra t ing  

The model i s  based on t h e  equa t ion  of  motion of  t he  motor s h a f t  (symbols 

A s  soon as t h e  motor r o t a t e s ,  t h e  m t o r  gene ra t e s  a reverse to rque .  Therefore ,  
t h e  ou tpu t  t o rque ,  To, i s  equal  t o  t h e  app l i ed  torque  minus t h e  r e s t o r i n g  torque  

.. 
TR JO + FO = TM - 

S u b s t i t u t i n g  motor c h a r a c t e r i s t i c s  

J R 6  i- FRi) - KtE + KtKeQ + KrRO = 0 

This  i s  

Kt 0 = E -  J R  

(3)  

( 4 )  

This  second o rde r  d i f f e r e n t i a l  equa t ion  i s  t h e  same as t h a t  of t h e  common sp r ing -  
mass-damper system. I n  o p e r a t i o n a l  form, t h e  s t e p  response is  

- 

Of a l l  t he  model parameters ,  on ly  t h e  small viscous  damping component of t h e  
damping f a c t o r  i s  unknown. E s t i m a t e s  from t h e  p a s t  t e s t  d a t a  were used f o r  t h i s  
parameter .  The l / s  term is  t h e  t ransform of a s t e p  inpu t .  The denominator re- 
p r e s e n t s  t h e  c h a r a c t e r i s t i c  form 

( 6 )  
2 s 2  + 2 x u n  s + w n  

where wn i s  t h e  n a t u r a l  frequency and $ i s  t h e  damping f a c t o r .  
w e  can c a l c u l a t e  t he  response t o  a s t e p  input  and determine t h e  damping f a c t o r  4 
r equ i r ed  of t h e  motor .  The r equ i r ed  damping f a c t o r  i s  0.4 o r  g r e a t e r .  With t h e  
motor c h a r a c t e r i s t i c s  s u b s t i t u t e d  i n  t h e  denominator of equa t ion  (5), t h e  n a t u r a l  
f requency and damping can  be c a l c u l a t e d .  

worst-case approximation of t h e  motor dynamics:How t h e  response curve i s  modif ied 
wi th  v o l t a g e  modulat ion i s  dependent on t h e  du ty  c y c l e ,  d e t e n t  t o rque ,  and dyna- 
m i c  b rak ing ,  

From t h i s  equa t ion  

The math model i s  f o r  t h e  cont inuous power cond i t ion  o n l y ,  bu t  i s  a good, 

7-22 FR 1110-101 



BECKMAN INSTRUMENTS, I N C .  
Advanced Technology Operations 
A .  Ambruso 

S 

J 

e 

F 
E 

0 
T 

TM 

TR 

Kt 

e 

Kr 

K 

R 

D E F I N I T I O N  OF SYMBOLS USED I N  TEXT 

Laplace transform v a r i a b l e  (complex frequency) 

t o t a l  system moment of i n e r t i a  a t  t h e  motor s h a f t  

angle  of r o t a t i o n  of motor s h a f t  (dot i nd ica t e s  t i m e  
d e r i v a t i v e )  

viscous damping constant  

appl ied  vol tage  

t o t a l  torque 

appl ied  torque 

r e s t o r i n g  torque 

appl ied  torque cons tan t  

e l e c t r i c a l  damping torque cons tan t  

r e s t o r i n g  torque cons tan t  

winding r e s i s t a n c e  

damping f a c t o r  

undamped n a t u r a l  frequency of  o s c i l l a t i o n  

1110-102-4 

1.8 

1.6 
1.4 

1.2 ERROR BAND 
1 .o 

AMPLITUDE 
RATIO 0.8 

0.6 
0.4 
0.2 

0 

EQUIVALENT 
To M.1. 

T -et- 
n. 3 =/2 =I 2 

Response t o  Step I n p u t  of a Second Order System. 
the  minimum damping requi red  t o  s e t t l e ,  

This p l o t  i s  used t o  de f ine  

FR 1110-101 7-23 



S e c t i o n  7 - Scanner Subsystem Design 
Subsect ion - Design V e r i f i c a t i o n  

PERFORMANCE PREDICTIONS BASED ON THE MATH MODEL 

Using the  math model and t h e  c h a r a c t e r i s t i c s  of a commercially a v a i l a b l e  s i ze -15  
s t eppe r  motor d r iven  i n  a s ingle-phase  s e r i e s  mode, t he  behavior of t h e  scanner 
i s  p red ic t ed  t o  meet t h e  s tep and s e t t l e ,  and r e t r a c e  requirements .  

The t ransform of t h e  motion equat ion  develaped i n  the  prev ious  t o p i c  must 
be c o r r e c t e d  for  a s ingle-phase  s e r i e s  d r i v e ,  s i n c e  motor c o n s t a n t s  are tabu-  
l a t e d  assuming s ingle-phase  center - tapped  ope ra t ion .  The winding impedance i s  
doubled, changing t h e  motor cons t an t s  p r o p o r t i o n a l l y  t o  o b t a i n  t h e  transformed 
s t e p  response:  

r K, 1 

I n  t h i s  equa t ion ,  E i s . t h e  a p p l i e d  vo l t age .  Other symbols are  de f ined  i n  the  
t a b l e .  The s e l e c t e d  motor performance curve and c h a r a c t e r i s t i c s  are  shown i n  
F igure  A. The corresponding n a t u r a l  f requency and damping a r e  g iven  by 

2.Kr 

J 
= -  2 

0 n 

S u b s t i t u t i n g  t h e  motor parameters  g iven  i n  t h e  t a b l e  l eads  t o  a value of w = n 109 s-' and <= 0 . 4 3 ,  c l o s e  t o  t h e  va lues  d e s i r e d .  
The s o l u t i o n  of t he  t r a n s f e r  equat ion  was done wi th  t h e  G . E .  Time Share 

program "Laplace Transform Inve r s ion ,  " The program computes the  response i n  
the  domain of a l i n e a r  system whose Laplace t ransform i s  a s  the  r a t i o  of two 
polynomials.  The c a l c u l a t e d  response curve i s  shown i n  F igure  B. The curve 
shows t h a t  t h e  motor w i l l  accelerate t h e  load t o  cons t an t  v e l o c i t y  w i t h i n  a 
few mi l l i s econds  and i s  damped t o  w i t h i n  p l u s  and minus 0 .1  degree i n  less than  
50 m s .  
t he  scanner  a t  157 r a d / s  average v e l o c i t y  measured a t  t h e  motor s h a f t .  

t he  e n t i r e  100-ms s t e p  i n t e r v a l .  Power can be removed dur ing  t h e  s t e p  a t  t h e  
po in t  w h e r e  t he  a c c e l e r a t i o n  i s  z e r o ,  t o  be r e a p p l i e d  j u s t  as  t h e  d e s i r e d  ang le  
i s  reached,  It can then  a g a i n  be removed af t te r  t h e  mi r ro r  s e t t l e s  w i t h i n  t h e  
d e s i r e d  e r r o r  band. 

A t  t h e  retrace r a t e  of 100 pps ,  t h e  motor w i l l  be capable  of d r i v i n g  

This  a n a l y s i s  i s  based on t h e  assumption t h a t  motor power i s  kept  on dur ing  
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MOTOR PARAMETERS 

15P-03 90' PM STEPPER 
20 OHMS/PHASE 
ROTOR INERTIA 5 grn -cm2 

Kt = torque constant  = 0,246 in . - lb/A (per phase) 

Ke = e l e c t r i c a l  damping cons tan t  = 0.1115 V/rad/s 

K = r e s t o r i n g  torque constant  = 0.2185 in . - lb / rad  (per phase) 

J = t o t a l  i n e r t i a  = 30 x in . - lb-s  ( includes r o t o r  and 
r 

2 

wave generator  i n e r t i a  and r e f l e c t e d  mirror  i n e r t i a  a t  
the  motor) 

damping cons tan t  = 8.7 x 10-4 in . - lb-s / rad  (slope of the  
motor response curve a t  acce le ra t ion  torque) 

R = winding r e s i s t a n c e  = 20 ohms Der phase 
F = 

1110-102-5 

Figure A. Motor Performance Curve a t  28-V and Single-phase Exc i t a t ion  
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Figure B. Calculated Single-Step Response of t h e  90-Degree Stepper Motor. The 
amplitude r a t io  of 1 .22  corresponds t o  a damping f a c t o r  of 0.42 (minimum re- 
qui red  va lue) ,  
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Sec t ion  7 - Scanner Subsystem Design 
S I I ~ S C I C  L i o n  - Dcs igii V e r i  f i c n  t i o i i  

T h c  BSU scanner  breadboard w a s  cons t ruc t ed  t o  i n v e s t i g a t e  t h e  dynamics of t h e  
s e l e c t e d  scanner .  
is capable  of meeting o p e r a t i o n a l  f l i g h t  performance, and confirmed t h e  per -  
Lormance a n a l y s i s  . 

The scanner  mockup tests demonstrated t h a t  t h e  scan  assembly 

Cons t ruc t ion  and t e s t i n g  of a l a b o r a t o r y  mockup scanner  device  (scanner  
breadboard) w a s  r equ i r ed  as p a r t  o f  t he  TOVS-BSU des ign  s tudy .  
of  t h e  breadboard t e s t i n g  w e r e  t o  demonstrate  system t r a n s i e n t  response ,  
s imula t ing  dynamically important scanner  c h a r a c t e r i s t i c s  such as i n e r t i a s ,  
motor to rque ,  and system damping. Another o b j e c t i v e  w a s  t o  v e r i f y  scanner  
system power requirements  and t o  d e f i n e  t h e  optimum scanner  d r i v e  c i r c u i t  and 
d r i v e  waveform. 

The scanner  mockup cons i s t ed  o f  a s ize-15  motor having t h e  approximate 
performance c h a r a c t e r i s t i c s  r equ i r ed ,  a s tandard  harmonic d r i v e  u n i t  o f  t h e  
proper  s i z e  (a l though wi th  d i f f e r e n t  r a t i o ) ,  a balanced mass t o  s imula t e  m i r r o r  
i n e r t i a ,  and a r e s o l v e r  t o  permit  readout  of  ou tput  s h a f t  p o s i t i o n .  The d r i v e  
c i r c u i t  used w a s  a breadboard v e r s i o n  o f  t h e  f l i g h t  d r i v e  c i r c u i t  des ign .  Mode 
O L  o p e r a t i o n  of t he  d r i v e r  c i r c u i t  w a s  s i n g l e  phase,  w i t h  f u l l  winding e x c i t a t i o n  
a t  28 V. Details of t h e  scanner  breadboard hardware and d r i v e  c i r c u i t  are pre-  
sen ted  i n  a l a t e r  s e c t i o n .  

A comparison of t h e  tes t  performance ve r sus  the  c a l c u l a t e d  response i s  
shown i n  the  t a b l e .  The a c c e l e r a t i o n ,  v e l o c i t y  g r a d i e n t ,  and crossover  compate 
very w e l l .  The peak ampli tude and damped response d i f f e r  and can  be a t t r i b u t e d  
t o  the  d i f f e r e n c e  i n  t h e  t i m e  per iod  t h a t  power i s  app l i ed  t o  t h e  motor.  The 
math model assumes power app l i ed  cont inuous ly .  
power appl ied  only dur ing  t h e  f i r s t  10 m s .  

A r eco rd ing  of an  i s o l a t e d  s t e p  dwell  pe r iod  du r ing  t h e  scan  sequence i s  
shown i n  t h e  f i g u r e .  Power was app l i ed  on ly  f o r  t he  f i r s t  10 m s .  The damped 
response is  a t t r i b u t e d  only t o  t h e  magnetic d e t e n t  and v iscous  damping of t h e  
motor and wave gene ra to r  bea r ings .  Th i s  tes t  d a t a  was from the  l a t e s t  d r i v e  
mod i f i ca t ion ,  which incorpora ted  a double-eccent r ic  wave gene ra to r  r a t h e r  than  
t h e  s tandard  e l l i p t i c a l  bea r ing  c o n f i g u r a t i o n .  Ear l ier  tests wi th  t h e  s tandard 
wave gene ra to r  r e s u l t e d  i n  a seve re ly  underdamped response wi th  out-of-band 
overshoots  occur r ing  w e l l  beyond 50 m s .  The h igh  i n e r t i a  load a l s o  l i m i t e d  re- 
t r a c e  ra te  t o  85 pps .  

board r e i n f o r c e s  the  confidence r e s u l t i n g  from a r igo rous  des ign  a n a l y s i s .  
P o t e n t i a l  problem areas as w e l l  as areas where f u r t h e r  improvement may be achieved 
are s p o t l i g h t e d ,  and t h e  d e t a i l  des ign  approach t h a t  must be taken  t o  in su re  good 
q u a l i t y  and manufacturing c h a r a c t e r i s t i c s  i s  made more c lear .  

The o b j e c t i v e s  

The mockup test  w a s  run wi th  

Design v e r i f i c a t i o n  by a c t u a l  tes t ,  as was  done wi th  t h e  BSU scanner  bread-  

CALCULATED DATA VS.  TEST DATA FOR SCANNER MOCKUP 

Calcula ted  Test Data 
Veloc i ty  Gradient  117  100 
F i r s t  Crossover 1 7  m s  2 7  m s  
Peak Amplitude 1 . 9  rad 1.78 rad  
Damping R a t i o  0 .6  0 .8  
S e t t l i n g  Time 40 m s  50 m s  
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Sec t ion  7 - Scanner Subsystem Design 
Subsect ion  - Mechanical D e t a i l s  of  the  Scanner 

The BSU scanner  assembly c o n s i s t s  of a c o a x i a l  arrangement of  t h e  scan  m i r r o r ,  
s h a f t ,  encoder ,  harmonic d r i v e ,  and scan  motor--preassembled i n t o  a c y l i n d r i c a l  
aluminum housing t h a t  mates wi th  t h e  ins t rument  frame. I n  a d d i t i o n  t o  be ing  
s imple,  l i gh twe igh t ,  and economical of space,  t h i s  arrangement i s  easy  t o  assemb-le. 

The layout  of t h e  scanner  assembly i s  shown i n  t h e  f i g u r e  on t h e  f a c i n g  
page. Note t h a t  t h e  scanner  housing u t i l i z e s  space t h a t  would o therwise  be 
wasted because o f  t h e  mi r ro r  c o n f i g u r a t i o n .  The c a n t i l e v e r e d  aluminum housing 
whichsupports t h e  whole assembly has  mounting s u r f a c e s  f o r  t h e  s h a f t  suppor t  
bea r ings  and t h e  motor mounting f l ange ,  and con ta ins  t h e  harmonic d r i v e  and 
the encoder i n  t h e  completed assembly. 

mounted t o  the  m i r r o r  s h a f t .  The scan  mi r ro r  and s h a f t  encoder are loca ted  
on oppos i t e  ends of  t h e  mi r ro r  s h a f t  by Woodruff keys p r e c i s e l y  a l igned  w i t h  
respect t o  one ano the r .  The scan mi r ro r  i s  secured by a r o l l  p i n ;  t h e  s h a f t  
encoder by t h r e e  screws. The mi r ro r  s h a f t  i s  supported i n  t h e  scan  m i r r o r  sub- 
assembly housing by b a l l  bea r ings  t h a t  are preloaded by two sleeves threaded t o  
t h e  s h a f t  and t h e  housing hub. Pre loading  i s  a g a i n s t  p r e c i s i o n  space r s  and 
is  t h e r e f o r e  i n s e n s i t i v e  t o  t h e  torque  placed on t h e  sleeves. 

p i n  i n s t a l l e d  from without  t h e  housing.  The p i n  con ta ins  a s p r i n g  t o  l i m i t  
excess ive  loading  of t h e  m i r r o r  s h a f t  bea r ings .  The scanner  housing does not  
mate d i r e c t l y  t o  t h e  instrument  frame, b u t  r a t h e r  t o  t h e  l a r g e  f l a n g e  on t h e  
f r o n t  of t h e  s t e p p e r  motor.  Th i s  f l a n g e  i s  provided d i r e c t l y  on t h e  motor 
housing i n  o r d e r  t o  improve c o n c e n t r i c i t y  between t h e  motor and t h e  harmonic 
d r i v e ,  and t o  promote good h e a t  t r a n s f e r  from t h e  motor t o  t h e  ins t rument  
frame . 
which i s  s tandard  f o r  t h e s e  u n i t s ,  but  a s p e c i a l  e c c e n t r i c ,  d o u b l e - r o l l e r  t ype .  
I n  a d d i t i o n  t o  o f f e r i n g  g r e a t l y  reduced i n e r t i a  a s  well  as  the  resul tant  dynamic 
performance advantages t h a t  havc been d i scussed ,  t h i s  wave gene ra to r  dcs ign  LH 
a lso  somewhat easier t o  assemble i n t o  t h e  f l e x  s p l i n e .  

When t h e  wave gene ra to r  i s  i n s e r t e d  i n t o  t h e  bore  of  t he  f l e x  s p l i n e ,  i t  
m u s t  be determined t h a t  proper  assembly has  taken  p l a c e ,  s i n c e  t h e  f i n e - p i t c h  
t e e t h  could engage p lus  o r  minus one t o o t h  from t h e  t h e o r e t i c a l  e l l i p t i c a l  
c e n t e r  l i n e .  Opera t ing  t h e  d r i v e  i n  t h i s  cond i t ion  f o r  a prolonged t i m e  would 
des t roy  the  t e e t h .  The d r i v e  i s  checked by record ing  t h e  torque  over  several 
r e v o l u t i o n s .  The peak torque  recorded should be equal  t o  t h e  motor d e t e n t  
t o rque .  Peaks g r e a t e r  t han  50 percent  of  t h e  d e t e n t  to rque  i n d i c a t e  improper 
o p e r a t i o n  of  t he  d r i v e ;  and it must be disassembled,  checked, and reassembled.  

The scan  m i r r o r ,  s h a f t  encoder ,  and f l e x  s p l i n e  of t h e  harmonic d r i v e  are 

The s h a f t  encoder i s  indexed t o  t h e  housing by means of  a p i n  cage indexing 

The wave gene ra to r  used i n  t h e  scanner  i s  no t  t h e  e l l i p t i c a l - b e a r i n g  type  
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SCCI i o n  7 - Scanner Subsystem Design 
S u l > s c c t  i o n  - Mechanical Details of the Scanner 

1.:S'l'IMATES OF PHYSICAL CHARACTERISTICS 

The BSU scanner f i t s  within the overa l l  instrument layout and meets the derived 
requirements of space envelope, weight, and power. 

In  the instrument weight budget, 3.06 l b  was a l l o t t e d  t o  the scanner sub- 
system, exclusive of the scan mirror and sunshield. 
comprised of the individual component weights l i s t e d  i n  the table .  

goa l  of 10 W f o r  the  average motor power was set i n  the study. 
been met, s ince the average power i s  only 7.7 W. 

The  scanner 's  instantaneous uncompensated angular momentum about the  
spacecraf t  r o l l  ax i s  i s  0.0375 lb- in-s  fo r  the s t e p - d w e l l  phase; and 0.375 lb-  
in-s  for the r e t r ace ,  or  slewing, phase. Over any 8-s mult iple  of step-dwell 
and re t race  operation, t h i s  in tegra tes  t o  zero, s ince the p e r i o d  of o s c i l l a t o r y  
motion i s  8 s.  
tha t  time the scanner output shaf t  describes a complete revolution. Each 
ca l ib ra t ion  sequence, therefore ,  r e s u l t s  i n  an increased angular momentum 
t o  the instrument; but t h i s  momentum, i n  turn,  can be used against  the steady 
opposite ro t a t ion  of the chopper d i s c  t o  y ie ld  a decreased momentum t o  the  
spacecraft .  

momentum input ,  i s  t o  slew back from the  ca l ib ra t ion  posi t ions t o  the scan 
sector  ra ther  than t o  describe a complete revolution. 
ment i s  grea te r  fo r  t h i s  scheme, s o  tha t  t i m e  must be taken away from the 
ca l ib ra t ion  dwells. Each ca l ib ra t ion  would then be 2.0 s ra ther  than the 2.4 s 
ava i lab le  with the  scan program discussed above. 

i n  the table.  

This t o t a l  weight i s  

Scanner dr ive  power has been discussed extensively i n  t h i s  report .  A 
This goal has 

Every 256 s there  i s  a ca l ib ra t ion  sequence, however, and a t  

An a l t e rna t ive  approach, which would resul t  i n  a zero long-term angular 

The t o t a l  angular move- 

Per t inent  parameters of the scanner 's  e l e c t r i c a l  d r ive  c i r c u i t  a re  shown 
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ESTIMATES OF BSU SCANNER PHYSICAL CHARACTERISTICS 
Long-term angular momentum input to the instrument from the scanner depends 
on which way the calibration functions are mechanized, 

WEIGHT 
Component 
Motor 
Harmonic Drive 
Encoder 
Output Shaft 
Output Bearings 
Structure 
Total 
.IrM - Manufacturer 
- 

Weight 
0.62 lb 
0.20 lb 
0.38 lb 
0.24 lb 
0.24 lb 
1.38 lb 
3.06 lb 

C - Calculated W - Weighed 

Source* 
M 
M 
E 
C 
M 
E 

E - Estimated 
UNCOMPENSATED ANGULAR MOXENTUM - LONG TERM 

With continuous rotation thru calibration positions 0.375 lb-in-s* 
With reversed rotation to and from calibration positions 
* Occurs 1.25% of the time. Averages to 0.0007 lb-in-s 

-0- 

ELECTRICAL DRIVE 
Drive Efficiency 
Size 
Weight 

3.0 in.dia. x 0.5 in. long 
3.2 lb 
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Sec t ion  7 - Scanner Subsystem Design 
Subsect ion - Mechanical Details of the Scanner 

SELECTION OF FLIGHT SCANNER COMPONENTS 

The TOVS/BSU scanner  component performance s p e c i f i c a t i o n s  and c h a r a c t e r i s t i c s  have 
been s e l e c t e d  t o  assure performance demonstrated by the scanner  mock-up. 
q u a l i f  i ca t io i i  t e s t i n g  and screening  a t  s p e c i f i e d  environmental  cond i t ions  a r e  r e -  
qu i r ed  t o  a s s u r e  a scanner  which w i l l  meet a l l  f l i g h t  acceptance t e s t s  and provide a 
Iiigli degree of confidence of ope ra t ing  f o r  two y e a r s  i n  o r b i t .  

Component 

O n e  purpose of t h e  scanner  mock-up was t o  ass is t  i n  d e f i n i n g  components. I n  
a d d i t i o n  t o  v e r i f y i n g  scanner  dynamic performance, breadboard t e s t i n g  helped de- 
termine component s i z e s .  Analys is  was a l s o  used t o  achieve  t h e  same purpose,  so 
t h a t  t h e r e  was a r a t i o n a l  b a s i s  f o r  s i z i n g  and spec i fy ing  a l l  components. 

Scanner breadboard t e s t i n g  showed t h a t  a s i ze -15  s t eppe r  motor and size-1C 
harmonic d r i v e  are  adequate  f o r  t h e  BSU scanner .  The motor and system dynamics, 
and the  inpu t  i n e r t i a  were t h e  governing f a c t o r s  i n  the  s e l e c t i o n ;  and the  same 
phys ica l  s i z e s  of motor and d r i v e  as  were used i n  ITPR a r e  adequate  a l s o  f o r  t h e  
BSU scanner.  

con f igu ra t ion ,  and d e s c r i b e s  the  motor used i n  mock-up t e s t i n g .  
power va lue  of 10 W average power maximum was b e t t e r e d  by 15 percent  i n  t e s t i n g ;  
and the  s p e c i f i e d  weight by 1 7  pe rcen t ,  

c i t i e s  a re  much g r e a t e r  than needed i n  t h e  a p p l i c a t i o n .  A s p e c i f i c a t i o n  a p p l i e d  
t o  t h e  harmonic d r i v e  which could  be m e t  on ly  wi th  d i f f i c u l t y  -- i f  a t  a l l  -- by 
a l L e r n a t i v e  dev ices  i s  t h a t  of backlash.  The s p e c i f i e d  va lue  i s  two minutes  of a r c .  
T h i s  i s  achieved by e x t r a  t i g h t  c o n t r o l  of t h e  s p l i n e  too th  manufactur ing processes  
a t  USM Corpora t ion ,  and w i l l  be v e r i f i e d  f o r  each d e l i v e r e d  u n i t  by screening .  

v a l  and accuracy requirements  a re  e a s i l y  m e t  wi th  c u r r e n t  technology,  t h e  most 
s i g n i f i c a n t  s p e c i f i e d  v a l u e s  f o r  t h e  encoder a re  t h e  environmental  parameters .  

Imposed environmental  t e s t i n g  cond i t ions  a r e  the  same f o r  a l l  scanner  com- 
ponents .  Some c o n d i t i o n s ,  such as  a c c e l e r a t i o n  and v i b r a t i o n ,  a r e  g iven  a s  p a r t  of 
t h e  NESS s p e c i f i c a t i o n .  Others ,  no tab ly  tempera ture ,  r e s u l t  from t h e  a n a l y t i c a l  
work accomplished a s  p a r t  of t h e  s tudy .  The thermal  des ign  s tudy  p red ic t ed  
tempera tures  t h a t  w i l l  occur  i n  v a r i o u s  a r e a s  of t h e  ins t rument ,  Values s u b s t a n t i a l l y  
i n  excess  of t he  p r e d i c t e d  temperature  extremes (310C t o  43OC opera t ing)  a r e  s p e c i f i e d  
for  t e s t i n g .  
o r  less. This va lue  i s  increased  t o  10-6 t o r r ,  s i n c e  t h i s  vacuum can be achieved f o r  
t e s t i n g  and r e su l t s  i n  a more r e a l i s t i c  t e s t .  

I n  a d d i t i o n  t o  t h e  cons ide ra t ions  d i scussed  above, d e t a i l e d  component s p e c i f i c a -  
t i o n s  w i l l  inc lude  t h e  necessary  workmanship, manufactur ing c o n t r o l ,  t r a c e a b i l i t y ,  
and q u a l i t y  assurance  c r i t e r i a .  De ta i l ed  component s p e c i f i c a t i o n s  a re  inc luded  i n  
an appendix t o  t h i s  r e p o r t .  

Jr T h e  7 b i t s  a r e  u s e d  t o  encode the p o s i t i o n s  i n  the  72-scene scan l i n e  a s  
we l l  as the housing and space look .  The r e s o l u t i o n  of t he  encoder i s  1 .125  
degrees .  Spare p o s i t i o n s  a r e  u s e d  f o r  f l agg ing  the  neighborhoods of t he  
scan  and housing look s o  t h a t  an overshoot  cannot confuse the  l o g i c .  

Motor and harmonic d r i v e  s p e c i f i c a t i o n s  a r e  shown i n  t h e  t a b l e .  
The motor s p e c i f i c a t i o n  shows a 90°-step,  s i ze -15  u n i t .  This i s  a c m o n  

The s p e c i f i e d  

The harmonic d r i v e  u n i t  e a s i l y  meets s p e c i f i c a t i o n s .  Power and torque  capa- 

The encoder s p e c i f i e d  is  a 7 - b i t ,  p in-contac t  type,Jc Because t h e  count  i n t e r -  

The NESS s p e c i f i c a t i o n  i n d i c a t e s  a n  ambient p re s su re  of 5 x 10-5 t o r r  

- .  
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SUMMARY OF BASIC SOUNDER UNIT SCANNER COMPONENT SPECIFICATIONS 

Motor 

Type 
Operating Voltage 28 V dc 
Power 
Weight 12 02. 

Permanent Magnetr 90' stepper, Size 15 

10 W average power max. 

Speed Reduction Drive 

Type 
Weight 
Ratio 
Ba c kla sh 

USM Corporation Harmonic Drive, Size 1C 
6 oz. 
80:l 
2 arc minutes 

Encoder 

Type Pin Contact 
No. of Tracks 7 
Count interval 1.125 degrees 

Environmental Specifications - All Components 
Pres sure 10-6 torr 

Acceleration 22 G (non-operating) 
Vibration Sinusoidal log 5-2000 Hz 

Temperature -25OC to + 7OoC 

Random 20 g rms @ 0.2 g2/Hz 
20-2000 HZ 
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S e c t i o n  7 - Scanner Subsystem Design 
Subsect ion - Mechanical Details of the  Scanner 

S'iXUCTURAJ, PROBLEMS I N  THE SCANNER 

Aiialysis has shown t h a t  s a f e t y  f a c t o r s  provide the answers t o  s t r u c t u r a l  problems i n  
tlic scanner subassembly. 
tlic mi r ro r  sun - sh ie ld  and t h e  mi r ro r  s h a f t ,  stresses i n  the  harmonic d r i v e  f l e x i b l e  
c lement ,  and ba l l -bea r ing  stresses. 

The p o t e n t i a l  problems were t h e  s t r e s s  and d e f l e c t i o n  i n  

The m i r r o r  sun-sh ie ld  i s  a t h i n  aluminum c y l i n d r i c a l  s h e l l .  It i s  s u b j e c t  t o  
p o s s i b l e  s t ress  problems under v i b r a t i o n  and a c c e l e r a t i o n .  Analys is  shows t h e  maxi- 
mum s t r e s s  i n  the  sun s h i e l d  t o  be 35,000 l b f / i n 2 ;  and t h e - m a t e r i a l  s t r e n g t h  i s  
70,000 l b f / i n 2 ,  g iv ing  a s t r e n g t h  s a f e t y  f a c t o r  of 2.0. 

co rd ing ly ,  t h i s  a r e a  was checked f o r  b e n d i n g . s t r e s s e s  i n  t h e  s h a f t  and p o s s i b l e  
v i b r a t i o n  over loading  of t h e  b a l l  bea r ings ,  It was found t h a t  t h e  maximum bending 
stress i n  the  s t a i n l e s s  s t ee l  s h a f t  i s  23,700 l b f / i n 2 .  Since t h e  a l lowable  y i e l d  
va lue  i s  275,000 l b f / i n 2 ,  t h e  y i e l d  s t r e n g t h  s a f e t y  f a c t o r  f o r  t h e  scanner  s h a f t  
i s  11.6.  

t he  bea r ings  being overloaded dur ing  v i b r a t i o n  t e s t i n g ,  a cond i t ion  caused by the  
growth of t h e  m i r r o r  t o  meet t h e  thermal des ign .  Consequently,  t h e  des ign  was 
changed t o  show a tandem p a i r  of angu la r  c o n t a c t  bea r ings  a t  t he  f r o n t  of  t h e  scanner  
d r i v e  housing ( n e a r e s t  t h e  m i r r o r ) ,  and a s i n g l e  bear ing  a t  t h e  rear.  
bear ing  load under worst  v i b r a t i o n  cond i t ions  i s  520 pounds, and the  load r a t i n g  f o r  
t h e  tandem p a i r  i s  1,310 pounds; t h e r e f o r e  t h e  stress s a f e t y  f a c t o r  i s  2.5 f o r  t h e s e  
bear ings .  

An a r e a  of concern,  but  one which a c t u a l l y  i s  not a problem, i s  t h e  f l e x i n g  
member of  t h e  harmonic d r i v e .  Over t h e  two-year des ign  l i f e  of t h e  in s t rumen t ,  t h i s  
member  w i l l  undergo 3.3 x 108 c y c l e s  of r eve r sed  loading as  t h e  wave gene ra to r  r o t a t e s  
i n s i d e  i t .  
d a t a ,  which i s  shown i n  the  f i g u r e  oppos i t e .  Here i t  can be seen t h a t  t h e  ope ra t ing  
poin t  i s  s a f e l y  below the  f a i l u r e  cu rve ,  and s a f e t y  f a c t o r s  a r e  generous.  

The m i r r o r  s h a f t  and bear ings  a r e  s t r e s s e d  under environmental  loading.  Ac-  

S t r u c t u r a l  a n a l y s i s  of t h e  scan mi r ro r  bear ings  showed t h a t  t h e r e  was danger of 

The h i g h e s t  

The impl i ca t ions  of t h i s  a re  b e s t  explored by us ing  t h e  manufac tu re r ' s  

SCANNER STRESSES AND SAFETY FACTORS 

Safe ty  f a c t o r s  a re  equal  t o  o r  g r e a t e r  than  2.0 I n  every  case .  

Maximum Rated o r  
S t r e s s  A 1  lowable Sa fe ty  

Component Fac t  o r  s F a c t o r s  Fac to r  

Mirror  Sunshie Id  35,000 l b f / i n 2  70,000 l b f / i n 2  2.0 

Mir ror  Sha f t  23,700 l b f / i n 2  275,000 l b f / i n 2  11.6 

Sha f t  Bearings 520 l b  1,310 l b  2.5 

Harmonic Drive F lex  Sp l ine  16.4* 60 3.7 

Wave Generator  - Bearing L i fe  3.3 x lo8 7x108 rev 2 .1  

JrTorque Constant  - Derived Quant i ty  
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2504 

STATE OF MIS ART 
TORQUE/SIZE VS. RATIO 

6 
c- 
_-*321SS FLEXSPLINE 

10 REV.AV.BRG.LIFE 

OPERATIONAL LIMIT 
(RATCHET POINT) 

I . 
120 160 200 240 

RATIO 
POINT 

TORQUE ( IN-  LB) 
( m 3  (IN31 

TORQUE CONSTANT = 

WHERE PD = PITCH DIAM (1.4 I N .  FOR au 

FATIGUE SAFEZY FACTOR = 16.4 60 3.7 

I --- 8 
2.1 7 x 10 BEARING LIFE SAFETY FACTOR P ____ 

3 . 3  x 108 
I 
Harmonic Drive Safety Factors 

. 
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Sect ion  7 - Scanner Subsystem Design 
Subsection - Mechanical Deta i l s  of the Scanner 

SELECTION OF SCANNER LUBRICANTS 

A number of l ub r i can t s  were considered f o r  the  scanner,  and the  leading candidates  
a r e  Vac-Kote wet f i l m  l u b r i c a n t ,  deposi ted gold,  and Krytox grease .  D i f f e ren t  
l ub r i can t s  and l u b r i c a t i o n  techniques should be used i n  the  d i f f e r e n t  areas of the  
scanner mechanism, s ince  the  l u b r i c a t i o n  problems encountered vary .  

Because of the  v a r i e t y  of mating mechanical parts i n  the  scanner mechanism, 
a number of l ub r i can t s  and techniques were examined: s i l i c o n e  o i l s  and greases ,  
Krytox per f luoroa lkylpolye ther  l ub r i can t ,  Vac-Kote deposi ted lub r i can t  f i lms ,  
deposi ted gold metal ,  polyimide plast ic  coa t ings ,  and d ies te r -based  l i q u i d  
l u b r i c a n t s .  

they have t h e  advantage of  a very f l a t  t empera ture-v iscos i ty  curve and low out -  
gassing,  t h e i r  f i l m  s t r e n g t h  and l u b r i c i t y  p rope r t i e s  are poorer than  those of 
o the r  l u b r i c a n t s  and they have a known f a i l u r e  mode cons i s t ing  of t he  generat ion 
of small, g l a s sy  p a r t i c l e s .  This phenomenon is  r e f e r r e d  t o  i n  several r e p o r t s ,  
and may have cont r ibu ted  t o  t h e  ITPR scanner f a i l u r e s .  S i l i c o n e  greases  and 
o i l s  should be excluded from cons idera t ion  u n t i l  t h i s  phenomenon i s  inves t iga t ed  
adequately and the  problem i s  solved.  

l u b r i c a t i n g  p rope r t i e s  and good temperature s t a b i l i t y .  The high temperature 
v i s c o s i t y  and outgassing prope,r t ies  are not as good as those of the  s i l i c o n e s ,  
bu t  t hese  l u b r i c a n t s  have been appl ied success fu l ly  i n  space.  I n  p a r t i c u l a r ,  
Krytox w a s  used on the  Backscat ter  U l t r a v i o l e t  (BUV) instrument (a NIMBUS exper i -  
ment).  
from a s o l u t i o n .  This  con t ro l l ed  the  lub r i can t  th ickness  so t h a t  bear ing s t a r t i n g  
torques w e r e  not  increased too much a t  low temperatures .  

Vac-Kote i s  a bonded molybdenum d i s u l f i d e  f i l m .  While t h e r e  a r e  many dry  
f i l m  processes  on the  market,  Vac-Kote has the  bes t  h i s t o r y  of  r e l i a b i l i t y  i n  
space app l i ca t ions .  
The w e t  type has a l i q u i d  lub r i can t  c o n s t i t u e n t ,  i n  a d d i t i o n  t o  the  bonded MoS2 
f i lm ,  and it i s  t h i s  type t h a t  i s  recommended f o r  t he  scanner .  

Many space mechanisms have been success fu l ly  lub r i ca t ed  wi th  deposi ted f i lms  
of gold,  a technique t h a t  i s  e f f e c t i v e  when the  gold-coated su r face  runs aga ins t  
a harder  m e t a l  sur face .  This  l u b r i c a t i o n  technique is a good candidate  a t t r a c t i v e  
f o r  use on t h e  s p l i n e  mesh. 

The preloaded b a l l  bear ings t h a t  support  the  mi r ro r  s h a f t  are a r e l a t i v e l y  
s t ra ight forward  bear ing  app l i ca t ion .  The i r  t o t a l  number of r evo lu t ions  f o r  two 
years  i n  o r b i t  i s  4 x 106 
these  bear ings.  

8 
revolu t ions  dur ing  the  two-year mission.  It i s  doubt fu l  t h a t  bonded-f i l m  
l ub r i can t s  would have s u f f i c i e n t  l i f e  f o r  t h i s  a p p l i c a t i o n .  Therefore,  Krytox 
s y n t h e t i c  l i q u i d  l u b r i c a n t s  are recommended. Grease p l a t i n g  should be used on 
motor bear ings t o  avoid torque buildup a t  low temperatures .  A lubricant-impreg- 
nated,  s intered-nylon r e s e r v o i r  can be put  i n s ide  the  harmonic d r i v e  and excess  
lub r i can t  vapors vented overboard away from the  instrument o p t i c s .  

I n  t h e  harmonic d r i v e  s p l i n e  mesh, t h e r e  i s  a tendency f o r  any p a r t i c u l a t e  
ma t t e r  present  t o  migrate  toward t h e  cen te r  of t he  t e e t h .  When l i q u i d  l u b r i c a n t s  
a r e  used, wear-debris p a r t i c l e s  become trapped i n  an abras ive  pas t e  and wear the  
t e e t h  badly.  Because of t h i s ,  a dry material of  e x c e l l e n t  f i lm  s t r e n g t h  t h a t  w i l l  
prevent  the  genera t ion  of w e a r  p a r t i c l e s  i s  needed. Deposited gold i s  recommended. 

Lubr ica t ion  i s  requi red  i n  t h e  encoder and i t s  bear ing  and f o r  t h e  p ins  i n  
the  p in  cage. Krytox o i l  i s  recommended f o r  t he  p ins ;  t h e  bear ing should be grease 
p l a t ed  with Krytox. 
encoder contac t  su r f aces .  
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S i l i cone  greases  and o i l s  have many successfu l  space a p p l i c a t i o n s .  Although 

Krytox l u b r i c a n t s  are a s e r i e s  of f l uo r ina t ed  polyethers  which have good 

I n  t h a t  case the  grease w a s  "plated" on the  metal  su r f aces  by depos i t i on  

There a r e  two b a s i c  types of  Vac-Kote--"wet" and "dry." 

Vac-Kote f i l m  lub r i can t  would be a good choice f o r  

The bear ings  of t h e  motor and wave genera tor  w i l l  experience 3 x 10 

Barrier f i lms  should be used t o  prevent  o i l  migra t ion  t o  t h e  



BECKMAN INSTRUMENTS, INC. 
Advanced Technology Operations 
J. C. Hammond 

TABLE I. LUBRICANTS STUDIED 

All of these lubricants have been successfullv used in space. 

0 Silicones 

0 Krytox 

0 Vac-Kote 

0 Gold 

- Flat viscosity curve; low outgassing. 
Has failure mode involving generation 
of hard, glassy particles. 

- Adequate temperature range (-40°C to 
+23OoC);  outgassing same as silicones; 
excellent lubricity and film strength. 

- "Wet" and ''dry'' types. Qualified in 
many applications. Wear is the only 
failure mode. 

- Deposited in films approximately 
2 x in. thick. High load- 
carrying ability. 

TABLE 11. RECOMMENDATIONS 

0 Mirror Shaft Bearings - Vac-Kote 
0 Motor and Wave Generator - Krytox grease plated, and oil in 

Nylasint reservoir. 

0 Harmonic Drive Spline Teeth - Deposited Gold 
0 Encoder - Krytox oil and grease. 

FR 1110-101 7-37 



Section 7 - Scanner Subsystem Design 
Subsection - Mechanical Details of the Scanner 

NATURE OF SCANNER SUBSYSTEM INTERFACE REQUIREMENTS 

Tlic rcquircmcnts applicable to the interface between the scanner subsys tem and the 
iiistrruinciit systciii arc?: iiiouiiting space, adequate mechanical strength and rigidity, 
optical accuracy, and low thermal _r_esistance. --. . -  

A mounting surface of appropriate dimensions and flatnesg must be provided 
for mounting the scanner, Also ,  clearance space for the scan mirror and for its 
beam over the range of look angles is needed, as detailed in the table on the 
facing page, 

is a small torque reaction due to scanner operation. 
oz-in.--as to be negligible. However, in the launch condition and in environmental 
testing, considerable stresses are imposed. There are direct tensile, compressive, 
and shear forces on the joint, as well as bending induced in the scanner mounting 
web of the housing. The resisting moment necessary at the scanner-to-housing joint 
is 1500 lb-in. The scanner mounting screws must be sized to have a preload 
greater than any tensile force that can be imposed on them, including the resisting 
moment. Dowel pins to positively locate the assembly and take the shear forces are 
necessary also. 
diameter bolts torqued to 11.0 in.-lb, and two 3/16-inch diameter pins installed 
at assembly. 

strument's exit beam. The initial installation of the scanner subassembly must be 
accurate geometrically, and the design must allow it to be repositioned accurately 
when it is removed and reinstalled. This is achieved by the two 3/16-inch-diameter 
pins, which also take the shear loads. The pins are installed only after the scanner 
is aligned and clamped at initial assembly. Thereafter, no alignment is necessary, 
since the locating pins allow the scanner to be removed and accurately reinstalled 
as often as desired. 

Because the heat of power dissipation in the scanner motor must cross the 
scanner-to-housing joint, there is a thermal interface requirement. This heat is 
disposed of, ultimately, at the external radiator panels, and it must follow con- 
ductive paths through the housing metal to get there. This heat conduction incurs 
a temperature drop of about 12OC, leaving an allowable temperature drop at the 
interface of 360C1 if the motor upper limit of 70% is not to be exceeded. Since 
the average power involved is 8.2 W, the maximum allowable thermal resistance at 
the interface is 4.4'CIW. The design value of l.O°C/W meets this requirement. 

motor driver requires an input of programmed pulses from the instrument logic and 
an input of dc power. 
MDB-7P connector. 
power input, 
connector. 

In actual instrument operation, the only mechanical stress on the interface 
This is so small--about 9 

These requirements are met with a pattern of three 3116-inch- 

The optical accuracy requirement concerns the pointing accuracy of the in- 

The scanner electrical interface involves the motor and shaft encoder. The 

Physical connection to the motor driver i s  through a Cannon 
The pin-contact encoder is a passive device and requires no 

Electrical connection to it is also  thtough a Cannon-type multi-pin 
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B E C W N  INSTRUMENTS, I N C .  
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J. C. Hammond 

SCANNER SUBSYSTEM INTERFACE REQUIREMENTS 

0 

e 

0 

0 

0 

0 

e 

0 

Mounting Surface - 

Mirror Clearance - 
Mirror Beam Size - 
Look Angles - 

Res i s t ing  Moment of - 
Support S t ruc tu re  

Assembly Features  - 

Scan Motor Power - 
Thermal Resis tance - 

3 mounting holes  on S - in . -d i a .  
c i r c l e ;  sur face  f l a t  wi th in  
0.005 i n ,  

11.4 i n .  d i a .  x 12.0 i n .  length 

11.4 i n .  d i a .  

7 1  degrees above n a d i r ,  
an t i - sun  s i d e  

42 degrees above n a d i r ,  sun s i d e  

1500 l b / i n .  

Dowel p ins  i n s t a l l e d  i n  l i n e -  
reamed ho le s  t o  permit repeated 
accura te  assembly and disassembly 

8.5 W avg.;  programed 10 ms, 
28-V pulses  

4. ~ O C / W  maximum 

FR 1110-LO1 7 -39/7 -40 
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Sect ion 8 - Instrument Sequencing and Control 

SYSTEM TIMING AND CONTROL REQUIREMENTS 

~ ' ~ 3 1 1 t x ~ ~ l  O C  the iiistrument subsystems i s  performed by a central ized,  syncIirc.rtious, 
1c)k:i L *  rteLwol*k, dienoted as the System Timing and Control U n i t .  

General: Control and timing logic  i s  required t o  keep a l l  aspects of the  
'1'OV:; s igna l  processing i n  proper synchronism with t h e  TIROS-N Information 
Processor ( T I P ) ,  and TOVS scan program, and t h e  op t i ca l  chopper. The TOVS 
requires  two ( 2 )  ex terna l ly  supplied cont ro l  s ignals :  

. TIP - Master Frame Sync (16 second period) . S/C Clock - 1248 KHZ s igna l  

Using these s igna ls  as a bas i s ,  t h e  TOVS system timing and control  u n i t  w i l l  
develop a l l  t h e  necessary instrument cont ro l  s igna ls .  The main control  
s igna ls  and t h e i r  functions are iden t i f i ed  as follows: 

a )  In tegra te ,  Dump and Hold: Controls t he  analog da ta  in tegra tors .  
b )  Advance Multiplexer: Controls t h e  analog multiplexer.  
c )  S t a r t  Conversion: Used t o  i n i t i a t e  t h e  APC conversion. 
d )  Scan Step Rate: Advances t h e  scan mirror.  
e )  Chopper Rate: Advances t h e  chopper motor. 

Description: A block diagram i l l u s t r a t i n g  t h e  Timing and Control un i t  
configuration i s  shown i n  Figure A on t h e  addacent page. 
basic functions are performed; 

Note t h a t  three (3) 

(1) 

(2 )  

(3) 

Wave shapers are used t o  buffer  t h e  e x t e r n e l y  supplied clock 
(1248KHZ) and master frame sync pulse (MFSP). 
A counting r e g i s t e r  comprised of several s tages  generates a l l  t h e  
necessary frequencies from 1248KHZ t o  1/264 HZ. 
Logic gates  are used t o  develop the  desired control  s igna ls  by 
decoding t h e  various counter chain states. 

The exact log ic  s t ruc tu re  of t he  counter s tages  and associated decoding 
gates  can be synthesized several  ways. Care must be exercised t o  avoid false 
s igna ls  from t h e  decoding gate ,  due t o  log ic  element propagation delays.  

Note t h a t  t h e  system timing s igna ls  have a f ixed known re l a t ionsh ip  
r e l a t i v e  t o  each other  and are synchronized t o  the  MFSP s igna l .  

8-0 





Section 8 - Instrument  Sequencing and Control 

DESCRIPTION OF SYSTEM TIMING 

A timing diagram i s  presented t o  c l a r i f y  t h e  fundamental instrument control  timing 
requirements . 

General: A t iming diagram i l l u s t r a t i n g  t h e  phase r e l a t i o n  of the key control  
s igna ls  i s  shown i n  Figure A. The scan mirror s t e p  ra te ,  PRP chopper s igna l ,  
in tegra tor  controls ,  and da ta  processing s igna ls  a re  iden t i f i ed .  Scan s teps  occur 
every 100 m s .  This i n t e r v a l  i s  subdivided i n t o  three  (3)  segments; 1) 75 m s  used 
for data  in tegra t ion ,  2)  18.75 m s  used t o  d i g i t i z e  t h e  16 data  channels and 3) 
6.25 m s  a l located f o r  dumping t h e  in tegra tors .  

Scan Mirror Step: This s igna l  occurs a t  a LO pps rate during t h e  normal 
scan cycle and at a 100 pps r a t e  during t h e  r e t r ace  cycle. 

PRP Signal: This s igna l  i s  derived d i r e c t l y  from t h e  chopper mechanism 
and i s  control led t o  maintain phase sync with the  in t eg ra to r  control  s ignal .  
Signal occurs at a 40 Hz rate.  

function f o r  75 m s ,  hold t h e  in tegra ted  value f o r  a period of 18.75 m s ,  and a r e  
reset t o  zero during the  next 6.25 m s  period. 
s e r t ed  between t h e  scan s t e p  s igna l  and t h e  in tegra t ion  period. This dalay 
allows t o  scan mechanism t o  s e t t l e  t o  a s t a t i c  value before  da ta  processing 
occurs. 

Analog da ta  w i l l  be processed during t h e  18.75 IUS 
HOLD period. Three s igna ls  control  t h e  analog multiplexers,  i . e . ,  10  pps 
ON LINE s igna l ,  500 Hz multiplexer advance s igna l ,  and t h e  1/256 Hz master 
sync s ignal .  

t h e  analog data.  
each sample; plus  an 8 kHx b i t  t r i a l  clock. 

In tegra tor  Controls: Inf ra red  energy in tegra tors  perform the  in tegra t ion  

A time delay of 31.25 m s  i s  in- 

Multiplexer Controls: 

ADC Controls: The ADC and multiplexer operate i n  conjunction t o  d i g i t i z e  
A start conversion signal (500 Hz, gated) i s  developed for 
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Sect ion  8 - Instrument Sequencing and Control 

MULTIPLEXER CONTROL REQUIRmNTS 

A l o g i c  conf igura t ion  necessary t o  c o n t r o l  t h e  sequencing of t h e  analog multi-  
plexer i s  defined. 
f ixed  sampling sequence. 

Simple c o n t r o l  d i g i t a l  c i r c u i t r y  i s  used t o  genera te  a 

Multiplexer Review: A sequen t i a l ly  addressable,  j unc t ion  FET multiplexer 
i s  requi red  t o  commutate t h e  analog r a d i a t i o n  s i g n a l s ,  temperature monitor 
s i g n a l s  and o ther  s p e c i a l  analog vol tages .  
multiplexer conf igura t ion  i s  shown on t h e  adjacent page. Note t h a t  c o n t r o l  
l o g i c  i s  requi red  t o  provide the  g a t e  addresses f o r  both the  prime and sub- 
mul t ip lexers .  

an address counter t o  sequen t i a l ly  scan t h e  input ga t e s .  

4 na ture  of t he  multiplexer ( 4  x 4 matr ix)  allows a n a t u r a l  par i t i o n  of a 
four  ( 4 )  b i t  b inary  counter i n t o  two sets denoted as SXi / lE  and SYi/l . 
These s i g n a l s ,  when t r a n s l a t e d  t o  compatible vol tage  l e v e l s ,  d i r e c t l y  
c o n t r o l  t h e  prime mul t ip lexer .  

used i n  t he  prime mul t ip lexer  , however, the  twelve (12)  po in t  capac i ty  re -  
qu i r e  a d i f f e r e n t  address counter r ad ix .  
counter i s  needed. T h i s  counter i s  advanced one count per FOV, or  more 
c o r r e c t l y  a t  a rate of 1 0  HZ. A data readout cyc le  i s  completed every 
1.2 second period. 

counter be synchronized t o  t he  TIP'S major frame sync s i g n a l  and t h e  
i n t e r n a l  T O V ' s  system timing. This  requirement means t h a t  t h e  address 
counters must be provided w i t h  a reset feature and t h a t  t h e  advance rate 
maintain a f ixed  phase r e l a t i o n s h i p  t o  t h e  i n t e g r a t e .  

A block diagram i l l u s t r a t i n g  t h e  

Prime Multiplexer Control: The s ix t een  poin t  prime mul t ip lexer  r equ i r e s  
The two l e v e l  

Submultiplexer Control: Submultiplexer c o n t r o l  i s  analogues t o  t h a t  

A twelve (12 )  state address 

Synchronization: It i s  e s s e n t i a l  t h a t  t h e  prime multiplexer address 
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Section 8 - Instrument'Sequencing and Control 

1)ESCRIPTTON OF THE MULTIPLEXER CONTROL LOGIC 

Multiplexer control  s igna ls  are developed usinp; simple d i g i t a l  logic  c i r c u i t r x .  

General: A s implif ied log ic  diagram of t h e  multiplexer control  logic  i s  
shown i n  Figure A and cons is t s  of prime and submultiplexer address counters,  
decoding ga te  and associated switch dr ivers .  

Prime Multiplexer Control Logic: A four  ( 4 )  b i t  binary counter i s  used 
t o  furn ish  t h e  prime multiplexer address. Counter i s  advanced a t  a 500 HZ 
rate when t h e  MUX ON LINE i s  enabled. Both of these  s igna ls  a r e  developed 
i n  t h e  system timing and cont ro l  u n i t ,  and funct ion t o  rap id ly  s t e p  t h e  
prime multiplexer t h r u  a l l  16 prime channels a f t e r  t h e  I R  in tegra t ion  period. 
A reset feature is  provided t o  synchronize t h e  address counter t o  t h e  TOV's  
system t i m e .  A s igna l  denoted as MASTER SYNC accomplishes t h i s  object ive.  

Two input NAND ga tes  a r e  used t o  develop a 1 of 4 decoding network. 
B i t s  2O and 2l form t e cont ro l  s igna ls  SX+/14; while b i t s  22 and z3 form 
cont ro l  s igna ls  SY./ The SXi and SYi s igna ls  provide t h e  matrix dr ive  
s igna l  and when applied t o  1st and 2nd l e v e l  analog ga tes , se lec t  1 of t h e  16 
input ga tes  . 
furnish the  submultiplexer address. A two (2 )  s tage  configuration i s  
suggested; i . e .  a f 2 stage and a f 6 stage.  A var i e ty  of configuration 
is  ava i lab le ;  however, t h e  binary f 2 coupled with a + 6 s h i f t  counter 
y i e lds  an e f f i c i e n t  decoding s t ruc ture .  
s i g n a l s  t o  cont ro l  t h e  2nd level  submultiplexer switches. 
counter i s  decoded i n t o  1 of 6 ac t ive  s igna ls  denoted as S Z - /  
NAND gates  ( 2  inputs /gate)  a r e  used t o  synthesize t h e  decoder. 

The submultiplexer address counter i s  advanced d i r e c t l y  from t h e  prime 
multiplexer address counter a t  a 10  HZ r a t e .  Synchronization with t h e  TOVs 
system t i m e  i s  assured via t h e  reset ac t ion  of t h e  MASTER SYNC s igna l .  

1 1 '  

Submultiplexer Control Logic: A divide by twelve counter i s  used t o  

The t. 2 s tage  supplies t h e  SO,SE 

Six ( 6 )  
The + 6 s h i f t  

1 1  
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Section 8 - Instrument Sequencing and Control 

DESCRIPTION OF THE MULTIPLEXER T I M I N G  

A timing diagram i s  presented t o  c l a r i f y  t h e  multiplexer cont ro l  s igna l  phase 
re la t ionships .  

General: A timing diagram i l l u s t r a t i n g  t h e  pulse duration and r e l a t i v e  
phase of multiplexer control  s igna ls  are shown i n  Figures A and B. The 
MASTER SYNC s igna l ,  prime and submultiplexer address states, and matrix 
switch dr iver  s igna ls  are iden t i f i ed .  - 

Master Sync Signal:  This s igna l  occurs once every 256 seconds and 
provides t he  basic  reference for t h e  instrument. The leading edge of t h i s  
i m s  pulse i s  the time reference TO. 
counters t o  zero. 

Prime Multiplexer Address: 
plexer address counter are iden t i f i ed .  
during each multiplexer ON LINE cycle.  This cycle  occurs a t  a 10  HZ rate and 
i s  ac t ive  fo r  a 32 as period. 

The decoded counter states (SXi and SYi) are shown t o  i l l u s t r a t e  t h e  
r e l a t i v e  timing. Each SXi s igna l  i s  ac t ive  f o r  a 2 as period every 8 as. 
Each S Y i  s i gna l  i s  ac t ive  f o r  an 8 m s  period every 100 as (once per FOV) . 

Submultiplexer Address: The twelve (12) states of t h e  submultiplexer 
address counter are iden t i f i ed .  Each state i s  ac t ive  f o r  a 100 as period 
and i s  cyc l ic  every 1 . 2  seconds. 

Signals So and Se 
correspond t o  t h e  odd and even number of FOVs and are ac t ive  f o r  a 100 as 
period every 200 m s .  

This s igna l  resets both address 

The s ixteen (16) states of t he  prime multi- 
Each s ta te  i s  ac t ive  for a 2 m s  period 

The decoded switch d r ive r  s igna ls  are a l s o  shown. 

Signal S Z i  are ac t ive  f o r  200 m s  every 1 .2  second. 
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Section 8 - Instrument Sequencing and Control 

ADC CONTROL FUQUIREMENTS 

The s i g n a l s  necessary t o  cont ro l  t h e  analog t o  d i g i t a l  converter are iden t i f i ed .  
Ci rcu i t  d r ive  requirements and r e l a t i v e  timing were considered. 

Review of the ADC: A successive approximation, current  summing, type of 
analog t o  d i g i t a l  converter i s  recommended f o r  t he  T O V s .  
i l l u s t r a t i n g  the  converter configuration is  shown on t h e  adJacent page. 
Note t h a t  logic  c i r c u i t r y  i s  required t o  cont ro l  the  ladder network, s t o r e  
t h e  p a r t i a l  r e s u l t s ,  output t h e  d i g i t a l  data and s t a r t / s t o p  the  conversion 
process. These functions are performed by t h e  cont ro l  log ic .  

timing and control  u n i t  i s  required t o  i n i t i a t e  t h e  conversion process. 
Another s igna l  generated within t h e  control. log ic  i s  required t o  denote 
t h a t  the  
Complete s igna l .  

t h e  binary weighted t r a i l  s teps .  
be stated as follows: 
sequent ia l ly  for one b i t  period; second, t h e  b i t  t r a i l  s igna l  must be 
accepted or re jec ted  based upon t h e  decis ion of t he  comparator c i r c u i t .  

A twelve (12 )  b i t  data r e g i s t e r  i s  required t o  accumulate 
t h e  partial  r e s u l t s  obtained from each b i t  t r a i l .  This  device functions i n  
conjunction w i t h  the  ladder cont ro l  log ic  and a l s o  serves as a one (1) word 
buffer  r e g i s t e r  t o  temporarily s t o r e  t h e  f i n a l  encoded value. 

A block diagram 

Star t /S top  Conversion: A cont ro l  s igna l  obtained from the  T O V s  system 

quant izat ion process i s  completed, and i s  iden t i f i ed  as Conversion 

Ladder Control: A twelve (12)  b i t  current  ladder i s  used t o  e s t ab l i sh  

f i rs t ,  each weighted binary b i t  must be applied 
Control requirements f o r  t h i s  device can 

Data Storage: 
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Section 8 - Instrument Sequencing and Control 

DESCRIPTION OF THE ADC CONTROL LOGIC 

Control of t h e  ADC i s  performed by w e l l  defined, simple, d i g i t a l  l og ic  c i r cu i t ry .  

General: A s implif ied block diagram of t h e  ADC cont ro l  log ic  i s  shown 
on the  adjacent page and consis ts  o f  f i v e  funct ional  elements. These functions 
must be performed, however several types of log ic  structures can be used t o  
implement t h e  control.  The s t ruc ture  shown i s  s i m i l a r  t o  t h a t  employed on t h e  
ITPR. 
advant apes. 

Alternate configurations were invest igated,  bu t  none yielded s ign i f i can t  

S<art/Sto-p Control: The S t a r t  Conversion s igna l  obtained from t h e  system 
T & C un i t  i s  used t o  s e t  the START/STOP f l ip-f lop.  This s igna l  i n i t i a l i z e s  
t h e  control  logic  t o  the  s t a t e  needed t o  s t a &  t h e  conversion process. I n  
pa r t i cu la r  it performs two functions; i . e . ,  1) r e s e t s  t he  ADC r e g i s t e r  and 
2 )  enables the  t r i a l  counter. 
f l ip - f lop  i s  r e se t  by t h e  l as t  t r i a l  r ing.  

B i t  T r i a l  Counter: A twelve (12) state counter and associated decoder 
are used t o  develop the  b i t  t r i a l  s igna ls .  A two stage Johnston type s h i f t  
counter ( 5 2  and 5 6 ) ,  a s ingle  s tage modulo-12 sca l e r ,  or a twelve state r ing  
counter are su i tab le .  The r i n g  counter approach i s  t h e  most simple t o  
implement, however care  must be exercised t o  insure t h a t  one and only one 
ac t ive  state i s  possible.  

r e g i s t e r .  
and a l s o  t o  se l ec t  t h e  corresponding b i t  of t h e  ADC r e g i s t e r .  

A twelve (12) b i t  r e g i s t e r  i s  used t o  s to re  the  p a r t i a l  
r e s u l t s  during the  conversion cycle. RS, J K  or D type log ic  elements can be 
used t o  construct t h e  r e g i s t e r  ; however , two bas ic  capab i l i t i e s  must be 
provided, 1) a r e s e t  t o  zero capab i l i t y ,  and 2) a conditional set based 
upon the  log ic  AND function of t h e  b i t  t r i a l  s igna l  AND t h e  ACCEPT/mJECT 
s igna l .  

Register outputs are applied t o  t h e  ladder dr iver  gates  t o  l a t c h  the  
bit ,  t r i r t l  steps m d  n.1 ao serve RR pAsa1lel d ig j  Lu1 ilnkn. oiltputs f rom t,hr- ADC. 

Crxnpard,r~r GLrobe : A n  ACCF:P'L'/mJECI' rjignal I:$ Cr,enerftt;ect which dcnotcn 
whether t h e  b i t  cur ren t ly  being t r i e d  i s  too l a rge  or too s m a l l .  The analog 
comparator output i s  gated with t h e  trial clock t o  develop t h e  desired s igna l .  
The exact c i r c u i t  needed i s  dependent upon t h e  nature of  t h e  ADC r e g i s t e r ,  and 
can be a simple gate  or a t  most a monostable mult ivibrator .  

ladder switches. 
input i s  furnished by t h e  b i t  t r i a l  s igna ls  T i /  IB, while t h e  other  i s  supplied 
by the  ADC r e g i s t e r .  
necessary t o  control  each b i t  t r i a l  ladder  switch. 

A f t e r  t h e  conversion i s  completed, t h e  star%/stop 

B i t  t r i a l  s igna ls  ( T i )  are applied t o  the  ladder d r ive r  gates  and ADC 
Their purpose i s  t o  a c t i v a t e  the  appropriate ladder current switch 

ADC Register:  

Ladder Drive Gates: Logic OR gates  are required t o  cont ro l  t he  current 
Twelve (12)  gates  of t h e  two i n  u t  type are needed. One 

1 This gat ing provides t h e  condi t ional  la tch ing  feature 
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Section 8 - Instrument Sequencing and Control 

DESCRIPTION OF THE ADC T I M I N G  

A timing diagram i s  generated and discussed t o  c l a r i f y  t h e  ADC control  s igna l  
timing re la t ionships .  

General: A timing diagram i l l u s t r a t i n g  t h e  pulse duration and r e l a t i v e  
phase . re la t ionship  of s igna ls  used t o  control  t h e  ADC i s  shown on t h e  adjacent 
page. 
s igna ls ,  and conversion complete s igna ls  a r e  shown. 

CONVERSION signal .  This s igna l  occurs a t  a 2.0 m s  period. Pulse width 
cha rac t e r i s t i c s  are not c r i t i c a l  and t h e  duty cycle i s  opt ional .  
w i l l  occur once f o r  each analog sample t o  be d ig i t ized .  

CONVERSION s igna l  and i s  a 125 us pulse.  

(To + 1.875 thru  To + 2.00 m s )  i s  a l loca ted  for t r ans fe r  of t h e  ADC da t a  t o  
the  formatter l og ic .  Conversion process has been completed and the  data  i s  
being held s t a t i c  and i n  p a r a l l e l  form. CONVERSION COMPLETE s igna l  i s  used 
t o  control t h i s  t r ans fe r  operation. 
pseconds and occurs during window 16 t i m e  period. 

t o  s e t t l e  t o  a precis ion value. The b i t  t r a i l  s ignals  start  at t i m e  To + 0.25 m s  
and are complete by To + 1.875 m s .  The encoded d i g i t a l  da ta  i s  avai lable  fo r  
external  use from To + 1.875 t o  To + 2.0 m s ,  at which t i m e  t h e  cycle repeats .  

Conversion T i m e :  
kept at a slow rate t o  provide good accuracy at reasonable power. 
rate i s  establ ished by t h e  number of da ta  samples t o  be d ig i t i zed  during a f ixed 
time in te rva l .  
T h i s  cons t ra in t ,  coupled with t h e  output da t a  r a t e  of 500 HZ/word (ma.) 
y ie lds  a range of conversion rates from 400 HZ t o  500 HZ. 
conversion r a t e s  are  as follows: 

Word Conversion Rate . . . . 500 SPS (2ms/sample) 
B i t  T r i a l  Rate . . . . 8 KHZ (125 ) & / B i t )  

The t r i a l  clock, s tart  conversion control ,  ADC r e g i s t e r  c l ea r ,  b i t  t r i a l  

Operation of t h e  converter i s  i n i t i a t e d  upon rece ip t  of t h e  START 

This s igna l  

The CLEAR ADC REGISTER i s  derived f'romthe leading edge of t h e  START 

Data Transfer Period: The time period corresponding t o  window number 16 

This s igna l  has a pulse width of 125 

A 375 1J-s period i s  a l loca ted  t o  permit t h e  ADC and analog multiplexer 

The conversion rate for  t h e  ADC has in t en t iona l ly  been 
The basic  

For t h e  TOVS, s ix teen  (16) words must be encoded i n  40 m s .  

The recommended 
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Section 8 - Instrument Sequencing and Control 

EVALUATION OF SCAN MOTOR EXCITATION METHODS 

A comparison of stepping motor exc i ta t ion  methods shows t h a t  t h e  bipolar  single- 
phase dr ive  method provides a good torque output with moderate consumption and 

Stepping motors provide d i sc re t e ,  incremental r o t a t i o n  i n  response t o  a 
pulsed input applied t o  t h e  motor windings. Permanent-magnet stepping motors 
can be driven i n  several  ways. The method f o r  exci t ing t h e  motor windings 
a f f e c t s  the  e f f ic iency ,  power consumption, speed, and torque cha rac t e r i s t i c s .  
Five commonly used exc i ta t ion  techniques were evaluated: (1) unipolar , dual 
phase; ( 2 )  unipolar ,  s ing le  phase; (3)  b ipolar ,  dual phase; ( 4 )  bipolar ,  s ing le  
phase; and ( 5 )  s e r i e s ,  all windings. Unipolar techniques (1 and 2) provide 
current  flow i n  one d i r ec t ion  through t h e  s e l e c t  exc i ta t ion  winding; while bi-  
polar exc i ta t ion  provides current  flow i n  both d i rec t ions .  Dual-phase excita- 
t i o n  impliesthat  two exc i t a t ion  phases are exci ta ted i n  p a r a l l e l ,  while t h e  
s ing le  phase exc i ta t ion  methods exc i t e  only one c o i l  or a series-connected c o i l .  

Signif icant  Charac te r i s t ics  of Exci ta t ion Methods - A tabula t ion  of t h e  
f i v e  exc i ta t ion  methods i s  shown i n  t h e  facing t ab le .  Power d i s s ipa t ion  among 
t h e  methods var ies  widely. 
power consumption i s  loo%, TO%, 507, 358, and 25% fo r  Method 1 through 5, 
respect ively.  

of t he  motor performance cha rac t e r i s t i c s .  
t h e  r e l a t i v e  values are loo%, 7O%, loo%,  70% and 50% fo r  Methods 1 through 5. 

per ampere tu rn  (P/AT) . The r e l a t i v e  values are 1 .4 ,  1 .0 ,  0.7 , 0.5 and 0.35 f o r  
Methods 1 through 5.  
usable ampere tu rns ;  while Method 5 i s  t h e  most e f f i c i e n t .  

Complexity of t h e  d r ive  c i r c u i t r y  required t o  synthesize t h e  exc i ta t ion  
methods w a s  considered. 
where Method 2 i s  t h e  least complex. 

develops t h e  best  motor cha rac t e r i s t i c s ,  but at  a high cos t  i n  power consumption. 
This method has the  poorest conversion e f f ic iency  of a l l  t h e  methods. 

t o  Method 4) at a reasonable power l eve l .  
used; i n  f a c t ,  t h i s  method i s  employed on t h e  ITPR experiment. Power conversion 
e f f ic iency  i s  b e t t e r  than Method 1 but  poorer than t h e  other methods. 

Method 1 a t  half  t h e  power. 
of Methods 1 and 2 ,  but poorer than t h a t  of t h e  other methods. 
c i r c u i t  i s  more complex than e i t h e r  Methods 1, 2, or 4. 

as Method 2 at half  t h e  power. 
of a l l  but Method 5. 
unipolar c i r c u i t s ;  but not excessively complex. 

t h e  best power conversion e f f ic iency ,  ye t  y i e lds  the  poorest motor performance 
cha rac t e r i s t i c s .  
exc i t a t ion  sequence. 

Assuming Method 1 as a 100% reference,  t h e  r e l a t i v e  

Comparison of t h e  ampere turns  developed by each method affords  a measure 
Assuming Method 1 as a 100% reference,  

An ef f ic iency  f ac to r  i s  defined t o  re la te  t h e  amount of power required 

Method 1 i s  t h e  least e f f i c i e n t  f o r  convering power i n t o  

The order i s  as follows; Method 2,  1, 4 ,  3 and 5 ,  

Advantages and Disadvantages of Each Method - Method 1 (Unipolar, dual phase) 

Method 2 (Unipolar, s ing le  phase) develops good motor cha rac t e r i s t i c s  (similar 
A very simple dr ive  c i r c u i t  can be 

'Method 3 (Bipolar ,  dual  phase) develops t h e  same motor cha rac t e r i s t i c s  as 
Power conversion eff ic iency i s  b e t t e r  than t h a t  

The d r ive  

Method 4 (Bipolar ,  s ing le  phase) develops t h e  same motor cha rac t e r i s t i c s  
Power conversion e f f ic iency  i s  b e t t e r  than t h a t  

Drive c i r c u i t  complexity i s  grea te r  than e i the r  of t h e  

Method 5 ( a l l  windings) d i s s ipa t e s  t h e  least c i r c u i t  of power and provides 

A very complex dr ive  c i r c u i t  i s  required t o  produce t h e  
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Sec t ion  8 - Ins t rument  Sequencing and Con t ro l  

PERFOKMANCE OF THE RECOMMENDED EXCITATION METHOD 

The recommended b i p o l a r  s ing le-phase  d r i v e  method was used i n  t h e  scanner  breadboard 
and provided the  torque  needed t o  meet t h e  re t race and 50 m s  requi rements  wi th  an  
a c c e p t a b l e  power consumption, 

E x c i t a t i o n  Method 4 (Bipolar ,  s i n g l e  phase) i s  recommended f o r  d r i v i n g  t h e  
USU scan  motor. A t iming diagram i l l u s t r a t i n g  t h e  phasing o f  t h e  fou r  d r i v e  
s i g n a l s  (A,  B ,  C and D) i s  presented  i n  F igu re  A. A s i m p l i f i e d  equ iva len t  switch-  
i ng  c i r c u i t  i s  shown i n  F igure  B, Note t h a t  t h e  s e q u e n t i a l  c l o s u r e  (ground) of 
swi tches  B ,  D ,  A ,  and C causes  c u r r e n t  f low through c o i l s  AB,  CD, BA, and DC,  
r e s p e c t i v e l y .  Motor r o t a t i o n  d i r e c t i o n  i s  c o n t r o l l e d  by theo rde r  of t h e  sequence; 
i . e . ,  BDAC for one d i r e c t i o n ,  and CADB f o r  t h e  r e v e r s e  d i r e c t i o n .  

t a t i o n  v e r i f i e s  t h e  low power consumption; however, t h e  speed response  was s l i g h t l y  
less than  a n t i c i p a t e d .  
motor winding t i m e  c o n s t a n t  i s  doubled i n  t h i s  conf igu ra t ion .  Improvements i n  
t h i s  c h a r a c t e r i s t i c  a r e  ob ta ined  by apply ing  power f o r  a longer  d u r a t i o n .  

t he  motor e x c i t a t i o n  pu l se  width w i l l  be main ta ined  a t  10 m s  and t h e  s t epp ing  r a t e  
w i l l  be 100 pps. The breadboard scan mechanism was t e s t e d  us ing  t h i s  d r i v e  method 
t o  speeds of 115 pps. 

E x c i t a t i o n  S igna l s  f o r  Drive Cycle - During t h e  d a t a  scan ,  t h e  motor must 
s t e p  and s e t t l e  w i t h i n  50 m s ,  and t h e  s t e p  rate must be 10 pps. Various e x c i t a t i o n  
pu l se  widths  and sequences were used t o  d r i v e  t h e  scan  mechanism i n  o rde r  t o  o b t a i n  
a n  optimum va lue .  
n 20-ms on per iod  provided good speed,  damping, and power performance c h a r a c t e r i s t i c s .  

Motor Kesponse - Data ob ta ined  f o r  a n  a c t u a l  scan  motor us ing  Method 4 exci- 

This  c h a r a c t e r i s t i c  i s  due p r i m a r i l y  t o  t h e  f a c t  t h a t  t h e  

E x c i t a t i o n  f o r  Retrace Cycle - During t h e  re t race p o r t i o n  of  t h e  d a t a  scan ,  

An e x c i t a t i o n  t i m e  of  10 ms  fol lowed by a 20-ms o f f  pe r iod  and 
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scc I: io11 8 - liistruirient Sequencing und Control  

DESCRIPTION OF SCAN LOGIC CIRCUIT 

The log ic  requi red  t o  generate  the  scan and r e t r a c e  r e q u i r e s  a pos i t i on  counter 
a two-bit  up/down counter  t o  s e l e c t  the  motor phase, and a scan- re t race  r a t e  
s e l e c t i o n  log ic .  

Scan Logic - A s impl i f i ed  block diagram of the  scan log ic  i s  shown i n  the  
f igu re .  Logic c o n s i s t s  of f i v e  bas ic  elements: (1) - 10 s t e p - r a t e  s c a l e r ,  
(2) s t e p - r a t e  s e l e c t o r  switch,  (3) - 7 2  pos i t i on  s c a l e r ,  (4 )  up/down phase 
counter and (5) d i r e c t i o n  con t ro l  f l i p  f lop .  

used t o  pos i t i on  the scan mechanism a t  t h e  blackbody o r  space pos i t i on ,  These 
l iuictions a r e  omitted f o r  c l a r i t y  purposes; however, t h e i r  implementation i s  a 
simple d i g i t a l  l og ic  network. 

Forward scan a c t i o n  is  accomplished i n  7 2  s t eps  a t  a 100-ms s t e p  r a t e .  
l ietracc i s  performed i n  a s imi l a r  manner a t  a 10-ms s t e p  r a t e .  Di rec t ion  of scan 
i s  con t ro l l ed  by the  f o u r - s t a t e ,  upldown counter  which genera tes  the  scan motor 
d r ive  s igna 1. 

Pos i t i on  Counter - A 72-posi t ion counter i s  used t o  keep t r a c k  of the  FOV. 
A scan motor pos i t i on  encoder p lus  t h e  TIP frame sync s i g n a l  a r e  used t o  
i n i t a l i z e  the - 7 2  s c a l e r  t o  the  f i r s t  FOV and s e t  the  scan mode f l i p  f l o p  t o  
the  forward d i r e c t i o n .  

The pos i t i on  counter i s  advanced one count per s t e p .  During the  forward 
scan c y c l e ,  an advance r a t e  of 10 pps i s  maintained u n t i l  t h e  pos i t i on  counter 
recyc les  from a count of 72  back to  0. This a c t i o n  s e t s  the  scan mode f l i p  
f l o p  t o  the  r e t r a c e  p o s i t i o n ,  and the advance r a t e  i s  switched t o  100 pps.  

Scan Motor Drive Counter - A f o u r - s t a t e ,  up/down counter genera tes  t he  
scan motor e x c i t a t i o n  s i g n a l s  A ,  B ,  C ,  and D. The d i r e c t i o n  of scan motor 
r o t a t i o n  i s  determined by the  order  i n  which the  e x c i t a t i o n  s i g n a l s  a r e  app l i ed ;  
i . e . ,  forward scan r equ i r e s  the  sequence BDAC, and r e t r a c e  r equ i r e s  the  sequence 
CADB . 
corresponds t o  t h e  forward scan and t h e  DOWN mode corresponds t o  the  r e t r a c e .  
The UP/DOWN mode i s  con t ro l l ed  d i r e c t l y  from the  Forward/Retrace f l i p  f lop .  

O u t p u t s  from the  UPIDOWN counter are ga ted  w i t h  the  pos i t i on  counter 
advance s i g n a l s  t o  develop the  des i r ed  scan motor e x c i t a t i o n  pulse  width. Dur ing  
the  forward scan,  a 30-ms pulse  width i s  used, whereas a 10-ms pulse  width i s  
requi red  during r e t r a c e .  

wliicli i s  used t o  s e l e c t  the  scan r a t e  of 100 pps o r  10 pps. The scan mode f l i p  
Llop (Porward/Retrace) a c t s  a s  the  con t ro l  s igna l .  A presca le r  ( 5  10) i s  employed 
t o  develop t h e  10 pps scan r a r e  frequency d i r e c t l y  from t h e  100 pps. This tech-  
nique ensures  t h a t  the  proper phased s i g n a l  i s  always a v a i l a b l e .  

C i r c u i t r y  used t o  synchronize the  scan log ic  i s  not shown; nor i s  the  l o g i c  

'l'he up/down counter genera tes  p r e c i s e l y  these  sequences: where the  UP mode 

Scan-Retrace Se lec tor  Logic - Selec t ion  log ic  i s  simply t h e  AND/OR func t ion ,  
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S e c t i o n  8 - Instrument Sequencing and Control 

DESCRIPTION OF BREADBOARD DRIVE CIRCUIT 

Tlie d r i v e  c i r c u i t  used f o r  the scanner  breadboard was a br idge  c i r c u i t  c o n s i s t i n g  
of two complementary swi tches  i n  a s i n g l e - p o l e ,  double-throw conf igu ra t ion .  

Drive C i r c u i t  - A d r i v e  c i r c u i t  i s  r e q u i r e d  t o  i n t e r f a c e  between t h e  scan  
Requirements p laced  upon t h e  scan  motor d r i v e  motor and t h e  scan motor l og ic .  

c i r c u i t  are a s  fo l lows:  

0 

0 Operate  from a supply v o l t a g e  (Vcc) of +28 Vdc. 
0 D i s s i p a t e  low poxer dur ing  s tandby a c t i v e  per iods .  
0 Compatible wi th  low-power l o g i c  components. 

Sink and supply 700 mA of  c u r r e n t  t o  a n  i n d u c t i v e  load.  

The s e l e c t e d  c i r c u i t  which meets a l l  t h e s e  requi rements  i s  shown i n  the  f i g u r e .  
Note t h a t  t he  c i r c u i t  i s  complementary i n  n a t u r e  and a c t s  as  a s i n g l e - p o l e ,  
double-throw s w i t c h ,  connect ing e i t h e r  t h e  28-Vdc power o r  t h e  ground bus t o  
the  o u t p u t .  

C i r c u i t  Desc r ip t ion  - The scan  motor d r i v e  c i r c u i t  uses a Dar l ing ton  con- 
nec t ion  ( Q l  & 43) t o  achieve  t h e  high c u r r e n t  g a i n  r equ i r ed  t o  b u f f e r  t h e  low- 
power l o g i c  d r i v c  s i g n a l  t o  t h e  high c u r r e n t  r equ i r ed  by t h e  load.  A d i s c r e t e  
L rans i s to r  i n v e r t o r  s t a g e  (not shown) i s  used as  a v o l t a g e  g a i n  t o  s h i f t  from 
l o g i c  l e v e l s  (5 Vdc max.) t o  t h e  28-Vdc d r i v e  s i g n a l  l e v e l .  Output power 
t r a n s i s t o r  43 i s  p r o t e c t e d  from induc t ive  ove-:shoot by diode CR1. Assoc ia ted  
b i a s i n g  r e s i s t o r  v a l u e s  were s e l e c t e d  f o r  a wors t - cas t  a n a l y s i s .  Note t h a t  t h e  
normal ON c o n d i t i o n  (output  a t  28V) i s  achieved ,  since t h e  input  a t  t e rmina l  (1) 
i s  normally nea r  ground. 

The lower s e c t i o n  of t h e  d r i v e  c i r c u i t  u ses  an  emi t t e r - fo l lower  c i r c u i t  
(42) t o  d r i v e  the  output  power t r a n s i s t o r  (Q4) i n t o  s a t u r a t i o n .  Diode CR4 pro-  
v i d e s  p r o t e c t i o n  a g a i n s t  t h e  induc t ive  overshoot .  
hreak-before-make cond i t ion  e x i s t s  dur ing  t u r n  ON. 
from L I I C  1 ow-power l o g i c .  

A surmnnry of L I I C   at j.c CronsiBtor parameLcrt3 
capobi l  i t i e s :  

'l'lle bas i c  
u s i ng t h e 

('cE) SAT' hFE @ I c ( d )  T r  a n s i s t o r  

2N2222A 0 .3  100 150 
2N2907A 0 . 4  100 150 

Capaci tor  C 1  ensu res  t h a t  a 
Inpu t  d r i v e  s i g n a l  i s  obta ined  

'D 'CEO 

0 . 5  50 
0 . 4  60 

2N5 154 0 .2  100 700 11.5 80 

power handl ing t r a n s i s t o r  i s  t h e  2N5154. This  device  i s  cons t ruc t ed  
double-d i f fused  p lanar  e p i t a x i a l  p rocess ,  and i s  w e l l  s u i t e d  f o r  t h i s  

type oT a p p l i c a t i o n .  

a s i n g l e - p o l e ,  s ingle- throw switch used t o  apply  -26 Vdc o r  open c i r c u i t  t o  t h e  
oucpiit. Component redundancy ( s e r i e s  and p a t a l l e l )  was employed f o r  a l l  c u r r e n t  
Iiandling dev ices .  
c l i a r a c t e r i s t i c s .  

Comparison W i t l i  I T P R  C i r c u i t  - The d r i v e  c i r c u i t  used on ITPR was e s s e n t i a l l y  

The t a b l e  oppos i t e  compares t h e  BSU breadboard and ITPR 
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COMPARISON OF BSU BREADUOARI) WITH IlTK 

- ITPK BSU Breadboard 
Drive Method U n i p o l a r ,  S i n g l e  Phase B i p o l a r ,  S i n g l e  Phase 
Switch Type SP ST SPDT 
Load C u r r e n t  -870 mA 300 mA, peak 
Component Redundancy 

Power ON/step p e r i o d  40 ms/400 m s  30 ms/100 m s  
Duty Cycle  
Peak Power 22.5 W 19.6 W 
Power/Scan S t e p  (average) 2 .25 W 5.88 W 
Opera t ing  Voltage -26 Vdc +28 Vdc 
No. of Drivers Required 

Yes No 
Max. Rep. Rate (retrace) 100 pps 100 pps  

0.1 0.3 

4 4 

- 1110-102-2i 

L ( l ) >  

OUTPUT 
v 

CR4 

(TYP., 4 REQ'D) 
SIMPLIFIED SCHEMATIC 
SCAN MOTOR DRIVE CIRCUIT 
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Sect  io,, 8 - Instrument Sequencing and Control 

REDUNDANT DESIGN OF SCAN DRIVE CIRCUIT 

Of the  methods i n v e s t i g a t e d  t o  achieve  component redundancy i n  t h e  scan  d r i v e  
c i r c u i t ,  t h e  s e r i e s / p a r a l l e l  was s e l e c t e d  because i t  works whether t h e r e  i s  a 
s h o r t  o r  an open component. 

Component redundancy can be used t o  enhance t h e  r e l i a b i l i . t y  of t h e  d r i v e  
c i r c u i t ,  Four types  of component redundancy were cons idered:  

Method A :  Independer't Dual Drive C i r c u i t s  - A space c r a f t  command 
would be used t o  s e l e c t  t h e  d e s i r e d  d r i v e r .  
Method B: S e r i e s  Redundant Drive C i r c u i t s  - This  c i r c u i t  w i l l  ope ra t e  
p rope r ly  f o r  s i n g l e - p o i n t  f a i l u r e s  which r e s u l t  i n  s h o r t  c i r c u i t s  
between c o l l e c t o r  and e m i t t e r .  
Method C: P a r a l l e l  Kedundant Drive C i r c u i t  - T h i s  c i r c u i t  w i l l  o p e r a t e  
p rope r ly  f o r  s ing le -po in t  fa i lyres  which r e s u l t  i n  open c i rcu i t s  be- 
tween c o l l e c t o r  and e m i t t e r .  
Method D: S e r i e s / P a r a l i e l  Redundant Drive C i r c G  - This  c i r cu i t  w i l l  
o p e r a t e  p rope r ly  f o r  s i n g l e - p o i n t  f a i l u r e s  of e i t h e r  a n  open o r  s h o r t  
c h a r a c t e r i s t i c .  

F igure  A i s  a s i m p l i f i e d  swi tch ing  diagram i l l u s t r a t i n g  Methods A ,  B, and 
C .  Method D i s  shown i n  F igure  D .  A ranking  of c i r c u i t  complexity i s  a s  fo l lows :  

(1) Least Complex: Method B & C 
(2)  More Complex: Method A 
(3) Most Complex: Method D 

Component redundancy Method D i s  recammended f o r  t h e  BSU scan  d r i v e  c i r c u i t .  
implementation of Method D (or  B) is  shown i n  F igure  C. 

An 

1110-102-2' 

+28 1 
51 

I I 
s1 s1 

OUTPUT 

s2  

I 
5 2  

GND 
METHOD A: METHOD B: METHOD C: 

INDEPENDENT Dual SERIES REDUNDANT PARALLEL REDUNDANT 
D R I V E  C I R C U I T  

L .  COMPONENT REDUNDANCY METHODS 
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OUTPUT 

B. METHOD D: SERIES/PARALLEL REDUNDANT 

28V - 

1 

10" 

FROM n 54L04 SEL 
: IN4454  

I'I'YPE S2 
ALTERNATE POWER SWITCH 

CIRCUIT IMPLEMENTATION OF METROD D C. 
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Sect ion 8 - Instrument Sequencing and Control  

ANALYSIS OF SCAN POWER REQUIREMENTS 

Tlic nverngc powcr rcquircd by the  scanner i s  7.67 W ,  wliicli hecausc of power supply 
and d r ivc  c i r c u i t  l o s ses  becomes 9.8m a t  the  spacecraf t  bus. The t r a n s i e n t  load 
during s t e p  and r e t r a c e  because of i t s  s i z e  and low frequency con ten t ,  cannot be 
f i l t e r e d  e f f e c t i v e l y  and w i l l  be r e f l e c t e d  t o  t h e  spacec ra f t .  

Power Requirements - Power i s  d i s s i p a t e d  i n  th ree  (3) func t iona l  elements;  
i . e .  1) scan motor windings, 2) motor e x c i t a t i o n  d r i v e  c i r c u i t s ,  and 3) scan 
mechanism con t ro l  logic .  

a s  a worst case value from VL/2R; where V = 28 V and R = 20 
of back emf and inductance a r e  neglected i n  order  t o  ob ta in  a l imi t ing  value.  
Peak power d i s s i p a t e d  wi th in  t h e  motor c o i l  i s  19.6 wat t s .  

Power lo s ses  wi th in  the  motor e x c i t a t i o n  d r i v e  c i r c u i t  amounts t o  1 .7  W, 
maximum, peak instantaneous,  This loss i s  due pr imar i ly  t o  the  motor e x c i t a t i o n  
cu r ren t  flowing through the  output d r i v e r  t r a n s i s t o r s .  

s t a n t  power d r a i n  requi red  t o  keep the  scan motor l og ic  a c t i v e  a t  a l l  t imes.  

average power required per s t ep ;  s ince  scan motor power i s  appl ied  f o r  only 30 
msec/step during the scan mode and 10 ms/step during the  r e t r a c e  mode. 

number was obtained from t h i s  r a t i o :  

Power requi red  t o  drive-Compute Devices motor, Model 15P03 can be computed . Secondary e f f e c t s  

Scan motor con t ro l  l og ic  d i s s i p a t e s  approximately 0.20 W. This i s  a con- 

Power Diss ipa t ion  per Cycle - A duty cycle  f a c t o r  i s  appl ied  t o  compute the  

The duty cyc le  f a c t o r  f o r  t he  combined scan / r e t r ace  cyc le  i s  0.36. This 

where : 

t o t a l  time power i s  appl ied  t o  motor (2.88 sec) 

V T 2  

T1 = 
T2 = scan/ re t race  per iod (8.00 sec) 

'Die average power d i s s i p a t e d  per scan/ re t race  cyc le  i s  7.67 W. A p l o t  of t he  
average power versus  time i s  shown i n  the  v i s u a l  plan a s  Figure A .  

'l'lie power p r o f i l e  requi red  t o  complete the e n t i r e  scan cycle  (data p l u s  
c a l i b r a t i o n )  i s  shown i n  Figure U. Thirty-one (31) scan r e t r a c e  cyc le s ,  p l u s  
one c a l i b r a t i o n  cyc les  a r e  completed on a 256 second per iod.  
f o r  scan and r e t r a c e  i s  7.67 N, w h i l e  t he  average d i s s i p a t i o n  during the  c a l i -  
b r a t i o n  i n t e r v a l  i s  8.53 W .  Combining these  va lues  y i e l d  a s  a t o t a l  of 7.70 W 
average €or  the  e n t i r e  scan mechanism and d r i v e  c i r c u i t .  

a c t u a l  input power requi red  t o  d r i v e  the  scan mechanism. Peak power loads w i l l  
be d i r e c t l y  r e f l e c t e d  as  cu r ren t  demands from the  primary spacecraf t  power system, 
Assuming a power conversion e f f i c i e n c y  of 78% including d r i v e  c i r c u i t  l o s ses  
y i e l d s  an input  power of 9.87 W, average, 
a s  long a s  1.24 sec.  during the  scan r e t u r n  from housing c a l i b r a t i o n .  

f i l t e r s  do not a f f o r d  s u f f i c i e n t  energy s torage .  Hence, t he  t o t a l  load power 
requirement i s  r e f l e c t e d  d i r e c t l y  upon the  s / c  ba t t e ry .  

Average power 

T O W  BSU Power Supply E f fec t s  - TOVS power supply e f f i c i e n c y  w i l l  e f f e c t  t h e  

The peak requirements i s  27.3 W f o r  

Very l i t t l e  power smoothing (averaging) w i l l  occur s ince  the  powcr supply 
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FIGURE A. POWER PROFILE FOR SCAN/RE'IRACE CYCLE 

1110-102-3 
30 

SCAN/RETRACE I - 
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10 20 248 0 

SCANIRETRACE - 

?IGURE B. POWER PROFILE FOR DATA/CAL CYCLE 
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Section 0 - Instrument; Sequencing and Control 

CHOPPER MOTOR AND EXCITATION METHOD 

An A/C synchronous motor driven f'rom a constraint  frequency exci ta t ion source 
i s  recommended as t h e  optical, chopper power source. 

General: An A/C synchronous motor operates at a constant speed which 
i s  independent of t he  load, but d i r ec t ly  proportional t o  the  exci ta t ion 
frequency. This motor can be driven with e i t h e r  a sinusodial  or square 
wave exc i ta t ion  wave form. 

s i g n a l s  can be e i the r  AC o r  DC, but they must be goo out of phase and provide 
current flow i n  both direct ions th ru  t h e  windings. 
considered: 

Excitation Methods: A two ( 2 )  phase exci ta t ion s ignal  i s  required. 

Four (4) methods were 

The 

Method 1: AC, s ing le  phase 
Method 2: AC, dual phase 
Method 3: DC , s ingle  phase 
Method 4: DC, dual phase 

Methods 1 and 2 d i s s ipa t e  the  l e a s t  power within the  motor, but requires 
sinusoidal type dr ive s ignals  and l i n e a r  power drive amplifiers.  
i n  the motor a re  cancelled by the  l i nea r  power amplifier d i ss ipa t ion  and 
complexity of t he  s ine  wave generating c i r cu i t ry .  

uses a s ingle  exc i ta t ion  dr ive  and provides a 900 passive phase sh i f t  network 
t o  develop the  other  phase. 

Method 4 i s  the  dr ive technique used on 
ITPR and i s  t h e  recommended approach fo r  t h e  TOV's. 
based on the  simple dr ive c i r c u i t  employed, r e l a t i v e l y  low power consumption, 
and demonstrated operational performance. 

of the  four drive s ignals  (ql, 9'2, $fi, $) plus a simplified equivalent 
switching c i r c u i t  i s  shown i n  t h e  Figure on t h e  adjacent page. note t h a t  
simrtls 8'1 and a re  1800 out of phase, causing bjdirect ional  current -flow. 
rn I I k r .  mruiner, rmtl crJn t , roJ  tha Pkinne 2 wLndl np.. A I  I I f J  r i o t r -  Li1u.1, PI 
rmcl 

chopper motor co i l s .  
(100 mA) t o  an inductive load. 

mended. 

1) chopper motor windings, 2)  exc i ta t ion  dr ive c i r c u i t ,  and 3) control  log ic .  
The power consumption i s  as follows: 

Power savings 

Methods 3 and 4 use square wave s ignals  fo r  the  motor control.  Method 3 

Recommended Excitation Method: 
This recommendation i s  

Drive Signal Description: A t i m i n  diagram i l l u s t r a t i n g  the  phasing 

a re  90" out of  phase. 
Chopper Motor Drive Circui t :  A power switch i s  required t o  dr ive  the 

Circuit  must be capable of supplying and sinking current 

The bridge type dr iver  c i r c u i t  used on the  scan motor dr iver  i s  recom- 

Power Requirements: Power i s  diss ipated i n  three  (3)  areas;  i . e .  , 

Motor Windings : 2.75 watts 
Drive Circui t  : 0.35 watts 
Control Logic: 0.15 w a t t s  - 

Total : 3.25 watts, maximum 

The power p r o f i l e  i s  e s sen t i a l ly  constant,  except f o r  a t rans ien t  which 
occurs a t  t he  dr iving frequency. 
10 t o  20 us, and occurs when t h e  exci ta t ion s igna l  changes s t a t e s .  

The power t rans ien t  i s  of short  duration, 
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:;ection 8 - Instrument Sequencing and Control 

PHASE CONTROL OF THE CHOPPER MOTOR 

A d i g i t a l  phase locked loop i s  recommended as t h e  means fo r  control l ing t h e  
chopper motor phase. 

Requirement: Due t o  t h e  l imi ted  number of  chopper cycles occurring 
during the  dwell period, it i s  e s s e n t i a l  t h a t  t h e  chopper motor be phase 
locked t o  t h e  inf ra red  energy in tegra tor  control.  This in te r lock  w i l l  assure 
t h a t  the  in tegra t ion  i s  synchronized and phased with t h e  bas i c  TOVS system 
timing, thus ty ing  together  t h e  s t e p  scan, in tegra t ion ,  sampling and 
d i g i t i z a t i o n  processes. 

loop i s  shown i n  Figure A on t h e  adjacent page. 
comprise the c i r c u i t .  A b r i e f  descr ipt ion of each elements i s  as follows: 

Configuration: A block diagram i l l u s t r a t i n g  t h e  d i g i t a l  phase locked 
Five ( 5 )  funct ional  elements 

. Chopper 

. 
- An op t i ca l  chopper mechanism powered by an A/C 

synchronous motor. 

wheel, via a l i g h t  emit t ing diode and associated 
de tec tor .  

between t h e  e l e c t r i c a l  PRP reference s igna l  and t h e  
ac tua l  PRP. 

frequency by 1:lOO from the  nominal value. 

t o  dr ive  t h e  chopper motor. 

Optical Detector - A c i r c u i t  used t o  determine t h e  phase of t h e  chopper 

. Phase Comparator - A d i g i t a l  c i r c u i t  used t o  determine t h e  phase difference 

. f N Scaler 

. Drive Logic 

Operation: 

- A var iab le  length counter used t o  ad jus t  t h e  dr ive  

- A d i g i t a l  network which conditions t h e  frequency F2 

The loop f’unctions t o  keep t h e  PEP s igna l  (obtained op t i ca l ly  
v i a  t h e  mechanical chopper) i n  phase with t h e  chopper reference clock which i s  
obtained d i r e c t l y  from t h e  TOVS system clock. 
act ion of t h e  var iab le  modulous d iv ider  and phase comparator. 

This i s  accomplished by t h e  
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Section 8 - Instrument Sequencing and Control 

DUAL INSTRUMENT MODE CONTROL DESCRIPTION 

A spec ia l  operating mode u t i l i z i n g  two (2 )  TOVs instruments w a s  studied t o  deter-  
mine t h ~  support requirements when data i s  obtained froiu both instruments. 

Gcnerttl: Operating conditions required during t h i s  mode a r e  summarized 
below: 
a) 
b) 

c )  

d )  

e)  

A unique S/C command w i l l  be used t o  ident i fy  t h e  dua l  operating mode. 
Both TOVS instruments A and B w i l l  be powered and conditioned t o  gather 
da t a  a t  one-half the normal r a t e .  
Both TOVS instruments w i l l  be control led t o  obtain data from t h e  same 
f i e l d  of view; (FOV), E (FOV) . 
TOVS data readout w i l l  be pergormed i n  t h e  normal manner; i . e . ,  as com- 
manded by t h e  TIP cont ro l  s igna ls  but a t  a reduced r a t e .  
Effect ive scan ra te  of TOVS instruments A and B w i l l  be reduced t o  one- 
half  (1 /2)  t h e  o r ig ina l  scan ra te  t o  allow t h e  TIP system t o  maintain 
i t s  normal da ta  rate. 

A simplif ied block diagram i l l u s t r a t i n g  t h e  re la t ionships  of t h e  major 
Note t h a t  a s ingle  S/C command i s  applied subsystems is  shown i n  Figure A .  

t o  both (TOV),, (T0V)b and TIP t o  i n i t i a t e  t h e  dua l  mode operation, also 
t h a t  the  TOVS outputs are dedicated t o  unique TIP channels. 

upon severa l  spacecraft  subsystems including t h e  TOVS, TIP, S/C Command and 
Support Requirements: Dual instrument operating mode imposes requirements 

Power systems. The requirements are l i s t e d  below: 
TOVS System: Provide t h e  c a p a b i l i t i e s  described above. 
T I P  System: Provide t h e  da ta  processing capabi l i ty  necessary t o  

a l t e r n a t e l y  address each TOVs instrument. 
S/C Command Provide an unique command t o  iden t i fy  t h e  dua l  

Power System: Provide s u f f i c i e n t  power t o  sus ta in  a dual instrument 
System: instrument mode. 

operation. Approximately 55wa t t s  i s  required t o  
support TOVS A and B during the  dual mode. 

Scan Mechanism Control: Two ( 2 )  major control  functions performed L y  
scan mechanism logic  should be provided; i . e . ,  
Scan rate should be reduced from 100 ms/step t o  200 ms/step f o r  TOVS A 
and B. 
Scan pos i t ion  counters must be synchronized t o  t h e  same FOV. 

One method of implementing these  cont ro l  functions i s  discussed below. 
Note t h a t  the cont ro l - func t ion- i s  e n t i r e l y  d i g i t a l  i n  nature  and i s  a simple 
log ic  se lec t ion  process control led by t h e  S/C Dual Instrument Command. 

shown i n  Figure A and a timing diagram i n  Figure B. 

mode) or 200 ms/step (dua l  instrument mode). 
work i s  required f o r  t h e  r e t r a c e  rates of 10 ms/step and 20 ms/step. 
all t h e  instrument timing s igna l s  are derived d i r e c t l y  from t h e  S/C clock v i a  
d i g i t a l  s c a l e r s ,  t h e  stepping rates f o r  (TOV), and ( T O V ) b  are iden t i ca l  i n  
frequency. 

synchronize t h e  pos i t ion  address counters for both TOVS A and B. 

Scan Rate Control: 

Scan ra te  i s  selected v i a  t h e  AND/OR l og ic ,  as 100 ms/step (normal scan 
A second AND/OR se lec t ion  net- 

A simplif ied block diagram of t h e  scan log ic  i s  

Since 

Scan Posi t ion Synchronism: A time reference marker i s  required t o  
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Section 8 - Instrument Sequencing and Control 

FORMATTING UNIT DESCRIPTION 

l o g i c  c i r c u i t r y  necessary t o  control  t h e  t r a n s f e r  of data from t h e  TOVS 
in:; t,i.ument t o  the S/C telemetry information processor i s  defined. This 
, l o g i c  i s  defined as the  Formatting uni t .  

Data Output Form: All c r i t i c a l  data  i s  supplied i n  s e r i a l  d i g i t a l  
f'orm, s i m i l a r  t o  NIMBUS d i g i t a l  "A". 
allow t h e  TOVS t o  use i t s  i n t e r v a l  12-bit ADC i n  l i e u  of t h e  TIPS 8-bit 
converter. In te r face  s igna ls  between the  TIP and TOVS are assumed t o  be 
similar t o  those supplied by t h e  VIP. 

data processor was considered from two viewpoints, i . e . ,  
1) What i s  t h e  most hardware e f f i c i e n t  in te r face?  and 
2 )  What i s  the  most f l ex ib l e  type of in te r face?  

This da ta  form i s  recommended t o  

Buffer Requirements: In te r fac ing  t h e  TOVS instrument with an externa l  

The answer i s  bas i ca l ly ,  how much temporary buffer storage i s  supplied. 
A minimum of a one (1) word buf fer  r e g i s t e r  (16 b i t s )  i s  necessary and 
represents  t h e  most e f f i c i e n t  hardware in t e r f ace ;  ye t  it provides t h e  
most s t r i g e n t  requirement on the  S /C  data  processor. 

A comparison of th ree  possible  in t e r f ace  configurations was con- 
ducted and i s  presented i n  Table A. 

Configuration Description: A simplif ied block diagram of t h e  formatter 
un i t  i s  shown i n  Figure l3, and i l lustrates t h e  Method 1 configuration. 
Methods 2 and 3 are similar, except t h a t  t h e  one (1) word buf fer  r e g i s t e r  
i s  expanded t o  a s ixteen (16) word capacity. 

Logic gates  d i g i t a l l y  multiplex t h e  data  i n t o  t h e  storage r e g i s t e r ,  
which a l so  ac t s  as a p a r a l l e l  t o  serial  converter. Pa r i ty  i s  generated 
i n  a s e r i a l  manner and in se r t ed  i n t o  t h e  da ta  b i t  stream v i a  t h e  output 
se lec t ion  gates .  
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ITEM 

BUF'FER TYPE 

CAPACITY 

FLEXIBILITY 

RESTRICTIONS 

[ COMPLEXITY 

I VOLUMN ESTIMATE 

POWER ESTIMATE 

WEIGHT ESTIMATE 

AVAILABLE PARTS 

METHOD 1 

Inter laced 
Load/Unload 

1 Word (16 B i t s )  

Least Flexible 

(1) Requires TOVS and 
T I P  Formats t o  be 
synchronized. 
(2)  Requires t h a t  1 4  
TIP Words (adjacent ) 
be readout at a r a t e  of 
1 word/2 m s  (500 HZ).  
Readout period i s  
fixed. 

L e a s t  Complex 
~~ 

1.0 (Reference) 

1.0 (Reference) 

1.0 (Reference) 

(1) Flip-flop r e g i s t e r  
using 541; o r  ws 

METHOD 2 

Non-Int erlaced 
Load/Unload 

16 Words (256 B i t s )  

More Flexible 

(1) Requires t h a t  TOVS 
and TIP Formats t o  be 
synchronized. 
(2) Requires t h a t  TOVS 
Data (16 Words) be 
readout at  any time 
during a f ixed 75 m s  
period. 

More Complex 

1.8 

1.0 

1.1 

(1) Multiple r eg i s t e r  
per  Method 1. 
(2) CMOS RAM 
(3) PMOS RAM 
(4)  PMOS Sh i f t  Register 

METHOD 3 

Inter laced 
Load/Unload 

16 Words (256 B i t s )  

Most Flexible 

(1) Requires t h a t  TOVS 
Data (16 Words) be 
readout a t  any time 
during a 100 m s  period 

Most Complex 

2.0 

1.2 

1.2 

Same as Method 2 

0 3  
I w 
vl 

TABLE A: BUFFER COMPARISOIV TABLE 
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Section 8 - Instrument Sequencing and Control 

DATA FORMAT 

'I'he daLu word length,  s t ruc tu re  :uld contents a re  ident i f ied .  Data which supports 
the primary infrared energy measurement i s  included. 

Word Format: A suggested word format diagram i s  shown i n  Figure A. The 
TOVS word i s  s ix teen  (16)  b i t s .  The word i s  divided i n t o  two (2)  f i e l d s ;  
Field A cons is t s  of b i t s  9 thru  16 and Field B cons is t s  of b i t s  1 thru  8, 
Fie ld  A b i t s  would be located i n  TIP word s l o t  N and Fie ld  B b i t s  would be 
packed i n t o  word s l o t s  N + 1. 

p a r i t y  i s  employed. 

Recommended d i sc re t e  b i t s  a r e  tabulated i n  Figure B. 

measurement; where b i t  5 i s  t h e  LSB, bit 1 4  i s  t h e  MSB and b i t  16  i s  t h e  
s ign.  

A word p a r i t y  b i t  i s  generated and located i n  b i t  Posi t ion 1. Odd 

B i t  posi t ions 2, 3 and 4 are used for monitor f l a g s  and pos i t ion  data.  

B i t  posi t ions 5 th ru  16 a re  a l located f o r  t h e  d i g i t a l  value of t h e  

BITS POSITION 

I 2 3 4 5 6 7 8 g 10 11 12 13 1 4  15 16 

p x x x o i 2 3 4  5 6 7 8 9 1 0  s 
- 
T b 

TOVS DATA 

DISCRETE BITS 

NOTE: 1. 

2 .  
3. 
. 
4. 

5. 

TIP Word N ,  B i t s  9 t h r u  16, TOVS Word Y 
TIP Word N + 1, B i t s  1 t h ru  8,  TOVS Word Y 

16 TOVS words w i l l  be used t o  process data  from 1 FOV 
48 b i t s  of d i sc re t e  da t a  w i l l  be inser ted  i n t o  t h e  X X X 
b i t  pos i t ion  (See Figure B) 
B i t  posi t ion 16 is  t h e  MSB and w i l l  be sh i f t ed  t o  t h e  TIP 
as t h e  1st b i t .  
B i t  pos i t ion  1 is  the  p a r i t y  b i t  f o r  t h e  16 b i t  TOVS word. 

FIGURE A: TOVS WORDS FORMAT 
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MONITOR 
~~ 

Shaft Angle Encoder 
FOV E l e c t r i c a l  Address 

Line Number Counter 

Posi t ion Flag P1, Nadir 

Posi t ion Flag P2, Housing 

Pos i t ion  Flag P3, Space 

Mode Flag M l ,  Earth Scan 

Mode Flag M2, I R  C a l .  

Mode Flag M 3 ,  E l e c t r i c a l  C a l .  

Mode Flag M 4 ,  Dual Mode 

PRP Operating Flag 

Command Monitors 

Spares 

TOTAL 

NO. OF BITS 
** 
1 

7 
8 
1 
1 
1 

1 

1 

1 
1 
1 

13 
5 

48 

FIGURE B: RECOMMENDED DISCRETE DATA BITS 

Sampling Format: A Recommended Sanpling Format i s  Shown i n  
Figure C Below. 

Word No. 

1 

2 

3 

4 
5 
6 
7 
8 
9 
10 

11 

12 

13 
1 4  
15 
16 

- 
1 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 
P 

- 

- 

B i t  Posi t ions 

2 3 4  5 t h r u  16 

I R  Channel 1 

I R  Channel 2 

I R  Channel 3 

I R  Channel 4 
I R  Channel 5 
I R  Channel 6 
I R  Channel 7 
I R  Channel 8 
I R  Channel 9 
I R  Channel 10  

I R  Channel 11 

I R  Channel 12 

I R  Channel 13 
I R  Channel 1 4  
Temperature Sub Corn 1 

Temperature Sub Corn 2 

FIGURE C :  TOVS SAMPLING FORMAT 8-39 



Section 8 - Instrument Sequencing and Control 

I T Y P I C A L  C I R C U I T  

I )EX!RIPTION OF INSTRUMENT COMMANDS 

T O V s  operating modes are d i r e c t l y  control led by t h i r t e e n  (13) space c r a f t  
supplied commands. 

Comand Subsystem: A command subsystem i s  required t o  execute t h e  

TOVS command subsystem is s i m i l a r  t o  t h a t  used on ITPR i n  t h a t  t h e  

Command L i s t :  

commands obtained from t h e  TIROS-N S/C command system. 

same type of hardware implementation i s  recommended. 

t r o l  t h e  TOVS, 
ac t ion ,  i s  shown i n  Table A. 

mended as t h e  storage devices f o r  a l l  radiometer copands .  
command re l ay  i s  shown i n  Figure B. 

spec i f ica t ion ;  it i s  assumed t h a t  t h e  r e l ays  w i l l  be driven by one (1) MA 
type l i n e  and one (1) MB type l i n e .  

A t o t a l  of t h i r t e e n  (13) commands are required t o  con- 
Each of these commands, together with a descr ipt ion of t h e  

Command Circu i t ry  Description: Magnetic la tch ing  r e l ays  are recom- 
A t y p i c a l  

Although t h e  exact spacecraf t  i n t e r f ace  is not defined i n  t h e  technica l  

MOTOR ON SCAN MOTOR 
D R I V E  POWER 2 4 . 5  VOLTS REG. 

MOTOR OFF (MB) 

FIGURF: B: COMMAND LATCHING RELAY C I R C U I T  
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TABLE A: TOVS COMMAND LIST 

1 

C O h D  RESPONSE 

1. Chopper Motor Applies/Disconnects power t o  the chopper 
ON/ OFF motor d r ive  c i r c u i t .  

2. Electronics  Applied/Disconnects power t o  all TOVS 
ON/OFF e lec t ronics ,  causing all channels t o  be- 

come inac t ive .  

4. I R  Calibrate 
ON/OFF 

5. Electronic Cal ibrat ion 
ON/OFF 

6. NADIR Posi t ion 
ON/OFF 

7. Space Posi t ion 
ON/ OFF 

8. Housing Posi t ion 
ON/OFF 

9. Detector Temperature 
Controller ON/OFF 

10. Calibrat ion Black Body Heater 
ON/OFF 

11. Standby Heater 
ON/OFF 

12 .  Restr ic ted Scan 
ON/OFF 

3. Scan Drive 
ON/OFF 

Enables/disables t h e  automatic in - f l igh t  
ca l ib ra t ion  cycle of space and housing. 

Enables/disables t h e  e lec t ronic  ca l ib ra t ion  
of in tegra tor ,  multiplexer and ADC. 

Causes t h e  scan mirror t o  view t h e  nadir 
pos i t  ion.  

Causes t h e  scan mirror t o  view t h e  space 
posi t ion.  

Causes t h e  scan mirror t o  view t h e  housing 
posi t ion.  

Applies/disconnects power t o  the detector  
temperature con t ro l l e r .  

Applies/disconnects power t o  t h e  black body 
heater  . 
Applies/disconnects power t o  t h e  instrument 
standby heater. 

Causes t h e  scan program t o  be r e s t r i c t e d  t o  
1 / 2  t h e  normal range. 

Applies/Disconnects power t o  t he  scan 
motor d r ive  c i r c u i t .  

13. Dual Instrument Mode 
ON/OFF 

Causes TOVS A and B t o  process data a t  
1/2 normal r a t e .  
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Section 9 - Design of Power Supply 

INSTRUMENT POWER SUBSYSTEM 

The combination of a switching type preregulator followed by a dc-dc converter 
i s  recommended fo r  maximum eff ic iency.  

This combination has exhibited e f f ic ienc ies  of 70 - 72% f o r  loads i n  t he  
25 w a t t  range i n  both the  ITPR and ERB programs. 
converter i s  slaved t o  t h e  system clock when present and free-runs otherwise. 
This has advantages i n  terms of t h e  ADC and converter noise spikes. 

converter except fo r  a small amount of capaci t ive feedthrough. 
for maximum f l e x i b i l i t y  i n  the  spacecraft  grounding system. 
enclosed sub-package is  required f o r  t he  power supply. A l l  l i n e s  entering 
and leaving the  package should be f i l t e r e d .  Within t h e  instrument a s ingle  
point grounding system must be s e t  up a t  t he  detector  s igna l  r e tu rn  point.  
It is  suggested tha t  t h e  scan motor power supply l ines  be shielded t o  
prevent rad ia t ion  as much as possible.  

The package containing the  power supply should communicate thermally 
w i t h  the instrument  housing by conduction. It can be considered as 
v i r t u a l l y  a constant source of heat when t h e  instrument i s  on. 

minimizing the  turn-on current t r ans i en t  and induced r ipp le .  
high source impedance of 0.3S2 makes a low r i p p l e  spec i f ica t ion  d i f f i c u l t  
but not impossible t o  meet. S t i f f e r  f i l t e r i n g  requirements a r e  paid for 
with weight because t h e  chokes needed for low loss LC f i l t e r i n g  must pass 
r e l a t i v e l y  l a rge  dc currents  without sa tura t ing .  

with t i m e  t h a t  are considerable. 
of about 8 watts t h e  peak power is about 3 times t h a t  number. 
cycle during the  bulk of t h e  scan period is  30 msec out of every 100 msec. 
Passive storage on a capacitor allowing fo r  a 1OV AV during t h e  pulse 
period requires  i n  excess of 2000 p f .  
a constant current  power supply with a s o f t  voltage limit would be needed 
t o  smooth t h e  input current.  

It is  recommended that man pa t te rn  induced load var ia t ions  be considered 
as j u s t  that "load variations". They occur a t  frequencies of lOHz or  l e s s  
imposing l i t t l e  burden i n  regulator  design directed a t  a low output impedance. 
The l i n e  drop t o  t h e  TOVS from the  spacecraft  power  supply should not be 
added i n  t o  t h e  source impedance t o  t h e  TOVS since voltage drops along 
it only a f f e c t  t he  TOVS. 

The current  surges caused by the  scan motor present a problem t h a t  has 
not been completely resolved. 
from t h e  same dc/dc converter as t h e  logic  voltages,  logic  s t a b i l i t y  during 
the  scan motor pulses must be maintained. The optimum solut ion m a y  requi re  
a separate supply f o r  motor power. This solut ion suggests i t s e l f  because t h e  
proposed power supply i s  more to l e ran t  of input voltage var ia t ion  than load 
variat ion.  

I n  t h i s  design the  dc-dc 

Total  power t o  s igna l  ground i so l a t ion  i s  obtained by means of t h e  
This  allows 

A t o t a l l y  

In  terms of detai l  design t h e  area of most d i f f i c u l t y  w i l l  involve 
A r e l a t i v e l y  

The nature of t h e  scanning requirement results i n  power var ia t ions  
Although t h e  scan power is an average 

The duty 

A recharging method consis t ing of 

If t h e  motor supply voltage source i s  taken 
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GISNEIUL DESCRIPTI.ON OF THERMAL STUDY 

The purpose of t h e  TIROS Operat ional  V e r t i c a l  Sounder thermal study w a s  t o  de f ine  
the  approach t o  thermal c o n t r o l  and prove i t s  adequacy with a n a l y s i s .  The a n a l y s i s  
of t he  des ign  shows t h a t  adequate con t ro l  of instrument temperature i s  a t t a i n e d .  

The TIROS Operat ional  Ver t i ca l  Sounder-Basic Sounder Unit (TOVS-BSU) i s  a 
scanning in f r a red  sounder f o r  the  TIROS-N spacec ra f t ,  which w i l l  be launched i n  
1975. Orbi t ing  t h e  e a r t h  d a i l y ,  t h e  BSU instrument w i l l  measure the  moisture  
and temperature of the  e a r t h ' s  atmosphere a s  a func t ion  of a l t i t u d e  and cloud 
cover .  The purpose of t h e  BSU thermal s tudy w a s  t o  de f ine  a design approach 
f o r  thermal con t ro l  o f  the  instrument and t o  analyze t h e  approach i n  d e t a i l  t o  
determine whether it meets the  thermal requirements .  

the  thermal design a r e  l i s t e d  i n  Table I .  The spacec ra f t  coordinate  system 
defined i n  Table I1 i s  used i n  d iscuss ing  thermal c o n t r o l  of t hese  components. 
The instrument i s  a t tached  t o  the  bottom s i d e  of the  spacec ra f t ,  wi th  the  
d e t e c t o r  o p t i c s  forward (+X s i d e )  and t h e  scanner a f t  (-X s i d e ) .  The scanner 
scans i n  the  YZ plane,  looking down i n  the  +Z d i r e c t i o n  a t  n a d i r .  The sun can 
i r r a d i a t e  t h e  instrument  on the  l e f t  (-Y) s i d e ,  on the  bottom (+Z) s i d e ,  and on 
the  f r o n t  (+X) and rear (-X) s i d e s .  The scan motor and scan d r i v e  e l e c t r o n i c s  
on the  -X s i d e  are both t i e d  t o  the  scanner web and the  d i s s i p a t e d  hea t  from 
these  u n i t s  mus t  be removed. The housing blackbody assembly i s  mounted a t  t h e  
top of  t h e  s t r u c t u r e  fac ing  downward. Radiat ion leaving  the  assembly must be 
con t ro l l ed  t o  maintain a proper instrument energy balance.  The scan  mi r ro r  i s  
located d i r e c t l y  beneath the  blackbody assembly and must be pro tec ted  from t h e  
s u n ' s  i n f luence .  The d e t e c t o r s  and d e t e c t o r  o p t i c s  a r e  loca ted  a t  t h e  +X end 
o f  t he  instrument and r equ i r e  a very s t a b l e  environment. The o p t i c s  basep la t e  
i s  mounted t o  the  te lescope basepla te  which, i n  t u r n ,  i s  mounted t o  the  o p t i c s  
web. The chopper motor and te lescope  assemblies a r e  f ixed  t o  t h e  te lescope  
basep la t e ,  and the  des ign  must d i r e c t  t he  l o c a l  energy flow t o  o b t a i n  s p e c i f i e d  
temperature l e v e l s  of these  components. The r a d i a t o r  system s t r a d d l e s  t h e  
scanner and o p t i c s  webs, f aces  the  +Y and -Y d i r e c t i o n s ,  and u l t ima te ly  r a d i a t e s  
both t h e  d i s s i p a t e d  and inc iden t  hea t  loads .  

hea t ing  a n a l y s i s  t o  d iscover  how the  sun i r r a d i a t e s  var ious  TOVS components a t  
d i f f e r e n t  o r b i t a l  p o s i t i o n s  and a t  d i f f e r e n t  t i m e s  of  t he  yea r .  Based upon t h i s  
a n a l y s i s ,  a thermal c o n t r o l  conf igu ra t ion  w a s  designed t o  m e e t  the  temperature 
c o n t r o l  requirements ,  a l lowing f o r  t he  environmental hea t ing  e f f e c t s  and the  
mechanical, o p t i c a l ,  and rad iometr ic  des ign  c o n s t r a i n t s  of t h e  instrument .  

Resul t s  of Thermal Analysis  - The s tudy  obtained the  expected thermal 
performance of  TOVS f o r  t h ree  extreme condi t ions  i n  the  mission p r o f i l e .  The 
performance f i g u r e s  obtained are based on t r a n s i e n t  network ana lyses  of t h e  
f i n a l  TOVS thermal conf igu ra t ion  and i l l u s t r a t e  the  temperature d i s t r i b u t i o n  of 
t h e  instrument f o r  each case .  The t r a n s i e n t  temperatures dur ing  two ope ra t iona l  
cases  f o r  s eve ra l  components were a l s o  presented,  The ana lyses  show t h a t  t he  
thermal design goals  can be met w i th in  the  o r b i t a l  and spacec ra f t  c o n s t r a i n t s .  

Thermal Related Components - The physical  components of  t h e  BSU r e l a t e d  t o  

Study Tasks - The thermal design e f f o r t  depended upon an  environmental 
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L. S .  Mills 

4 

~ Axis Spacecraf t  Axis Direc t ion  of P o s i t i v e  Axis 

X Rol l  Di rec t ion  of o r b i t a l  motion. 

Y P i t c h  To r i g h t  of spacec ra f t .  

Z Yaw Down,  along l o c a l  vertical .  

TABLE I .  MAJOR BSU COMPONENTS AFFECTING THE THERMAL CONTROL DESIGN 

The components t h a t  in f luence  t h e  BSU energy balance most are t h e  
e l e c t r o n i c s ,  t he  motors, and t h e  r a d i a t o r s .  

0 

0 

0 

0 

0 

0 

0 

a 

0 

0 

0 

Scan Motor - Diss ipa t e s  h e a t .  

Scan Drive E lec t ron ic s  - Diss ipa t e s  h e a t .  

Scanner Web - Conductive l i n k  f o r  scan motor 

Optics  Baseplate 

Chopper Motor - Diss ipa t e s  h e a t .  

and d r i v e .  

o p t i c s .  
- Mounting s t r u c t u r e  f o r  d e t e c t o r  

Telescope Baseplate  - Conductive l i n k  f o r  chopper motor. 

Optics  Web - Conductive l i n k  f o r  a l l  o p t i c s  
subassembly and a s soc ia t ed  
e l e c t r o n i c s  

su r f  ace. 
Housing Blackbodies - Represents l a r g e  r a d i a t i n g  

Scan Mirror  - Receives d i r e c t  sun. 

Radiators  - Key element t o  energy balance.  

Signal  Conditioning - Diss ipa t e s  Heat 
E lec t ron ic s  
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S e c t i o n 1 0  - Thermal Analysis 

SUMMARY OF TIlEI@lAL REQUIREMENTS 

'l 'llrcw types oE thcarnial requirements iinpact tlic BSU tltcnnal design:  the  agrecd 
spncccraf t i n t c r f n c c  requirements,  der ived requirements €or c r i t i c a l  component 
temperatures ,  and der ived requirements f o r  temperature s t a b i l i t i e s  which a f f e c t  
radiomctr ic  accuracy. 

Spec i f ied  Requirements - The TOVS-BSU must opera te  i n  the  TIROS space- 
c r a f t  environment. This environment depends on the  na ture  of the  o r b i t  and 
t h e  agreed-upon spacec ra f t  thermal i n t e r f a c e .  The impl ica t ions  of t he  TIROS 
o r b i t  must be c a r e f u l l y  analyzed, because, as can be seen from Table I oppos i te ,  
the  e l e c t r o n i c  power input  a lone exceeds the  power which can be t r a n s f e r r e d  
across  the  spacec ra f t  i n t e r f a c e .  The thermal c o n t r o l  system must opera te  with-  
i n  the  weight,  power, and envelope r e s t r i c t i o n s  given.  

des ign  dec i s ions .  The parameters l i s t e d  i n  Table I1 are the  essential  der ived  
requirements f o r  t he  thermal s tudy .  

The scanner beam s i z e  and look angles  determine t h e  s i z e  of t h e  cu tout  i n  
the  housing through which hea t  may be gained o r  lost  by r a d i a t i o n .  
components, notably the  d e t e c t o r s ,  must remain wi th in  the  temperature ranges 
l i s t e d .  The scan motor, chopper motor, and e l e c t r o n i c s  d i s s i p a t e  the  hea t  
shown. 
temperatures ,  but  not enough t o  con t ro l  t he  c a l i b r a t i o n  blackbodies.  

i s  necessary t o  keep s t a b l e  the  temperatures of those  components t h a t  can e m i t  
de tec ted  r a d i a t i o n .  

t o  change between c a l i b r a t i o n s  by no more than  t h e  no i se  equiva len t  s p e c t r a l  
rad iance .  Because t h e r e  are a number of sources  of rad iometr ic  e r r o r ,  t h i s  
c o n s t r a i n t  means t h a t  a simple l i n e a r  i n t e r p o l a t i o n  between c a l i b r a t i o n s  i s  
necessary t o  c o r r e c t  f o r  t he  measured change i n  instrument ga in  and o f f s e t .  
(It does not appear f e a s i b l e  t o  e l imina te  t h e  need f o r  t h i s  i n t e r p o l a t i o n . )  

Derived Requirements - The TOVS-BSU design study r e s u l t e d  i n  a number of 

Ce r t a in  

There i s  enough power t o  con t ro l  d e t e c t o r  and re ference  blackbody 

liadiometric Cons t ra in ts  - Because t h e  BSU measures thermal r a d i a t i o n ,  i t  

The  des ign  goal  chosen w a s  t o  a l low the  r a d i a t i o n  from each source of e r r o r  

The parameters l i s t e d  i n  Table I11 were derived s p e c i f i c a l l y  as fol lows:  

0 Because the  d e t e c t o r  temperature c o e f f i c i e n t  i s  about l % / O C ,  a 
s h i f t  of O . l ° C  corresponds t o  a ga in  s h i f t  of 0.1%, which i s  about 
equal  t o  the  noise  e r r o r  i n  a s i n g l e  measurement of a 330°K black- 
body i n  t h e  most thermal ly-sens i t ive  channel (Channel 4 ) .  

maximum al lowable d r i f t  was  taken t o  be equal  t o  t h e  noise-equivalent-  
temperature-difference of h . 0 7 5  degree 
330°K scene.  
blackbody, although change i n  i t s  temperature i s  not  r e l evan t  i f  
c o r r e c t l y  measured. 

gold-coated, do e m i t  d e t e c t a b l e  r a d i a t i o n .  I f  the  e f f e c t i v e  
emis s iv i ty  i s  2%, the  de t ec t ab le  temperature change i s  3.25%/OC. 

0 The re ference  blackbodies provide a zero f o r  t h e  instrument .  The 

f o r  channel 4 f o r  a f u l l - s c a l e  
A similar c r i t e r i o n  w a s  adopted f o r  t h e  c a l i b r a t i o n  

0 The scanner ,  t e lescope ,  and chopper mi r ro r s ,  a l though pol ished and 
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I 
Detector Temperature: 0.100"c 
Blackbody Temperatures: 0.075 "C 

Mirror Temperatures : 3.25"C 

TABLE I. SPECIFIED SPACECRAFT AND INSTRUMENT CONSTRAINTS 
The design values for weight and power are close to the 
maximum allowed values. 

Maximum Envelope 14 x 24 x 12 in. 
Maximum Weight 45 lb 
Maximum Input Power 35 w 
Orbit: Altitude 906 nmi 

Inclination 103 degrees 
O'clock Angle 3:OO-3:30 pm 
Sun Angle 32-57 degrees 

Maximum TIROS-BSU Heat F l o w  515 W 
Interface Temperature : Min. +lO°C 

Max. 630°C 
Calibration Interval 256 s 

TABLE 11. DERIVED REQUIREMENTS 
The following constraints were derived during the design.* \ 
Scanner Beam Diameter: 
Scan Look Angles (nadir = 0"): 
Detector Temperature (absolute): 
Scan and Chopper Motor Temperature: 
Electronics Temperature: 
Total Electronics Power: 
Detector Optics Heater: 
Scanner Motor Power: 
Chopper Motor Power: 

11.4 in. 
-43 to +72 degrees 
35 kl"C 
-25 to +7OoC 
-25 to +6OoC 
15.85 W 
3.5 w 
8.17 W 
7.17  W 

~ ~ ~~ - 

*Power figures assumed in the thermal study differed 
slightly from the final power budget, but the differences 
do not affect the design or results significantly. 

TABLE 111. RADIOMETRIC CONSTRAINTS 
The following design goals for temperature changes between 
calibrations were adopted to reduce radiometric calibration 
corrections. 
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Sec t ion  10 - Thermal Analys is  

DESCRIPTION OF ENVIRONMENTAL CONSTRAINTS 

Environmental f a c t o r s  t h a t  c o n s t r a i n  t h e  thermal des ign  are p r i m a r i l y  s o l a r  
r a d i a t i o n ,  a lbedo,  and e a r t h  r a d i a t i o n .  O f  t h e s e ,  s o l a r  r a d i a t i o n  has  t h e  g r e a t e s t  
des ign  impact because of t h e  wide va r i ance  between t h e  i n t e g r a t e d  s o l a r  f l u x  f o r  
t h e  h o t  and cold cases, and t h e  d i f f i c u l t y  i n  a t t e n u a t i n g  t h i s  d i f f e r e n c e  t o  meet 
t h e  s p e c i f i e d  temperature  range .  

The nominal sun-synchronous TIROS o r b i t  has  a n  a l t i t u d e  of 906 nm, i s  
i n c l i n e d  a t  103 degrees ,  and has  a 3-pm ascending node. These va lues  g ive  an 
approximate angle  of 45 degrees  between t h e  sun v e c t o r  and t h e  nega t ive  p i t c h  
(-Y) a x i s .  
i nc rease  o f  t h e  nodal l ong i tude  t o  3:30 pm, the  sun ang le  can  vary  between 32 
degrees  and 57 degrees .  
wi th  t h e  s m a l l  angle  t h e  s p a c e c r a f t  i s  i l l umina ted  du r ing  t h e  e n t i r e  o r b i t .  
These environmental  i n f luences  are presented  i n  t h e  f a c i n g  f i g u r e ,  t o g e t h e r  wi th  
energy absorbed from albedo and e a r t h  r a d i a t i o n  by a second-surface m i r r o r  
r a d i a t o r  f a c i n g  t h e  -Y d i r e c t i o n .  

Albedo - Although the  albedo energy inpu t  has  only  minor in f luence  on t h e  
-Y s u r f a c e ,  i t  p l ays  a major r o l e  i n  t h e  hea t ing  of t h e  scan m i r r o r ,  When t h e  
s a t e l l i t e  c r o s s e s  the  equator  a t  3:OO pm, t h e  albedo inpu t  t o  t h e  scan mi r ro r  
c a v i t y  i s  7 .6  mW/cm2, whi le  t h e  s o l a r  i npu t  j u s t  before  TIROS e n t e r s  t h e  shadow 
on t h e  f a r  s i d e  of t h e  e a r t h  on November 1 i s  17 mW/cm2. 

Ear th  Radia t ion  - Heating by e a r t h  r a d i a t i o n  a l s o  r e p r e s e n t s  a s i g n i f i c a n t  
thermal inpu t  t o  t h e  BSU ins t rument ,  s i n c e  t h r e e  exposed s i d e s  of t h e  BSU view 
t h e  e a r t h  with a cons t an t  view f a c t o r  over  t h e  e n t i r e  o r b i t .  The f l u x  on t h e  
s i d e s  was taken as  3 . 2  mW/cm2, whi le  i n c i d e n t  r a d i a t i o n  t o  the  bottom was taken 
as  13.5 mW/cm2. 

Because of the  seasonal  v a r i a t i o n  of  t h e  sun v e c t o r  and t h e  p o s s i b l e  

P a r t i a l  shadowing occurs  w i t h  t h e  l a r g e r  ang le ,  bu t  

Temperature Cases - Two temperature  cases  have been analyzed:  (1) t h e  hot  
c a s e ,  wi th  a 3:30 pm o r b i t ,  a sun ang le  of 32 degrees ,  and maximum s p a c e c r a f t  
i n t e r f a c e  t empera t i r e ;  and (2) t h e  co ld  case, wi th  a 3:OO pm o r b i t ,  a sun ang le  
of 57 d e g r e e s , p a r t i a l  o r b i t a l  shadowing (1/2 hour ) ,  and minimum i n t e r f a c e  temper- 
a t u r e .  The i n t e g r a t e d  s o l a r  f l u x  absorbed on t h e  -Y r a d i a t o r s  i s  12  mW/cm2, whi le  
t he  co ld-case  va lue  i s  5.5 mW/cm2, inc luding  t h e  shadowed p a r t  of t h e  o r b i t .  The 
maximum s o l a r  energy e n t e r i n g  t h e  mi r ro r  c a v i t y  i s  22 W averaged over  an  o r b i t  
i n  t h e  ho t  ca se  and 1 7  W f o r  t he  co ld  case. O f  t h i s  i n c i d e n t  r a d i a t i o n ,  4 . 4  W 
i s  absorbed f o r  t he  ho t  case and 3 . 4  W f o r  t h e  co ld  case. 

Design Impact Cons idera t ions  - With t h i s  wide va r i ance  i n  environmental  
h e a t i n g ,  c a r e f u l  c o n s i d e r a t i o n  must be g iven  t o  t h e  s i ze  of r a d i a t o r s ,  t h e  
TIORS-TOVS i n t e r f a c e ,  and t h e  type of thermal coa t ings  used on s u r f a c e s  (es-  
p e c i a l l y  those  f a c i n g  the  sun) ,  
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ivironmental Heating f o r  TIROS-N Orbit. Seasonal v a r i a t i o n  of  the absorbed 
s o l a r  heating gives  an integrated average of 12rnWlcd f o r  the hot case versus 
5 .5  mW/cm2 for  the cold case. 
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Sec t ion  10 - Thermal Analysis 

ISxccvsivc sol ai- Iicatiiig of the c a l i b r a t i o n  blackbodies , tlic scan mi r ro r ,  and tlie 
tc lcscopcs  i s  con t ro l l ed  with a s u n  s h i e l d .  Instrument temperatures a r e  con t ro l l ed  
by a liiglily-cond~ictive housing and s t r u c t u r e ,  t he  u s e  of pass ive  r a d i a t o r s  t o  re- 
j e c t  l icat ,  and a temperature c o n t r o l l e r  t o  keep the  d e t e c t o r s ,  f i l t e r s ,  and de tec to r  
o p t i c s  components a t  a cons tan t  temperature.  

The major thermal des ign  cons idera t ions  f o r  t he  BSU include meeting 
s t r i n g e n t  temperature s t a b i l i t y  requirements and prevent ing non-uniform s o l a r  
hea t ing  of the  instrument components. Overa l l  thermal con t ro l  of t h e  i n s t r u -  
ment i s  achieved by reducing t h e  v a r i a b i l i t y  of t he  s o l a r  loading with a sun 
s h i e l d  and by conduct ively coupling major components toge ther  (thereby using 
the  l a rge  thermal i n e r t i a  f o r  s t a b i l i t y )  and d i s s i p a t i n g  excess energy with 
passive r a d i a t o r s .  Fine thermal tuning i s  accomplished with s e l e c t i v e  r a d i -  
a t i v e  and conductive coupl ing.  

Sun Shie ld  - A sun s h i e l d  f o r  the  scan mi r ro r  and the  te lescopes  i s  
pos i t ioned  d i r e c t l y  under the  housing blackbody assembly and e s s e n t i a l l y  ex- 
changes energy only by r a d i a t i o n .  The sun s h i e l d  i s  configured t o  b lock  a 
major i ty  of  the  sun inf luence on t h e  te lescopes ,  t o  completely shadow t h e  
housing blackbodies ,  and t o  r a d i a t e  t he  thermal energy of the  scan mir ror  when 
i t  i s  i r r a d i a t e d  by the  sun. The s h i e l d  i s  a t tached  t o  the  r o t a t i n g  mi r ro r ,  

Conductive Network - The conductive network c o n s i s t s  p r i n c i p a l l y  of a 
system of a l l o y  356 aluminum members c a s t  toge ther  t o  form t h e  BSU housing. 
Scanner motor d i s s i p a t e d  energy flows from the  motor housing across  an RTV 
( s i l i c o n e  rubber adhesive) i n t e r f a c e  i n t o  a .70-in. s e c t i o n  designated a s  the  
scanner mounting web, which i s  s t raddled  by two 5- in .  x.10-in.  r a d i a t o r  s ec t ions  
running the  length of the  instrument .  These sec t ions  form the  s t r u c t u r a l  s i d e s  
of TOVS and enc lose  the  o p t i c s  mounting web a t  t h e  +X end of t h e  instrument .  

The temperature con t ro l l ed  o p t i c s  housing i s  conduct ively coupled t o  the  
te lescope  mounting p l a t e  with four  t i t an ium s t andof f s  which can be trimmed 
t o  s i z e  t o  match t h e  environmental in f luences  of t h e  bottom of the  TIROS veh ic l e .  
Power d i s s i p a t i o n  from the  chopper motor and momentum compensator flows con- 
duc t ive ly  E r o m  t he  motor housing t o  the  te lescope  mounting p l a t e .  The mounting 
p l a t e ,  i n  t u r n ,  i s  conduct ively coupled t o  the  o p t i c s  web with RTV. Diss ipntJ .on  
from the  +X e l e c t r o n i c s  a l so  conduct ively flows i n t o  t h e  o p t i c s  web and hence 
i n t o  the  r a d i a t o r  system. The housing blackbodies are mounted between t h e  r a d i -  
a t o r s  and semi- isolated from t h e  s t r u c t u r e  with s i x  phenol ic  spacers  encasing 
t i t an ium screws, 

blackbody assembly, l a rge  bery l l ium basep la t e s  a r e  used. 
the h ighes t  s p e c i f i c  h e a t s  p e r  u n i t  volume and u n i t  weight of t he  machineable 
m a t e r i a l s .  

Radiators  - The pass ive  r a d i a t o r s  c o n s i s t  of a 96-in panel covered wi th  
second-surface mir rors  fac ing  the  sun, and a 120-in panel painted with I I T R I  
2-93 white pa in t  d i r ec t ed  i n  t h e  +Y d i r e c t i o n  across  the  bottom of the  space- 
c r a f t .  The s i z e  of  t h e  r a d i a t o r s  can be changed wi th  super i n s u l a t i o n  masking 
t o  accommodate more p rec i se  p red ic t ions  of the  temperature of t he  bottom of t h e  
TIROS veh ic l e .  

Although the  BSU-TIROS i n t e r f a c e  hea t  flow s p e c i f i c a t i o n  i s  +15 w a t t s  f o r  
t h e  cold and ho t  condi t ions ,  t he  genera l  temperature l e v e l  of t h e  BSU i s  cooler  
than  the  spacec ra f t  during t h e  hot  case ,  thereby n u l l i f y i n g  the  hea t  s i n k  cap- 
a b i l i t y  of TIROS f o r  t h i s  condi t ion .  The TIROS-BSU conductance, however, was 
accepted as 0.35 W/"C i n  order  t o  hea t  t h e  instrument  during the  nonoperat ional  
condi t ion .  Consequently, t he  r a d i a t o r  s i z e s  were adjus ted  t o  main ta in  the  

To a id  i n  the  thermal s t a b i l i t y  of  the  o p t i c s  assembly and t h e  housing 
Beryll ium has one of 

2 
2 
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detectors at 35°C during the hot case, while keeping the motor temperatures above 
-25°C during the cold nonoperational case. 

HIGHLIGHTS OF THERMAL DESIGN APPROACH 

The thermal design depends upon solar heating control, conduction between major 
components, and localized control of specific subsystems. 

~ -~ - ~ 

0 Scan Mirror Sun Shield 

- Controls solar heating on mirror and telescopes. 

e Highly Conductive Network 

- Aids thermal inertia, improving temperature stability. 

e Passive Radiators 

- Balances energy flow with temperature requirements. 

0 Proportional Heater on Detector Optics Housing 

- Maintains uniform detector temperatures. 

0 Large Beryllium Baseplates 

- Aids temperature stability of blackbody assemblies. 

FR-1110J.OI 10-7 



Scctioii  10 - Thermal Analysis 

CONTKOL 017 BLACKBODY TEMPERATURES 

Blackbody thermal c o n t r o l  i s  achieved wi th  high thermal capaci tance,  h ighly-  
conductive paths  between ind iv idua l  bodies ,  and s e l e c t i v e  r a d i a t i v e  coupling 
with surroundings. 

Because of the  t r a n s i e n t  temperature s t a b i l i t y  requirement f o r  the  black- 
bodies ,  the  high s p e c i f i c  hea t  of beryl l ium was used f o r  both the  housing 
re ference  blackbody assemblies ,  g iv ing  thermal time cons tan ts  of 0.45 hour 
and 0.7 hour,  r e s p e c t i v e l y .  

temperature performance of t he  the rmos ta t i ca l ly  con t ro l l ed  housing, 
conductance between the two most d i s t a n t  bodies  i s  about 1.3 W/OC, y i e ld ing  
a maximum temperature d i f f e rence  of 0.5OC. 

i so l a t ed  lrom the  BSU s t r u c t u r e  with s i x  3/16-inch t i t an ium screws and phenolic 
standoFfs.  Each blackbody c o n s i s t s  of a series of V-grooves c i r c u l a r l y  scr ibed  
i n t o  the p l a t e  and surrounded by a blackened cy l inder .  The assembly rece ives  
l icat  conduct ively through the  top cover of t he  BSU, g iv ing  the  assembly reason- 
ab le  temperature l i m i t s  for the  hot  and co ld  condi t ions  and r e l a t i v e l y  s t a b l e  
performance over a given o r b i t .  
two bodies i s  1 O C .  

O F  the  BSU could be s i g n i f i c a n t  because of t he  t o t a l  r a d i a t i n g  black a r e a  of 
357 cm2, which a t  300°K could r a d i a t e  nea r ly  16 W i f  e n t i r e l y  exposed t o  space. 
However, the  energy balance of the  scan mir ror  and sun s h i e l d  with the  environ- 
ment holds t h i s  l o s s  t o  about 4 wat ts .  

The re ference  blackbodies a r e  p a r t  of t he  o p t i c s  housing and follow the  
Thermal 

The housing blackbody assembly i s  e s s e n t i a l l y  a beryll ium p l a t e  semi- 

The temperature d i f f e r e n c e s  between the  worst  

The impact of the  housing blackbody assembly on the  gross  energy balance 
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BLACKBODY THERMAL DESIGN DETAILS 

These items are important to blackbody thermal control. 

0 Beryllium baseplates are used for temperature stability and 
isothermality across assemblies. 

0 Reference blackbodies are an integral part of the thermo- 
statically controlled optics subassembly. 

0 Housing blackbodies are semi-isolated from the structure. 

0 The major influence of the housing blackbodies on the 
instrument energy balance is controlled with a sun shield. 
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Section 10 - Thermal Analysis 

CONTROL OF OPTICS SUBASSEMBLY TEMPERATURES 

Thermal control  of the telescope opt ics  i s  achieved with the a id  of a sun shield.  
Thermal control  of the de tec tor  o p t i c s  i s  achieved by a temperature-controlled 
baseplate t h a t  i s  thermally couplcd t o  a l l  de tec tor  op t ics  elements, 

Thc o p t i c s  subassembly cons is t s  of seven telescopes,  the telescope 
mounting p l a t e ,  the chopper wheel, and 14 sets of de tec tors ,  lenses, and 
f i l t e r s .  In  addi t ion,  there  a r e  seven s e t s  of reference blackbodies and 
dichroic  mirrors.  The physical arrangement of these components i s  pre- 
sented i n  the f igurc ,  which a l so  locates  the chopper motor. 

Telescope Optics Thermal Control - For thermal cont ro l ,  the telescope 
opt ics  depend upon the scan mirror sun sh ie ld  t o  block a majority of the 
incident  s o l a r  energy i r r a d i a t i n g  the system when the s a t e l l i t e  passes to-  
ward the dark s i d e  of the ear th .  This energy incident  on the open telescopes 
could reach a maximum of 76 mW/cm2 without the  shield.  
of the telescopes depends upon the chopper motor power d i s s i p a t i o n  and the 
configurat ion of the conductive paths between the  motor, telescopes,  and 
telescope mounting p la te .  The present design c a l l s  f o r  a 0.4-in. aluminum 
mounting p l a t e  t i e d  t o  the o p t ' c s  web through an RTV i n t e r f a c e ,  with a 
minimum contact area of 22  in .  The telescopes a r e  each bolted t o  the  
mounting p l a t e  i n  a c i r c l e  around the  chopper motor assembly. Power d i s -  
s ipa ted  within the motor flows r a d i a l l y  outward between the telescopes t o  
the opt ics  mounting flange, Telescope temperatures a r e  predicted t o  vary 
from 27 t o  32OC during the operat ional  modes. 
t o  a de tec tab le  change i n  mirror emission. 

Detector Optics Thermal Control - Detector temperature cont ro l  i s  one 
of the most c r i t i c a l  items i n  the thermal design. It i s  achieved with the 
aid of a proportional hea te r ,  high conductance paths between de tec tors ,  and 
low r a d i a t i v e  coupling with the surroundings. Since the de tec tors  and 
de tec tor  o p t i c s  a r e  i n  proximity (as shown i n  the f igure) ,  the thermal 
benef i t s  of the de tec tor  design a r e  passed on t o  the opt ics  components. 
These components cons is t  of f i l t e r s ,  lenses ,  reference blackbodies, dichroic  
mirrors ,  and the chopper wheel. The chopper wheel i s  r a d i a t i v e l y  coupled t o  
the opt ics  baseplate with high emittance coat ings,  while the other  components 
a r e  i n  int imate  thermal contact with the baseplate.  

Temperature cont ro l  

iJ 

This v a r i a t i o n  does not lead 

Elements of the Thermal Design - Because of the three requirements f o r  
de tec tor  temperature cont ro l  ( 3 5 O  +l°C f o r  a l l  o r b i t a l  cases ,  l 0 C  between 
de tec tors ,  and less than 0. l ° C  chaGge f o r  any de tec tor  between c a l i b r a t i o n ) ,  
the thermal design i s  based on a 3.5-W proportional hea te r  bonded c i r c u l a r l y  
t o  the i n s i d e  of the opt ics  housing. 
in .  th ick  X 8-in. OD beryllium pla te  machined very prec ise ly  and gold plated 
t o  give an extremely low contact  res i s tance  with the detectors .  
p l a t e  was s ized t o  give a conductance of 1.32 W/OC between the most d i s t a  t 
de tec tor  loca t ions ,  and the i n t e r f a c e  conductance was taken a s  0.057 W/cmqoC. 
In  order t o  minimize r a d i a t i v e  losses  from the de tec tor  assemblies, they 
should be gold-plated and the cabling ex i t ing  the de tec tors  should be 
covered with a s ing le  layer  of aluminized mylar, and the cables should be 
thermally grounded t o  the opt ics  baseplate ,  With t h i s  scheme the r a d i a t i v e  
worst-case loss  from one de tec tor  and cable w i l l  be l e s s  than 0.015 W. The 
c i r c u l a r  layout: of the hea ter ,  coupled with the  highly conductive paths be- 
tween t h e  de tec tors ,  y i e l d s  a temperature change of less than l 0 C  between 
the  u n i t s .  Since the hea ter  i s  the proportional type and i s  mounted t o  a 
high capacitance p l a t e ,  the temperature v a r i a t i o n  over an o r b i t  i s  predicted 
t o  be l e s s  than l 0 C  f o r  the detector  assemblies, 

The housing i t s e l f  cons is t s  of a 1/2-  

The base- 
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The mechanical connection between the optics mounting plate and the 
telescope mounting plate consists of four titanium standoffs about 0.7 in. 
on a side and 0.8 in, long. These standoffs can be resized as the temper- 
ature influence of the bottom of TIROS becomes more clearly defined. 

1110-103-102 

TELESCOPES- 

; 
OpCics Subossc?iiibly. The detectors and detector optics are temperature controlled 
with a coiiiiiioii boscplate heater. 
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Sect ion  10 - Thermal Analysis  

CONTROL OF SCANNER TEMPERATURES 

To con t ro l  the  scan mir ror  and scan motor temperatures,  the  scan mirror  i s  
f i t t e d  with a hea t  s h i e l d  which a i d s  i n  the  d i s s i p a t i o n  of absorbed hea t  
from thc  siin, while the scan motor i s  t i g h t l y  coupled t o  the scanner web s o  
L k i t  i t  gene ra l ly  follows the gross  temperature l e v e l s  of the  instrument.  

Scan Mirror Temperature Control - The scan mir ror  rece ives  d i r e c t  
sun, albedo, and e a r t h  r a d i a t i o n  through a l a rge  cu tout  i n  the  instrument 
housing. This r a d i a t i o n  r ep resen t s  one of the  major components of gross  
BSU energy balance.  I n  order  t o  c o n t r o l  the  s o l a r  hea t ing  problem, a sun 
sh ie ld  i s  f ixed t o  the back of t he  mirror .  This sun s h i e l d  does not  
e n t i r e l y  sh i e ld  the  mi r ro r ,  but  i t  almost completely prevents  s o l a r  r ad ia -  
t i o n  from reaching the  o p t i c s  subassembly and completely s h i e l d s  c a l i b r a -  
t i o n  blackbodies on the  instrument housing. It a l s o  serves  a s  a r a d i a t o r  
t o  r e j e c t  the  s o l a r  hea t  absorbed by t h e  scan mi r ro r ,  which does not r e j e c t  
tlic lieat wel l  because i t s  gold coa t ing  absorbs sun l igh t  but  does not emit 
thermal r a d i a t i o n .  The back of the  mir ror  and the  in s ide  of the  sun s h i e l d  are 
painted with a high emittance black pa in t  t o  he lp  couple the  mirror  t o  the  
sh i e ld .  The ou t s ide  of the  sun s h i e l d  i s  coated with a white pa in t  having low 
s o l a r  absorbency and high i n f r a r e d  emittance.  

When TIROS i s  on the  s u n l i t  s i d e  of t he  e a r t h ,  the  s h i e l d  completely 
shadows the mirror .  During per iods when d i r e c t  sun l igh t  does f a l l  on the  
mir ror ,  the  back of the  mir ror  r a d i a t e s  the  sun s h i e l d  and the  s h i e l d  
r a d i a t e s  t o  space. With t h i s  scheme, the  mir ror  temperatures vary from 
-14OC i n  the  cold case t o  5OC i n  the  hot  case.  
sun sh ie ld  v a r i e s  from -22OC t o  -6OC f o r  the  same two cases .  

t i c a l  mir ror  (5/8-in. t h i c k  beryll ium) and by the  r a d i a t i v e  interchange 
between the  back of t he  mi r ro r  and t h e  sun s h i e l d ,  
between the  top and bottom edges of the  mi r ro r  i s  ca l cu la t ed  t o  be l e s s  
than 4OC, 

The temperature of the  

Gradients  across  the  mir ror  a r e  minimized by conduction i n  t h e  e l l i p -  

The worst-case g rad ien t  

which i s  a t  t h e  d e t e c t i o n  threshold  of t h e  o p t i c a l  system, 
Scan Motor Temperature Control - To prevent overheat ing,  t h e  scan motor 

i s  thermally coupled d i r e c t l y  t o  the  instrument .  The motor housing f o r  t h e  
scanner w i l l  be custom-made with a la rge  aluminum f lange  t h a t  mates with the  
scanner web through a thermally-conductive RTV i n t e r f a c e  of 11 square inches.  
For the  ope ra t iona l  modes t h i s  w i l l  y i e l d  motor temperatures about 9OC 
h o t t e r  than the  web temperatures.  

Thermal Model - The a n a l y s i s  which led  t o  the  temperatures quoted above 
was performed using t h e  thermal model shown i n  the  f i g u r e  opposi te .  
hea t  i npu t s  t o  the  system a r e  the  motor d i s s i p a t i o n  and s o l a r  loading of the  
scan mi r ro r  and the  sun sh ie ld .  The housing blackbody assembly c o n t r i b u t e s  
t o  the  energy balance by means of the  r a d i a t i v e  coupling between it and the  
sun sh ie ld .  Other major r a d i a t i v e  pa ths  e x i s t  between t h e  scan mir ror  and the  
sun s h i e l d  and between the  mir ror  and sh ie ld .  Conduction between the  scan 
mirror  and output  s h a f t  and the  harmonic d r i v e  housing i s  small ,  which moti-  
va ted  the use of a monometallic bear ing support  system t o  avoid thermal d i s -  
t o r t i o n s  r e s u l t i n g  from the  poss ib l e  temperature d i f f e rence  between the  d r i v e  
mechanism and t h e  mir ror .  

d r i v e  and scan motor. The motor r o t o r  and wave genera tor  s h a f t  a r e  thermally 
coupled t o  t h e  cases  only by conduction through lub r i can t  and bear ings .  
f l e x  s p l i n e  i s  t i g h t l y  coupled t o  the  scan mir ror  through the  output  s h a f t ,  
but  only weakly coupled t o  the  harmonic d r i v e  case through bear ings and the  

Major 

This model does not take account of the  i n t e r n a l  d e t a i l s  of the  harmonic 

The 
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HOUSING BLACKBODIES 
.. 

s n i n l l  con tac t  a r e a  of t h e  gears .  
not  substci i i t inl ly  n f l c c t  t l ic r e s u l t s ,  sincc? tlicrc i s  l i t t l e  licot 
gciit-rarctl ~ i l :  tlic nc\plc?c t c d  i i itc\rnal iiotlc\s, 

The omission of these  d e t a i l s  should 

L 

1110-103-10: 

SCAN SUN 

I 

LEGEND: CONDUCTIVE COUPLING +l& 

RADIATIVE COUPLING 

v 

TO SPACE 

Thermal Network f o r  Scanner. 
s h i e l d  are  thermally decoupled. 

The d r i v e  component a s  well as  t h e  scan mi r ro r  and 
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Sect ion  10 - Thermal Analysis 

DESCRIPTION OF THE THERMAL MODEL 

A thermal model with 20 a c t i v e  nodes was used t o  determine t h e  temperature d i s -  
t r i b u t i o n  of  t he  BSU f o r  t h ree  cases represent ing  extreme condi t ions  i n  t h e  
TIROS mission.  

The thermal model used f o r  determining temperatures cons is ted  of 20 
a c t i v e  nodes coupled with 57 conductive and r a d i a t i v e  pa ths .  This lumped- 
parameter network problem w a s  solved wi th  t h e  Beckman hea t  t r a n s f e r  computer 
program using an IBM 360-65 computer. 

The thermal capaci tance of each node was ca l cu la t ed  by us ing  t h e  a c t u a l  
weight and ma te r i a l  s p e c i f i c  hea t  f o r  each component. Thermal r e s i s t a n c e s  
were computed by s c a l i n g  the  BSU design layouts  and using the  appropr ia te  
tlicnnal c o n d u c t i v i t t e s .  I n  p laces  where RTV was used t o  increase  the  con- 
ductancc of thermal i n t e r f a c e s ,  t he  value of t he  hea t  t r a n s f e r  c o e f f i c i e n t  was 
taken a s  0.014 W/cm20C. 

The r a d i a t i v e  interchange between sur faces  was computed when t h a t  mode of 
t r a n s f e r  accounted f o r  a t  l e a s t  t e n  percent of the t o t a l  hea t  exchange. V i e w  
f a c t o r s  w e r e  computed from Hamilton and Morgan t a b l e s ,  and emittance values  
w e r e  taken from cur ren t  sur face  measurement d a t a .  

d i s s i p a t i o n .  
hea t ing  va lues ,  

E l e c t r i c a l  heat  inputs  were taken from the  cu r ren t  es t imates  of power 
Environmental hea t ing  inf luences  were taken from t h e  o r b i t a l  

The model was  run f o r  t h ree  extreme t r a n s i e n t  condi t ions :  

0 Nonoperational cold case--sun vec to r  57 degrees with respec t  t o  the  
-Y f ace ,  about ha l f  an hour of shadowing, and the  spacec ra f t  i n t e r -  
face  held a t  10°C; 

0 Operat ional  cold case--same boundary condi t ions  but  with the BSU 
ac t iva t ed  ; 

0 Operat ional  hot  case--sun vec to r  32 degrees wi th  r e spec t  t o  the  -Y 
f ace ,  no shadowing, and t h e  spacec ra f t  i n t e r f a c e  held a t  +3OoC.  

To achieve s t a b i l i z e d  condi t ions  f o r  each case ,  the  model was cycled through 
a number of o r b i t s  u n t i l  t he  s t a r t  and end temperatures d i f f e r e d  by less than 
0.05"C.  

The r e s u l t s  of  t h i s  a n a l y s i s  are discussed i n  the  next  t o p i c .  
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NODE 
NUMBER 

1 
2 

3 

4 

5 

6 

7 
8 

9 

10 

11 

12 

13  

14 

15 
16 

17 

18 

19 

20 

21  

22 

23  

NODAL DESCRIPTION OF THERMAL MODEL 

rmal model was restricted to 20 a1 

DESCRIPTION 

Scan Mirror 
-Y, -X Radiator 

-Y, +X Radiator 
Scanner Web 
Optics Web 
-X Electronics 

+Y, -X Radiator 
+Y, -X Radiator 
+X Electronics 

Telescope Baseplate 
Chopper Motor 

Telescopes 
Detectors 
Optics Baseplate 
Top of Instrument 
Scan Mirror Shield 
Scan Motor 

Chopper Whee 1 
Harmonic Drive 
Housing Blackbody Assembly 

Bottom of TIROS 
Space 
Earth 

iye nodes. 
PRINCIPAL 
MATERIAL 

Beryllium 
Aluminum 
Aluminum 
Aluminum 
Aluminum 

Glass Epoxy 

Aluminum 
Aluminum 

Glass Epoxy 
Aluminum 
Iron and Copper 

Aluminum 
Aluminum 

Beryllium 
Aluminum 
Aluminum 

Iron and Copper 

Nickel 
Stainless Steel 
Beryl 1 ium 

--- 
--- 
--- 

Operat ions 

+X is in direction of flight 
-Y faces the sun 
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Sec t ion  10 - Thermal Analys is  

SUMMARY OF THERMAL ANALYSIS 

The thermal  a n a l y s i s  r e s u l t s  v e r i f y  t h a t  t h e  TOVS-BSU des ign  m e e t s  t h e  
temperature  l i m i t  s p e c i f i c a t i o n s  and main ta ins  temperature  ra tes  of change 
w i t h i n  t h e  d e s i r e d  l i m i t s .  

A summary of thermal a n a l y s i s  r e s u l t s  i s  presented  i n  Table  I ,  which l i s t s  
t h e  p red ic t ed  thermal performance f o r  s e l e c t e d  BSU assembl ies .  The tempera tures  
are w i t h i n  s p e c i f i c a t i o n ,  and t h e  mechanical and e l e c t r i c a l  c o n s t r a i n t s  are m e t .  

Temperature Ranges - The temperature  d i s t r i b u t i o n  f o r  t h e  BSU g ives  an  
i n d i c a t i o n  OF t h e  gene ra l  ope ra t ing  range of  t h e  ins t rument .  The chopper motor,  
which d i s s i p a t e s  about 7 W and i s  f i v e  conduct ive s t e p s  away from t h e  r a d i a t o r s ,  
has  t h e  h o t t e s t  temperature .  The scan  m i r r o r  sun s h i e l d ,  which e f f e c t i v e l y  i s  
only  coupled t o  t h e  instrument  by r a d i a t i o n ,  has  t h e  c o l d e s t  t empera ture .  A 
t y p i c a l  range f o r  t h e  r a d i a t o r  system i s  10 t o  22"C, e s s e n t i a l l y  r e p r e s e n t i n g  a 
pseudo-sink t o  which thermal energy from t h e  rest of t h e  instrument  f lows .  The 
power supply e l e c t r o n i c s  range of  35 t o  46°C i s  an average b a s e p l a t e  temperature  
and i s  t y p i c a l  f o r  t h e  o t h e r  e l e c t r o n i c  modules. 

Temperature L i m i t s  - The most c r i t i c a l  s p e c i f i c  l i m i t  i s  ass igned  t o  t h e  
d e t e c t o r s ;  i t  i s  35 +1"C f o r  a l l  o r b i t a l  c o n d i t i o n s .  Th i s  requirement i s  m e t  
w i t h  t h e  a i d  of a p ropor t iona l  h e a t e r  which d i s s i p a t e s  about  3.5 W du r ing  t h e  
co ld  case. The h e a t e r  power requirement  a l s o  meets t h e  allowed power budget .  
Elements o f  t h e  d e t e c t o r  o p t i c s  i nc lude  l e n s e s ,  f i l t e r s ,  d i c h r o i c  m i r r o r s ,  
r e f e rence  b lackbodies ,  and t h e  chopper wheel.  A l l  t hese  assemblies  are c l o s e l y  
coupled t o  t h e  common tempera ture-cont ro l led  o p t i c s  housing and are w i t h i n  a 
f r a c t i o n  of a degree  of t h e  d e t e c t o r  assembl ies .  

The des ign  l i m i t s  f o r  t h e  motors are -25 t o  70°C. The low temperature  
requirement i s  m e t  (not shown i n  t a b l e )  dur ing  t h e  nonopera t iona l  cold case by 
a l lowing  1 2  W of s p a c e c r a f t  h e a t  t o  flow i n t o  t h e  BSU. This  h e a t  t r a n s f e r  ra te ,  
which i s  below t h e  15 W l i m i t  s p e c i f i e d  i n  t h e  i n t e r f a c e  s p e c i f i c a t i o n ,  i s  
accomplished by ba lanc ing  t h e  TIROS-BSU conduct ive i n t e r f a c e  and the  r a d i a t o r  
s i z e .  The upper temperature  l i m i t  f o r  t h e  chopper motor i s  m e t  by inc reas ing  
t h e  conductance between the motor and r a d i a t o r  by us ing  RTV between t h e  te le-  
scope housing and t h e  o p t i c s  web. 

background e m i t t i n g  from the  o p t i c a l  t r a i n  and r ece ived  by t h e  d e t e c t o r s ,  i t  i s  
d e s i r a b l e  t o  keep the  temperature  changes of t h e  o p t i c a l  t r a i n  t o  a minimum be- 
tween c a l i b r a t i o n s ,  The temperature  rate of change f o r  s e l e c t e d  components i s  
l i s t e d  i n  Table I1 and a d i s c u s s i o n  of  t h e s e  numbers i s  presented  below. Because 
t h e  blackbodies  a re  high-emit tance components, they  have t h e  g r e a t e s t  impact on 
t h e  r a d i a t i v e  va r i ance  problem. The d e s i r e d  v a r i a t i o n  between c a l i b r a t i o n s  i s  
0.075OC f o r  t h e s e  components, and both  t h e  housing blackbodies  and r e fe rence  
blackbodies  meet t h e  requirement .  

The scan  m i r r o r  and t h e  t e l e scopes  have low emi t tance  s u r f a c e s  and t h e  
d e s i r e d  rates of change f o r  t h e s e  components i s  3.25"C between c a l i b r a t i o n s .  
Th i s  requirement  i s  m e t  f o r  bo th  components. De tec to r  o p t i c s  e lements  are t i e d  
t o  the  thermal ly  c o n t r o l l e d  o p t i c s  housing.  The v a r i a t i o n  f o r  t h e s e  components 
i s  0.02"C between c a l i b r a t i o n s ,  which i s  w i t h i n  t h e  d e s i r e d  range .  
themselves a l s o  vary  0.02"C between c a l i b r a t i o n s  which meets t h e  v a r i a t i o n  
requirement: imposed on them. f n  this  case, however, t h e  requirement  i s  r e l a t e d  
t o  t h e  e l e c t r o n i c  s t a b i l i t y  of  t he  d e t e c t o r s ,  w h i l e  t h e  o t h e r  s t a b i l i t y  r e q u i r e -  
ments are r e l a t e d  t o  background r a d i a t i o n .  

Temperature Rate of Change - To minimize the  v a r i a t i o n  of t h e  r a d i a t i o n  

The d e t e c t o r s  

Warmup Times  and Motor Holding Power - The t i m e  r e q u i r e d  t o  warm up the  in-  
s t rument  u n t i l  t empera tures  s t a b i l i z e  t o  0,10C, as  well  as the  power r e q u i r e d  t o  
ho ld  t h e  scanner  and chopper motors a t  O°C, i s  g iven  i n  Table 111. 
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The predic ted  TOVS temperatures a r e  wi th in  spec i f i ed  l i m i t s .  

Cold Hot 
Opera t iona 1 Opera t iona 1 

P C )  (-0C) 
Scan Mirror - 14 5 

-Y, -X Radiator 

Power Supply Elec t ronics  

Chopper Motor 

Telescopes 

Detect o r  s 

Scan Motor 

Housing Blackbodies 

10 22 

35 46 

57 63 

27 32 

35 35 

3 1  43 

- 1  12 

Scan Mirror Sun Shield - 22 - 6  

TABLE 11. TEMPERATURE RATE OF CHANGE FOR SELECTED BSU COMONENTS 

These r a t e s  meet the  chosen design goa ls .  

Maximum Rate of Change 
(%/Between Cal ibra t ions)  

Housing Blackbodies 0.067 

Reference Blackbodies 0.02 

Telescopes 2.9 
Scan Mirror  1 . 2  
Detector  Optics  Elements 0.02  

Detectors  0.02 

TABLE 111. WARMUP TIMES AND MOTOR HEATER POWER 

These va lues  were der ived using the  thermal model. 

0 Time t o  warm up: 16  o r b i t s  o r  32 hours 

0 Power requi red  t o  Scan Motor: 6.45 W 
hold motors a t  O°C Chopper Motor: 2.74 W 
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Sec t ion  10 - Thermal Analysis 

CONCLUSIONS OF THERMAL STUDY 

The TOVS-BSU thermal design meets the  spec i f i ed  goa ls  of  temperature l i m i t s ,  rates 
of change, power requirements,  and hea t  t r a n s f e r  from the  spacec ra f t ,  as shown by 
the  r e s u l t s  of the  thermal design a n a l y s i s .  

A thermal math model w a s  used t o  p r e d i c t  the  thermal performance of t h e  
J3SU f o r  var ious  extremes i n  t h e  environment. Previous top ic s  of t h i s  s e c t i o n  
provide expected temperature ranges of t h e  var ious  BSU components t h a t  were 
produced by t h i s  a n a l y s i s .  This  t op ic  compares these  expected temperature 
ranges with the  thermal requirements f o r  t h e  instrument .  

t a ined  a t  35 k1"C i n  order  t o  g ive  t h e  b e s t  e l e c t r o n i c  response.  
performance f o r  t he  d e t e c t o r s  i s  35°C f o r  both the  hot and cold ope ra t iona l  
ca ses .  
t he  power requirement.  
var iance over an o r b i t  i s  pred ic ted  t o  be less than 0.3"C, with the  g r e a t e s t  
rate of change less than  0.005"C/min. 
the  d e t e c t o r  temperature s p e c i f i c a t i o n s .  
d e t e c t o r  o p t i c s  are in t ima te ly  connected t o  t h e  o p t i c s  housing, t h e  temperatures 
of t hese  i t e m s  a r e  wi th in  a f r a c t i o n  of a degree of t h e  d e t e c t o r  temperature 
and, t h e r e f o r e ,  are wi th in  t h e  s p e c i f i c a t i o n s .  

The temperature requirement f o r  t he  scan mi r ro r  i s  t i e d  only t o  rates of 
change between c a l i b r a t i o n s .  
d i c t i o n  is  less than 1.20"C. Since t h e  housing blackbody has a h igher  emit tance,  
t h e  d e s i r a b l e  rate of change i s  0.075"C between c a l i b r a t i o n s .  The predic ted  rate 
of change i s  0.067"C between c a l i b r a t i o n s ,  which i s  considered acceptab le  s ince  
i t  i s  small enough t o  a l low accura t e  rad iometr ic  c a l i b r a t i o n .  

70°C and -25 t o  60"C, r e spec t ive ly .  The r e s u l t s  show t h a t  t h e  low temperature 
requirements are m e t  dur ing  t h e  nonoperational cold condi t ion  while only drawing 
1 2  W of spacec ra f t  hea t  v s .  t he  15-W requirement.  It should be emphasized t h a t  
t h e  low temperatures pred ic ted  f o r  the  nonoperat ional  cold condi t ion  were com- 
puted only t o  show t h a t  a nonoperational instrument* can surv ive  and be r e s t a r t e d  
from the  co ldes t  cond i t ion .  The hot-case temperatures f o r  t hese  components are 
a l s o  pred ic ted  t o  f a l l  w i th in  the  spec i f i ed  l i m i t s .  

summary t a b l e s )  and t h a t  the  instrument c o n s t r a i n t s  of weight and power have been 
adhered t o .  I n  add i t ion ,  t h e  requirements are m e t  without t he  use  of  louvers ,  
e x t e r n a l  shadow s h i e l d s ,  o r  o t h e r  active mechanical a i d s ,  and without t he  use of 
h e a t e r s  t o  maintain t h e  temperature of t h e  instrument i n  t h e  nonoperating 
condi t ion .  

The d e t e c t o r s ,  which are mounted on t h e  o p t i c s  housing, should be main- 
The expected 

Average d e t e c t o r  h e a t e r  power f o r  t h e  cold case i s  3.5 W ,  which meets 
Heater power f o r  the  hot  case i s  about 0.25 W .  Detec tor  

Both these  l i m i t s  a l s o  are w e l l  w i t h i n  
Since the  r e fe rence  blackbodies and 

The requirement i s  less than  3.25"C, and t h e  pre-  

The requirements f o r  motor and e l e c t r o n i c  temperature l i m i t s  are -25 t o  

The a n a l y s i s  has shown t h a t  t h e  thermal requirements have been m e t  (see 

~~ 

* The approach c u r r e n t l y  being considered i s  t o  f l y  the TOVS-BSU i n  p a i r s ,  with 
only one i n  ope ra t ion  a t  a given t i m e .  
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TABLE I.  THERMAL PERFORMANCE SUMMARY 

Required P red ic t ed  

0 Detec tor  35 &l"C 35 f0.03"C 

0 Motors -25 t o  70°C -24 t o  67°C 

0 E l e c t r o n i c s  -25 t o  60°C -23 t o  46°C 

0 Maximum Heat Flow f15 W 12  W (Cold Case) 
(TIROS -BSU) 3 W (Hot Case) 

0 Maximum Power D i s s i p a t i o n  35 w 35 w 

TABLE 11. TEMPERATURE VARIATIONS BETWEEN CALIBRATIONS 

The t o t a l  v a r i a t i o n  of component temperatures  du r ing  t h e  256-second 
i n t e r v a l  between c a l i b r a t i o n  is  accep tab le .  

Temperature Temperature 
Change Change 

Required Predic ted  

0 Detec tor  O.l0C/256 s O.O2"C/256 s 

0 Reference Blackbodies O.O75"C/256 s O.O2"C/256 s 

0 Housing Blackbodies O.O75"C/256 s O.O67"C/256 s 

0 Scan Mir ror  3.25"C/256 s 1.2"C/256 s 
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Sec t ion  11 - Analys is  of Radiometric Accuracy 

Pl l"f l l01)  0 1 ;  I N - F I , l ( ~ I l ' l '  CALIBKAT ION 

I iesidual o f f s e t  and ga in  e r r o r s  are co r rec t ed  by a two-point c a l i b r a t i o n .  
space Look provides  a nominal zero r ad iance  f o r  t he  de t e rmina t ion  of instrument  
o f f s e t  e r r o r s .  A view of an on-board c a l i b r a t i o n  blackbody d e f i n e s  t h e  s p e c t r a l  
channe 1 g a i n .  

A 

The TOVS-BSU must provide an  i n - f l i g h t ,  two-point c a l i b r a t i o n  f o r  i t s  r ad io -  
meters. 
BSU te l e scopes  t o  view bo th  space ( a  nominal 4°K blackbody) and a h igh  e m i s s i v i t y  
blackbody (at 300°K) which i s  loca ted  i n  t h e  ins t rument  housing,  a f t e r  every  
scan  g r i d ,  o r  once every  256 seconds.  The scan  sequence a l lows  t i m e  f o r  24 
s e p a r a t e  100-mil l isecond measurement viewing p e r i o d s ,  s o  t h a t  t he  s t a t i s t i c a l  
e r r o r  i n  t h e  measurement can  be  reduced by s i g n a l  averaging .  

The l e v e l  of  rad iance  from space i s  much less than  t h e  NER, f o r  t h e  most 
s e n s i t i v e  s p e c t r a l  channel .  Due t o  t h i s  low rad iance ,  a space view a l lows  t h e  
d e f i n i t i o n  of an in s t rumen ta l  zero  and, t h e r e f o r e ,  t h e  o f f s e t  of t h e  rad iometer .  

sjtle bctween the s a t e l l i t e  instrument  package and t h e  o u t e r  e x t e n t  of t h e  e a r t h ' s  
ntmosplltrc. Space view i s  nominally a t  70 degrees  from n a d i r ,  bu t  must be 
d c l i n c d  as a n  i n t e r f a c e  between t h e  BSU and t h e  TIROS-N s p a c e c r a f t ,  Radiance 
from the e a r t h ' s  atmosphere must no t  l i e  w i t h i n  the  f ie ld-of -v iew (FOV).  A space 
view a t  70 degrees  from n a d i r  misses t h e  e a r t h ' s  limb by 650 nmi and a t  60 de- 
g rees  by 370 nmi. A scan  ang le  g r e a t e r  t han  60 degrees  s a t i s f i e s  t h e  above 
requirement .  

A view of  t h e  housing blackbody d e f i n e s  t h e  g a i n  of  each of  t h e  14 s p e c t r a l  
channels  based upon the  t h e o r e t i c a l  Planck s p e c t r a l  r ad iance  from t h a t  blackbody. 
The r a d i a n t  p r o p e r t i e s  of t h e  housing blackbody are c r i t i c a l  i n  t h e  c a l i b r a t i o n  
of s p e c t r a l  channel  g a i n .  The absolu te  temperature  of t h e  blackbody must be 
monitored t o  provide  a p r e d i c t i o n  of  t h e  s p e c t r a l  r a d i a n t  emi t tance  t o  a n  
accuracy of 1-percent .  VarFation i n  temperature  between any two p o r t i o n s  of  
t h e  housing blackbody viewed by s e p a r a t e  channels  from t h e  monitored temperature  
must correspond t o  a d i f f e r e n c e  i n  s p e c t r a l  emi t tance  less than  t h e  NERyof those  
channels .  These c o n d i t i o n s  r e q u i r e  t h a t  t h e  a b s o l u t e  temperature  be monitored 
t o  w i t h i n  0.25"C and t h a t  channel  v a r i a t i o n s  from t h a t  temperature  do n o t  exceed 
0.075"C based upon t h e  MER, requirements  f o r  channel 4 wi th  a 330°K (worst  case) .  

C a l i b r a t i o n  measurements are made a t  t h e  end of  each 3 2 - l i n e  scan  g r i d ;  t h a t  
i s ,  every  256 seconds.  C a l i b r a t i o n  d e f i n e s  t h e  ins t rument  o f f s e t  and ga in  e r r o r s  
a t  the t i m e  of c a l i b r a t i o n .  Due t o  t h e  thermal  s t a b i l i t y  o f  t h e  d e t e c t o r  o p t i c s  
and d e t e c t o r  housing,  ga in  e r r o r s  are not  expected t o  vary s i g n i f i c a n t l y  between 
c a l i b r a t i o n s .  The o f f s e t  e r r o r s  a r i s i n g  from t h e  e m i s s i v i t y  of  t h e  s c a n  m i r r o r  
(and p o s s i b l y  the  t e l e scope  m i r r o r s ) ,  are expected t o  vary between c a l i b r a t i o n  
measurements. The o f f s e t  e r r o r s ,  however, may be i n t e r p o l a t e d  between c a l i b r a t i o n  
measurements inasmuch as t h e  v a r i a t i o n s  are l i n e a r  t o  w i t h i n  t h e  NERy f o r  a l l  
channe Is. 

t h e  ITPR on t h e  NIMBUS E sa t e l l i t e .  
above t h e  scan  m i r r o r  and is  composed of  e i g h t  i n d i v i d u a l  b lackbodies  f a b r i c a t e d  
on a s i n g l e  p l a t e  of bery l l ium.  The i n d i v i d u a l  b lackbodies  are formed from a 
series o f  V grooves whose s u r f a c e s  are o p t i c a l l y  blacked wi th  a n  ove rcoa t  of 3M 
Black Velvet. The i n d i v i d u a l  b lackbodies  completely f i l l  t h e  FOV of t h e i r  
r e s p e c t i v e  t e l e s c o p e s  du r ing  c a l i b r a t i o n .  The bery l l ium blackbody p l a t e  i s  of 
s u f f i c i e n t  mass and i s  s u f f i c i e n t l y  w e l l  i s o l a t e d  thermal ly  t o  be the rma l ly  
s t a b l e .  A t h ree -po in t  c a l i b r a t i o n  can  be ob ta ined  by t h e  a d d i t i o n  o f  a h e a t e r  
t o  t h e  blackbody p l a t e  i n  o r d e r  t o  raise i ts  temperature  t o  t h e  t h i r d  p o i n t  o f  
c a l i b r a t i o n .  

C a l i b r a t i o n  i s  obta ined  by programming t h e  scan  m i r r o r  t o  a l low t h e  

The space view i s  taken a c r o s s  t h e  bottom of t h e  s a t e l l i t e  on t h e  a n t i - s u n  

The des ign  o f  t h e  housing blackbody i s  p a t t e r n e d  a f t e r  t h e  d e s i g n  used f o r  
The housing blackbody i s  l o c a t e d  d i r e c t l y  
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The temperatures of the individual blackbodies are expected to be uniform to 
within 0.1OC. 
thermometers to within the temperature equivalent of an NERy for each channel 
which i s  ?0.075°C, worst case. 
99.5 percent, based upon a 0.9 emissivity for a specular surface and an apex 
angle of  30 degrees. 

Their temperatures are monitored with platinum resistance 

The blackbody emissivity is calculated as 

FEATURES OF IN-FLIGHT CALIBRATION 

0 Space look determines offset. 

0 Blackbody look determines gain. 

0 Space look is 70 degrees from nadir on anti-sun side. 

0 Blackbody is beryllium structure on housing. 

0 Accurate blackbody temperature monitoring is essential. 
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S e c t i o n  11 - Analys is  of Radiometric Accuracy 

NATURE AND IMPACT OF RADIOMETRIC REQUIREMENTS 

Extremely a c c u r a t e  r ad iomet r i c  measurements are r equ i r ed  t o  o b t a i n  u s e f u l  atmos- 
p h e r i c  soundings.  The use  of  a c c u r a t e  i n - f l i g h t  c a l i b r a t i o n  d a t a  i s  r equ i r ed  t o  
conver t  t h e  ins t rument  r ead ings  i n t o  estimates of  scene  spectral  r a d i a n c e .  

Atmospheric temperature  p r o f i l e s  are determined from s p e c t r a l  r ad iance  
iiicasiireinents i n  a molecular  abso rp t ion  band accord ing  t o  a complex numerical  
i i ivers ion  scheme. The h igh  degree o f  r ad iomet r i c  accuracy r equ i r ed  f o r  t h e  
t lctcnni na t ion  OF atmospheric  tempera ture  p r o f i l e s  was emphasized by Wark and 
I~Icming i n  1966. S ince  t h a t  t i m e ,  r e f inements ,  ex t ens ions  o f  t h e  theo ry ,  and 
a11owniices For a number OF compl ica t ion9  have t i g h t e n e d  t h e  requirement  by on ly  
a facLor of  t h r e e  from 0.5 t o  0.15 mW/m -sr-cm'l i n  t h e  CO, band. 
s r i i t ab l e  p r o f i l e s ,  i t  i s  now cons idered  necessary  t o  achieve  t h e  rms a c c u r a c i e s  
g iven  i n  Table  I .  For  t h e  most s e n s i t i v e  channel ,  t h e s e  a l lowable  e r r o r s  are 
about  1000 t i m e s  less than  t h e  f u l l - s c a l e  r ad iance  a t  330°K blackbody. To 
achieve  such a c c u r a c i e s ,  i t  i s  necessary  t o  cons ide r  bo th  random and sys t ema t i c  
e r r o r  sou rces .  A l a r g e  p a r t  of t h e  rad iometer  d e s i g n  e f f o r t  has  been devoted 
t o  t h e  a t ta inment  of  t h e  s p e c i f i e d  no i se -equ iva len t  s p e c t r a l  r ad iance ,  wh i l e  a n  
e q u a l l y  l a r g e  p a r t  has  been devoted t o  t h e  c o n t r o l  of  sys t ema t i c  e r r o r s  from 
thermal  v a r i a t i o n s  and s t r a y  l i g h t .  

t h e  scene r ad iance  by comparing i t  t o  a blackbody r e f e r e n c e .  The a c t u a l  ou tpu t  
s i g n a l  i s  r e l a t e d  t o  t h e  scene r ad iance  not  on ly  by a g a i n  parameter b u t  a l s o  
by a n  o f f s e t  which depends on s t r a y  l i g h t  and m i r r o r  emiss ions ,  and t h e  emiss ion  
OF t h e  r e f e r e n c e  b lackbodies .  Th i s  background r a d i a t i o n  i s  no t  n e g l i g i b l e .  
Emission from even t h e  b e s t  of  m i r r o r s  g r e a t l y  exceeds t h e  d e t e c t a b l e  t h r e s h o l d ,  
and t h e  r e f e r e n c e  blackbody i t s e l f  i s  w a r m  and has  a small, but  d e t e c t a b l e  
temperature  v a r i a t i o n  (0 .02OC) .  These e f f e c t s  a l l  appear  a s  an  o f f s e t ;  
e l e c t r o n i c  o f f s e t s  are n e g l i g i b l e  i n  comparison. It  i s  t h e r e f o r e  e s s e n t i a l  t o  
provide an  i n - f l i g h t  measurement o f  t h i s  o f f s e t  by means of a space look which 
e s t a b l i s h e s  an e f f e c t i v e  z e r o  r e f e r e n c e .  It i s  a l s o  necessa ry  t o  check the  g a i n  
from time t o  t i m e .  While p y r o e l e c t r i c  d e t e c t o r s  arc- s t a b l e  deviccis w l i t n  Iwpt 
n~ c o i i s t n n t  t cwipc~r; i t i i r (~ ,  L I I C P  v:ir in t io i i f i  In tcrnpc*rnI iiri' wl i  iC.1) oi.i.iii. (Io I ( * ; i i l  1 0  

c lcLc*cLol)I (~  cliaiigc*s i i i  g i ~ i i i .  

Provided t l i a t  tlie r a d i a t i o i i  r ece ived  du r ing  t h e  space look i s  r e a l l y  that  
of deep space a t  4 " K ,  t he  ins t rument  o f f s e t  i s  determined by t h e  space  look as 
shown i n  t h e  second equa t ion .  The a s t e r i s k  i n d i c a t e s  t h a t  t h e  va lue  of  t h e  
o f f s e t  i s  a s t a t i s t i c a l  estimate because t h e r e  i s  a s t a t i s t i c a l  e r r o r  i n  t h e  
measurement, no t  on ly  from n o i s e  bu t  a l s o  from q u a n t i z a t i o n  e r r o r  o f  t h e  d i g i t a l  
o u t p u t .  S i m i l a r l y ,  t h e  g a i n  can  be e s t ima ted  from t h e  ins t rument  ou tpu t  when 
viewing t h e  ins t rument  b lackbodies  (housing l o o k ) ,  u s ing  t h e  space look d a t a  and 
the  s p e c t r a l  r ad iance  of t h e  c a l i b r a t i o n  b lackbodies ,  as c a l c u l a t e d  from i n - f l i g h t  
temperature  measurements. The blackbody r ad iance  i s  i t s e l f  s u b j e c t  t o  both  
sys t ema t i c  and random n o i s e  and q u a n t i z a t i o n .  

F i n a l l y ,  t h e  e s t ima ted  scene s p e c t r a l  r ad iance  i n  each channel  can be ca l -  
c u l a t e d  from t h e  o t h e r  measurements and estimates.  The r ad iomet r i c  d e s i g n  must 
reduce t h e  random and sys t ema t i c  e r r o r  i n  t h e  f i n a l  estimate of  scene r ad iance  
so t h a t  i t  i s  less than ,  o r  a t  lease c l o s e  t o ,  t h e  s t a t e d  d e s i g n  g o a l s .  To 
achieve  t h i s  o b j e c t i v e  i t  may be necessary  t o  i n t e r p o l a t e  between v a l u e s  of  t h e  
g a i n  and o f f s e t  which are measured only  a t  i n t e r v a l s .  The fundamental  l i m i t  on 
t h i s  j n t e r p o l a t i o n  i s  set  by t h e  sampling theorem: i f  d e t e c t a b l e  changes i n  t h e  
g a i n  and o f f s e t  occur  a t  f requency f ,  t h e  f requency o f  c a l i b r a t i o n s  must be a t  
l ea s t  2 f ,  o r  t h e  r e s u l t s  w i l l  n o t  on ly  be e r roneous  bu t  ambiguous. 

To a t t a i n  

A s  shown i n  t h e  f i r s t  equa t ion  o p p o s i t e  (Table I I ) ,  t h e  ins t rument  measures 
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V 
2 -1 \Spectral Radiance- mW/m -sr-cm 

Chs. 3 
Description of Specification Ch. 1 Ch. 2 thru 14 Ch. 11 

Maximum noise equivalent' 
spectral radiance 0.003 0.02 0.15 0.5 

Relative radiometric error 
between spectral channels 0.003 0.02 0.15 0.5 

Absolute radiometric accuracy 
Specifications : +1 .o +1 .o 
Design Goal: +O .5 k0.5 

TABLE I. RADIOMETRIC REQUIREMENTS FOR THE TOVS-BSU 

TABLE 11. REQUIREMENTS TABLE 

Symbols for Instrument Response Calculations 

All parameters must be determined for each of the 14 channels. 

0 R =  
0 %= 
0 %= 

0 %= 
e RS= 

0 Rc= 

scene radiance 0 S - instrument output 
calibration blackbody radiance 0 Ss= output during space 
total radiance of mirrors look 

radiance of stray light 
reference blackbody radiance 
chopper mirror radiance 

e SB= output during housing 
look 

0 G = instrument gain 

Equations Determining Response 

Blackbody radiance is computed for each channel from Planck's equation, 
and the measured temperatures. 
temperatures. 

Asterisk indicates statistical 

Instrument output: S = G(R+%+RS - % - R C ) = G R +  S 0 
* 

= ss Estimated offset: 
* 

Estimated gain: G = (SB - Ss) /% 
Estimated scene radiance:R = (S - St)/G* = % (ps) * (S -Ss 1 
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Sec t ion  11 - Analys is  of Radiometric Accuracy 

STATISTICAL ERRORS I N  SCENE RADIANCE DETERMINATION 

Provis ion  of  high d i g i t a l  conversion r e s o l u t i o n  and t h e  t ak ing  of a l a r g e  number 
of c a l i b r a t i o n  measurements reduces t h e  t o t a l  s t a t i s t i c a l  measurement e r r o r  f o r  
each scene t o  a l e v e l  n e a r l v  e a u a l  t o  e r r o r  caused bv t h e  d e t e c t o r  a lone .  

Random v a r i a t i o n s  i n  d e t e c t o r  ou tput  and t h e  f i n i t e  r e s o l u t i o n  of t h e  
d i g i t a l  system lead  t o  s t a t i s t i ca l  e r r o r s  i n  t h e  scene measurements. The c a l i -  
b r a t i o n  d a t a  i s  s u b j e c t  t o  s i m i l a r  e r r o r s .  

and c a l i b r a t i o n  o u t p u t ,  was d iscussed  p rev ious ly  and i s  shown o p p o s i t e .  Each 
01 the va lues  represented  by symbols i n  t h i s  equa t ion  i s  s u b j e c t  t o  random e r r o r s .  
Tlicsc symbols w e r e  def ined  on t h e  prev ious  page. 

'l'lie mean-squared error  i n  reducing the  d a t a  i s  e a s i l y  c a l c u l a t e d ,  assuming 
tlic errors are  s m a l l .  The r e s u l t  i s  t h e  second equa t ion  which g ives  t h e  mean- 
square l r a c t i o n a l  e r r o r  i n  t h e  scene r ad iance  i n  terms of t h e  f r a c t i o n a l  e r r o r s  
i n  measurements o f  the scene ,  housing look,  space look,  and t h e  p r e d i c t i o n  of 
b I ackbody r ad iance .  

by t h e  a n a l o g - t o - d i g i t a l  conve r t e r  span t h e  e n t i r e  range of s i g n a l s  expec te  
which corresponds t o  the  rad iance  from a 330°K blackbody, o r  about 200 mW/m -sr- 
cm-l i n  t h e  most s e n s i t i v e  channel .  The r m s  no i se  equ iva len t  q u a n t i z a t i o n  e r r o r  
i s  ob ta ined  by d i v i d i n g  t h i s  f u l l - s c a l e  s i g n a l  by 4096 \1TiT. 
accounts  f o r  t h e  d i f f e r e n c e  between t h e  width of t h e  conve r t e r  b i n s  and the  rms 
e r r o r  which, f o r  a uniform d i s t r i b u t i o n  of e r r o r s  of over  a band o f  width W ,  i s  

Equat ion ( l ) ,  which w a s  used t o  determine t h e  scene rad iance  from t h e  scene 

T h e  smallest q u a n t i z a t i o n  e r r o r  w i l l  be a t t a i n e d  i f  t h e  4096 l e v e l s  produced 

2, 
The f a c t o r  

W / f i .  
I f  t h e  number of success ive  c a l i b r a t i o n  measurements i s  N ,  and t h e  measure- 

ments are averaged,  t h e  c o n t r i b u t i o n s  of t h e  c a l i b r a t i o n  measurements t o  t h e  
o v e r a l l  mean-square measurement are reduced by a f a c t o r  N .  

i n  equat ion  ( 3 ) .  There are two terms: one r e s u l t i n g  from d e t e c t o r  n o i s e  and 
q u a n t i z a t i o n  e r r o r  i n  measurement of t he  scene,  space look, and blackbody r ad iance ,  
and one from the  e r r o r  i n  p r e d i c t i n g  t h e  blackbody r ad iance .  The maximum e r r o r  
r e s u l t i n g  from s t a t i s t i c a l  no i se  sources  fo l lows  from equa t ion  (3)  and i s  g iven  
by equa t ion  ( 4 ) .  

h a l f - s c a l e .  I n  t h e  worst  case, t h e  q u a n t i z a t i o n  e r r o r s  and t h e  e r r o r s  propagated 
through t h e  c a l i b r a t i o n  process  inc rease  t h e  no i se  s p e c t r a l  r ad iance  of t h e  
d e t e c t o r  by only  3 percen t .  This  a n a l y s i s  assumes t h a t  on ly  one se t  o f  c a l i -  
b r a t i o n  d a t a  i s  used.  It can be shown t h a t  l i n e a r  i n t e r p o l a t i o n  between two suc-  
c e s s i v e  c a l i b r a t i o n s  y i e l d s  t h e  same worst-case e r r o r ;  use  of more s o p h i s t i c a t e d  
i n t e r p o l a t i o n  schemes would reduce t h e  e r r o r .  

t empera tures .  To make t h e  c o n t r i b u t i o n  o f  s t a t i s t i c a l  e r r o r s  i n  tempera ture  
measurement as s m a l l  as t h a t  of t h e  q u a n t i z a t i o n  e r r o r  i n  t h e  scene measurement, 
t he  temperature  must be measured wi th  an  e r r o r  which i s  small compared t o  t h e  
no i se  equ iva len t  temperature  d i f f e r e n c e  (NETD) i n  t h e  most s e n s i t i v e  channel .  
The smallest NETD i s  0.075"C i n  channel 4 ,  assuming a scene temperature  of 330"K, 
so t h a t  t he  blackbody temperature  measurement should be made wi th  an  rms e r r o r  
less than  0.015°C. I f  t h e  temperature  span of t h e  measurement i s  50"C, t h e  1 2 - b i t  
conve r t e r  w i l l  p rovide  an rms temperature  r e s o l u t i o n  of  5 0 / 4 0 9 6 f z ,  o r  0.0035"C. 
E l e c t r o n i c  n o i s e  i n  t h e  measurement w i l l  a l s o  be n e g l i g i b l e  because an  estimate 
based on t h e  Johnson no i se  of a t y p i c a l  p la t inum r e s i s t o r  p r e d i c t s  a s i g n a l - t o -  
n o i s e  r a t i o  of  10 . The s t a t i s t i ca l  e r r o r s  i n  t h e  blackbody temperature  measure- 
ment are t h e r e f o r e  n e g l i g i b l e .  

The f i n a l  express ion  f o r  t h e  e r r o r  i n  measuring t h e  scene r ad iance  i s  g iven  

The f i r s t  term of equa t ion  ( 3 )  i s  a maximum f o r  a scene whose r ad iance  i s  

Cont ro l  of t h e  second term depends on accuracy of measurement o f  blackbody 

a 
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Equation f o r  Determination of Scene Radiance i n  Each Channel 

The scene s p e c t r a l  radiance i s  R ,  t h e  ca l cu la t ed  blackbody spectral  
radiance i s  R B ;  while S ,  S s ,  SB are the  d i g i t a l  output  readings f o r  
t he  scene,  space look, and housing look. 

Equation f o r  Mean-Squared F rac t iona l  E r r o r  

Mean-Squared Error  f o r  scene of Radiance R 

The number of c a l i b r a t i o n  measurements i s  N ,  t h e  noise  equiva len t  
s p e c t r a l  radiance from the  d e t e c t o r  a lone i s  m% , and the  r a t i o  of 
no ise  equiva len t  quan t i za t ion  e r r o r s  t o  NER, i s  a . 

Maximum E r r o r  ResultinR from S t a t i s t i c a l  Noise Sources 

The above e r r o r  i s  l a r g e s t  i f  t he  scene radiance i s  ha l f  t he  blackbody 
rad iance  (R/ = 0.5) .  F o r a =  0.20 and N = 24, t he  t o t a l  rms e r r o r  

radiance p red ic t ions  are n e g l i g i b l e .  

AR2 = (NER, ) 2  (1 + a 2 )  (1 + z) = 

i s  only 1.03 2 imes the  d e t e c t o r  no i se .  S t a t i s t i c a l  e r r o r s  i n  blackbody 

( 4  1 1 (1.03)2 
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Sec t ion  1 I - Analys is  of Radiometric Accuracy 

An a n a l y s i s  of t he  s e n s i t i v i t y  of t h e  b a s e l i n e  radiometer  des ign  shows t h a t  the  (NER)  
des ign  goa l s  a r e  approximated w i t h i n  40-percent  worst-case (channel  2 ) ’ b y  an i n t e -  
g r a t i o n  f o r  75 mi l l i s econds  (ms). Minor changes i n  b a s e l i n e  des ign  provide  improved 
Der f ormance . 

Y 

The s a t i s f a c t i o n  of t he  BSU r a d i o m e t r i c  requirements  n e c e s s i t a t e s  f u l f i l l m e n t  
of the  s p e c t r a l  channel  (NER)” des ign  goa l s  a s  w e l l  a s  t he  r educ t ion  of  s p e c t r a l  
r ad iomet r i c  measurements t o  d a t a  e s s e n t i a l l y  f r e e  from o f f s e t  and ga in  e r r o r s .  
T h e  (NER)” f o r  each of t h e  14 s p e c t r a l  channels  i s  def ined  by t h e  fo l lowing  

T U  

TT 

= t he  no i se  equ iva len t  s p e c t r a l  r ad iance  of t h e  source  i n  
w a t t s  /m* - sr -cm-l 

t h e  d e t e c t o r  n o i s e  equ iva len t  power i n  w a t t s /  ~ H Z  

t h e  s p e c t r a l  bandwidth i n  cm‘l 

t h e  numerical  a p e r t u r e  of t h e  t e l e scope  measured a t  t h e  f i e l d  

0.128 f o r  both t h e  61- and 8 0 - m  OD t e l e scopes  

t h e  a r e a  of f i e l d  s t o p  i n  m 

s t o p  

2 

(2.141 x 10-3)2 = 14.42 x loe6 m2 f o r  61-mm OD t e l e scope  

(2.815 x 10-3)2 = 24.90 x m2 f o r  80-mm OD t e l e scope  

the  s p e c t r a l  t r ansmi t t ance  of a l l  o p t i c s  f o r  t h e  given 

t h e  t r ansmi t t ance  e f f i c i e n c y  of t he  t e l e scope  because of 

chopping e f f i c i e n c y  (0.5) 

n o i s e  bandwidth (6 .67  Hz) 

s p e c t r a l  bandpass 

secondary mi r ro r  and s p i d e r  obscu ra t ion  (0.85) 

The  c a l c u l a t i o n  of ( N E R ) Y  va lues  f o r  a l l  channels  i s  based upon t h e  l a t e s t  NEP 
d a t a  f o r  TGS d e t e c t o r s  measured i n  t h e  s tudy .  S p e c t r a l  t r ansmi t t ance  d a t a  f o r  t h e  
o p t i c a l  e lements  i s  based upon s t a t e - o f - t h e - a r t  i n  t h i n - f i l m  c o a t i n g s .  The va lues  
u s e d  a r e  shown i n  Table  I .  This  r e s u l t s  from a s t epp ing  t i m e  of 25 m s  i n  a 100-ms 
scan  scene frame t i m e .  The chopper i s  phased t o  block obse rva t ion  du r ing  t h e  12.5 
m s  r equ i r ed  f o r  s e t t l i n g ,  thus  a l lowing  a maximum i n t e g r a t i o n  of s i g n a l  and a t o t a l  
s t e p - a n d - s e t t l e  t i m e  of 37 .5  m s  which can be a t t a i n e d  by minor mod i f i ca t ion  of t h e  
scanner  des ign .  

Table I1 shows p r e d i c t e d  v a l u e s  o f  (NER)V f o r  several d i f f e r e n t  t e l e s c o p e  
arrangements .  Because t h e  d e t e c t o r  n o i s e  a t  t h e  optimum chopping frequency i s  
l i m i t e d  by t h e  l o s s  tangent  e f f e c t ,  t h e  d e t e c t o r  NEP depends on t h e  d e t e c t o r  
dimensions,  i n c r e a s i n g  a s  t h e  square r o o t  of t h e  d e t e c t o r  a r e a .  The f i r s t  a r -  
rangement i s  the  b a s e l i n e  des ign  f o r  t h e  s tudy  which p l a c e s  channel  1 on a small 
t e l e scope .  The second arrangement assumes t h a t  channel  1 i s  p laced  on a l a r g e r  
t e l e s c o p e  s i n c e  a t t a inmen t  o f  h igh  accuracy  i n  channel  1 i s  cons idered  p a r t i c u l a r l y  
c r i t i c a l  , 
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The third arrangement assumes that the numerical aperture of the conservatively 
designed detector optics is increased to allow a reduction of detector size, and 
that the telescope diameters have been revised to 87 mm and 56 nun to provide opti- 
mum energy balance with detectors of constant detectivity. 
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TABLE I .  SLMlARY OF OPTICAL EFFICIENCIES A X D A U ’ S  USED I N  NEW CALCULATIONS 
F i l t e r  t r ansmi t t ances  a r e  based on l a t e s t  a v a i l a b l e  va lue  

1 l l  

Tv T U  T” 
Y V 

Frequency Mir ror  and F i l t e r  Frequency Bandwidth Trans - 
Center 

Lens Trans- Transmittance Channel 
Number (cm-l) (cm-l) m i t t  ance m i t  tance of a l l  Optics  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13  

14 

2 700 

2350 

1030 

899 

7 50 

735 

715 

700 

6 90 

675 

669 

532 

432 

340 

300 

50 

25 

15 

15 

15 

15 

15  

15 

15 

3 . 5  

25 

25 

25 

0.76 

0.48 

0.38 

0.38 

0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

0.29 

0.20 

0.20 

0.19 

0.85 

0.85 

0.85 

0.88 

0.88 

0.88 

0.88 

0.88 

0.88 

0.88 

0.88 

0.80 

0.75 

0.70 

0.65 

0.41 

0.33 

0 . 3 3  

0.28 

0.28 

0.28 

0.28 

0.28 

0.28 

0.26 

0.16 

0.15 

0.13 



TABLE 11. (NER)V VALUES FOR ALL FOURTEEN CIIAh’NELS 
Performance can be improved by reassignment of more c r i t i c a l  channels and by a 
decrease i n  the  d e t e c t o r  s i z e  by use of f a s t e r  de tec tor  op t i c s .  

ARRANGEMENT #1 ARRANGEMENT #2 ARRANGEMENT #3 

(Design Study Baseline) Baseline Configuration Revised Configuration 
Chan 1 on a Large Telesco e Chan 1 on a Small Telescope Chan 1 on a Large Telescope 

Detector Optics NA = 0.4 Detector Optics NA .= 0 . t  Detector Optics NA = 0.5 

Tele  S ize  NERV Tele S ize  NERV 
m Dia -1 mm Dia mw/m 2 -sr-cm-l mw /m2 - s r - c m  

Channe 1 Tele S ize  
Number m D i a  mw/m 2 -sr-cm-l 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

61 

80 

61  

61  

61 

61 

61 

80 

80 

80 

80 

80 

80 

80 

0.00377 

0.0277 

0.0925 

0.149 

0.169 

0.169 

0.169 

0.135 

0.135 

0.135 

0.625 

0.141 

0.152 

0.175 

80 

80 

61 

61 

61 

61 

61 

80 

80 

80 

80 

80 

61 

80 

0.00287 

0.0277 

0.0925 

0.149 

0.174 

0.174 

0.174 

0.135 

0.135 

0.135 

0.625 

0.141 

0.207 

0.175 

87 

87 

56 

56 

56 

56 

56 

8 7  

8 7  

87  

87 

87  

56 

87 

0.00229 

0.0217 

0.0844 

0.141 

0.166 

0.166 

0.166 

0.106 

0.106 

0.106 

0.490 

0.111 

0.186 

0.137 

For 1.5-mm de tec to r  NEP = 9 x W / J F  

For 2-rn de tec to r  NEP = 1 . 2  x 10-10 w/ JiL- 
x o  
0 3  
3 a  a 



Sec t ion  11 - Analysis  of Radiometric Accuracy 

MAGNLTUDES AND CORRECTION OF OFFSET AND GAIN DRIFTS 

Thermal and o r b i t a l  a n a l y s i s  of t h e  maximum-weight des ign  shows t h a t  v a r i a t i o n s  
i n  component temperatures  and s t r a y  l i g h t  r e s u l t  i n  changes of t h e  ins t rument  
o f f s e t ,  which i s  several t i m e s  t h e  no i se  equ iva len t  s p e c t r a l  r ad iance .  A simple 
l i n e a r  i n t e r p o l a t i o n  between two success ive  c a l i b r a t i o n s  i s  r eau i r ed .  

Instrument  o f f s e t s  a r i se  not  on ly  from t h e  308°K emission of t h e  b lack-  
bodies  b u t  a l s o  from t h e  emissions of f o u r  m i r r o r s .  Although t h e  m i r r o r s  are 
h i g h l y  pol i shed  t o  a t t a i n  an e m i s s i v i t y  i n  t h e  neighborhood of 1 o r  2 percen t ,  
t h i s  emission s t i l l  exceeds t h e  s p e c i f i e d  d e t e c t a b l e  r ad iance .  Furthermore,  
s u n l i g h t  can  be s c a t t e r e d  from t h e  scan m i r r o r  wi th  an  e f f i c i e n c y  of 1 o r  2 
percen t .  E l e c t r o n i c  o f f s e t s  are n e g l i g i b l e .  

I n  computing t h e  r a d i a t i o n  rece ived  by a d e t e c t o r  f o r  a g iven  ear th-scene  
r ad iance ,  t he  e a r t h  scene i s  considered t o  be a uniform extended source  having 
a s p e c t r a l  r ad iance ,  N, . The r a d i a t i o n  then  rece ived  by t h a t  same d e t e c t o r  
from each of  t h e  scan ,  primary, secondary, and chopper m i r r o r  s u r f a c e s  w i l l  be 
d i r e c t l y  p ropor t iona l  t o  t h e i r  i n d i v i d u a l  s p e c t r a l  r ad iances ,  compared t o  t h a t  
of t he  scene r ad iance ,  s i n c e  they  are a l l  uniform extended sources  t o  t h e  
remainder of  t h e  o p t i c a l  system. The s p i d e r  mi r ro r  rad iance  must be m u l t i p l i e d  
by i t s  t e l e scope  a p e r t u r e  coverage f a c t o r  which makes i t  n e g l i g i b l e  i n  com- 
pa r i son  t o  t h e  o t h e r  m i r r o r s .  

o p t i c a l  e lements .  
350°K. The o r d i n a t e  i s  a 7-decade logar i thmic  p l o t  o f  s p e c t r a l  rad iance  i n  
mW/m2-sr-cm-1. 
f o r  t h e i r  c e n t r a l  f requency,  showing t h e i r  s p e c t r a l  r ad iances  f o r  t h e  b lack-  
body temperatures  on t h e  a b s c i s s a .  
shown f o r  each channel .  

To see the  e f f e c t  of va r ious  scan  m i r r o r  tempera tures ,  t h e  equ iva len t  
s p e c t r a l  r ad iance  and temperature  f o r  each of  t h e  fou r t een  channels  were 
g r a p h i c a l l y  computed f o r  a scan  m i r r o r  e m i s s i v i t y  of 1 pe rcen t  a t  temperatures  
of  both 235°K and 278°K. 
range o f  t h e  BSU. 

ance w a s  computed f o r  each of  t h e  f o u r t e e n  channels .  The s o l a r  i r r a d i a n c e  of  
t h e  scan  m i r r o r  w a s  next  computed, and f i n a l l y  t h e  e f f e c t i v e  s c a t t e r e d  r ad iance  
of t h i s  s o l a r  i r r a d i a n c e ,  assuming t h e  scan  m i r r o r  t o  be a 1-percent  Lambertian 
s c a t t e r e d .  The f i g u r e  oppos i t e  shows a l s o  t h a t  t h e  s p e c t r a l  rad iance  of scan  
mi r ro r  i s  g r e a t e r  t han  t h e  NER, des ign  goa l s  f o r  channels  1 and 2. This  source  
of e r r o r  i s  e l imina ted  by l o c a t i n g  t h e  channel  1 and 2 t e l e scopes  so they  do not  
view t h e  p o r t i o n  o f  t h e  scan  mi r ro r  i l l umina ted  by t h e  sun .  

Var i a t ions  i n  o f f s e t  between space-look c a l i b r a t i o n s  depend upon v a r i a t i o n s  
i n  the  emi t tances  o f  m i r r o r s  and r e fe rence  b lackbodies .  For  a f u l l - s c a l e  source  
temperature  of  330"K, a v a r i a t i o n  i n  s p e c t r a l  emi t tance  of 0.15 mW/m2-sr-cm'l 
a t  t h e  wavelength o f  channel 4 (worst ca se )  corresponds t o  a temperature  d i f -  
f e r ence  of 0.075"C f o r  t h e  r e fe rence  blackbody and 7.5"C f o r  a m i r r o r  w i th  a 
1 pe rcen t  e m i s s i v i t y .  

The thermal  des ign  employs sunsh ie lds ,  r a d i a t o r s ,  and heavy c o n s t r u c t i o n  t o  
reduce temperature  v a r i a t i o n s  t o  t h e  minimum va lues  c o n s i s t e n t  wi th  t h e  weight 
a l lowance.  It w a s  found p o s s i b l e  t o  c o n t r o l  t h e  temperature  so t h a t  each of  t h e  
f i v e  p r i n c i p a l  o f f s e t  sources  c o n t r i b u t e s  an  e r r o r  which changes by a n  amount 
s l i g h t l y  less than  t h e  n o i s e  s p e c t r a l  rad iance  i n  t h e  most t empera tu re - sens i t i ve  
channel  (channel 4 ) .  I n  t h e  worst  case, t h e  t o t a l  o f f s e t  changes between c a l i -  
b r a t i o n s  by about  twice t h e  no i se  equ iva len t  s p e c t r a l  rad iance .  The exact va lue  
depends on t h e  va lue  of t h e  m i r r o r  emi t tance  a t t a i n e d ;  t h e  estimate assumes 

11-10 

The p l o t  shows t h e  r e l a t i o n s h i p  between scene rad iance  and t h e  r ad iance  of 
The a b s c i s s a  i s  a l i n e a r  p l o t  of temperatures  from 50°K t o  

The fou r t een  channels  ' blackbody r a d i a t i o n  curves  are p l o t t e d  

The s p e c i f i e d  NERy s p e c t r a l  r ad iances  are 

These temperatures  correspond t o  t h e  obse rva t iona l  

To see t h e  e f f e c t  of s u n l i g h t  on t h e  scan  m i r r o r s ,  a 6000°K blackbody r a d i -  
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RADIATION FRCM 
SCAN MIRROR 

LOCI OF 

BLACKBODY SCENE TEMPERATURE I N  O K  

m i r r o r  emissions are 2 pe rcen t .  

o f f s e t  (space look)  measurements. Only a simple l i u c a r  i n t c r p n l a t  i o n  i s  
r equ i r ed ,  using the  c u r r e n t  and previous c a l i b r a t i o n  measurements, so 
t h a t  d a t a  r educ t ion  i s  not  complex. 

"C. 
o r b i t a l  v a r i a t i o n  of temperature  as a r e s u l t  of t h e  f i n i t e  thermal imped- 
ances i n  t h e  c o n t r o l l e d  network. 

The t o t a l  v a r i a t i o n  over  an o r b i t  i s  + 0 . 3 O C ,  whi le  the  change between 
c a l i b r a t i o n s  i s  a t  most 0.02"C. T h i s  v a r i a t i o n  l eads  t o  a worst-case e r r o r  
f o r  a 330°K scene of 0 .6  rnW/m2-sr-cm-l f o r  t he  thermal channels  (4-14) and 

The ga in  change between c a l i b r a t i o n  i s  only  0.02 pe rcen t .  
smaller e f f e c t  than  the  o f f s e t  d r i f t ,  and i t  can be co r rec t ed  wi thout  
i n t e r p o l a t  ion.  

t r a p o l a t i o n  can be used i n s t e a d  of an i n t e r p o l a t i o n  t o  s i m p l i f y  d a t a  
process ing ,  

This  change i s  j u s t  l a r g e  enough t o  r e q u i r e  i n t e r p o l a t i o n  b e t w t ~ n  

The d e t e c t o r  ga in  has  a temperature  c o e f f i c i e n t  o f  about 1 percent  p e r  
The d e t e c t o r  temperature  i s  a c t i v e l y  c o n t r o l l e d ,  bu t  t h e r e  i s  some 

small  e r r o r s  i n  channels  1 and 2 (0,005 and 0.016 mW/m 2 - s r - c m - l ,  r e s p e c t i v e l y .  
This  d r i f t  has  a 

Because t h e  magnitude of t h e  v a r i a t i o n s  i s  so small, a l i n e a r  ex- 
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Section 12 - Design of Instrument Package 

ASSEMBLY 01: TI11~ TOVS INSTRUMENT 

The T O W  Basic Sounder Unit is organized into six subassemblies which are designed 
Tor straightforward noncritical assembly. The subassemblies are self-contained so 
thcir assembly and checkout need not be performed on the all-up instrument. Criti- 
cal Tits and adjustments are generally located within the subassemblies so that the 
top assembly procedure can be simple and straightforward. 

A schematic exploded view of the instrument is shown in the facing figure. 
Here can be seen the relationship of the major subassemblies to the instrument 
Lrame and how they are assembled into it, The subassemblies are: scanner, op- 
tics, housing blackbodies, electronics, and exterior covers. The removal of 
the exterior covers, which are simply bolted onto the frame, is straightforward. 
The scanner subassembly is held in place by three bolts and may be withdrawn 
as a unit from the bottom. Note that assembly of the scan mirror to its shaft 
does not have to be accomplished on the completed instrument, The optics sub- 
assembly i s  held in place by four screws, and can be withdrawn from the end of 
the instrument, Removing the top cover of the instrument gives access to the 
housing blackbody subassembly. The electronic modules are located in the upper 
part of the instrument and may also be removed from the top, once the top cover 
is lifted away. 

'I'his allows them to be individually assembled and checked out on the bench, re- 
ducing the amount of work that must be performed on the completed instrument. 
Most of the checkout tasks Concern the optics subassembly, which must be aligned 
and radiometrically checked, and the scanner subassembly, whose performance must 
he verified. To facilitate checkout, all electronics are in separately testable 
subassemblies. 

and with a high degree of reliability, it is desirable that no critical func- 
tions need be performed at that time. This is achieved with the modular sub- 
assembly concept. 
the scanner and the optics subassemblies. In the case of the scanner, a very 
high degree of concentricity must be maintained between the scanning motor and 
the harmonic drive components, In the optics subassembly, it is extremely im- 
portant that the fore optics and the aft optics be aligned, and that all optical 
axes be parallel, 
( i . e . ,  getting all the energy on the detectors), while the latter has significant 
impact on achieving operational objectives (i.e., all channels must view the 
same scene). 

The assembly procedure for the top assembly of the instrument is designed to 
ensure the same setup each time the instrument is assembled and disassembled. The 
scanner assembly is located by dowel pins in line-reamed holes. The alignment 
of the two subassemblies relative to each other, when the pin hole6 are initially 
put through, is accomplished on the optical bench. The pin arrangement guarantees 
that subsequent: assembly operations will be repeatable every time. 
concept is used for mounting the housing blackbodies. Also, connectors are used 
on the electronics so that no soldering or other skilled operation i s  necessary 
for cheir installation and removal, 

The instrument subassemblies are, for the most part, complete in themselves. 

In order that the top assembly of the instrument may be completed quickly 

The primary areas where a good deal of caution is needed are 

The former is extremely important to radiometric performance 

A similar 
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S e c t i o n  1 2  - Design of Ins t rument  Package 

ASSEMBLY OF THE OPTICS SUBASSEMBLY 

Like the  main in s t rumen t ,  t h e  o p t i c s  subassembly i s  made up of independent s e l f -  
conta ined  p a r t s .  It c o n t a i n s  a l l  t h e  o p t i c a l  components e x c l u s i v e  of t h e  scan  
m i r r o r  i n  e a s i l y  demountable subassemblies .  

The o p t i c s  subassembly (see f i g u r e  oppos i t e )  c o n s i s t s  of two sub-pa r t s :  
(1) t h e  t e l e s c o p e s  and t e l e scope  mounting p l a t e  ( the  chopper motor i s  a l s o  
mounted on t h e  t e l e scope  mounting p l a t e ) ,  and (2) t h e  a f t  o p t i c s  assembly,  which 
i n c l u d e s  t h e  o p t i c s  hous ing ,  t h e  a f t  o p t i c s ,  and t h e  d e t e c t o r s ,  and which b o l t s  , 

t o  t h e  t e l e s c o p e  mounting p l a t e  through a c o n t r o l l e d  thermal  r e s i s t a n c e ,  

s e t t i n g  up t h e  t e l e s c o p e s  because a l l  important  f u n c t i o n s  a r e  a c c u r a t e l y  machined. 
The assembled t e l e s c o p e s  a re  b o l t e d  t o  t h e  t e l e s c o p e  mounting p l a t e .  They a re  
l o c a t e d  by a p i l o t  d iameter  on t h e  rear of t h e  t e l e scope  b a r r e l s  which f i t s  i n  
ho le s  machined i n  t h e  t e l e scope  mounting p l a t e ,  The chopper motor i s  mounted on 
the t e l e scope  mounting p l a t e  a long  wi th  i t s  d r i v e r  e l e c t r o n i c s ,  A h e a t  s h i e l d  
becomes a loose  but  c a p t i v e  p a r t  of t h i s  assembly. It i s  p laced  over  t h e  chopper 
motor hub and the  e lec t ro- formed n i c k e l  chopper wheel i s  then mounted t o  t h e  
motor l l a n g e .  This  completes  t h e  assembly of t h e  t e l e scope  mounting p l a t e  and 
t e l e s c o p e s .  

The d e t e c t o r  o p t i c s  assembly proceeds a s  fo l lows :  t h e  preassembled f i l t e r  
housings and l e n s  hous ings  a re  i n s e r t e d  i n t o  t h e  c a v i t i e s  i n  t h e  o p t i c s  hous ing ,  
where they  a re  r e t a i n e d  by wave s p r i n g s  and r e t a i n e r  r i n g s .  The d i c h r o i c s  a r e  
i n s t a l l e d  i n  t h e i r  c a v i t i e s  and r e t a i n e d  by t h e  s p r i n g  c l i p s ,  The d e t e c t o r s  
can then  be mounted, which completes t h e  assembly of t h e  d e t e c t o r  o p t i c s  p o r t i o n ,  

sembly i s  one of t h e  more important  s t e p s  i n  t h e  assembly process .  The o p t i c a l  
a l ignment  of  t he  in s t rumen t ,  as  well  a s  i t s  thermal  performance, a r e  a f f e c t e d  
by the q u a l i t y  of t h i s  i n t e r f a c e ,  The al ignment  of  each t e l e s c o p e  w i t h  i t s  
d e t e c t o r  o p t i c s  channel  i s  accomplished by mechanical a l ignment  dur ing  manufac- 
t u r e .  For t h i s  purpose,  p r e c i s i o n  mandrels  are  used t o  l o c a t e  t h e  d e t e c t o r  o p t i c s  
channels  r e l a t i v e  t o  t h e  t e l e s c o p e  p i l o t  d i ame te r s ,  and t h e  p i n s  which l o c a t e  
t h e  a f t  o p t i c s  housing r e l a t i v e  t o  t h e  t e l e s c o p e  mounting p l a t e  a r e  then  i n -  
s t a l l e d .  This  procedure r e s u l t s  i n  a l ignment  t o  an accuracy  of about  0.003 - 
0.005 inch .  This  i s  adequate  s i n c e  adjustment  of  t h e  i n d i v i d u a l  d e t e c t o r s  
can  t a k e  care of t h e  res t ,  The thermal  requi rements  of t h e  i n t e r f a c e  a re  met 
i n  t h e  manner t h a t  has  been desc r ibed ,  by use of  t he rma l ly  res i s t ive  space r s .  
These a r e  assembled d r y  and torqued a c c u r a t e l y  i n  p l ace .  A t  t h i s  f i n a l  s t e p ,  
t h e  o u t e r  edge of t h e  c a p t i v e  h e a t  s h i e l d  i s  a l s o  clamped down, and a t  t h i s  
t i m e ,  t h e  phase r e f e r e n c e  p ickoff  assembly a l s o  i s  i n s t a l l e d .  The o p t i c s  sub- 
assembly i s  then  a completed u n i t  r eady  f o r  bench checking. 

The t e l e s c o p e  assembl ies  a re  preassembled. No adjustment  i s  involved i n  

The mating of t h e  a f t  o p t i c s  assembly t o  t h e  t e l e scope  mounting p l a t e  as-  

12-2 FR 1110-101 



BECUIAN INSTRUMENTS, I N C .  
Advanced Techno logy  Operations 
J . C .  Hanmiond 

m 

TOVS Optics  Subassembly 

Fli 1110-101 12-3 



Sec t ion  1 2  - Design of Instrument  Package 

ASSEMBLY OF THE SCANNER SUBASSEMBLY 

The TOVS scanner  c o n s i s t s  of t h e  scan m i r r o r ,  s h a f t ,  encoder ,  harmonic d r i v e ,  
and scan  motor -- a l l  preassembled i n t o  a c y l i n d r i c a l  aluminum housing t h a t  
mates wi th  t h e  instrument  frame. The assembly of t h e  scanner d r i v e  components 
fo l lows  a l o g i c a l  sequence which y i e l d s  a p read jus t ed  assembly e a s i l y  mated t o  
t h e  ins t rument  housing. 

The scanner  assembly i s  b u i l t  around t h e  mi r ro r  s h a f t ,  which i s  mounted i n  
t h e  housing on a preloaded duplex p a i r  of b a l l  bear ings  (see f i g u r e  o p p o s i t e ) .  
The shaft: and bea r ings  a r e  i n s e r t e d  from t h e  f r o n t  of t h e  scanner  housing,  and 
an  inne r - r ace  r e t a i n i n g  nut  then  may be i n s t a l l e d  on t h e  threaded p o r t i o n  of t he  
liousing and pinned i n  p l a c e ,  a f t e r  which the  scan m i r r o r  i s  i n s t a l l e d  on the  s h a f t ,  
It i s  loca ted  by a Woodruff key and r e t a i n e d  by a r o l l  p in .  The mi r ro r  s e r v e s  
to  s n l e t y  t h e  inne r - r ace  n u t ,  s i n c e  t h e  two are i n  c l o s e  c o n t a c t .  It should be 
noted t h a t  both t h e  inne r  race and o u t e r  races of t h e  b a l l  bea r ings  a r e  loca t ed  
by p r e c i s i o n  space r s  so t h a t  t h e  assembly i s  not s e n s i t i v e  t o  the  torque  a p p l i e d  
t o  e i t h e r  r e t a i n i n g  nu t .  The bear ing  p re load ,  i n s t e a d ,  i s  determined by the  
geometry of t h e  space r s .  

deep down i n s i d e  t h e  housing,  t h i s  i s  a p o t e n t i a l  t r o u b l e  spo t .  However, a s -  
sembly problems have been ave r t ed  by making t h e  encoder a preassembled u n i t  
r a t h e r  than  a set of components. The preassembled encoder i s  simply s l i p p e d  onto  
the  s h a f t  -- i t  i s  d r iven  and loca ted  by a Woodruff key whose s l o t  i s  p r e c i s i o n -  
a l i g n e d  with t h e  m i r r o r ' s  key -- and t igh tened  down with t h r e e  screws. A f t e r  t h e  
encoder assembly i s  a f f i x e d  t o  the  s h a f t ,  the  p i n  cage indexing p i n  i s  i n s t a l l e d  
from t h e  o u t s i d e  of t h e  housing which serves t o  l o c a t e  and immobilize t h e  p i n  
cage, It con ta ins  a s p r i n g  t o  l i m i t  t h e  f o r c e  t h a t  can be a p p l i e d ,  making i t  
impossible  t o  e x c e s s i v e l y  load the  bea r ings ,  

i s  assembled t o  t h e  s h a f t  with t h r e e  screws. There i s  an  a c c u r a t e  p i l o t  diam- 
e t e r  i n  t h e  hub of t h e  f l e x  s p l i n e  t o  ensure  t h a t  i t  i s  loca ted  c o n c e n t r i c a l l y .  
The c i r c u l a r  s p l i n e  member of the  harmonic d r i v e  i s  mounted next .  It i s  loca t ed  
by a p i l o t  diameter  mat ing w i t h  a diameter  i n  the  liousing and i s  s c n ~ c d  I)y SIX 
screws. 

The scan motor next  i s  bo l t ed  up t o  the  assembly. It i s  loca ted  and he ld  
c o n c e n t r i c  by a p r e c i s i o n  diameter  which mates wi th  a diameter  i n  the  housing. 
The motor i s  made wi th  a l a r g e  f l ange  on i t s  f r o n t  end so t h a t  good c o n c e n t r i c i t y  
of t h e  completed assembly can be he ld .  The motor f l ange  i s  secured wi th  s i x  
screws, 
s i n c e  t h e  motor ' s  h e a t  f lows through t h i s  j o i n t ,  

i c s  and temperature  s e n s o r s ,  and the  m i r r o r  sunsh ie ld .  The completed scanner 
subassembly is  s l i d  i n t o  p l ace  frum t h e  bottom of t h e  TOVS ins t rument  and then  
a t t a c h e d  with f o u r  screws. S u b d r i l l s  are provided i n  the  housing a t  two p laces  
f o r  p ins  which w i l l  provide a c c u r a t e  angular  o r i e n t a t i o n  (nadi r  l o c a t i o n  r e l a t i v e  
t o  the  ins t rument ) .  These ho le s  are f i n i s h - d r i l l e d  and reamed, and p i n s  a r e  
i n s t a l l e d  a f t e r  t h i s  adjustment  i s  made. S u i t a b l e  allowance i n  the  c l ea rance  
ho le s  f o r  t h e  b o l t s  i s  made f o r  t h i s ,  

The s h a f t  encoder next i s  mounted on t h e  s h a f t .  Since t h i s  assembly s i t s  

Af te r  t h e  encoder i s  i n  p l ace ,  t h e  f l e x  s p l i n e  member of t he  harmonic d r i v e  

A l i g h t  coa t ing  of thermal  compound i s  put  on the  j o i n t  be fo re  assembly 

The scanner  subassembly i s  now complete except  f o r  t h e  a d d i t i o n  of e l e c t r o n -  
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Sec t ion  1 2  - Design of Instrument  Package 

LOCATION OF ELECTRONIC SUBASSEMBLIES 

The TOVS e l e c t r o n i c s  a r e  organized i n t o  modules t h a t  a r e  loca t ed  f o r  optimum func-  
t i o n ,  s e r v i c e a b i l i t y ,  and the  enhancement of thermal  c o n t r o l .  There a r e  f i v e  
e l e c t r o n i c s  a r e a s :  t h e  power supply ,  t h e  s i g n a l  c i r c u i t r y ,  the scan motor d r i \ r e r .  
chopper motor d r i v e ,  and t h e  d e t e c t o r  p r e a m p l i f i e r .  

The power supply module, because of i t s  h igh  c u r r e n t s  and i n t e r f e r e n c e -  
gene ra t ing  components, i s  s h i e l d e d  and l o c a t e d  i n  t h e  upper p a r t  of t h e  i n s t r u -  
m e n t  a t  t h e  rear  end. This  module d i s s i p a t e s  6 .75  w a t t s  of h e a t ;  consequent ly ,  
good thermal  c o n t a c t  wi th  t h e  housing i s  necessary .  Since t h e  module i s  covered 
w i t h  m e t a l  s h i e l d i n g ,  good thermal  c o n t a c t  i s  e a s i l y  accomplished. The l o c a t i o n  
chosen fo r  t h e  power supply  module i s  c l o s e  t o  t h e  in s t rumen t ' s  e x t e r n a l  r a d i a -  
t o r  pane ls .  

e l e c t r o n i c s  bay area. This  c i r c u i t r y  c o n s i s t s  of  a number of conformally coa ted  
boards wi th  a t t a c h e d  connec tors .  A l o c a t i o n  i n  t h e  upper p a r t  of t h e  ins t rument  
d i r e c t l y  above t h e  a f t  o p t i c s  and a l s o  c l o s e  t o  t h e  i n t e r f a c e  connec tors  h e l p s  
t o  minimize l ead  l eng th  from these  e l e c t r o n i c  packages. 
have per imeter  frames of aluminum, which f a c i l i t a t e s  mounting them and d i s s i p a t -  
ing  t h e i r  hea t .  

a t  t h e i r  r e s p e c t i v e  motors.  This  f e a t u r e  a l lows  t h e  d r i v e r  c i r c u i t s  t o  be ha rd  
wired t o  t h e  motors ,  ho ld ing  down t h e  number of connec tors ,  
c i r c u i t s  i s  a l s o  a i d e d ,  s i n c e  they  can r e j e c t  t h e i r  hea t  a long  t h e  same p a t h s  as  
tlie motors.  

To ach ieve  the  low n o i s e  r e q u i r e d ,  d e t e c t o r  and p r e a m p l i f i e r  c i r c u i t r y  m u s t  
bc i n t e g r a l .  This  i s  done by b u i l d i n g  t h e  d e t e c t o r s  and t h e i r  p r e a m p l i f i e r s  i n t o  
s i n g l e  components. These components are mounted i n  s e a l e d ,  modular housings on 
the f r o n t  o f  t h e  a f t  o p t i c s  assembly. Cables  c a r r y  the  p r e a m p l i f i e r  s i g n a l s  t o  
the s i g n a l  process ing  boards i n  t h e  e l e c t r o n i c s  a r e a  above. 

The l o c a t i o n  of  t h e  v a r i o u s  e l e c t r o n i c s  modules i s  shown i n  schematic form 
i n  t h e  €acing f i g u r e .  Gene ra l ly ,  t o  remove an  e l e c t r o n i c s  module, i t  i s  on ly  
necessa ry  t o  break a connec tor ,  remove s e v e r a l  mounting screws,  and l i f t  the 
component o u t .  

The s i g n a l  p rocess ing  and c o n t r o l  l o g i c  c i r c u i t r y  i s  loca ted  i n  t h e  upper 

These c i r c u i t  boards 

For convenience and ease  of  w i r i n g ,  t h e  motor d r i v e r  c i r c u i t s  a re  l o c a t e d  

D i s s i p a t i o n  o f  t h e s e  
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APPIIOAC11 'YO CAULING AND HARNESSING 

The necessary electrical interconnections in the TOVS instrument are shown in 
Figure A .  Interconnecting the electronics modules presents no great problems - -  
cable routing and restraining are generally simple. 

A number of factors minimize the number of cables and connectors required. 
The bulk of the signs1 handling and control logic circuitry is located near 
the interface electrical connector area, since a large number of conductors must 
traverse this path. Likewise, this signal circuitry area is close to the de- 
tectors so that length and routing of the preamplifier signal cables is manage- 
able. The motor driver circuits are located on their respective motors, which 
allows the driver-to-motor connections to be made by hard wiring. 

There are no connectors at the preamplifier end of the signal cable. The 
cables enter the upper electronics tray area through a fairly large hole which 
allows the cables and their connectors on the upper ends to be withdrawn for 
servicing one or two at a time. The preamplifier signal cables are clamped to 
the detector-preamplifier housings at one point, then bundled together as they 
ascend the optics web of the housing. 
each takeoff point. 

A cable clamp is placed on the bundle at 

Cable runs in the Basic Sounder Unit are shown schematically in Figure B. 
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Figure A .  TOVS-BSU Electrical Interconnections 
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Section 12 - Design of Instrument Package 

ACCESS FOR SERVICING 

Compoticnt servicing is an important consideration for an operational instrument 
such as  tlie TOVSbBSU. The goal of serviceability has been achieved in the in- 
strument's design in that most components are readily accessible by simply re- 
moving a cover, 

A number of Basic Sounder Unit instrument components may require some 
servicing after initial instrument assembly and adjustment. These are listed 
in the facing table and are discussed below. 

Occasional removal of detector-preamplifier housings may be necessary. Ac- 
cess to these is gained by removing the instrument's lower exterior sheet metal 
cover. The individual detector housings then can be removed by unscrewing their 
three mounting screws. The upper cover of the instrument also is removed so that 
the upper end of the signal cable can be disconnected and withdrawn, as has been 
discussed. 

Access to the various electronics modules varies; all can be reached by re- 
moving one or the other of the lower covers or the top cover. Extensive use of 
connectors facilitates removing the electronic modules; also, it should be noted 
that in-instrument servicing of the electronic modules is not generally necessary. 
The scanner motor can be easily removed from the aft end of the instrument by 
removing the mounting screws and unplugging the electrical connector. This can 
be done with the scanner subassembly either on the instrument or on the bench. 
Other scan-drive components may be removed from the open end of the scan-drive 
housing. It is preferable to remove the scanner subassembly in order t o  do this. 

The phase reference pickoff assembly is a self-contained unit mounted at the 
rim of the chopper wheel, 
front cover has been removed: 

drive electronics and the connections to the motor are readily accessible; however, 
access to the motor or the disc requires that the optics subassembly be removed 
and split apart. This is probably the only place in the instrument where good 
accessibility is not obtained. The chopper motor could have been mounted on the 
other side of the optics subassembly, as was the case with the ITPR instrument. 
Then, however, elaborate means would have been necessary to get rid of the motor 
heat (again as was the case with I T P R ) .  The more straight-forward and lighter 
thermal design of the BSU chopper outweighs the somewhat more awkward assembly 
and access situation. 

is assembled, adjusted, turned on, and it performs -- experience shows that a 
certain amount of servicing can be expected. In consideration of this, the BSU 
design assures that servicing readily can be accomplished. 

It is readily accessible once the instrument's lower 

The chopper motor and chopper disc, however, are not so easily reached. The 

Although there is, in fact, no "routine" servicing required -- the instrument 
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ACC1”:SS 1’0 TOVS - 13s I! COMPONENTS 

A l l  components are  readi ly  accessible  w i t h  
the exception of the Chopper Motor and Disc.  

e Detector-Amplifier Hovsings 

0 Electronics  Modules 

- Removal of lower sheet metal cover. 

- Removal of one of lower covers 
or the top cover. 

e Phase Reference Pi  ckoff Assembly 

0 Chopper Motor and Disc 

- Removal of lower f r o n t  cover. 

- Removal of Optics Subassembly 
i s  required.  
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Sect ion  13 - S t r u c t u r a l  Design of the TOVS-BSU 

NATURE OF STRUCTURAL REQUIREMENTS 

The TOVS instrument  i s  designed t o  meet t h e  s t r u c t u r a l  requirement f o r  s t r e n g t h ,  
r i g i d i t y ,  and long-term s t a b i l i t y .  The most c r i t i c a l  of t hese  a re  r i g i d i t y  and 
long-term s t a b i l i t y .  

S t rength  - -  Requirements f o r  simple s t r u c t u r a l  s t r e n g t h  r e l a t e  t o  t h e  launch 
environment. llie ir:;:rment s p e c i f i c a t i o n  r e q u i r e s  t h a t  s t r e n g t h  s a f e t y  f a c t o r s  
be two o r  b e t t e r .  Because the des ign  i s  based on r i g i d i t y ,  t h i s  i s  not  g e n e r a l l y  
a problem, al though a f e w  a r e a s  must be examined c l o s e l y ,  These i nc lude :  f a t i g u e  
s t rengt l i  of Che harmonic d r i v e  f l e x i b l e  member, s tress i n  bear ings  i n  t h e  scanner  
a r e a ,  and working s t r e s s e s  i n  s p r i n g s .  There a r c  no problems i n  these  a r e a s .  

R i g i d i t y  -- The requirement of r i g i d i t y  has  t o  do wi th  o p t i c a l  accuracy;  
Lliat i s ,  main ta in ing  the  alignment of o p t i c a l  e lements  under environmental  and 
ope ra t ing  s t r e s s e s .  The problem a r e a s  he re  a r e  t h e  housing i n  t h e  v i c i n i t y  of 
tlic scanner subassembly mounting, t h e  o p t i c s  subassembly mounting, t h e  scan m i r -  
ror i t s e l f ,  t he  t e l e scope  b a r r e l s ,  and t h e  r o t a t i n g  chopper wheel. A n a l y t i c a l  
r e s u l t s  d i scussed  i n  t h e  fo l lowing  pages show t h a t  t h e  des ign  o f f e r s  adequate  
r i g i d i t y  i n  t hese  a r e a s .  

t o  a s s u r e  t h a t  i t s  c h a r a c t e r i s t i c s  w i l l  no t  change under launch s t r e s s e s ,  and t o  
guarantee  i t s  performance over a two-year l i f e .  Designing f o r  s t a b i l i t y  i s  p r i -  
m a r i l y  a ma t t e r  of ensur ing  t h a t  stress l e v e l s  a re  comfortably low i n  c r i t i c a l  
a r e a s .  This has been achieved i n  the  design of  t h e  TOVS ins t rument .  Some r e p r e -  
s e n t a t i v e  stress va lues  and s a f e t y  f a c t o r s  a re  shown i n  t h e  t a b l e  oppos i t e .  I n  
every  c a s e ,  s a f e t y  f a c t o r s  a re  10 o r  b e t t e r ,  i n d i c a t i n g  a ve ry  low level of 
wholly e l a s t i c  loading ,  which i s  t h e  d e s i r e d  cond i t ion .  

Long Term S t a b i l i t y  - -  l%e instrument  must have long-term s t r u c t u r a l  s t a b i l i t y  

13-0 PI< 1110-101 



BECKMAN INSTRUMENTS, INC. 
Advanced Technology Operations 
J.C. Hammond 

Telescope Barrel 

Bo1 t s-Optics Subassembly 

Insulating Spacers - 
Optics Subassembly 

Maximum Material 
Stress (psi) Strength (psi) 

51 40000 
9500 163000 

378 138000 

Safety 
Factor 

780.0 
17.2 

366.0 
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Section 13 - Structural Design of the TOVS-BSU 

APPROACH TO HOUSING D E S I G N  

The structural requirements of the TOVS instrument are met with a cast aluminum 
alloy housing whose properties have been carefully analyzed to show that it meets 
the requirements of strength, rigidity, and stability. 

Aluminum alloy A356 was chosen for the material of the housing because of 
its ability to produce stress-free castings, its good thermal properties, and 
its easy machinability. It is also a familiar, frequently used, structural 
material which is a good choice for a long-term application, 

which shows its basic configuration and important structural features. 
of the housing is based on rigidity, 
the sense of gross yielding is not of concern, with the possible exception of 
vibration loading. Accordingly, the natural frequencies of the lowest modes of 
the housing were calculated and compared with the applied vibration spectra. 
The concern here, of course, is to check the highest stresses that can occur 
when resonant conditions develop, 

The lowest natural frequency found was in the cantilevered scanner web. 
The lowest mode of this portion of the structure is 2000 Hz, putting it at the 
upper limit of the test range. Accordingly, it can be concluded that the struc- 
ture is not responsive to the applied vibration. 

The housing design is presented in simplified form in the figure opposite, 
The design 

Therefore, strength of the material in 
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Sect ion  13 - S t r u c t u r a l  Design of the  TOVS-BSU 

ESTIMATES OF THERMAL DEFLEXTIONS 

S t r u c t u r a l  d e f l e c t i o n s  caused by temperature g rad ien t s  i n  t h e  TOVS instrument 
were examined t o  determine whether instrument accuracy would be a f f e c t e d  by the  
pred ic ted  temperature changes. The a r e a s  considered were the  housing, t h e  
scanner subassembly, and the  o p t i c s  subassembly, 

The d e f l e c t i o n s  found t o  e x i s t  because of  temperature g r a d i e n t s  i n  t h e  
housing were s l i g h t ,  The a r e a s  where g rad ien t s  may be s i g n i f i c a n t  a r e  as  follows: 

0 V e r t i c a l  g rad ien t  - e l e c t r o n i c s  bay a rea :  6.7OC 
0 Longitudinal Gradient - scanner web: n i l  

Longitudinal Gradient - o p t i c s  web: n i  1 

The predic ted  d e f l e c t i o n s  f o r  the  e l e c t r o n i c s  bay a r e a  v e r t i c a l  g rad ien t  
i s  about 0.002 inch. The e f f e c t  of t h i s  is t o  d i v e r t  t he  ex i t  beam of the  in -  
strument by about 0.05 degree. 
po in t ing  accuracy,  and any changes occur very  slowly, t h e  e f f e c t  on instrument 
performance i s  neg l ig ib l e .  

Obviously, the  c r i t i c a l  component on t h e  scanner assembly i s  the  scan mir ror .  
The maximum instantaneous g rad ien t  t h a t  can exis t  i n  the  mir ror  i s  2.8OC, and 
a n a l y s i s  shows t h a t  t h i s  would y i e l d  a d e f l e c t i o n  of 62 x 10-6 inch. This  i s  
wi th in  the  al lowable o v e r a l l  f l a t n e s s  to l e rance  on t h e  mi r ro r ,  which i s  0.0005 
inch. 
g rad ien t  on the scan mir ror  s h a f t  bear ings,  s ince  these  are preloaded and 
loosening or  t i gh ten ing  i s  undesirable .  
l e s s  s t e e l  c a r t r i d g e  which is pressed i n t o  t h e  aluminum scanner housing, 
monometallic i n t e r f a c e  i s  d e s i r a b l e  because of t h e  known tendency of bear ings 
i n s t a l l e d  d i r e c t l y  i n  aluminum housings t o  loosen under thermal cycl ing.  
the  maximum grad ien t  between the  bear ings and the  mir ror  s h a f t  i s  p red ic t ed  t o  
be 2 9 O C ,  no d i f f i c u l t y  is a n t i c i p a t e d  i n  t h i s  a r e a ,  

The only a r e a  i n  the  o p t i c s  subassembly t h a t  i s  sub jec t  t o  v a r i a b l e  de f l ec -  
t i o n s  from v a r i a b l e  temperatures is the  te lescope  b a r r e l s ,  because the  remainder 
of the  subassembly ( a f t  op t i c s )  is temperature con t ro l l ed  t o  a f r a c t i o n  of a 
degree. Bending of the  te lescope  b a r r e l s  is undes i rab le  i n  t h a t  it leads  t o  de- 
focusing and consequent loss of energy on t h e  de t ec to r s .  
temperature g rad ien t  ac ross  the  base of a te lescope  tube (due t o  chopper motor 
heat)  i s  4.5OC. I f  t h i s  g rad ien t  i s  conserva t ive ly  assumed t o  e x i s t  a l l  along 
the  length of the  b a r r e l ,  an  angular  d e f l e c t i o n  of 0.008 degree results. Be- 
cause of o p t i c a l  doubling, t h i s  d e f l e c t i o n  dev ia t e s  the  beam by 0.016 degree,  
which i s  j u s t  s i g n i f i c a n t  and r e q u i r e s  f u r t h e r  examination, s ince  the  r e l a t i v e  
poin t ing  accuracy s p e c i f i c a t i o n  i s  0.01 degree.  

undes i rab le  i n  t h a t  t h i s  leads  t o  defocusing. The maximum dimensional change 
t h a t  could r e s u l t  because of t h i s  e f f e c t  i s  0.0006 inch ,  which is not s i g n i f i c a n t :  
i t  leads  t o  a b l u r r i n g  of l e s s  than 1 percent  of the  beam s i z e .  

Since t h i s  e r r o r  i s  less than t h e  spacecraf t  

Some concern a l s o  must be reserved  f o r  t he  poss ib le  e f f e c t  of temperature 

The bear ings are i n s t a l l e d  i n  a s t r a i n -  
This 

Since 

The maximum predic ted  

Lengthwise e longat ion  o r  con t r ac t ion  of t h e  te lescope  b a r r e l s  i s  a l s o  
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THERMAL DEFLECTION EFFECTS 

A bare ly  s i g n i f i c a n t  de f l ec t ion  occurs  i n  the  te lescope mounting 
p l a t e ;  i t  r e s u l t s  from the  heat  of t he  chopper motor. This problem 
requ i r e s  a t t e n t i o n  i n  the  d e t a i l e d  design. 

0 

0 Scan mir ror  bending is  acceptable .  

0 Scanner preload w i l l  be s t ab le .  

0 Telescope poin t ing  may be a f f e c t e d  by g rad ien t s  i n  mounting 
p l a t e  ( l e s s  than 0.016 degree). 

0 Thermal defocusing of te lescope  i s  i n s i g n i f i c a n t .  

Bending of housing d e f l e c t s  scanner beam by only 0.05 degree. 
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Section 1 4  - ToVS/BSU Re l i ab i l i t y  Program 

DES7 GN FOR RELIABILITY AND PRODUCTION 

The Design for Re l i ab i l i t y  and Production considered t h e  following: 1) Modular 
Concept, 2 )  Ease of Assembly at t h e  Subsystem Level, 3)  Producib i l i ty ,  
4) Minimum Par t s  Count, 5) Optics Re l i ab i l i t y ,  6 )  Electromechanical Devices 
Rel iab i l i ty , ,  7) Analysis of Fai lure  Mode Prevention, and 8) Redundancy. 

One o f  t h e  major requirements i n  the  design study w a s  t h e  achievement 
of a r e l i a b l e  design t h a t  would not degrade as a function of production. 
The topics  considered are basic  t o  t h e  nature of r e l i a b i l i t y  but are hand- 
t a i lo red  t o  fit t h e  system being studied. 

considerations a t  the  system l eve l .  The use of modules w i l l  optimize assembly 
and inspection tasks. 
mcldular construction a l so  w i l l  enhance checkout of t he  system f o r  l oca l i za t ion  
and i so l a t ion  of  problems during the various phases of system t e s t ing .  

Modular Concept: Modular construction w a s  one of the main design 

Because of t h e  ease of assembly and disassembly, t h e  

The following examples i l l u s t r a t e  ease of assembly: 
Attachment of the  Scan Drive Subassembly t o  t h e  BSU housing 
can be achieved by fastening f i v e  screws. 
The Blackbody Subassembly can be attached with f i v e  screws. 
The A f t  Optics Subassembly requires  only four screws for 
attachment. 

Ease of Assembly at Subsystem Level: One of t h e  primary considerations 
i n  t h e  design of  t h e  assemblies and subassemblies at t h e  subsystem level w a s  
ease of assembly. For example, through t h e  use of separate ,  i n se r t ab le ,  
detector  l ens  housings, t h e  t a sk  of  assembling t h e  lens  elements w i l l  be 
easier t o  accomplish as compared t o  t h e  d i f f i c u l t  t a s k  of i n se r t ing  the lens  
elements i n t o  seats machined i n  t h e  Optics Housing Pla te .  
i s  t h e  s implif ied dichroic  beamspl i t ter  mounting arrangement, whereby t h e  
dichroic  element can be e a s i l y  in se r t ed  and fastened i n  place with two spring 
c l i p s .  
housing by t h e  removal of four screws and a wire harness connector, and the  
Scanner Subassembly can be detached by t h e  removal of f i v e  screws and two 
wire harness connectors. 

Producibi l i ty:  
producibi l i ty .  
t he  secondary support spider  a r m s  w i l l  be made in t eg ra l  w i t h  the  barrel .  
w i l l  be accomplished i n  one operation through t h e  use of e l e c t r i c a l  discharge 
machining. 
be v i r t u a l l y  stress-free and thus  more r e l i a b l e .  Another example of enhanced 
producib i l i ty  i s  t h e  use of an inser tab le  ca r t r idge  f o r  mounting the Detector 
Lens Assemblies. 
d i f f i c u l t  t a s k  of' machining i n t r i c a t e  seats f o r  t he  l ens  elements i n  t h e  
l a rge  Optics Housing Plate .  

p a r t s  has many advantages, the  most important of which i s  grea te r  re l iab i l i ty .  
A good example of minimum p a r t s  count design as compared t o  a gear t r a i n  
assembly design i s  t h e  Harmonic Drive Assembly used i n  t h e  Scanner Subassembly. 

Another example 

Also, t he  e n t i r e  Optics Subassembly can be detached from t h e  BSU 

Another design consideration a t  the  subsystem l e v e l  w a s  
A s  an example, t h e  te lescope barrels were designed s o  t h a t  

This 

An added advantage of t h i s  approach i s  t h a t  t he  r e su l t i ng  p a r t  w i l l  

The car t r idges  can be machined e a s i l y  as compared t o  the  

Minimum Parts Count: The design p r inc ip l e  of using the  least  number of 

14- 0 



DESIGN FOR RELIABILITY AND PRODUCTION (Continued) GULTON INDUSTRIES, I N C .  
Data Systems Division 
J. T. Henderson 

Optics Rel iab i l i ty :  The qua l i ty  o f t h e  op t i ca l  elements used i n  
the  BSU w i l l  be r ig id ly  controlled by procurement specif icat ions whose 
provisions have been approved by the  Beckman Rel iab i l i ty  Department. 

For instance,  the  spherical  surfaces of t he  lenses w i l l  be physically 
tes ted  against t e s t  glasses and w i l l  be required t o  match t h e  t e s t  glasses 
t o  within three  fringes spherical ,  and 1/4 f r inge i r r egu la r i ty .  
glass radii w i l l  be measured and c e r t i f i e d  by an independent t e s t  laboratory 
approved by Beckman, pr ior  t o  lens  fabrication. 

ment w i l l  be performed on one witness piece from each s e t  of two t h a t  
represent each material  batch and process l o t .  

The spec t ra l  defining opt ics  w i l l  be t e s t ed  for  ref lectance and 
transmittance charac te r i s t ics  w i t h  a spectrophotometer which has been 
cal ibrated by an independent ca l ibra t ion  laboratory and the  ca l ibra t ion  
data w i l l  accompany the t e s t  r e s u l t s  obtained from t h e  ref lectance and 
transmittance t e s t s .  

Environmental t e s t s  w i l l  be performed on the spec t ra l  defining opt ic  
i n  t he  same manner as described fo r  the  lenses above. 

All material used fo r  t he  opt ics  w i l l  be opt ica l  grade, polycrystal l ine,  
s t ress-free,  f i ne  annealed, and selected for  low absorption at t h e  specif ied 
spec t ra l  wavelength. In  addition, a11 opt ica l  elements w i l l  be subjected 
t o  r ig id  qua l i f ica t ion  and screening tests. 

Electromechanical Devices Rel iab i l i ty :  To obtain r e l i a b l e  space- 
qual i f ied hardware for  t h e  BSU, procurement specif icat ions whose pro- 
visions have been approved by the  Beckman Rel iab i l i ty  Department , have 
been generated fo r  t he  Scan Motor, Chopper Drive Motor, Harmonic Drive 
Assembly, Pin-Contact Shaft  Angle Encoder, and Duplex Bewing Sets.  Emphasis 
has been placed on the  use of clean room requirements as outlined i n  Federal 
Standard No. 2092, and the  use of laminal-flow s t a t ions  for  assembly and 
inspection operations. 
and qua l i f ica t ion  t e s t s ,  and the  select ion and t e s t i n g  of space qua l i f ied  
lubricants .  In  addition, the  provisions of NASA Document NHB 5300.4(1C), 
"Inspection Provisions f o r  Aeronautical and Space System Materials, Par t s ,  
Components, and Services," w i l l  be imposed on a l l  Beckman suppliers.  

The t e s t  

Environmental. t e s t s  supervised by Beckman's Qual i ty  Assurance Depart- 

Special a t ten t ion  has been given t o  r i g i d  screening 

The procurement specif icat ions a lso include the  following requirements: 
Submittal of Qual i ty  Assurance and Process Control plans by 
suppliers t o  Beckman fo r  approval p r io r  t o  fabrication. 
Source inspection during fabricat ion at the  suppl ier ' s  
f a c i l i t i e s  by Beckman Qual i ty  Assurance personnel. 
Environmentd tes t ing .  
Acceptance tes t ing .  
Traceabi l i ty  of material ,  

0 Lot control. 
0 Insulat ion resis tance measurement and d i e l ec t r i c  withstanding 

voltage t e s t s .  



Section 14 - ToVS/BSU Rel iab i l i ty  Program 

DESIGN FOR RELIABILITY AND PRODUCTION ( Continued) 

Analysis of Failure Mode Prevention: A detai led FMECA has been per- 
formed and the  r e su l t s  of t ha t  analysis a re  attached as an appendix t o  
this report. The analysis centers about the  prediction of possible fa i lures  
and r e su l t s  i n  recommended r e l i a b i l i t y  procedures which w i l l  assure the  
reduction of the  probabili ty of such fa i lures .  

adherence t o  r i g i d  r e l i a b i l i t y  screening and qual i f icat ion tes t ing .  

Scanner Motor, e t  a l .  The probabili ty of f a i lu re  i n  the  scan motor due t o  
shorted windings, e tc .  . . . . w i l l  be reduced by run-in at  elevated temperature 
pr ior  t o  acceptance t e s t .  In  addition, the load presented .to t h e  motor i s  
s m a l l .  
i s  a l so  reduced by run-in at elevated temperatures. Redundancy i n  the  shaft 
encoder allows for normal operation i n  the event of a loss of one pin. 
Warpage of t he  scan mirror can be minimized by stress rel ieving pr ior  t o  
machining. 

the telescopes and aft-optics housing can be reduced by t e s t i n g  under simu- 
lated launch conditions. 
by proper handling and environmental t es t ing .  
a t  70% of optimum performance i n  the  event of aft-optics heater failure. 
Redundancy of t h e  temperature sensors minimize the e f fec t  of failure. 

compensation motor contained i n  the  chopper assembly i s  minimized by run-in 
a t  elevated temperature. 
minimized by s t r e s s  re l ieving heat treatment after machining. 
w i l l  not be degraded by u l t r av io l e t  radiation. 
w i l l  be screened for  high-rel iabi l i ty .  

The coating used for  high emissivity of the  cal ibrat ion and reference 
blackbodies i s  3M Black Velvet, which has been proven i n  many space f l i g h t  
applications. 
w i l l  be s t r i c t l y  adhered t o  i n  order t o  prevent surface degradation. 
temperature sensors w i l l  be mounted i n  such a fashion as t o  minimize the  
probabili ty of lead breakage. 
i n  t he  f i n a l  design. 

weight and cost .  
tha t  cost ,  simplicity of design, and manufacturing f e a s i b i l i t y  are all weighed 
against each other. 

The use of redundancy i n  selected areas should be given due 
consideration during t h e  actual  TOVS/BSU design phase. These areas a re  merely 
being pointed out i n  t h i s  section of the study so t h a t  they can receive de- 
t a i l e d  treatment during the  design phase of t he  hardware contract. 
1) T I L  Diodes - Some degree of redundancy would be benef ic ia l  f o r  the 

The probabili ty of instrument f a i lu re  w i l l  be great ly  reduced by s t r i c t  

Failure of t he  Scanner Assembly can r e su l t  from Failure Modes i n  the 

The probabili ty of mechanical defects occurring i n  the  Harmonic Drive 

The probabi l i ty  of breakage or misalignment of op t ica l  components i n  

Degradation of op t ica l  coatings can be minimized 
The BSU w i l l  s t i l l  operate 

The probabili ty of f a i lu re  of t h e  chopper drive motor and angular momentum 

Warpage or d i s tor t ion  of t he  chopper wheel i s  
The gold coating 

The PRP electronic  components 

In addition, t he  manufacturer's recommendation for application 
The 

Potting of the  lead w i r e s  w i l l  be considered 

A trade-off ex i s t s  between r e l i a b i l i t y  and production d i f f i c u l t i e s ,  
Redundancy, necessary for  r e l i a b i l i t y ,  must be designed so 

Redundancy: 

TIL diodes. 
a t ions,  i. e., two TIL diodes i n  a package. 

considered f o r  the proportional heaters. 
i n  the  event of selected f a i lu re s  i n  the  proportional heater c i rcu i t ry .  

T h i s  redundancy should be more than the present consider- 

2) Proportional heaters - Again, some degree of redundancy should be 
This would allow operation 
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Section 1 4  - ToVS/BSU Re l i ab i l i t y  Program 

TOVS/BSU RELIABILITY PROGRAM 

The TOVS/BSU r e l i a b i l i t y  program considered the  following : 1) Summary 
of Failure Modes and Effects ,  2 )  Summary of Special Par t s  and Devices, 
3) TOVS Electronics ,  and 4) Discussion of Re l i ab i l i t y  Estimates. 

A key element i n  t h e  TOVS/BSU r e l i a b i l i t y  study was the  consideration of 
the  manner i n  which the multitude of f a i lu re s  t h a t  are possible could impact 
the equipment's performance. 
f a i l u r e  modes, e f f ec t s ,  and considerations per ta ining t o  the  minimization of 
t he  impact of these modes and ef fec ts .  

The topics  considered address the subject Of 

S-y of Fai lure  Modes and Effects:  
TOVS Basic Sounder U n i t  - The failure Modes, Ef fec ts ,  and C r i t i c a l i t y  

Analysis (FMECA) f o r  t h e  TOVS Basic Sounder Unit can be found elsewhere i n  
t h i s  report  as an appendix. 
more probabl 
fo r  minimizing the  p robab i l i t i e s  associated with these non-desired f a i l u r e  
e f fec ts .  A glance at t h e  sheets  (Forms 13547F1) reveals  t h e  more c r i t i c a l  
f a i l u r e  modes (AeAp i s  the  most c r i t i c a l  and EeEp i s  the  least). 

Redundancy c a r r i e s  with it attendant increases i n  volume and weight. 
t h e  piece pa r t  level on a selected basis, redundancy can be very e f fec t ive .  
An example of t h i s  i s  the  use of a minimum of 4 Aft-Optics Housing Temperature 
Sensors. 
housing at a f a i l e d  temperature sensor posit ion.  
by the FMECA was  a chance t o  review t h e  need fo r  extra pre-conditioning t e s t e .  
One such case w a s  t he  plan for  acceptance t e s t i n g  f o r  t h e  surface coating of 
the  dichroic mirrors. O f  f i n a l  considerations is  t h e  FMECA-generated 
treatment of t h e  possible mechanical modes of failure. 
item generated w a s  the  choice of mounting f o r  the  temperature sensors. The 
lead wires w i l l  be stress relieved via design and w i l l  be ul t imately potted 
fo r  stress minimization. 

TOVS Electronics - Although a formal FMECA is  not contained herein f o r  
t h e  Electronics,  consideration has been given in fo rmdly  t o  t h e  system-level 
f a i l u r e  modes and t h e i r  r e su l t an t  f a i l u r e  e f fec ts .  A s  i n  t h e  case o f t h e  
Basic Sounder Unit, t h e  probabi l i ty  of f a i l u r e  modes w i l l  be reduced where 
necessary by consideration of mechanical stress, e l e c t r i c d  stress, radiat ion 
e f f ec t s ,  piece-part l e v e l  redundancy, and pa r t s  count. 
for  choice of e lectronics  c i r c u i t r y  was t h a t  of previous f l i g h t  use. 
t o  standard c i r c u i t r y  i s  standard parts usage. 
the  choice of e lectronic  piece par t s .  
created by the  na tura l  "evolution" of t h e  pa r t  types contained i n  PPL-12. 
This has not brought on undesired e f f e c t s  however, and t h e  designs can s t i l l  
be considered f l i g h t  qual i f ied.  

assure that previously-detected undesired f a i l u r e  modes have been t r ea t ed  
i n  proper perspective. 

The FMECA w a s  used as a t o o l  t o  ident i fy  t h e  
and c r i t i c a l  f a i l u r e  e f f ec t s  and t o  i n i t i a t e  trade-off s tudies  

A t  

The redundancy affords  an inference as t o  the  temperature of t h e  
Another aspect generated 

One corrective action 

The first consideration 
An adjunct 

PPL-12 has been considered i n  
A s l i g h t  "evolution" of design has been 

Previous FMECA's f o r  t he  SIRS and ITPR instruments w i l l  be reviewed t o  
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TOVS/SSU RELIPBILITY PROGRAM ( Cont inued) GULTON INDUSTRIES, INC . 
Data Systems Divison 
J. T. Henderson 

Summary of Special  Par t s  and Devices: The scan motor, harmonic 
dr ive,  encoder, bearings and the  chopper motor a re  a group of subsystem 
components which do not have devised type r e l i a b i l i t y  data. 
the bearings would not be included; however, t he  loading conditions, 
t o t a l  revolutions and lubricat ions r e su l t  i n  a component which i s  analogous 
t o  but not i den t i ca l  t o  other bearing assemblies. 

as described i n  Section 7 Selection of Fl ight  Scanner Components. 
addition, suf f ic ien t  engineering and qua l i f ica t ion  t e s t i n g  must be 
performed t o  project  two year performance l i f e  w i t h  b e t t e r  than 0.99 
confidence. Thereafter,  f l i g h t  components require  production acceptance 
t e s t s  and f i n a l l y ,  complete assembly checkout. After environmental 
t e s t s  t o  assure conformance t o  in-orbit operational requirements. 

With the  exception of t he  detector pre-amp FET 
the  electronics  piece pa r t s  a r e  v i r t u a l l y  all space qual i f ied.  The 
above-mentioned FET w i l l  be s t r i c t l y  controlled by Gulton-generated 
Specification Control Drawings. Culton i s  strongly considering t h e  
DN1154 current ly  used on ERB as a candidate for t h e  requirement. This 
par t  i s  current ly  covered by Gulton's specif icat ion IXD-SPEC-EO207. 
The screening contained i n  t h i s  drawing has been carefu l ly  coordinated 
w i t h  NASA fo r  maximum effectiveness.  
similar or more s t r ingent  screening w i l i  be applied. Gulton i s  working 
with S i l iconix  and T.I. Ltd. on t h e  select ion of t he  exact device t o  be 
used. 
10l2 ohms) t h a t  has been procured previously fo r  ERB. 
been subjected t o  a successful evaluation examination by the  NASA 
GSFC Par t s  Branch. 

COSMOS and lTL  logic .  Since it appears tha t  e i t h e r  par t  type can do 
the required job, t h i s  choice w i l l  be deferred u n t i l  more inputs are 
avai lable  *om NASA. 
accepted on PPL-12. 
Gulton l i k e s  COSMOS as a logic  se r i e s  and has had an excellent r e l i a b i l i t y  
h is tory  with the  devices i n  previous designs. 

Normally, 

Each component requires a de ta i led  s e t  of performance specif icat ions 
I n  

WVS Electronics:  

If a d i f f e ren t  device i s  selected,  

Gulton proposes t o  use a large-valued r e s i s t o r  (approximately 
This par t  has 

Some d e f i n i t e  t rade  o f f s  ex i s t  i n  t he  log ic  area between the  use of 

For instance t h e  COSMOS RCA l i n e  has been conditionally 
A year ago t h i s  log ic  l i n e  was  strongly condemned. 

Discussion of Re l i ab i l i t y  Estimates: 
General - No quant i ta t ive  estimates of t h e  TOVS r e l a i b i l i t y  are in- 

It i s  f e l t  t h a t  t he  design can be rea l ized  via  a cluded i n  t h i s  report .  
m i n i m u m  of space-proven c i r c u i t s  and hardware. 
un i t  i s  of course dependent on the  application of r e l i a b i l i t y  and qua l i ty  
programs t h a t  insure a m a x i m u m  i n  inherent r e l i a b i l i t y  and a minimum of 
subsequent degradation of t h i s  f igure v i a  t e s t ,  manufacturing, and ship- 
ment. 
mater ia ls  program. 
most r e l i a b l e  piece pa r t s  avai lable  a re  used for  a given fbnction. 
design-verification program follows i n  log ica l  order and has as i t s  pur- 
pose the  insurance t h a t  t he  u l t ra - re l iab le  pa r t s  a r e  used i n  a manner 
that  does not degrade t h e i r  inherent r e l i a b i l i t y .  
FMECA's a re  but two of the  subtasks of t h i s  program. 

Re l i ab i l i t y  estimates a re  r e l a t i v e  t o  the  choice of f a i l u r e  rates and 
therefore  der ive t h e i r  best  benefi t  f r m t h e i r  use i n  tradeoff studies.  
Informal t radeoff  s tudies  have been held i n  conjunction with the  electronics  
and opt ics  design. 
should be performed and documented formally. 

The r e l i a b i l i t y  of t he  

A n  i n t eg ra l  pa r t  of t h i s  r e l i a b i l i t y / q u a l i t y  e f f o r t  i s  a p a r t s  and 
It i s  the  h n c t i o n  of t h i s  program t o  insure t h a t  t he  

The 

St ress  analyses and 

During the  design phase of the  instrument such s tudies  
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Section 1 4  - TOVS/BSU Rel i ab i l i t y  Program 

EXPECTED RELIABILITY OF THE TOW 

The Expected Re l i ab i l i t y  of the  TOVS considered the  Re l i ab i l i t y  Block Diagrams 
and t h e  de ta i led  Failure Effect Mode and C r i t i c a l i t y  Analysis of t h e  Optics 
port ion of t he  TOVS/BSU. 

Attention t o  the  possible f a i l u r e  modes and t h e i r  r e su l t an t  f a i l u r e  e f f ec t s  
can only be obtained v i a  a de ta i led  worksheet and r e l i a b i l i t y  block diagrams. 
These items are t r ea t ed  i n  t h e  following section. 
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GULTON INDUSTRIES, I N C .  
Data Systems Division 
J. T. Henderson 

EXPECTED RELIABILITY OF THE TOVS 

Introduction 

(FMECA) Report f o r  the  Basic Sounder Unit of the  TIROS Operational 
Vert ical  Sounder (TOVS) i s  submitted i n  accordance w i t h  t he  
requirements of Gulton DSD Drawing No. 13961-900, dated 5/9/72. 

used and are  a par t  of t h i s  report .  

Purpose 

of possible ways the  Basic Sounder U n i t  can f a i l ,  and t o  define the  
e f f ec t s  of these assumed fa i lu re s  on t h e  performance of the  equipment. 

The subject Fai lure  Mode, Ef fec t ,  and C r i t i c a l i t y  Analysis 

Gulton DSD Forms 13547F1, Fai lure  Effect Analysis, have been 

The purpose of t h i s  report  is  t o  present a detai led analysis 

summary 
Since the  Primary Units assemblies w i l l  channel the  field-of- 

view radiant f l ux  t o  Gulton's e lectronic  system f o r  l e v e l  measure- 
ments, any f a i l u r e  modes within these assemblies t h a t  r e s u l t  i n  any 
loss of radiant  flux w i l l  degrade %he accuracy of t h e  TOVS mission 
objective.  However, through the  use of adequate 
the  l ikel ihood of f a i l u r e  w i l l  be very small. 
Discussion 

presented i n  Figure 1. 
assemblies a re  described below. 

The Re l i ab i l i t y  Logic Block Diagram f o r  t h e  
The Primary Unit Housing 

design fac tors  , 

Primary Unit i s  
and each of t h e  

Primary U n i t  Hous i n q  

the Scanner Assembly, Fore and A f t  Optics Assembly, Chopper Assembly 
and Calibration Blackbody Assembly. It also includes attachment points 
t o  support t he  instrument t o  the TIROS Spacecraft, and t h e  provisions 
for  in te r face  e l e c t r i c a l  connectors. 
Scanner Assembly 

cross-course scan centered on the  sub-orbital track. "he scan consis ts  
of 72 instantaneous f i e l d s  of view (IFOV) which cover a t o t a l  scan-angle 
of 40.5O on e i the r  s ide  of t he  sub-orbital t rack.  
ea r th ' s  surface var ies  from 33 km x 33 lun at the  sub-orbital t rack ,  
t o  47.5 km x 80 km a t  the  end of t he  scan. 
permits t h e  opt ics  assembly t o  look a t  space and the  ca l ibra t ion  black- 
bodies for  cal ibrat ion.  

The scanner assembly consis ts  of a scan motor, harmonic drive, 
pin-contact shaf t  angle encoder, and scan mirror. 

The housing i s  bas ica l ly  a box casting with provisions for  mounting 

The m c t i o n  of t he  scanner assembly i s  t o  perform a continuous 

Coverage on the  

The scanner assembly also 



EXPECTED RELIABILITY OF THE TOVS (Continued) 

Force and A f t  Optics Assembly 
The function of the  fore  and aft optics assembly i s  t o  gather radiant 

energy from the scene and cal ibrat ion sources and focus it on the detectors.  

j ec t ive  diameters of 80 mm, and three have 61 mm objective diameters. The 
assembly a l so  contains seven dichroic beam-splitters, 14 sets of bandpass/ 
blocking f i l t e r s ,  1 4  s e t s  of detector lenses,  and at l e a s t  four platinum 
resistance temperature sensors. Each telescope i s  shared by two opt ical  
channels, with separation being accomplished by the dichroic beamsplitters. 

An aft-optics heater w i l l  be u t i l i zed  t o  provide heat so that the aft- 
optics components (detectors , f i l ters  and chopping reference blackbody 
surfaces) w i l l  meet the performance specifications.  
Chopper Assembly 

The chopper assembly consis ts  of the  chopper drive motor, angular 
momentum compensation motor , phase reference pickup (PFP) , and chopper 
wheel. 

The chopper wheel chops the incoming beam of radiant energy, and a l s o  
images the chopping reference blackbody surfaces during the off  cycle of the  
cyclic chopping waveform. When i n  the  field-of-view, the  reference black- 
body temperature i s  sensed by the detector. 

The angular momentum compensation motor's design w i l l  be s i m i l a r  t o  
the chopper motor's design but w i l l  probably r o t a t e  at 1200 rpm and i n  the  
opposite direction. Since there  i s  no need for  a shaft-output f romthe  
angular momentum compensation motor, it can be of a closed construction, 
providing good retention of lubricant  and lubricant vapors. 

with the scanning cycles. This i s  accrnnplished by using a l i g h t  source 
(GaAsdiode) whose output i s  first channeled through a 0.005-inch hole and 
i s  then interrupted by reference apertures i n  the chopper wheel. The in te r -  
rupted lightbeam i s  then received by the  phase pickup amplifier portion of 
the PFP which uses a phototransistor with associated c i r cu i t ry  which syn- 
chronizes the  s ignal  demodulators. 
Cal i b r  a t  ion Blackbody A s  sembly 

array of black fields-of-view fo r  the telescopes t o  view for  t he  purpose of 
calibration. 

of a perfect absorber when viewed f r o m t h e i r  open ends. This effect  i s  a 
r e su l t  of t h e i r  geometry, and i s  heightened by t h e i r  op t ica l ly  black f in i sh .  
The blackbodies are  contained i n  a thermally massive metal block t o  attenuate 
temperature fluctuations.  "he block i s  instrumented w i t h  platinum resistance 
temperature sensors so tha t  i t s  temperature is  known fo r  cal ibrat ion purposes 

The assembly contains seven Cassegrainian telescopes. Four have ob- 

The chopper drive motor w i l l  r o t a t e  at 600 rpm. 

The phase reference pickup (PRP) i s  used t o  synchronize the  chopping cycl 

The function of t he  cal ibrat ion blackbody assembly i s  t o  provide an 

The blackbodies are  e s s e n t i d l y  l i gh t  t raps  which simulate the action 
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F i g u r e  1. Reliability Logic B l o c k  Diagram - T O V S  P R I M A R Y  U N I T  
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NOTES: 
FAILURE MODE: O:Opon, SzShort, D:Drift, CSsSot F/F, CR=R.s.r F/F 
C1:Constant"l" Lovol, CO * Constant "0" Lovol, 0 x Gat. Failuro 
+ t Eithor Modo, NO x N o  Output, EO I Erronoour Output 
DETECTABILITY: Y YOS, P:Porsibly, N :No 
ALTERNATE MODE (5) OF OPERATION: NsNono ,  D Oporato w i th  
Dogradation 
CORRECTIVE ACTION: R r  Roploco Uni t  

I T E M  

TWS Basic 
Sounder Unit 

FUNCTION 

Thc Basic Sounder Unit 
cons is ts  of: 
1 )  Basic SounJer Unit 

2)  Scanner Asscoblp 
3) Forc and A f t  Optics 

4 )  Clioppcr Asscnbly 
5 )  Calibration Black- 

body A s s c m b l y  

Housing 

Ass cab 1 y 

Functions of thc abovc 
i tens  arc  notcd on thc 
following sheets .  

FAILURE 
MODE 

NIA 

DETECT - 
ABILITY 

NIA 

NOTES : 
CRlTICALltY/PROBABlLITY FAILURE MODE ASSIGNMENTS (X, & X p  
A. I 75s degraded to catastrophic 
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C. 25 to 5 0 s  degraded 
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FAILURE EFFECT 
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WERNATE MODE 
OF OPERATION 
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CORRECTIVE 
ACTION 

N l A  

L 

FAILURE EFFECT ANALYSIS a GULTON INDUSTRIES INC.  

DATA SYSTEMS DIVISION 
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NOTES: 
FAILURE MODE OrOpon, S r S h o r t ,  DZDrift, CS :Sot F/F, CRZR.net F/F 
C1:Constant" l "  L ~ v o f ,  C O  ~ C o n n t a n ?  "0" Lovel, 0 z Got. F a i l u r o  
+ 5 E i t h o r  Modo, NO z No Outpu?, E O  : E r r o n o o u s  ovtput 
DETECTASILITY: Y: Yon, P t P o s r i b l y ,  N :No 
ALTERNATE M O D E  (5) OF OPERATION: NZ None, D a Oporalo with 
Dogrodation 
CORRECTIVE A C T I O N :  I. Roplaco Unit 

I T E M  

h s i c  Samder Unit 
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REF 

DESIG. 
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- 
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F U N C T I O N  
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Chopper Asseobly and the 
Calibration Blackbody 
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M O D E  
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dcvclor 
large 
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LocAl yfeldlng of cast ing.  

I 

LLTERNATE MODI 
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mounting 
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F A I L U R E  EFFECT A N A L Y S I S  a C U L T O N  INDUSTRIES INC. 
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Cod. No. 

REMARKS 

Hourin: des ign  v i 1 1  incorporatc 
an JZcquale safrty f a r t o r ,  and 
rhc housing w i l l  Sc s t ihJcctcd 
t o  X-ray cxa7 imt ion  t o  insurc 
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result in optical  miaaligrment. 
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NOTES : 
CRITICALITY/PROBABILlTY 
Ae t 75'degroded to  catastrophic 
60 = 5 0 <  ro75' degradod 

FAILURE MODE ASSIGNMENTS (X. (L Xp)  
NOTES: 
FAILURE MODE: OsOprn,  SsShorr, DrDrif t ,  CS1S.t F/F, CR=Rorot F/F 
C1:Constanr"l" Lovel, CO 1 Conrtont "0" Lovol, 0 3 G a b  Foiluro 
+ 
DETECTABILITY: 
ALTERNATE MODE (5) OF OPERATION: N I Nono, D I Oporoto with 
Dogradation 
CORRECTIVE ACTION: R S  Roploro Unit 

Either Modo, NO I No Ourpur, EO : Erronoour Ourpur 
Y s Yor, PzPorribly, N :NO 

a GULTON INDUSTRIES INC. 

DATA SYSTEMS DIVISION 
3 25 % to SO* degraded 
: negligiblo ro 25 % degradod 
* no offecr 
: 2 0 %  + of porsiblo fa i lunr  
% 5 - 1 0 %  rn R 

:.s-5 s n rn )I 

=.05-.5* " tl u 
4 .05ra * 88 

Issue Dote 19'3 
Rov. - Date 

Preliminary ( X 
Final Irruo ( ) 

ontract G I  No. 
TOVS &sic Circuit ( 1 
Sounder Unit Subryrrom ( X )  

System ( ) 

Drawing No. 

Cod. No. 
L - 

LTER 
- 
U E  MODE 

~~ 

REMARKS FUNCTION 
FA1 LU RE 

MODE 
DETECT- 
LblLlTY FAILURE EFFECT 

CORRECTIVE 
ACTION OF OPERATION 

- -~ 

NIA 

N 

N 

D 

~~ 

NIA 

R 

R 

a 

'or the  canponcntr below, X, 
8 a t  the  BSU levcl .  and Xp 
s a t  the Scanner I\rsembly 
evel .  

The funct ion of  the 
scanner assembly is t o  
vlev e a r t h ,  t o  view 
space and t o  view a 
housing blackbody r e f -  
erence f o r  c a l i b r a t i o n .  

The assembly f r  made up 
of the scan motor, 
harmonic dr ive,  pin- 
contac t  s h a f t  encoder, 
and scan mlrror .  

R o v i d e s  power t o  
harmonic dr ive  f o r  
d r i v l q  the  r u n  mirror 
La a c h i e w  1.125. steps. 

RIA 

Y 

Y 

Y 

XIA N I A  

1) No out-  
put  due 
to  open 
o r  
shor ted  
motor 
winding 

2) NO out- 
pu t  due 
t o  
f a i l u r e  
of  
ber r lng  

3) IRade- 
quate  
torque 
output  
due t o  
degrda- 
t i o n  o f  
motor 

fOrnancI 
charac- 
t e r i s u  

per- 

he load prcscnted t o  the motor 
, i l l  be small; the motor w i l l  bc 
un-in f o r  a minimum of  168 
ours a t  70' t2.C p r l o r  t o  
cceptance t c s t s ;  and the motor 
fill be subjected t o  rigorous 
creenlng and q u a l i f i c a t i o n  
ests. 

Scan mir ror  cannot be 
dr iven  through i t s  1.125. 
r teps .  

Scan mirror  cannot be 
dr iven  through i t a  1.125. 
r t cpr  . 

Scan program cannot be 
r e l i a b l y  and reproducibly 
achlevcd. 



NOTES: 
FAILURE MODE: 0-Opon, StShor?, D:Drift, CSrSot F/F, CR*Ror.( F/F 
Cl:Conrtont"l" Lovol, COS Constant "0" LovoI, 0 r Oat0 Failuro 
+ = Either Modo, NO : No Output, EO t Erronoour Output 
DETECTABILITY: 
ALTERNATE MODE (5) OF OPERATION: N g  Nono. D Oporato with 
Dogradation 
CORRECTIVE ACTION: R r  Roplaco Unit 

Y 5 YOS, P:Posribly, N %No 

ITEM 

ILrpodc Drive 

?lE-Cwtact 
S h f t  Angle 
Locoder 

suo nirroi 

FUNCTION 
~ ~~~~ 

Drives the  n u n  mirror 
to  achieve 1.125. r t e p r .  

Resolves th? exact 
position of the scanner 
in the  o p t i c a l  f i e l d .  

Vlews e a r t h ,  view space 
and views a housing 
blackbody reference for 
cal f  brat ion.  

FAILURE 
MODE 

Fa1111 t o  
opemte  du 
t o  defec- 
t i v e  f lex1  
b l e  s p l i n e  
: l rcu lar  
tp l lne ,  or 
mvc 
tenera tor. 

) Fai lure  
of one 
Pin- 
C O l l t A C t .  

) Fai lure  
of two 
pin- 
COntACtl 
m the  
same 
t rack.  

1 SCAP 
mirror 
bec me s 
w r p e d  o 
d i  t o r t e ,  

1 Scan 
mirror 
reflu- 
rive 
coat lng  
becomes 
degraded 

- 
DETEC' 

ABILITY 

NOTES : 
CRITICALITY/PROBABILlTY FAILURE MODE ASSIGNMENTS (X, & X p  
A *  : 75rdegrad.d to colasrrophic 
BO = 5 0 *  to75s dogrodod , x 25 'I to 5 0 s  dogrodod , : nogligiblo to 25 degradod 

, t no offect 
J : 2 0 s  + of passiblo tailuror 

Rov. - Dato January 1973 

FAILURE EFFECT 

Scan mirror a n n o t  be 
dr iven through i t s  1.125. 
r tepr .  

Negllglble .  

toss of scan p o s l t l m  
f a f o r m t i o n .  

F ie lds  of view do no1 
f u l l y  coinclde. 

Degradation o f  s e n s i t i v i t y  
of  the scanner Assembly. 

Preliminary ( x  f 
Final Irruo ( ) I I prepared by J.Rosenbaun 

UTERNATE MODE CORRECTIVE 
OF OPERATION 

R 

RIA 

D 

D 

D 

ACTION 

R 

N /A 

R 

R 

R 

FAILURE EFFECT A N A L Y S I S  1 

DATA SYSTEMS DIVISION 

c 
P 

C 
P 

D 
P 

E 
P 

D 
P 

?krmoalc dr ive  vi11 be run-in 
for A m i t l f -  Of 168 hours A t  
70. 22.C p r i o r  to  acceptance 
tests; l a d  the harmonic driV8 
w i l l  be robJected t o  r igorour  
~cre tn iag  .ad q u a l l f t c a t i o a  
tents. 

The loss of only one pin-  
contact would have no e f f e c t  
on the  function of t h e  encoder 
due to  the redundancy of pia- 
contac ts  . 
The encoder vi11 be subject8d 
t o  striagent acceptance t e s t a  
to assure lor p r o b a b i l i t y  of 
f a i l u r e .  

Scan mirror w i l l  be s t r e s r  
relteved by heat treatment 
a f t e r  u c b i n i r t g ,  t o  prevent 
subsequent narp:ag. 

Cold d l 1  be used f o r  the  
r e f l e c t i v e  c a r i n g  since it  is 
not subJecr v) degradat ion by 
ut  trariolet radiation. 

. 

1 
1354711 



NOTES: 
FAILURE MODE: O:Opon, S:Short, D fDr i f t ,  CS =So? F/F, CR*Rorot F/F 
Cl:Conston?”l” Lovel, C0:Constont “0” Lovol, G Goto Foilun 
+ 2 Either Modo, NO a N o  Outpu?, EO I Erronoour output 

NOTES : 
CRITICALITY/PROBABILlTY FAILURE MODE ASSIGNMENTS (X, a X p l  
A. : 75sdegroded i o  totostrophic 
80 SSOs ro75s degrodod 

7 

FAILURE EFFECT ANALYSIS 

GULTON INDUSTRIES INC. 

DATA SYSTEMS DIVISION 

I DETECTABILITY: Y * Yor, P* Possibly, N N o  
ALTERNATE MODE (5) OF OPERATION: N a Nono, D * Oporato with 
Dogrodation 
CORRECTIVE ACTION: R g  Roploco Unit 

Rov., Dato 

25 s to 5 0 s  degroded 
nogligiblo ?o 25 s drgrodod 

* n o  o f f ~ c t  
, I  2 0 s  + of persiblo f o i l u n r  

:ontract G I  No. 
TOVS Basic Circuit ( ) 
Sounder U n i t  Subryrrom ( x )  

Syrlem ( ) 

Drawing No. 

Cod. No. 

 TERNATE MODE 
OF OPERATION 

CORRECTIVE 
ACTION REMARKS I f i  M bE61G. REF I FUNCTION 

FA1 LU RE 
MODE FAILURE EFFECT 

DETECT- 
hBILITY 

Nlh 

Y 

P 

N/A NIA 

D 

D 

For the co-:poncnts bclov. 
Xc is at the BSU Level. 
and Xp is a t  thr Forc and Aft 
Optics Asscmbly lcvcl .  

N/A 

.) Primary 
Or 
seconda 
mirror 
breaks 
(during 
launch) 
on onc 
t c l c -  
scopc. 

2 )  onc 
tcler 
scopc 
bccmica 
mis- 

during 
launch. 

a l igncc 

The funct ion of the  opt ic :  
asscnbly i s  t o  channcl 
(by frcgucncy) thc  radian 
f lux  from thc f ic ld-of -  
v i m  so tha t  the  leve l  of 
r a d i a t i o n  can bc measured 
by cleccronics .  

The assembly is made up o 
the Tclescopcs, Dichroic 
Mirrors, Bandpass/Blockiq 
F i l t e r s ,  Dctcctor Lcnscs, 
Aft OptCcs Heater and Aft 
@ t i c s  Housing Tcmperatur 
Sensors. 

The seven tc lcscopcs 
channel the  r a d l t n t  f lux  
t o  the  dc tec tors .  

Fore and Af t  
3 t i c s  Assembly 

Telescopes (7) . I U  1s degraded i n  
func t ion  by l o s s  of two 
of i t r  channels. 

Primary a n d  sciondary mirror 
dcslgns w i l l  be qua l i f ied  f o r  
s iau la tcd  launch condi t ions.  

Loss of  accurncy of radi- 
ant f lux Icvcl  mcaxure- 
C I C I ~ L O  on twn chJiinc*ls o f  
t l l C  MU. 

Replace 
or 

Rcpair. 

Hcchanical dcsign of tc lcscope 
w i l l  bc q u l i f l e d  f o r  s imulate(  
launch condi t ions.  
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NOTES: I NOTES: 
FAILURE MODE: O:Open, SrShort, D: Drift, CS SSet F/F, CRxRorot F/F 
Cl~Constant"1" Love!, CO r cons tan t  "0" lovol, 0 8 Got. Failuro + t Eithor Modo, NO : No Output, EO : Erronoeur Output 
DETECTABILITY: Y: Yes, P:Possibly, N :No 
ALTEflNATE MODE (I) OF OPERATION: N 8 Nono, D Oporato with 
Degradation 

CRITICALlTY/PROIABILlTY FAILURE MODE ASSIGNMENTS (X, 6 Xi 
A. : 75Sdegraded t o  catastrophic 
B e  ' 5 0 s  ro75 r  degraded 
C, 25 * to 5 0 s  degradod 
Do : negligible to 25 I dogradod tssu. Date i l  ' I?!.'. 1'17; I 

CO5RECTIVE ACTION R ~ p l a r o  Un i t  

ITE M 

Telescopes  
(Continued) 

Dich ro ic  
Hirrors (7) 

Bandpass/ 
BlockLw 
F f l t e t s  (28 )  

Detec to r  tenses 
(16 sets) 

FUNCTION 

The sevcn dLchroLc 
nirrors s p l i t  t h e  radian1 
f l u  i n t o  two b c m s  and 
d i r e c t  t h e  s c p a r a t c  bcan: 
i n t o  t h e  two d c t c c t o r s  
a s s o c i a t e d  wi th  cach 
t c l e scope .  

[hc f o u r t e e n  bandpass 
f i l t e r s  each a l l w  a 
s p e c i f i e d  band o f  frc- 
pucnclcs t o  pas s  through 
m i l e  a t t enoa tLng  a l l  
Ythcr f r equcnc ic s .  

h e  f o u r t e e n  b lock ing  
Ifltcrs block out 
rrequcncies frm t h e  W 
:o approx tna te ly  50 
i i c ronc te r s .  

he f o u r t c c n  s e t s  o f  
l e t cc to r  I cnscs  fucus the 
a d i a n t  f l u x  o n t o  t h e  
c t e c t o r  elements.  

FAILURE 
MODE 

3) P r i m r ,  

ondary 
mirror 
su r fac i  
bcconc! 
&;:rad# 
on one 
t e l e -  
scope. 

or SCC'  

Dcgradatic 
J f s u r  fac c 
coa t ing  01 
U I K  
dichroic 
m i  mor. 

k g r a d a t i o  
,f onc 
iandpass 
I i l t c r  
iurface.  

kg rada  t i o  
hf onc 
locklng 
i 1 t e r  
u r f ace .  

e g r a d a t i o ~  
f aurfacc 
m t f n g  o f  
nf set o f  
enscg. 

I 
' I  
I 
DETECT - 

ABILITY 

P 

P 

P 

P 

P 

p t no offect 
p 0 20% + of porsiblo foiluror 
, = 5 - 2 0 s  = w U 

FAILURE EFFECT 

Dcsradat ton of s c n s i t i v i t :  
oC t w o  cliatnicls of t h e  
BSU. 

k ; ; r a J a t i o n  of s e n s i t i v i t j  
of Lttu c!iaiiticls of t h c  
BSU. 

Degradation of s e n s l t i v f t y  
of onc clianncl of t hc  
BSU. 

DeZradaLIon of arnal t i v f  t y  
o t  onc clianucl of tllc 
KU. 

D e g r a h t f o n  of c c n s i t i v i t y  
or OIIC' rll.lnllcl Ilf LllC 

MU 

I 

LLTERNATE MOD 
OF OPERATlOh 

D 

D 

D 

D 

D 

CORRECTIVE 
ACTION 

R 

n 

R 

R 

It 

FAILURE EFFECT A N A L Y S I S  I 

DATA SYSTEMS DIVISION 

Contract GI No. 
TOVS Basic Circuit ( 1 
Sounder Unit Subsystem ( x )  ' 

Sysfom ( 

Drawing No. 

- 
XF - 
C 

P 

D 
P 

D 
P 

D 
P 

D 
P 

Code No. 

R EMAR KS 

Cold  w i l l  bc uscd f o r  t h o  
r c f l c c r i v c  coatin:; 9 : x c  i t  f s  
not su;rJcc: LO ic ;rm.Jtioz by 
u1 t ravi  01 e t rad: a: i 07. 

Zurfacc COJ: :;; :.: !I ,~ z ,:,- 
J c c t c d  t o  acccp:a~:c ccs t ;  
covcring tiic c n v i r u y c n r a !  
condf t i ons  ::I.I: -a;r :,e cncoun- 
tcrcd Ln opc ra t ion .  L O  r c d ~ c c  
thc proba!-ili:y of dc;rr&tion.  

( S a x  as abovc j  

(Sa:.!c as r b o v c j  

1354711  



NOTES: 
FAILURE MODE: O:Opon, S:Short, D:Drift, CS 1S.l F/F, CRrRorot F/F 
C1 :Conrtant"l" Lovol, CO 1 Canr?ant "0" Lovol, 0 1 Gat. Failuro + 
DETECTABILITY: Y 8 Yor, PsPorribly, N % N o  
ALTERNATE MODE (5) OF OPERATION: N 1 Nono, D 1 Operoro with 
Dogradation 
CORRECTIVE ACTION: R: Roplaco Unit 

Eithor Modo, NO I No Output, EO : Erronoaur Output 

ITEM 

Aft-optics 
Heater 

Aft-opt ics  
Rousf "3 
T e p c r a t u r e  
Sensors 
(at lcast four) 

- 
REF 

>ESIG. 

~~~ 

FUNCTION 

o provide heat  t o  thc 
f t - o p t i c s  conponcnts 
dc tcc tor  lcnscs ,  f i l t e r s  
i c h r o i c  mirrors  and 
hopping rcfcrcncc black- 
ody sur faces)  so t h a t  
hcy will neet the  pcrfor: 
ncc spec i f ica t ions .  

he tenpcra ture  scnsors  
o n i t o r  t h c  tenpcra turc  
f the a f t - o p t i c s  housing 
which contains  thc  
hopping refcrence black- 
odp surfaccs) .  

FAILU RE 
MODE 

I )  Heating 
c lcncnt  
f a i l s  
duc 
t o  open. 

2 )  Hcattng 
c 1 cmcn t 
changcs 
rcsist- 
ancc 
valuc.  

Dnc tern- 
pcraturc  
sensor 
fa i ls  to 
Dpcn due 
t o  brokcw 
lead wires .  

- 
DETECT - 
SBILITY 

NOTES : 
CRlTlCALITY/PROBABILlTY FAILURE MODE ASSIGNMENTS (X, (I Xp:  
A. I 7 5 s  degraded to catastrophic 
I). ' 5 0 s  to75. degradod 
C, * 25 s to 50% dogradod 
Do : nogligiblo ro 25 s d o ~ r a d o d  I~~~~ Dolr J l l l " . : I . '  1377 

FAILURE EFFECT 

Degradation or operation 
of tllc Att-0pticr. cor- 
poncnts duc t o  loss of 
heat .  

Nc::l i g  I b l e  . 

lass of clcgrcc of contidcnc 
i n  pcrfoniuncc of i n s t r u -  
mcii t . 

LLTERNATE MODE 
OF OPERATION 

D 

Nlh 

D 

CORRECTIVE 
ACTION 

R 

Nl A 

R 

- 
FAILURE E F F E C T  ANALYSIS a GULTON INDUSTRIES INC.  

DATA SYSTEMS DIVISION 

Eontract G I  No. 
Circuit ( ) TDVS Basic 

Sounder Unit Subryrtom ( X  ) 
Syr~om ( ) .  

Drawin@ No. 

coc - 
X P  - 

C 
P 

C 
P 

D 
P 

No. 

REMARKS 

Pri:ixy !kit  v f I I  oprra tc  at  
appro:::-.atcly 70: of optinun 
pcr for  :mcc  i f  i lcatrr  f a i l s .  

T-pcracurc controllin,: c l r c u i t  
wi 11 co-pt.nsatc lor r c s t s  tance 
valuc chan;r$. 

Duc t o  th- rcdun.:.incy arfordcd 
by ti;c usc of O L  Icas: four  
t c n p c r x u r c  sensors In Lhc 
hous'nj. ;tic t c . ? r r a t u r c  ot thc 
hour:nA a; t h e  CailcJ tm- 
pcra turc  scn50r's pos i t ion  
could bc infcr r rd .  



NOTES: 
FAILURE MODE: OiOpen, S rShort, Dr Drift, CS rSdt f/F, CRr Rormt f /F 
~~ :Conston t " i "  Lovol, CO rconrtant "0" Lovot, 0 s Goto foitun 
+ Either Modo, NO I No Output, EO L Erronoour Output 
DETECTABILITY: 
ALTEEi4ATE MODE (5) O f  OPERATION: N Nono, D * Oporoto with 
Dogrodation 
CORRECTIVE ACTION : R: Roploco Unit 

Y t Yor, P: Possibfy, N :No 

a GULTON INDUSTRIES INC. 

DATA SYSTEMS DIVISION 

ITEM 

Qlonper h s m b l y  

Cbopper Drive 
mtor 

FUNCTION 

I) The funct ion of the  
chopper -notor a s s m b l y  

. is to chop tlie rad ian t  
f lux  f rm the  Cicld-of- 
vi-. The chopped 
rad lan t  f lux  is thcn 
proccsscd by c lcc t ronic  
t o  def ine  s igna l  lcvc l .  

') The choppcr a l s o  
icoagcs a blackbody 
rcfcrcnce during t h c  
off cyc lc  of the cycl ic  
chopp I ng ~ a w  fora. 

The a s s a b l y  fs made tq 
of the  choppcr d r i v e  
motor, angular  moncn- 
tlsl conpcnsator, 
chopper vhccl and phase 
re ference  pickup (PRP). 

Drives t h c  choppcr 
h e e l .  

CAI LU R E 
MODE 

n f A  

) No out- 
put  due 
t o  
e l e c t r i  
cal 
failurc 

) xo out- 
pu t  duc 
to 
bcariw 
failure 

NOTES : 
CRl~lCALITY/PROBABILlTY FAILURE MODE ASSIGNMENTS (X, a Xp 
Ae : 75sdegraded to cotostrophic 
BO ' 5 0 s  to75. degroded 
C. : 25 S to 5 0 s  degraded 

I 
DETECT - 
ABILITY 

N/A 

Y 

Y 

N I I .  

1 )  CIioppcr whccl fa l ls  t o  
chop radiaiit f l u x  t o  bc 
prcrvlclrd t o  tlie ctctcctor 

2) Clioppcr viiccl f a i l s  to  
i e q c  hlac.l:body 
rc icrcncc. 

1) Clioppcr whrct rails to 
chop rad ian t  f lux  t o  bc 
providccl to t h e  
dc tcc tors .  

2)  Chopper chccl f a i l s  to  
Image blackbody rc tc rcnc  

Preliminary ( X 1 
f ina l  Irruo ( ) I I propan 

LLTERNATE MODE 
OF OPERATION 

H/A 

N 

N 

CORRECTIVE 
ACTION 

N I A  

R 

R 

:on?ror? G I  No. 
TOVS L s i c  Circuit ( ) 
Sounder U n i t  Subsyrtom ( x )  

System ( ) 

Drawing NO. 

No. 

REMARKS 

For thc  co:poncnts b c l w ,  
X, is a t  thc itsU 
Lcvcl, and $ is a t  t h e  
Chopper i s s c r h l y  lcvc l .  

Tlic cliopprr d r l y  m t o r  will 
bc r u n - i n  Tor a : . i n i . x c  of 
168 hours a t  10' f2 .C  p r i o r  
to  acceptance t e s t s ;  and tho 
wtor vi11 be subJected t o  
rigorous screening and 
q r u l l f i c a t i o u  tests. 
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NOTES: 
FAILURE MODE: 0-Opon, SzShort, D:Drift, CS =Sot F/F, CRrRosot F/F 
CI~Conslant"1" Lovol, CO Constant "0" Lovol, 0 = Gar. Failuro 
+ * Eithor Modo, NO. N o  output ,  LO I Erronoous Output , 
DETECTABILITY: Y Tor, P I  Possibly, N :No 
ALTERNATE MODE (5) OF OPERATION8 N 1 Nono, D Oporato with 
Dogrodation 
CORRECTIVE ACTION R s  Roplaco Uni t  

I T E M  

Angular Hauentm 
CoPpensator 

Chopper Wheel 

Phase Reference 
Pickup (PRP) 

FUNCTION 

Rotatcs i n  the opposi te  
d l r c c t i o n  of the  chopper 
g s s m b l y  and thus com- 
pensates  f o r  t h e  angular  
m m c n t m  gcneratcd by thc  
r o t a t i o n  of  the  chopper 
assembly. 

1) Chops t h e  r a d i a n t  f l u s  
input  to  t h e  de tec tors  

2) Also fmcrges a black- 
body refcrencc durfng 
the  o f f  cyc le  of  t h c  
c y c l i c  chopping 
vaveforin. 

Synchronizes chopping 
and scanning cyclcs .  

FA1 LU R E 
MODE 

) NO out- 
put due 
t o  
e l c c t r i -  
c a l  
f a i l u r e .  

) No out- 
put duc 
t o  
bcaring 
f a i l u r c .  

1) Chopper 
whccl 
bccmes  
varpcd 
or d i s -  
t o r  tcd . 

) Surface 
dcgrada- 
' t ion of 
reZlcc t- 
ing sur- 
face 
uscd t o  
irnagc t h  
black- 
body 
r c f c r -  
cncc. 

0 output  
uc t o  
l c c t r i c a l  
a i l u r e .  

- 
DETECT - 
ABILITY 

NOTES : 
CRITICALITY/PROBABILlTY FAILURE MODE ASSIGNMENTS ( X  & Xp 
A. : 7 5 1  dogradod i o  catastrophic 
B O  ' 5 0 s  to75s dogrodod 
Co 25 * to 5 0 s  degradod 
DO : nogligiblo to 25 dogradod 

n o  offocr Rov., D a w  

FAILURE EFFECT 

Ina t rur~cnt  would so out of 
Fpcci t ica l  ion with rcgsrd 
to  .\ngular Zkmcntun. 

Instruncnt  trould l:o OUL cif 
EPCCI f i cd t  ion wi t l i  regard 
t o  Anpalar tloricntum. 

Loss of accuracy of rad ian t  
f l u  l cvc l  iicasurcmcnts. 

Loss of accuracy of rad ian t  
tlw l c v c l  rlcasurmcnts. 

Loss of d a t a  c o r r c l a t l o n  
bclwccn clianncln. 

Proliminory ( X  ) 
Final Is ruo ( ) 

ATERNATE MODE 
OF OPERATION 

CORRECTIVE 
ACTION 

FA1 LURE E F F E C T  A N A L Y S I S  

GULTON INDUSTRIES I N C .  
DATA SYSTEMS DIVISION 

Drawina No. 

Cod. No. 

E 
P 

E 
P 

C 
P 

C 
P 

E 
P 

REMARKS 

Thc an.;ular -.a-rntu- cw-pcn- 
sotor dcv;cc vi11 bc run-in 
for ;L n i n :  -ki or I6R hours a t  
70' 22'C prior t o  acceptance 
t e s t a ;  and the  device w l l l  be 
rubjected t o  rigorour r c r e e d t q  
and q u a l i f i c a t i o n  tests. 

Chopper irliccl will bc a t re66  
rc l icvcd  by heat  t r c a t n e n t  
aftcr nachinlng, t o  prcvcnt 
subscqucnt warping. 

Cold will bc uscd for t h e  
r e f l c c t i v c  costin: s:nce i t  
is not subjcc t  t o  degradat ion 
by u l t r a v i o l c t  rad ia t lon .  

Thc PRP c l c c t r o n l c  c q o n c n t a  
will bc scrccncal and s c l c c t c d  
for high r c l f a b i l i t y ;  thcrcforc  
thc probabi l i ty  of f a f l u r c  vi11 
bc vcry 1w.i. 

13547F.l 



NOTES: 
FAILURE MODE: O:Opon, S z S h o r l ,  O:Drift, CS*Sol f/F, CR*Roro# F/r 
Cl:Conrtan?"l"  Lovef, CO Conrfonl "0" LovoI, G I  Gal. la i luro + 
DETECTABILITY: I Yes, P:Porribly, N :NO 
ALTERNATE MODE (5) OF OPfRATlON: NI Nono, D Oporolo with 
D e g r o d o l i o n  
CORRECTIVE ACTION: I= Rop!oro Unit 

Eithor Modo, NO: N o  Output, EO * Erronoour ourput 

FAILURE EFFECT A N A L Y S I S  I NOTES : 
CRITICALITY/PROL)ABILlTY FAILURE MODE ASSIGNMENTS (X, 6 XF 
Ae : 7 5 s d e g r o d o d  to c a t o s t r o p h i c  
Bo = S O *  to75s d o g r o d o d  
Co 25 * to 50% degroded 

n o  offmet Rov. - Dolo 
: nogligiblo to 25 dogrodod 

J :  20s + of pori iblo foiluror 

DATA SYSTEMS DIVISION 

Preliminary ( X ) I F i n a l  Isruo ( ) 

- 
REF 

BESIG. 

prop or^ 
LLTERNATE MODE 
OF OPERATION 

I No. 

REMARKS 

- 
DETEC' 

ABILITY ITEM FUNCTION 
f AI  LU RI 

MODE FAILURE EFFECT 
CORRECTIVE 

ACTION 
~~ 

NIA 

lcgrsdati 
if hlack 
u r f a c c  c 
mc C a l i -  
ration 
lackbod) 

h e  t e sp -  
Ira t ute 
c n s o r  
.ailq duc 
.o brokci 
ead vir< 

N I A  

P 

Y 

N/A 

D 

D 

N l i  

Repaint 
s u r r a c c  of 
b1acl:body. 

R 

h c  func t ion  of t h e  
Za l ib ra t ion  Blackbody 
u s e x b l y  is to p rov ide  thc 
iriwry upsca le  c a l i b r a -  
. i on  r e f c r c n c e  p o i n t .  Thc 
i s s t a b l y  is  nadc up o f  
icvcn c a l i b r a t i o n  black-  
iodies  and will c o n t a i n  
L t  l e a s t  fou r  plat inm 
- c s i s t a n c c  temperature  
icnsors .  

3 e  c a l i b r a t t o n  black-  
)odics  a c t  as l i g h t  t r a p s  
thich s imula t e  t h e  a c t f i n  
)f p e r f e c t  abso rbc r s  when 
tiewed from t h e i r  open 
!rids . 

:a1 1 b r a t  : on 
Blackbody 
Assmbly 

C a l i b r a t i o n  c r r o r  
dcpcndin:; upon t h e  dr:rcc 
o f  s u r f a c c  d?;ratlation. 

C a l i b r a t i o n  
Blackbodies (7) 

Loss .of clcgrec of c m f l -  
dcncc i n  pcrfonnsncr  of 
ins t rmicnt . 

BI ackhody 
C a l i b r a t i o n  
T q e r a t u r e  
S m o r t  
(at least four) 

Sense t h e  t c n p e r a t u r e  of 
the c a l f b r a t i o n  blackbody 
i s sanb ly  for c a l i b r a t i o n  
purposes. 
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APPENDIX L 

Radiation Effects on the TIROS Spacecraft Electronics 

Introduction 

Many of the reports on this subject lately all purportedly based on the same 

o r  similar data, seem to have almost no correlation. Some get lost in  

confusing irrelevant conversions, and many seem to miss  some physical 

effects that would al ter  their conclusions drastically. We wi l l  t r y  to cover 

the subject clearly and concisely, hoping to explain our rationale as we go, 

but without getting mired in  detail. Where it seems appropriate, some 

basics of the subject wil l  be mentioned, as they may be points missed by 

other reports . 

Radiation Sources and Effects 

Van Allen radiation is a cloud of electrons and protons trapped by the ear th 's  

magnetosphere. 

northern extremities of the magnetic field lines, with a slight longitudinal 

drift, forming a toroidal configuration not unlike a "class ring", so if  there 

is a preferred direction of spacecraft incident radiation, i t  is front-to-back or 

sideways, rather than up o r  down. 

The particles continually drift between the southern and 
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The protons a r e  of high average cnci-gy and difficult to shield against, but 

likewise difficult to "seet '  because they pass through electronics a s  easily 

a s  spacecraft structure. In the highest gain, poorest shielded channels of the 

ITPR, single event noise spikes occur a maximum of a few times per second 

a s  the spacecraft passes through the South Atlantic anomolie. The flux levels 

here approximate those expected in the TIROS orbit in the inner Van Allen 

belt. 

sec  of a "just-right" energy, i. e. protons fast enough to penetrate the 

shielding of the spacecraft and slow enough to deposit energy in a detector o r  

semi conductor (>45MeV). The proton count is insufficient to cause any 

permanent degradation, the resultant noise is easily subtracted by iterative 

data routines, and i t  appears that little can be done about them anyway. 

Cosmic particle flux (90% protons and 10% alphas) is about 2 particles/crn2 - 
sec,  resulting in  about one mill irad/hr.  The "Cosmic Ray" count is then a 

percent o r  two of the expected Van Allen proton count, is undistinguishable 

except possibly in time of occurence, and can likewise be ignored for  this 

d i s c u s s ion. 

These few events per second translate to maybe a hundred particles/cm2- 

The average energy of Van Allen belt electrons allow shielding 

(< 5 MeV) because such a medium energy electron expends its energy by 

ionizing the spacecraft skin materials. 

ionization, 

stopping of these electrons, and is the principle radiation of interest, a s  

non-bremsstrahlung producing electrons (75 MeV) would resolve themselves 

a s  did the protons. 

This results in a secondary 

Bremsstrahlung is X-ray production caused by the braking or 

Using Stassinopoulos data of TIROS-N radiation predictions, and Peter 

Cook's energy bin conversions, i t  is noted that the 1971 predictions and 1972 

predictions differ in spectrum, but the sums of the bremsstrahlung 



conversions a re  almost identical, so  that most experiments and predictions 

based on the ear l ie r  data a re  no less  valid. The principle difference i s  the 

energy shift downward, the 1971 data had only about 1% of the 4.5 x 10 

MeV/cm2 day 

the new data has about 800J00(0. 5 MeV. 

bremsstrahlung conversion is complete, through almost any portion of the 

instrument package. 

9 

remsstrahling production in the (0. 5 MeV electron bin, 

The significance is that the electron to 

Using the worst-case electron fields estimated by E. G. Stassinopoulos 

and the bremsstrahlung environment calculated by Peter  Cook, the conversion 

compares very favorably to other work in this a rea  by Fultz and Hansen, the 

flux in the detector package is: 

a)  average flux - 5.21 x lo4 photon MeV/cm2 sec.  

b) peak flux - 7 . 2  x l o 5  photon MeV/cm2 sec.  

The predominant beta flux intensity is in the 0.5-4.5 MeV range. 

bremsstrahlung energy associated with these electron energies is approximatelyl 

1 MeV. 

The average 

Therefore the relation to Rads is: 

a) average dose - 9.4 x Rads/hr.  

b) peak dose - 1 . 3  Rads/hr. 

At this point a discussion of the expected effects from these fields is in 

order. 

When nuclear radiation interacts with semiconductors, changes a r e  

produced in the properties of these materials. 

permanent effects and ionization effects. 

involve displacement of lattice atoms from their  lattice site, and include 

lattice parameter, stored energy, mobility, electrical conductivity, 

c a r r i e r  lifetime, electron paramagnetic resonance, optical absorption, 

The changes a r e  of two types, 

Effects of the permanent type 



thermal conductivity, etc. Ionization effects are the manifestations of 

free electrons produced by the radiation interacting with atomic electrons, 

and a r e  usually transient phenomena, Those effects called permanent may 

also appear transient, as in many cases the displacements are unstable and 

the material r i ay  anneal. 

operating devices w i l l  tend to heal more quickly than idle devices. 

It has been shown that lifetime degradation in silicon, assuming no annealing 

begins a t  about 10l2 defects/cm3, which requires about 10l1 protons/cm2, 

1013 electrons/cm , or  10 l5 yMeV/cm2. Assuming the worst case ITPR 

data, i t  would take about three years  to acquire 10" protons in a 2mm square 

detector, one order  of magnitude less  than that required for permanent effects 

to begin. The electrons a r e  completely stopped, statistically, and any 

remaining would constitute less threat than the protons. 

10' 

new uncertainty factor of two, 

of magnitude lower than that required for permanent effects to show up, if 

there were no annealing. 

The effects to be noted then, are the transient phenomena produced by the 

protons above 45 MeV, about which we can do little except subtract these 

transients from data, and the X-ray induced noise. 

Self annealing i s  a function of temperature, so 

2 

In three years  about 

b'MeV/ cm2 have accumulated, using peak dose rates  and Stassinopoulos' 

This integrated energy flux is again an order  

Predicted Effects 
- 

Assuming the density of triglycene sulfate to be about that of silicon, and using 
-15 the bremsstrahlung flux a s  before, and using a sensitivity of Ssi = 5 x 10 

amperes per  cm3 MeV for  TGS, the predicted detector noise for the average 

flux i s  2. 25 millivolts, af ter  40 Hz chopping and an amplifier gain of 9,475, 

The detector noise for the peak flux is expected to be 31 millivolts at the 

The amplifier a mplifier output using the same sensitivity for the FETs. 

contribution is predicted a s  0 . 6 5  mv for the average flux and 4.48 mv for  

the peak flux, 



Because of the many uncertainties in these predictions, an experiment 

w a s  designed to t ry  to simulate the bremsstrahlung environment for 

irradiation of sample systems to verify these expectations. 

Brem sstrahlc ng Radiation Experiment 

The source chosen to most closely duplicate the TIROS bremsstrahlung is 

a C060 source, The CO60 spectrum is two lines, at 1 . 1 7 3  MeV and 1 . 3 3 3  

MeV. 

of the expected bremsstrahlung. 

is obviously closer to reality than a pulsed source, and the data may be 

leisurely taken, interpreted and retaken if  necessary, because the dose 

rate is relatively constant. An additional advantage is the availability of a 

CO60 source. We located a source belonging to the DOD adjacent to Kirtland 

A i r  Force Base, that was  made available to the Department of Commerce 

for these tes ts  a t  no cost. This source is 2500 curies, and is housed in a 

large bunker that is continuously monitored, Weekly computer updates 

indicate the dose rate at any point in the room. The minimum dose rate 

a t  the point in  the room farthest from the source, a t  full extraction from 

i ts  pig is 28 R/hr .  

aluminum box that was  built to house the experiment, indicated 10 R / h r  

at full extraction, W e  obtained repeatable readings of 1 R / h r  and 0. 1 R/h r  
a t  partial extractions of the source from the pig. 

This spectrum very closely approximates the average 1 MeV spectrum 

The continuous emission of a C060  source 

Dosimeters placed in the quarter inch thich walled 

The experiment design is shown in the attached drawing. The differential 

scope input w a s  to cancel out noise picked up in the cable, but w a s  found 

to be unnecessary. 
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Conclusions 

The explanations should be preceded by a statement that the RMS 

readings were difficult to measure to better than - + 10%. 

Some general trends a r e  readily apparent from the data: 

1. 

within the experimental e r r o r .  

The experimental data roughly agrees  with the predicted data, almost 

2. The noise at 0. 1 R / h r  tends to be slightly higher than predicted. 

3 .  The noise at  1 R / h r  tends to be slightly lower than predicted. 

4. 

radiation relationship, in our favor. 

Noise measurements at 10 R / h r  clearly show a non-linear noise to 

5. The zero radiation noise tends to be lower following a test. 

The explanation for 2 and 5 is probably the activation of surface states 

on the various components. 

o f  any of these tested devices, other than some of the M I L  spec. FETS 

employed in the amplifier, the surface conditions were probably not closely 

controlled, and a s  has been shown, a high temperature spec. device has 

in  general, a lower surface state noise under radiation. 
to neutralize the surface charges, and might possibly result in a lower 

ambient noise. 

Since no high-temperature spec. was required 

The radiation. tends 

The explanation for 3 and 4 is probably the fact that the devices exhibit 

a non-linear relationship of increased conductivity to output that was not 

taken into account in the predictions due to our looking fo r  worse case 

conditions. 



Experiment Results (cont'd) 

A m D l i f i e r  Out put 

Detector 

Barnes #Z 

(before) 0 R / H r  
- -  
1 R / H r  

- -  

Experimental 
RMS Noise (mv) Predicted 

30-50Hz RMS Noise (mv) 0 - ~ H Z  20-6OH~ 0 -(\)HZ 

38.7 
-- 
45.16 
- -  

X 

- 
lx2+ 31.02 + 9.02 = 50.4 

-- 

Comments 
on 50' 
source 
signal 

( loox noise) 

N / C  



Experiment Results 

Amplifier Output on 50' 

Dete cto r 
Dummy 

(before) 0 R/Hr 

0.1 R/Hr 

1 R/Hr 

(after) 0 R/Hr 
~~ 

Barnes #1 
X - r a y  pOl<:d 

(tiefore) 0 R/Hr 

0.1 R/Hr 

0.5 R / H ~  

1 R/Hr 

(after) 0 R/Hr 

Mullard #1 

(before) 0 R/Hr 
0.1 R/Hr 

0.5 R/Hr 

1 R/Hr 

10 R/Hr 

(al'tcr) 0 R/Hr 

Barnes #4 

(before) 0 R/Hr 

011 R/Hr 

1 R/Hr 

10 R/Hr 

[after)  0 R/Hr 

Experimental 
RMS Noise (mv) 

O-C*->Hz 20-60Hz 30-50Hz 

12.0 

11.3 

17.0 

11.0 

22. 6 

24. 2 

24. 2 

25. 8 

21.0 

15.16 

18. 1 

18.55 

18.1 

17.74 

16.13 

25.8 

32.26 

45.16 

115.4 

22.6 

6.5 

8.0 

8.87 

6.1 

- -  
12.9 

14. 5 

16.13 

12.0 

8.7 

10.3 

10.3 

9.68 

10.3 

8.7 

6.72 

7. 16 

9.0 

6.0 

- -  
11.0 

12.32 

13.47 

10.0 

6. 72 

7.84 

8. 5 

8. 5 

8.96 

7.4 

-- 
-- 
-- 
- -  
-- 

Predicted 
RMS Noise (mv) 0-   HZ 

;i\ 

',2+ 0. 652 = 12.02 

'2  + 9.02 = 15.0 2 

- _. . __- - /2=. 252+0. 65 = 22.72 

17;; 31. O2 + 9. 02= 39.4 
-- 

---I . 

/$+ 0. 332 + 0. 652 = 15.18 

J f+ 4. 572 + 9.02 = 18.21 

$?y-2>52 + 0.652 = 25.9 

J8+-3;: O 2  + 9. 02-= 41.32 

- -  

source 
signal 

.OOxn a 
rn 

N/Cm 

--m 
rn 

N / C  la 
--a 

N/C 

D e r t u r m  
slight. 

N/C 

N / C  

N/C 

N / C  m 
Partui m ,., 
slight1 
-5% 



The explanation for  1 on the previous page i s  probably our good data from 

Pete r Cook, W. F. Lindsay and other excellent sources. 

Our  conclusion is that there is about a 20% noise increase due to inner 

Van Allen belt bremsstrahlung. Possibly by selecting detectors, a somewhat 

lower percentage may be achieved. Also, shielding w i l l  not help sufficiently 

to be worth the space and weight. We a r e  stopping all(5 MeV electrons with 

the present estimate of 0 .24  inches of aluminum, plus the detector housing, 

and more shield w i l l  not appreciably attenuate the bremsstrahlung nor the 

2 4 5  MeV protons, within any reasonable limits on thickness and weight. 

The present configuration using a higher Z materiel  in the detector/preamp 

package, brass ,  about 0. 125 thick, within the average 0.24 inch aluminum 

structure, is close to an ideal compromise, 
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... .:, 

Barnes Dctcctor  # 1 before radiation. 
Amplification is 9, 4 7 5 .  Top t r a c e  is a n  
a n  a l te rna te  500 C source  and 25O C black 

i 

i body, 2 v / c m ,  40 hz. The bottom t r a c e  is 
5 the noise a t  0 .05  v / c m .  

At 0. 1 R / h r ,  o therwise  as above. 

A t  1 R / h r ,  o t :hc rwise  as above. 



1 

i 

Mullard  Detector  #1 before  radiation. 
A l l  p a r a m e t e r s  as  f o r  B a r n e s  Detec tors .  
Loss of high f requencies  on 40 Hz signal  
is different cable loading, 

I 

! 
I At 0.1 R / h r ,  o therwise  as  above. 

A t  l . R / h r ,  o therwise  as above. 



APPENDIX 2 

OUTLINE OF INTERFACE INTEGRATION 

DATA BETWEEN THE BASIC SOUNDING 

UNIT OF THE TOVS INSTRUMENT AND 

THE TIROS-N SPACECRAFT 

1.0 General 

1.1 System Definition 

1 . 2  Brief Description of System Components 

2.0 M a s s  Property Data 

2.1 Weight Budget Table 

2 . 2  Residual Angular Momentum Table 

2.3 Residual Translational Momentum Table 

3.0 Mounting Definition 

4.0 Mechanical and Thermal Interface 

4 . 1  Thermal 

4.2 Radiation Su s ce pt abilit y, R eliabilit y and Shielding 

5 . 0  Power Interface & Budget 

6.0 Description of Instrument Commands 

7 .0  SSU System Interface 

8.0 Special o r  Unique Operational Requirements 

a. 1 Additional Ground Support 

8.2 Special Test  Equipment 

9.0 TOVS Instrument Measurement List 



1.0 

1.1 

General 

System Definition 

1.2 

The TIROS Operational Vertical Sounder is a major experiment 

fo r  the TIROS-N spacecraft. 

provide sufficient information on atmospheric radiances to 

obtain temperature profiles on a global basis. 

separate packages , the Basic Sounding Unit and the Stratospheric 

Sounding Unit. 

radiometer with an FOV of about 1. 125' and IR spectral  channels 

from 3 . 8  pm to 30 Mm. The SSU is being supplied by the UK. 

It is a multi-spectral scanner to 

The TOVS is two 

The BSU is a 14-channel, cross-course, scanning 

The BSU will have a separate detector for each channel and 

utilize Cassegrainian fore-optics and refractive after-optics. 

The instrument will use a programmed object scan mi r ro r ,  

a 40 Hz earth-chopper reference reflective chopper, and 

doped triglycine sulfate (TGS) pyroelectric detectors having a 

locked -in polarization. 

The preamplifiers will be integral parts of the detector packages. 

The instrument will  utilize either bi-polar analog-to-digital- conversiod 

with 11 bit resolution, or unipolar 12  bit resolution, and an accuracy 

of -l-0,02~0. 

parity, polarity, and several  identifiers for input to the Low Rate Data 

Processor (LRDP). Scan control w i l l  be achieved via a stepping motor 

encoder, stepping to discrete positions. The calibration sequence 

mode will be in addition to the normal earth scan mode, 

scan will be synchronized to the LRDP. 

The data w i l l  be formatted in  1 6  bit words containing - 

The 

System Components 

1.1-1 



1 . 2 . 1  

1 . 2 . 2  

1 . 2 . 3  

Scanning Mirror  and Drive Mechanism 

The scanning mir ror  sweeps i n  a sawtooth pattern, with the 

ramp composed of 72 discrete transverse dwell steps providing 

81° coverage. 

The scanning mi r ro r  turns the optical path from swept vertical 

to the spacecraft direction-of -flight axis and into the collector 

optics. 

Optics 

The optical system includes the objective telescopes , field- 

defining apertures dichroic mi r ro r s  interference filters, 

and field lenses. 

identical except for bandpass and the two telescope diameters. 

Each system employs a spherical-primary/ spherical-secondary, 

gold- surface, Cas sagranian-type objective telescope. In the 

focal plane of the objective is an aperture plate to define the field- 

of -view. 

two detectors per telescope i s  then accomplished with dichroic 

beam splitters and bandpass filters. 

lens then focuses the objective lens secondary onto the detector 

element, collecting al l  available system energy and providing an 

effective syetern f number of . 7 .  

There a r e  eight optical systems, essentially 

The spectral bandwidth definition and colinearization of 

The multi-element field 

Chopper 

The copper raises the lower limit of the noise bandwidth, 

improving the s ignal-to-noise ratio of the absolute radiation 

measurement. The chopper i s  of the chopper-mirror type, 

minimizing emissivity effects of the chopper blade and providing 

a blackbody background reference level. The blackbody 

1 . 2 - 1  



1.2.4 

1.2.5 

1.2. 6 

1.2 .7  

reference is constructed with a geometric wedge in the 

structural  mass ,  which is focused on the detectors by construct- 

ing the chopper blade with a toroidal, spherically concave 

reflecting surface. 

large geometric blackbody with a small  aperture,  giving an 

extremely stable reference in a minimum space. The chopper 

is placed so  as to chop all  channels simultaneously with a 

50-50 duty cycle, driven with a multi-pole, brushless, 

synchronous motor. The chopping frequency is 40 Hz. 

The combination provides an  effectively 

Detectors 

The 14 detectors a r e  uncooled pyroelectric devices. 

Analog Circuitry 

The 14 channels of analog circuitry each receive the low-level 

ac  signal from a detector and amplify, demodulate, and integrate 

the signal to provide a dc output voltage linearly proportional 

to the detector's incident energy for each target resolution 

element. 

Digital Circuitry 

The analog data is serialized by a n  analog multiplexer into an 

analog-to-digital converter. The associated regis ters ,  addressers ,  

and output buffers provide the processed digital data in a format 

compatible with the spacecraft 's LRDP and ground data- 

processing systems. 

Control Circuitrv 

The scanning mi r ro r ,  chopping wheel, multiplexers, gates, 

calibration signals, etc. , a r e  all synchronized and controlled 

by the control logic in sync with the spacecraft master-clock. 

1 . 2 - 2  



1.2.8 Auxiliary Circuitry 

2.0 

2.1 

2.2 

In addition, various temperature measurements and other 

selected analog signals a r e  amplified and encoded, the space- 

craft power is regulated and and converted to the subsystem 

requirements, and system control commands a r e  accepted and 

decoded. 

Mass Property Data 

Weight Budget Table: Pr imary Module Subsystem Weight Budget 

Weight 
Subassembly ( pounds ) 

Housing 13. 5 

Scanner Assembly (with driver) 7. 31 

Housing Blackbodies 1 . 2  

Fore Optics Assembly 6 . 7 1  

Aft Optics Assembly 4.92 

Chopper Assembly 0. 84 

Covers 

Baffle Tubes 

Lower Covers 

Top Cover 

Electronics 

Hardware 

0.3 

0.9 

.43 

6.8 

0.4 

Connectors .8 

Cabling .8 

TOTAL 44.91 

Residual Angular Momentum Table 

Axis In-Oz-Sec - Source 

Scan Mir ror  Roll 0 

Chopper Roll 10 

None Pitch 0 

None Yaw 0 
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3 . 0  

Residual Translational Momentum Table 
Ins. from S/C 

Source Direct ion In-Lb-Sec Ctr. of Rotation 

0 None --- 

Mounting Definition 

The contractor shall be responsible for mounting and aligning 

the BSU to the spacecraft. 

provided as GFE to enable the contractor to dr i l l  the appropriate 

mounting holes. The contractor shall furnish appropriate bolts, 

washers, spacers ,  and thermal grease a s  may be specified 

by the instrument contractor. Alignment surfaces will be 

provided on each BSU to permit alignment of the instruments 

to the spacecraft. Alignment of these surfaces must be 

accomplished to within st 0.50 

measurement accuracy to within f 0.25 . 

Master female dr i l l  jigs shall be 

0 of the spacecraft axes with a 
0 

Mounting of all instruments to the spacecraft must be accomplished 

in a manner which shall permit the instruments to have completely 

clear  (free from any obstruction) fields-of-view for  any viewing 

angle normal to the operation of the instruments. 

includes the +40.5 degree scans of each instrument normal to the sub- 

satellite crack and a clear  view of the nil radiation for  a space view 

calibration (,.4OK). The space view of each instrument is obtaimd 

by viewing space at  90° to the sub-satellite track if  the instrument 

is mounted on the side away from the sun. This angle may be 

decreased to 700, within instrumental configuration limits, to 

permit flexibility of spacecraft placement if the instrument is mounted 

on the side toward the sun, but it must be identical for  each instru- 

ment and must not view any portion of the ear th 's  atmosphere o r  

This specifically 

- 
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4.0 

4. 1 

4 . 2  

other a rea  containing higher radiometric contributions than what 

be achieved by directly viewing spacc. 

Mechanical and Thermal Interface 

The r nm 1 
~ 

The spacecraft/ BSU mounting surface temperature range shall be 

limited to a nominal 20°C plus or  minus 10°C and isothermal 

within 0.5OC. 

per  second. 

mounting surface is 8 square inches. 

Maximum rate of change shall be limited to 0.005°C 

Minimum contact a rea  between the BSU and spacecraft 

The BSU thermal dissipation to the spacecraft shall be 15 watts 

maximum during all  instrument loading conditions including periods 

of exposure to solar heating. 

Minimum temperature of a non-operating BSU shall be O°C with a 

maximum of 15 watts thermal sink loading under all  conditions, 

including time period when the spacecraft is in ear th 's  shadow. 

Radiation Susceptability, Reliability and Shielding 

There should be an equivalent mass  between any detector/preamp, and 

the outside of the spacecraft, of 0.25 ins of aluminum and 0.125 ins of 

copper o r  brass,  the brass  being closest to the detector to give a 

graded mass type of absorption. This shielding should limit the 

detector/amplifier noise, in a 0. 1 R /h r  Bremsstrahlung environment, 

tor2070 increase over background, and there should be no performance 

degradation at  2 . 3  x 10 R integrated dose. 4 
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The detector and FET geometrics, noise characteristics and 

cleanliness a re  all  factors in the radiation noise produced. The 

smaller geometry, and pure material and cleaner produced units 

produce lower radiation induced noise, 

Power Interface & Budget 

The average power required by the TOVS instrument is 29.6 watts, 

average; supplies from the 28VDC S/C power system. 

Power Budget 

Power requirements of the various instrument subsystems are 

identified and presented in Table A .  Two values are shown for 

the scan mechanisms due to the uncertain status of the Angular 

Momentum Compensation (AMC) motor. 

The total average power requirement without AMC is 29.6 watts, 

and with AMC in 34.3 watts. Load variations wi l l  occur, due to 

the scan motor power gating and scan pattern. 

systems report ANALYSIS of SCAN POWER REQUIREMENTS for 

de tailed information. 

Refer  to the 

In the dual mode, per instrument, the power requirement is 

24.83 watts, 29.53 watts with AMC. In the off mode, O°C, 

the power requirement is 9.19 watts. 
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'1'ARLE A POWER REQUIRE M 11: NTS 

Logic 
Buffers (Input) 
Subtotal 
Latching Relays 
Relay Dr ivers  (1) 
Subtotal 
AMC Motor 
Chopper Motor (AMC motor)  
Scan Motor 
Motor Drive Circui ts  (Scan & Chopper) 
Logic 
P R P  
Subtotal (with AMC) 
Subtotal (with AMC) 

ub s y s t e m  
ystem 
iming & 

AMP Regulators (+15v) 
Amplifiers & Detectors (50 w/CH)(l)  
Sync Demod & Integrators (50 w/CH)(l)  
Analog Multiplexer 
LA /D Converter  

/ D Calibrator  
ontrol Logic 

Subtotal 
(1)Est p e r  RMM (2-16-73) 10 VDC Analog 

Platinum Bridges Monitor 
ousing Tempera ture  Monitors (TMs) 

'ommand 

lcan & 
:hopper 
Aotors 

Cle c t ronic s 

:empe r a tu re  
Monitors & 
Control 

Telemetry 

Buffers 
output 

Power 
Supply 

Mode & Position Flags 
Command Monitors 
Misc. Buffers 
Subtotal 

Preregulator ,  Filter, 
DC/DC Converter  
15 Vdc Regulator, Precis ion 
Subtotal 

_. 

I 

I TOTAL INPUT POWER 

Watts 
0.50 
0.10 
0.60 

0 - 
0 

3.50 
3.50 
7.25 
0.85 
0.50 
0.25 

12.35 
15.85 

1.05 
0.70 
0. 70 
0.40 
0.95 
0.20 
0.20 
4.20 

iection 

0.10 
0.20 
3. 50 
3.80 

0.10 
0.10 
0.10 
0.30 

7. 15 
(8.35) 

0.70 
7.85 
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6.0 Description of Instrument Commands 

TOVs operating modes a re  directly controlled by thirteen (13) space 

craft supplied commands. 

Command Subsystem: A command subsystem is required to execute 

the commands obtained from the TIROS-N S/C command system. 

TOVS command subsystem is similar to that used on ITPR in that the 

same type of hardware implementation is recommended. 

Command List: A total of thirteen (13) commands a re  required to 

control the TOVS. Each of these commands, together with a des- 

cription of the action, is shown in Table A. 

Command Circuitry Description: Magnetic latching relays a re  

recommended a s  the storage devices for all radiometer commands. 

A typical command relay is shown in Figure B. 

Although the exact spacecraft interface is not defined in the 

technical specification; it is assumed that the relays w i l l  be driven 

by one (1) MA type line and one (1) MB type line. 

M 

S C A N  MOTOR 
D R I V E  POWER 2 4 . 5  V O L T S  REG. I 

I 

M 

K I B  

KI 

T Y P I C A L  C I R C U I T  

F I G U R E  B: COMMAND IIATCHING RELAY C I R C U I T  
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TABLE A: TOVS COlnfi l iD LIST 

5. Electronic Calibration 
ON/OFF 

.L. Chopper Mo tpor Appl.icu/Di..;cor~neci;s power t o  the chopper 
ON/OIi'li' inoi;or drive circuit. 

2, ICl-ecti-on3 c s  Appl.ied/Disconnects power to a l l  TOVS 
ON /Oll'Ii' el.ectr~nics, causing a11 channels to be- 

corne inactive. 

Enables/disablcs the electronic calibration 
of integrator, multiplexer and ADC . 

3. Scan Drive 
ON/OFF 

6 .  NADIR Position 
ON /OPE' 

Applies/Disconnects power to the scan 
motor drive circuit. 

- _ _  

Causcs the scan mirror to view the nadir 
position. 

)+. IR Calibrate 
ON /OFF 

8. Housing I'osition 
ON/OFF 

9 .  Detector Temperature 
Controller ON/OFF 

Enables/disables the automatic in-flight 
calibration cycle of space and housing. 

Causes the scan mirror to view the housing 
posit ion. 

Applies/disconnects power to the detector 
temperature controller, 

10. Calibration Black Body Heater 
ON/OFF 

11. Standby Heater 
ON/OFF 

.12. Rcstri.ci;ed Scan 
ON/ OFF 

13. Dual Instrument Mode 
ON/OFP 

. ~ - 

Applies/disconnects power to the black body 
heater. 

Applies/disconnects power to the instrument 
o t  andby heater 

Causes the scan program to be restricted to 
1/2 the normal range. 

Causes TOVS A and I3 to process data at 
1/2 normal rate. 

I Causes the scan mirror to view the space I posit ion. 
I ,  I- I 
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7.0 

8.0 

8 . 1  

Stratospheric Sounding Unit (SSU) System Interface 

The SSU, to be provided by the British Meteorological Office, wil l  

be a four (4) channel filter radiometer utilizing carbon dioxide 

cells fo r  selective absorption. 

developed for the Selective Chopper Radiometer (SCR) flown on 

The technique w a s  originally 

-- _ _  
Nimbus 4. It consists of measuring the radiation transmitted by 

two cells, each containing different path-lengths of carbon dioxide. 

Behind the C 0 2  cell is a narrow band-pass filter, and a light pipe 

which converges the radiation onto a pyroelectric detector. 

Interface to the SSU w i l l  consist of the 160 Hz LRDP interface clock 

and a ,003125 Hz major frame sync pulse. 

between the BSU and the SSU. 
There is no interface 

Special o r  Unique Operational Requirements 

Additional Ground Support 

Unique Ground Support Equipment 

Bench Check Units 

One (1) complete Bench Check Unit (BCU) for  the BSU shall be 

delivered to the spacecraft contractor as G F E  with the engineering 

model of each instrument. The BCU is defined as the equipment 

necessary to exercise the engineering model, prototype model, 

o r  flight models f o r  functional tes ts .  It provides all inputs to the 

sensor  identical to those in the spacecraft system and is equipped 

to record all output data, sensory and housekeeping, for evaluation 

purposes. An additional output is provided on each BCU to 

interface to a digital tape recorder. 

Radiation Stimuli (Targets) 

(1) Ambient 

One (1) pair of ambient radiation stimuli (each pair  shall be 

identical) shall be furnished to the S /C  contractor as CFE for  

the BSU. These stimuli shall be utilized by the spacecraft 

contractor for a l l  ambient testing of the instruments. A control 

panel (standard 19 inch relay rack mountable) complete with 
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8 . 2  

cabling w i l l  also be provided as GFE with each set of 

stimuli equipment. 

(2) Thermal-Vacuum 

One (1) pair of thermal-vacuum radiation stimuli (each pair 

shall be identical) shall be furnished to the 8 / 0  contractor 

a s  OFE for  the BSU. These stimuli shall be utilized by the 

S / C  contractor for all  thermal-vacuum testing of the instruments. 

A control console complete with cabling w i l l  also be provided as 

GFE with each set of stimuli equipment, 

Special Test  Equipment 

The spacecraft contractor shall be responsible for  furnishing the 

following : 

Gaseous nitrogen (dry) to permit purging of the BSU prior  to 

and during any ambient test. 

Cooling water, tubing, and necessary connections to heat sink 

BSU scan motor during ambient testing. 

Cooling water, tubing, and necessary connection to heat sink 

ambient radiation stimuli for the BSU. 

A l l  necessary vacuum wall  penetrations to operate thermal- 

vacuum radiation stimuli for the BSU (thermocouple and power). 

Liquid nitrogen including supply lines and appropriate connections 

to operate thermal-vacuum radiation stimuli for the BSU. 

Cooled radiator plate to adequately cool BSU scan motor during 

vacuum testing. 

A l l  necessary fixturing to mount thermal-vacuum radiation stimuli 

for  the BSU. 

and their respective units, locating pins and mating holes (or 

equivalent means) wi l l  be provided on the instruments and their 

stimuli equipment. 

To facilitate alignment between the radiation stimuli 
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9.0 TOVS Instrument Measurement List 

A list of all  the datil developed within thc instrument is tabulated, 

1oget.her with a dcscription of the data source and processing 

require me nt s . 
Parameters:  A list of the parameters required to support the TOVS 

instrument is documented in TABLE .A: TOVS Measurements List. 

Note that a total of 67 Analog signals and 53 bilevel signals a r e  

recommended. A portion of these signals are processed internally 

via the TOVS ADC; while the balance is available for direct input to 

the TIP or for use a s  test points, 

Types of Data: Data generated within the TOVS instrument is supplied 

in the following forms: 

.Digital "A" Data: This is the primary source of instrument data 

and consists of the infrared energy measure- 

ments and supporting information. 

.Digital "B" Data: This is monitor type data consisting of bilevel 

logic signals. It is not essential for instrument 

operation, but does contain value status informa- 

tion. 

.Analog Data: A few analog type monitor points are recommended 

to evaluate the instrument performance. 

Data Destination: Data is available for processing or monitoring 

at  three (3) locations; i.e., (1) internally within the TOVS, 

(2) externally via the S /C information processor, or (3) for exter- 

nally monitoring a s  test points, 

for  data security reasons, but to accommodate the data processing 

format. 

Some redundancy is employed, not 
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Primary Instrument Data: The primary output for the TOVS 
instrument data i s  via the serial digital output defined as  Digital "A" 

data. A l l  processing necessary to develop this data form i s  

accomplished internally, however, exte rnally gene rated control 

signals are required to initiate data readout. 
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PARAMETER 

I .  I R  DATA CHANNELS 

2.  SCAN MIRROR'POSITION 

3 .  SCAN STEP ADDRESS 

4. SCAN L I N E  N W E R  

5 .  POSITION FLAG. P I .  NADIR 

6 .  POSITION FLAG. P2. HOUSING 

7. POSITION FLAG. P3. SPACE 

8. MOOE FLAG. M I .  EARTH S U N  

9 MOOE FLAG, H2. I R  CAL 

I O .  MODE FLAG. M3. ELECTRICAL CAL 

1 1 .  MOOE FLAG H 4 .  DUAL INSTRWENT 

12. PRP OPERATIUG FLAG 

13. VOLTAGE MONITORS 

14. COMMANO MONITORS 

I S .  TEMPERATURE MONITORS. TMl-TW 

16. TEMPERATURE MONITORS. TnB-TMIS. 

17. TEMPERATURE MONITORS. Tk%l6-TH2'3 

18. TEMPERATURE W N I T O R S .  TH24 

19. TEMPERATURE MONITORS. ~ ~ 2 5  
2 0 .  TEMPERATURE W N I T O R S .  TH26 

2 1 .  TEMPERATURE W N I T O R S .  lH27 

22. TEMPERATURE MONITORS ~ ~ 2 8  
23. TEMPERATURE MONITORS. THZ9-TW+5 

24. KEY CONTROL SIGNALS 

TOTALS : 

ANALOG CHANNELS ( A )  
B I L E V E L  CHANNELS ( E L )  

QT Y 

14 

7 
7 
8 
I 

I 

I 

I 

I 
1 

I 

I 

I 

13 

7 
8 

8 
I 

I 

I 

1 

I 

17 

IO 

$3 

TABLE A 

DATA 
TYPE 

A 

B L  

B L  

B L  

B L  

B L  

B L  

B L  

B L  

B L  

B L  

B L  

A 

B L  

A 

A 

A 

A 

A 

A 

A 

A 

A 

B L  

- - 

TOVS MEASUREMEKT L I S T  

0111 SOURCE 

INFARED RAOIATION 

SHAFT ANGLE ENCODER (SAE) 

F O V  POSITION C O W E R  

L I N E  N W E R  C O W E R  

DECOOEO SAE POSITION 

CONTROL LOGIC 

PRP CIRCUIT 

TOVS POWER SUPPLY 

COWAND REGISTER 

HOUSING BLACK BODY 

REFERENCE BLACK BODY 

DETECTOR M O W  I NG PLVG 

POWER SUPPLY CIRCUITRY 

PRP CIRCUITRY 

SCAN DRIVE CIRCUITRY 

ADC CIRCUITRY 

DETECTOR RING TEMP. COKTROLL 

TOVS HOUStMG E MOTORS 

SYSTEM LOGIC 

CHARACTERISTIC 

D I G I T A L  ENCODE0 12 B I T !  

O l G l T A L  ENCODED 7 BIT!  

D I G I T A L  SIGNAL 7 B I T S  

D I G I T A L  SIGNAL 8 B I T S  

5 VOC. FULL SCALE 

QNlOFF 

PLATINUH W I R E  (0 .05°C]  

lHERPllSTOR (0.I.C) . 

1 
D I G I T A L  SIGNALS 

14 

7 
7 
8 
I 

I 
I 

I 

I 

I 

I 

1 

I .  
13 

7 

8 
8 

23 

- 
)EST I h 
TTP - 

I 

I 

I 

I 
I 
I 

I 

I 

8 
13 

1 

I 

I 

I 

I 

17 

30 
21 

- 
I ON 
TJrp -- 

I 

1 

I 

I 

1 

I 

I 

1 

10 

18 

I 
.ODE 'LA6 

EST I W I T  E 



APPENDIX 3 

Harmonic Analysis of TIROS Sounder System, a Self Documenting Math 

M ode 1 Program. 

The model input is set-up a s  two single valved scenes of differing radiance, 

a continuing dull input being the special case of zero difference. The trans- 

ition between the two scenes approximates the scan mi r ro r  step-and-settle by 

a sinusoid from the one scene value to the second, in  37 milliseconds, F o r  

purposes of scene 1 initial wave shape, scene 2 final wave shape, and scene 

integration, odd scenes are assumed equal and even scenes are assumed equal. 

In other words, the two single valued scenes are assumed endlessly repeti- 

tious. The For i e r  Series representation is: A i  sin nwt,w = 2 ~ .  5 Hz. 

The chopper is similarly an alternating almost-square wave, the transition 

being the time that the chopper blade t raverses  the beam envelope. Since the 

blade is square cut and the beam is circular, this transition is also a 

sinusoid. The chopping operation is of the half wave type and can be written 
Ao as: - + C B ~  sin nwt, w = 2lYfchopper 

2 

The chopper output alternates between the input scene value and the "black 

body" reference value. The output of a 40 HZ chopper, with the "black body" 



reference value half-way between scenes 1 and 2 values would bc: 

The chopper frequency may be any multiple of ten cycles. 

is synchronized with the scan mi r ro r ,  and as the time of a scene is .1 
second, there  is always an integral number of chop cycles per  scene, 

The chopper 

The harmonic content of the detector scene may be represented by the 

product of the input scene and the chopper. 

appropriate sum-and-difference Fourier coefficients, for instance, at 

2 5  Hz the f i rs t  harmonic of a 40 Hz chopper, 40 Hz, would combine with 

the third scene harmonic, 3 t imes 5 Hz, and also the zero harmonic of 

the chopper would combine with the fifth scene harmonic, 5 t imes 5 Hz, 
for a net amplitude of R(A3 B1 & A 5  B 0 ) / 2 .  

O t h c r  cornginations alm yiclrf 25 Hz, for  in#tance (3  x 40 Hz) - 
(I!) x 5 Ilz),  but the valuc?H are negligible and thor'uforc! not inc lud(d .  

selection of useful t e rms  is  determined on the basis of harmonic combina- 

tions up to the ninth harmonic of each component. 

values were computed by resolving plots of the desired input wave-shapes 

by G. E. Is FORIERXcXccJfi program. 

Ai and Bj are the 
-__22_ 

_ _  - -- 

'I'hc 

The actual coefficient 

The program initializes itself by asking for several  inputs. 

WHAT ARE THE RELATIVE RADIANCES O F  SCENE 1, 2 ,  & THE B. B. ? 

The "relative ' I  implying a dimensionless relationship to each other, such 



a s  typing 1,1,0 would imply that scenes 1 and 2 have the same relative radiance 

(maybe full  scale) and the blackbody some radiance much less.  

might imply i- and - full scale scene radiances, with the black-body half way 

between. 1, .5, -. 5 would imply scene 1 was twice the radiance of scene 

2, and both above the black body radiance by the indicated ratio. If one has 

a balanced wave form, such a s  1, -1, 0, there is no d, c. component. A dull 

scene such a s  1, 1, -1 has no a.c. component. The scenes before and after 

the requested scenes 1 and 2 a r e  assumed to be cyclicly repetitious at a 5 Hz 
rate, o r  continuous d. c. in the ''dull" scene case. Any numbers wi l l  be 

accepted and used in computations, 1's  and 0 's  wil l  provide the easiest 

comparisons, but 100, .005 o r  any real number may be used. 

between the numbers. 

1, -1, 0 

Insert commas 

WHAT ARE THE DETECTORS ELEC. & THERMAL T. C. IS? 

This asks for the electrical and thermal time constants, i n  that order. 

instance typing 1, , 1 wi l l  be understood a s  a 1 second electrical time constant 

and a 0 .1  thermal time constant. Insert a comma between the two numbers. 

For 

WHAT IS THE CHOPPER FREQ. IN 10's O F  H z ?  

WHAT IS THE PHASE OF THE CHOPPER RELATIVE T O  THE SCENE EDGE? 

The chopper frequency is set-up to compute in even multiples of 10 Hz, i.e. 

10, 20, 30, 80, 100, etc., so  the question is asked for the multiplier only. 

A 4 is interpreted a s  your desiring a 40 Hz chopping frequency, an 8 as 
80 Hz, 100 a s  1 kHz, etc. The phase is 0 to 3600 where Oo is the start  

of an "open" and 180° is the start  of a 'Iclosed" chop cycle. 



WHAT IS THE MAX. FREQ. OF INTEREST, U P  TO 1000 Hz? 

This is a useful input to limit computation time. 

After absorbing this much data the computer goes ahead and tabulates: 

THE HARMONIC CONTENT OF THE DETECTOR INPUT IS-- 

FREQUENCY AMPLITUDE PHASE DEG. 

X xxx. xxxxx xxx. xxxxx 
xx xxx. xxxxx xxx. xxxxx 

THE HARMONIC CONTENT OF THE AMPLIFIER INPUT IS-- 

FREQUENCY 

X 
xx 

AMPLITUDE PHASE DEG. 

xxx. xxxxx xxx. xxxxx 
xxx. xxxxx xxx. xxxxx 

The detector input calculations are merely mixing the input scene and 

the chopper. The input scene is assumed flat for the center . 0 6 3  seconds 
and varying sinusoidally for  .037 seconds between each scene, during the 

m i r r o r  transition time. The chopper wave form is  assumed flat for all 

except that portion of time that a blade edge is in the optical path, and 

during that time to vary sinusoidally from the scene to the blackbody 

radiance, or the reverse.  The computation is of the form of the Forier 

Series,  R(Ao/2) for the d. c. component, and Rx(AnBm + ApBq) for the 

magnitude of the a.c. components, where R is the radiance multiplier, Ax 

and Bx are the coefficients for the scene and chopper, and n, m, p and q 

are appropriate harmonics. 

-._- - - -  

___ _.___ - - .~ 

The amplifier input calculations alternate the signals according to the 
detector's t ime constants by the formula X i n / q 2 r f T 2 )  2 + 1 d(l/2?TfT1)2 + 1, 



-1 and shift the phase by Cp i n  -tan 2 / r f  T2 + BO -tan-' 2lrf TI.  

This data is printed out on the teletype if an affirmative answer was given 

to: 

DO YOU WANT INTERMEDIATE RESULTS, YES OR NO? 

Otherwi e, the program merely stores the answers and continues to ask 

for circuit parameters. 

The program then ,plots a generalized amplifier pass -band with a second 

low-end knee. 

ASSUMING A RESPONSE FOR THE AMPLIFIER SIMILAR TO -- 

WHAT ARE THE FREQUENCIES AT POINTS 1, 2,  & 3 1  

Insert commas between the three numbers, as  before on multiple entries. 

The fall-off from F2 Hz to F1 Hz is 6 dbloctave, as  is the fall-off from 

F Hz upwards. The fall off from F1 Hz down is an additional 6 dbloctave 3 
A' '  may be any convenient value, a s  it is merely a linear multiplier, 1 1  

11 and the amplifier never saturates The amplifier output is calculated 

according to X in (1/ x 1/Tl+(F2/fl x I /  l+(f/F3) x'A', 

where F1, F 2 ,  F3 and 'At a r e  a s  defined above, f the frequency of interest, 

and Xin the input amplitude. 

+ in -(tan-' (f/F3))+(90-tan-l(f/F1)) + (90-tan-' (f/F2)), where 

-z 
1 

The phase shift is: 

in  is the 



input phase shift at f. The amplifier output is tabulated: 

THE HARMONIC CONTENT O F  THE AMPLIFIER OUTPUT IS -- 
FREQUENCY 

X 

xx 

AMPLITUDE PHASE DEG. 

XXX.XXXXX XXX.XXXXX 
XXX. xxxxx wuC.XXXXX 

The signal at this point resembles a triangular wave of the fundamental 

frequency of the chopper with phase shift at the points of scene change, 

In order  to reconstruct the 5 Hz scene we full-wave demodulate the signal 

at the chopper frequency. The relative phasing between the chopper and the 

demodulator is important, as the frequency component amplitudes are 

directly proportional to the cosine of the phase difference. The optimum 

demodulator phase is then approximately that phase that the chopper 

frequency would have been shifted through the system thus far, o r  that 

angle f 180 . The program has inserted the chopper frequency into 

the system automatically, and kept track of its phase even though it 

may not have normally been a waveform constituent. It now uses this 

information to predict the optimum phase for the demodulator. 

0 

The program then types: 

DEGREES, - THE OPTIMUM DEMOD. PHASE SHIFT IS AROUND 

WHAT PHASE SHIFT WOULD YOU LIKE TO TRY? 

0 Any phase shift, 0 - -  C $ < 360°, may be 'inserted, and the program will 

proceed accordingly. 

THE HARMONIC CONTENT OF THE DEMOD. OUTPUT IS -- 
FREQUENCY 

X 

xx 

AMPLITUDE PHASE DEG. 

xxx. xxxxx xxx. xxxxx 
xxx.xXXXX xxx.xXXXX 



This computation is ); Xn Bm/2 cos (n&n - 3. prp) for  the amplitude, where 

in and n are the harmonic subscripts for all the constituent sums and 

differences, and the phase shift is @ in + (9  chop - 5 prp) f / 2 F ,  

The program then asks:  

WHAT IS THE TIME CONST. OF THE LO-PASS FILTER? 

I 1  I f  If a 0 is typed in, the program skips to the integrator, if any value 

is typed in, it computes and tabulates: 

THE HARMONIC CONTENT OF THE FILTER OUTPUT IS -- 
FREQUENCY AMPLITUDE PHASE DEG. 

X xxx. xxxxx Xxx .  Xxxxx 

xx xxx. xxxxx ~ . x x x x x  
(--2 According to X in / (T 2Uf) + 1, and the phase shift as $in - tan-' Tf 2flf. f 

The program asks: 

ABOUT HOW MANY INTERACTION INTERVALS OVER SCENES 1 and 2 3  

This may be any number up to 300, but the program will round to the 

nearest  multiple of 20, with a minimum of 20. 

continuous, but this number controls the interval listing, and the number 

of plot points. 

The integration is 

The program then computes and tabulates the integrator input waveform 

amplitude, and output integral: 

THE INTEGRATOR OUTPUT, AT THE END OF "INCREMENT", IS -- 
INCREMENT 

.xxxxx 
INTEGRAL INT. INPUT 

xxx. xxxxx xxx.xxxxx 



crobo 

The integral  is B1 Xdc/2 + Xf/w (cos n 5 (sin(wt+Z)-sin wt) 

- s i n  n g f  (cos (wt +Z) - cos  wt)), and the  input amplitude is 

) ’, Xf cos (wt - $ ). The var iable  2 is the integration time, f 

The p rogram then asks: 

WOULD YOU LIKE A PLOT,  YES OR NO? 

A property typed yes will cause the p rogram to  plot: 

MINUS ZERO PLUS 

0 + 0 1  X 

0.1 + x o  
+ I X 0 

0 .4  t I x o  

0.2 

0.3 + I 0 X 

‘ 

. 
1 . 2  X 

. 

0 1  + 

. 
WHERE ”0” IS THE SCENE INPUT, 

”X” IS THE INTEGRATOR INPUT, 

”+” IS THE INTEGRATOR OUTPUT 

‘ I * ’ ’  IS AN X & + SUPERPOSITION. and 
The  1’s are mere ly  a I 1  z e r o ”  line. 

Any other  input to the plot question will  cause the program to ask :  



WOULD YOU LIKE TO: 

1. START OVER; 

2. CHANGE THE CHOPPING FREQUENCY; 

3. CHANGE THE AMPLIFIER PASS-BAND; 

4. 
5. CHANGE THE LO-PASS FILTER; 

6. CHANGE THE INTEGRATION INTERVAL; 

OR 

7. QUIT? 

CHANGE THE DEMOD. PHASE SHIFT; 

Typing in the appropriate number will return you to the applicable input 

question in the program, saving all other previous inputs and resultant 

calculations. 

(quit) and "RUN" program restart ,  because on subsequent time through, 

the amplifier pass-band is not re-plotted, a s  well a s  saving the compile 

time. The program simply types: 

The "start over'' saves some computer time over the 7 

ASSUMING THE AMPLIFIER RESPONSE AS BEFORE -- 
WHAT ARE THE FREQUENCIES A T  POINTS 1, 2 & 3 3  

After accepting the new input to the restart  question, the program will 

proceed normally through all following steps. 



Amp Input 0 .. 40 
ta o 

Demod. Output 
0 ( 0  

9 1  . e ' a  
b 

m 

' -  Inti output +=- - . - 
I 

Plots of harmonic content of sounder system signals at progressive steps 

through system, 

F u l l  scale alternating scene input 

40 Hz chopping frequency 

Pyroelectric detector with 1 SEC. ELEC. T. C. & 0 . 1  SEC. THERM. T. C. 

Amp rolloffs a t  20, 40 & 200 Hz, x 1000 amplification 

Demod. phase shift optimized for Oo chopper phase. 

Integration interval . 0 5  sec. 



A typical run is a s  follows: 

We start  by asking for intermediate results in order to see the 

effects of the various stages of the system. 

We then ask for alternating scenes above and below the black body 

radiance, 

The detectors time constants were inserted as one second electrical 
and tenth second thermal. 

The chopper speed is 40 Hz and zero phase shift relative to the scene 
edge. For economy of the listings we limit the frequencies to 

4 2 4 0  Hz. 

HARM(?NXC ANA1 YSIS OF 1 IHQS ' S 0 U N D E H  SYSTEP 

'WIJLD mo i . 1 ~ ~ '  I N T E R ~ D I A T F  xsiliTs, YES (m NO ? YIX . 
a 0  

N h f i ' i  ANF'  TtlE R E L A T I V E  RAD1ANCF:S OF SCFNF: 1,' 2 R THE: B.B. - ?  I r - l r O  

1 N C O H R F C 1 '  FflRMRT--RETYPE. IT 
I 

* ,  '? 1,-1,O 
+ ,  * .  

' 'J)+AT ARFl THE CTETECTPR'S ELEC* & THERMAL T. C e ' S  7 l + s e l  , 
* '  s ,  

MHAT IS' T H E  CHOPPER F R E Q .  

' J M T  IS THE CHBPPER PHASF RFLATIVE T@ THE SCENE EDGE, 
' 0' IS THE' START OF GPENs ' 180 '  IS START OF CLBSED CYCLE 3 O 

IN 10 '3 ,  BF HZ. ? 4 

* 
WhAT IS THF M A X .  FKEQ. PF' JNTFRFST, LIP TP 1001) HZ ? Rho , 



I- .> 
1 5  
25 
35 

5s 
65 
7 5  
P 5  
C' 5 

10s 
115 
125 
1 3 5  
145  
I l is 
1 6 5  
175  
1 F5. 
195 
?O 5 
91s 
2 2 5  
235 

4's 

AMPL. 11 U D i  

.5?495 
13167 

009272; 
037310 
e37610 
-07722 
.01102' 

-000396 - .00$?66 
e00428 
002'852 
o1176.0 

1 1760 
r .033'52 
000348 - . O O r l 3 3  

*000104 
-001 9 9  
00 1200 
.Oh000 
.Oh000 
00 1200 
e 0 0  178 

-.0006H 

I' HA S K 1.) 1.: G 0 

t 

' i F . ' 7 5 O O r )  
5 h  u 55000 
33,75000 
I f  .25of30 

168.7sno'o 
146 o 2 5 q O O  

+ 123 075OO0 
101 s 2 5 O O O  
7 P 7 SO00 
5h.2!5000 
33 o75000 
1 1  3 25000 

168.75000 
146.25000 
I23 e 7 5000 
101.2sooo 
78o75000 
Stj.F?5f300 
33.75000 ' 
11.25000 

1 6 P . 7 5000 
I46 025000 
1i33.7sooo 
101.25000, 

' /  

T H F  HAHMBNIC, CPINTENT, 0F THE AlMPL1B;'EH IbF'Ul! IS - 
FRFY2rlSENCY % AMPLITUDE 

' , 5  
1 5  
25 
35 
O S  

I 5 5  
6 5 
7 5  
F 5  ' 

9 5  
1 0 5  
1 1 5  

1 3 5  
14s  
155 
165 
175  
185 
1 9 5  
20 5 
215 
225 

12,s 

P H A S E '  DEG. 

3 a  2.~9 1453, 
8.22996 

307 075741  
'284 1 'I 4.1 6 

* S O o 9 7 8 2 , A ,  
58.07333 
35.29293 
120 58727 

3 4 9  . 9 2 9 0 9  
'327.30580 

282.12321 
7 9 . 5 9 : 4 4 ,  
56.99301 
34 .44177  
l f  . R Y 7 1 4  

319.35793 
326.82319 
364.29221, 
281 076440 
79.2393 1. 

3 q A 1  .713526 

' 56.71656'  
' 34*19582., 



ASSUWINd'A tRFSPBNSE FflR TNF AMPLIFIER, SIM'ILAR TO - 

W X A T  VALUE SHBULD' I USF 

. ,  

THE, HAWMDNTC C.ONTENT 01; 

5 
15 
35 

45 
5 5  
6 5  
7 s  
65  

" 9 5 '  
10s 
1 1 s  
125 
135 

15s 

175+ 

3 5 ,  

i ,4s . 

1 6 5  

'1 85 
1 9 s ,  
20 5 
i?l 5 
22s 
23s 

FPJR ' 6 :  I? 1E,3 

,.THE. AMPL. IF I& 

APPI . I T U D ~  

~UTP'UT IS 9 I 

PHASF DpGe 

E3.63P53 
?i'? .k1,07h 
'2f' * 1540s 
zsr *90475 
38 350 50 

8 e04POTs 
3 3 9 . 7 8 1 6 6  
'312 -486633 
286 e88791 
26 t .'S85?7$ 
236.77610 
212.34790 

8.21331 
3 9 4 . 3 1 0 7 9  
320 *59,4'12 
2 9 7  -03056 
273.59177 
&SO e35756 
ZP7 -01 153 
20 3 u404s 

7'3% 5 
337 .hF?36 

\ 

'3 14.67933 
291 - 7 1  &'SO 



The optimum demodulator phase shift is calculated from the shift 
that the 40 Hz chopper frequency would have experienced through the 
system : 

--.---- ---. .-- ." I - - - -  ----- - -  -- --- 
T V F  P P T I ~ ' I l P  PElvaflP', PHASP %MJF 
WHAT PtcASF YHTFT WG?f!LD Y@U L.1 

T W  HARMPWIC CPINTENT DF TRE DFMBB, 0.UTqUT -IS:- 

F 5 EQ UE NG Y 
* . .  

' 5  
1 5  
2 5  
35 
45 
'5 5 
6 5  
7 5  ' 
8S 
95 

ro.5 
1 1 s  
I25 
135 
14g 
1 s5. 

,165 
175 
1 HS 
t 9s 
205 
2 1 5  
P 2 5  
2 3 5  

/ 

72 06hQ72 
7 21 . 'I 54Q9t 
3 4 1  09047s 
39 8.35Q50 ' 

27 fi  o:q4P(O P 
249078166 

1349 025756 
317 00 1'1 53 
292,o84045 

.243*60237 
2Tb 0.73365 

. B $4 w.67'9 

' 1  

W HAT JS THF TIME CGJNST;' BF',T(IF P A  , 

Had we chosen 144. 61°, the numbers would have been identical, 

except for sign. 

We inserted no lo-pass filter for this run. 
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0 *. 1'52s 
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0 . 1 6 7 5  0 x .  
0 . 1 7  0 X' 
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0.17'7,s 0 I X 
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4- 

x ' +  r IO I ,  
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'M4F'RF '0" IS T i E  CHBPPED INPU,TJ' 
' X '  I S  THE INTEGRATBR INPUTS 

' ' + '  f S  THE INTEGRATdH ~ U T K U T J  
+AN0 * e v  IS A N  ' X  fk + SUPERP0$ITI0NOs , 

8 

1.lflULD. Yr?U L I K E  TO : 1~ 

1 .  STAI?T O V F , H J  
2. CHANGE THE CHOPPING FREQUENCYJ 

4. CHP;NG,F. THE UEMBD. PHASE S H I F T S  
Sa CkANGF THE L.B'-PASS FILTER3 ' 

6 .  CHANGE THE INTEGRATIBN INTERVAL.J 

3 .  CHANkE THE AMPLIFIER PASS-BAND3 

1 

@R 7 O U J T  '7 2 
- ,  1 

WHAT IS THE CH0PP'ER FREQ'. IN lO*SiP)F  HZ. ? 4 

W H A T  I S  THE CHOPPER PHASE RELATIVE TPI THE SCENE E D G E S  
'0' I S  THE START OF OPENS ' 1 8 0 '  I S ' S T A R T  0F CLOSED C"ICLE 3 90 

\ I /  

The D. C, level would have been about 0.264, so was overshot by 

less  than 4% and had the "read" position been chosen judiciously 

a condition of virtually no scene-to-scene cross-talk is possible. 

On the ITPR program the optimum integration start and stop times 

were found to be at the chopper quadrature points. 



Another pass through, this time identical in  all respects to the last 

plot, except the integrate time is chosen as 0.075 seconds. 
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i 



Then a pass to determine the D.C. level one would achieve with equal 

scene radiances. 

Demonstrating only slightly over 1% overshoot, o r  scene-to- 

scene cross-talk, and again that an optimal "read" time may be 

chosen. 
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SECTION I. INTRODUCTION 



I. 1EJ'l'RODlJCT.IO~J 

T h i s  r e p o r t  i s  o r g a n i z e d  i n t o  f i v e  s e c t i o n s  which 
i n c l u d e  t h e  pe r fo rmance  c a l c u l a t i o n s  for d i c h r o i c  
f i l t e r s  two t h r o u g h  s e v e n  as shown i n  Table 1 of 
DSD-SPEC-E0253. Also i n c l u d e d  i s  a d d i t i o n a l  
i n f o r m a t i o n  resueqt-.-d 'z:* S u l t o n  c o n c e r n i n g  t k c  s u b s t r a t e  
and  d i c h r o i c  b e a m s p l i t t e r  t h e o r e t i c a l  pe r fo rmance  f o r  
t h e  ITPR program. A summary of t h e  c a l c u l a t i o n s  made 
for  e a c h  c o a t i n g  i s  shown i n  Table  1 i n  t h i s  s e c t i o n .  
F u r t h e r  d i s c u s s i o n  of e a c h  c a l c u l a t i o n  i s  i n c l u d e d  i n  
t h e  a p p r o p r i a t e  s e c t i o n .  

The f i l t e r . :  z r e  d e s i g n e d  f o r  a s i n g l e  i n c i d e n c e  
a n g l e  of 4 5 O ,  and t h e  d e s i g n  c a l c u l a t i o n s  a r e  shown 
i n  S e c t i o n s  I1 and 111. S i n c e  b o t h  t h e  c o a t i n g  
materials used  and t h e  s u b s t r a t e  are a b s o r b i n g  t o  
v a r y i n g  d e g r e e s  over t h e  wave leng th  r a n g e  of i n t e r e s t ,  
a b s o r b i n g  c a l c u l a t i o n s  a re  i n c l u d e d  where p o s s i b l e .  
A c o n s e r v a t i v e  estimate of t h e  o v e r a l l  pe r fo rmance  
c a n  hc? made fo r  hirjh t r a n s m i t t i n g  f j  1Lcrs )))I I Y I U ~ C : ~ J J ~ . ~ ~ ~ ~ ( J  

t h e  t r a n s m i t t a n c e  f o r  e a c h  p l a n e  of p o l a r i z a t i o n  f o r  
one  s u r f a c e  by t h e  same v a l u e  f o r  t h e  o t h e r  s u r f a c e ,  
and m u l t i p l y i n g  t h i s  by t h e  s u b s t r a t e  i n t e r n a l  
t r a n s m i t t a n c e .  Overal l  a b s o r b i n g  t r a n s m i t t a n c e  h a s  
been c a l c u l a t e d  on t h e  computer  fo r  f i l t e r s  number 
f o u r  and s e v e n  a s  shown i n  S e c t i o n  V.  

The effect  of u : ; j n '~  ? l ! ~  clcsirrx7$ i n  a n  f / 4  s y s t e m  
h a s  also been  c a l c u l a t e d ,  and t h e  r e s u l t s  p r e s e n t e d  i n  
S e c t i o n  V I .  



The Beckman I R I Z  Infrared Spectrophotometer has 
f/10 optics, and the theoretical comparison of the filter 
performance in an f/4 and an f/10 systems is included. 
The performance at 0 "  and 4 5 "  incidence angles is 
also included, since spectrophotometer measurements 
are not r c l i s h l e  at h i g h  a n q l z s  of incidence. 

It s!iould bc noted that a Pcrkin-Elmer 180 
Spectrophotometer has been recently installed at 
O C L I ,  and is currently undergoing testing. This 
c , ! - . , , r .b  \ . \ , .  ' " ' '.v:;:.~?ter has f/4 optics, and may improve 
our cap&!i.i..: ' : f :* - .  : ..ircments at angle. However, 
our current capabilities require spectral acceptance 
at O o ,  with 45" measurements made for information, 
if requested. 
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SECTION 11. DICHROIC 



11. SINGLE SURFACE DICIIZOIC COATING PERFORMANCE 

There  are two sets of computer  g e n e r a t e d  c u r v e s  
i n  t h i s  s e c t i o n  and  one  set  of hand p l o t t e d  c u r v e s  
made from t h e  cornputer p r i n t o u t .  The f i r s t  s e t  of 
computer  g e n e r a t e d  c u r v e s  shows t h e  t h e o r e t i c a l  
non-al>corbi n ~ j  ~ - : ~ l ~ ~ e ,  p-91ane 3.r.d a-ierage t r m s -  

mit t anc i !  f o r  ail SI.:< of t!ie d i c h r o i c  f i l t e r s  (numbcrs  

shows t h e  pe r fo rmance  o f  t h e  same f i l t e r s  a t  0' 

i n c i d e n c e .  The t h i r d  s e t  o f  f o u r  c u r v e s  (hand 
p l o t t e d )  shows t h e  a b s o r b i n g  pe r fo rmance  o f  f i l t e r s  
f o u r  t h r o u q h  seven  a t  4 5 '  i n c i d e n c e ,  u s i n g  t h e  b e s t  
a v a i l a b l e  c o e f f i c i e n t s  o f  a b s o r p t i o n  f o r  t h e  c o a t i n g  
rnatt-1,115. 

t ' . ;~  L:.I:G::-;:~ : - ~ y , - - . r ~ j  <it 42 ' ~.EZL~.~,::.Z>. T:?c S ~ C O R ~  set 

A b s o r p t i o n  c o c f f i c i e a t s  w e r e  n o t  ava i lab le  f o r  
t h e  m a t e r i a l s  used  i n  f i l t e r s  number t w o  and t h r e e ,  
b u t  a b s o r p t i o n  w i l l  be  l e s s  t h a n  f i l t e r s  four t h r o u g h  
eevr?n i n i . 1 1 ~  t r n n n m i  t t  i nrr reqi on. 

The c o a t i n g s  r e q u i r i n g  pe r fo rmance  above  15pm 
(fi l ters number t w o  and t h r e e )  w i l l  be less d u r a b l e  
t h a n  t h o s e  used  i n  f i l t e r s  number f o u r  and  s e v e n ,  b u t  
a l l  of t h e  c o a t i n g s  w i l l  meet t h e  r e q u i r e m e n t s  of t h e  
s p e c i f i c a t i o n .  
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SECTION 111. A NTI-REFLECTION 



111. S I N G L E  SURFACE ANTI-REFLECTION COATING PERFORMANCE 

To e l i m i n a t e  back surface r e f l e c t i o n  i n  t h e  
r e g i o n  where t h e  f i l t e r  i s  t r a n s m i t t i n g ,  an  a n t i -  
r e f l e c t i o n  c o a t i n g  must be a p p l i e d .  Three p o t e n t i a l  
d e s i g n s  are shown i n  t h i s  s e c t i o n ;  a s i n g l e  l a y e r  
and t w o  m u l t i l a y e r  c o a t i n g s .  One o f  t he  m u l t i l a y e r  
c o a t i n g s  (MLAR 1) i s  a very  s imple  des ign  i n  which 
p o l a r i z a t i o n  can o n l y  be reduced by narrowing t h e  
t r a n s m i t t i n g  r e g i o n .  However, a more s o p h i s t i c a t e d  
d e s i g n  (MLAR 3 )  m a i n t a i n s  t h e  wide t r a n s m i t t i n g  
r e g i o n  and a l s o  minimizes p o l a r i z a t i o n .  Both 
a b s o r b i n g  and non abso rb ing  c a l c u l a t i o n s  have been 
made for Oo and 45O a n g l e s  of i nc idence .  

One u n s u c c e s s f u l  a t t e m p t  w a s  made t o  e f f e c t  
a r e v e r s a l  of t h e  p l a n e s  o f  p o l a r i z a t i o n  on MLAR 1. 

Apparent ly  t h i s  i s  n o t  r e a d i l y  accomplished w i t h  
s imple  d e s i g n s ,  a l though  t h e  c o a t i n g  could be 

s h i f t e d  t o  l o n g e r  or s h o r t e r  wavelengths t o  make 
use  of t h e  r e v e r s e d  p o l a r i z a t i o n  whcre t h i s  o c c u r s  
i n  t h e  d e s i g n .  For i n s t a n c e ,  MLAR 1 could bc used 
w i t h  LWP # 6 ,  by s h i f t i n g  t h e  MLAR t o  s h o r t e r  wavelengths  
so t h a t  t h e  p o l a r i z a t i o n  crossover a t  14.9~ on t h e  
MLAR w a s  l o c a t e d  a t  13.51.1. T h i s  i s  a 9 .5% s h i f t  t o  
s h o r t e r  wavelengths ,  which would r e s u l t  i n  a ve ry  
good p o l a r i z a t i o n  match o f  t h e  t w o  c o a t i n g s ,  and a 
n e a r l y  u n p o l a r i z e d  t r a n s m i t t e d  energy from 1 3 . 2  t o  
14.11.1 (760-710 c m  ' ) .  

Note t h a t  a l l  of these c o a t i n g s  can b e  s h i f t e d  t o  
l o n g e r  o r  shor te r  Wavelengths,  w i t h  n e a r l y  i d e n t i c a l  
non-absorbing performance. 
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SECTION IV. SUBSTRATE 



I V .  SUBSTRATE PERFORMANCE 

The t w o  c u r v e s  i n  t h i s  s e c t i o n  show t h e  t r a n s -  
m i t t a n c e  of germanium s u b s t r a t e .  The f i rs t  c u r v e  h a s  
been hand p l o t t e d  from spec t ropho tomete r  s c a n s  of 
uncoated  germanium s u b s t r a t e .  Germanium h a s  a n  
i n d e x  of r e f r a c t i o n  of 4 . 0 ,  so t h a t  each s u r f a c e  
ref lects  3 6 % .  Transmi t t ance  th rough  a n  uncoated  
non-absorbing e l emen t  would be 47%, however germanium 
h a s  some a b s o r p t i o n  i n  t h e  t r a n s m i t t i n g  r a n g e  of t h e  
d i c h r o i c  b e a m s p l i t t e r s .  Curves are  p r e s e n t e d  t o  
show t h i s  e f f e c t  and t h e  e f f e c t  of r e d u c i n g  s u b s t r a t e  
t h i c k n e s s .  

The second c u r v e ,  which shows t h e  " I n t e r n a l  
T ransmi t t ance  o f  Germanium", i s  t h e  maximum t r a n s -  
m i t t a n c e  t h a t  c a n  b e  ach ieved  fo r  t h e  a c t u a l  
measured t r a n s m i t t a n c e  shown on t h e  f i r s t  f i g u r e .  
S u r f a c e  r e f l e c t a n c e  h a s  been reduced  t o  zero f o r  
this curve. 







SECTION V. OVERALL PERFORMANCE 



V. OVERALL ABSORBING PERFORMANCE O F  FILTERS FOUR 

AND SEVEN 

Sample c a l c u l a t i o n s  of t h e  overal l  abso rb ing  
t r a n s m i t t a n c e  o f  t w o  f i l t e r s  h a s  been c a l c u l a t e d  a t  
b o t h  0"  and 45O i n c i d e n c e ,  and t h e  computer p l o t s  
are inc luded  i n  t h i s  s e c t i o n .  The c a l c u l a t i o n  f o r  
LWP # 4  w a s  i n a d v e r t e n t l y  c a l c u l a t e d  t o  only  911, r a t h e r  
t h a n  4p. However, s i n c e  t h i s  i s  a t i m e  consuming 
c a l c u l a t i o n ,  and t h e  h igh  r e f l e c t i n g  r e g i o n  i s  n o t  
s i g n i f i c a n t l y  p o l a r i z i n g ,  it w a s  n o t  r e - c a l c u l a t e d .  

The t w o  f i l t e r s  p r e s e n t e d  w i l l  p rov ide  i n f o r m a t i o n  
on t h e  o v e r a l l  performance compared t o  approximate 
e s t i m a t e s  made from s i n g l e  s u r f a c e  c a l c u l a t i o n s .  I t  

appea r s  t h a t  a f l a t t e r  t r a n s m i t t a n c e  response  o v e r  
t h e  wavelength range  of i n t e r e s t  cou ld  be ach ieved  
by s h i f t i n g  t h e  MLAR t o  l o n g e r  wavelengths ,  t o  t a k e  
advantage of t h e  t r a n s m i s s i o n  i n c r e a s i n g  w i t h  
i n c r e a s i n g  wavelength i n  t h e  lower r e g i o n  of t h e  h i g h  
t r a n s m i t t i n g  band. There i s  a l so  a p o s s i b i l i t y  of 
s l i g h t  modif icat i .ons t o  t h e  LWP d e s i g n  t o  achi.eve an  
o v e r a l l  f l a t t e r  response  i f  r e q u i r e d .  

The dependent v a r i a b l e  on t h e  o r d i n a t e  i s  0-100% 

t r a n s m i t t a n c e ,  and t h e  independent  v a r i a b l e  on t h e  
abscissa i s  wavelength (mic rons ) .  The f i r s t  p l o t  
cove r s  t h e  9 - 1 5 ~ 1  wavelength r a n g e ,  w i t h  a spac ing  of 
l p / i n c h .  
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SECTION VI. f /NUMBER EFFECTS 



VI f/NUMBER EFFECTS 

Four f i l t e r s  (numbered t w o  ,hrough f i v e )  were 
selected a5 r e p r e s e n t a t i v e  f o r  c a l c u l a t i n g  t h e  

e f f e c t  of f/number on f i l t e r  overal l  performance. 
C a l c u l a t i o n s  w e r e  made for each  f i l t e r  a t  0' and 
4 5 O  i n c i d e n c e ,  w i t h  an  f / 4  and an f / l 0  l e n s  focus ing  
an image of a p o i n t  source a t  i n f i n i t y  on t h e  f i l t e r .  

The primary conc lus ion  which can be drawn from 
these calculations is t h a t  t h e r e  is  ve ry  l i t t l e  
e f f e c t  of f number i n  t h e  r e g i o n s  of i n t e r e s t .  
There i s  a s l i g h t  s h i f t  t o  lower wavelengths  a5 
t h e  a n g l e  of i n c i d e n c e  i s  i n c r e a s e d ,  b u t  i n  r e l a t i v e l y  
f l a t  response  r e g i o n s  a5 are impor t an t  i n  t h e  

d i ch ro ic s ,  t h i s  i s  of minor s i g n i f i c a n c e .  
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VII. ITPR FILTER INFORMATION 

The information requested on the ITPR filters has 
been included in this section. The first table shows 
the substrates and thickness of each of the filter 
elements, and the dichroic beamsplitter. The next 
two figures (show the computer plotted theoretical 
transmittance of the ITPR dichroic beamsplitter, 
at 45' and at 0' incidence. 

The back surface of the beamsplitter was coated 
with a single layer coating, and indications are 
that it was probably centered at a somewhat longer 
wavelength (perhaps 13pm). The performance of the 
single layer coating in Seckion III was calculated 
with a center at 13pm, so overall performance for  
this combination can be estimated. The transmission 
range of the dichroic is from 10.6 to 1 1 . 6 ~ ~  and 
it is apparent that the greatest net polarization 
will occur at the shorter wavelength, where both 
the anti-reflection coating and the dichroic have 
the highest transmission in the P plane. 
the anti-reflection curve somewhat, the transmittances 

Extrapolating 

are 
Anti- 

Combination Plane Dichroic Reflection 
S 
P 

93.6 
98.8 

85.5 
9.5.7 

80.0 
94.5 

so that a theoretical 15% spread between the two 
planes of polarization did exist at 10.6~. 
howcver, have been less at a l l  other wavelengths, 
and could have been reduced substantially by proper 
choice of anti-reflection coating, if this had been 

It should, 

a rcquircment. 



SECTION VII. ITPR FILTERS 



ITPR FILTERS 

Channel 

1 

2 

3?4?5 

6 

7 

D i c h r o i c  

E l e m e n t  1 

.040" G e  

. 0 4 0 "  G e  

.040" Ge 

.030" G e  

.030" Si 

.040" G e  

E l e m e n t  2 

.040"  Sapphire  

.030" Irtran 2 

.069" I r t r a n  4 

.069" Irtran 4 

.069" Irtran 6 
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TECHNICAL REPORT RK-154 
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December 28, 1972 

TOVS IMMERSED DETECTOR STUDY 

TECHNICAL REPORT RK-154 



TOVS IMMERSED DETECTOR STUDY 

TE CIlNICAL REPORT RK- I 54 

I. Introduction and Summarv: 

This report summarizes the major results of the work performed 
Gulton Industries, Data Systems Division Purchase Order #02023. The 

under 
aim 

of this effort has been to demonstrate the feasibility of using immersion tech- 
niques to produce high performance pyroelectric detectors for use in  the 
Tiros Operational Vertical Sounder. 

The specific tasks undertaken were intended first to reveal the general 
characteristics of immersed pyroelectric detectors, and second, to shed some 
light on the  optimum choice of detector material and the degree of performance 
enhancement to be expected. 

It w a s  found that immersed pyroelectric detectors generally perform as 
expected theoretically. Hemispherical immersion leads to  effective element 
area n times the actual area,  where n is the lens index of refraction 
(4.04 for  Germanium). The angualr field of view is 2sin-l ( n d n L )  where 
n 
sacrifice in  low frequency performance. This is due to  heat sinking by the 
immersion medium which causes a decrease in the thermal time constant. 

2 
L L 

is the detector element index. The immersion process does lead to some D 

The most extensive experiments were carried out using LPC's kT-4000 
detector material. This material has the advantage of being rugged, non- 
hygroscopic, and thermally very stable. Although the results have followed the 
theory quite closely, practical fabrication problems have so far prevented u s  
from achieving, in a single detector, all of the very stringent requirements 
envisioned for TOVS. An immersed kT-4000, mated to a current mode preanip- 



lifier, is being delivered to Gulton. 
Theoretically, the greatest performance enhancement should occur 

when immersion is used with detector materials whose performance is limited 
by capacitance and hence voltage noise rather than by the pyroelectric coef- 
f i  cient. For example, several double oxide crystals have pyroelectric coef- 
ficients which a r e  considerably higher than either TGS or  the kT-4000. These 
materials, however, have very high dielectric constants so that their voltage 
responsivity is rather limited, Immersion can reduce the required detector 
area by a factor of typically sixteen. Thus, we might expect an increase in 
voltage responsivity by th is  factor, obviating the limitations of amplifier 
voltage noise. 

we constructed a number of immersed detectors using SBN (50/50). The 
theoretical reduction in effective capacitance did occur. However, the results 
were compromised by general performance variability and by an anonalous 
increase in dielectric loss over that measured for unimmersed SBN detectors, 

To test the effects of immersion on a high dielectric constant material, 

The limited scope of the present effort has prevented the study of the 

many other detector materials whose performance may be enhanced by immer- 
sion. However, material property measurements reported in the open 
literature suggest that a number of attractive candidates exist, both in the 

double oxide and the order-disorder families. These materials offer fertile 
ground for further development efforts. 

Our work has demonstrated the general attractiveness of immersion 
for use in radiometric instruments such as TOVS. We believe that a reason- 
able probability exists that a sufficiently high performance immersed M'-4000 
detector can be produced if  further attention is devoted to  solving the practical 
fabrication problems. In addition, investigation of additional materials 
offers the possibility of an even greater improvement in performance. 



The most critical TOVS channels occur at 3.8 a i d  4 ,3  microns. These 
1 - 

require an NEP of 7. 5 x W/Hz2 when used wi th  a 3” telescope. The 
required effective detector diameter is 2, Omm with a 70’ field-of-view o r  about 
2.5mm with a 60’ field-of-view. The assumed chopping frequency is 50Hz. 

The necessary NEP can be obtained, for example, with a current 
responsivity of 4 ,uA/W and a total noise level of 3 x 

assume a hand picked FET preamplifier with a current noise level of 2 x 10- 

A/Hz2 we will need a combined loss tangent and voltage noise contribution of 
less than 2 x 

required detector element a rea  and hence capacitance in  order to minimize 
the effects of voltage and loss tangent noise. 

1 

A/Hz”. If we 
16 

1 - 

1 

A/Hz”. The function of immersion is to minimize the 

III. kT-4000 Exueriments: 

A. General Discussion: 

We  have constructed a number of immersed kT-4000 type detectors 
using both hemispherical and hyperhemispheriqal Germanium lenses. kT-4000 
was  chosen for the bulk of the experiments because of i t s  excellent electrical 
and mechanical properties. These allow the  greatest possible freedom in 
experimenting with immersion techniques and i n  studying the effects of im- 
mersion on detector behavior. In addition, measurements made on unimmersed 

detectors indicate that it might be possible to meet the program requirements 
with this material. If so, its superior ruggedness and stability would give 
it an advantage over unimmersed TGS. 

Selected unimmersed kT-4000 detectors have yielded current respon- 
sivities of greater than ri = 3@/W and loss tangents of less  than 1 x 

Neglecting s t rays ,  the capacitance is given by C = 8 . 3  ri A(pf) where A is the 
2 electrode a r e a  in  mm . 



Theoretically a Germanium immersed kT-4000 should have a linear 
magnification factor of 4.04 and a field-of-view of 66'. The main cause of 
any departure from the performance of unimmersed detectors is the heat 
sinking at the front surface due to contact with the immersion medium. As 
a result of this heat sinking it was assumed at the outset that a front surface 
black coating could not'be used. Thus all of the detectors constructed 
utilized a metallic semitransparent front electrode. 

kT-4000 material is transparent at 3.8 and 4.3 microns. Thus, 
it was  necessary to blacken the rear detector surface to compensate for the 
fact that the semitransparent electrode is only 30% to 40% absorbing. For  
the present experiments a convenient carbon black was used having a 
resistance of 20 to 30 kilohms/square. The resulting ser ies  resistance is 
a voltage noise source and will contribute to  the measured loss tangent. It 
is clear that t h i s  effect can be eliminated in future work either by finding 
a more conductive black or by depositing a metallic electrode on top of the 
black. 

B. Experimental Results: 

A s  an example of the typical results obtained wtih immersed kT-4000 
detectors, we list below the characteristics of detector IA-2C. 

PROPERTIES OF DETECTOR LA-2C (Ser:466) 

Current Responsivity 
4.0 N (extrapolated estimate) 
1.8 to  3.4 ~1 band 
700'K black body 
10.6 p laser 

2.0 p A/W 
1 . 8 5 ~  A/W 
1.64 p A/W 
1 . 5 5 ~  A/W 



Effective Diameter 1.7mm 

Capacitance 9 Pf 
Loss Tangent (at 1kHz) 0.004 
Angular FOV 65' 
Thermal Response Time 
Leakage 

3 msec. 
> l o  ohms 13 

Figure 1 is the transmission curve supplied by the vendor for the lens 
coating used. Since only one side was coated the measured values must be 
divided by 0.65 to  obtain the properties of the coating itself. 

Measurements of r. were made under the three conditions indicated. 
Extrapolation to the region of peak lens transmission was hampered by the 

lack of transmission data below 2.5 o r  beyond 8 . 3  microns. However, the 
value 2.0 p A/W is reasonable. ' 

responsivities of over 3. O p  A/W at 10.6 microns. High responsivity is more 
difficult to achieve with a carbon coating because of the difficulty of handling 
the thin crystals without the added strength of the metal. The highest respon- 
sivity obtained to date with the carbon coating was 2.7 1.1 A/W. 

The intended active a rea  diameter was 2.0 millimeters. The area of 
this unit w a s  inadvertantly reduced, however, during the masking process. A 

plot of linear aperture response is given in Figure 2. Figure 3 is a plot of 
response versus incidence angle. 

1 

Immersed detectors with metallic r e a r  electrodes have giver? current 

As mentioned above the measured loss  tangent includes a contribution 
due to  the se r i e s  resistance of the r e a r  surface coating. Lower values a r e  
achievable. 

The thermal response time of th i s  unit is quite short. This parameter 
tends to decrease with increasing ri since this requires a reduction in crystal 
thickness. However, the relationship varies considerably. This is at least 
partly due to the fact that r. also depends on electrode properties, while 

1 
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FIGURE 2: RESPONSE 
VS LINEAR POSITION 



A NG U L, A It POSITION (d cg r c'c s) 



response time depends on the thickness of the index matching layer. For 
example, one metal backed detector with r = 2.0 ~1 A/W at 10 AI exhibited 
response time of 8 msec. 

i 

IV. SBN ExDeriments: 

a 

Considerable effort was  expended during the program to build a high 
performance immersed detector using SBN (50/50). The rational behind 
tlnis stemmed from the very high current responsivity obtainable with SBN 
and from the fact that some workers had reported loss tangents well under 1%. 

A considerable number of SBN detectors were constructed, some conven- 
tional and some immersed. The conventional detectors were somewhat 
variable in their behavior, but i n  many cases exhibited current responsivities 
i n  the range of 5 to 8 u A/W. Measured loss tangents were typically 3% to 5% 
for the most sensitive detectors and as low as 1.4% for relatively thick detectors. 

Discussions with workers who had done extensive research with SBN 
indicated that loss tangents as low as 0.3% can be obtained by the use of a 
specialized surface preparation and electrode deposition procedure. Unfor- 
tunately, the tooling costs associated with this procedure a r e  beyond the 
scope of the present effort. 

_--- -- 

The behavior of the immersed SBN detectors was evan more erratic 
than that of the conventional devices, exhibiting variability with time as well 
as from unit to unit. In particular the loss tangents ranged all the way from 5% 
to 20%. Measurements of a function of frequency indicated that these values 
corresponded to  actual dielectric loss  rather than ser ies  or  parallel res is-  
tance. 

Our experiments have indicated the possibility of using immersion with 

SBN, but have revealed some rather unexpected and troublesome behavior. 
Further work in  this direction would require more effort than allowed by our 
program. 



A number of other materials exist which have pyroelectric coefficients 
of a similar magnitude to SBN. Furthermore, isolated measurements, 
reported in the literature have indicated loss tangents low enough for the 
present program. Considerable experimentation will  be required, however, 
to  determine whether any of these materials exhibit all of the required 
properties. 

V. Conclusions and Recommendations: 

Our major conclusions are listed belaw: 

(I) The immersion process leads to the anticipated reduction 
in required element a rea  and yields the theoretical field- 

of -view. 

(2) Immersed KT-4000 detectors show some promise but wil l  
require the development of special tooling and fabrication 
procedures in order t o  achieve the sensitivity required by 
the critical channels. 

(3) Immersed SBN detectors presented several problems which 
mayaor may not be solvable. 

We believe that efforts to develop a more highly sensitive immersed 
KT-4000 detector should be continued. In addition, immersion should be 

evaluated with a much greater variety of detector materials, both double oxide 
and order-disorder, in order to establish the combination of material and 
structure yielding the optimum overall performance. In the materials a rea ,  
an effort should be made to  determine the minimum loss tangents achievable 
with the various highly sensitive double oxide materials. Likely candidates 
exist, for exampha ,in the PbTi03/PbZr03 family. 

Clearly, the present program has only scratched the surface both in 
determining the appropriate materials for immersion and in optimizing the 



immersion process itself. However, the advancements made an this 
program have been sufficient to  indicate the very attractive potential of 
the  approach. A s  a result, Laser Precision intends to maintain a con- 
tinuous although necessarily limited in- hcruse effort in this area. 


