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FOREWORD 

This  repor t  is Volume I1 of a five volume set  documenting the r e su l t s  of an 
Attitude-Referenced Radiometer  Study (ARRS), P a r t  I, performed under 
National Aeronautics and Space Administration Contract No. NAS 1-880 1. 

A previous analytical and design study under contract No. NAS 1-6010 indi- 
cated the feasibility of the measurement  package and identified cri t ical  design 
and development problems. Having previously established tlie feasibility of 
the radiometric  measurement  package, t h i s  study provided advancement of 
techniques f o r  the design and fabrication of precision radiometric  and attitude 
determination sys tems  fo r  use in an earth-orbiting spacecraft.  The effort 
w a s  devoted to  solving the c r i t i ca l  design and development problems in P a r t  I .  
Design requi rements  and conceptual design of the systems,  based on analyti- 
c a l  analyses, a r e  established and reported within th i s  study effort. 

Th i s  volume documents the effort expended in radiometer  sys tem design and 
attitude reference radiometer  system integration. 

Honeywell Inc., Aerospace Division, performed th is  study program under 
the technical direction of Mr .  J. C. Bates. The P a r t  I effort was  conducted 
f rom 1 January 1969 t o  10 October 1969. 

Acknowledgement is extended t o  Control Data Corporation for  the i r  contribu- 
t ions in  attitude determination hardware considerations, to Lockheed Missi les  
and Space Corporation f o r  the i r  contributions in radiometry and inflight cali- 
bration, and to Carson Systems, Inc., for  the i r  contribution in experiment 
package sys tem and interfacing. 

Gratitude is extended t o  NASA Langley Research  Center  for  their  technical 
guidance, under the program technical direction of Mess r s .  A. Jal ink and 
J . A .  Dodgen, with d i rec t  assistance f rom Mess r s .  D. Hesketh, D. Hinton, 
W. C.  Hodge, and H. J. Curfman Jr., a s  well a s  the many people within their  
organization. 
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ATTITUDE REFERENCED RADIOMETER STUDY 

VOLUME It : PRECISION RADIOMETRIC SYSTEM 

By: John R. Thomas,  William R. Williamson, Honeywell Inc. ; 
L e s t e r  B. Florant ,  Herman  P. Grienel ,  Allan D. Hoffman, 
Lockheed Miss i les  and Space Corp. ; John C. Carson,  
Carson Systems,  Inc. 

SUMMARY 

This  volume documents those aspects  of the Attitude-Referenced Radiometer 
Study devoted t o  advancing the techniques for  the design, analysis, and fabri- 
c ation of applicable radiometr ic  s y s t e m s  and the overal l  ARRS system inter-  
face. Basic radiometric  requirements,  derived under contract  NAS 1- 60 10, 

2 a r e  radiometer  accuracy of 0.03 w / m 2 - s r ,  repeatability of 0.305 W/m -sr, - 
and noise equivalent radiance of 0.005 w / m z - s r  in a spect ra l  interval  encorn- 
passing the  atmospheric 15p CO absorption band, p r imary  calibration accu- 
r a c y  of bet ter  than I$, and i n f l i h t  cal ibrat ion stability of 0. 1%. The study 
was  organized into four major  a r e a s  - sys tem interface, radiometer ,  cal ibra-  
tion (p r imary  and inflight) and cr i t ica l  component testing. 

In the system in ter face  a r e a  a technique was  developed f o r  rapid and complete 
identification and determination of the effects on al l  ARRS subsys tems of 
varying design o r  performance p a r a m e t e r s  in any one subsystem. The analy- 
sis tool developed for  th i s  function is the pa ramete r  variation checklist (PVCL).  

A comprehensive generalized radiometer  analytical model was  developed to  be 
used a s  a tool in  the design, analysis, and evaluation of those radiometer  con- 
figurations applicable t o  the ARRS radiometer  performance goals. The analy- 
t ica l  model desc r ibes  propagation of external  and in ternal  signal, noise, and 
e r r o r  through the radiometer  and includes a description of the radiometer  
t r a n s f e r  function (spat ial  and temporal)  signal processing, and ground data 
reduction. 

An operational P r i m a r y  Calibration System (PCS) concept was  defined and the 
pre l iminary  design of an engineering model  completed. Th i s  PCS design in- 
cludes a simulated extended radiance source and the  capability of calibrating 
rad iomete r s  of up to 24-inch aper ture  d iamete r s  with up to a 2 m r  x 2 m r  
field of view. A variable level  flight model  Inflight Calibration (IFC) concept 
was  defined and the pre l iminary  design of an engineering model completed. 

In the cr i t ica l  component t e s t  a rea ,  a technique was developed t o  measure  the 
15p ref lec tance  of l a rge  d iameter  collimating ref lec tors  with an accuracy of 
be t t e r  than 0.1%. In separa te  m i r r o r  ref lectance tests ,  s e v e r a l  s m a l l  gold- 
coated ULE quartz and Cervi t  m i r r o r s  were  subjected to various simulated 



space  environments - including tempera ture ,  vacuum, and i r radia t ion  - and 
were found to exhibit an average reflectance degradation of 0.2%. Long-term 
vacuum aging t e s t s  of an IFC blackbody source  and m i r r o r  ref lectance were  
initiated and a r e  continuing. 

INTRODUCTION 

The study goal was  t o  advance techniques fo r  the design, analysis, and fabrica-  
tion of precision radiometr ic  sys tems  for  use  in  earth-orbit ing spacecraft .  The 
study covered both analytical and experimental work on a selected attitude 
referenced radiometer  for  a rolling wheel satellite to  be used for  ea r th  cover-  
age horizon measurements,  ea r th  r e  sources  surveys, o r  synoptic mete oro-  
logical measurements.  Pr inc ipal  e lements  of the  radiometric  sys tem include 
the spaceborne radiometer  and Inflight Calibrator(IFC), and the ground based 
P r i m a r y  Calibration System (PCS). P rev ious  analytical and experimental  
work accomplished under contract  NAS 1-6010 demonstrated that prac t ica l  
radiometric  sys tems fo r  accomplishing the  previously cited miss ions  a r e  
feasible. This  effort was  t o  examine and solve the cr i t ica l  design and devel- 
opment problems identified in the e a r l i e r  studies. 

Those studies showed that LWIR radiometer  design and analysis  techniques 
were  lacking in the availability of a unified approach using standardized 
arlalysis models f o r  the evaluation and tradeoff studies of different types of 
radiometer  configurations. Consequently, in the a r e a  of radiometer  design 
the study goal was  the development of a generalized analytical model of LWIR 
radiometers  encompassing those configurations applicable to  ARRS-type 
missions.  A requirement imposed on the analytical model was  t o  predict  
performance charac ter is t ics  of radiometers  capable of the following perform-  
anc e : 

2 
cr, Accuracy: 0.03 W / m  -sr 

2 
cs Noise equivalent radiance: 0.005 W / m  -sr 

2 
QS Dynamic range: 2000 (peak input of 10 W / m  -sr) 

o Dynamic response:  < 100 psec  

Field-of-view: 0.2 x 1 m r a d  

Feasibi l i ty of pract ical  ground-based and IFC concepts were  demonstrated by 
analysis  and experiment in NAS 1-60 10. P r i m a r y  calibration studies indicated 
that the optimum concept u s e s  a continuous tempera ture  variable blackbody 
source projected t o  infinity by collimating optics l a r g e r  in  aper ture  d iameter  
than the radiometer  being cal ibrated.  That  recommendation was  reviewed 
and substantiated by the present  study and a calibration sys tem design was  
undertaken. Configuration of all sys tem e lements  was  specified including 
vacuum chamber, vacuum system, cooling system, blackbody source  and 
tempera ture  control, and collimating optics. The main problem associated 



with the  type of calibration system designed is in  the reflectance of the col- 
l imating m i r r o r  used to  project  the calibration source t o  infinity. F o r  better 
than 1% calibration, the total  col l imator  reflectivity must  be known to  better 
than 1%. This  accuracy is unattainable throughout industry, government, o r  
universi ty facilit ies.  Consequently, effort was  devoted t o  determining a 
method fo r  measur ing coll imator  reflectance to bet ter  than l$including experi-  
mental  verification of the chosen method. 

Simi lar  c i rcumstances  existed fo r  IFC. The NAS 1-6010 recommendations 
fo r  IFC concepts were  reviewed and the optimum concept of a flight unit 
selected. Design of an engineering model IFC was  undertaken and cr i t ica l  
component deficiencies identified. The selected IFC concept is s imi lar  to 
that used for  p r imary  calibration - radiance from a smal l  blackbody source 
is collimated into the radiometer  optics by a removeable collimating reflect0 r. 
Available flightworth blackbody sources  were  found to  be lacking in required 
tempera ture  stability. Modifications f o r  increased stability were  made to 
a commercial ly available source  and extended t ime stability tes ts  s tar ted .  

In the IFC, a s  in  the PCS, the collimator is a cr i t ica l  element; however, i t  
is the reflectance stability r a the r  than the actual reflectance that is cri t ical .  
Any instability in the IFC m i r r o r  reflectance f rom the t ime of p r imary  cali- 
bration through the miss ion  life will  propagate direct ly into calibration 
instability. The IFC stability goal is 0.1%; no information could be found i n  
the l i te ra ture  indicating that m i r r o r  reflectance exhibited that degree of 
stability. Consequently, t e s t s  were  run  using simulated space environments 
t o  determine the reflectance stability that could be expected. 

Other a r e a s  of cr i t ic  a1 components were  examined and recommended t e s t s  
w e r e  identified; t e s t s  in these a r e a s  were  not, however, conducted. T e s t s  
w e r e  outlined f o r  

Detectors  

a Choppers 

o Spect ra l  f i l te r  

e Detector/  re lay  optics mount 



SYSTEM AND INTERFACE 

T!he ARRS study was directed at the development of technology and analy- 
tical tools with the broadest possible applicability. Interfaces between the 
radiometric and attitude determination functions and their interaction with 
the system and mission in which they reside will constrain this applicability. 
In the following paragraphs these constraints will be defined and their  
implications discussed. 

System Baseline De sign 

This section defines the l imits of applicability of the ARRS radiometric and 
attitude determination design, analysis, and technological development. The 
section is  organized a s  a baseline design summary; however, instead of 
parameter values, ranges and the implications of exceeding them a r e  
di.scussed. 

During the course of the study a running check was maintained against the 
effects of each defined quantity on other elements of the system, with 
particular emphasis on the loss  of generality incurred by such definition. 
Performance of this activity was documented by the maintainence of the 
Parameter  Variation Check List (PVCL); see  Table 1. This device 
permitted the accounting for, without freezing, the effects of parameter 
variations on each other and on the type of system and mission constraint. 
In the table the circled numbers reference the explanatory notes developed 
as  a part of the updating activity that continued throughout the study. These 
a r e  presented in Appendix A and form the basis for  subsequent paragraphs 
in this section. 

Although initially used only a s  an accounting tool, the PVCL has  become a 
useful device for future applications of the ARRS results. In general, each 
new mission or  system application will in part conform to  the ARRS 
conditions of applicability and in some other ways it will not. The PVCL 
with its associated notes will act a s  a reminder of which of these is which 
and, where extension or  modification of the ARRS results  is  required, 
will indicate the method of solution. 

Table 2 summarizes the results  of studies in the major a reas  of concern to  
systems integration, the most significant of which is  the alignment problem, 
It had been hoped at the outset of the study that a method could be found 
of monitoring the angular relations between starmapper and radiometer 
lines -of-sight independently of either of their internal configurations. 
Although no basic obstacle t o  this goal was uncovered, neither was any 
currently available device found capable of performing a s  required. There- 
fore, at such time a s  the results  of the ARRS study a r e  t o  be applied to  the 
fabrication of a measurement system, an alignment monitor design tailored 
to  that application will probably be required. 



TABLE 1. - PARAMETER VARIATION CHECK MATRIX 
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Constraining element 
Parameter  

Radiometer 

1. Spectral band 
2. Scan ra te  

3. Weight 

4. Volume and envelope 

5. Operating temperature 

6. Redundancy 

I .  Power dissipation 

8. Cooling system 

9. Detector type 

10. Transfer  function 

11. Field of view 

12. Optics carfiguration 
a) Aperture 

b) fl-number 

13. Chopper type 

14. Chopper frequency 

15. Dynamic range 

16. Structural mater ia ls  

17. Internal alignment 

18. Stray radiation 

19. Inflight calibrationsystem 
(number of levels) 

Attitude determinatian 

1. Torque models 

2. Scan r a t e  

3. Operating temperature 

4. Sensor type 

5. Volume 

6. Stray light baffling 

7. Viewing geometry 

8. T rans fe r  function 

9. Internal alignment 

10. Output bd  ra te  

11. Redundancy 

12.  Power dtssipation 

13. Structural materials 

14. Field of view 

15. Scan type 

Mtsslon 

000 
0 

0 @ 

@ 8  

I 
0 

0 

0 

0 

8 

@ 

0 
0 



TABLE 2 .  - ATTITUDE REFERENCED RADIOMETRIC SYSTEM INTEGRATION 

problem, if not ? 

Inconclusive; up-to factor of 1 .1  was shown 

Thermal control: How warm can 

Radiometerldata 
linklground reconstruc- 
tion 

Radiometer /attitude 
determination 

Attitude determination1 
spacecraft 

Starmapper /data 
handling system 

power dissiaption 

Chopper rate  versus buffer size: How 
much to  reduce aliasing e r ro r  to  
tolerable levels? 

Bandwidth constraints and distortion: 
Can signal spectrum be recovered t o  
prescribed accuracy within Af limits? 

Optimum scan rate: Is NER 
achievable at scan rate  that provides 
adequate control? 

Volume available: Are  baffles for 
daylight starmapping consistent with 
baseline spacecraft design? 

Storage required: On-board pro- 
cessing, false count rates  versus 
storage constraints at maximum scan 
rate 

at 200K 

Two times/dwell time (baseline approach) 
appears adequate 

Inconclusive, but promising results 

j: 
Yes, D s can be obtained at levels that 
render this trade-off insignificant over scan 
rate range of 1 to  5 rpm 

No, not without alternation of radiometer 
interface (e. g. size) or  spacecraft 

60 000 bit maximum can be adhered to  



Baseline Design Summary 

The general ARRS functional requirement i s  t o  perform, from a space plat- 
form, precise, high-resolution, LWIR radiometric measurements accurately 
associable with a pointing direction in geocentric coordinates. The system 
functional elements involved in performing this overall function a r e  related 
a s  shown in Figure 1. 

Basic characterist ics that define the c lass  of systems to  which the ARRS 
study applies and from which cannot be significantly deviated a r e  a s  
follows : 

e Passive scan 

o Spin stabilization 

o Low to  intermediate altitude (200 to  1000 n. mi. ) 

e Resolution/attitude reference range 0. 01" 

e Radiometric spectral  region -. LWIR (8 t o  4 0 ~ )  
2 e Accuracy/precision regime: FJ 1% or  0. 03 W / m  - sr 

Additional elements defined to  act a s  a context for performance of the study 
a r e  a s  shown in Table 3. 

The constraints of precis ion, altitude, resolution, and pointing a r e  pre- 
dominate in determining the range in the parameters describing these 
functions, a s  summarized in Table 4. 

Mission constraints. - -  Under the heading of mission a r e  the following 
items: 

e Data acquisition - types of measurements that must or can be 
performed, l imits on rates,  support data required 

Environments - launch, orbit, storage 

e Spacecraft - volume, weight, power 

Data acquisition: The types of measurements that can generally be 
performed by an LWIR sensing system a r e  summarized in Table 5. 

The predominant constraint on the type and quality of the measurement t o  be 
made is  the bandwidth limitation. Fo r  the same amount of data in a given 
spectral  increment, the bandwidth requirement is  proportional t o  the number 
of such increments and the number of spatial resolution elements recorded. 
These quantities a r e  tradeable against one another, and these data require- 
ments tradeoffs will in general determine the character of the measurement 
system. 
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Figure 1. Attitude -Referenced Radiometric System Schematic Description 



TABLE 3.  - ARRS BASELINE SUMMARY 

Item I 
Satellite system 

Orbit 

Spacecraft 

Life 

Attitude control 

Spin rate 

ARRS - satellite interface I 

ARRS operating temperature I 
Mechanical 

Radiation 

Data handling 

Description 

I 
0 500 km altitude 
r 3 p. m. - 3 a. m sun 

synchronous (f 2 hr)  

r Rolling wheel 

r one year 

a Intermittant magnetic torquing 
a V-head horizon sensor 

r 1 t o  5 rpm 
r Spin axis - orbit plane f 5' 

200t0300°Knominal 
r predictable to  f 20°K 

r Tight thermal and "loose" 
mechanical coupling to space- 
craft baseplate 

r No solar illumination of 
radiometer aperture; shield 
also obscures solar paddles 

-s 0 to  5 v output to  sample, 
quantize and storage compatible 
w ith STA DAN 

Item 

ARRS frozen 
characteristics 

Design "technology" 
constraints 

Description 

Minimum redundancy 

Radiometer 

Attitude 
determination 

r No moving parts except 
radiometer chopper and 
inflight calibration if 
absolutely necessary 

8 No active thermal control 

r Celestial sensors (full) 
r IR detector 
a IR chopper 
r Inflight calibration 
r Serial electronics 

a Cooled detector 
a Solid cryogen cooler 
r Optical chopping for d-c 

response 
e Variable temperature 

source plus collimator 
a s  primary standard 

o Vacuum calibration and 
store 

a Discrete discontinuous 
attitude sampling plus 
math model of spacecraft 



TABLE 4. - ARRS PARAMETER BOUNDS 

System element 

. Radiometer 

A. System 

R. Pr imary  
Optics 

C. Relay Optics 

D. Chopper 

E. Spectral Fi l ter  

F. Detector 

G. Cooler 

H. Inflight 
Calibrator 

I. On-board 
Electronics 

J. P r imary  
Calibration 

11. Attitude determi- 
nation sensors  

R. Pr imary  
Optics 

C. Electronic 
Processing 

1) Spectral band, A h ,  microns 

2 )  Scan ra t e ,  rpm 

3)  Ambient temperature. "K 

i) Power dissipation. W 
(@ 200°K, if cooled) 

1)  Configuration 

2 )  Aperture, in. 

3) f / -number 

?) Resolution (IFOV) m r .  azimuth 

elevation 

1) Configuration 

2) Temperature,  OK 

1 )  Frequency, KHz 

2) Type 

1)  Location 

2) Temperature,  "K 

1) Type 

2 )  Temperature,  "K 

1 )  Type 

2) Temperature,  O K  

3) Design load @ 1 year  life, mw 

1)  Source temperature,  "K 

2) Number of levels 

1) Information bandwidth cyc les /mr  

2) Dynamic range (W/m2-sr)  

1 )  Type source 

2 )  Temperature range, "K 

3)  Extent (field angle) m r  

Scan ra t e ,  rpm 

Operating temperature. "K 

Power dissipation Q 200°K, w 

Volume 

I layl~ght  operation 

configuration 

Field of view, degrees 

Viewing (cant) angle, degrees 

Raffle type 

Output bit r a t e ,  bi ts lorhi t  

Transfer  function 

Value 

Open 
Open 

Open 

Open 

65 to 300 

0.5 to  10 

Open 

Open 

< 80 

Open 

10 to 80 

Solid cryogen 

Open 

> 5 

Variable temp- 
e ra tu re  

< 80 to > 250 

> 3 

1 to 5 

150 to 300 

< 1 

Open 

Open 

Open 

10 to 30 

Open 

Open 

< 60, 000 

Open 

Reason for  bound 

Worst case,  HDM application 

Low: data requirements  
attitude control 

Eigh: F ~ " Y d t h  

Iiange achievable on-orbit passively 

To stay compatible with passive 
cooling to a s  low a s  20O0/c 

Resolution, NER, envelope 

Low: practical limit 

High: NER, envelope 

Data requirements ,  s ize constraints 

Total practically achievable 

Resolution 

NER, emission effects on accuracy 

Performance range of usable detectors 

Life, power 

Result of previous study 

Resull of previous study 

Sufficient to  solve multilevel problem 

Data requirements ,  representative 
applications 

Data requirement 

Advanced state of development 

Corresponds to dynamic range 

Corresponds to nominal resolution 

Interface with radiometer 

Compatibility with passive thermal  
control 

TJstbful range for s t a r  serising 

Storage constraint - -  worst case 



TABLE 5. - MEASUREMENT APPLICATIONS 

Atmospheric and con- 
s t  ituent concentration 
measurement (Nimbus, 

3)  Spectroscopy Vertical temperature 
profile inversion (Nimbus) 

The ARRS study was aimed at that c lass  of instrumentation suited for 
measurement types 1 and 2,  and, although the study was conducted pri- 
marily for the 14 to  16pinterval, the results  a r e  quite generally 
applicable for  any measurement integrated over a band (as  opposed to  
a spectrometric measurement) when the band i s  located between 8 and 2 5  
microns. The number of such channels is  limited to  of the order of five 
by cooler capacity and data ra te  constraints of the baseline configuration; 
but, the results  of the study pertaining to  radiometers a r e  easily generaliz- 
able to  systems with Qarger values for  these constraints. A more serious, 
inherent limitationcomes from the c lass  of optical systems included in the 
study. These a r e  basically simple, narrow -field instruments ideally 
suited for high-precision radiometry but different in kind from wide-field 
imagining systems. 

The latter  a r e  characterized by more complexity - i. e . ,  more elements 
and structures in the optical path - and a r e  inherently more susceptible to 
s t ray radiation and self-emission effects than the simpler, narrow-field 
instruments. These considerations render those parts of the radiometer 
analytical model having to  do with stray radiation and internal emission 
l e s s  readily usable for imaging-type applications. Analysis performed in 
a r eas  such a s  detector response modeling, inflight calibrations, and 
transfer function modeling will, however, be useful in these applications. 

Within the c lass  of narrow-field, single-channel instruments, the constraint 
on data ra te  will st i l l  be a major limiting factor. This constraint derives 
chievely from the maximum on-board storage available. The storage 
required is given by the expression: 



6 Cs (bits) = m [n 6, f,, q At + 

where 

m = number of orbits for which data a r e  stored prior t o  readout 

n = number of detector channels 

bj; = scan ra te  ( rad/sec)  

a @ = resolution element dimension in scan direction 
A @  = (i* e . ,  - Cda dwell time) a 

6 @  
= portion of each scan stored 

fn9 
= samples (chop cycles) per resolution element 

k = attitude, inflight calibration, and housekeeping storage 
requirements per orbit 

Considering the horizon definition case, 

3 At = 5 . 4 ~  10 sec 

k = 60 x l o 3  bits, attitude determination 
50 x 103 bits, monitors 

3 .  100 x 10 blts, inflight calibjration 

The number for inflight calibration would be decreased considerably if on- 
board averaging were used; i. e . ,  it was assumed here  that each sample 
of the 100/level would be stored. The monitors were computed individually; 
an example i s  a typical temperature monitor where a f20° range would be 
covered with 0. 05' resolution, resulting in a 10-bit word for each monitor. 
Assuming a readout ra te  of onelminute and 30 such sensors,  a 27-kilo bit/ 
orbit total is  reached. Other monitors and time words make up the 
remainder of the 50-kilo bitslorbit allocated. 

The quantity f / A $  is a measure of the system resolving capability; one- 
A0 

half of this number is the maximum frequency in t e r m s  of number of cycles/ 
r a d  permissible in the input signal for no aliasing, or  sampling, e r ro r .  



F o r  a system with a dynamic range of 2000:1, the number of levels should 
exceed 4000, or 12 bitslword, t o  render this a negligible source of noise. 

Figure 2 illustrates some of these relations. Note that for the set of 

parameters used in the HDMP feasibility design - 6 = n x lo- '  ( 3  rprn), 
- 4 

A @ = 2 x 10 rad,  and fa* =2 - the storage requirement per orbit is roughly 
1. 8 megabits. This is marginal in t e rms  of a solid-state memory, probably 
limited in choice to  MOS or  plated-wire memories. 

These problems a re  exaggerated by the stringent requirements on measure- 
ment accuracy. The usual approach for achieving high fidelity by means of 
excessive bandwidth cannot be used. Signal frequencies near the limit of 
system resolving capability will generally experience distortion. Care must 
be taken to  avoid sampling e r r o r  and other sources associated with limiting. 

Environments: These a r e  grouped into three areas  in time - prelaunch, 
launch and on- orbit. 

During the prelaunch period the prime areas  of importance unique to  ARRS 
type systems a r e  radiometer cleanliness. and maintainence of the stored 
cryogen. After the last  radiometer primary calibration, probably prior 
t o  shipment t o  the launch base, any contamination of optical surfaces could 
results  in loss  of calibration. This and the likelihood of cold internal surfaces 
will probably lead to  the evacuation and sealing of the radiometer until the 
beginning of orbit operat ions. Again, owing to  the cleanliness requirement, 
vacuum pumping for  extended periods must be by means of vac-ion 
techniques or an equivalent. 

Vacuum lines must also be supplied to the ullage tubes of the stored cryogen 
until launch. No other special ca re  appears necessary after "topping off", 
which can occur several  days prior t o  launch. 

On-orbit, for those applications where the radiometer is  cooled significantly 
(e. g. , t o  l e s s  than 220°K), direct irradiation of the aperture by the sun 
cannot be permitted. This constraint will limit the combinations of time of 
launch, orbital inclination, and scan angles, a l l  of which a r e  preferably 
determined solely by the data requirements of coverage. Fo r  example, in a 
polar orbit, coverage of one of the poles will be excluded in a noon orbit. In 
a measurement of the earth1 s limb, however, this coverage would probably 
be lost because of s t ray radiation produced by the proximity of the sun to  the 
line - of - s ight. 

Spacecraft: The study was addressed to  measurements from spin-stabilized 
spacecraft with the spin vector approximately normal t o  the plane of the orbit. 
This permits totally passive (i. e. , no moving parts) scan generator for the 
radiometer. Fo r  the attitude determination problem, this presents a configura- 
tion amenable to  modeling, hence requiring no active s ta r  tracking or inertial 
platforms. Generalization of the results  t o  a vertically-oriented, ChlG - 
controlled spacecraft,  f o r  example, is  subject t o  the following qualifications: 





a) A l l  of the torque models a re  invalid; however, portions of the 
basic attitude determination program may be usable in some 
cases where the control system operation is intermittent. 

b) Scan generation would have to  be accomplished mechanically 
for both the starmappers and the radiometer. Other than the 
additional alignment problems, this poses no great difficulty. 
The radiometer analytical model would require extension to 
cover the additional element, but this should not affect the 
validity of the current components of the model. 

Payload integration. -- The subject of the paragraph is the integration of 
the celestial sensors with the radiometer. Four considerations a re  per ti- 
nent - choice of materials, thermal, alignment, and the geometrical relation 
of the sensors-d radiometer lines-of-sight. A l l  of these primarily affect 
one performance parameter, determination of the direction of the radiometer 
line of sight to within 20 a r c  sec. A secondary factor in the thermal interface 
relates to the isolation required between the starmapper and radiometer to 
prevent undesirable gradients. This, how ever, has not proven significant in 
any of the designs considered in the study. 

A typical allocation of line-of-sight e r r o r s  is given in Table 6. These re-  
quirements a re  achievable, but in the a rea  of alignment generally become 
major design determinants - structure considerations alone determine optical 
concept design, for example. To make the instrument design technology de- 
veloped under ARRS free of this configuration dependence, i t  was decided to 
explore the possibility of separate, on-board alignment sensing. 

The basic approach to alignment sensing is a s  depicted in Figure 3. A point 
source is  positioned at the field stop of the radiometer and the resultant colli- 
mated light sensed by the alignment sensor. The latter is integrated with an 
autocollimator by which it maintains its own alignment with respect to a refer- 
ence surface. A similar arrangement exists within the starmapper and is 
referenced to the same surface, whose orientation and stability is not crit ical. 
Also shown in the possibility for direct alignment between the radiometer and 
starmapper alignment sensors. 

Figure 4 shows a typical sensor-autocollimator design concept. Proper 
choice of spectral interval for the light sources permits operation without 
interference w ith the radiometer or starmapper functions. Sensors of this 
type have been shown to  be capable of 1 a r c  sec accuracy over at least a 
60  arc  sec range. 

The major problem with such a device in an ARRS application is its effect 
on the production of stray radiation in both the starmappers and the 
radiometer. 



TABLE 6. - LINE-OF-SIGHT DETERMINATION 
ERROR ALLOCATION 

Attitude determination relative 
to  celestial coordinate system 

Orbit determination 

Spacecraft data processing 

Time correlation 

Ground data processing and s ta r  ephemean 

Radiometer internal alignment 

Celestial sensor internal alignment 

Radiometer - celestial sensor alignment 

It is possible, for the Classical Newtonian Configuration (or any with a 
central blockage),, to  place the sensor in the shadow of the secondary mirror ,  
thus minimizing stray radiation problems. This arrangement is  illustrated 
in Figure 5, along with the analogous approach for the off-axis parabola. 
In the latter case an extension of the primary mir ror  is required to  keep the 
alignment sensor out of the main optical path. An extension of the type 
shown - toward the optical axis - should not produce any serious problems. 

The problem is greatly simplified by the location of the limiting field stop at 
the primary focus, rendering detector and relay optics alignment noncritical. 
In some designs it is useful t o  make the detector itself the limiting stop, 
rendering the alignment and alignment sensing more difficult. Even though 
'the detector is the limiting stop, there will also be a stop at the primary 
focus of sufficient size only to  accommodate detector motion. Monitoring 
just t o  this field stop, however, would produce inadequate results. 

Figure 6 depicts an approach to  alignment sensing in such a configuration. 
A point source located in the plane of the primary focus is imaged onto a 
corner-reflecting surface (e. g., Po r ro  roof prism) at the detector mount. 
This method would be sensitive to  detector cross-axis translations and lens 
tilts. The spectral interval cannot be chosen on a noninterference basis a s  
before if the spectral filter is located within the relay optics. In such cases, 
it will be necessary to  operate the sensor intermittently. 



Figure 3 .  Alignment Monitor Schematic Description 
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Figure 4. Basic Alignment Sensor Design 
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Thus far  no distinction has been made between the axes to be monitored. If 
the starmapper and radiometer axes a r e  parallel, it might seem that only 
angles in the scan direction need be sensed. However, the starmapper field 
of view may extend far  enough off-axis to create a problem for a single-axis 
measurement. If the starmapper onelhalf field angle is lo0,  then the coupling 
of rotational e r r o r s  about the optical axis into pitch-errors is proportional to 
tan lo0, about 0.15. That is, a 20  a r c l s e c  e r r o r  in starmapping roll  would 
convert to a 3 a r c  sec  uncertainty in radiometer pitch. This coupling is pro- 
bably sufficiently weak to account for structurally, rather than monitor.Canted 
starmappers a re  likely, however, and here the situation rapidly becomes such 
that this rotation must be measured. Moreover, i t  is not necessarily true 
that other applications will be concerned with single axis pointing accuracy 
only, 

The problem of detecting rotation about the starmapper axis relative to the 
radiometer becomes that of measuring (or securing) the reticle rotation a s  
there is no effect from rotation of the optical elements about their own axes 
This would seem straightforward, involving a reference surface - - e. g., on 
the edge of reticle -- converting rotation into tilt, which is readily detectable 
using the same technique as  before. 

.A survey was made of vendors for such dgvices; no combination specifically 
meeting the ARRS requirement was found. ' A major detailed design effort 
.would only be justified for an application clearly demanding the use of such 
a set of devices. 

' ~ n f a c t ,  in most cases the devices had been designed for an order of mag- 
nitude more precision with a concomitant, and intolerable, size penalty. 



GENERAL RADIOMETER MODELING AND ANALYSIS 

RADIOMETRIC MEASUREMENT SYSTEM 
DESIGN AND ANALYSIS 

The Radiometric System is defined a s  the combined radiometer,  pr imary 
calibration and inflight calibration assembly. The purpose of the radiometric 
portion of the ARRS Study was t o  extend both the performance in t e rms  of 
radiometric accuracy and repeatability and the means for predicting i t  for  
such sys tems to a new level. To do this required development and extension 
of analytical tools and generation of component data and new component mea- 
surement techniques. In this section the reasons why these were necessary 
will be explored and analytical modeling objectives and requirements will be 
defined. 

Measurement System Requirements 

The quality of a radiometric measurement is determined by the values on the 
following parameters :  

o Total noise equivalent radiance (NER): The input o r  signal 
radiance level required to produce a system signal output equal 
to the r m s  (i. e .  , l a )  noise level at  the system output. This 
quantity has  significance for  a specified spectral  interval and 
angular r e  solution. Therefore, this should be expressed a s  

0 Spectral interval (AX): In this study, spect ra l  interval  is under- 
stood a s  that interval  outside of which al l  uncornpensatable 
energy sources  a r e  to be treated a s  e r r o r  sources,  and inside 
of which the input signal energy is treated a s  though uniforrn7.y 
spaced ac ro s s  the interval. 

0 Dynamic range: Dynamic range is the' ra t io  of maximum signal 
level,  for  which response is specified, to the l o  noise level of 
the measurement. 

0 Resolution, with two types of definitions: (a) in t e rms  of the 
inverse of the maximum spatial frequency to which the mea-  
surement is sensitive, o r  for  which the output signal is reduced 
a fixed amount f rom that a t  the frequency of maximum response, 
o r  (b) in t e rms  of the limiting field stop in the optical system, 
often the detector itself.  These (a and b) a r e  made the same by 
specifying resolution a s  the inverse of the lowest spatial f re -  
quency other than dc, at  which the system response is zero. 



o Accuracy: Accuracy is the degree to  which the measurement 
i s  relatable to a physical standard; specification is in t e rms  of 
e r r o r  and is expressed a s  a percentage (scale uncertainty) and 
a s  an absolute quantity (bias o r  offset uncertainty). Either of 
these may be random or  systematic. 

e Precision: This is the repeatability of a given measurement,  
a lso  expressed a s  scale and bias. The distinction between instru- 
ment- to-instrument repeatability for  the same measurement 
and accuracy is often ignored and in ARRS applications is of 
little significance. 

The se t  of values, o r  ranges of them, for  these performance requirements 
deriving f rom the ARRS applications ultimately creates  the need for  new 
analytical tools, more  component data, and new methods at  both measurement 
ol' components and calibration of instruments. These requirements a r e  surn- 
rnarized in Table 7. 

TABLE 7. - ARRS PERFORMANCE REQUIREMENTS 

I 
Parameter  Requirement - - 

1) NER S O .  005 w/m2 - sr 

2 ) Spectral interval 14.0 to 16.3  p 

3)  Dynamic range I 0.005 to 10.0 w/m2 - sr 

4 )  Resolution (in scan direction) Best: 1 x rad 

Worst: 1 x 1 0 ' ~  rad 

5)  Accuracy Scale: ~ 1 %  whichever 

Bias: sO.03 w/m2 - sr is l a rge r  

6) Single instrument precision scale:  ~ 1 %  whichever 

Bias: S 0.005 w/m2 - sr is l a rge r  

13rediction of an instrument on system performance to these levels of preci-  
sion was largely beyond the capacity of available analytical techniques and 
requires quality not usually found in existent component data. The problem is 
compounded by the number of contributions to each type of e r r o r ,  requiring 
maximum individual allotments < 0.1% and 0.003 w/m2 - s r ,  respectively, 
for scale and bias contributions. This implies that virtually al l  computations 
and measurements must  be good to three,  and often four, places. "Good" 
here means precise (numerically accurate)  and complete (including al l  factors 
that could produce a variation in the third decimal place). 



Analytical, predictive modeling is needed for  two kinds of activities - - per-  
formance prediction (e. g. , e r r o r  analyses) and design decision making (i. e .  , 
how to judge the difference in two approaches to this order  of precision). The 
following paragraphs provide a discussion of these two types of problems in 
o rder  to establish the objectives of the radiometric measurement analytical 
modeling. 

Design Considerations 

Many aspects of radiometer design and analysis would require considerable 
new information to agree with the ARRS precision requirement, regardless of 
spect ra l  interval; the LWIR region has additional problems unique to that 
interval.  The fact  that the observable is thermal emission and that the 
observed object is often colder than the radiometer indicates the nature of the 
problem. Coupling of the measurement instrument to the measured quantity 
and amongst the instrument 's  components creates  a ,  large number of t e rms  
that must  be accounted for each time a parameter  value is computed o r  a 
tradeoff conducted. The following paragraphs explore these extensive model- 
ing requirements;  used to develop the modeling objectives, the following 
discussion will also indicate how and when they may be applied. 

Design evolution. - -  Figure 7 i l lustrates a typical sequence of decisions 
pursuant to  defining a radiometer configuration. F o r  a particular application, 
the start ing point may vary; however, since the process invariably re i tera tes  
a t  leas t  once, essentially the same a r e a  is always covered in basically the 
o rder  shown. 

The detector, optical, and t ransfer  function parameters  a r e  related by the 
equation for  radiometer NER: 

where 

fii = optical system f-number (focal length / diameter)  

Dc = optical system collecting aperture cjyiameter 

I- 
D = resolution element dwell time 

I,, -7, 

inverse of detector NER referenced to unity bandwidth, 
D':E1= a rea ,  and solid angle 

An = elemental resolution solid angle 

6 , 6e= optical and electronic transmissions 
0 

F o r  a given NER, AX, and A n  the choice of detector usually dwindles to a 
smal l  number; for  the ARRS parameters  there a r e  only three,  Ge: Cu, Ge: Cd ,  
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Figure 7. Typical Decision Flow for  Radiometer Configuration Definition 



and HgCdTe. The detectivities of each of these a r e  sufficiently different a s  
to be a determinant in choice and size of the optical system, With the focal 
length determined and the detector size and layout defined, the chopping method 
may be chosen and the ra te  -amplitude - staMl.ity tradeoffs may be determ.ined. 

Figure 8 shows the interrelations between performance parameters ,  shown in 
double circles, and the component characterist ics that determine o r  affect 
the performance. The figure also shows how the choice of each component 
affects the choice of other components. 

Choice of detector: When choosing the detector, i t s  pa ramete rs  need only 
be known approximately (e .g . ,  to 510 to 20%) because this choice is deter-  
mined almost  solely by the NER-cooling tradeoff; precision i s  not required for  
these quantities. However, a s  can be seen f rom Figure 8, this choice affects 
several  other design parameters  - -  dynamic range, electr ical  t ransfer  fui?e- 
tion, spectral  response, and, through linearity, the inflight calibration design. 
These effects  a r e  in turn modified by emission related to the system ambient 
temperature and by radiation f rom the object plane. 

Choice of pr imary optics configuration: In this case a tradeoff peculiar to 
thermal radiometry a r i s e s .  The choice of optics f rom an NER basis  always 

# points to the fastest  (lowest f ) configuration affording the desired resolution 
and with the detector well positioned for  cooling purposes. This approach 
tends toward using complexity - - more elements,  s t ructure ,  e tc .  - - to achieve 
the desired performance; however, in an LWIR instrument more  elements 
produce more  internal emission and more  ways for  s t r ay  radiation to enter  
the system. To be able to conduct this tradeoff requires  the ability to deter-  
mine these effects quite precisely. F o r  example, in an absolute radiometer 
using a chopper, theoretically only the input signal is chopped; hence, self 
emission is unimportant. However, when the self emission is 100 t imes 
greater  than the input, can the spurious modulation be kept to l e s s  than 
1 :1000? And to what extent is this spurious effect dependent on structural  
members  such a s  a secondary element support spider? The answers to these 
questions require a precise and detailed method for accounting for al l  of the 
sources  of radiant flux on the detector. 

P r ima ry  optics operating temperature: The allowable range of ambient 
temperature f rom the aspect  of spacecraft capability defined for ARRS is 150 
to  300°K, over which the 14 to 1 6  p radiance varies a factor of 16. This can 
mean the difference between the self emission being a t  a level of three to  50 
t imes the minimum signal for  an emittance of 0.05. The affected quantities 
a r e  D:hnd  bias e r r o r s .  The effect is well enough computable for  the D':' 
problem, but the e r r o r  computation is only concerned with variations in the 
l as t  place. Again, a model f o r  the internally generated radiant flux onto the 
detector is required. 

Inflight calibrator concept: The portion of the source,  i t s  temperature,  
how the radiation is introduced optically, and how multiple levels  a r e  achieved 
a l l  require analysis of the interaction (radiative coupling) and scattering of 
these elements. 





Chopper type and design: F r o m  the point of view of s igna l r  ecovery, i t  is 
desirable to chop at the maximum possible ra te  consistent with the detector 
t ime constant. Chopper design, however, places an additional constraint on 
this parameter.  F o r  space applications i t  is a lso  desirable to use  vibrational 
mechanisms a s  opposed to ro tary  types to generate the chopping motion. The 

ARRS requirements of 10 to 30 x in. amplitude and 1 to lOKHz frequency 
a r e  marginally achievable in the bes t  available choppers. 

Moreover, the data storage limitations coupled with the fact that the samples 
should be taken synchronously with the chopper tend to  place an upper limit on 
chopper frequency. This la t ter  constraint need not be a s  binding a s  the former .  
because filtering p r io r  to storage can reduce the final f rom the original rate.  

The l imit  on chopping ra te  will in turn  limit the on-board electronic filter 
characterist ics,  producing distortion. Moreover, if there is any signal energy 
beyond one -half chop frequency, aliasing e r r o r s  a r e  produced. Evaluation of 
these effects when they a r e  a s  smal l  a s  0 .1  percent required an extension of 
existing analytical and computer techniques . 

E r r o r  generation. -- The pr imary  factors that determine scale and bias 
e r r o r s  a r e  shown at the bottom of the Figure 8. It will be  noted that the same 
sources  and system elements appear he re  a s  fo r  the design determinants dis- 
cussed above. That is, to. compute these e r r o r s  requires  a model of the 
energy -- internal  emissions and s t r ay  radiation --  that gets to the detector, 
a model of the detector's response to  that energy, and a model of the electron- 
i c  operations involved in t r ans fe r ra l  of that response into output data. The 
difference is that here  the concern is with uncertainties and instabilities of 
the basic quantities ra the r  than thei r  absolute values. This makes the 
modelling requirement even more  severe.  

Mode.ling requirements summary. - - The dichotomy between design evolu- 
tion and e r r o r  generation in the preceding paragraphs is artificial.  Fo r  a 
radiometer whose governing requirement is accuracy, e r r o r  analyses and 
computations a r e  an intr insic part  of the design evolution. The reason for 
treating them separately was to  ensure the addition of those modelling require-  
ments (and design coverage) that have only to do with design decisions. Table 
8 summarizes  the A RRS modeling requirements. 

SIGNAL AND NOISE ANALYTICAL MODEL 

Approach 

Two independent approaches were taken in an attempt to ar r ive  a t  a sufficiently 
general  analytical model describing propagation of signal, noise, and e r r o r  
through radiometers applicable to the range of A RRS boundary parameters.  
The two approaches differed only in their  s tart ing point on a relative scale of 
generality, and both led to  the same end product. One approach, described in 
Appendix B, involved deriving configuration independent general equations and 
applying them to specific radiometer configurations. The second approach, 
described here ,  involved deriving the equations describing a number of specific 



Item 

TABLE 8. - MODELING REQUIR,ENIENTS 

Source 
(design = Dl Requirement 

Optical configuration 
Detector response 
Ope rating temperature 
Type of relay optics 

Temperature stability, emi  ttance 
stability and uniformity 
Reflectance stability and uniformity 

Inflight calibrator levels 
Transfer  function 
System operating temperature 

Linearity 
Dependence on detection temperature 
Dependence on optics temperature 

Chopping frequency, system resolu- 
tion, f i l ter  design 
Memory size 
Distortion correction technique 

Chopper stability effects 
Blur function change effects 
Electronics t ransfer  function shift 

configurations and assembling these equations into a single expression appli- 
cable to configurations consisting of any combination of those radiometer com- 
ponents contained in the initial configurations studied. The nine configurati ons 
which formed the basis  of the general model a r e  listed in Table 9, and the 
specific radiance propagation models a r e  presented in Appendix C. 

Modeling of radiance propagation and e r r o r  propagation was initially approached 
a s  two separate parallel tasks. It soon became apparent that a unified 
approach would achieve superior resul ts  by obtaining a single model capable of 
describing radiance, noise, and e r r o r  propagation. This unified approach was 
then pursued. 

The parallel e r r o r  modeling task was concluded. The resultant specific 
e r r o r  model is described in Appendix D. This model was used in a sensi-  
tivity analysis to obtain insight into e r r o r  propagation and e r r o r  values prepara-  
tory to applying the general analytical model in a s imi lar  sensitivity analysis; 
resul ts  a r e  also presented in  Appendix D. 



TA BLE 9. - SPECIFIC RADIOMETER CONFIGURA TIONS 
CONSIDERED 

assegrainian pair  

Low pass  f i l ter  supported Cassegrainian pair  

Off -axis paraboloid Off -axis paraboloidal pa i r  

Single -lens pair  

Spike -window supported Single -lens pair  
Cassegrainian 

Spike- supported Newtonian 

Off -axis paraboloid 

A general  model evolved by continuously updating and expanding previous 
models a s  additional t e r m s  were analyzed. Initially, only a direct  radiance 
propagation chain was modelled. This direct  chain considered only radiance 
propagation i n  one direction, f rom collecting aperture towards the detector. 

Even the ear l ies t  model conceived revealed that a t  leas t  the radiation reflected 
f rom the detector must  be taken into consideration since the detector mater ia l  
can never be expected to be completely absorptive. Because of this,  an in- 
d i rec t  radiation-propagation chain is created that is comprised of t ransfer  
function coefficients. Additional radiance t e r m s  f rom al l  elements in the 
radiation path were also added. 

In further  investigating the model, i t  was discovered that p r imary  reflections 
f rom elements in the direct  and the indirect  radiation-propagation chains 
affect the receivable signal a t  the detector. Secondary and higher- order  refle c- 
tions f rom the detector have not yet been taken into account specifically. The 
effects of back-forth reflections between succeeding elements o r  groups of 
elements in  the propagation chains have not been considered to date. 

The model was improved successively by incorporating systematic and ran-  
dom e r r o r s .  Generally, systematic e r r o r s  describe bias o r  offsets, short-  
and long-term drif ts ,  frequency, phase and wavelength shifts,  nonuniformities 
in  reflectance, transmittance and emittance distributions, temperature 
gradients ,  and other uncertainties in  fractions of the nominal o r  average 
quantities involved. Usually, these e r r o r s  can be accounted for  by careful 
measurements ,  subsequent computations, and especially by appropriate 
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calibration. Noise that is known to  be correlated to every  apparent radiance 
t e rm  and occurs in the electronic circuitry a s  well must  be handled statistically 
(variance o r  r m s  value). Normally, i t  cannot be taken out by measurement 
or  calibration, but can be reduced to a limited degree in the data-handling 
process,  for  example, by adequately filtering data electronically. 

Model Description 

General description. - -  The model is presented here in two formats - -  a 
compressed, o r  simplified, model shown in Figure 9 and an expanded model 
containing all t e rms  a s  shown in Figure 10. In each format the model con- 
s i s t s  of the following groups in the direct  radiation-propagation chain: 

o Input 

Collector optics 

o Modulator 

e Relay optics 

o Cold stop 

o Detector 

o Data processor 

Each group may be a single element o r  a combination of single- o r  multiple- 
element subassemblies that have to  perform specific functions within the 
entire radiometric system, a s  described in Table 10. 

A quite s imi lar  sequence, using the same groups, can be described for  the 
indirect radiation-propagation chain. The grouping is shown in Table 11. 
61-oups denoted by (a) contain both t ransfer  functions and radiance t e rms .  A 
transfer  function defined by the product of the blockage factor and the reflec- 
tivity of the inflight cal ibrator 's  attenuator'" is I ~ ;  the radiance t e rm  must  be 
taken into account in the input block of the inflight calibrator. Groups I1 through 
IV' contain only t ransfer  functions of groups II1through I V ' O ~  the direct  radiation- 
propagation chain. 

Tables 10 and 11 show that a change in  the configuration of a particular group 
in the direct chain must  affect automatically the interrelated group in the in- 
direct chain. Fo r  this reason, the generality of the compressed model can be 
demonstrated by considering specific configurations within separated part icular  
groups. Such specific configurations have been investigated especially for  the 
colle ctor optics. The investigations resulted in an expanded signal and e r r o r  
flow model. This model reflects  simultaneously all specific configurations 
considered to  date. Thus, it can be applied t o  every part icular  radiometer 
concept by only assigning the corresponding t rans fe r  -funct ion values and 
radiance t e rms .  F o r  simplification, the expanded model shown applies only 

" : ~ o t i c e  that the compressed model does not include the reflectivity of the IFC 
collimator optics; i t  is, however, included in the expanded general model. 





TABLE 10. - GROUPING FOR DIRECT RADIATION- 
PROPA GA TION CHAIN 

and calibration-unit radiances 

sys tem's  focal plane 

Initiating generation of a time -varying 
radiant flux a t  end of radiation-propagation 

, chain by chopping p r imary  optics output a t  
the collector 's  focal plane 

1. Passing radiation f rom pr imary  scene 
image through a convenient field stop 
for  elimination of unwanted light 

2 .  Collimating, bandpass filtering, and 
reimaging the receivable radiation 

3 .  Passing radiation through a cavity for  
restr ict ion of the acceptance cone for  
detectable radiation f rom all sources  
in  front of the cavity 

Conversion of radiance into irradiance o r  
photon- flux density 

Conversion of irradiance into radiant power 
o r  photon-flux and subsequently into a pro- 
ce ssible output voltage 

2. Sampling preamplifier output voltage in  
discrete time intervals and amplifying 
i t  to  become suitable for  transmission 



TABLE 11. - GROUPING FOR INDIRECT MDIATION- 
PROPAGATION CHAlN 

Modulator branch Attenuator  branch 

I Input 

I1 P n m a r y  o p t ~ c s  

I11 Modulator 

IV Relay opt ics  

VIa Detector  input 

IVa Relay opt ics  

llla Modulator Illa Modulator 

IIa P r i m a r y  opt ics  

lb Attenuator  

I1 ' P r i m a r y  opt ics  

111' Modulator 

IV' Relay opt ics  

V Cold s top  

I VI Detector  I 
VII Data p r o c e s s o r  I 

" ~ o n t a ~ n  both t r a n s f e r  functions and r a d ~ a n c e  t e r m s  

b ~ r a n s f e r  function defined by product  of blockage f ac to r  and ref lect lvl ty  
of ~n f l i gh t  ca l i b r a to r ' s  a t tenuator  

two-element optical components, i. e. , collector and the relay-optics collima- 
tor  and concentrator. However, it is  easily applicable to single- and multiple- 
element components. The model is comprised of all  refractive, a l l  reflective, 
refracto-reflective, and reflect o-refract ive configurations, including different 
support structures for secondary-collector optics elements. 

The model is illustrated in Figure 10, where chains 1 and 3 describe radiance 
propagation towards the detector; chain 1 relating to direct propagation of input 
radiance and internally emmited radiance, and chain 3 relating to propagation 
of internally reflected and scattered radiation. Chains 2 and 4 describe pro- 
pagation in the opposite direction, toward the entrance aperture. All chains 
inter-act. For  example, radiance incident on the detector is absorbed and re -  
flected. The reflected conponent propagates back through the radiometer ele- 
ments which cause further reflection and scattering, some of which then pro- 
pagates back to the detector. Chain 5 refers  to  higher order indirect propagation. 
It has not been detailed since it is identical to Chain 4 except that it would not 
contain terms describing radiation internally emitted toward the entrance aper- 
ture; those terms should be included only once and they a r e  shown in Chain 4. 

In subsequent subsections, analytical expressions of symbols used are  explained, 
signal and noise propagations are  described in detail, and r e  commendations for 
future improvements are  given. 
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Figure 10. Generalized Expanded Signal and E r r o r  Model 



Figure 10. Generalized Expanded Signal and E r r o r  Model (Continued) 
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Figure 10. Generalized Expanded Signal and E r r o r  Model (Continued) 
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Figure 10. Generalized Expanded Signal and E r r o r  Model (Continued) 
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Figure  10. Generalized Expanded Signal and E r r o r  Model (Continued) 
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Figure  117, Generalized Expanded Signal and E r r o r  ATodel (Continued) 





Analytical expressions. - - Elements in both the direct-radiation propaga- 
tion chains of the compressed and expanded signal and e r r o r  flow models a re  - 
de scribed by 

o A multiplicative transfer function o r  efficiency factor 

r, An additive radiance te rm 

With regard to the m-th element, the general symbols used a re  designated by 

T h e e x p r e ~ s i o n q ~ f o r t h e  t ransferfunct ionwhichmaybeei ther  

a single o r  a multiple efficiency factor, and which must be r e  - 
placed in i t s  single t e rm by the reflectivity p of reflective o r  by 

P 
the transmissivity T~ of refractive ements 

e The expression Nm em Cm for radiance of the surface involved 

2 N is the blackbody radiance (w/m2 - sr o r  photons/sec-m -sr), m 
de termined in the model either in the wavelength region of bandpass -filter 
transmission AX = X - X I ,  o r  in the sensitivity region of the detector, 

2 
Lib' = X - 0 ,  where h c  = cutoff wavelength of the detector. The analytical 

C 

expression for N is given by Planck's law m 

where 

8 -1 c = velocity of light = 3 x 10 m-sec 

h = Planckqs constant = 6.63 x w sec2 

k = Boltzmannls constant = 1.38 x w sec  deg-l 

T = temperature OK 

The expression em is the mean emissivity in the wavelength intervals Ah and 

Ahf,  respectively; E is equal to ( l - p  ) f o r  reflectiw, o r  to rum = (1 - P,- Tm) m m 
fo r  refractive elements. Analytically cm is defined by 

1 
r rn = < r ,  (A) >av = W 



The expression Cm is a form factor equal to  the ra t io  of the rea l  surface a r ea  

to  i t s  projection on a plane that passes  through the r ea l  surface apex. A gen- 
e r a l  analytical expression cannot be derived since 6, is a design dependent 

parameter;  however, in  some cases  an analytical expression can be obtained 
eas i ly  by appropriate integration - -  for  example, in situations where spherical 
o r  on-axis paraboloidal surfaces a r e  involved. 

The expression used in the model to represent  the actual radiance of an element 
constitutes an approximation applied to  show readily the data flow. The exact 
expression for this radiance would read 

Note that, in some cases  in the model, 6, denotes a blockage factor,  i. e . ,  

a type of efficiency coefficient; in these cases ,  one has the relation 

Also, note that the blockage factor of the modulator is a function of time 
depending on the chopper frequency and the geometrical configuration. 

Fo rm factors a r e  assumed to remain essentially constant. Emissivit ies,  c ,  
a r e  supposed to  be functions of X only. Efficiency factors and radiance 
t e r m s  a r e  generally subject to systematic e r r o r s ;  e .  g . ,  

The systematic e r r o r s  may  be dependent on time t ,  temperature T, environ- 
mental degradation, and other parameters .  Fo r  example, one may define 

- 
Avm - A V ~  (t ; T ; r , 0) and A N m , ~ ~  - A N m , ~ ~  (T) 

- 

where r, 8 = conveniently chosen polar coordinates to describe possible non- 
uniformities 



Table 12 contains symbols, meanings, and analytical expressions fo r  each of 
the direct  and indirect radiation chain elements; these a r e  derived on the 
following page s. 

Earth radiance: Radiation received a t  a point in  space f rom the ea r th  can 
be described in t e rms  of basic physical-radiation character is t ics  combined 
with spatial distribution characterist ics and in-path modification components. 

F rom any par t  of the target  a rea ,  the radiance can be described (ref. 1) a s  
follows: If u is defined a s  radiant energy in Joules, then 

au 
F is defined a s  radiant power, at in watts 

N = spectral  radiance X 
= radiant energy per  unit time, pe r  unit solid angle, pe r  unit pro- 

je cted a rea ,  per  unit wavelength interval  

where 

t is time in  s e c  

A cos $ is the projected a rea  

0 is the solid angle (sr) 

X is the wavelength (m) 

For  spatial distribution, the function NX(x, y) must  be evaluated. The in- 

path modification components (scattering, absorption, radiation f rom mole- 
cules above the C02 band; hence, with different temperature distributions) 

also will be functions of x and y. 

For  radiometer e r r o r  analysis, the block for ea r th  is considered to represent  
an ideal input. E r r o r s  due to  a nonideal r e a l  target  a r e  considered sys tem 
e r r o r s .  No consideration is given f o r  such factors a s  possible nonuniformity 
of the ea r th  within the field of view and in-path modification of the signal. 

2 Earth levels a r e  limited to  the range 0.005-10.0 W / m  -sr for  radiance, N, 
within the band of 14.0 to 16.2 8 microns.  
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TABLE 12. - GENERAL RADIOMETER MODEL ANALYTICAL 
EXPRESSIONS (Continued) - - - w  
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The radiance can be evaluated from 

If the values 

- 1 c = 2.997929 x l o 8  , m sec (ref. 2) 

2 
h = 6. 6252 x 1 o - ~ ~  w sec (ref. 2) 

k = 1.38046 x 10-23 W sec deg-' (ref. 2) 

a r e  assumed precise for the purppses of this definition, then 

if X i s  in meters and T is in OK. 

Since N is  a function of T, N can be evaluated to  determine the temperature 
(therefore, spectral distributions) which give particular radiance levels within 
the specified range. 

Space radiance: There has been no precise measurement of radiation 
from space in the 14. 0 to 16. 3-micron spectral region. (This constitutes 
a valid area for experimental investigation for infrared measurements of 
space and celestial bodies. ) Such measurements have been hindered by 
absorption of the atmosphere and by self radiance of instruments flown in 
space. Radiances from the sun and moon a re  so  large that they a r e  considered 
a s  pertinent elements of stray light since they definitely would prevent 
accurate space reference when the sun or moon was imaged into the field 
of view. These celestial objects, therefore, a r e  not considered in this 
subsection. 

The models generally assumed for space, therefore, a r e  relatively simple 
and consist of multiple-point sources at relatively high temperatures (s tars  
and planets) superimposed on a general field which is  a black body a$ a very 
low temperature. 

Thus, the general model adopted for this study assumes a radiance given by N 
a s  in the description of earth radiance plus specific components at specified 
directions in a celestial coordinate system. Generally, these components a r e  
given in terms of a s ta r  catalog and a r e  tabulated with irradiance values 
rather than radiance since the sources a r e  generally of unknown diameter 
which is much less  than the size of any practical field of view. A truly 



complete description would include larger  a r ea  sources such a s  interstellar 
clouds, and nebulae, but adequate data for such a description i s  lacking. 

Therefore, the general form for space is expressed a s  an irradiance in ~ / m - '  
at the aperture calculated a s  

where 

N i s  inband radiance a s  a function of temperature T a s  in the earth-radiance 
description, 

The form factor, 5 ,  for  converting radiance to  irradiance depends on the shape 
and size of the field of view. 

6 is  cataloged irradiance from an object at  a given right ascension (a) 
and declination (6). 

Earth-radiance simulator: Basically, the earth-radiance simulator uses a 
calibration system that consists of a source featuring a continuous temperature 
variation in the range 77°K 5 T 530O0K, and an off-axis paraboloidal reflector 
producing a nealy parallel beam of radiation, thus simulating an extended 
source at  infinity. The source temperature is controlled by a platinum r e -  
sistance-thermometer interpolation standard, but certainly is subject to 
measurement e r ro r s .  Flux reflected from the collimating element passes 
all the way through the radiometer and provides an output signal a t  the de- 
tector in the same manner a s  an external earthbound source of radiation. 
Since the input signal, by virtue of measuring the temperature, is known to a 
certain degree of accuracy, i t  can be used for calibration of the radiometer 
output. This means that, i f  the calibrator output is measured in w / m 2 - s r .  

one obtains a relation of the form 

where E 
det 

= voltage obtained by irradiation of the detector 

= calibrator output flux Fcal 

It i s  evident that only the radiant flux-to-voltage conversion factor m i s  a 
function of e r r o r s  encountered by propagating the input signal through the 
radiometer. E r r o r  in the calibrator output cannot be removed at all. 
Therefore, it is obligatory to  design the calibration unit in a manner such that 
unavoidable e r r o r s  a r e  not affecting substantially the conversion factor. 
F o r  this reason, mandatorily, e r r o r s  involved in operating the calibrator 
must be established. There e r r o r s  a r e  primarily due to  

Nonuniformity and time-dependent degradation of the collimatorn s 
reflectivity and a slight temperature dependence of reflectance. 
In the IR region of interest, wavelength dependence of 
reflectivity i s  not expected to  pose problems; 



o Inaccuracies in determining actual temperatures of the 
calibrator source and the reflector 

In addidion, radiation emitted by the source and the'eollimator, like that of 
any other surface, obviously is subject to photon-flux-density noise. 

One can define: 

e A source radiance 

where Neal o, AX = nominal radiance at temperature Tcal within 

the IR region of interest, Ah = X2 - 1 

0 A reflector radiance 

- f ANref, AX 
Nref, A X  - Nref o, AX 

Nref o, AX 

where Tref = temperature of collimator surface 

0 A collimator surface reflectivity 

0 where Ap ref = Apref (Tref; rrefjeref) 

and the polar coordinates ( r  ef ,  0 ) a r e  used to  express e f possible nonuniformities in Fhe reffectance distributiori, 

o A collimator-surface emissivity 

- - 
E ref "ref o 



where crefo 

Hence, accumulated radiometer input p m e r  from the calibration 
system is 

N *%ef, AA 
+ (ref ' ref o ref o, AX Nrefo, AA 

where 

- 
<ref - Aref'Acal = form factor 

= actual reflector and calibrator aperture 
areas,  respectively 

Earth-radiance simulator (alternate approach): The alternate approacl-i 
for the earth-radiance simulation uses a sufficiently large extended 
source for calibration of the radiometer, thus avoiding the need for 
collimating optics. The extended source is  simply a blackbody cavity eoo81ed 
down with liquid nitrogen; temperature variation is  obtained by heating the 
cavity up by means of radiation transfer. Precision temperature control 
is  provided by use of a platinum resistance-thermometer interpolation 
standard. 

Reasoning about the emitted radiation, a s  in the case of the primary approach, 
one can describe immediately radiometer input from the extended-source- 
ealibrat ion system: 

where 

0, AX 
= nominal cavity radiance in interval AX 

- 
ANcal, AX (T 1 - ANcal, Ah cal 



Space-radiance simulator : A space radiance simulator could consist of 
EL large black plate sufficiently cooled down by liquid helium. Certainly 
this will provide temperatures below 5C°K. Since, at 50°K, the blackbody 
radiance of any surface is  about three orders of magnitude lower than the 
~nininnum apparent radiance to  be recognized by the radiometer, e r r o r s  in 
determining the actual temperature of the simulator, and nonuniformities 
of emittance distribution will play only an insignificant role, that is, e r r o r s  
~ntroduced by the space simulator a r e  considered negligible. 

Inflight calibrator: Initial modelling of the calibration system considered 
the highest inflight calibration level only. Intermediate levels could be 
achieved by use of an attenuator or alternate calibration schemes. The 
calibration system envisaged now consists of a source and a collimating 
mir ror ,  and is a through-the-optics approach. The collimated energyfil ls  
a fraction of the total radiometer aperture. To achieve attenuation, a f i rs t  
approach made use of a perforated off-axis paraboloidal reflector a s  
descr ibed below. 

'To determine signal and e r r o r  propagation through a conceptual inflight 
 calibration system, the system is assumed to  consist of a temperature- 
  controlled source and an off-axis portion of a paraboloidal reflector for 
collimating the source output, that is, simulating irradiance from a target 
,scene at a very large distance from the radiometer. The source may be 
shielded by a circular field stop. The paraboloidal reflector is supposed 
to be rotatable around its optical axis in a stepwise fashion to  enable a 
five-level attenuation of the calibrator beam: high, medium high, medium 
low, low, and zero. Attenuation i s  achieved by appropriately perforating 
the reflector portions in actual use; the zero level is  obtained by a complete 
cutoff of the paraboloid. Thus, the attenuator does not contribute a 
radiance te rm to  the calibrator output which i s  identical t o  the radiometer 
input N . . 

1. 

Specifically, one obtains 

where 

= source emissivity 

'a = attenuator efficiency factor = ra t io  of actual t o  
circular beam a rea  (supposing the use of a field stop) 

pm 
= mirror  reflectivity 

= (1 - p ) = mir ro r  emissivity m 

5, = mir ro r  form factor = ratio of the actually used a rea  of 
the paraboloidal reflector" off-axis portion to that of its 
projection into a plane passing through the paraboloidal apex 



Nr ,Nm = blackbody radiances ( W ~ c m - ~  - s r )  of source and 
reflector, respectively 

c i s  considered to  be a function of the wavelength X only. qa and 5, a r e  

assumed to  be affected substantially by environmental conditions. A l l  other 
quantities a r e  subject t o  error-producing uncertainties like bias, drift, 
surface, and nonuniformities. In addition, Nr and Nm a r e  characterized 

by correlated photon-noise terms;  although the photon noise i s  taken into 
account at the detector at the end of the p ropagation chain through the 
radiometer, it is  shown in the e r r o r  model for more generality (Figure 11). 
Of course, noise propagates through the entire system in a manner that is  
completely different from that of the other e r ro r s ;  that is, one has 

where 

Or, 
Oi = rms-values of noises corresponding to  the source, 

reflector and radiometer input radiances, respectively 

If Ax = X2 - X I  denotes the spectral width of the bandpass filter, the 
radiance e r r o r s  

a r e  dependest on uncertainties in determining the actual temperature T("K); 
the reflectivity p m  is  affected by the environment, expressed by the time t ,  
slightly by the temperature, and by nonuniform distributions, expressed 
by polar coordinates (r,, Om) in a conveniently chosen coordinate system. 
Defining 

one obtains 





where cmo = 1 - Pmo, and all the other parameters indexed by a zero 

denote nominal quantities. Consequently, one hasl 

The second approach applies 

e A small extended source 

An attenuating stop in the diverging beam 

r An off-axis paraboloidal reflector 

The signal and e r r o r  flow model for this type of inflight calibrator is shown 
in Figure 12. Radiant output of this calibrator is derived easily. 

7 - * f 
he,, 

Ni, A A  ieo, A h  'ca + Nao, AA 'eao Ecao 
f- 

where all the A quantities represent systematic e r rors ,  and 

Nice, A A  
= nominal source radiance in bandpass -f ilter wavelength 

interval (emissivity assumed t o  be 1. 0) 

T = attenuator transfer function, a transmissivity 
c a 

Nao, A A  
= nominal attenuator blackbody radiance in interval AX 

- - fk - Pcao = nominal attenuator emissivity 'cao 

Pcao 
= nominal attenuator reflectivity 

'ca 
= 1 - T = attenuator blockage factor 

c a 





= IFC-collimator transfer function, a nominal reflectivity 
%CO 

Nio, AA 
= nominal collimator blackbody radiance in interval AX 

Eco  
- 
- l - pcco 

= nominal collimator emissivity 

pcco = nominal collimator reflectivity 

ccc 
= collimator form factor = ratio of actual collimator 

a r ea  t o  that of i ts  projection into a plane through the 
collimator apex 

Stray light - near axis: Stray light for purposes of this model is con- 
stituted by input radiance imaged within the field of view but which does not 
a r i se  from the target within the field of view. Such s t ray light is due to  
diffraction and aberration of the image. If completely uniform targets of 
the same extent outside the field of view were always viewed, this type of 
s t ray  light would produce a signal which could be disregarded from con- 
sideration a s  a possible offset e r r o r  since the same conditions would 
always occur. If the radiometer views a target such a s  a ''cold'' a rea  sur -  
rounded by warmer a reas ,  this type of s t ray light could be of significance, 

Stray light off-axis: To describe analytically the stray light from off-axis 
objects outside the field of view, one may apply derivations of Zanoni and 
Hill (ref. 1 According t o  this article, it is supposed that s t ray light 
emanates from a circular source at infinity, and is  completely incoherent; 
that is, the circular source is considered to  be a superposition of an 
infinity of point sources. Assuming uniform radiant intensity distribution 
over the source area,  the point sources a r e  characterized by diffraction 
patterns that a r e  identically shaped, but dislocated with respect to  each 
other. Then, it is  evident that the diffraction pattern of the extended source 
consists of the superposition of individual point source diffraction patterns. 
Also, it is obvious that the circular source' s diffraction pattern will. extend 
over the periphery of the diskt s geometrical image. 

To take these facts into account, the region in the focal plane that corresponds 
t o  the field of view i s  described by a circular a r e a  of radius a;  denoting 
the focal length of the radiometer by f, the field-of-view angle is  
determined by 

tan cu = alf  

Similarly, for a stray-light source outside the field of view, that is, at 
gl> cu, one obtains the center location of the image at distance 

Ri = f tan @ 

f rom the optical axis. Although not reflecting reality, it may be assumed 
that the geometrical image of the stray-light source is a circle of radius b 
in the focal plane; denoting the small angular subtend of the source by 
2 0  @, one has  



Geometrical image 
o f  source 

F ie ld  o f  view 

Figure 13. Location of Geometrical Stray-Light Source Image 
Relative to Field of View 

X = wavelength (m) 

No, X 
= radiance at the pattern center , i. e,  , at p = 0 

N may be expressed by the spectral blackbody radiance (W m-2 sr-' m-I 
Pfdnckf s law) and by the spectral ernissivity c(A) of the stray-light axa 
source, that is, by 

where 

8 c = light velocity = 3 x 10 msec-I 

h = Planck" constant = 6. 6 3  x 1 o - ~ ~  W sec 2 

k = Boltzmannf s constant = 1.38 x 1 o - ~ ~  W sec deg-' 

T = source temperature (OK) 

IIowever, N usually cannot be computed a priori since neither the 
temperature?' $,nor the emissitivy, E(X)  will be known. 

The spectral radiance at the observation point P is obtained by integration: 



b = fA$ 

The situation encountered is illustrated in Figure  1 3  

Now, dzfracted radiances of a l l  points Q within the geometrical source 
image contribute t o  radiance observable at  any point P (R, /3) within the 
field of view, where O <_ R <_ cu, O <_ /3 <_ - 2 n .  Introducing, with respect 
t o  an origin a t  P, polarcoordinates-(r,  O), one obtains the relationship 

-2 2 2 2 2 
C P  = b /sin go = Ri + R - 2Ri R cos ( R -  p), o r  

s in  eo = fA4 (3 tan20 + R2 + 2fR tan 4 cos  p) -1/2 

and ha s  

1 - s in  1 + s in  

sin $ 

-9 Is 0 5  go 
0 

At points denoted by Qo, Q1, Q2 in Figure 13, one has  

r = b cot €Io 
0 

35 = b , respectively 

F r o m  the Fresnel-Kirchhoff integral, the Fraunhofer diffraction pattern 
fo r  every point Q is derived (ref 3, fo r  example) 

where  

J ~ ( z )  = f i rs t -order  Bessel  function of f i r s t  kind 

z = DrrwlX 

D = aper ture  diameter (m) 

w = s in  y ;:If 



ti2(@i(w) rdrde N&R, P) = 2 
b n 

0 rl(e) 

where, according to  Figure 13, w rn r / f ,  that is, z ~ D r r r l f h ,  Explicitly, 
the radiance in a wavelength interval, AX = X2 - Al, and observable within 
the field of view becomes 

Primary optics (off -axis paraboloidal mirror)  : Optical performance 
is  described by the resolution obtainable. Since the use of an off-axis 
paraboloidal radiometer does not provide corrections for geometric-optical 
aberrations, the resolution is rather defined by the image bluk than by the 
Rayleigh limit. As long a s  the image blur is smaller than or equal to the 
detector area,  an output e r ro r  due to the actual optical performance is not 
encountered; this even includes effects of 

Inhomogeneities in thesurfacef in ishand 

g Nonuniformity of the reflectivity and emissivity 

However, earth and space environments, especially when longer operation 
periods a re  to be considered, will very well produce degradation effects 
on the optical performance. This is  certainly true if any large-scale 
deformation of the optical surface is encountered due t o  variations in such 
factors a s  time, temperature, and pressure; small-scale surface deformations 
due to  particle bombardment, for example, a re  expected to  have a very 
much lower influence. 

It appears that radiometric performance is of much greater importance 
than optical, If the radiating mir ror  surface is  considered a s  a perfect 
'Lambertian diffuser, the radiometric performance is determined by 

o Real area of the radiation source a s  compared with a flat 
circular surface passed perpendicularly to  the optical axis 
through the mir ror  apex 

o The solid angle subtended by the detector a rea  at the 
reflector vertex 

Instantaneous reflectivity and emis sivity of the mir ror  surface 

Actual temperature of the radiator 



The form factor 5 - that is, the ratio of real  source area to  that of the 
replacing flat, - &'ually is obtained by integration of the paraboloid analytic 
equation. Aside from certainly being subject to  computat ional e r rors  and 
inaccuracies in the integration procedure, the form factor is considered not 
affected substantially by short-term temperature and pressure fluctuations. 
Even the effect of long-period environmental variations is expected to be 
minimal. For  these reasons, the form factor may be supposed to remain 
constant. 

The solid angle subtended at the re'flector vertex is defined essentially by the 
detector a rea  divided by the square of the radiometer effective focal lenght. 
Whereas the detector a rea  is considered a design constant for its essentially 
constant operation temperature, effective focal length is  subject to  minor 
changes due to  short-term environmental effects. It is  expected that even 
long-term surface deformations will not affect the focal length appreciably. 
Therefore, the solid angle subtended at the paraboloid apex also may be 
assumed to remain constant. 

The reflectivity pD determining the amount of radiant flux propagated through 
I 

the primary optics, and the emissivity e =' 1 - p determining the radiant- 
flux contribution of the mir ror  to  the tot& flux rae ivable  a re  evidently 
subject to  degradations during the life time of the radiometer. These 
degradations a r e  due to 

.t, 

Chemical reactions with the environment on and near to  the earth". 

o Physical and chemical react ions with the environment 
outside the earth 's  denser atmosphere 

In addition, due to  nonuniform coating, p can be measured only to  a certain 
P 

degree of accuracy. Finally, p also may be slightly temperature dependent. 
P 

F o r  these reasons, denoting the nominal reflecitivity by p and the nominal 
= 1 -  

P O  
€ 

PO, 
one may express 

PO 

where 

In this expression, t represents the time elapsed since the mir ror  has been 
coated, that is, the dependence on the environment; T indicates the slight 

P 
temperature dependence, and r 

P' OP' 
coordinates in a conveniently chosen 

G 1 



polar system, describe the nonuniformity of the reflectance distribution. 
It appears obvious that the reflector has to undergo sufficient laboratory 
tests to determine percentage e r r o r s  to  be taken into account. 

Radiance from the primary optics is  only a function of the actual temperature. 
Of course, this temperature can be measured or estimated to  a certain degree 
of accuracy. Therefore, one may express 

:::It is assumed that the mir ror  surface can be protected fro% the impact of 
dust particles and from careless handling. 

*:!:Notice that, in the IR wavelength interval considered, there is only a 
negligibly small dependence on the wavelength X . 

-:::i::kSince the mir ror  radiant flux is later propagated through a bandpass filter, 
only the radiance contribution within AX is to  be considered and not the total 
radiance N p, tot. . 

where N Ax = nominal radiance of mir ror  surface at temperature T P 
within IR wavelength interval considered, AX = X2 - XI 

Hence the mirror  contributions to  the total output receivable consist of 

o A multiplying factor 

applied to  the radiant flux incident upon the reflect or, and of 

o An additive radiance factor 

To demonstrate the generality of the e r ro r  model conceived, an alternate 
approach for the primary optics is taken into consideration. In this approach, 
the off-axis paraboloidal mir ror  is replaced by a multiple-element component 
incorporating reflective a s  well a s  refractive elements. Without claiming 
the feasibility of such a design, one may assume the primary optics to  consist 
of a modified Gregorian system, a s  shown in Figure 14. In detail, the design 
is described by 



Focal plane 

Figure 14. Example of Multiple-Element Primary Optics 

PI = refractive element (corrector plate, lowpass filters, etc. ) 

~2 = primary image-forming mir ror  

~3 = secondary collimating mirror  
p4, p5 = beam-folding mir rors  

p6, p7, p8 = reimaging refractive elements 

In describing the e r ro r  model of the multiple-element primary optics, one has 
to  remember that each element, pm, contributes to the total output receivable 
at  the detector face with 

A multiplying factor (transfer function) 

An additive factor (surface radiance term) 

- - N f 
Nprn {prn Cpmo pmo, M 



.En these expressions, one uses the notat ions 

rl = efficiency factor, being equal to  the reflectivity, p , of 
reflective or to the transmissivity, 7- = 1 - a, - p ,  of 
refractive elements 

e = emissivity, being equal to  (1 - p )  of reflective or to  the 
absorptivity a, of refractive e l e m e n t s ; ~  i s  supposed to be 
a function of the wavelength X only and not subject t o  
e r ro r s  

5 = form factor, expressed a s  the ratio of real  surface a rea  
to  its circular project ion upon a plane passing through 
the real  surface'apex; 5 is assumed essentially to  be 
c onstant 

N 
2 

= radiance (W/cm - s r )  

Ah = h2 - XI defines the transmission region of the bandpass filter 

Quantities indexed by a zero represent nominal values, subject to  e r r o r  
quantities A (such a s  uncertainty, bias, drift, nonuniformity) which may 
be dependent on time t, temperature T, environment degradation, and other 
parameters; for example, one may define. 

where r ,  8 = polar coordinates describing possible nonuniformities, 

AN = AN (T) 

It must be noticed that every radiance is characterized additionally by a 
correlated photon-noise term. These noise te rms propagating through the 
total system must be taken into account in a manner completely different 
from that described above. Since this is done at the end of the propagation 
chain, i, e, , at the detector, there is no need for considering photon noises 
particularly at the moment. 

In detail, if N.  denotes the input-radiance to  the radiometer, one obtains 
at the output o$ the primary optics 



This result indicates that the multiple-element primary optics a re  very 
well replaceable by a single box in the error-propagation model when the 
multiplying and additive factors a re  properly defined by 

= n 'Ip m=l qpm ' and 

respectively. 

Notice that in these expressions 

for both reflective and refractive elements 

E - 
- - Ppmo for reflective elements 

Pmo 

7 = 1 - a  - 
PrnO pm "pmo 

E = a (A) for refractive elements Pm Pm 

Of course, similar considerations a r e  applicable to  the other optical components 
of the overall radiometer design, that is, t o  the calibrator optics and to the 
relay system' s collimator and concentrat or. 



Modulation System: It appears that the modulation system is probably 
the most crucial  element in the sequence of the radiometer components since 
the modulation function affects the propagation of the flux and the e r r o r s  
involved. The effect of the modulation system is best understood by considering 
the chopper action with respect  t o  the very closely positioned field stop. This 
field stop i s  a rectangular opening in a screen that is  obscured by a sinu- 
soidally driven rectangular chopper plate. Since the sinusoidal chopper action 
cannot provide an on/ off-type obscuration of the field stop, it is  necessary t o  
determine the characterist ics of the time-dependent modulation function. 
Only in this way, the actually reflecting and emitting modulator area,  that is, 
the blockage factor c m  can be found. 

The dynamics involved may be considered f rom an analytic-geometrical 
point of view. In this  application the origin of a Cartesian coordinate 
system i s  placed at the fixed rotation center of the sinusoidal motion of the 
chopper level a r m  (Figure 15). Instantaneous angular deviation of the lever 
a r m  from the zero position is expressed by 

where 

@o 
= maximum angular deviation 

wc = chopper frequency 

Then, the equation of the instantaneous lever  a r m  position is given by 

x sin @ - y  cos 4 = 0 

If the dimensions of the chopper plate a r e  denoted by 

lm  
= lever-arm length between origin and chopper-plate center 

w h = half width and half height of chopper plate, respectively, m rn 

then, the equations of the lower and upper chopper-plate edges a r e  

x sin 4 - y cos 4 - hc = 0, and 

x s i n  @ - y c o s  @ + h  = 0, respectively 
C 

The field-stop center is located at the point (1,. 0) and characterized by 
wf, hf = half-width and half-height of field stop (or  better of detector image), 

respectively. 

VVhen the chopper operation s t a r t s  f rom the ze ro  position, the field stop 
remains completely obscured until the lower chopper plate edge passes  through 
the right lower corner of the field stop, (lm + wf, - h ). At this  moment, 
one has  f 



Detector image 
(Field stop) 

Vane edge 

Figure  15. Field-Stop Obscuration by Chopper Motion 



(lm + wf) sin + hf cos 0 I - h m  = o 

whence (6, can be computed. Now the field stop begins t o  open. The lower 
chopper plate edge intersects both the right and the lower field stop edges 
until the chopper edge passes through the left lower field stop corner 
Blm - wf -hf) where one has 

(Im + wf) sin G 2  + hf cos @2 - hm = 0 

It is  easily seen that, for $ 5 $ l; $, the open field-stop a rea  is  a triangle. 

If the lower chopper edge is  intersected with x2 = lm + wf and Y1 = - hf, 

one obtains 

- 1 (Im + wf) sin Q, - hm and 
Y2 - i G s  

Thus, the a rea  of the triangle becomes 

1 
2 

1 
A1 = Z(X2 - Xl) b2 - yl) = - sin 2 9  klm + wf) sin 4 + ht cos 4 - hm] 

When @ exceeds $ , the lower chopper edge intersects generally with 

x1 = lm - wf and x2 I 1 + w a s  illustrated in Figure 15, until the chopper m fa  
edge passes through the upper-right field-stop corner (lm + wf. h f )  Of course, 

this defines a limiting value for @. The open field-stop a rea  is  always a 
trapezoid until this limiting value is  reached. However, t o  find the analytic 
expression for this area, one must consider that the values of yl and y2 

- 

corresponding to  xl and x2, respectively, can have negative and positive 
- 

signs. However, defining the trapezoidal a rea  a s  the sum of a rectangle 
and a triangle, it can be shown that one has in every case 

s inc e 

1 
x 2 = lm + wf 9 y2 = .m [(I, + wf) sin 4 - hm] 



one obtains 

2wf bmsin4  + h f c o s 9  - A2 = z6K,F hml 
; (2  s 4 s d3;(lm + wf) sin m3- hf cos m3 - hm = 0 

The field-stop area becomes completely open for @ 2 @ where G 4  is defined b y  4 

(Im - wf) ~ i n 4 ~  - h cos b4 - hm = 0 f 

For  (P3 I @ S Q4, the obscured area is a triange obtainable from intersecting 

lower chopper edge with the upper-left field-stop edges. From 

- - XI - lm - wf YI - , a F 1 m  1 - wf) sin 4 - ~ h .  

one obtains the open field-stop area 

Now it is  possible to  define the form factor Grn and the corresponding 

transmission factor 'rm = 1 - 5, by 

Sml = 1 T~~ = 0 for 0 s 4 s 41 

= I -  A1 - A1 
fm2 Tm2 - wf hf f o r 4 5  4 sm2 

wf hf 

fm5 = 0 'm5 
= 1 for 4 r 4s  40 

4 

where, in general and specifically, one has 

6 = Q sin wct 
0 



(Irra - wf) sin q2 + hf cos (b2 - h m  = 0 

(Im + wf) sin q3 - hf cos 93 - hm = 0 

(Im - wf) sin q4 - hf cos q4 - hm = 0 

2 
lm + wf) sin @ + hf eos 4 - hm 

A = -  sin 4 + hf eos 4 - h 

- 1 
*3 - Wf hf - 3izzT - wf) sin 4 - hf cos 4 - 

Of course, the modulation functions, 5, and T a r e  symmetrical t o  the zero m' 
chopper position. This can be shown easily by considering negative values of 
q5 and using the upper chopper edge a s  an intersecting line. 

Modulation factors a r e  considered not affected substantially by short-term 
temperature and pressure fluctuations causing surface deformations, and in 
addition a re  supposed to  be relatively insensitive t o  long-term environmental 
variations. In this view, they can be handled a s  analytically determinable 
functions of time or i ts  equivalent, the angular deviation (b of the chopper1 s 
lever a r m  from its zero position. Furthermore, it is  not expected that the 
angular subtense of the detector face a s  seen from the axial point of the 
chopper plane will appreciably change with a long-term variation of the 
environment. Fo r  this reason, the subtended solid angle can be assumed t o  
remain constant. 

Optical elements behind the chopper, that is, the field-stop screen, the 
collimator and concentrator of the secondary optics, and the bandpass filter 
produce a certain amount of radiant flux incident upon the actual chopper 
surface. Reflectivity p of the chopper determines the amount of this 
incident flux that can bPpropagated back through the secondary optics. On 
the other hand, the emissivity cm = I - pm defines the radiant-flux contribution 

of the actual chopper a rea  to  the total flux receivable. Both, pm and em, 

a r e  subject t o  long-term environmental degradations t o  be experienced during 
the radiometer1 s lifetime in space. Moreover, by nonuniform coating, u m 
can be determined to  a certain degree of accuracy; K. also may be temperature m 
dependent, For  these reasons, the reflectivity and the emissivity a r e  
expressed by 



, respectively 
em 

where 

Pma 'm = nominal reflectivity and emissivity, respectively; t represents 

the time elapsed since the chopper surface has been prepared; Tm indicates 

the presumably slight temperature dependence; and (rm, 8,) a r e  polar 

coordinates in a conveniently chosen coordinate system describing the non- 
uniform reflectance distribution. 

Of course, chopper-plate radiance is  a function of the actual temperature Tm, 
however, which can be determined to  a certain degree of accuracy. Hence, 
this radiance is expressible by 

where Nmo, Ah 
= nominal radiance of actual chopper surface of temperature 

Tc within the IR wavelength interval considered, AX = 5 - X I .  By using 

immediately Nm, AX instead of the total radiance Nm, tot, the propagat ion 

through the bandpass filter to  be passed through la ter  is taken into account. 

From these particular derivations, one obtains chopper contributions t o  the 
total output receivable: 

The power incident from the primary optics and propagated 
through the open portion of the modulation system must be 
multiplied by the factor 

7 = 'rn ( q5) or its equivalent T~ = I& (t) 
m 

expressing the short-term dependence on the chopper frequency. 



o The power incident from the element$ behind the chopper must 
be multiplied by the factor 

o The radiance of the chopper itself must be added 

N Ifm A N m 3 ~ ~  {rn ( t )Emo  mo,AA mo, 

Field stop: The field stop is supposed to  4e a rectangular opening, in a 
totally absorbing screen, reflecting the anguldr dimensions of the required 
f ield-of-view in azimuth and elevation. For  e s alinement and adjustment 

B Y  the image of the field-stop area,  a s  obtained by the relay optics, preferably 
should be larger than the detector area. In th~is aspect, the screen area  
outside the field stop is not contributing any amount of erroneous radiation 
falling on the detector face. On the other han , the effect of the time-dependent + dransmissivity, a function of the combined action of chopper and field stop, 
already has been taken into account by virtue bf the transmission factor 

an analytical function that is not supposed to  b~e subject to  significant errors .  
I 

However, s o  far  it has not been taken into consideration that the area of the 
rectangular field stop is  evidently different frlom the size of the image blur 
in the primary optics focal plane. To take this into account, one must 
define : 

o A form factor 

where 

Afs = total field-stop area, and 

A b  = image-blur a rea  

This form factor enters the error-propagat ion equation a s  an essentially 
constant multiplier since A is determined by the optical performance of the b 
primary optics, and Afs may be slightly dependent on the screen temperature. 



Relay optics collimator (off-axis paraboloidal mirror):  Arguments 
,ed in considering the primary optics a r e  valid equally for the first  element 
the secondary optics. This means that one has to  define the reflectivity 

and the emissivity 

where, neglecting the certainly trivial wavelength dependence, 

Ps10' es10 = nominal values of reflectivity and emissivity, respectively. 

The time t represents the Tong-term effect of the environment; Tsl accounts 

for the slight temperature dependence; and the polar coordinates (rsl ,  BS1), 

referred to  a conveniently chosen coordinate system, a r e  used to describe 
the nonuniform reflectance distribution. 

The radiance of the collimator, a function of the actual temperature only, 
contributes to  the power output of the radiometer in a twofold manner: 

e Direct radiation falls on the next element in the deisgn 
sequence, the bandpass filter 

e Indirect radiation impinges on the actual chopper surface 
where it is reflected backward such that it passes, after 
reflection at the collimator, through the spectral filter 

However, in both cases one can express the radiance by 

where 

NSlO, ax = nominal collimator radiance at temperature T s 1 within 

LR wavelength interval A 1  = X2 - X1 



From this derivation, it follows that collimator contributions to  the total 
radiometer output a re  describable 

o By a multiplying factor 

that applies to 

* Total radiation passed through the open field-stop area  

.c Radiation of the actual chopper area - Total indirect radiation reflected toward the chopper and 

L. Total indirect radiation reflected by the chopper 

o By an additive term 

where 

5 sl = form factor of the collimator surface 

This additive term describes both 

b Direct radiation toward the bandpass filter 

b Indirect radiation toward the chopper 

Relay optics collimator (refractive components) : If a refractive instead 
of a reflective component is used in the relay optics assembly, the reflectivity 
psl  must be replaced by a transmissivity 'rS1, a function of wavelength X that 

is defined by the compound absorptivity asl of the component1 s particular 

elements and by the surface reflectivities psl. It is supposed that psl i s  not 

strongly dependent on X in the IR region of interest. However, exposed 
lens surfaces certainly a r e  affected by the environment over longer periods 
of time t. An inherent nonuniformity of the reflectance distribution 
expressed by polar coordinates (rsl  Bsl )  also may be subject to  time- 

dependent variations due to  long-term environmental effects, e. g. , occurrence 
'of scattering centers due to  particle impact. Furthermore, there may exist 
a slight dependence on the component temperature Tsl. On the other hand, 

it can be assumed that the absorptivity asl (and consequently the emissivity 

is only a function of X since it relates to the internal molecular structure 



of the lens materials which supposedly i s  not affected by the environment. 
Taking these considerations into account and defining a nominal transmissivity 
by 

one obtains an expression for the actual transmissivity 

where Apsl = Apsl (t ; Tsl ; rsl, 0 s l . The emissivity is simply given by 

Radiance for  both the direct and indirect paths is only a function of temperature 
uncertainties; i. e. , one has 

where 

Collimator contributions t o  the total radiometer output now a r e  described a s  

A multiplying factor 

must be applied to  

Ib Total radiation passed through. the open field-stop area,  
a s  well a s  t o  the direct radiation of the actual chopper 
a r ea  - Total indirect radiation passing through the collimator 
toward the chopper 

* Total indirect radiation reflected by the chopper 

In determining the additive power terms,  it is  t o  be realized that the form 
factors encountered probably will be different for the front and back surfaces 
of the collimator assembly. Denoting these front- and back-surface form 
factors by subscripts f and b, respectively, one obtains 

7 5 



o Additive term for direct radiation 

'sib "sl ('I NslO,~h 

o Additive term for indirect radiation 

Spectral filter: With respect to  the filter, derivations a re  quite similar 
to  those pertaining to  reflecting surfaces. The only difference is  that the 
mirror  reflectivity must be replaced by the filter transmissivity, a function 
of wavelength that is  defined by the filter1 s absorptivity C Y ~  and surface 

reflecitivity pb. However, it can be supposed that p is not strongly dependent 
b 

c3n the wavelength A. Furthermore, it may be assumed that the absorptivity 
(and therefore the emissivity s ), aside from certainly being a function of 

b 
the wavelength, is not subject to  substantial environment degradation since 
it is due to the molecular structure of the filter material. If one defines the 
surface reflectivity by 

where 

one obtains 

.where 

and 

Eb (A) = % (A) 

Usually, in defining the e r ro r  quantity A pb, the time dependence t stays for 

environmental effects near the earth and in space which, however, may be 
considered minimal. On the other hand, it is not expected that the filter 
temperature Tb and the nonuniformity of the surface reflectance distribution, 

expressed by the polar coordinates (rbJ Bb), will affect the reflectivity 

substantially. For  these reasons, the percentage e r r o r  of the f i l ter ' s  
transmissivity may become very small. 



More careful consideration must be directed toward the radiance contributions 
of the fi l ter  itself, for, although comprising a direct and an indirect component 
the f i rs t  one, directed toward the relay optics1 concentrator in the sensitivity 
range of the detector, AX = hc - 0 (kc = cut-off wavelength), must refer to  

the radiation emitted, whereas the second component, by virtue of the filtering 
process involved, requires only the coverage of the wavelength intefval'AX. 
One must, therefore, define 

Indirect-radiance component 

where 
Nbo , A h f  ' Nbo , A h  

= nominal radiances spectrally filtered in 
wavelength intervals Ah' and AX, respee- 
tively, and 

*Nb , A h  = a N b  , A h  Wb) 
According to  these physical characteristics, spectral filter contributions 
t o  the total radiometer output a r e  described a s  follows: 

Multiplying factor 
- Apb 

7b - 7b0 lr 7 
bo 

Pbo = nominal filter surface reflectivity 

This multiplying factor i s  t o  be applied to  

Total radiation passed through the open field-stop area 

Accumulated direct radiation from the actual chopper 
a r e a  and the relay optics collimator 

Total indirect radiation reflected by the chopper 

Total indirect radiation pointing toward the chopper 

e Additive direct power t e rm 



s Additive indirect term 

Relay optics concentrator (off-axis paraboloidal mirror):  Derivations 
concerning the realy optics second element a r e  equal to  those for  the col- 
limator except that radiances a re  different in forward and backward 
directions. This means that one has to  consider 

r, A reflectivity 

(D An emissivity 

e Radiances 

where all quantities exhibiting the subscript 0 represent nominal values. 

The expressionAPs2 = Apg2 (t; Ts2; rs2, 0 s 2 ) is  afunction of long-term 

environmental changes with time t, and slightly dependent on the actual 
temperature T . the polar coordinates r 

s2 '  @s2'  
referred to  a conveniently 

s 2 '  
chosen system, indicate possible nonunif ormit ies in the reflectance 
distribution. 



constitute radiance e r ro r  quantities due to  uncertainties in determing the 
nominal temperature Ts2, and a re  related to  the total and filtered wavelength 
intervals, respectively. 

Conclusively, the following contributors of the relay optics concentrat or 
to  the radiometer output a r e  obtained: 

e Multiplying factor 

to  be applied to  

B- Total radiation passed through,the open field-stop area, 
including the accumulated direct radiation from the 
actual chopper area,  the relay optics collimator, and 
the spectral filter 

c Indirect radiation of the cavity in the detector envelope 
pointing toward the chopper 

I, Total indirect radiation reflected by the chopper 

r, Additive direct term 

r Additive indirect term 

where G2 = form factor of concentrator surface. 

Relay optics concentrator (refractive componentj: Referring to the 
derivations for the relay optic" refractive collimator and its reflective 
concentrator, contributors of the refractive concentrator to  the radiometer 
output can immediately be indicated. 

r, One has a multiplying factor 

where 



This multiplying factor i s  to be applied to  

Total radiation passed through the open field-stop area ,  a s  
well a s  to the accumulated direct radiation f rom the actual 
chopper area,  the relay optics collimator and the spectral  
filter 

Br- Indirect radiation of the cavity in  the detector envelope pointing 
toward the chopper 

I, Total indirect radiation reflected by the chopper 

@ Additive direct t e rm  

o Additive indirect t e rm 

where 

= form factors of front and back surfaces,  respec- 
Ts2f' 's2b tively, of concentrator-lens assembly 

s 2  (A) = as2(X) 
- 

ANs2 ,A - '*s2, AX ' (TsZ) e r r o r  in radiance with Ah' = X c  - 0 

due to temperature undertainty 
- (T ) e r r o r  in  radiance within wavelength A N s ~ , ~ ~  - ANs2, ax s2 

interval AX = X2 - X I  

subscript zero characteri ze s nominal radiance values. 

Cavity: The detector is enclosed in a very narrow shield that i s  kept at  
approximately the same low temperature a s  the detector itself. This shield 
is called a cavity and has a dual purpose: 



@ It r e jec t s  o r  a t  leas t  minimizes every  background radiation 
f r o m  the space outside of the detector 's  field of view 

@ It helps maintain the desired detector temperature 

The cavity has  a hole in  front of the detector allowing the radiation within the 
field of view to  pass  through. Since the detector's field of view is well defined 
by the cold stop, the transmissivity of the cavity is unity. 

The energy emitted f rom the inside walls of the shield usually is smal l  enough 
a s  to be negligible. However, for  precision long-wavelength radiometers i t  
may be come important. 

In the indirect-propagation chain, radiation f rom the outside walls of t l ~ e  shield 
normally will not contribute to the overall radiation receivable. Thus. in this 
chain the cavity can be considered to  represent  a blackbody radiator of very  
low temperature.  

F r o m  this  description i t  is seen that the cavity is characterized 

e By a multiplicative t ransfer  function 

e By an additive direct  radiance t e r m  

yo, AAq 'cYo f 

where 

Ncyo, Ah ' = nominal blackbody radiance in A h f  = hc - h 

hc = cutoff wavelength (m) of detector sensitivity 

e = nominal cavity wall emissivity 
CYO 

@ By an  additive indirect radiance t e rm 

where 

~ 6 ~ 0 ,  A = nominal blackbody radiance in A = h2 -A2; i. e .  , in 

the spectral  range of the bandpass f i l ter  

G I  = nominal cavity emissivity = 1 
CYO 



Cold stop: The function of the cold stop is to restr ic t  the acceptance cone 
for  radiation receivable from all sources in front of the cavity. It is essential 
that the size of the projected cold stop is always smaller than the optical ele- 
ment at the projection point. In this manner, i t  is possible to assure that no 
warm baffle or  mir ror  support vignettes the field or causes radiance at an 
undesirably high level due to a high emissivity. The general description of the 
projection of the cold stop and the exact geometry has not been generated, 
although it appears possible to obtain i t  in a fairly general form. 

Of course, the cold stop does not contribute any radiance terms; i t  is only 
characterized by an efficiency factor that represents the solid angle of the 
acceptance cone, and for this reason, transforms radiance into irradiance. 

As shown in reference 4 ,  the solid angle R can be calculated from the half- 
cone apex angle Q The result is 

2 
%s 

= O = 271 (1 - cos 4) = 4n sin 4/2 

It must be noted that the apex angle of the cavity's radiation cone certainly will 
be larger than the angle 2 @. The effective soli9 angle for the cavi,ty radiation 
i s  the difference between an outer solid angle R and Q where Q may even 
be as  large a s  21-r (hemisphere). In this case one obtains 

'mis fact may be taken into account by defining the cavity form factor by 

cos cb 
fCY = " CY 1" = 

that applies to the cavity radiance term (direct chain). 

Detector: The optical transducer taken into consideration to date is a 
background-limited photoconductive device that is operated from a constant 
current-bias supply. Since the detector resistance is inversely proportional 

to the photon flux (photons sec-' m-2) or  irradiance produced by the cold-stop, 
transfer function first  must be converted into photon flux; the appropriate 

2 :multiplicative conversion factor is represented by the detector area Ad(m ). 

From the total flux available only a portion will be absorbed by the detector; 
the remaining portion will be reflected. This means that a detector transfer 
function or efficiency factor q must be assigned to the transducer. In addi- d 
tion, the detector will be characterized by a quantum efficiency factor qq; in 
the model, this quantum efficiency factor is assumed to be unity. 

Since the actual resistance at  the time of flux incidence is unknown, i t  must be 
referenced to a resistance that is determined experimentally under rather 
well-known measurement conditions. This implies that one has to express the 
actual detector resistance by 



and, therefore, the output voltage by 

1 = -  R i 
Eo F~~~ *cal rn b 

where 

= effective incident flux passed through the radiometer in normal 
Feff operation 

Fcal 
= calculated flux that defines the measurement conditions 

Rm = measured resistance under the condition of the calculated inci- 
dent flux 

i b = constant bias current 

one has 

Signal processing: With respect to the signal processing, only the func- 
tions of the electrical filter and the preamplifier a re  described. The electrical 
filter is usually a complex frequency response function Go(w) where w = 2 n p  = 

circular electrical frequency. An example of such a frequency response func- 
tion i s  

1 
Go (*) = (1 + R~/R~) + j W ci R~ 

where 

R = detector resistance d 

Ri = amplifier input resistance 

C. = amplifier input capacitance 
1 



The amplifier is characterized by a constant gain factor Ca. 

Roth Go(w) and Ca act a s  multiplying factors on the detector output voltage Eo. 

Thus, the preamplifier output voltage due to the signal is given by 

The total preamplifier output voltage E must take into account the noise out- 
put voltage E AN, i. e .  , one has A 

Radiance propagation. -- To understand radiation propagation through the 
radiometric system, it is necessary to explain f i rs t  the meaning of the t e r m  
8 ' input radiance. " Figure 1 6  illustrates schematically the situation encountered 
in orbit. The unknown quantity to be measured by the radiometer is  the radia 
zmee of the target scene on earth. During the period of not pointing toward the 
earth, the radiometer measures the space radiance and the various levels of 
the inflight calibrator radiance. Figure 1 7  shows the input radiances involved 
in ground calibration. Contrary to orbital operation, the simulated earth 
radiance is a well-defined quantity that can be measured and used for calibra- 
tion of the radiometer output. The simulated space radiance also has a well- 
determined value and is used together, for a certain time span, with the 
inflight calibrator" radiances. Generation of the input radiance by the five- 
1.evel inflight calibrator is shown schematically in Figure 18. Notice that 
systematic e r ro r  quantities can be assigned only to  simulator and calibrator 
radiances, 

Stray light from objects outside the radiometer's field of view is a special type 
of input for which systematic e r r o r s  cannot be assigned. It may be explained 
by applying diffraction theory a s  shown previously. 

A s  the input radiance and the stray light propagates through the various 
radiometer elements, they are  multiplied (reduced) successively by transfer 
functions and pick up an additional radiance term a t  each element passed 
through, At some stations, the radiation is reflected partially backwards 
until it  meets a final station where i t  is again reflected in the direction toward 
the detector. The last  of these backward-reflecting stations is the detector 
Face itself. The radiation reflected here is subject also to multiplying transfer 
"functions and additive radiance terms. Thus, two radiation-propagation 
chains, called direct and indirect chains, a re  to be considered. The detector 
responds to the combined radiance of both chains. Although the modulator 
transfer function is actually a time-dependent function, i t  is assumed, for 
simplifying the description of the radiation propagation, that the modulator 
ope rates only in either the chopper - open or  the chopper- closed modes . 
A s  shown later for  the specific case of a multiple-element collector, each 
group (or subgroup) can be represented 



Figure 16. Generation of Input Radiance in Orbit 

Figure 17.  Generation of Input Radiance at  Ground Calibration 





@ By a multiplicative transfer function 

@ By an additive radiance term NAX 

i f  appropriate definitions a re  applied; for example, one may obtain 

This fact alleviates the general description of the radiance propagation since 
i t  allows referring to the compressed model (Figure 9). 

A s  seen from Table 10, the direct radiation-propagation chain works as  
follows. 

The input radiance enters the collector optics which contributes an additional 
radiance term. The purpose of this group is to collect the radiation passed 
through, concentrate it,  and transmit i t  to the modulator in the focal plane of 
the collector. After reaching the modulator, the radiation i s  chopped to 
create an a-c  signal at  the detector, and to allow the system to differentiate 
between instrumental radiation behind the modulator (closed-mode operation) 
and signal and instrumental radiation of the total radiometer (open-mode opera- 
tion). In open-mode operation the radiation passes through the modulator 
( T ~  = 1) and enters the relay optics. These optics collect the radiation, add 

another radiance term, and relay the signal to the detector. In closed-mode 
operation the incident radiation cannot pass through the modulator ( T ~  = 0). 

Now, the modulator radiance appears and enters  the relay optics, passes 
through them, and finally is collected at  the detector. In each mode a portion 
of the radiation incident a t  the detector is reflected and contributes to the 
indirect radiation. 

The indirect propagation chain s tar ts  with the reflected (attenuated) radiation 
from the detector face. After adding a detector radiance term, the radiation 
propagates through the relay optics and is focussed at  the modulator location. 
In open-mode operation, i t  passes through the modulator until it  finally i s  
reflected toward the detector by the inflight calibrator attenuator. In this 
mode, the radiation afterwards is attenuated by the multiplicative transfer 
functions of all elements between the attenuator and the detector; however, 
additive radiance te rms no longer appear. On the other hand, in closed-mode 
operation the indirect radiation incident at  the chopper is reflected toward the 
de te ctor by the modulator itself and, without experiencing additional radiance 
terms, propagates through the relay optics until i t  is finally collected at the 
detector. 



The signal and systernatic e r r o r  propagation is described in  detail below. 

Chopper-open operation mode: 

o Direct radiation-propagation chain 

o Indirect radiation-propagation chain 
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e Combined radiation propagation 
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Chopper- closed operation mode: 

@ Direct radiati on-propagation chain 

e Indirect radiation-propagation chain 
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o Combined radiation propagation 

* 
+ Ndo * "ro * 

+ 
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Similar expressions can be obtained for the expanded signal and e r r o r  flow 
model (Figure 10). Aside from being too lengthy, these expressions will not 
represent reality because, in specific applications, many of the transfer func- 
tions be come unity and associated radiances vanish. 

Noise propagation. - -  To obtain an idea how photon noise, associated with 
each radiance term and denoted in the usual fashion by a variance a2, propa- 
gates through the radiometric system, one may refer  preferably to the 
generalized compressed signal and e r r o r  flow model of Figure 9. In this 
model, a s  well a s  in the expanded model of Figure 10, the noise propagation 
is indicated by dashed lines. 

The particular photon noises a re  affected by transfer functions of the system. 
A s  long a s  one stays within the optical path, transfer functions for photon 
noises turn out to be identical to those of the radiances with which they are  
correlated. 

To find the noise propagation, one must discriminate again the chopper-open 
from the chopper- closed operation'mode . In each of these modes, one 
encounters the direct and the indirect propagation chains. 

Following the dashed lines in the model of Figure 10, one obtains the following 
e:spre s sions for photon-noise input on the detector: 

Chopper-on operation mode: 

a, Direct photon-noise propagation chain 

e Indirect photon-noise propagation chain 



e Combined photon-noise propagation 

Chopper-closed operation mode: 

e Direct photon-noise propagation chain 

e Indirect photon-noise propagation chain 

e Combined photon-noise propagation 

Now i t  is necessary  to obtain an analytic expression for the photon noise and to 
find the relat ion that converts this noise into a noise voltage. 

According to Planck's  radiation law, radiance normal to  the emitting surface 
is given by 

aN - 1 
N~ = - = zo2h i 5  3 

d X  measured in  W/m - s r  

- 1 
A -4 

Q~ = - N  = ~ C A  photons sec-I  m-3 s r -1  
hc A 

Thus 

A 2  

Q = / QA dh photons sec-1 m-2 sr-1 

h 1 



where 

In = PlanckYs constant = 6.63 x W sec2 

k = Uo:ltzmann1s constant = 1.38 x W s e e  deg-I 

8 c = light velocity = 3 x 10 m s e c  - 1 

X = wavelength (m) 

T = temperature (OK) 

According to  reference 5,  the mean-square fluctuation in (variance) is 
defined 'by the Bose-Einstein relation 

The classical  resul t  

is obtained for being large  enough. Therefore, i t  is worthwhile to  

ctually encountered conditions: 

X = 15p = I .  5 x m i  T = 20,  7 5 ,  250 ,  300°K 

he X = 1.326 x 1 0 ~ ~ '  W s e c  

Under the actual conditions, the classical  resul t  is always permissible.  
Hence, the r m s  value becomes 



Apparently, i t  is permissible also to express the variance by 

- 
2 -4 ( A ~ ) 2  = o A  p. z c x  exp -- ( AET) 

The e r r o r  made is, even at  T = 300°K, small  (< 10%). This simplification 
facilitates the evaluation of the variance in finite wavelength intervals. 

One obtains 

= - ~r exp (-Z) (-z2 - 2 2  - 2) (ref. 3 )  L 
Similarly 



From the mean-square fluctuation in the photon-flux density per steradian, 
one obtains the mean-square fluctuation a t  the detector a rea  Ad, in the solid 

angle AQ, and in the electrical bandwidth A V 

where 7 q, ax and q, Al 
are  the mean quantum efficiencies of the respon- 

sive element in the intervals AX and AX ', respectively. These quantum 
efficiencies are  assumed to be unity in the models. 

To convert the photon noise which initially is given in t e rms  of photons per  
see  into a voltage, one may argue that the average number of ca r r i e r s  
defined by 

n = T F  
p eff 

where 

T = lifetime 
P 

Feff = effective photon flux (photons sec - l )  

The rnean square number of carr ies  is, on the other hand, 

The current generated by the photons is 

where 

q = elementary charge 

p. = mobility 

A = cross-sectional a rea  



4 = length 

V = voltage applied 

It follows that the resistance is 

The noise current  becomes 

and the noise voltage 

2 
A F , if a constant-bias current is applied = i  P q p  4 2 P eff 

Now 

Hence, 

This expression is to be related to the unit bandwidth; that is, one obtains 
finally 



where 

w = 2n v = circular electrical frequency 

time constant 

In addition to this squared photon-noise voltage, one has to consider the detec- 
tor and ampbfier-noise voltages. 

The current noise, also sometimes called modulation noise (ref. I), is not well 
understood. According to reference 5, this current noise can be expressed by 
the mean-square voltage 

\ ' 
where 

K = c o n s a t  that is dependent on the detector mbrial asd its size 

\ = bias current 

- Fed 
Rd - - = actual detector r e s i s h e e  R" Feff 

Rm = measure"lesis$ance under experimenlaa conditions Qlefhed by the 
cdeulated flux Fca 

a % 2 ;  

p = conetant vargrlng beheen 0.8 and 2 (ref. 

v = frewency 

For simplification, cu and /3 a r e  taken to be 2 and 1, respectively, in the gen- 
eralized expanded signal and e r ro r  flow model. Of course, K cannot be speci- 
fied generally, Thus, 

-2 

Defining the detector resistance by 

where Rm = measured resistance under the experimental conditions that a r e  

determined by a calculatef flux Fcal, one obtains according to reference 1, 



e Shot noise 

e Photon noise 

e ~eneration/recombination noise 

where 

- 1 7@ - = time constant 
c 

qc = chopping frequency 

n = 7 F = charge-carrier density 
P 

(IP 
= lifetime 

e Thermal noise 

where 

k = Boltzmann constant 
Td = detector temperature 
AV = noise-equivalent bandwidth 

The total detector-noise output is given then by 



If the signal is generally defined by 

where C, = amplifier gain, the total noise voltage can be described by 

where EAN characterizes the amplifier noise, and 

Rd/RMi = matching function 

Ri = amplifier input res is tance  

Recommendations, -- The expanded signal and e r r o r  model (Figure 10)  

a Reiates the radiance t e rms  in the direct  radiation-propagation 
chain behind the re lay  optics collimator to the sensitivity inter-  
val AkQf the detector 

Rela.tes radiances in the indirect radiation propagation chain 
after  reflection at  the detector to the bandpass-filter t r ans -  
mission range Ah only 

Careful inspection, ho-;lvever, indicates that the direct  radiation passing through 
the bandpass f i l ter  after  reflection a t  the detector must be related to  AX. On 
the other hand, the portion of the indirect  radiation that is reflected toward 
the detector a t  the bandpass f i l ter  must be related t o  AXn* 

Ik appears that there  a r e  two ways to overcome this  minor deficiency: 

e Steps taken to split up the part ial  direct  and indirect propagation 
chains mentioned above have not been completely successful since 
the radiance t e r m s  involved must not appear more  than once in the 
final signal, Therefore, i t  is recommended that efforts made up 
to date for  improving the model be continued. 

The expanded model is completely correct  if i t  uses spect ra l  
radiances NX, ernissivities, reflectivities, and transmissivit ies 
instead of wavelength-interval integrated radiances, N and Baht, pJ - and averaged emissivbties, reflectivities, and t ransm sslvities. In 
th i s  case, the final state of the model must be modified a s  shown in  
Figure 19; that is one would have t o  apply an integration operator, 

Xc 
Feff = F Ti 71 d l ,  at the end of the chain. This  means, how- 

o h c q  
ever, that the computation program would become very  much more  



Figure  19. Modification of F ina l  Model Stage Needed t o  Consider  Propagation 
of Spectral  Radiances 



tedious, Keverthele ss,  inve st-bgation of this possibility of cireum - 
venting the deficiency of -&he present model is recommended, 

The expaxlded -model shown in Fjgure 10 is restricted to use of a specific in- 
fLght callbraior in f~"01iL of the collector optics, and especially to a specific 
detector, For Shss reason, 11 1s highly recommended to sindieate, for example, 
by appropr1a.t~ overlays tlre rncsdificatsons needed for 

Changrng the inflight -callhrator configuration or its localion 

Applying other types cf detectors 

Coastant -bias voltage photoconductors 

m PhoLovol-taic cells - Phckoemissive devices if other than infrared wavelength 
intervals are tta be taken into consideration - Bolometers 

The expanded model indicates that the radranee terms may be 
aff~ctecS. by temperature gradients, An attempt already has been 
made co obtain an analytic expressLon for the temperature gradient, 

U an element x ra the rrridlatlein-propagation cham 1s affected by 
a temperature gradrent, one may determine the effect on the radi- 
ance N(T- ) by d.~fferen-ilas~csn of Planck's law of monochromatic 

X 

radratsan; that IS, by 

In4;egratlo.n over )i in "Le ~vavel-eagth interval AX = h. 
yields 

2 - h l  



Since i n  the wavelength intervals  of in teres t  and fo r  the temperature 

range to  be considered exp mx (- is a smal l  quantity compared 

to unity, it is believed permiss ib le  to evaluate only the approximate 
integral  

A 2  / A - ~  exp CIA = - 

A 1  

Hence, 

3 

The express ion 2 kc becomes a s m a l l  quantity for  Tx = 300°K 

( ~ 7 . 5  x loe2). Thus the effect of the temperature gradient (wl.52 x lom5)  
in  the wavelength in terval  Ah = (1. 628 - 1.4) x lo- '  m on the radi -  

ance ( ~ 1 . 5 1  x can be considered smal l  for this  high temperature.  
However, this  effect needs t o  be evaluated for  lower temperatures.  

Other methods of describing temperature gradients should be  con- 
sidered,  and i t  is recommended that attention be devoted to  this  
important  effect in  the future. 

The present  model may be  called dc i n  the sense  that i t  computes 
power incident on the detector and amplifier -output voltage inde - 
pendent of optical r e  solutions and actual  detector configuration. 



This is equivalent to  assuming a uniform extended source at  the 
input. In radiometers requiring high spatial resolution, i t  is 
essential to consider the optics transfer function, the actual 
detector size; that is, not only i ts  area and position, the filter 
and amplifier transfer functions, and the spatial description of 
thetarget  scene and the noise. These i tems are  further 
discussed in a subsequent section entitled Transfer 
Function Model. 

Rules for Application 

General rules. -- It has been mentioned already that the expanded signal 
and e r r o r  flow model comprises two radiation propagation chains: 

o The direct propagation chain represented by the top line of 
Figure 10 s tar ts  with the input radiance box at the upper left 
of the illustration. The input radiance propagates through 
various elements of the model to the detector a t  the upper right 
of the figure. A s  the radiation passes through, energy from 
the optical elements in the direct chain is assed successively, 
thus contributing to the total irradiance incident on the detector. 

(p A portion of the total direct radiance is reflected by the detec- 
tor backwards, a s  indicated in the bottom line of Figure 10 by 
arrows pointing from the right to the left. The second-from-the- 
top line, with arrows pointing to the left, contains only multipli- 
cative transfer functions necessary to take into account the propa- 
gation of radiation reflected backwards from specific elements in 
the direct chain; that is, spoke, spike, window, modulator, and 
bandpass filter. Similar primary reflections from the same ele- 
ments occur in the bottom Line. The second-from -the-bottom line 
contains the collected radiance te rms a s  they loop back to the 
detector. As the reflected portion of the total direct radiation 
propagates through the elements of the model's bottom line, it 
picks up additional radiance terms. The total radiance receivable 
at the detector that is caused by the primary reflections described 
i s  called indirect radiation. 

As an example of how the model must be read, consider that portion of the 
direct chain which begins at "hput ~ a d i a n c e "  and, ends with the "Spoke Block- 
age:'; that is, the ' tol lector  prim" input. 

One obtains: 

Spoke Output = Nso, A A A 
AA 

Ah 

x ts1 x.. . i 



As an example of the indirect-radiation contributions, that portion of the chain 
may be considered which also i s  affected by the spoke. The collector output in 
the model bottom line is denoted by Nco, A X .  Then neglecting the systematic 

e r ro r s ,  one obtains for the inflight calibration in action 

e Term from direct radiation 

@%,Ah + N ~ ~ , ~ h )  P ~ l  fsl pee 

Term from bottom line 

Term from spoke reflection in bottom line 

o Combined signal 

PSI fsl Pcc 

+ Nsl  hl 'cc + N c c , ~ h  'cc fee 

For the inactive inflight calibrator, one has to use cca = 0 such that only 

the third term from the spoke reflection in the bottom line propagates through 
the system. 

A crucial element in the model is the modulator which, most generally, is 
described by a time-dependent transfer function. Considering only the com- 
pletely closed and completely open operation mddes, one has to define 

- 5, - 1, 7, = 0 for the chopper-closed mode, and 
vice versa 

& = 0, T~ = 1 for the chopper-open mode 

If specific radiometer configurations a r e  to be considered, some of the param- 
e te rs  used in the expanded model appropriately must be defined a s  shown in 
the next subsection. 

Special considerations. -- The generalized expanded signal and e r ro r  flow 
model is applied to the radiometer configurations specified in Table 13, 



Collector optics 

Lowpass filter supported Casse- 
gr  ainian 

Lowpass filter supported Newtonian 

Off- axis paraboloid 

Single lens 

Spike-window supported C asse- 
grainian 

Spike -supported Newtonian 

Off- axis paraboloid 

Spoke supported Cas segrainian 

Spoke supported Newtonian 

Relay optics 

C assegrainian pair 

C assegrainian pair 

Off- axis paraboloidal 
pair 

Single-lens pair 

Single-lens pair 

Single-lens pair 

Single-lens pair 

Cassegrainian pair 

Cassegrainian pair 

a In all conceptual configurations the bandpass filter is located in the colli- 
mated beam of the relay optics. 

To facilitate the computerization, the flow chart was modified slightly a s  
shown in Figure 20, although this modification does not reflect the physical 
reality. The computer program is further simplified a s  follows: 

t~ The radiation term splitup at the bandpass-filter locations in the 
direct and indirect propagation chains is omitted. This means 
that, in the direct propagation chain, the detector sensitivity 
range is used instead of the bandpass-filter transmission range 
for the radiation impinging on and reflected from the detector. 
It is assumed that passing the radiation later through the band- 
pass filter will cancel the effect of this modification. 
In the indirect propagation chain, on the other hand, the detector 
sensitivity range is replaced by the bandpass-filter transmission 
range for the radiation reflected backwards to the detector from 
the filter; it is anticipated that the effect of this modification will 
be small because of the low temperatures of the detector and the 
cavity, and especially because of the very small detector reflec- 
tivity. 

e Second and higher-order reflection terms at the detector and at 
other stations in the chains a r e  not taken into account at  this 
moment. 





wanturn efficiency f a  aasumed to bs equal for both wavelength 
iwtsa-uvale to be conaidered, and is specificatkly atapposed to be 
unity, 

Madel paramletera be;len@ng to the nine configet~satione a r e  presented fn Tabis 
14, which d e ~ c r i b e s  them slot only by their model denotatioaris, but also by the 
correspmding computer variables, In this table a check mark replaces the 
model denotation; efficiency factors a r e  either transmle sjl'vitie s or reflectivib 
ties, b o b  being relatad in many cases to blockages or csmfseivbtis~, seepace 
tively, 

The model it~eYdtG asBumes the use of a photoconduc"cve detector with con- 
s.ia,ank-$ias current, However, other sensor types, like constant-voltage 
pl.astoocondugsti.ve detectors, photovoltaic detectors, and bolometers, can be 
ktsndlecji eaa lu  by corresponding overlays since the optical train does not 
claange at all, To find the output voltage of the photoconductive detector ap- 
plied, the actual detector voltage is expressed by 

where R = measured detector resistance under the experimental conditions m 
of t h e  calwlated photon flux FCald 

F = actually incident flux (photons secml) 

Denoting the b i a ~  current by ib , one obtains the detector output voltage 

To obtain the noise voltage a t  the detector output, one has generally to con- 
~ ~ , d e r  

o Phoban noise 

where A V = noise -equivalent bandwidth 

Shot noise 

= 2AmV q R, Ed 
O s  

where q = 1 . 6  x 1 0 ~ ~ 9  amp see = electron charge 

e Current noise 

where K = constant depending on detector size and material 
v = electrical frequency 



TABLE 1 4 .  - MODEL PARAMETERS FOR NlNE 
CONFIGURATIONS 

Element md 



'TA4BLE I4* - MODEL PARAMETERS FOR NINE 
GONFIGURA TIONS (CONTINUED) 



TABLE 14 .  - MODEL PARAMETERS FOR NINE 
CONFIGURATIONS (CONTINUED) 



TABLE 1 4 ,  - MODEL PARAMETERS FOR NINE 
CQNFfGURA TXON8 (CONTINUED) 



TABLE 14.  - MODEL PARAMETERS F O R  NINE 
CONFIGURATIONS (CONTINUED) 

Element a d  
radianee sm 

I Indirect-radiation terms I 



TABLE 1.1. - MODEL PARAMETERS FOR NINE 
CONFIGURA TIONS (CONTINUED) 

-- 

Secondary and higher order indirect-radiation terms T 1 



TABLE 14 .  - MODEL PARAMETERS FOR NINE 
CONFIGURA TIONS (CONTINUED) 



TABLE 14. - MODEL PARAMETERS FOR NINE 
CONFIGURA TIONS (CON TINUED) 

min Chain of efficie~lcy terms common to both the direct-radiation sMe loops 
and indirect-radiation 



TABLE 14.  - MODEL PARAMETERS FOR NINE 
CONFIGURA TIONS (CONCLUDED) 

Detector efficiency 

Detector area Y4 = total 

Measured detector resistance 

Bias current 



~eneration/recombination noise 

- 1 where 7 = time constant = uc 
C 

w, = chopper frequency 

7. = lifetime defining the average number of charge 
P car r ie rs  

w = 2 rrV = cipcular frequency 

(p Thermal noise, subject to temperature fluctuations 

crt2 = 4 A u k  TdRd 

where k = 1.38 x watt sec degel = Boltzmann constant 

Td = detector temperature 

Consequently, one has  the total detection noise 

'To obtain the total noise, one has to add the matched amplifier noise; that is, 

(R / R  D where Ri = amplifier input impedance. d i a '  

T.his means that the total noise becomes 

Then, the noise voltage is given by 

Now, if  the frequency response of the amplifier is described generally by a 
2 -1 function G,(u), e. g. , by ~ , ( w )  = [(I + R ~ / R ~ )  + j c ~ R ~ ]  where ci denotes 

the amplifier input impedance, and if the amplifier gain is Ca, then, the 
amplifier voltage becomes 



The  model  denotations and  the cor responding  new computer  var iab les  needed 
in Equat ions (1) through (11) are shown i n  Table 15. 

TABLE 15. - SIGNAL AND NOISE PROPAGATION VARIABLES 

Noise propagation from detector to amplifier for every configuration 

U4 

RM32 

FC32 

RD 

BC32 

ED 

DFREQ 

ECHARG 

DNS 

CONST 

FREQ 

DNC 

DNP 

TAUC 

TAUP 

OMEGA 

q = 1.6 x amp sec = 
universal cnnst. 

Actually incident photon 
flux 

Measured detector re- 
sistance at eqerimental  
conditions defined by Fcal 

Calculated flux incident 
upon detector 

Actual detector resistance 

Bias current 

Detector output voltage 

Mise-equivalent bandwidtl~ 

Electron charge 

Shot noise 

ConsLant depending on 
detector size and material 

Electrical frequency 

Current noise 

Photon noise 

Time constant for chopping 
frequency cy we 

Lifetime defining the 
average car r ie rs  ii = T F 

P 
Circular frequency 2 n v 

'  eme era ti on/ 1 recombination noise 



TABLE 15. -- SIGNAL AND NOISE PROPAGATION VARIABLES (Concluded) 

1 Noise propagation from detector to amplifier for every configuration 

universal const. 

e. g., Ga ( w )  = 

Eai = EdGa (w) + EIl pa (w)I 

Boltzmanri constant 7 
Detector temperature 
(deg K) 

Thermal noise 

Detector noise 

Amplifier noise 

Amplifier input 
impedance 

Total noise = su l i  of 
detector. noise and 
matched amplifier noise 

Total noise voltage 

. Frequency response 
function (C. = ampl. 
input capac\tance) 

Amplifier gain 

Amplifier o u t p ~ ~ t  voltage 



Table 16 desc r ibes  the computer  equations t o  b e  applied i n  evaluating the e r ro r  
model. 

TABLE 16. - COMPUTER EQUATIONS NEEDED FOR 
ERROR-MODEL EVALUATION 

1- I 

XO = CTO * (BO i BSO) 

X1 = XO * C T 1 +  B1 * E l  * Z1 

X48 = (X46 + X47) * CTO* C28 * 228 

X50 = (X36 + 47) * CTO 

= XI2 * C T l 3  + B13 * E13 

= X13 

= Y1 * C14 + B14 * E l 4  

= X20 * CT13 + B15 * E l 5  

= X21* CE12 + B16 * E16 * Z16 

= X22 * C T l l  

= X23 * C E l l  + 1617 * E l 7  * 217 

= X24 * CTIO + B18 * E l 8  

= X25 * CT9 

= X26 * CE9 + B9 * E l 9  * 219 

= X27 * CE8 + B8 * E20 * 220 

= X28 * CT21 

= X29 * CT6 + B6 * E22 * Z6 



TABLE 16. - COMPUTER EQUATIONS NEEDED FOR 
ERROR-MODEL EVALUATION (concluded) 

DMS = 2 * DFREQ * ECHARG * 
ED * RD 

DNC = CONST * DFREQ * ED * 
ED/FREQ 

DMP = 2 * DFREQ * ED * E D / Y ~ /  
(1 + OMEGA * OMEGA * TAUC * 
TAUG) 

DNGR = 2 * DFREQ * ED * E D / Y ~  * 
$AUC/TAUP/(~ + OMEGA * 
OMEGA * TAUC * TAUC) 

DNT = 4 * DFREQ * BOLTZ * 
DTEMP * RD 

DN = DNS + DNC + DNP + DNGR + DNT 

TN = DN -t AN * RD * RD/RI/RI 

EN = SQRT (TN) 

EAI = ED * GA + EN * ABS(GA) 

EAO = CA * EAI 

In defining input radiance, it has  been shown that one must consider s imula-  
to r s  and especially the inflight calibrator. T o  show how these subsystems 
can be handled i n  the model and the computer program, the inflight cal ibrator  
is taken a s  a n  example. Symbols used i n  the  model were  a l ready described, 
and the corresponding computer variables a r e  summarized i n  Table 17. 
Silpposedly, the computer is handling the inflight cal ibrator  output radiance 
by a subroutine a s  shown i n  the equations of Table 18. 

TABLE 17. - INFLIGHT CAUBRATOR SIGNAL-FLOW SYMBOLS 

IFC-attenuator transmissivity 

IFC-attenuator blackbody radiance 

IFC-attenuator emissivity 

IFC-attenuator blockage factor 

IFC-collimator reflectivity 

IFC-collimator blackbody radiance 

IFC-collimator omissivity 

IFC-collimator form factor 



TABLE 18. - INFLIGHT CALIBRATION COMPUTER 
EQUATIONS (SUBROUTINE) 

X01 = CTA * Be0 + BAO * EA * Z28 

~ 0 2  = XOI * eo a BOO * EO * .zo 

B0 = X02 (Transfer to main program) 

Model Application 

The  ana ly t ica l  model  was  previously descr ibed  analyt ical ly  and  graphically.  
The  a r i t hme t i c  caluclat ions r equ i r ed  to  ge t  a feeling fo r  the model behavior,  
and  to explore  a pa r t i cu l a r  configuration, a r e  extensive enough to  r e q u i r e  
s o m e  automation. Thus ,  a computer  p rog ram was  wr i t ten  using the 
TYMSHARE t ime-shar ing  s e r v i c e  which al lows a r ap id  and efficient desc r ip -  
tion of the sys t em and  determinat ion of effects  of p a r a m e t e r  var iat ion,  The  
u s e  of a t ime-shar ing  sys t em a l lows  the u s e r  t o  change a n y  p a r a m e t e r s  a t  
will, de t e rmine  the effect  of the  change, and quickly reconfigure and r u n  
again. E a s y  p rog ram changes a r e  a l s o  possible ,  allowing one to  compute the 
quant i t ies  of immed ia t e  i n t e re s t  without having a l a rge  and complicated p r o -  
g ram.  

T h e  bas i c  outputs a r e  power on the de tec tor  and s igna l  and noise out of the 
ampl i f ie r  f o r  the  modulator  in both open ( t ransmit t ing)  and closed positions,  

Th i s  p r o g r a m  w a s  used  t o  look a t  the analyt ical  model 's  descr ipt ion of t h ree  
base l ine  r a d i o m e t e r s  and  the test-bed model  proposed for  P a r t  II of the p ro -  
g ram.  These  s y s t e m s  a r e  descr ibed  and representa t ive  cal.culations presented  
here in .  

Basel ine sys t ems .  - -  T h r e e  r ad iome te r  configurations were  se lec ted  for 
explorat ion with the analyt ical  model,  both as a means  of exerc is ing  tine model 
and  as a guidance f o r  the P a r t  11 experimentat ion,  T h e  th ree  configurations 
a r e  

An al l - ref lect ive,  off-axis sys tem 

r, A Casseg ra in  col lector  opt ics  with off-axis ref lect ive re1a.y 
opt ics  

(p A C a s s e g r a i n  co l lec tor  opt ics  with r e f r ac t ive  r e l a y  opt ics  

F i g u r e s  21, 22, and  23 a r e  s chemat i c  drawings of the th ree  sys t ems ,  Table 
19 indicates  nominal  p a r a m e t e r  va lues  for  these  sys t em s. Table 20 includes 
a complete  l i s t ,  except  f o r  the de tec tor  and  e l ec t r i ca l  f i l t e r ,  of the analyt ical  
va r i ab l e s  and the i r  a s s ignmen t s  f o r  the t h r e e  basel ine sys tems.  



Figure 21.  Off-Axis System 

Primary optics 

Concentrator 

Collimator 

Figure 22. Cassegrainian and Reflective System 





TABLE 19. - NOMINAL PARAMETER VALUES FOR 
BASELINE RADIOMETER MODELS 

Filter temperature 
Concentrator reflectivity (reflective) 
Concentrator reflectivity (refractive) 

Concentrator temperature 
Cavity temperature 
Detector ternperatme 

ctor reflectivity 

TABLE 20. - ANALYTICAL VARIABLES ASSIGNED T O  
BASELINE RADIOMETER SYSTEMS 

a Check m a r k  means that pa ramete r  is identical to model denotation. 
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TABLE 20. -ANALYTICAL VARIABLES ASSIGNED TO 
BASELINE R D I O M E T E R  SYSTEMS (CONTINUED) 



TABLE 20. - ANALYTICAL VARIABLES ASSIGNED T O  
BASELTNE RADIOMETER SYSTEMS (CONTINUED) 



TABLE 20. - ANALYTICAL VARIABLES ASSIGNED T O  
BASELINE RADIOMETER SYSTEMS (CONTINUED) 



TABLE 20. - ANALYTICAL VARIABLES ASSIGNED T O  BASE- 
LINE RADIOMETER SYSTEMS (CONTINUED) 



TABLE 20. - ANALYTICAL VARIABLES ASSIGNED T O  BASE- 
LINE RADIOMETER SYSTEMS (CONTINUED) 



TABLE 20. - ANALYTICAL VARIABLES ASSIGNED T O  BASE- 
LINE RADIOMETER SYSTEMS (CONTINUED) 



TABLE 20. - ANALYTICAL VARIABLES ASSIGNED TO BASE- 
LINE RADIOMETER SYS TEniIS (CONCLUDED) 

The test-bed model, designed f o r  P a r t  I1 of this program,  was a l s o  analyzed. 
A schemat ic  drawing and nominal pa ramete r  values a r e  given in Figure 24 a n d  
Table 2 1, respectively. 





TABLE 21. - NOMINAL PARAMETER VALUES FOR 
TEST-BED RADIOMETER MODEL 

Source radiance 
Modulator emissivity 
Modulator temperature 
Collimator reflectivity 
Collimator temperature 
Filter transmission 
Filter emissivity 
Filter temperature 
Concentrator reflectivity 
Concentrator temperature 
Cavity temperature 
Detector temperature 
Detector reflectivity 

Results.  - -  Results  obtained on the  four configurations a r e  presented pr i -  
mar i ly  in  the f o r m  of graphs. These  show power, in watts,  passing through 
the  detector  surface  fo r  the  modulator open (Po) and closed (PC) normalized 

t o  the  power with the  modulator closed a s  a function of temperature  and emis-  
sivity. The normalizing power, which enables a conversion t o  actual watts 
by a multiplication, is l is ted on each graph. On each graph the re  is a lso  a n  
indication of the  power due t o  the  minimum and maximum input radiances of 
a typical ARRS application. (PBomin and P Bo max). Bomin = 5 x 10-3 w / m 2 -  

sr. 

Temperature  variations : F o r  a radiometer  with a n  inflight cal ibrator ,  one 
of the p r i m a r y  e r r o r  sources  is temperature  uncertainty. Figures 25, 26,  27,  
and 28 show the effect of temperature variation ,of the major components and 
indicate configuration dependent behavior of the systems.  These plots show 
g r o s s  variations of the type that would help choose a configuration. Figures 
28 and 29, on the other hand, explicitly present  the differential power on the 
detector and i t s  r a t e  of change with temperature.  This data is the p r imary  
means of determining the effects of tolerances and uncertainties, Although 
only two plots of differential power a r e  included, the data can be generated 
for  any  pa ramete r  quite easily. 

As a n  example of the use of the r a t e  of change plots, consider the differential 
power uncertainty due to a f i l te r  temperature uncertainty of 0. 1°K a t  a tern - 
pera tu re  of 100°K. From Figure 28 
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Tf i  lter 

4. + 
Nominal values: 

- 
Tprimary - Tmodulator = 200°K 

100 200 300 
Temperature, OK 

Figure 25. Normalized Power on Detector for Modulator Open and Closed 
versus Temperature on Various Elements, Off-Axis System 



Nominal values: 

Temperature, O K  

Figure 26, Normalized Power on Detector for  Modulator Open and Closed 
versus Temperature on Various Elements, Cassegrain and 
Reflective System 



Nominal values: + - - 
Tprimary Tmodulator = 200°K 

100 200 300 
Temperature, OK 

Figure 27. Normalized Power on Detector for Modulator Open and Closed 
versus Temperature on Various Elements, Cassegrain and 
Reflective System 



100 200 30 
Filter temperature, Tf 

Figure 28. Differential Power on Detector and Its Derivative versus Filter 
Temperature, Off -Axis System 



Figure 29, Differential Power on the Detector and Its Derivative versus 
Modulator Temperature, Test-Bed Model 



and since 

the power uncertainty, dAP, is 4 x (0. 1) ' 4 x 1 0 ' ~  WIW. With the 

normalization power of 9.38 x 10'1° W, dAP is 3.75 x 10-13 W. 

Emissivi ty variations: Variations of emissivi ty of a surface can affect the 
system in varying degrees  depending on the percentage of power coming from 
that surface.  Thus, even though some cases  may be quite easy to calculate, 
it is useful to  be able to determine generally the effects of emissivi ty var ia-  
tions. F igures  30, 31, and 32 show the effect of varying emissivi t ies  on power 
a t  the detector. Figure 32 in par t icular  shows that some emissivi ty effects 
a r e  not part icularly simple. 

Other parameter  variations: There  a r e  many paramete r s  other than tern - 
pera tu re  and emissivi ty in  a radiometer ,  of course,  but these two have been 
emphasized for  two reasons:  

This  is p r imar i ly  a radiance propagation model and temperature 
and emissivi ty a r e  the p r imary  pa ramet r i cs  contributing to 
radiance. 

The detector and electronics a r e  not sufficiently defined to allow 
computations. 

It is a l s o  necessa ry  to note that some paramete r s  a r e  functions of others.  In 
par t icular  reflect ivi t ies  and emissivi t ies  for  a reflecting surface a r e  related by 
by c  i- p = 1. A transmitting surface in addition has  a transmission resulting 
in c $ . p + ~ = l .  

Detector reflectivity is another parameter  that has  been varied in these com- 
putations. The resu l t s  a r e  of in teres t  p r imar i ly  in that they show the effects 
of r e tu rn  loops in the analytical model. In Figure  33, both curves would be 
l inear  without the second -order effects. 

System uncertainties : Once pa ramete r  ( o r  component) uncertainties have 
been determined, they can be used t o  determine sys tem uncertainties. The 
effects of pa ramete r  uncertainties a r e  calculated identically t o  the  example 
in the  temperature  variat ions subsection; that i s ,  compute r a t e  of change of 
output with pa ramete r  variation, multiply by pa ramete r  uncertainty, and the 
resul t  is the  output uncertainty due to that pa ramete r  uncertainty. The uncer-  
taint ies f r o m  all sources  a r e  then combined appropriately depending on the 
way they contribute t o  the  total  uncertainty. The t h r e e  most common methods 
a r e  worst  case ,  root -sum-square,  o r  a comSination of these. 

Tes t  -bed radiometer  application: Temperatures  and emissivitie s were 
varied in  the most  adverse  direction and the differential power uncertainty 



Figure 30. Normalized Power versus Emissivity, Off-Axis System 
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Figure 31. Normalized Power versus Emissivity, Cassegrain 
and Refractive System 
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Figure 32 .  Normalized Power on Detector versus  
Emissivity, Test-Bed Model 
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Figure  33 .  Normalized Power  Crossing Surface of Detector 
v e r s u s  Detector  Reflectivity, Off-Axis System 



s u m m e d .  The r e s u l t s  a r e  as noted in  Table  22. The  sensi t ivi ty  of the t e s t -  
bed model  to t empera tu re  change w a s  evaluated. With a l l  o ther  components 
a t  nominal  t empera tu re s ,  the t e m p e r a t u r e  of the f i l t e r ,  concent ra tor ,  col l i -  
ma to r ,  and modulator  was  changed over  the basel ine r a n g e  of 80 to  300°K. 
The resu l tan t  change in  output power to the detector  is i l lus t ra ted  in  F i g u r e  34. 

One point worth noting is that re la t ive  m e a s u r e m e n t s  a r e  m o r e  a c c u r a t e  than 
the absolute.  As noted in  Table 22, the r e l a t i ve  uncertainty is only 0. 606 $, 
and th is  i s  mainly due to uncertainty of modulator  tempera ture .  

TABLE 22. - TEST-BED MODEL UNCERTAINTIES 

B a r m e t e r  

MscBulatos ernksivilty 

Moilulator temperature 

Colilimabr emissiviw 

CsBlimabr temperature 

F a t e s  ernmissiviw 

FniQer tempera- 

Concentrator ernissivity 

Concentrator telnperature 

Summary .  -- With t h e  sho r t  computer  p r o g r a m  it was  possible  t o  quickly 
manipulate  t he  model and de t e rmine  the  consequences of t he  design decis ions.  
An examinat ion of the  g raphs  presented  indicates  t h e  va r i e ty  of information 
eas i ly  obtainable and in addition sugges t s  additional da ta  tha t  is of i n t e re s t .  
Th i s  i s  one of t h e  va lues  of t h e  analyt ical  model  and t h e  p r i m a r y  ra t iona le  f o r  
using it with t he  a id  of a digi ta l  computer .  



Nominal values: 

Temperature, T, " K 

Figure 34. Normalized Power  on Detector f o r  Modulator Open and Closed 
v e r s u s  Tempera tu re  of Various Elements,  Test-Bed Model 



TRANSFER FUNCTION MODEL 

The previous section described an analytical model used to  determine the 
propagation of radiant signal and noise through a radiometer, and the conver- 
sion of that radiant signal and noise into a usable electr ical  signal. That  
model was intentionally limited in i t s  scope to include only radiant transfer 
and to exclude the effects of radiometer dynamics and of signal conditioning, 
transmittal,  and reconstruction; it is then seen to be applicable to "dc radiom- 
etry", o r  the situation where the input radiance is emitted f rom an infinite, 
extended, conskant source. If the source is t ime and space varying, a s  i s  the 
general case, then the radiometer frequency response and the methods of 
slgnal conditioning, transmittal,  reconstruction, and interpretation become 
significant in the preservation of accuracy and precision. This determines 
the requirement for a transfer function model which can account for these 
effects.  The transfer function model must then describe a l l  of the operations 
that a r e  performed on the input signal to reproduce that signal a t  the system 
output (system includes al l  elements in a measurement process f rom actual 
measurement through display of the measured quantity). 

OBJECTIVES 

Three major problem areas  exist in the design, evaluation, and eventual per-  
formance of the radiometric system in t e rms  of i t s  t ransfer  function - alias-  
ing, distortion, and the se t  of effects of perturbations, tolerances, drifts,  
and transients. 

Aliasing, or  sampling, e r r o r  resul ts  f rom those residual, unaccounted fo r  
higher-frequency t e r m s  that violate the initial premise of a bandlimited input 
signal. Signal frequencies beyond the nominal system cutoff a r e  there  ei ther 
because they were not anticipated o r  because of a system bandwidth constraint. 
The opening premise i s  always that the signal spectrum bounds a r e  known; 
one of the ARES objectives i s  to quantify, to  three  places, the effect of some 
bounded signal energy outside the nominal pass band. Signal frequencies 
near but l e s s  than the cutoff frequency a r e  invaribly distorted due to  the l e s s  
than ideal character of the on-board analog filtering. Traditionally, this is 
corrected on the ground by removing the effect by division by the known t rans-  
fe r  function in the frequency domain o r  deconvolution in  the time domain. T o  
attempt input-output subtraction for e r r o r  analyses, it  was necessary to  ex- 
pl-ore such correction techniques, during which it became apparent that only 
with great ca re  could such a process approach 0. 1 percent reproduction in  
time. The problem of correction for distortion i s  discussed in Appendix E . 
I? stablishrnent of a sufficiently sensitive analytical tool to determine the 
el'fects of small  variations, assumed unknown, in the various factors com- 
prising the transfer function is a lso  required. 

The objectives of the effort in t ransfer  function modeling, then, a r e  to  



s Derive a model of the measurement system transfer function 

e Per form analyses to provide an understanding of aliasing and 
distortion effects 

s Per form perturbation analyses to quantify effects of tolerances, 
drif ts ,  and transients 

APPROACH 

The start ing point for  deriving the model was an  existing computerized radioni- 
e te r  model simulation (RMS). 

Inputs t o  this time domain model were  t ime varying scene radiance. Using 
multiple convolutions containing t ransfer  function parameters,  this model 
produced t ime varying radiometric outputs. T o  investigate correction for 
signal distortion in the frequency domain, two approaches were available - -  
add features (e. g . ,  Four ier  t ransform routine) to  the existing time domain 
model o r  derive a completely new frequency domain model. Both approaches 
were  used with only partial success achieved with the frequency domainmodel 
(FDM). The FDM was derived but was never successfully computerized to 
permit a comprehensive analysis of correction techniques. The FDM deriva- 
tion and the model itself is described below to provide continuity with future 
efforts. 

A Four ie r  transform routine was added to the existing time domain model 
(TDM) and correction techniques were  investigated. 

The TDM was applied in a two-step analysis, outlined below and described 
in  a subsequent section. 

Step 1: aliasing and distortion analysis. - -  The purpose of this exercise 
was  to  

e Quantify aliasing e r r o r s  in  the t ime domain 

s Determine predictability of aliasing f rom e r r o r  frequency spectra 
and FDM 

o Determine effectiveness of correction'  techniques 

Step 2: perturbation analysis. - -  Computation was performed of the 
effects of 

e Blur function change (defocussing) 

e Chopper frequency shifts 

o Chopper waveform changes 

o Gate versus  no-gate 

o Chopper phase 

o Fi l te r  shifts 



MODEL DESCRIPTION 

Frequency Domain Model (FDM) 

The FDM i s  presented in four par ts  - detector output, signal processing, 
noise processing, and integrated model. In each category, an  analytical ex- 
pression suitable for computer programming and describing an output in the 
frequency domain was derived using standard convolution and transform tech- 
niques. 

Detector output. - - The chopper-modulated optical radiometer sys tem is 
shown schematically in Figure 35. Generally, the optics may consist of 
lenses, m i r ro r s ,  aperture stops, and field stops. All of these elements a r e  
not necessari ly placed in front of the chopper, but some may be between 
chopper and detector. The chopper can be considered a s  a stop whose posi- 
t ion i s  varying with time. Therefore,  an optics-chopper, time-dependent, 
point-spread function can be defined a s  

where 

8 ,  $J = coordinates in object plane 

-5;, Y = coordinates in detector plane 

x (t), y ( t )  = coordinates defining position of the chopper i n  
$3 C chopping plane 

)i = wavelength of radiation 

Chopper 

\ 

Figure 3 5. Chopper -Modulated Optical Radiometer System 



In Figure 35,  0, x, and xc(t) a r e  illustrated. The point-spread function 
(Equation 12) gives the energy-distribution at the wavelength X in the detector 
plane x-y f rom a point object at (0 ,q )  in the object plane for the position 
[xc(t), yc(t)l  of the chopper in the chopping plane. F o r  a particular optical 
configuration, the point-spread function i s  a function of six variables ( 8 ,  q x, 
y, t ,  A ) .  Changing chopping plane andlor detector plane will give a different 
optics-chopper spread function. 

Generally, the scene i s  not a point object, but an extended and nonuniform 
object 

where el, = coordinates in the scene's coordinate system. 

A single plane contains(0', +!") and (0, q), but their origins a r e  separated by 
[Bs(t), Gs(t)] for a scene moving with respect to the radiometer (e. g. , a 

radiometer scanning a fixed scene). In Equation (13) the scene i s  assumed 
not to vary with time (in i ts  own coordinate system 0' - $"). Figure 37 gives 
the relation between 0', 0, Bs,  qr ,  Q, and qs; therefore, 

Figure 36. Image Energy Distribution in Detector Plane 



The image plane energy distribution is found by integrating the product of the 
scene distribution t imes  the optics / chopper point spread function over the 
scene coordinates, a s  in Equation (15). 

The detector output signal is then found by integrating, over the l imi ts  of the 
detector a rea ,  the product of the image plane energy distribution t imes  the 
detector response, given by b (x, y, X ) ,  a s  in Equation (16): 

Equation (16) is the most general  fo rm of the t ime dependent detector output. 
However, In the general  form shown, Equation (16) is not amenable t o  effici- 
entcomputer  usage and does not give the output in t he  frequency domain a s  
required. Certain limiting assumptions will now be applied to  achieve a 
usable function describing the detector output frequency content. These  
assumptions a r e  that 

t~ Chopping is done in the detector plane. 

e The optics point-spread function is space invariant; i. e. , varying 
object position causes the image plane energy distribution to shift 
position but not change shape. 

a Scanning is done only in  the 6 direction with constant scan velocity 0. 

e The scene is constant in the direction normal t o  scan, the q direction. 

e Chopping is done in a manner that produces a nearly square  wave 
output f rom the detector. 

e Spectral integration over the wavelength l imi ts  of the instrument 
response will be dropped for simplicity but understood t o  be  finally 
required. 

With .the above assumptions, the optics/chopper point-spread function is separ-  
able into an optics l ine-spread function (since the scene is constant normal  to  
the scan direction) and a periodic chop wave a s  follows: 

where 

O(x-9) = one dimensional optics line spread function 

c ( t )  = chop wave = 
1, chopper open 
0, chopper closed 



The scene function reduces to 

and the detector response reduces to 

The time-dependent detector output, previously given by Equation (16 ), then 
reduces to Equation (20), 

Transformation to the frequency domain i s  now readily accomplished a s  
follows. Using an intermediate variable, s l ( t ) ,  [the integral part of Equa- 
tion (20)] the detector output is: 

The Fourier transform of Equation (2 1) gives 

where :I: denotes convolution.. 

The chop wave, c(t), i s  periodic and, using standard Fourier expansions, can 
thus be represented by 

w 
P 

where f c  = chop frequency 

The frequency domain representation of the chop wave is the Fourier trans- 
form of Equation (23) 

w 

C (f)  = Cn 6 (f - n fc)  (2  5 ) 

n=-w 

where 6 = Dirac delta function. 



The t e r m  s ' j t )  in  Equation (21) can  be shown t o  t r a n s f o r m  into 

where  

,,,ir;:er function = O(f)  Btf l, and wl(f) = opt ics /  cietec:rJ.: L r ' l y - - t  

Theri, s u b s l ~ + u i i n g  Equat ions (25) and ( 2 6 )  into Equation (22) ,  the de tec tor  out- 
put In the frequency domain becomes  

CO 

S d ( f ) z x  C n  M (f- n f c )  S (f- n f c  (27) 
n=-cc 

Hcluation ( 2 7 )  rs the des i r ed  representa t ion  of the de tec tor  output spec t r a .  It 
will be used agaln l a t e r  when the frequency domain r ep re sen ta t ion  of the de-  
tec tor  s ignal  process ing  e l ec t ron ic s  h a s  been  derived.  

- - A l inea r  de tec tor  s igna l  p roces s ing  s y s t e m  
is shown in F igu re  37. Since i t  includes the de tec tor  amplif ier ,  Hl ( t )  h a s  a 

handpass  charac te r .  A s  wil l  be shown under de tec tor  noise process ing ,  i t  is 
impor tan t  that Hl(f) f i l t e r s  out the de tec tor  l / f  no i se  if g ( t )  h a s  a d-c  compo- 
nent, Typically, g(t)  is a demodulating a n d / o r  gating wave to demodulate  the 
modulated de tec tor  output s d ( t )  a n d / o r  to gate  out the chop t rans ien ts .  One  

r e a s o n  f o r  this  possible  gating is to reduce  the effect  of extraneous,  unpre-  
dic table, modulated chopper  radiat ion during the t ransient .  O t h e r  r e a s o n s  
a r e  reduction of chopper  instabi l i ty  effects,  reduct ion of chop-modulator  phase 
ins.cability effects,  and, l e s s  likely, reduct ion of f requency instabi l i ty  effects  
i n  chop and demodulator  waves, a l l  shown to be c r i t i c a l  i n  the ana lys is  p re -  
sented in  Appendix G. If g( t )  h a s  a demodulating effect, then h2( t )  is typically 

a lowpass  f i l t e r  o r  in tegra tor .  If, however, g( t )  does  not have this  effect, 
then h2( t )  is chosen a s  a bandpass  f i l t e r  to p a s s  the s t i l l  modulated signal.  T o  

digitize the output f r o m  h2( t )  f o r  t e l eme t ry  t ransmiss ion ,  d( t )  is a sampl ing  

pulse train.  A recons t ruc t ion  f i l t e r  hg( t )  is a t  the rece iv ing  station. Th i s  

f i l t e r  typically is an  interpolat ion f i l t e r  with a f la t  f requency r e sponse  f r o m  
z e r o  frequency to half sampl ing  f requency  and z e r o  r e s p o n s e  beyond this  
l a t t e r  frequency, 

The  output of the sys tem in  F i g u r e  37 is given by 

where ::: denotes convolution. 

Convolution and  muitiplication in t ime domain is equivalent to multiplication 
and convolution, respect ively,  in the frequency domain. The  F o u r i e r  t r a n s -  
form of the s igna l  output is thus 





A s  g( t )  and d(t)  a r e  periodic, one can wri te  

where  
l / f o  = period of g(t) 

1 / f s  = period af d(t) 

F r o m  Equations (31) pnd (32)  the Four ie r  t r ans fo rms  of g(t) and d(t), respec-  
tive ly, a r e  obtained 

The f i r s t  convolution in Equation (29) then b e c ~ m e s  



Similarly for the second convolution, 

m 

= f dk[%(f) 1 gmSd(f-mfo) H ( f - m f  :k 6(f-kfs) 
k= -m m= -m 3 

(37)  

and the Fourier  transform of the output signal is thus 

1 

I Detector noise processin&- -The expression for the mean square of the out- 
put noise n (t) in Figure 38 will be in te rms  of the detector noise power spec- 

0 
t ra l  density lm (f),  the transfer functions Hl (f) and HZ (f), the Fourier se r ies  

coefficients gm, and the fundamental frequency f o  of g(t). 

Let ( ) denote expectation value and :k denote convolution. The output noise 
in Figure 38 is given by 

n (t) = f 6dt) * hl (t)] g(t) ] :% h2 (t) 
0 

(39) 

The mean square noise at  time to i s  thus 

Making the substitution 

n (t ) = I [n(t ) ';' hl (to)] g(to) I 
2 0 0 

in  Equation ($0) yields 



Detector noise n(t) 

Figure 38.  Detector Noise Processing 



Make the substitution 

nl (t) = n(t) 'k hl (t) 

Then 

n2 (t) = nl (t) g(t) 

And 

(n 2 (t o -u) n2 (to-v)) = (nl (to-u) g(to-u) nl (to-v) g(to- v3> 

As the detector noise n(t) i s  a stationary random process, so  i s  nl (t).  One 
can therefore write 

(nl(t) nl ( t + ~ ) )  = tJn (7) = J m (i) ej2rrf7 df 
1 1  -m 

nl "1 

where Gn (7) is the auto-correlation function of the process nl ( t) ,  and 
1 1  

(f) i s  the corresponding power spectral density which i s  obtajned as  
n ln l  

Substituting Equation (47) into (46 ) yields 



Combining (48) ,  (45), and (42) yields 

= JJ[J * , , ( f ) I ~ ~ ( f ) )  ej2rrf(u-v)d g(to-U) g(to- 4 h2(u) h2(v) dvdu 
=to u v  f 3 

= J rnn(f) I H ~ ( ~ )  l 2  g(to-u) h2(u) ejZnfU ciu][~ g(to-v) h2(v) 
f v 

= J *nn(f) I H ? ( ~ )  12 g(to- v) h2(v) e-52nf vdv 
f 1 

One has 

Combining Equations (49) and (51) thus yields 



Usually the detector noise power spectal density % if) i s  increasing nn 
for decreasing f due to so-called 1 / f  noise. Equation (52) shows that there are 

two ways that the mean square noise 0: can be made small for the processing 
0 

system in Figure 3 8, either by making HI (f)  a highpass filter or  making the 

sum highpass in character. The latter condition is satisfied by letting g(t) 
have a small or  no d-c component, g W 0, i f  H (f)  is a lowpass filter. If R2(f) 

0 2 
is a bandpass filter, the d-c component of g(t) should be large compared to 
the other components g ,  m # 0). 

If H2 (f)  is a bandpass filter with reasonably sharp cutoff, the noise out from 

this filter i s  bandlimited to a good approximation. Therefore, i f  to the noise 
processing in Figure 38 is added d(t) and h3 (t) a s  in Figure 37, where d(t) 

is a sampler and h (t) is an ideal r e  construction filter, the noise output of 3 
h (t) will then be approximately equal to the noise output of h2 (t) . 3 

If the input noise is a Gaussian random process, the output will also be a 
Gaussian process. The detector noise was assumed stationary above; how- 
ever  the output noise is not stationary because of the time-varying multiplier 
g(t). In other words, the probability distribution of the output noise for each 
t is Gaussian if the input is a Gaussian process, but the probability distri- 
0 

bution is a function of t 
0' 

The bounds on output mean square noise of for all times t are  computed 
0 

0 

in Appendix F and are  shown to satisfy 

(No = mnn(f) for white;noise) 

Integrated Model. - -  The complete frequency domain model of the total 
system output consists of the combination of Equations (27), giving the detector 
output, and (38), giving the signal processed output. F o r  clarity and com- 
pleteness, these equations and their proper combining will be given here with 
definitions of te rms available in the previous paragraphs. 

Equation (38) gave the system output signal as  
ee w 

S 0 ( f )  = H3(f) 1 1 dkgmSd(f-mio-kfs)H1(f-mfo-kfs)H2(f-kfsh (53)  



The detector output, Sd, was given by Equation (27)  a s  

The final form of the signal output is then found by properly combining 
Equation (54) with Equation (53) and rearranging to obtain 

Equation (55) is the final form of the frequency domain model of the signal. 
The complete FDM consists of Equation (55) and Equation (52), which gives 
the noise output. 

Time Domain Model 

The digital RMS program using time-domain simulation yields the time 
response and its Fourier transform of the radiometer signal processing sys- 
tem for any time-varying input and system parameters. The system that the 
WMS program was used to simulate for ARRS is shown in Figure 39. Note 
here that the "near square wave" chopping approximation is used. 

The radiance input to the system is given a s  a time function, which can be tied 
to a radiance in space via the radiometer scan velocity. For  this application, 
the input variability is one dimensional and the optics a r e  specified by their line- 
spread function. As the optics in the simulation runs were assumed diffraction 
limited with a circular aperture, the line spread function involves the first-order 
Struve function. The parameter inputs to this function a r e  aperture size and 
wavelength, which then give the line-spread function with angle a s  variable. 
The line- spread function is assumed space-invariant; that is, i t  is independent 
of the position of a line object with respect to the optical axis. 

The program computes an optics-detector line-spread function by convolving 
the optics line-spread function with the one-dimensional detector response, 
the latter being assumed constant over the entire detector. F o r  each input 
the (unchopped) detector output i s  then given a s  the convolution of the input 
function and the optics-detector line-spread function. There is a normaliza- 
tion built into the program such that the infinite integral over the optics line- 
spread function is unity when angle (in radians) is the variable. This corre-  
sponds to the modulation transfer function of the optics having a response of 
unity at zero frequency. With this normalization the unchopped dejector output 
i s  equal to the detector width (in radians) for a unit d-c input. 

The detector output as  a function of time is then multiplied by the chop wave. 
The parameters of the chop wave a re  turn on, on, turn off, off times, and 
phase relation between input and chop wave. 





The program solves the differential equation fo r  the bandpass f i l te r  with the 
chopper output a s  input to the bandpass filter.  The  bandpass f i l te r  output can  
be obtained a s  the solution to a differential equation a s  the bandpass f i l te r  is 
specified by i t s  poles and zeros .  

The signal is then multiplied by a gate wave synchronous with the chop wave. 
On time, off time, and phase relat ion between gate and chop waves a r e  
parameters ,  

Rectification is accomplished by taking the absolute value of the signal. 
Another and often preferable, way of rectifying is somet imes  used in  anac tua l  
system. The signal in this c a s e  would be multiplied by a rectifying wave, 
s;ynchronous with the chop wave and gate wave. This  synchronous rectification 
scheme should a lso  be simulated, a s  these two schemes  a r e  not equivalent 
d u e  to the distort ing effect of the bandpass filter.  

The  simulation of the lowpass f i l te r  is analogous to that of the bandpass f i l ter .  

Sampling is done by taking the value of the lowpass f i l t e r  output a t  evenly 
spaced intervals  with the frequency of the chop wave. 

The interpolation by ideal  lowpass filtering is accomplished by adding the 
impulse responses  excited by the impulse t ra in  output f rom the sampler .  F o r  
a given time span of the output no truncation, e i ther  in the summation o r  in 
impulse responses,  is done. The only pa ramete r  of the ideal  lowpass f i l te r  
is the cutoff frequency, which is equal to half chop frequency. 

Because of the cha rac te r  of the input (finite impulse t ra in)  to the ideal lowpass 
filter,  the Four ie r  t ransform of the f i l te r  output is computed analytically by 
the program. 

Model Application 

A s  mentioned previously in the discussion of t r ans fe r  function model  approach, 
a two-step analysis  was conducted; one dealing with al iasing and distortion 
analysis,  called "step 1" below, and the other  dealing with perturbat ion 
analysis,  called "step 2". 

Subsequent paragraphs present  detai ls  of s t eps  1 and 2 and significant con- 
clusions drawn f r o m  the resul t s .  Related t ransfer  function model analyses 
a r e  presented in Appendix G. 

Step 1: Aliasing and distortion analysis.  - -  This  initial s e t  of computa- 
tions was performed with nominal sys tem p a r a m e t e r s  a s  l is ted below. 



, fo r  I @ (  < o0 

o Optics l ine-spread function = \ 
, for  19 I > Bo 

where  

H1(x) = f i r s t -o rde r  Struve function 

X = wavelength = 2 ~ ~ 1 4 2 0 0  c m  " 14. 96 l~ 

D = aper tu re  d iameter  = 40 c m  

8 = coordinate in r a d  

o Detector  width = /3 = 0. 0096" 

o Scan r a t e  = @ = 19. 201 s e c  

o Chop frequency = fc = 4000 Hz 

o Chop wave 1: 2: 1: 2 f o r  turn on, on, turn  off, and off time rat io 

e Bandpass f i l ter :  two-pole Butterworth with 3 dB cutoff a t  
0.1 x 4000 Hz and 5 x 4000 Hz 

e Gate wave: 1: 2: 1: 2 fo r  off, positive on, off, and negative on t ime 
ratio. Synchronous with chop wave. 

O Lowpass f i l ter :  two-pole Chebychev, 0. 1 dB ripple, with 3 d B  
cutoff at 2000 Hz 



@ Sampling frequency = fc = 4000 Hz 

(B Reconstruction f i l te r  = H3(f) = 
1 0 ,  I f I > f c / 2 =  2000Hz 

o Correct ion factor 

- 1 x l f I  xtfl s in  n (fl i)a! 
$ $D r ( f /  3 )  

- 1 - - -jmn(a+b) s i n  m n  (a+b) s i n  rnna 
'rn m~ rnn a 

( -  1) (m+1)12 2 j  s in  mnb, m odd mn 
a + b  = 112 

0 , m even 

a = 116 = trapezoidal chop wave r i s e  ( o r  fal l )  time, 
expressed a s  fract ional  par t  of chop wave 
period 

b = 113 = trapezoidal chop wave on (o r  off) time, 
fract ional  par t  of chop wave period 



f o r  the above parameters ,  the input data were  sine waves with frequencies 
0. 4 fc, 0. 5 fc, 0. 6 fc, 0. 8 fc fc, 1. 2 fc, and a duration t ime sufficient to 

reach a s teady-state condition, 

Typical examples of Step 1 outputs a r e  presented in F igures  463, 41, and 42 
f o r  three  frequencies nea r  the nominal sys tem cutoff. Note that the recon- 
s tructed output is that p r io r  to correct ion;  peculiar i t ies  of the par t icular  
family of sys tems  being simulated prevented meaningful use  of the correc-  
tion factor,  a s  will  be discussed l a t e r  in this section. 

F igure  40 depicts the response of the sys tem to an input sunusoid a m a ,  4 fee 

At the detector  output the envelope is attenuated significantly but not a s  much 
a s  the higher frequency sine wave, a dispari ty normally removed at  the end 
by the correc t ion  factor.  The shor t  t ime to r each  steady-state response is 
approximately one cycle and represen t s  the optics blur  function width, A t  
the sys tem output, however, some leading and trai l ing edge overshoot is 
evident and is related to the electronic f i l te r  t ransient  response. This Patter 
effect would also normally be removed by correct ion.  In F igure  41, the 
input signal is prec ise ly  a t  the f i r s t  z e r o  in the detector  spat ial  frequency 
response  and, accordingly, produces only the envelope a t  the detector  output, 
However, the reconstructed sys tem output exhibits decidedly anomalous 
behavior - -  a ripple t e r m  a t  8. 5 f which should not be passable by the system, c 
This  term. is present  in varying degrees  fo r  a l l  the runs  made and is related 
to the problem of performing a meaningful correc t ion  f o r  distortion. 

F igure  42 shows the response  of the sys tem to a s ine wave a t  0. 6 fc, above 

the nominal cutoff frequency. Here  the detector-optics combinaMon has  a 
response  (analogous to the f i r s t  lobe in the s in  x / x  function) but r eve r sed  in 
sign. This  can be seen by close inspection of the middle curve. The recon- 
structed output is the al iasing signal produced by the imperfect  but represen-  
tative cha rac te r  of the electronic f i l ter ing p r io r  to sampling. Note that the 
output frequency is fc - 0. 6 fc = 0. 4 fe, which is in the information band- 

width and has become indistinguishable f r o m  a t rue  signal a t  0,4 fn .  This 
b 

is an uncorrectable e r r o r  and is in  no way to be confused with the above 
mentioned anomalous behavior. The following is a s u m m a r y  of typical 
al iasing effects: 







Output signal m agni - 
Enput signal frequency Output signal frequency tude normalized to 
--P - input 

0. 6 fc 0.4 fc  0.53 

These results indicate the care which must be taken to recover one percent 
u.adiome"cic measurement accuracy, even at  very lav frequencies. In making 
the initial assumption of a band-limited input signal spectrum, the amount of 
signal energy outside the nominal limits should be known to be  l e s s  than a few 
percent. More study i s  necessary, however, to better quantify this e r r o r  
source for an appropriate range of electronic filter and chopping rate  combin- 
ations. 

The difficulty experienced with the correction factor noted above may be ex- 
plained as  follows. The ripple term produced at 0. 5 fc occurs in the system 
after the detector. The correction factor, which includes the detector re-  
sponse, has a zero at 0.5 fc. Therefore, the process of division by the cor- 
rection factor in the frequency domain blows up near 0. 5 f c  and the resultant 
spectrum cannot be transformed back into the time domain. Figure 4 3  illus- 
trates this problem for a signal at 118 fc (500 Hz). The source of this effect 
xurned out to be real; it is associated with the synchronous rectification tecb- 
nique used, where synchronism was made with signal zero- crossing rather 
than with the chopper wave itself. Because of unavoidable assymetries pro- 
duced by the bandpass filter, this rectification scheme produces subharmonics 
sf the chop frequency proportional to the signal components that a r e  also sub- 
harmonics - but not necessarily the same ones - of the chop wave. 

Investigation of this effect produced an alarming number of ways in which 
spurious submultiples of the chop frequency could be produced. The solutions 
so this problem range from exercising great care  during design and test to the 
brute-force approach of using a very high chopping rate. The latter is strongly 
I-ecommended to the extent practical. 

,n Appendix G, the variation of an aliased signal output a s  a function of the 
input signal phase i s  noted. To explore this effect, the Step 1 runs were 
repeated for five different phase relations, representing shifts of 0, 0. 05, 0. 15, 





0. 10, and 0 . 2 0  relative to the chop wave period,Figures 44 and 45 show two 
of these runs for 0. 4 and 0.6 fc. In Figure 44, note that the well-behaved 
character of the output for this inband signal does not persist for other than 
zero signal-chopper phase relations. A small oscillation at 0.1 f c  can be 
noted at the intermediate phasings, probably due to aliasing te rms associated 
with the leading and trailing edges. In Figure 45 the entire output sine wave 
is aliasing er ror .  Hence this figure shows the total phase dependence of 
aliasing, which is surprisingly small. This phase dependence would produce 
a "noise" or short- term repeatability type of e r r o r  and, a s  summarized in 
Figure 4 6, should be gratifyingly small for reasonable out - of - band signal 
levels. 

Step 2: Perturbation analysis - - Two types of variability were analyzed - 
gross variations (e. g. , x2) representing design ranges and small changes 
typical of tolerancing and drifts. Table 23 summarizes the computer m s  
made in this area and the printouts published. 

Two frequencies were used a s  shown in Figure 47. This figure depicts an 
entire flow for the nominal system parameters used in Step 2. 

Note that the ripple term of 0. 5 f is much larger in the f c / 6  (666 2 1 3  Hz) 
output than in the fcj2. 5 (1600 HZ? output. This i s  particularly obvious in 
the last curves in the flow, the corrected frequency spectra. Other features 
displayed in these figures a re  

e Assymmetry and overshoot produced by the bandpass filter 

(B Imperfect on-board car r ie r  suppression (lowpass) 

e The presence of the ripple term on the trailing edge of the 
f c /  6 reconstructed output 

s The spurious harmonics in the fc/6 uncorrected spectrum 
and the results after correction 

Figures 48 through 60 show the results of variations in blur function, chop 
frequency, chop and gate waveforms, and lowpass filter. These a r e  dis- 
cussed in the following paragraphs. 

Figures 48 through 51 show the effects of combined blur circle and detector 
size variation up to a factor of two. The attenuation associated with the optical 
transfer function (product of detector and optics MTF) is precisely as expected 
(see Figures 49  and 51), and it is interesting to note that the ripple term is 
also reduced. This is because the variations in the assymetries produced by 
the bandpass filter, which couple with the rectifier to  produce the ripple term, 
a r e  reduced by the blurring. 

Figures 52 through 55 a r e  some of the outputs for chopping frequency varia- 
tions. For  these runs the gate and sample waves, reconstruction filter, and 
correction factor were all varied in consonance with the chopper wave, thus 
isolating the aliasing effects. As can be seen, the signal is progressively 
cleaner for higher rates  and, a s  verified by the frequency spectra, the spurious 
harmonics a re  driven to zero. 
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T A B L E  23 .  - S T E P  2: C O M P U T E R  R,UNS 

A A  - =  
A chopper amplitude shift 1 7 3  



T A B L E  2 3 .  - STEP 2 :  COMPUTER RUNS (Concluded) 

2 Input: Sine waves 666 - Hz ( 8  cycles), 1600 Hz (20 cycles) 3  

filorninal sys tem parameters  a s  defined in  Step 1 

1) Gate wave synchronous with chopper. 

Off +On Off -On 

2)  Nominal gate wave 8 - 1 6  - 8 - - 1 6  
4 8 48 4 8 48 

3 )  No gate 

A Detector output 

B Chopper output 

C Bandpass f i l ter  output 

D Gate /' rectify output 

E Lowp a s  s fi l ter  output 

I Reconstructed output (time) 
G Four ie r  transform of rec .  output 

Four ier  transform of corrected output 



Optics 
D ~ f f i i c t i o K  - 
I~m~ted.  
aperture = 4 0  cm 
wavelength = 1 5 p  

Dwell time 
7 ,, = 5 x l o w 4  sec 

Chopper -- 
ByndndpaE - -- ~&&bly? 1 

--- - 

- --- K1 = 1.575 x lo1' 
Tc= 2.5 x sec wl = 8 8 8 0 0  

= 177h 

I n p ~ t :  
2 0  cycles o f  
sine wave with 
frequency 1 6 0 0  Hz 

0, -0 

. . . . i tan r: -. - 
B 
4 . . .. . . . .. .. , . . . 

Time, msec 

Figure 4 7 .  Step 2 Nominal Computer Run Outputs 



Frequency, KHz - 
Sampled and 
reconstructed Ampl~tude spectrum - corrected - ampl~tude 

spectrum 

Sampled period = T c  
interpolation by ideal 
lowpass filter with 
cutoff a t  2 n T c  

Tirile, msec ---+ Frequency, KHz - - -  

Figure 47. Step 2 Nominal Computer W,un Outputs (Concluded) 









Frequency, KHz ----t 

Figure 51, Effect of Change in Detector/Optics Spread Function on 
Amplitude Spectrum of Reconstructed Output f o r  Input 
Frequency 0.4 fc = 1600 Hz 





z 5 
g a  of.' 
a, s 
L O  
% N  a2 LG 
,O or- 
CJ 2 %  .s 2 I !  

C 
a, o m  









3 w  
'"l.0 
rn"  
z 2 
14 d 
b a 

E 
d k 
.d '"l 
O f ,  

2 %  * c C H 

U k " 0 
o w  
f,* 
0 5 

% 5 
M 0 









Figures 56 through 60  depict lowpass filter variations where in each case the 
x r v e  on the right is the original unvaried output. The variation shownis in 
-the manner in which in-band ripple is traded against sharpness of cut-off. In 
Lhe original run the filter has 0. 1 db in-band ripple and a very gentle roll-off, 
The variation i s  to 3 db ripple and a very sharp roll-off. The expected result 
wssuld be a pronounced (up to 3 db) effect on the uncorrected amplitude and a 
c'eaner Cless ripple) signal. Inspection of the curves shows the lower fre- 
quency term more affected, indicating more filter ripple at that frequency. 

Summary and Conclusions 

'"he Rlb9S program is operational, including a precise fourier transform routine 
i t  hieh had to be developed for this application. Input modelling improvements 
included the programming and use of the Struve line spread function to handle 
:&I two dimensions a scene with one-dimensional variability. The spatial extent 
a ad point density required for the ~ 0 . 1 7 ~  precision goal were analyzed, defined, 
m d  used. The program was then used to  uncover and attempt to define radiom- 
et.r.i.9: rneasusement e r ro r s  associated with the system transfer function and its 
r e  spsnse to unknown signal dynamics. The following results were obtained: 

Aliasing is a serious problem - margins in chopping rate and 
on-board memory should be allowed proportionate to the uncer- 
tainty in input signal high-frequency components, 

s S p u r i o ~ s  Harmonics a r e  easily introduced even with reasonable 
care in the design; increased chopping frequency is again the only 
sure cure. 

e Blur function, filter, and chop wave variability produce readily 
predictable results f rom tools such a s  the FDM approximations. 



CALIBRATION 

PRIMARY CALIBRATION SYSTEM 

Calibration Requirements 

A basic requirement for the radiometric system i s  the ability to measure the 
radiance of interest  with the maximum possible accuracy. Since the accuracy 
of measurement can be no greater than the accuracy of the primary calibration, 
the calibration source and method a re  extremely critical. A s  discussed in the 
NASA Report CR-66429 from the NAS 1-6010 program, the following conditions 
of calibration must be met to assure  that the desired accuracy is achieved: 

1) The radiance of the source within the calibration apparatus in the 
14 - to 16. 3 -p band must be known within one percent of its actual 
value (accuracy), and i ts  radiance must not vary in excess of 0. 1 
percent (precision). 

2) The calibration source must appear to be at  inifnity a s  viewed by 
the radiometer so that i t  simulates the conditions of field measure- 
ment and that no e r r o r  is  introduced by an uncertainty in the radi-  
ometer field of view (fov). 

3) A means of varying the source radiance must be provided so that 
the radiometer may be calibrated a t  radiance values equivalent to 
the radiance range of its intended operation. 

4) The radiometer must be calibrated a t  a sufficient number of 
points to define completely the calibration curve of the instru- 
ment. 

5)  A known zero reference for calibration must be provided so that 
the effect of thermally emitted radiation by the optical components 
of the radiometer may eliminated. 

From the above conditions, the following cr i ter ia  for the ARRS program were 
established a s  objectives o r  requirements for which a primary calibration 
method i s  proposed: 

3 
a)  A system accuracy of 0.03 w / m  -sr ( l o )  

2 b) A repeatability of 0. 005 W/m - s r  ( l o )  
2 

c )  A dynamic range of 10 w / m  -sr 

d)  An operating temperature range of 80% to 300% 

e )  A spectral  region of 14 to 16. 3 P, which implies operation in a 
vacuum to eliminate atmospheric absorption 

f )  Configured as  an extended calibration source a s  opposed to a 
point source. 

191 



Approach 

The basic calibration techniques considered included 

1) Simulating an extended source at infinity, using collimating optics 

a) A fixed temperature source which is a melting-point standard 

b) A fixed tempe rature source with attenuator s (diffuser, 
aperture plate, neutral density filter, etc. ) 

c) A variable -temperature source with platinum resistance 
thermometers used as  temperature standards 

2)  Using an extended source at the radiometer aperture with no 
optics 

a) Variable temperature capability 

Each of the above methods will provide only a partial measurement and con- 
t ains some deficiency: 

1 a) Will not allow calibration points throughout the operating range 
of interest. 

1b) A diffuser or  neutral density filter has not been developed which 
has the required demonstrated characteristics. A variable aper- 
ture size would result  in a point-source measurement and would 
require exact knowledge of the radiometer angular response 
function. 

lc)  This concept var ies  the radiance and spectral content simultane- 
ously with temperature. The capability depends on indirect proof 
that the thermometer temperature is the actual radiating tempera- 
ture. It &so requires a precise knowledge of the collimator 
mi r ro r  reflectance. 

2a) Requires low thermal gradients over large areas.  In addition, 
coupling to a radiometer creates  a problem. 

Of the above configurations only lc), variable temperature source with colli- 
mating optics, was the source developed to the level of accuracy required for  
the ARRS effort. Accordingly, the design of the Pr imary  Calibration System 
(PCS) was developed around this concept. 

During Phase A, Par t  I1 of NASA Contract NAS1-60 10, the calibration source 
development program concluded with the construction and some testing of a 
feasibility model of a blackbody source demonstrating the practicality of pre- 
cise LWIR absolute calibration using a source continuously variable in tem- 
perature from 80°K to 300°K. The purpose of the ARRS Pa r t  I pr imary cali- 
bration activities was (based on this pr ior  effort) to develop the design of an 



operational system to provide a large collimated beam of calibrated long wave'- 
length IR radiation to aradiometer such that the system utility and accuracy 
is relatively independent of the radiometer configuration. This effort included 
the following activities: 

e System concept design 

B, Qpticsdesignandsystemlayout 

e Source design - upgrading of feasibility model into an opera- 
tional model 

ca, Vacuum and coolin.g systems - support equipment definition 

e E r r o r  analyses - radiance, thermal, triple -point cell 
feasibility 

a, Mirror  reflectance measurement - development of a suitable 
measurement technique with applicability for eventual use 
in situ 

Design improvements incorporated into the PCS include the following: 

6sl Enlargment of the source to 3 m r  extent 

e Improvement of the source thermal-control operation 

cs, Capability of comparison with alternate radiance sources such 
a s  a water triple-point cell 

cr, Variable aperture adj-ustment of linearity chec ks 

@ Interface with. a standard flanged chamber for radiometric system 
measurements 

General PCS Description 

The PGS i s  contained within a cylindrical stai.nless-steel vacuum sealed chamber- 
$2  inches in diameter by 1 6  feet long. Figure 6 1  shows the physical layout 
of the chamber and its elements. These elements include the following: 

A variable -temperature blackbody source and i t s  surrounding 
guard heater assembly 

tia A variable -temperature, variable - aperture plate 

c s ~  A variable - speed rotating chopper 

81 Access for an alternate source, such as a water triple-point 
cell 





e A 25-inch diameter off-axis parabola for producing a 24-inch 
colLimated beam of calibrated radiance 

Liquid-nitrogen-cool.ed shrouds and baffles throughout the 
chamber 

e A liquid-nitrogen, closed-cycle cooling system 

ab A two-stage vacuum system 

A standard flange interface for interconnecting radiometers 
o r  test  measurement devices such as  a refleetometer 

Detailed PCS Description 

Source-guard assembly. -- Figure 62 shows a detailed layout of the saurce- 
guard assembly. The source is fabricated from high-purity, oxygen-free 
copper to  assure minimum outgassing and thermal  gradient effects. A two- 
stage, recessed off-axis cone with a lengeth-to-diameter (LID)  ratio of 12.45 
and an aperture of 1,75 cm is machined into the copper block. This configura- 
tion was established during the NAS1-6010 program and was verified by the 
cavity emittance study on contract NAS 1-8447. The cavity is designed to  be 
machined on-axis with respect to  the block, with the result that in the PCS 
installation it is operated 9" off- axis, thus assuring proper emissivity charac- 
ter is t ics ,  The cavity is coated with a nominally specularly reflecting black 
paint with an emittance of 0.95. This paint, coupled with the cavity geometry, 
will provide a source emittance of 0.99999. This extremely high emittance 
was experimentally verifie d by the Emittance Measurement study. 

Platinum resistance thermometers a r e  installed at  opposite ends of the source 
to measure precisely the source temperature and gradient structure. These 
platinum resistance thermome t e r s  will be calibrated to the International 
Practical Temperature Scale and traceable to  the NBS. Calibration accuracy 
obtainable i s  shown in Figure 63.  The thermometer installation will use a 
split ca r r ie r  with berylium- copper leaf spring thermal contact. The tber- 
mometer is a tight slip-fit in the split-ring, which runs the length of the 
thermometer The thermometers are  of a four-lead configuration designed 
for  operation with a Mueller bridge. Lead configuration allows removal of the 
lead resistance from the measurement. The leads will be heat stationed to 
the r e a r  of the source block to minimize thermal electromotive force (emf) 
effects. 

Cooling passages for  liquid nitrogen flow around the source for  source cooling 
a re  provided with helical milled slots around the circumference of the source 
block. An outer copper sleeve is welded to  the source block, which provides 
a sealed jacket around it and to which the source liquid nitrogen cooling lines 
a r e  attached. Provisions for source heating a re  made by a spray-on res i s -  
tive heater applied to the outer circumference of the copper sleeve. The source 
heater was sized at 260 W a s  a result  of thermal analysis presented in Appen- 
dix W, 



Figure 62 P r i m a r y  Calibration System Source - 
Chopper Assembly 



Temperature, O C  

Figure 63. Calibration Accuracy of Platinum Thermometer 
(From Rosemount Engineering Company, 
Temperature Standard 162D) 



The guard assembly consists of a multi-element aluminum circular cylinder 
which surrounds the copper source. The inner portion of the guard cylinder 
contains milled helical slots similar t o  the source for liquid-nitrogen coolant 
flow. An outer sleeve is welded to  the slotted cylinder to seal  the passages. 
The sleeve OD and end caps of the guard a re  coated with a spray-on heater 
material  to provide warmup and temperature control of the source-guard 
assembly. The guard heater is sized at 100 W from thermal analysis presented 
in Appendix H. A thermocouple on the guard provides the sensing 
point to which the guard temperature is controlled. 

Longitudinal movement of the source-guard assembly along the system optical 
axis will allow the defining aperture to  be located at the collimating mi r ro r  
focal point. This is provided by a sliding mount which is thermally stable yet 
well isolated from the outer chamber. The mount is constructed of aluminum 
with fiberglass inser ts  for thermal isolation. Adjustment f rom outside the 
chamber i s  accomplished through a sealed bellows linkage. 

Variable aperture. -- Figure 62 shows the layout for the source variable 
aperture that will be used to vary the source radiance subtense at a particular 
source temperature. This will check radiometer detector linearity over 
various aperture extents. A ser ies  of precisely machined aperture holes will 
be indexed in front of the source cavity. Each of these holes is a known, de- 
fining aperture size. The defining aperture is capable of up to  1-cm diameter 
which will provide a 3-mr source extent. Temperature control of the aperture 
plate will be accomplished by flow-rate control of a liquid-nitrogen cooling 
line attached to  the aperture plate. Control of the aperture plate position is 
accomplished through a linkage and sealed bellows to  the outside of the chamber. 

Chopper. -- Figure 62 shows the chopper layout. This chopper is con- 
figured as  a four-segment rotating blade which intercepts and modulates the 
variable-temperature source beam o r  an external radiation source alterna- 
tively. The chopper is driven by a bellows drive mechanism which effectively 
thermally isolates the blade from the driving mechanism by a fiberglass shaft 
coupling. Blade chopping rate will be capable of being varied from 10 Hz to  
25  Hz. The portion of the blade intercepting the beam i s  made highly specu- 
lar ly  reflective to minimize blade self-emission and to  direct the reflected 
intercepted rays  precisely to a cold t rap  s o  that they may be absorbed away 
from the field of view (fov) of the optical system. This is accomplished by 
orienting the blade at an angle with respect to the radiation beam being 
chopped. A light source-detector block assembly also chopped by the blade 
will be used to provide a synchronous reference output signal for interfacing 
with a phase-lock electronics readout system. 

The chopper blade will be radiatively cooled with highly absorbant aluminum 
baffles located on either side of the chopper blade and around the shaft. Liquid 
nitrogen lines will be attached t o  the baffles for cooling. 

A means will be provided to conductively cool the chopper blade during the 
cooldown sequence. A center section of the upper baffle adjacent to  the chop- 
per blade is movable but spring restrained. It will be conductively cooled by 



running a flexible liquid-nitrogen line directly to it. The folding mi r ro r  posi- 
"coning mechanism will be used, with a small extension, to  push the cold baffle 
to phys%cally contact the chopper blade, P r io r  to  starting the chopper, the 
mi r ro r  mechanism will be moved back into place, thereby releasing the con- 
duetiive element away from the blade, 

. --  Figure 62 shows the layout of the folding m i r r o r  and 
mount assembly. The mi r ro r  is rotated into the optical path of the PCS source 
cone such that an external radiation source - i .e. , t h e  triple-point cell - can 
be folded into the optical system. This mi r ro r  will be of high reflective quality 
gold-coated cervit, with a reflectance of at least 0.98, calibrated to  O , l $  The 
mir ror  will be conductively cooled with alliquid nitrogen line attached to i t s  
mounting plate. A fiberglass bushing provides good thermal isolation to the 
outer chamber. Movement is provided with an externally adjustable, bellows- 
linkage mechanism, 

External source interface, --  A flanged interface connection will be pro- 
vided bv the chamber to  allow an external radiance source to be introduced 
into th; PCS optical system, A variable-sized, cold aperture stop will define 
the radiance FOV of the source, The chopper blade is positioned to  chop the 
radiation in a similar fashion a s  with the variable-temperature blackbody 
source, Possible alternate sources which may have application for an absolute 
temperature/emission comparison with the PCS source a re  a water triple-point 
cell, a monochromator, and an independent blackbody radiance source. F u r  - 
ther discussion of the triple-point cell is presented later. 

Col l imat i~~g mi r ro r  and mount. - -  The collimating mi r ro r  is a cri t ical  
element in the PPCS because of its use in the optical system. Reflective char- 
acterist ics of the mi r ro r  - i, e , ,  reflectance and uniformity - directly affect 
the PCS performance, F o r  thi s reason, considerable care  was taken when 
designing and mountling the mi r ro r ,  The mi r ro r  is configured a s  an off- axis 
parabola with i ts  centerline 9" off i t s  optic axis and with a focal length of 120 
inclne s. The mi r ro r  material  is premium grade cervit,  known for i t s  extremely 
low thermal expansion coefficient. Dimensions of the m i r r o r  a r e  2 5  inches in 
diameter by 4 inches thick with a clear aperture diameter of 24  inches. The 
mi r ro r  i s  coated with high purity gold over chrome, with a reflectance of a t  
least 0,985,  calibrated to 0.1 $. The measurement of the m i r r o r  refle ctance 
was studied and i s  described la ter ,  It will be performed in situ with the use 
of" a refleetometer, 

Figure 64presents  the method for mounting the mir ror .  The aluminum mi r -  
r o r  mounting plate is supported by a 2-inch OD stainless steel  tube ( 3 /  16-inch 
wall) which runs through two pillow blocks with fiberglass temperaklre isolat- 
ing inserts,  At each end of the 2--inch tube are  slip-fit steel extensions with a 
flattened shaft protruding through slotted plates which are  bolted and vacuum 
sealed to  the chamber, A steel bellows is fastened to  these pieces to achieve 
a seal. External adjustment screws a re  used to  adjust for axial and/or angular 
azimuth position (f lo). Freedom of movement of *5" in elevation is needed t o  
perform the in situ reflectance measurement. Elevation adjustment is achieved 
by an external adjustment screw which t ransmits  vertical mmoln t h r o u a  a 



Figure 64 Collimating Mirror  and Mount 

minimum 



bellows seal to a crank a r m  mounted on the mi r ro r  mount plate. The crank 
a rm pivots around the 2-inch support tube and gives angular motion to  the 
mi r ro r  around this point. Vertical adjustment tube, shaft, and bellows are  
made of stainless steel. The crank a rm is made of steel with fiberglass 
inserts.  The mi r ro r  is supported on the mounting plate by means of a steel  
band sling and three spring-loaded clips, located directly opposite cushioning 
pads. 

F o r  cooling purposes the mi r ro r  mounting plate will have liquid nitrogen cool- 
ing lines mechanically fastened to it. The back surface of the mi r ro r  will 
res t  on pads, and there will also be a berylium-copper wave plate between it 
and the aluminum mounting plate for high thermal conductance. 

Shrouds and baffles. -- Shrouds and baffles were strategically placed 
throughout the PCS chamber to eliminate s t ray radiation and emission from 
within the optical system FOV. These shrouds and baffles a r e  shown in 
Figures 61, 62, and 63  and consist of the following: 

o Main shroud - fabricated in one section - three parallel feed 
sections 

o C-shaped shrouds at the chamber source end 

o Mirror  cooling coil 

o Mirror  front baffle 

e Rear-ion pump baffle 

e Folding mi r ro r  cooling coil 

o Triple-point cell aperture 

o Chopper baffles 

o Source aperture coil 

o Source cooling coil 

e Guard cooling coil 

e Front baffle - behind the source 

o Output beam baffle between source and collimated beam 

o C-shroud bottom plate 

fiach of the shrouds is made from two embossed, stainless-steel sheets. 
When the sheets are  electric resistance welded together into a panel, the 
embossed are  as  become channels for liquid nitrogen cooling. 

Figure 65 shows the interconnections for  liquid nitrogen coolant flow, All 
shrouds and baffles are coated with high absorptivity paint (a, >0.9) to provide 
a s  black a surface a s  possible. The shroud surfaces viewing the chamber 
walls a r e  electropolished for low emissivity (E. < 0.1) to  minimize radiative 
coupling. The large circular shrouds a r e  mounted to  the chamber walls by 
bearings and fiberglass insulated tracks, which provide a convenient means 
of installing the shrouds in the chamber. 





Cooling System. - -  The PCS cooling system will be a closed-cycle system 
consisting of a supply dewar, t ransfer  line, phase separator, and pump (see 
Figure 66). The liquid nitrogen will flow from the supply dewar at approxi- 
mately 50 psi  to the cooled elements in the chamber and then to the phase 
separator. Here gases  will be vented and the liquid nitrogen returned to the 
dewar. Separate valves and lines will control the coolant flow to  each of the 
elements &ithin the chamber. A layout of these valves is shown in Figure 
67. The t ransfer  lines wil l  be physically spaced to  prevent conduction coup- 
ling problems. A common manifold within the chamber will combine all the 
exit lines t o  a single large (2.5-inch) line which will exit through a header to  
the phase separator. A detailed cooling analysis of the PCS is discussed 
later.  

Vacuum chamber. -- The PCS vacuum chamber consists of a 13-foot-long, 
42-inch-diameter, 5 1  16-inch wall tube with standard vacuum seal flanges at 
ei ther end (see Figure 68). Standard flanges a re  also provided for the rough- 
ing pump and liquid nitrogen header connections. A 2-foot-long, 42 -inch- 
diameter extension is provided on one end of the chamber to house the ion 
pumping modules. The opposite end contains a flanged extension to which a 
30-inch-diameter radiometer o r  reflectometer housing is attached. Special 
machined flanges for  adjustment bellows and mountings are  welded to the 
chamber walls. All chamber materials a r e  type 304 stainless steel  for  weld- 
ability and corrosion resistance. All surface s a re  polished for cle anline ss 
and low emissivity. 

The chamber will be mounted on a stand of structurally-reinforced steel con- 
struction which provide s necessary access to the chamber adjustments. 
Chamber and stand are shown in Figure 69. 

Vacuum system. -- The PCS vacuum system consists of two stages - a 
mechanical roughing pump and an ion pumping system. The 100-cfm roughing 
pump will pump down to a level of m50 p; i t s  flanged connection is midway be- 
tween the optical elements of the PCS. A failsafe valve and liquid nitrogen 
cooled t rap  wil l  prevent any oil from backstreaming into and contaminating 
the chamber. The ion system will contain on the order of forty 25-liter-per- 
second pumping modules t o  achieve a pressure of 10-6 torr .  Figure 70 shows 
the location of the pumping modules within the flanged housing of the 2-foot 
chamber extension. Cooled baffles a r e  provided between the chamber end 
and the pumping modules to  prevent contamination problems. 

Electrical  system. --  Figure 71 shows the electrical schematic diagram 
for  the PCS. Interconnections t o  the chamber will be through hermetic seal  
MIL-STD connectors. 

A proportional temperature controller will be provided to control the guard 
heater assembly heater power and temperature. A Mueller bridge will be 
used to precisely measure the platinum resistance thermometer resistances. 
A simple nulling bridge will be used to  measure the various thermocouple 
voltages throughout the chamber, monitoring the temperatures of interest. 



Figure 66. Liquid Nitrogen Handling System 



Figure 67 Liquid Nitrogen Valve Layout 
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PCS - radiometer  interface:-The output of the PCS will  be a collimated, 
24-inch-diameter radiation beam with well defined radiat ion cha rac te r i s t i c s ,  
The beam spread due t o  aberra t ions  will  not exceed 0 .1  m r  at X = 15p. T h i s  
is discussed in  the radiance e r r o r  analysis in a l a t e r  section of th i s  repor t .  
The spatial distribution of the  output beam will  be uniform o r  cal ibrated t o  
within 0. l$over the 24-inch beam diameter .  Th i s  will  be verified by making 
radiometr ic  measurements  of the beam using the t e s t  r ad iomete r  discussed 
i n  a separate section. The radiometer  under  t e s t  will be attached t o  the PCS 
with a flanged, 30-inch-diameter tube which will  provide a vacuum s e a l  t o  the 
PGS. The radiometer  will be separately cooled by the PCS cooling sys tem 
through proper flow r a t e  control of the liquid nitrogen t o  its cooled elements.  

Sin place of the radiometer  under calibration and test ,  a var ie ty  of inf rared  
e lements  c an also be evaluated, such a s collecting optics, f i l ters ,  and cooled 
detectors .  

PCS sequence of operation.--During the operation of the PCS, a par t icular  
operational sequence will  be required.  Th i s  sequence is a s  follows: 

1) The mechanical roughing pump will  be turned on and operated 
to  pump the chamber  down t o  e50p. Th i s  should be accom- 
plished within 0.5 hour. The pump will  then be turned off. 

2) The main shrouds will  be cooled with liquid nitrogen down to 
m- 30.C. This  will condense out the water  vapor which may  
be present  within the chamber.  

3) The m i r r o r s  and other elements within the chamber will next 
be cooled. The cryogenic pumping effect f rom the cooldown 
will drop the chamber p ressure  level to  % l o m 4  t o r r .  Overa l l  
cooldown t ime will be designed t o  be accomplished within 10 
hours.  

4) The ion pumps will be activated t o  maintain the des i red  p r e s s u r e  
level. Thei r  operation will take c a r e  of smal l  chamber  l eaks  
and outgassing effects. 

F o r  warmup of the source guard assembl ies  t o  a part icular  operating point, a 
manually controlled heater-monitoring procedure will  be used.  When the 
des i red  tempera ture  is reached, the  source  h e a t e r  will  be turned off and the 
proportional control ler  will be used t o  maintain the guard assembly  t empera -  
tu re  at the desired operating point. The close radiative coupling between the  
source and guard will  cause the source  tempera ture  to  stabilize within a f rac-  
tion of a degree of the guard tempera ture .  

F o r  returning the chamber t o  ambient p ressu re ,  a means  will  be provided f o r  
backfilling the chamber  with d ry  nitrogen gas. Th i s  will minimize contamina- 
tion and water  vapor condensation effects.  



E r r o r  Analysis 

Radiance E r r o r  Analysis. - -  A radiance e r r o r  analysis was performed on 
the PCS to determine the various contributors of radiance e r r o r s  and their  
magnitudes. These e r r o r s  are  separated into two types which will cause in- 
accuracies in the calibrated radiometer response function. Bias e r r o r s  are 
caused by unwanted, signal-independent, effective radiance; this type of e r r o r  
would ra ise  o r  lower the calibration response function from i t s  true value. 
Scale e r r o r s  are  a function of source radiance and collimator reflectance and 
a r e  expressed a s  a percentage of radiance. These e r r o r s  multiply the r e -  
sponse curve by a constant which rotates the calibrated response function 
from i ts  true value. 

Both of these types of e r r o r s  can be either time dependent or constant in 
time. 

Bias e r ro r s :  Bias e r r o r s  a re  caused in the calibration system by radia- 
tion from a source other than the blackbody which is chopped by the source 
chopper. The radiometer cannot, of course, differentiate between this radia- 
tion and the source radiation, thus resulting in an e r r o r .  

Figure 72 diagrammatically demonstrates the nature of this e r r o r .  This 
figure is an example of the radiance waveform a s  i t  i s  chopped by the source 
chopper. Amount A in the figure is due to radiation emitted from the various 
components of the chamber and radiometer which impinges on the radiometer 

1 I detector when the chopper is in the open" position with the source at  liquid 
nitrogen temperature. Besides the source zero level radiation, amount A 
also includes collimator emission, PCS chamber s t ray  radiation, radiometer 
m i r r o r  emission, and radiometer s t ray  radiation, none of which a re  chopped 
by the source chopper. Amount B represents radiation emitted by the various 
components of the chamber which impinges on the radiometer with the chop- 
per in the "closed" position. This radiation includes the effects of blade 
emission, chamber emission reflected off the chopper blade, and radiometer 
emission reflected off the blade, a s  illustrated in Figure 73 .  

With the source a t  LN2 temperature a waveform such a s  the solid line in Fig- 
ure 72 would result.  If the blackbody source i s  heated to some higher tem- 
perature, the dotted waveform of the figure will result.  Because the chopped, 
s t r ay  radiation is adding to the radiometer output when the chopper i s  cover - 
ing the blackbody source, the zero level, A, i s  not measured. This analysis 
is based on the fact that there i s  no measurement of A and that B i s  nearly 
equal to  A. The value of B then be comes the bias e r r o r .  

The contributors to  the bias e r r o r  B were calculated by using the following 
assumed se t  of conditions: 

@ All components except the radiometer a r e  at  77°K 

@ Blackbody source temperature is 77°K 

@ The temperature of the radiometer i s  at  300°K 





0 The chopper blade is a specular  ref lec tor  and Lambert ian 
radia tor  with the following charac ter is t ics :  

= 0.9:;: 
P specular  

= 0.05;:: 
diffuse 

€ 
= 0.05;::::: 

e The vacuum chamber  is a Lambert ian radia tor  with an emis-  
sivity of 1 .0  

e The coll imator  is a specular  ref lector  and Lambert ian radia tor  
with p = 0.98 and e= 0.02 (established by the m i r r o r  reflectance 
measurement  discussed herein). 

e The coll imator  is the only element which can radiate directly 
into the radiometer  since it completely f i l l s  the fov. 

Bias  e r r o r  calculations a r e  summarized a s  follows: 

e Chopper self emission 

e Collimator self emission 

e Radiometer  emiss ion  reflected off chopper blade. Only the 
diffuse component is reflected into the FOV. The specular  
component is absorbed by a cold t rap .  

Nrad(h = 14- 16.31-~, T = 300"Ka "cad r ad = 1.0) = 15.1 W / m 2 - s r  

e Chamber radiation reflected by chopper 

:::Handbook of Materials ,  Mantell, Table 6- 1. 
;$:::Handbook of Materials ,  Mantell, Table 35-5. 



a, Total linear sum 

Scale e r ro r s :  Scale e r r o r s  are  a function of the calibration source and 
are  expressed a s  a percentage of that radiance. The se t  of conditions on 
which each of the e r r o r s  was calculated is described with each contributor. 
The contributors to scale e r r o r s  are  as  follows: 

o An e r r o r  in the knowledge in the temperature of the adjustable 
temperature source. As shown in Figure 63, the temperature 
may be measured within 0.0 1°C at any temperature within the 
range which is required (80°K to  300°K). Figure 74 shows the 
dependence of blackbody radiance e r r o r  versus temperature for 
a temperature measurement e r r o r  of 0.0 1°C. At 100°K, the 
radiance calibration e r r o r  is 0.04% 

B, E r r o r  in collimator reflectance. The reflectance e r r o r  is cal- 
culated at 0 .1% from the mi r ro r  reflectance measurement and 
analysis discussed herein. 

(I, Source emittance. The e r r o r  in calculated radiance is directly 
proportional to the e r r o r  in emittance. Source emittance e r r o r  
is determined to be l e s s  than 0.01$, based on the PCS source 
having the identical geometry and cone surface a s  the off-axis 
cone tested in the Emittance Measurement Study performed 
under contract NAS 1-8447. 

The total scale e r r o r  is calculated a s  follows: 

'mirror 

eP ANbb (AT) Nbb (TI E A  p 
m(scale  e r ro r )  = N 

+ + .  . , 
PNb b PNbb 

F o r  independent e r r o r  sources, 

The algebraic sum and rss scale e r r o r s  versus temperature are  shown in 
Figure 75. 



Calibration temperature, K 

Figure 74.  Blackbody Radiance E r r o r  versus  Tempera- 
ture  for  AT = 0. Ol°K 
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Figure  75. Calibration Scale E r r o r  versus  Calibration 
Source Temperature 
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Diffraction and geometr ica l  aberra t ions .  -- When calibrating a radiometer  
system, a uniform infinite, extended source  is simulated by one that  covers  
a-solid angle l a r g e r  than the radiometer  detector  projected"onto the source s o  
that the detector  will see  the uniform source only. However, due to diffrac- 
tion and geometrical  aberrat ions in the radiometer  optics, the projection of 
a uniform-re sponse, finite- s ize detector  will  not general ly be uniform in  
response and finite in s ize.  The integral  over  the detector  response in the 
physical detector  plane (with angle a s  the variable) and the in tegra l  over  the 
projected detector  in the source  plane ( s t i l l  with angle a s  the variable) a r e  
the same, however. Thus, the projected detector  response will  have t a i l s  
outside the source.  The ra t io  between the integral  over these t a i l s  and the 
total integral  is an e r r o r  which is introduced by assuming the source t o  be 
sufficiently la rge  ( l a r g e r  than the detector  r e  sponse function), o r  assuming 
f i r s t -o rde r  optics with no diffraction and geometrical  aberrat ions.  The pro-  
jected detector response is a function of detector  s ize,  radiometer  optics, 
and PCS collimator. 

The deviation from f i r s t -o rde r  optics  is due t o  diffraction and geometrical  
aberra t ions  whose effects will  be t rea ted  separately.  It will  be shown that  
the geometric  effects in the PCS can be neglected for  the p a r a m e t e r s  of 
in teres t .  

Diffraction effects: Assume a point detector  on-axis in a perfect  radiorn- 
e t e r  optical system. The projection of th is  detector  by the PCS off-axis 
paraboloid has  then the following projected response  if Fraunhofer  diffraction 
is assumed: 

where 

a = aperture radius  

X = wavelength 

k =  2n/2 

w = the angle ( in radians)  off-axis 

Assume that the source has  an angular radius of wo. The fract ion of the pro-  

jected detector response contained within the source a r e a  is then 

F r o m  reference 7 
0 



Because L(wo) is an ever  decreasing function and L(wo) changes very little 

f rom one dark ring to the next for large kawo, we will consider such kaw that 
0 

~ ~ ( k a w ~ )  = 0. Thus, 

But for large x we have 

When J1(xn) = 0, we have maxima for  J0(xn)  Therefore, 

F o r  large kawo we thus have 

F o r  (focal length = 120 inches, source size = 1 cm) 

A = 1 5 ~  

a = 12 in. 

- - = 1.67 x rad = 1.67 rnr 
wo 1 2 0 ~ 2 . 5 4  

we have 

That is, we a re  losing 0.3gof the response function. This is equivalent to 
saying that angular intensity distribution of the collimated PCS output is down 
0 . 3 %  at the center. 

We will now assume a point detector 0. 5 m r  off- axis and we want to find the 
fraction of the response function that is lost due to diffraction. As the exact 
solution is difficult to get due to  asymmetry, we will bound the fraction with 
the source s izes  indicated in Figure 76. 



Lower bound 

Figure  76. Diffraction Bounds, 0.5 m r  Off-Axis 

We then get for  the upper bound; if assuming the r egu la r  Frauenhofer  pat tern,  

And the lower bound, 

F o r  an extended detector  1 m r  in d iameter  with perfect  radiometer  optics, a 
conservative est imate s e e m s  t o  be that between 0.3% and 0.44 of the detector  
response is los t  due t o  diffraction in the  PCS system. In other  words, by 
assuming f i r s t -o rde r  optics an e r r o r  between 0.3% and 0.4% is introduced for  
a diffraction-limited 24 inch, f / 5  PCS coll imator  with a 3.33 m r  source and 
a perfect radiometer  with a 1 m r  c i r cu la r  fov. 

Geometrical  aberra t ion  effects: The PCS coll imator  is an f / 5  off-axis 
paraboloid, which is made a s  through i t  were  a piece of approximately an f / 2  
on- axis  paraboloid. F o r  a paraboloidal ref lec tor  we have two geometr ica l  
aberrat ion effects, coma  and ast igmatism. A conservative est imate of these 
aberrat ions for  the f /  5 off- axis  ref lec tor  will  be t o  consider  the coma and 
ast igmatism for  the on-axis f / 2  ref lector .  The formulas f o r  sagit tal  coma 
and ast igmatism a r e  (ref .  8), respectively, 

coma  = 
16(f/ij2 



astigmatism = "P (stop at mi r ro r  

2 ( f 1 # ) ~  
surface) 

F o r  0. 5 m r  off-axis (Up = 0.5 x and f / 2  we have 

coma = s 0 .5  = 7.8 x rad = 7.8 x m r  (69) 
16 x 2 2  

2 -8 -5  astigmatism = 0e5  = 6.0 x 10 rad = 6.0 x 10 m r  (70) 2 x 2 

The sagittal coma is one third of the total coma blur o r  

coma = 3 x 7.8 x loe3  = 0.023 m r  t (71)  

Coma will thus, not spread the projected detector response any further than to  
0.5 + 0.023 = 0.523 m r  off-axis, a s  compared with the source size 1.67 m r .  
The astimatism is two orders  of magnitude smaller than the sagittal coma; 
therefore, it is believed that the total astimatic blur (100% blur circle) i s  
smal ler  than the total coma blur. 

Combined effect: Compared t o  diffraction effects, the geometrical aber- 
rations in the PCS system a r e  thus negligible for a 1 m r  fov radiometer 
detector. When nonperfect radiometer optics a r e  used, their  difr'raction and 
geometric aberrations have to be considered. Assuming the PCS to be limit- 
ing the optical blurring, the e r r o r  introduced by assuming first-order optics 
is between 0.3% and 0.4%. 

E r r o r  summary. -- The PCS radiance e r r o r s  may be summarized a s  
follows: 

2 . Bias e r r o r s  (linear sum) = 4 . 0  x W/m -sr 

0 Scale e r r o r s  at 100°K ( r s s )  = 0.11% 

e Diffraction e r r o r s  with a 1-mr fov radiometer detector = 0.4% 

Geometrical aberration e r r o r s  with a 1-mr fov radiometer 
detector a r e  relatively negligible . Combined total scaling e r r o r  ( r ss )  = J(O. 11)2 + ( 0 . 4 ) ~  = 0.41% 



Thermal  Analysis 

A the rmal  analysis  effort  w a s  performed t o  support the design of the PCS 
during par t  I of the ARR.S program. The analysis  included nodal break-up 
and computer solutions of the sys temls  components and assembl ies .  The 
major  a r e a s  of study included 

a, Sizing the source  and guard hea te r s  and determining the i r  r e -  
quired tempera ture  control  sys tem charac te r i s t i c s  

s Source the rmal  gradient cha rac te r i s t i c s  

a, Transient  and steady-state analysis  of the chopper blade cool- 
down charac te r i s t i c s  

System steady- s tate  cooling load 

System t rans ient  cooling load and cooldown t ime 

Source the rmal  analysis.  - -  The PCS source was  thermal ly  analyzed 
using a 10-node the rmal  res is tance  network representing the source-guard 
heater  thermal  model. F r o m  th i s  model, the t rans ient  behavior of the 
source-guard assembly  was  determined and the heater  s i z e s  were  de te r -  
mined to obtain p roper  t h e r m a l  response  charac ter is t ics .  The source  
heater  was  sized a t  260 W and the guard heater  at 100 W. A proportional 
control  sys tem was  considered in the analysis,  and the resultant  tempera ture  
differential between the source and guard was  calculated to  be 0. 3°F. Sup- 
porting analyses a r e  presented in  Appendix H.  

Source thermal  gradients .  -- Net heat flow out of the source  block aper-  
t u r e  r e su l t s  in an axial tempera ture  gradient within the block, and thus  on 
the surface of the off-axis cone cavity. A significant tempera ture  gradient 
could produce an e r r o r  in  the radiance calculation for  the source aper ture ;  
that is, the assumption of an i so thermal  source will  be invalid. The source  
axial tempera ture  graident may be determined by calculating the axial  heat 
flow through the block. 

The tempera ture  levels  of the source, guard, and o ther  PCS components 
nea r  steady state  were  obtained f rom the computer  solution. Although steady- 
s tate  tempera ture  levels  w e r e  not achieved a t  20 hours, i t  is bel ieved that 
the system is near  enough t o  steady state  such that the tempera ture  differ- 
ences between components given in the computer  output a r e  representat ive 
of steady-state tempera ture  level  differences. 

The copper source block rece ives  the rmal  energy f rom the guard heater  
(see  Figure  77). I t  suf fers  heat l o s s  by conduction to  the chamber  (70°F) and 
by radiation to the aper ture  plate, m i r r o r ,  radiometer ,  and shrouds (al l  
assumed at liquid nitrogen tempera ture  of -322°F). The source block heat  
flows were  determined f rom the  final tempera ture  levels  i n  the computer  
solution and the the rmal  math model conductances. 



Heat flow rate  from the guard heater 0.5008 BTU/hr 
to  the source 

0 Heat flow rate lost to  the chamber 0.4252 BTU/hr 
mir ror ,  aperture, and shrouds 

Difference 0.0756 BTUlhr 

Aperture 
plate 

Shroud + radiometer 

Conduction loss to chamber 

Figure 77.  Source Heat Flow 

The difference between the two he at flow ra t e s  is the energy being stored in 
the source block; this should be reflected in a source block temperature 
r ise .  The ra te  of change of source temperature from the computer solution 
printout is 0.0 l l l ° F / h r .  Dividing the heat flow difference given above by 
the source block's total thermal capacitance listed in the thermal model 
yields a temperature r i s e  ra te  of 

Thus, this check indicates that the approximate heat balance values on the 
source tabulated above are  r e  asonably correct. 

The net heat flow from the block out the aperture is then 0.4252 BTU/hr o r  
124 mW. A conservative estimate of the source temperature gradient (an 
upper bound) can be made by assuming that this entire flow originates at the 
r e a r  and flows through the block to the aperture location. This procedure 
resul ts  in an upper bound on source axial temperature gradient, since in 
actual fact the majority of the source heat flow is added to  the block along 
i t s  periphery and at the front. The axial gradient can be calculated by the 
following analysis: 



- - Qsource 
ATsource source 

where 

KcU = thermal conductivity of copper, 230 BTU/hr-ft 

2 A = heat flow area, ~ ( 2 . 5 )  (2) = 5rrin. 

Ax = heat flow path length, 8 in. 

Q = 0.4252 BTU/ h r  (from computer solution) 

Thus, AT = 0.0113"F = 0.0063"C. 

This temperature gradient resul ts  in  a temperature e r r o r  of f0 .003"C on the 
effective average source temperature (see Figure 78). A s  discussed in NASA 
CR 66614, this temperature e r r o r  is commonly relegated to  an effective 
ernissivity error ,  holding the source aver age temperature a s  an invariant 
parameter. Using this approach, Figure 79 indicates that the cavity mono- 
chromatic radiance will be in e r r o r  of approximately 0 . 0 0 3 5  at 300°K, and 
0 .03$  at 100°K. 

Thus, source thermal gradients appear to be small, and they result  in negli- 
gible e r r o r s  in the cavity radiant flux. 

Chopper thermal analysis. -- As noted in the discussion of the P C S  
radiance analysis, the chopper thermal emission is a direct contributor t o  
the total bias e r ror .  Transient and steady-state thermal analyses were 
performed on the chopper to  ascertain i f  its cooldown rate  and steady-state 
equilibrium temperature were compatible with the operational requirements 
and the other cooled elements in the PCS. 

Results of the transient analysis, a s  described in Appendix A, show that an 
undesirably long time, in excess of 10 hours, will be required for the chopper 
blade to  achieve an equilibrium temperature of 80°K during the cooldown 
sequence by radiative cooling. A conduction path with 1% of the blade a rea  
in contact with a cold baffle will cause the blade to cool down to liquid nitro- 
gen temperature in  l e s s  than 0 .5  hour. 

System steady-state cooling load. -- The P C S  steady-state thermal 
losses  were calculated and a re  summarized in  Table 24.  The calculations 
a re  presented in Appendix J. 

The total dissipation of 667 W leads to a nitrogen consumption of 16 l i t e r s /hr ,  
a s  follows: 





Comparison of radiance errors (monochromatic at 151~) 

Figure 79. Radiance E r r o r  Due to Temperature E r r o r  
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TABLE 24. - TOTAL STEADY-STATE PCS LOSSES 

1. Main shroud 
(includes two " c" shrouds) 

2. Mirror  cooling coil 

3.  Mirror  front baffle 

4. Source aperture and chopper baffles 

5. Front baffle 

6. Rear ion pump 

7. Folding mi r ro r  

8. Output beam baffle 

where : 

P = heat load 

y = L;N2 he at of vaporization 

p = LN2 density 

Estimated system losses  a r e  1 l i t e r lh r  in piping transfer line conduction 
losses, 25  l i t e r s lh r  in  feed-through line conduction losses, and 20 l i t e r s /hr  
in circulating pump conduction losses, totalling 46 l i ters lhr .  

Total estimated flow rate is then 16 + 46 = 62 l i t e r s lhr .  This compares to  
the present LRC chamber which, when throttled down to a minimum flow rate 
to  maintain liquid nitrogen temperatures, consumed the contents of a 115- 
l i t e r  tank per day. 

In addition to  avoiding the high consumption rate of an open system venting 
into the atmosphere, the closed-cycle system offers a further advantage. 
The closed-cycle system will maintain positive pressure, thereby keeping 
the nitrogen in a liquid state. No gaseous nitrogen is allowed to  form, which 
could cause localized warm a reas  in the circulating system due to  vapor lock. 

System transient cooling analysis. -- The detailed transient analysis i s  
presented in Appendix J, and the resul ts  a re  summarized in Table 2 5 .  
Cooldown time for the main shrouds was calculated to  be five hours and the 
main collimating mi r ro r  5.6 hours. These are  limiting elements in the PCS 
cooldown proce ss. 



TABLE 25.  - SUMNIARY OF DETAILED TRANSIENT 
ANALYSIS RESULTS 

Main shrouds 

Source and guard 

Others (ste ady-state load) 

Triple - Point Cell Analysis 

Objective. -- An investigation was made to determine whether a water 
triple -point cell, normally used for calibrating thermometers, can be used a s  
an absolute radiance comparison and calibration point within the operating 
range of the PCS. 

The purpose of using such a standard cell is to obtain a correlation between 
the blackbody source radiance and an absolute standard of radiance traceable 
to  NBS. The water triple-point cell would add confidence to  the theoretical 
level of radiance calculated from source temperature which is measured by 
NBS trace able platinum resistance thermometers. 

Three potential problem areas  initially were anticipated: 

1) The method of correlating energy distributions of the triple- 
point cell and blackbody source could prove difficult. 

2) The cell would be used in combination with a folding mir ror .  
The effect of this  mi r ro r  on the cell's radiation beam would 
have to  be determined. 

3) The effect of the hostile vacuum environment on cell operation 
would have to  be evaluated. 

During P a r t  I the investigation concerned itself primarily with the third 
problem area. Specific objectives were a s  follows: 

s The region of constant temperature within the cell 

s, The amount and region of constant emissivity within the cell 

a The effects of exposing the cell to  a vacuum 



o The heat loads which would occur in interfacing the cell with 
the chamber at liquid nitrogen temperature 

o The orientation limitations for operating the cell 

Cell installation. -- The cell under consideration is manufactured by 
Trans-Sonic s Inc., Burlington, Massachusetts. Type 130B is illustrated in 
Figure 80 and exhibits the following properties: 

a Region of constant temperature is bottom two-thirds of cell 

o The inner well may be exposed to  a vacuum 

o The cell can operate up to  20" of arc  from vertical 

o Any modifications of the cell must be made by Honeywell 

The proposed installation of the triple-point cell in the PCS is shown in Figure 
80. The neck is cut down; the cell is then installed on a mounting flange using 
rubber seals and a support frame. To place the cell i n  use, powdered dry ice 
is poured into the inner well to  freeze a mantle of ice around the tube. Next, 
a 31 8-inch-diameter rod at room temperature is inserted into the well until 
the ice mantle has melted away from the well wall (as  evidenced by free rota- 
tion of the ice mantle when the jacket is rotated sharply). Then, under normal 
use, water i s  poured into the well to assure  good thermal contact. 

If the cell i s  to be used in a vacuum, the inner well is empty ra ther  than being 
filled with water, and the flange i s  bolted to the primary calibration chamber 
a s  shown in Figure 81, A beaker of water and ice is then raised to submerge 
the cell completely. The chamber i s  pumped down, and, if a thin layer of 
water remains between the ice mantle and inner wall, the bottom two-thirds 
of the cell can be used a s  an absolute reference at  O.OIO°C. 

The installation is characterized by the following properties: 

a The LN2 shroud forms an aperture so that the radiometer 

sees  only the interior of the cell. 

o The cell is positioned so that the folded beam extending from 
the collimating mi r ro r  focuses on the aperture and receives 
only r ays  originating from the bottom two-thirds of the well. 

o The cell is completely submerged in icewater in accordance 
with NBS standard procedure for triple -point cell operation. 

o Limited contact with supporting members and the vacuum seal 
reduces heat conductivity paths t o  a minimum. 

o A glass container for the icewater permits viewing of the ice 
mantle during operation. 



Reentrant 
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Figure 80 Trans-Sonics, Triple-Point C e l l  
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Figure  81. Triple-Point  Cell  Installation 



cr The cell is initially locked in a support frame to  prevent damage 
during handling. 

e The universal flange allows connection to other reference 
sources. 

Thermal analysis. -- Because the cell's inner well is to  be exposed to a 
vacuum rather than filled with water in  the atmosphere, the resulting thermal 
effects were analyzed. Along with this, the cell's radiative properties were 
studied. 

The thermal models for analysis were adapted from the installation shown in 
Figure 81. 

Initial model: To obtain a rough measure of heat flow, the model dia- 
grammed in Figure 82 was analyzed for a steady-state condition. Heat flow 
was assumed to  be strictly radial in Regions I and 11, and vertical in Region 
111. 

e Par t  1: Beat Flow In. Heat t ransfer  at the air-beaker inter- 
face and resistances of the glass and water a re  taken into 
account: Re sult: 

e Par t  2: Heat Radiated from Wall. Assume maximum net 
radiation - i. e., the cavity radiates to 0°K. 

where : 

N = Blackbody irradiance at 32OF 

= 3.1 x ~ / c m  2 

s = Cavity emittance 

= 0.995 = 1 

As = Source aperture a rea  

= 7 .91  cm2 

Result: 

Modified model: The connection of the triple-point cell t o  the primary 
calibration chamber wall was considered in this analysis. Figure 83. shows 
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Figure 83. Triple-Point Cell - Modified Thermal  Model 



the assumed configuration. Heat conduction from the chamber wall at 70" 
down through the cell is used to  obtain an estimate of the temperature Tx at 
the top of the cell. It is concluded that Tx can be a s  high a s  40°F (worst-case 
estimate) . 
Further  analysis shows that the incorporation of cooling coils in the water 
bath and around the perimeter of the cell-chamber interconnect flange can 
reduce the temperature Tx to below 33°F. 

Radiative properties: A cursory radiation analysis indicate s that the inner 
well can be made to  radiate with an emissivity of at least 0.9995. This figure 
is obtained under the following assumptions: 

r, The aperture at the top of the well is 0.75 inch. 

o Only f i rs t  reflections are  considered. 

cr A copper conical cavity (with LID = 3) is placed at the bottom 
of the wall. 

r, The conicdl cavity has an emittance of 0.993 at 15p (this num- 
ber is extrapolated from experimental data taken at 1 0 . 6 ~ ) .  

r, The emittance of the glass is 0.90. 

r, All surfaces a re  diffuse except for the cone placed on the 
bottom. 

A significant conclusion is that neither the incoming radiation at 70°K nor the 
temperature at the top of the cell has a significant effect on the cell% emis- 
sivity, provided the bottom two-thirds of the well is uniformly at 32°F. 

Results: 

Temperature, top third of cell Emissivity of cell 

34 O F  0.9956 

42OF 0.9959 

Ice mantle analysis: The greatest difficulties with a triple-point cell 
appear to  center around the behavior of the ice mantle. The following analy- 
sis points up some of these difficulties. 

Consider a 1-inch section of the beaker-icewater, bath-cell located about half 
way between the top and bottom of the cell: 

Assume: 

r, A uniform mantle has  been formed under normal conditions 
so that a layer of water exists between the mantle and the 
well wall. 



e Heat flow is only radial.  That  is, neglect heat flow down the 
well wall. 

asp The well instantaneously is exposed to a vacuum and a t em-  
pera ture  field a t  70°K. 

The portion of Qin which reaches  the i c e  s e r v e s  to  melt  i t  at  its outer  surface.  
I\Jone of th is  heat t r a v e l s  through the ice.  

A s  heat is radiated f rom the  well  wall, a gradient  f o r m s  a c r o s s  it. Heat 
flows f rom the water  l a y e r s  into the g lass  and a gradient is formed a c r o s s  
it, Since the wa te r  is i n  contact with i ce  at 32' on the outside, the wa te r  in  
contact with the well  wall t u r n s  t o  i ce  a s  i t  l o s e s  heat to  the wall. 

When the layer  of water  f r e e z e s  out to  the mantle, the i ce  begins t o  conduct 
to  provide Qrad* At th i s  point the  mantle grows o r  diminishes in s ize  depen- 

ding on the relationship between Qin and Qrad. 

Compute Tt for  the condition i l lustrated i n  F igure  84 . Resis tances  through 
which Qrad flows a r e  

1 in. 

I 
&&er wall 

wal I 
( R ~ 2 ~ )  

Figure 84. Triple-Point  Cell Assembly C r o s s  Section 

2 34 



Then 

= K A T  = 32 - T" 
Q'rad R ~ 2 ~  3. R  

g 
where 

1 1 BTU 
Q'rad a -$ 8 rad ~ ~ ( 0 . 8 5 ) -  h r  

for the 1-inch section under consideration. 

Now consider the l imits of accuracy in determining T \  Well wall thickness 
is not specified by the manufacturer and cannot be measured accurately, 
Inner melt thickness at any given time cannot be measured. Therefore, a 
conservative estimate of e r r o r  l imits is 

well wall thickness = 0.1 P 0.05 inch 

inner melt thickness = 0.13. 0.1 - 0.25 inch 

Then, 

and 

In practice, analytical accuracy i s  worse than t h i s  because heat flowing down 
from the top of the tube will cause a continuous change in the shape of the ice 
mantle and inner melt, resulting in a changing temperature gradient down the 
radiating well wall .  



The following conclusions may be drawn from the foregoing analysis: 

1, The triple-point cell, with i t s  inner wall evacuated and looking 
at SOX,  no longer behaves a s  an absolute temperature reference. 

2. It is unlikely that the temperature gradient along the inner wall 
can be kept constant a s  a function of time because the shape of 
the ice mantle cannot be controlled. 

3 .  The temperature inside the well cannot be determined analyti- 
cally to  an accuracy greater than f O .  1°F. 

4 ,  Items No. 2 and 3 make it imperative that the temperature in 
the well be monitored when the cell is in operation if the cell 
is to  be installed a s  in  Figure 81. 

Required cell modifications. - - Two possible modifications of the triple - 
point cell could make i t  feasible a s  an absolute temperature standard in the 
PCS. 

The modifications suggested are  shown in Figure 85. One possibility is to  
reduce the size of the inner well opening and thereby reduce the amount of 
radiation from the well. This would slow down or  stop the freezing of the 
inner melt and could reduce the temperature gradient between the inner sur- 
face of the mantle and the well interior to within the l imits  of accuracy 
required. 

The second possibility is to  install a heating baffle which will radiate into the 
well the same amount of heat which is being lost through the hole. These two 
modifications can be used in  combination a s  the figure shows. 

Reduced aperture: Using the model described in  the foregoing analysis, 
it is possible to  quickly obtain an estimate of the size opening required to  
assure that this well wall temperature is within 0.0005°F of the triple-point 
temperature, 32.0 18OF. 

Approx. 1/8 o f  
total surface 
area i n  well 



Figure 85.  Trip le-Poin t  Ce l l  Mount Modification 



Thickness of the inner melt and the well wall are not accurately known. It 
was determined that 

2 h r . T  
0 .6  RH 

2 R'g = BTU 

We wish to  find Qrad such that 

32.013 < Tl < 32.018OF 

By definition of the triple point, Tice = 32.018"F at i t s  inner surface. Now, 

we can find an approximate value for Qlrad: 

- - BTU 
Q'rad 

0*0050F = 0,0025 7iF- 
2 hreO F -- 
BTU 

Then Qrad = 8 QIrad = 5.9 mW 

since & t  was calculated for about 1/ 8 the total surface a rea  inside the well, r ad 

rad -- 
*s - NE 

and 

diameter = 2 de 
hole diameter w 0. 5 cm 



This means that the LN2 shroud aperture must be 

aperture diameter w 0.2 cm 

Note that this analysis assume s a static condition with an inner melt of uni- 
form thickness. In reality the condition is dynamic and the inner melt is 
continually changing shape. 

Note also that this analysis is made for a section at the center of the cell. 
Conditions may be radically different at the top and bottom of the cell. 

Radiative heater: Time limitations have precluded a quantitative inve sti- 
gation of this possibility. The following arguments provide some justification: 

e Relative s izes  of the hole and aperture can be adjusted so that 
no radiation from the heater is included in the f / 5  cone. 

e Since Qrad is so small, the heater can operate very close to 

32.018T. Therefore, i t s  effect on the uniformity of the B. B.-cell 
radiation at 32.018OF should be very small. 

Since the flange is metal and connected to chamber at 70°F, it 
may supply more radiative heat than is necessary and may 
have to kt? cooled with a coil around the outside. 

0 If the net heat flow in balances the heat flow out, the ice melt 
should remain relatively st able and uniform. 

Conclusions and recommendations. - -  The analyses have thus far indi- 
cated that the triple -point cell is potentially feasible a s  a radiance standard 
in the PCS chamber. It i s  recommended that the following analyses be done. 

e The heater baffle temperature necessary to maintain equilibrium 
remains to be determined, Because of the small quantity of heat 
under consideration, all possible flow paths must be taken into 
account. 

e When the heater temperature is determined, i t s  effect on the 
quality of the cavity emittance should be evaluated. 

e Cotuductive heat flow down the inner wall and the presence of a 
copper slug in the bottom will tend to  cause uneven melting of 
the mantle. Detailed analysis is required to evaluate the 
situation. 



Design Verification 

Several items were initially identified a s  requiring ear ly  verification, 
preferably during Par t  I, before the Par t  I1 phase could be performed. 
Those items identified were investigations into 

1) A method for and demonstration of performing a collimator 
reflectance measurement to ~ 0 .  1% with suitability of mech- 
anizing the measurement for  in situ use with the PCS 

2 )  Inve stigation of performing a cavity emittance measurement 
of the PGS variable temperature blackbody source and the 
expected emittance level achievable 

3) Investigation of the source temperature measurement to verify 
the accuracy and gradient condition of temperature through the 
blae kbody source. 

1_7iseussions of the above investigations a r e  presented in this section of the 
report. 

Collimator reflectance measurement. -- 
Objective: The objectives of the collimator reflectance measurement 

effort were to  define and experimentally verify a technique which could be 
used to perform in situ reflectance measurements of the PCS collimator with 
an accuracy of stO. 1% . 
While PCS collimator reflectance measurements will be made in a vacuum 
environment, the experimental verification of a measurement technique was 
conducted in a laboratory ambient environment in an LWIR wavelength inter- 
val which minimized atmospheric absorption effects; i. e. , w 9p to  12y. This 
approach was used to permit a maximum of experimenting and diagnostic 
testing within the schedule constraints. Furthermore, a technique found to  
be capable of 0.1% accuracy reflectance measurement in the laboratory atmos- 
phere was expected to be capable of better accuracy in vacuum conditions 
where e r r o r s  caused by variable emission surroundings and atmospheric vari-  
abilities would not exist. 

Test configuration evolution: Under Contract NAS 1-6010, analysis of 
the modified Strong method indicated the feasibility of 0.1% accuract reflec- 
tance measurements. The technique finally established differs considerably 
from that initially considered, and there were several  steps involved in the 
evolution of the final technique. These steps a r e  described in the following 
paragraphs to provide information concerning the problems inherent in a 
'0.15 accurate reflectance measurement. 

Modified Strong method: Initially, the scheme which seemed to give 
most promise for a reflectance measurement good to 0 .1  percent was the 
modified Strong method illustrated in Figure 86. Here a blackbody source 
radiation beam i s  chopped and passed through a beam splitter and an optical 



system made up of three mi r ro r s .  Two of the m i r r o r s  a r e  collimating off- 
axis parabolic mi r ro r s ,  while the third i s  a large polished flat. 

Figure 86. Modified Strong Method 

The reflectance of mi r ro r  MZ is determined by ratioing the detector response 

energies for  t ~ e  twb positions of mi r ro r  M3 located at A and B. This ratio 
i s  given by 

PM2 

whsre 
SAa SB . detector energy response for M 3  in positions A 

and B, respectively 



HX = sokrce energy in the wavdlength region being 
considered 

pM1, pM2, pM3 = mir ro r  reflectances 

= be am splitter transmittaince and reflectance, 
'13'' '~3' respectively 

This method assumes that HX, 'rBS, pM1, pM3, and pBS do not change during 

-the movement of M3 between positions A and B. 

An alternate approach to the method just described is the technique shown in 
Figure 87 , In this scheme t+e source is placed at a distance from M1 equal 

to twice i t s  focal length (radius of curvature of M1 at parabola center). The 

same area on M3 is illuminated in  the two positions and the effect of Mg r e -  

flectance variatiorig and the different geometry eliminated from the measure- 
ment. 

I I position A \ >IM3 

Figure 87. Alternate Method 

Source an4 detector sizing: The origin& plan was to operate using a smal l  
saurce and to  collect .all of its energy on a relatively large detector (therrno- 
pile). However, the practicality of large are  a detector response ngnuniformi- 
t ies  created a significant problem in alignment repeatability requirements. 



Measurements  of thermopile response uniformity showed wide variat ions 
a c r o s s  the detector  active area,  and pre l iminary  analysis  indicated the need 
f o r  repeating image placement on the  detector  t o  fractional a r c  sec  precision 
when m i r r o r  M was  moved f rom position A t o  position B. 3 

It  was  then decided t o  operate with a l a rge  uniform source and relatively small. 
detector  - a scheme which offered the  following advantages: 

e Eliminated the effects of detector sensitivity variat ions 

o Reduced e r r o r s  caused by sys tem alignment instability 

o Improved the signal-to-noise ra t io  by a factor  of 5 

Rooftop reflector:  P re l iminary  analysis of the modified Strong method 
indicated that use  of a beam spli t ter  prevented alignment with a visible light 
source,  caused a sufficient signal l o s s  (effective double-pass t ransmiss ion 
of wO. 16) that signal-to-noise ra t io  was  predicted t o  be marginal,  and caused 
multiple in ternal  ref lect ions which were  not analyzed i n  detail  but were ex- 
pected to  cause significant problems. An effort was  then made t o  find a means  
t o  provide beam separat ion without using a beam spli t ter .  Th i s  effort r e -  
sulted in replacing the beam spli t ter  with a rooftop reflector  a s  in  Figure  88. 
With the  source placed slightly off axis, relative t o  m i r r o r  MI, and with the 

source beam reflected back through the optical sys tem at a different off-axis 
angle, sufficient angular beam separat ion would exist  that the roof top reflec-  
t o r  could separate the output and re tu rn  beams. With th is  modification, the 
modified Strong method (Figure 86) and the al ternate method (Figure 87) 
became known a s  Configuration 1 (Figure 89) and Configuration 2 (Figure 90), 
respectively. 

The advantage of such an approach is the  elimination of the beam spli t ter  dis-  
advantages, including an increase  i n  signal-to-noise r a t io  by a factor of w5. 
The main disadvantage is that the output and re tu rn  beams do not occupy 
identical a r e a s  of ei ther  m i r r o r  MI  o r  Ma. It was  expected that there  would 

be sufficient overlap of the output and re tu rn  beams that negligible e r r o r  
would resul t  and that the e r r o r  magnitude could be experimentally determined 
by scanning the output and r e t u r n  beams over the m i r r o r  surfaces.  However, 
fur ther  analysis  and experimentation showed that these  expectations could 
not be real ized for  a l l  positions of m i r r o r  M3 in  F i g u r e s  86 and 87. 

Analysis  and pre l iminary  experimentation with 6-inch parabolic m i r r o r s  
revealed the following problems:  

1) With a beamspli t ter  i n  the system, the witness flat is placed 
a t  the calibration m i r r o r ' s  focal point (position A). When a 
rooftop ref lec tor  is used in place of the beamsplitter,  the inci- 
dent and reflected beams mus t  be separated a t  the reflector ,  
T o  achieve th i s  separation, the witness f lat  must  be moved back 
of the cal ibrat ion m i r r o r ' s  f o c d  point with the resul t  that the 
r e tu rn  beam is not collimated. Th i s  leads  t o  er roneous  resu l t s  
because the r e t u r n  beam is collimated when the witness flat is 
i n  position B. 
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2) An additional result  of the positioning change is that the source 
image at the detector changes positions when the witness flat 
is moved from position A to  position B. 

3) An inherent deficiency of the modified Strong method is that 
the witness flat reflectance must be uniform over i t s  entire 
area. This is necessary because the flat is placed at a focal 
point in position A and in the collimated beam if  position B, 
That is, only a small portion of the mi r ro r  is filled in position 
A whereas the entire mi r ro r  is filled in position B. 

4) Incorporation of a rooftop reflector in the modified Strong 
method requires complete separation of the incident and return 
beams to obtain complete angular separation, a s  shown in 
Figure 88. The effect i s  demonstrated in Figure 91 which 
t races  the path of r ays  from the source througn 'the system and 
on to the detector. Reflections from the parabolic mi r ro r s  
a re  folded back for simplicity. In this figure the witness flat 
is placed beyond the focal point and set so that the top ray of 
the incident cone is coincident with the bottom ray of the return 
cone. If the witness flat is tilted counterclockwise so that the 
beams begin to overlap, the image cone envelops the source. 
Thus, it is not possible t o  achieve separation of image and 
source fo r  the rooftop reflector if  the beams overlap. 

Figure 92 describes the same setup except that the witness flat is now moved 
in  front of the focal point. If the witness flat is tilted counterclockwise so 
that the beams begin to  overlap, the source cone eiivelops the image. Again, 
separation and overlap cannot be achieved simultaneously. 

It follows that the beams must intercept opposite halves of the parabolic nnir- 
r o r s  and must be l e s s  than 4 inches in diameter to achieve separation of 
source and image. Therefore, i t  is not possible with Configuration 1 to mea- 
sure  the total reflectance of the calibration mir ror .  

Configuration 3a: Because of the problems caused by both the beam- 
splitter and rooftop reflector, it was decided to look for a simpler, more 
basic method of measurement. 

A scheme was devised which did not use either a beamsplitter or corner r e -  
flector; this scheme is illustrated in Figure 93. In this technique the detec- 
tor  is physically translated from one source image (formed by auxiliary 
mi r ro r )  to  the other source image (formed by auxiliary mi r ro r  plus calibra- 
tion mir ror ) .  However, since the detector signal is governed by the image 
f/No. cone, it would have been necessary to exactly duplicate o r  measure the  
image f/No. cone with the detector in positions A and B. This problem was 
overcome by interchanging, in Figure 93, the source and detector; this con- 
figuration is the final one used and is discussed in the following paragraphs. 
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Figure 93. Mirror  Reflectance Measurement, Configuration 5a 

Final tes t  configuration (configuration 3b): Configuration 3b (Figure 94) 
is similar to  Configuration 3a except that the source-chopper and detector are 
interchanged. The detector now is stationary and i t s  fov is defined by the 
auxiliary parabola stop, 

The source is set at position B at the radius of curvature of the auxiliary 
parabolic mi r ro r  and 2' off axis. The beam is stopped to an 8-inch diameter 
at this mi r ro r  and focused on the detector. When the source is rotated 180' 
t o  position A (radius of curvature of the calibration mirror) ,  the beam inter- 
cepts the calibration mirror ,  is focused at position B, continue s on to the 
auxiliary parabola, and is refocused on the detector. The ratio of the detectoi- 
signal at position A to  the signal at position B is the reflectance of the cali- 
bration mir ror .  

Scanning of the source in a horizontal and vertical direction i s  accomplished 
by moving the source in the image plane of the calibration mir ror .  This 
arrangement offers all  the advantages of configuration 3a and eliminates the  
problem of cri t ical  alignment. Since the detector fov remains constant, the 
essential requirement for  the source aperture position is that the detector 
be imaged completely within it (assuming a uniform source), The larger 
the source compared to the detector, the easier  to align the system. 





Configuration 3b offers the following advantages over the first  two schemes: 

1) The system is simpler and easier  to  align. 

2) The beam limiting stop is at the auxiliary parabolic mirror ;  
therefore, diffraction effects are  minimized. 

3) Because the calibration mi r ro r  is filled, a t rue value for i t s  
total reflectance is obtained. 

4) The signal-to-noise ratio is doubled, 

5) The beam is reflected only 3 to  4 times; therefore, the effects 
of aberrations and mi r ro r  surface irregularitie s a r e  minimized. 

In spite of these significan"cimprovements, Configuration 3b suffers from 
three minor deficiencies: 

1) The source must move through 188'. 

2) The detector cannot look directly at the source; therefore, 
detector-source-amplifier drift cannot be checked instantane- 
ously. 

3) The reflectance is the ratio of two signals rather than the 
square root of a ratio a s  In the f i rs t  two configurations; there- 
fore, e r r o r  sources produce larger  reflectance e r r o r s  by a 
factor of 2. 

Optical system: The optical system is illustrated in Figures 95 through 
99. These are  detailed a s  follows: 

o Figure 95 - -  System aligned in Position A. Fixtures from 
left to right - auxiliary parabolic mir ror ;  detector; baffle; 
se  cond folding mir ror ;  f ir  s t  folding mir ror ;  blackbody source 
mounted on fixture with horizontal, vertical, and rotational 
movement capability; chopper; and calibration mi r ro r .  

@ Figure 96 - - System aligned in Position B (source rotated 1 80°, 
chopper moved in front of source). 

@ Figure 97 - -  Close-up of source in Position A.  Fixtures f rom 
left to right - detector, baffle, second folding mi r ro r ,  f i r s t  
folding mi r ro r ,  blackbody source, and chopper. 

@ Figure 98  --  Close-up of 10-inch parabolic mir rors .  Left to 
right - calibration mi r ro r  and auxiliary mi r ro r  with system 
limiting stop, 

@ Figure 99 - -  System electronics (Brower preamplifier and 
chopper not shown), 



Figure 9 5  System Aligned in  Position A 

Figure 96 System Aligned In Pnsit ldn 13 



Figure  97  Close-Up of Source in Posit ion A 

F igure  98 Close-Up of 10-Inch Parabolic Mi r ro r s  





The optical system is se t  up on a 4 x 8 x 1.5 foot-thick granite slab having a 
ground top surface of laboratory grade (0.0004-inch total variance over the 
surface). The slab is isolated f rom ground vibration, and a matr ix  of threaded 
bolt holes over the surface dllows a l l  f ixtures t o  be bolted down. 

The blackbody source has  a temperature range of 50-600°C, with aperture 
s i zes  up to 0.4 inch. 

The two 8-inch m i r r o r s  a r e  ground f rom 10-inch cervit  blanks into 40-inch 
focal length parabolas with centers  9"  off-axis, and a r e  coated with high- 
vacuum, high-purity gold. The m i r r o r s  a r e  mounted on fixtures illustrated 
in  Figure 100, and a r e  adjustable fo r  elevation and train. Surface i r regu-  
l a r i t i e s  a r e  l e s s  than I /  10 A in the 10-y region. 

The two smal l  m i r r o r s  a r e  6-inch optical f lats  (high-purity gold coated) which 
a r e  mounted vertically on nonadjustable fixtures. 

Immediately in front of the detector is a germanium fi l ter  with a passband of 
9y to  1 2 . 3 ~ .  

Baffles isolate the detector f rom s t ray  radiation so  that it s ee s  only the auxili- 
a r y  parabolic m i r ro r .  The chopper is baffled s o  that radiation reflected into 
the system from its back surface is insignificant. 

Electronics: The electronic system is described by the block diagram of 
Figure 101. Figure 102 is a signal processing diagram which represents  the 
physical processing of the signal f rom the blackbody source to the data dis- 
play equipment. Table 26 l i s t s  the important propert ies of the individual 
electronic blocks. 

Results: The measured reflectance of the off-axis paraboloid tested 
was 0.985. A smal l  plane m i r r o r ,  with a reflectance of 0.9766 k0. 001 
measured a t  Michelson Laboratory, NOL China Lake, was also measured in 
a modified configuration indicated by Figure 103 and found t o  have a reflec- 
tance of 0.977. This resul t  supports the accuracy and precision figures 
quoted below. 

Accuracy r e f e r s  to  the difference between the average value of a set of reflec- 
tance measurements;  precision o r  repeatability r e f e r s  t o  the data spread in 
that s e t  of measurements.  Precis ion is controllable in that those individual 
e r r o r s  which a r e  t ime varying o r  random can be reduced by repeated measure - 
ment. Accuracy cannot be treated similarly. The quantitative description 
of accuracy and precision is given in the following paragraphs. E r r o r  sources  
a r e  listed in  Table 27 a s  accuracy o r  precision e r r o r  sources. 

Accuracy: Stray-light problems arose when experimenting with the early 
configurations. The detector signal was  sensitive to the position of people 
near  the tes t  setup and sensitive in  different amounts with the source in  



Figure 100. Ten-Inch-Diameter Parabolic Mirror Fixture 
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TABLE 26. - PROPERTIES OF THE ELECTRONIC 
BLOCK DIAGRAM COMPONENTS 

Radiation source Electro-Optical blackbody source, - 
Model 141 

Temperature range 50 to 600°C 

Model 210B temperature controller - 
l inear proportional, true null 

Long-term stability 0. 1°C, short- 
t e rm stability 0.02"C 

Sensing element - platinum resistance 
thermometer 

Optical system 

Four mi r ro r  elements 

Thermocouple 

Temperature monitor - chrome1 alurnel 
T IC  

Brower Model 312A 

Blade designed for 1.5 - 20 Hz chopping 
rate 

Minimum reference signal 100 mV 
pe ak-to-peak 

Two 8-inch-diameter cervit off-axis 
parabolas 

Two mi r ro r  flats 

All coated with ultra-high-vacuum, 
high-purity gold 

OCLI germanium, 9 t o  1 2 . 3 ~  

Charles Reeder & Co., Model RP-3W 

Responsibity 14 to  18 V/W 

Time constant 0.008 sec 

Impedance 100 

Detector size 2 mm x 0.2 mm 

Brower Model 261 

Impedance matched to detector impedance 



TABLE 2 6 - PROPERTIES OF THE ELECTRONIC 
BLOCK DIAGRAM COMPONENTS (CONCLUDED) 

Frequency range 0.5 Hz to 3 KHz 

1 Oscilloscope 

Gai3 > 1 000 000 

Output 0 to  10 Vdc 

Minimum input level 

o Signal channel 1 nV for full-scale 
response 

e Reference channel 100 mV peak-to- 
peak 

Input impedance (signal channel) 400KR 

Linearity i l$  of full scale 

Zero  drift k0.5 % full scale 1 hr  

Sanborn Model 150 

Chart speed, 0.25 mm/ sec to 25 mm/sec  

Full  scale 100 mV 

Tektronix Type 310 

NLS Model 4300 

Voltage range 5 digits t o  10 to  10 3 

full scale 

Accuracy 0.1% of reading 

position A compared to position B. This effect was caused by diffuse reflec- 
tion of chopper source radiation off surfaces seen by the detector other than 
the auxiliary mir ror .  Baffles were then placed as  shown in Figure 94 in an 
attempt to  minimize the problem. Hand-held baffles were then introduced 
into the system at various locations that could be seen by the detector, and 
no change in signal level existed. A 40°C source was also introduced into the 
system at critical points, and no signal change existed. Since the resolution 
on signal readings exceeded 1 part  in  4000 and s t ray radiation produced no 
measurable change in the signal, the e r r o r  attributed to this source is l e s s  
than 0.025%. 
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TABLE 2 7. - ERROR SOURCES 

Initial misalignments Source tempera ture  drift  

Diffraction Posi t ion repeatability 

Alignment repeat  ability 

Atmospheric absorption produced an e r r o r  which was  never fully compensated 
for ,  even byflushing the sys tem with d r y  nitrogen. The experiment spect ra l  
region was  initially se t  a t  9 t o  12p, the atmospheric window region, in  which 
prel iminary calculations showed that the path length difference would produce 
a t ransmit t ion difference ~ 0 .  I$ ,  which could be co r rec ted  t o  r e su l t  i n  an 
e r r o r  of only R 0.025%. These initial calculations were  based on H 2 0  a s  the 
only signific ant absorber  i n  the window region. 

Th i s  prediction was  not realized. In the  normal  laboratory ambient atmos- 
phere, the reflectance was  found to have a daily cyclical variation of *I% - 
0.95  during the day and 0.97 at night. The peak-to-peak short-path signal 
variation was  3% the longer path signal varied 5%.  Because the variation was  
path length dependent, the effect was  judged t o  be caused by varying atmos- 
pheric constituents. It was  a lso  believed that the spec t ra l  f i l te r  may  have had 
significant l eaks  outside the passband. Addition of LRTRAN 2 t o  block out a 
known fi l ter  leak a t  R 201~. had no effect on the readings. A spec t ra l  scan  of 
the f i l ter  showed that it  had no shor t  wavelength leaks. The problem w a s  
then determined t o  be in the passband, but the atmospheric constituent which 
caused a 5gdegradation of t ransmiss ion over  the relat ively short  path could 
not be identified and r e m a i n s  unknown. A polyethylene tent w a s  constructed 
and the sys tem was  flushed with d ry  nitrogen. The daytime reflectance value 
obtained then changed t o  ~ 0 . 9 8 5  f r o m  0.950 and repeated at night, The aver-  
age of four readings taken over two days and nights is 0.9853. A second se t  
of readings taken with a g rea te r  but unknown N2 p r e s s u r e  in  the tent produced 

a reflectance of 0.9866. Thus, the technique is very sensitive to atmospheric 
effects .  Note that th is  does not affect the PCS in  situ reflectance measurement  
s ince that will b e  performed under vacuum conditions. However, ref lectance 
measurements  made  in laboratory ambient a tmospheres  can only b e  made  t o  
the 0.1% level  of accuracy af ter  the  atmospheric effects a r e  be t ter  understood 
and s teps  taken t o  reduce thern t o  a tolerable level. 

Misalignments cause e r r o r  because of the nonuniformitie s of the blackbody 
source, and optics nonuniformities including nonuniform m i r r o r  reflectance 
and aberrations. If different p a r t s  of the auxiliary m i r r o r  and source a r e  
used between source positions A and B, er roneous  readings could then be 



obtained because of the above nonuniformities. However, scans  of the source 
(Figures  101: through 107) show that sufficient uniformity exists  to  effectively 
eliminate th is  a s  a source of e r r o r .  Aberrat ions and nonuniformities of m i r -  
r o r  reflectance a r e  also eliminated since effects of aberrat ions would show 
up a s  a source nonuniformity, and different p a r t s  of the auxiliary m i r r o r  were 
of necessity used in  obtaining the curves  shown. Over the identified region 
of constant intensity, the nonuniformity is only f 0 . 0 4 4 % ~  a value which does 
not include compensation f o r  signal r e  solution (i .  e. , noise in  signal). The 
positioning and alignment technique s used allow initial centering of the detec- 
t o r  fov well within the so-called constant intensity region. However, within 
that region the detector fov position with the source in position A and in 
position B is unknown. Thus, the wors t  condition must  be assumed, which 
is that an effective uncompensateable difference in apparent source radiance 
of 3 0 .  04% exis ts  f rom position A to position B. 

Effects of diffraction a r e  considered t o  be negligible. While diffraction ac ts  
i n  such a way to  cause an apparent l o s s  i n  signal of ~ 0 . 4 5 % ~  using the method 
derived under PCS e r r o r  analysis, the limiting aperture stop is located at 
the fixed auxiliary m i r r o r .  Thus, diffraction l o s s e s  a r e  the same with the 
source i n  both positions A and B. 

Total  inaccuracy, given by the rss of the  above individual contributors and 
relat ive t o  measurement in a vacuum, is 0.047%. 

Precision:  Contributors to  precision e r ro r ,  o r  nonrepeatability, a r e  
identified in Table 27  and will not be discussed individually here.  Rather, 
overal l  measurement  precision is obtained by analysis of the spread of 
repeated measurements.  Table 2 8 shows measurements obtained over 
severa l  days at two different N 2  par t ia l  p ressures .  At the lower p ressure ,  

the maximum data spread is Iflo. 04% and the standard deviation is kO. 0 3 6 4 .  
At the higher pressure ,  the maximum spread is f0.07$ and the standard 
deviation is k0.056g. Thus, the measurement precision, on a stat is t ical  
basis, is < 0.06% lo. 

Cavity emittance measurement.  -- Measurement of the blackbody source 
cavity emittance for  the PCS had been identified a s  a component t e s t  to be 
conducted during the P a r t  I phase of the ARRS program. However, p r i o r  t o  
entering into such t e s t s  directly, paral lel  related efforts were reviewed. The 
analytical r e su l t s  of the off-axis cone fonfiguration of a blackbody source 
( reference  CR-66614) indicated an  expected emissivi ty of >0.99999. To ob- 
tain experimental verification of this  and t o  develop a technique f o r  measuring 
the directional emittance of blackbody cavities, a Cavity Emittance Study was  
conducted a s  a separate program under NASA Contrast  NAS 1-8447. This  
p rogram was  completed with the following conclusions obtained : 

E r r o r  analyses, which were  verified, proved the measurement 
technique to  be capable of providing highly precise  values of 
emittance. The experiment demonstrated that five significant 
f igures  could be resolved in  the emittance of high-emittance 
c avitie s. 











TABLE 28. - REFLECTANCE VALUES 
- 

A cavity with a 12.45 L / D  ra t io  off-axis cone had an  emit tance 
g rea te r  than 0.99999 when coated with nominally specularly 
reflecting o r  nominally diffusely reflecting black paints. 

'These conclusions indicated that a sepa ra te  PCS source  cavity emittance 
component tes t  would not be required.  The cavity configuration of the PCS 
source is identical t o  that of the Cavity Emittance Measurement (CEM) pro-  
gram, with a cavity L /D ra t io  of 12.45 and a cone off-axis angle of 10". The 
cavity s ize was  scaled up by approximately a factor  of 1. 75 ( to 1. 75 c m  dia 
aperture)  to  obtain the aper ture  s ize needed for  the PCS requirements.  The 
emittance charac ter is t ics ,  however, a r e  still valid insofar  a s  these charac  - 
t e r i s t i c s  a r e  independent of cavity volume, i f  the  cavity has i so thermal  s u r -  
faces.  Th i s  condition is shown t o  be adequately satisfied by the source 
gradient analysis  discussed in  th i s  repor t .  

In addition, a limitation of the CEM setup prevented the  emittance measure -  
ment of the PCS source cavity. The CEM thermopile detector  sensitive a r e a  
is limited t o  measuring cavit ies  with ape r tu res  up t o  the o rde r  of 0.5 c m  
diameter .  The PCS source, with a cavity aperture d iameter  of 1. 75 cm,  
dictated the need for  a much l a r g e r  CEM detector ,  which was not available. 

Source tempera ture  measurements .  - -  Resul ts  of Contract NAS 1-6010 
platinum res is tance  the rmomete r  test ing were  reviewed because unexplained 
variat ions on the o r d e r  of 20 mil l idegrees were  noted. Th i s  occurred  during 
the testing of the feasibility model  variable tempera ture  source at LRC. 



The ~ a r i n t i o ~ i s  were  suspected to  be caused by a lack of annealing and sub- 
sequent mishandling of the par t icular  the rmomete r s  which had evidenced the 
change. Later, after  proper  annealing, these the rmomete r s  were  checked 
within the copper source and were  found t o  t r ack  each other within 6 milll- 
degrees  C, which i s  both an allowable and expected termpeature  gradient 
( ref .  source gradient analysis). It fur ther  established strong evidence that 
the original the rmomete r s  had been disturbed through mishandling o r  im- 
proper  operation. Consequently, i t  was  decided to forego fur ther  component 
testlng of the thermometers .  P r o p e r  handling procedures relat ing to  the 
the rmomete r s  and PCS will be observed t o  prevent a r ecur rence  of the above 
problem; reappearance of the temperature  gradient will be considered an 
indicatian t o  recalibrate the thermometers .  

Resul ts  and Conclusions 

The PC5 P a r t  I program w a s  completed with the following resu l t s  obtained: 

0 A layout dt2slqn f rom which an operationai PCS can be fabricated 
and integrated into a high precision J,W*LR Radiometric System 

Supportive analyses t o  establish radiance character is t ics ,  
tbe rmal  behavior, and procedures  of operation for  a PCS 

0 Component investigations and t e s t s  t o  establish techniques and 
methods fo r  measuring coll imator reflectance and quantifying 
source emittance and temperature  character is t ics  

PC'S design. - -  The PCS design has evolved into a specific configuration, 
such that a variable-temperature blackbody source radia tes  to an off-axis 
parabolic m i r r o r ,  which in tu rn  radia tes  a collimated beam of energy 24 
inches in diameter and whose radiation character is t ics  a r e  well defined. 
The PCS is contained withrn a vacuum chamber 42 inches in diameter by 
13 feet long and interfaces with a radiometer chamber with a 30-inch-diam- 
e t e r  flange interface. .A11 PCS elements  were  defined to the extent that 
procurement and fabrication can proceed upon authorization to build an 
operational system. 

Radiance e r r o r  analysis. - -  The PCS radiance e r r o r s  were  classed and 
separated into four types - bias e r r o r s ,  scale e r r o r s ,  diffraction e r r o r s ,  
and aberrat ion e r r o r s .  Their  totals  were  calculated t o  be 

- 3 2 
0 Bias e r r o r  total  ( l inear sum) = 4.0 x 10 W / c m  - s r  

o Scale e r r o r  total  ( r s s  at  100°K) = 0.11s  

o Diffraction e r r o r s  = 0.4$. 

Scale and diffraction rss e r r o r s  = 0.41$ 

0 Geometrical  aberrat ion e r r o r s  a r e  calculated to be relatively 
negligible. 



Source thermal control analysis. -- Source and guard assembles were 
analyzed thermally to determine heater parameters and performance charac- 
teristics. The heaters were sized such that they will warm up the source- 
guard assembly at a rate of 1°C/minute and will proportionally control the 
source temperature to within 0.17"C of a preselected temperature. 

I 

Source thermal gradient analysis. - -  The source was analyzed for 
graGents through it under operating conditions. Maximum gradients were 
conservatively calculated to be more than 0, 007°C. 

PCS chopper thermal analysis. -- Cooldown of the chopper blade may 
take an excessively long period of time i f  radiative cooling only is considered 
By conductively cooling the blade, the cooldown time is reduced to 0. 5 hour 
or  less. After cooldown is achieved, the blade will be maintained at 80°K 
through radiative coupling to the cooled baffles. 

PCS thermal analysis. -- A transient and steady-state thermal analysis 
was performed for the PCS. Results of the analysis indicated a steady-state 
coolin load of 62 l i t ters lhr  of liquid nitrogen and a transient load of 110 
li ters f hr, with the collimating mirror  requiring the longest time for cool- 
down, 5 . 6  hours. 

Triple point cell analysis. -- An analysis was performed to establish 
the feasibility of using a water triple-point cell a s  an absolute means of 
comparison with the variable temperature blackbody source a s  a tempera- 
ture /emittance standard. The analysis indicated several operational pro - 
blems, and some additional investigations a r e  in order. 

Collimator reflectance. - -  A procedure and test  setup were developed 
to make a precise reflectance on a parabolic mir ror .  Several methods 
were attempted before a workable configuration was devised. Potential for 
attaining 0.1 percent accuracy was achieved by obtaining correlation with the 
measured reflectance to within 0.01 percent for a flat mi r ro r  previously 
measured at Michelson Laboratories. 

Source temperature, emissivity. - - Parallel activities at LRC and 
Honeywell have provided high confidence in the expected blackbody source 
performance. Thermal gradients less  than 6 millidegrees C were measured 
through the blackbody source during typical operation. The Cavity Emittance 
Measurement program has established directional emittance values of 
> 0.99999 for cones with similar geometry and surface finish a s  the PCS 
source. 

Conclusions. - -  Results of the PCS P a r t  I program have firmly estab- 
lished and defined a straightforward design definition of the primary cali- 
bration function for the ARRS program. Previous areas  of some concern - -  
such a s  the fabrication of a large collimating mirror ,  accurately knowing 
its reflectance, and the thermal behavior of the blackbody source --were all 
thoroughly investigated and questions were resolved. Some further investi - 
gations a re  recommended in the following section. In all other respects, 



however, the PCS i s  considered to  be  ready for fabrication, testing, and use 
a s  an operational par t  of a precision LWIR Radiometric System. 

R,ecommendations for Fur ther  Study 

In addition to the basic PGS design, supportive analysis, and component pro-  
g r am testing performed during the AR,R.S P a r t  I program, several  additional 
a r ea s  of investigation a r e  indicated. They include the following specific 
tasks: 

e Triple-point cell gradient analysis 

o Triple -point cell component tes ts  

r Refle ctome t e r  design, fabrication, and checkout 

INFLIGHT CA LIBR,A TION 

Requirements 

Inflight calibration i s  required to detect any changes which occur in the 
radiometer t ransfer  function s o  that pr imary calibration can be preserved 
over the life of the mission. The following conditions must be satisfied to 
assure  an acceptable inflight calibration system: 

1) The source must include a means of attenuation such that the 
radiant power in the 14-to 16 -r*. band which impinges on the 
detector surface equals the power which the detector would 
receive when measuring the horizon radiance. 

2)  The source mwsthave asuff ic ientnumber  ofradiantpower  
levels to check the entire radiance range of the horizon. 
These attenuation levels a r e  necessary for the detection of 
nonlinear variations of the system. 

3) The source must be situated within the system such that a t  
l eas t  one radiant power level will t raverse  the entire radio- 
meter  system. This requirement will a ssure  detection of 
any changes which occur in the optical system a s  well a s  
changes in the more complex elements such a s  the detector 
and electronics. 

4) The radiance of the source must be sufficiently stable over 
the one -year period to assure  that calibration e r r o r s  due to 
variations in the radiometer sys tem do not exceed required 
tolerances. 



5)  The temperature of the calibration source must not impose 
an excessive heat diss ipation requirement on the thermal 
design of the spacecraft. 

6)  A method of calibration a t  a zero  level must be included so 
that the effect of thermally emitted radiations by the optical 
elements of the system may be eliminated. 

Specific requirements placed on the inflight calibrator from considerations of 
the ARRS baseline design parameters a r e  

1) Maximum calibrator level equivalent to apparent background 
2 

radiance of 10 W/m -sr 

2 )  Bounding temperature range for all calibrator elements 60 
to 300°K, except source 

3) Calibration bias e r r o r  a t  all levels shall be less  than maximum 
2 

allowable system e r r o r  of 3 x Wlm -sr ( 1  sigma) and, a s  
-2 

a goal, the long-term e r r o r  shall be less  than 1.0 x 10 ~ / m  
2 

-sr (1 sigma) 

4) Calibration scale e r r o r  shall be less  than 0. 1 percent 

5 )  A minimum of 5 calibration levels shall be provided and spread 
over the complete ARR,S dynamic range 

6 )  Calibration technique must accommodate a detector fov of 
0.2 x 1.0 m r  

Inflight Calibrator (IFC) Concept 

Various methods of accomplishing inflight calibration (IFC) were evaluated 
qualitatively. Introduction of a calibration signal after the chopper into the 
secondary reimaging system does not account for parameter changes of the 
primary optic system and chopper, in addition to requiring a chopper of i ts  
own. Since we can expect, a s  a minimum, longterm changes in mi r ro r  
stability, this concept was excluded. The mode selected required introduc- 
tion of the IFC ahead of the pr imary optics. This mode ensures maximum 
reduction of radiometer gain changes resulting from transfer -function para-  
meter change s. 

With that mode, the concept design of the IFC was developed consistent with 
the following goals : 

o Multilevel through -the -optics system, including all essential 
radiometer components 

Attenuator for various calibration levels integral with calibrator 



abb No insertion of elements o r  changes of operating mode of 
radiometer from pr imary  optics to output to ensure con- 
sistency of radiometer transfer function 

Minimum coupling between radiometer and calibrator unit 

g, Maximum configuration independence 

The essential difference in radiometer configurations affecting the IF@ is the 
difference in types of pr imary optics, For  an off -axis pr imary system with 
no blockages, the calibrator m i r ro r  could be a s  large a s  the pr imary a i r r o r .  
Fo r  a blocked f/No. = 2 cassegrain pr imary,  the largest  calibrator clear 
aperture will be approximately 30 percent of the pr imary aperture.  This 
case represents  the limitation on the ra t io  of calibrator-optics diameter to 
pr imary-  optics diameter suitable for al l  types of pr imaries .  

Concept tradeoffs. - -  Four mechanizations of a five-level IFC were con- 
sidered. All four used the basic technique of collirnating radiance from a 
smal l  blackbody source through a portion of the radiometer aperture and 
through the complete radiometer optical system. The mechanisms vary in 
achieving the five required calibration levels from a single temperature 
source. Four concepts were considered to determine the most  suitable for 
mechanization: 

o A cooled aperture plate with appropriately sized holes is used 
to stop down the PFC collimator in specific s teps  (see  Figure 108). 

61 A five-position rotating disc is used to insert  into the path of 
the source radiation three partially reflective collimators (see  
Figure 109). The reflectivity would be desimed to span the 
range f rom 0 to 100 percent (see  Figure 1097. 

e Same a s  second item above except that all m i r ro r s  a r e  highly 
reflective and the total reflectance of each m i r r o r  i s  controlled 
by perforating each mi r ro r  to produce desired effective collecting 
(and collimating) area .  

e A single collimator is used and the calibration radiance is  varied 
by moving the source relative to the collimator (see  Figure 110). 

Table 2 9 contains tradeoff considerations used in concept selection. 

- -  The cooled aperture plate with appropriately 
sized holes was selected a s  the recommended concept. Figures 111 and 112 
show the recommended IFC configuration. The highest IF@ level corresponds - 

Z 
to an input radiance of PO Wlcm -s r ,  the peak value of the ARRS dynamic 
range. F rom that level the attenuator produces additional levels of 115, 1 /25 ,  
and 11125 of peak. A logarithmic scale i s  used to bracket the expected ranges 
of detector nonlinearities coirsideriag the required range of detector charac- 
ter is t ics  within the ARRS boundary parameters.  Any particular selection of 
operating parameters  could dead to a reconsideration of the values of levels. 
The concept consists of the following components: 
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Figure 109. Partially Reflective Mechanization 
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Figure  11 0. Movable-Source Mechanization 

e Source 

e Defining aperture 

0 Cold i r i s  for defining illumination angle 

0 Collimating optics 

0 Mechanism for moving collimating optics in and out of 
p r imary  sys tem 

e b'iechanism for  changing s ize  of i r i s ,  o r  moving source,  
o r  changing ape;-ture stop 

The Noise Equivalent Radiance (NER,) specified for ARRS is 5 x W i m  
2 

-sr. If we consider the maximum radiometer -input -flux uncertainty 
(ANAh) allowable a s  two NERs referred to the aperture,  then the percent-  
e r r o r  budget of calibrator radiance a t  each calibrator level i s  

Level Percen t  of calibrator flux equal to ANAX 

1 1 0 - ~ / 1 0  0. 1 



TABLE 29. - INF'LICHT-CALIBRATION-CONCEPT TRADEOFFS 

D~sadvantages 

Cooled- 1 Slmpler to mechan~ze and malntaln 1 R t q u r e s  two movlng parts. aperture plate 
aperture allnement and coll~rnat~ng m ~ r r o r  
'late 

2. Calibration levels adjusted readily by 2. Minimum calibration level i s  dependent on 
changing aperture plate temperature of aperture plate but this cali- 

bration level permits a maximum percent 
e r ror  

Partially 1. Constant £/No system 1. Difficult to obtain desired reflectances. 
reflective mirrors 2. Requires that only one optical element he ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ , ' f ~ ~ f ~ , " M t r O 1 l e d  

moved 
2. Emissivity i s  different for each mirror since 

6 = l-p-r. This results in high emissivity 
for low-reflectivity mirrors. If emittance i s  
to be held down, mirrors must be cooled to 
very low levels -difficult to achieve with 
this rotating component 

3. Alignment(and accuracy) uncertainties a r e  
hi& 

Perforated 1. Bitio of reflected energy to emitted 1. Shaped holes o r  infinitely thin mirrors a r e  
mirrors energy from the mir ror  remains a required to minimize coupling of the wdiom- 

constant eter  to itself 

2. For low calibration levels, there i s  a struc- 
tural problem in  that there i s  too little mirror 
surface a t  low calibration levels 

3. Has similar mechanical disadvantages a s  the 
partially reflective mirror with the =me 
misalinement and accuracy implication 

Movable 1. Single stop reduces uncertainties 

2. Provides continuous calibration 

1. Difficult to mechanize. Initial design indi- 
cates approximately 10 inches of motion re-  
quired with precise location and measurement 
of stops. Also, there i s  a problem in moving 
fast enough to achieve ARRS cycling 

2. Out-of-focus image of the detector becomes 
large at the source aperture a s  the source 
moves farther from the cold stop. Therefore, 
this requires a cold stop d i c h  moves with 
the source. At minimum calibration level. 
accuracy becomes dependent on temperature 
of the cold stop, hut this level permits a 
maximum percent e r ror  

3. Good thermal isolation of the source from the 
cold stop i s  required 



To primary optical system ---A 

Collimating, 
element -1 \ 

\5 Sequencing drive 

Aperture stop plate (cooled) 

Figure 11 1. Recommended IFC Configuration 

If ~ p - e r t u r ~  of Wimary optics 

\ ,Collimating element 

sequencing drive 

Level 1 maximum collimating aperture 

I Aperture of primary optics 

\ Collimating element 

Typical of levels 2, 3 and 4 collimating apertures 

Figure 11 2. Schematics of Levels 1 , 2 , 3  and 4 



Source temperature optimization: The temperature of the source should 
be as low as  possible to minimize power and thermal -insulation requirements. 
It must be high enough to generate a radiance which a t  the maximum calibra- 
tion level provides an input flux to the radiometer equivalent to the maximum 
background flux expected a t  the input. For  the selected configuration, the 
calculations to determine required source temperature a re  as  follows: 

2 
= A l A 2 N i o ~ ~ ~  W / m  (incoming energy) 

Ah = spectral interval from 14.0 to 16. 3 p 

2 
*io, ~k 

= radiance of background in W/m -sr 

lA2 
= angular subtence of radiometer (instantaneous field of view) 

Assumptions 

o Calibration signal introduced ahead of primary optics 

ct, Source aperture has larger angular subtence than radio- 
meter; therefore, radiometer defines effective source 
aperture 

o Aperture plate shall be at  a common temperature 

o Primary optic system is  a clear -aperture configuration (off -axis 
parabola), however, aperture plate and source temperature area 
can be modified to accommodate other configurations 

Output of calibrator for above levels can be written as  

where 

HI  = source contribution 

HZ = mirror  contribution 

H3 = aperture -plate -contribution 

Source emission 



flc 
= focal length of calibrator collimating optics 

E = source emissivity 
C 0 

Nice, AA 
= blackbody in-band radiance of source 

A = total aperture of collimating mir ror  
OC 

Pcco = reflectivity of collimating mirror  

ccc = form factor of mir ror  

50, = source form factor 

'c a 
= fraction of mir ror  illuminated by source 

(aperture plate defined) 

A p S '  HIAoc ' A1A2 'co N i c o , ~ ~  oc cco oc ca 

Mirror emission 

S H ~ A o ~  = A1A2 Aoc - ~ c c o )  Nco, Ah cc 

where 

Nco, AA = blackbody radiance of mir ror  

= form factor of mirror ,  Ecco - %c - l - pcco 

Aperture plate emission 

H3Aoc = A l A 2  Aoc 'cao Nao, AX 5 A (1 - T ~ ~ )  Pcco 

SA = Aperture Form Factor 

where 

E = aperture -plate emissivity = 1 - pcao 
cao 

Nao, AA 
= blackbody radiance of aperture plate 

6,a = blockage factor of attenuator = 1 - 'rca 



For the calibrator to match the radiometer input conditions 

-  HA^^ - RcalAoc 

Thus 

Aop A ~ A 2  Nio, A A 
= A A  E N 6 T 

1 2 co ico, A A Aoc 'cco oc ca 

A1A2 Aoc - Pcco) Nco, A h C cc 

N i: (1 - Tea) Pcco 
-I- A1A2 A ~ c  'cao ao, A A ca 

+ E  N C (1 - 6ca) Pcco cao ao, A h  A I 
for unity form factors 

-I- E  
cao - 'ca) Nao, A A Pcco 1 

A t  peak IFC level, the above expressions reduce to 

- Aoc - - c  
Nio, AA rnax Aop co 'cco Nice, AA 

where 

Tea = 1 and (1 - pcco) N c o , a ~  is  small compared to the energy 
reflected off the mirror.  

IFC source radiance which produces the same detector signal a s  the peak 
signal radiance is  then given by 

- Aop 1 
Nice, Ah - Nio, AA mau Aoc cco pcco 



Aoc 2 
Fo r  applicable IFC paramete rs  of - = (0. 3) , cC0 = 0. 998, and 

A ~ P  

pcco = 0.986, required IFC source radiance is 

Calculation of balckbody radiance over the source -temperature range of 
interest  appears in Table 30. Optimum source temperature is obtained by 
matching source temperature (and radiance) to equivalent radiance of the 
maximum anticipated background a s  in Figure 113. F r o m  Figure 113, the 
required source temperature is 670°K. 

Aperture -plate and collimator: F o r  level 4,  the total emittance source 
is the aper ture  plate and mi r ro r :  

Aoc - -  - 
Nio, AX ~ o p  1( - pcco) ~ c o ,  AX + 'cao ~ a o ,  AX pcco] 

Le t  

- Aoc , - -  P Nlo, AX ~ o p  cao Nao, AX cco 

Assuming m i r r o r  emission 

( - ~ c c o )  *co, AX is negligible 

2 2 
lo, Ax 

= 101125 W l m  -sr = 8 x W / m  -sr 

PC co 
= 0.986 

E: = 0. 98 (black aper ture  plate) 
c ao 

Step 1. Compute maximum temperature of aperture plate 

- - Aoc 
Nao, AX N i o , ~ ~  ~ o p  cca0 pcco  

where 



TABLE 30.-BLACKBODY RADIANCE 

F igure  11 3. Source Tempera tu re  Optimization 



This corresponds to T = 160% (maximum temperature a t  the aperture 
plate). 

Bounding value for collimating optic check a t  maximum temperature - 
bound 300°K 

- Aoc - -  
N Y o , ~ ~  A O ~  ( l  - PCCO)  N ~ ~ ,  a h  

I I 2 
io, 

= 0. 09 (0.008) 15. = 1.08 x l o e 2  W/m -sr 

A g ro s s  measurement of the collimating m i r r o r  temperature would allow 
correction for this term.  Even a t  300°K, a 50" decrease in collimating m i r -  
r o r  temperature would be equivalent to a change equal to the sys tem NER. 

Selection of calibration levels: The ARRS input covers almost  three 
o rde r s  of magnitude of input-signal range. Depending on how the radiometer 
is modeled, the detector output signal could vary f rom one to three o rders  of 
magnitude. Fo r  this broad range, a geometric progression of calibration 
levels  was selected. If the spread of cal ibrator level is insufficient, the 
knee of the sys tem response function may not be determinable. Therefore, 
a geometric progression was used to provide a wide spread of calibration 
levels. When part icular  s y s  tem paramete rs  have been established, an 
optimum selection of calibration levels  is feasible. 

I F C  Engineering Model 

General  description. - - The engineering/ model IFC is mounted on a base  
plate designed to  work on an optical r a i l  ( see  Figures  114, 115 and 116). 
The collimating m i r r o r  is mounted on a pivoting, counterweighted cell. The 
m i r r o r  i s  positioned for  the calibration cycle by a stepping motor and a 
stop. 

A cooled five-position aperture disc also is positioned by means of a stepping 
motor. The cooling shroud for the disc i s  isolated thermally to minimize the 
heat load on the cooling device. 

The blackbody source and i ts  cold-plate aperture a r e  mounted a t  the focal 
point of the collimating mi r ro r .  

A l l  three subassemblies a r e  aligned to each other and to the centerline of the 
optical r a i l  for ease  of positioning with other optical equipment for testing. 

Source: The Electro -Optical Industries blackbody model 12 1 will have to 
be modified to meet  the 0. 1°C stability for  1 year  a t  the 600°C requirement. 
The modified blackbody will be identified a s  model 1944. 

A miniature controller model 2 10, battery operated,as modified to be com- 
patible with source requirements,  can be provided. 









The source is an insulated package 1.25 x 0.75 x 1. 75 inches, weighing 
4 oz. The cavity is  0. 080 inch in diameter, with a nominal fov of 10". 

Aperture stop: The aperture stop is a thin copper disc mounted on a 
cold-plate heat sink to eliminate the stop a s  a secondary source. 

Aperture size is a function of the detector to be flooded and the intervening 
optical system since a magnification of the source results due to focal lengths 
of the collimating mir ror  and primary optics of the detection system. 

Aperture disc: The aperture disc provides the four levels of energy r e -  
quired for the calibration by changing the effective aperture. The lowest 
of these four is accomplished by looking at  the disc itself as  a source. The 
aperture disc is black on the surface facing the paraboloid mir ror  and is also 
black on the opposite face except for one spot at the blank position of the 
disc. 

The disc is housed in a cold shroud. This shroud consists of a thin plate 
covering the disc except for the opening corresponding to the maximum aper- 
ture. The surface of the shroud looking at  the disc is blackened for maximum 
radiation coupling of the shroud to the disc. The heavy section at  the r im  of 
the shroud provides a good thermal path to the heat sink. 

The disc is run through a calibration sequence each time the collimating mir -  
r o r  is positioned to direct energy to the detector. This sequence would s tar t  
with the blank o r  disc as  the source and work through the small aperture to 
the maximum aperture and back to the blank position. This position would 
be maintained between calibration sequences to eliminate s t ray addition in a 
radiometer application. 

Sequencing the disc is most readily done with a stepping motor. These units 
a re  programmed easily for a specific number of steps as  well a s  time at  
station. In addition, an inherent cogging provides a detent action at the 
chosen stop points. This type of unit was developed for, and proven in, 
various applications in the space environment. 

Collimating mir ror  assembly: The 7. 5 -inch focal length off -axis para-  
boloid mir ror  is fabricated of Cer-Vit material and mounted in a Cer-Vit 
counter balanced cell. The cell is  held in position on a trunnion that is 
coupled by means of an antibacklash gear to a stepping motor. The mirror  
assembly is deployed against an adjustable stop for alinement in the operating 
position, and the detenting action of the stepping motor holds the assembly 
against the stop. This effect is applicable in the nonenergized condition of 
the motor. 

The mir ror  is proportioned and held in such a way that the primary optics of 
a radiometer would see nothing but the mir ror  surface. 

Thermal effects: The IFC as  a flight unit would be operated a t  the 
vehicle -interface temperature of 2 OO°K. Therefore, various elements should 
be qligned to compensate for this condition and all tests would be run in this 
condition. 
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Effects of temperature variation of each element would change the aherg$ 
through the sy@tem. The heat load of the source and two stepping motors 
would be coupled to the structure to minimize fluctuation of temperaturrs (41 
elements in the optical path, 

Selection of calibration levels: The only uniquely selected calibration 
level is the mmirnum level. For this level, the source temperature was 
selected to match the maximum radiance signal for a ratio of diameter of 
calibration collimating optic to primary optics of 0, 3. Actual selection of 
optic ratios is  detefmivled for a particular configuration and, hence, source 
temperature can be configuration dependent. Intermediate levels a re  selected 
to minimize interpolation er rors .  These intermediate levels depend on the 
radiometer responsivfty function, A typical s e t  of aperture -defining openinga 
was selected in this raport as  an example. The minimum calibration level 
uses the aperture plate ae the apparent source. This permits operation of the 
aperture plate at  ita maximum temperature of 160°K. Output levels of the 
calibrator were chosen ars a geometric progression on the tentative assump- 
tion that the system output response would range over two orders  of magnitude 
with a definite knee at  the low -radiance end. 

E r r o r  Analysis 

- -  Uncertainty of radiance from the inflight calibraa 
tion of the uncertainties of its components he propagated 
through the system, The major uncertainties a re  described malytically 
below : 

XFC uncertainty Resultant output uncertainty 

Source emittance Pcco Nice, AA 'ca 

Mirror reflectance * Apcc 'co Nice, AA 'ca 

Source ' A Nit, AA Eo Pcco 'ca 

Mirror temperature * A Nc, AA ' CCO 

Mirror emittance * A E ~ ~  Nco, Ah 

Aperture -plate emittance f A cCa Pcco - 70) 
Aperture -plate temperature * ANa, E cao P cco (1-70) 

Mirror temperature (for C 
nonilluminated portion) *' N a o , ~ ~  cao 

Symbols used a re  defined in Table 31.  Table 32 is a summation of e r rors .  



TABLE 31. - SYMBOLS AND VALUES ASSIGNED 

Source emissivity = 0.9999 

Source emissivity uncertainty = 0.0001 

Cal ibra tor-mirror  reflectivity = 0.986 

C a l ibra tor-mirror-  reflectivity uncertainty = 0.00 1 

Fract ion of m i r r o r  illuminated by source 

Uncertainty of T~~ 

Uncertainty of N 

Cal ibra tor-mirror  emissivity = 0.0 14 

Uncertainty of E~~ = f O .  001 

Aperture-plate emissivity = 0.95 

Uncertainty of ccao = f0.02 

Area  of Calibrator m i r r o r  





Uncertainty of the radiance from the calibrator referred to the radiometer 
input is the sum of component uncertainties multiplied by the ratio of the 
a rea  of calibrator optics t o  the a rea  of the primary optics. 

- *oc 
A N i ; ~ ~  - (*Adco) Pcco Nice, A X rca + (* A ~ c c )  €co ' i co ,~  A Tea 

0 P 
+ (* A Nit, A A) 'co Pcco rca + ( * b N c , ~ ~ )  ~ c c o  

+ (*Atcc) N c o , ~  A + (*Aeca) N a o , ~ ~  Pcco (1 - rCa) 
+ 

Ecao P C  - rCa + ('APcc) N a o , ~ ~  tcao (I - rca) 

Diffraction effects. - -  The IFC considered here consists of 

e A small extended source assumed to  be circular in shape and 
to  radiate completely incoherently, but uniformly, over i t s  
surface 

e Attenuating field stops in common location 

e Collimating optics (Figure 11 7) 

r IFC attenuator 

Figure 11 7. Schematic of Inflight Calibration 



The geometrical image of the calibration source i n  the focal plane of the 
collector optics is superimposed to  the rectangular detector image formed 
by the relay optics. However, instead of considering this actual image, the 
total circular fov of the radiometer is used for the derivation of the diffrac- 
tion effects due to  the IFC. This fov is supposed to be smaller than the 
geometrical image of the calibration source such that some misalinement can 
be tolerated. Fo r  example, having a half-field angle of a. = 5 x rad and 

a focal length of fo  = 50 cm for the collector optics, one obtains the radius 
of the fov circle 

On the other hand, using a half-field angle of ac = 1.5 x ld3 rad and a focal 

length of fc  = 18. 75 cm for the IFC collimator, one obtains a calibration 

source radius of 

and, consequently, a source image radius of 

that is 

Before deriving the diffraction effects, i t  is advantageous, i f  not necessary, 
to consider the geometrical relationships between source size, field-stop 
extension, effective aperture, and total collimator aperture. The situation 
encountered is illustrated in Figure 11 8. Fo r  analysis, a Cartesian coor- 
dinate system with origin at the source center is used. 

Defining the source size by y = f ys, one may denote the field-stop location 

by x = xf and i t s  extension by y = fyf.  LOcation of the collimator optics is 
a t x = x  - c - fc. A ray  emerging from y = fys  and passing through the field- 

stop points x = xf, y = fyf intersects the collimator aperture plane at 

- Y - Y S +  ( y f -  Y,) fc lxf  

and 

- 
Yc2 - Yx - (yf + ys) fchf 

r e  spectively. 



Figure 11 8. Geometrical Relationship Between Source Size, 
Field-Stop Extension, Effective Aperture, 
and Collimator Aperture 

On the other hand, a r a y  emerging from y = -ys and passing through the same 

field-stop points has intersection points with the collimator aperture plane 

and 

respectively. 

Consequently, the effective aperture radius is given by 

that is, ac is independent of the source size. Total collimator aperture i s  

determined by the maximum field-stop extension, y = kyfmaxJ and expressed 
by 



= (yf + Y,) fc/xf - Ys = a + (fc - xf) yslxf 
m ax max 

It is seen that, depending on the source size, the collimator aperture is 
always larger than the maximum effective aperture. The attenuator t rans-  
mission factor is defined by 

As shown in Figure 119, the collimator and, consequently, the collector op- 
t ics  also receive for any yf c y radiation from all points of the source. 

fmax 
F o r  this reason, extension of the source image remains unchanged; the inten- 
sity of this image var ies  with ca' 

It was shown (ref. 9) that the diffraction pattern of a bar-type incoherently 
radiating source generated by a slit o r  double-slit aperture can be obtained 
by integration of the point-source pattern over the geometrical image of the 
source. Of course, this principle applies also to the circular source, the 
radiation of which is diffracted by a circular aperture. Whereas in the f i rs t  
case the integration i s  easily performable, it is quite difficult in the la t ter  
one, Nevertheless, Nagaoka (ref. 10) arrived at approximate solutions for 
some specific configurations encountered in the image plane, and Zanoni and 
Hill (ref. 2 )  found an exact solution for  the case of the fov being outside of the 
source image. 

The specific configuration to be handled here applies to  the case where the 
radiometer's fov is smaller than and completely inside of the source image, 
as  illustrated in Figure 120. Referring to  a fixed Cartesian coordinate sys- 
tem (W, Y) with origin at the radiometer's fov center 0, an arbitrary point 
P within this fov may be described by polar coordinate (R, 6) where 0 =< R 5 r 
0 b ,L? 6 2n. The center C of the geometrical source image may be displacedoJ 
by the amount D. Then, an arbitrary point Q within the a rea  of the geomet- 
r ical  source image maybe  described by polar coordinates (r ,  8) referred to 
P as  origin and to  d = PC as  baseline for measuring the angle 8. One obtains 
e asily 

2 112 
d = ( D ~  - 2 D R  cos P +  R ) 

where D - r C d 5 D + r a relationship that i s  completely independent of 
0 0 '  

the polar coordinates of Q. 



"ff= r f  max I 
7- 

- a = a  c c max 

4 

1 
r = r  f fmax 

4 

Figure  119. Variation of Effective Aperture with Field-Stop Extension 



of Inflight Calibrator 

The geometrical image of a part icular  point within the extended source is 
represented by Q; i, e., it is the center  of a diffraction pattern defined by 

where E = central  spectral  radiance ( w / m 2 -  s r - m  Ah) 
0, 

r r = actual and maximum aperture-stop radius 
f '  *max 



qc0 = IFC-collimator efficiency factor 

- - pCo = reflectivity of reflective, or 

- - T~~ = transmissivity of refractive collimator, respectively 

c = light velocity = 3 x lo8  m see-I 

h = Planckfs constant = 6.63 x W sec2 

A = wavelength (m) 

k = Boltzrnannls constant = 1.38 x l oLz3  W sec deg -1 

T = source temperature (deg I(: 

J1 = first-order Bessel fuilction of first kind 

ac = effective aperture radius (m) 

w = sin 4 I r/fo 

f = collector focal length (m) ' 

0 

Since every point along a circle through Q with origin at  P contributes the 
same amount of radiance, one obtains the accumulated radiance 

Unfortunately, Bo becomes a function of r because it is defined by 

F o r  this  reason, the integral  cannot be evaluated in the usual way - i. e . ,  by 
performing f i r s t  the integration over 13 and subsequently that over r - if the 
range of -& O o  5 rr is to  be covered. 

However, vice versa,  r can be expressed as  a function of 6' if  the radial line 
connecting P and Q is extended t o  the periphery of the geometrical source 
image. By doing this, one obtains 

2 r = r  2 + d 2 - 2 rmax d cos 0 
i max 



2 2 r 2 1/2 
max = d cos 0 * ( c ~  cos 0 + rf - d ) 

i,  e . ,  a well-defined function of 8. Inspecting th is  expression, it is found that 
it must have the values 

r = d + ri fo r  8 = 0, and rmax = - d + r i  fo r  8 = f rr 
rn ax 

that is, one generally has  
2 3 -  

L /  Z 
r m ax = d cos  8 + ri(l - g2 sin2 8) 

if one denotes *= d / r i  Thus, one can  express  rmax i n  t e r m s  of Jakobi's 

elliptic a1 functions 

r = d x cnu + ri x dnu (ref.  11, fo r  example) max 

However, since the integrations involved in  any way will have to  be performed 
with the aid of digital computers, this  academic substitution is of no help. 
What is really important is the fact  that 8 va r ies  now f rom z e r o  to  f TI and r 
f rom zero  to  the above defined value of rmax and that  the integration over  r 

can very  well be performed before that over 8. 

Consequently, the original integral  now is transformed into 



Introducing the integration variable s 

resul ts  in 

Ii 

- 1 2 2 
- No,h ; 1 - J', P m a x )  - 'J1 Prnax) 

Now, the total spectral radiance experienced within the radiometer" fov is 
obtained again by integration: 

- foh 2 2 
- N ~ , ~  2 1 - J, (ZITI=) - J1 (Zmax) rOr a -rr 

i C 
0 0 0 

Finally, total radiance becomes 



It is to be mentioned that the actual fov determined by the a rea  of the detector's 
geometrical image can be taken into account easily by describing this a r ea  by 

< - a 5 x  = a, -b  5 Y I b  
P P 

by defining 

and by replacing 

and 



COMPONENT TEST 

A careful literature search was conducted to determine the amount of informa- 
tion available on parametric measurements of components required for ARRS. 
Component data substantiation obtained is shown in Table 33. This investiga- 
tion led to the need for tes ts  where data were not available. The objectives 
of the component test program a r e  to  provide accurate documented data on the 
operating characteristics of various ARRS components considered for  use. 

These tests will determine if the actual operating characteristics meet the 
ARRS requirements or  if a design tradeoff is  required. The data obtained 
will also be used for insertion into the e r r o r  analysis to evaluate effects of- 
parametric uncertainties on the operating characteristics of the ARRS radio- 
meter system. 

A comprehensive survey of available component test data and the results of 
component e r r o r  from the radiometer system e r r o r  analysis indicated that 
more complete data were required for  components listed below: 

Mirror reflectance 

rr IFCsource  

r Chopper 

e Spectral filter 

@ Detector 

a, Detector mount, 

Vacuum aging tests of mir ror  reflectance and IFC source stability a r e  continu- 
ing past final report publication and the results will be presented in an 
addendum. Effects of environment cycling on mir ror  reflectance a r e  presented 
here. Chopper, filter, and detector tests were identified and defined, but 
component procurement lead times prevented running of tests during Par t  I; 
however applicable tests a re  described. Proposed detector mount tests were 
identified and defined, and a r e  discussed below. The tests were not run 
because the performance characteristics of the detector mount were determined 
to be heavily dependent on the specific operating characteristics of the radio- 
meter. The proposed tests would therefore be used as  part of development 
tes ts  for a detector mount designed for a specific application. 

In addition to  these areas,  special attention was given to data on refractive 
materials, an a rea  in which tests were thought to  be required. However, 
sufficient data were obtained to  render the tests unnecessary, a s  previously 
discussed. 



TABLE 33 .- CONTRIBUTIONS T O  MEASUREMENT UNCERTAINTY 
WITHOUT CALIBRATION (SHORT-TERM) 

1. Mechanical dimensions of pre- 0. 0001 in. Leitz Model UWM Toolmaker 
clse (< 1 in. ) parts  or  Microscope Catalog 81-10/a 

Engl Pg  7 

Starret Catalog 27: Outside 
Micrometers, 436 series; 
Inside Micrometers, 124 ser ies  

3. Mlrror reflectivity (0. 98622) 0.00568 LMSC testsa 

Same a s  mirror  reflectivity 

5. Ernissivity of painted (black or 1% 
gray) solid objects 
(No measurable temperature 
dependence at  14 to 16p for 
3M or Cat-A-Lac black paint 
in mrn vacuum. ) 3M 
emissivity = 0. 94 

6. Transmission of window 
materials 14 to 16p, germanium 

(77" or 298OK) R 2% 

7. Bandpass-filter transmission 1 e 

8. Bandpass-f ilter spectral 
characteristics 

9. Elackbody radiance, f (t) 

10. Temperature gradients To be Design dependent 
determined 

11. Mechanical/optical alinement of, g Design dependent 
and from factors due to, thermo- 
elastic effects, operator mis- 
alinernent 

12. Chopper stability (amplitude or g Design dependent (component 
frequency shift) tests  required) 



TABLE 33.-CONTRIBUTIONS T O  MEASUREMENT UNCERTAINTY 
WITHOUT CALIBRATION (SHORT-TERM) (Continued) 

a The uncertainty calculated below i s  based on data obtained from initial LMSC 
t e s t s  conducted a t  NOL, China Lake. 

o The m i r r o r s  were  ordered t o  have a reflectance of 0.99 

o It was assumed a l l  OCLI and PE m i r r o r s  a r e  acceptable I 
Nonimal value received 0.98622 1 0.00213 
Uniformity uncertainty 0.00124 
Measurement uncertainty 0.00231 

Total uncertainty k 0.00568 I 
This total uncertainty represents  that associated with the nominal value and 
the range t o  be expected for  similarly manufactured m i r r o r s  shortly after 
receipt. 

After measurement  (which would not normally be made for  new mir rors ) ,  
uncertainty reduces t o  0. 00124 + 0.00231 = 0.00355. 

b ~ t i e r w a l t ,  D. L. , Infrared Spectral Emittance Measurements of Optical Materials 
Appl. Optics 5, No. 12, 1911, Dec. 1966 

Uses Beckmann IR-3 Spectrophotometer with 1.0% uncertainty. 

d ~ a l c u l a t e d  values IRTRAN 6, LMSC TRD, Refractive Materials Based on MIL 
Handbook-141 Par .  17. 

e Beckman Instruction-Manual 1416-C Nov. 1965 F o r  IR12 Infrared Spectrophoto- 
meter.  

1. 0% absolute accuracy; 0.2% of reading for  single beam o r  with calibration in 
double beam. 

Wave number accuracy: I 



TABLE 33.- CONTRIBUTIONS T O  MEASUREMENT UNCERTAINTY 
WITHOUT CALIBRATION (SHORT-TERM) (Concluded) 

f ~ c c u r a c y  of temperature measurements: Precision platinum resistance thermo- 
meters (-183 to 400°C), a s  they a r e  manufactured today, a r e  capable of reproducing 
temperatures in the range -183 to -400°C to within O.OOl°K for very long periods 
of time (tested to 1600 hours). At temperatures between 400 and 630°C, this 
time is  considerably reduced but is still  in the order of a few huqdred hours. 
Ref: Berry, R. J., The Stability of Platinum Resistance Thermometers at 
Temperatures Up to 630°C, in Temperature, Its Measurement and Control in 
Science and Industry, Vol. 3, Par t  1, Reinhold Publishing Corp, , New York, 
1962, 

Germanium resistance thermometers (1 to  100°K): Many thermal sensing elements 
were cycled between helium temperature and room temperature up to 50 times 
with no evidence of changes in calibration of a s  much a s  I O - ~ Q K ,  Two thermom- 
eters were in continuous use for three years with no change in the original cali- 
bration curves. Ref. : Kunzler, Geballe and Hull, Germanium Resistance Ther- 
mometers, in Temperature, Its Measurement and Control in Science and Industry, 
Vol. 3, Par t  1, Reinhold Publishing Corp., New York, 1962. 

Thermistors 4.2 to 200°K: Thermal cycling up to 100 times causes drift in 
calibration curves of a few tenths of 1 K. Reproducibility of calibration curve 
is  in the range of 30 millidegrees. After prolonged cycling, no further drifts 
occur for several thousand cycles. After 200 days, drifts were of the order 
of 100 millidegrees K. Sensitivity reliability , 0. 030°K in thermal 
cycling up to  300°K. Ref. : Sachse, Measurement of Low Temperatures With 
Thermistors, in Temperature, Its Measurement and Control in Science and 
Industry, Vol. 3, Pa r t  2, Reinhold Publishing Corp., New York, 1962. 

g ~ o  be determined. 



MIRROR REFLECTANCE 

The recommended concept of inflight calibration uses an off-axis parabolic 
reflector that collimates radiance from the IFC source into a portion of the 
radiometer collecting aperture. Inflight calibration stability is consequently 
dependent on the stability of the reflectance of the IFC mirror ,  since any 
changes in. its reflectance produce a one-to-one change in the IFC signal, and 
these changes a re  undetectable. Similarly, instabilities in the uniformity of 
reflectance of the radiometer primary and relay reflectors also propagate into 
inflight calibration instabilities; if that part of the collecting aperture used by 
inflight calibration varies in reflectance by a different magnitude than the total 
aperture which is  used for collecting scene radiance an undetectable IFC e r ro r  
results. Since the IFC stability requirement is 0.1 $, it is imperative that the 
IFC reflectance stability and primary and relay reflectance uniformity stability 
be better than 0.1%. Literature surveys have not produced data) on which can be 
based a substantial prediction of that order of reflectance stability over the 
expected ARRS environment. Tests were therefore required. 

Both Optical Coating, Inc., and Perkin-Elmer claim to be able to produce 
gold-coated mi r ro r s  with reflectance of 0. 99 or better with uniform reflectance. 
However, neither company has the facilities to  measure reflectance stability 
to  the required precision of 0. 1 $. Michelson Laboratory of Naval Weapons 
Center (NWC), China Lake, California has a published capability (refs. 1 2  and 
13) to  make 0.1% accurate reflectance measurements. Gold-coated mir ror  
samples were measured at Michelson Laboratory and the reflectance proved 
to be 98.4 to  98.8%. 

References 14, 15, 16, and 1 7  indicate that optical properties of space-borne 
optical components can be affected by the following environmental conditions: 

(b Micrometeroid bombardment 

cr Condensation of outgassed materials 

e Radiation 

r, Extreme temperature conditions 

o Temperature and vacuum cycling 

In addition, reference 13 shows measured 0.3 $ reflectance degradation caused 
by aging in air. The references do not cite pure aging effects (i. e., the effects 
of long-term operation in low-temperature vacuum operation). However, 
because of the stringent stability requirement on reflectance of 0. 1$> it is prudent 
to  add such an environment to  the above list a s  a potentially harmful environ- 
ment. 



Relative to the above environments, the literature indicates that while radiation 
damage is probable, there a re  insufficient data to determine the magnitude of 
expected degradation. While reflectance degradation over the temperature 
cycling dictated by ARRS parameter bounds i s  not expected, nothing could be 
found in the literature to substantiate this quantitatively. References 15 and 
1 6  point out that solid materials in a hard vacuum sublime at a ra te  proportional 
to their vacuum pressure and temperature; however, no data were found for 
gold at temperatures and vacuum pressures applicable to ARRS. Consideration 
was given to the possible damage caused by micrometeorites and the subsequent 
effects on reflectance. References 13 and 14 indicate that this effect will be 
negligible and can be ignored. According to  reference 14, even if we a r e  very 
conservative and take the average micrometeorite c ra te r  diameter as  50p 
(0, 002 inch), the area of one crater  would be 3 . 1 4 ~ 1 0 - ~  inch2, and the sum of 

- 3 2 
400 crater areas  accumulated during the period of one year 1.26.10 inch . 

n 

Related to the test area of 2 inchL, the damage is  only 0. 063 $. Note that the 
crater  area is considered, thereby taking into account most crazing that will 
be caused my micrometeoroid impact. Reflectance degradation will thus be 
no greater than 0.063%. 

A first-order analysis, assuming that the distribution of scattered radiance is 
Lambertian, produced the result that noise equivalent radiance from earth self- 
emission, earth reflected sunlight, and direct sunlight would be at least an 
order of magnitude less  than the ARRS e r r o r  requirement. Therefore, test in 
this a rea  is  not recommended. 

Recommendation was made to determine effects on mi r ro r  reflectance of 
temperature cycling, thermal vacuum cycling, sublimation, radiation, and 
low-temperature vacuum aging. 

The mir rors  measured were high-vacuum, gold -coated mir ror  blanks of a 
size consistent with the reflectance measurement equipment at Michelson 
Laboratory, NWC. Although ultra-high-vacuum, gold-coated mi r ro r s  exhibit 
a higher reflectance value than high-vacuum coated mi r ro r s  with the attendent 
desirable reduction in emissivity, the ARRS radiometer mir rors  will be high- 
vacuum coated because equipment does not exist in industry to  produce ultra- 
high-vacuum coatings. Both CERVIT and U L E  quartz substrates were used to 
determine effects caused by different substrates. 

Test Objectives 

The objectives of these tests were to determine the effects of the environments 
on the reflectance of HV gold-coated Cervit and U L E  quartz mi r ro r s  in the 
ARRS spectral region. Objectives of each environment a r e  described below: 

e Temperature cycle - To simulate the storage, transportation, 
and assembly temperature environment the mi r ro r s  a r e  likely 
to  experience. 



o Thermal vacuum cycle - To simulate the thermal vacuum 
environment the mir rors  a re  likely to  experience in testing 
and operation. Soak temperatures and pressures were 

-representative of the range of temperatures and pressures 
to  be experiences by the ARRS mir rors  (primary, second- 
ary, or relay) in test or operation. Rates of change of 
environments were taken from reference 14 and a r e  repre- 
sentative of the capabilities of the environmental test 
equipment rather than relating to  expected ARRS environ- 
ment rates of change which a r e  dependent on parameters 
outside the scope of Pa r t  I considerations (e, g., specific 
mission or test related parameters dependent on pre- 
launch equipment to  test equipment being used). 

o Sublimation - The thermal vacuum cycles described above 
were also used on separate mir rors  on both anodized and 
black-painted fixtures to determine the effects of outgassed 
anodize and paint which recondense on the optics. 

e Radiation - Nuclear radiation environments simulating the 
total dosage of the radiation environment of the ARRS typical 
orbit were used. Dose rates  were accelerated to  simulate 
the total dosage of either one month or  one year in orbit. 

e Low temperature vacuum aging - Effects of long-term 
operation in vacuum at low temperature a re  being deter- 
mined by subjecting seven mi r ro r s  to an extended 
vacuum environment at a temperature representa- 
tive of ARRS operation. 

Measurement requirements. -- The most significant requirement is the 
ability to measure reflectance with accuracy of 0.2% and precision of 0.1 %. 

Test procedures. -- On receipt from the manufacturers, the mir rors  
were taken to  the NWC at China Lake, California, where their reflectance 
was measured in the Michelson Laboratory. To determine uniformity as 
well a s  absolute reflectance, two areas  of 0.75 inch x 0.25 inch separated 
by 0.62 inch on a 1.5-inch diameter disc were measured. 

The sample was then rotated 90" and the measurement repeated. After the 
measurements were performed and documented, the samples were returned 
for environmental simulation. Following that, the samples (numbered 1 
through 1 2 )  were measured again at Michelson Laboratory to  measure the 
difference which is the degree of reflectance degradation caused by the environ- 
mental simulation. 



The environmental simulation was performed on a large number of samples in 
ser ies  to learn the effect of each environmental factor separately: 

e One mir ror  went through the temperature cycle 

e The second mir ror  went through thermal vacuum cycling 

e The third mir ror  went through the same environment a s  the 
second but was mounted in a black anodized aluminum housing 
to test an eventually outgassing effect of the coating 

s The fourth mir ror  underwent the radiation test 

The fifth mir ror  went along with the f i rs t  four, and s o  
received the sum of all environmental factors 

s The sixth mir ror  remained untouched in its protective 
container a s  a reference 

Table 34 shows a mirror/environment matrix. With a limited number of 
available mirrors,  a condition brought on by having to  order a particular 
quantity of blanks prior to finalizing Che test  approach, all combinations of 
environments were not run. However, one Cervit blank and one ULE quartz 
blank were subjected to  the combined environment, including one-year 
radiation exposure. 

Temperature cycle: Mirrors No. 1, 5, 7, and 11 were subjected to 
temperaGre cyclini. Equipment is a Tenney Chamber, Model NO. TSOUF- 
100550 - 

s 70" to 160°F - Test chamber internal ra te  of temperature 
change was 1.5OF per minute. The temperature internal 
relative humidity was uncontrolled. The internal temperature 
was raised to  a temperature of 160°F. The mir rors  were 
exposed to this temperature for a period of four hours. 

Test chamber internal ambient temperature was reduced at a 
rate  of -3. 6OF per minute down to -60°F and was maintained 
at this level for 16 hours. At the conclusion of this soak 
period the test  chamber cooling was turned off and the 
chamber internal absolute pressure was reduced to 87 mm Hg. 

e After the third cycle, the test  chamber internal conditions 
were returned to  normal 

o See Table 35 for test details of these three cycles 



TABLE 34. - ENVIRONMENT SUMMARY 



TABLE 35. - THERMAL CYCLE DATA 

18 June 1969 

19 June 1969 

20 June I969 

Hours 

Thermal -vacuum cycling: M i r r o r s  No. 2, 5, 8, and 11 w e r e  subjected t o  
thermal -vacuum cycling. 

o C h a m b e r c o n d i t i o n s w e r e  a t n o r m a l a t m o s p h e r i c c o n d i t i o n s  

e Chamber  p r e s s u r e  w a s  reduced f r o m  s e a  l eve l  t o  25 m m  Hg 
in  90 seconds. During th i s  period, the max imum p r e s s u r e  
reduct ion r a t e  w a s  15 m m  H g / s e c  f o r  a maximum durat ion 
of 30 seconds. P r e s s u r e  reduct ion w a s  continued until  a p r e s -  
s u r e  of 6 .5 x m m  Hg had been reached .  

Note: T h e  vacuum equipment has  been p rog rammed  t o  function 
at the  above s ta ted  r a t e .  Thus ,  f o r  t h e  f i r s t  cycle:  

25 June 1969 9 : 0 7 Initiate pump down 
9:07 760 m m  Hg 
9:07:30 310 m m  Hg 
9:09:30 25 m m  H 

11:27 6 . 5  x 10-% m m  Hg 



r, Temperature  reduction w a s  s tar ted  a t  approximately the same 
t ime  a s  evacuation. The tempera ture  reduction ra te  of both the 
fixture and the chamber  walls  did not exceed S°F/min (- 2K/min). 
Tempera ture  reduction was  continued until an equilibrium tem- 
pera ture  of -315°K was  attained. 

o Samples were  soaked a t  these  conditions fo r  four hours.  

e T e s t  chamber internal  conditions were  then returned t o  normal 
atmospheric conditions. The chamber r a t e  of p ressu re  increase  
did not exceed 30 m m  Hg/ sec, and the ra te  of temperature in- 
c r e a s e  did not exceed 3OF/min (--2"K/min). 

r, Tes t  chamber internal  condition then remained at th is  condition 
f o r  eight hours. 

r, Cycle up to  t h i s  s tep  i n  procedure was  repeated th ree  t imes .  

r, See Table 36 for detai ls  of the four cycles. 

Sublimation: M i r r o r s  No. 3 and 5 in  a black anodized fixture, and m i r r o r s  
9 and 11 in  black painted fixtures, were subjected t o  the thermal-vacuum cycle 
a f t e r  the f ixtures had been subjected t o  outgas conditioning fo r  s ix days in a 
vacuum. 

e Chamber  condition was a normal  atmospheric condition. 

o 9:50 initiate pump-down - -  Chamber p ressure  was reduced t o  
simulate ascent f rom sea  level t o  25 m m  Hg in  90 seconds. During 
th i s  period, the maximum p r e s s u r e  reduction ra te  was  
15 m m  Hg/ sec  f o r  a maximum duration of 30 seconds P r e s s u r e  
reduction was  continued until a p ressu re  of 6.5 x m m  Hg 
w a s  reached. 

Note: The  vacuum equipment has been programmed t o  function 
a t  the  above stated rate.  Thus,  f o r  the  f i r s t  cycle: 

Tempera ture  reduction s tar ted  at 10:lO. The temperature reduc- 
t ion ra t e  of both the fixture and the chamber walls  was 2. 9°F / 
m i n  average. 

o See Table 37 for  detai ls  of these four cycles. 



TABLE 36 .- THERMAL-VACUUM C Y C U N G  DATA 

Chamber pressure 
Initiate Pump Down 

9:07 760 mm Hg 
9:07:30 310 mm Hg 

Temperature reduction 
Initiate Shroud Cooling 

Start 4-hour soak period 
End of 4hour soak period 

Chamber pressure 
26 June 1969 7:45 Initiate Pump Down 

Temperature reduction 
Initiate Shroud Cooling 

Start 4-hour soak period 
Complete 4-hour soak period 



TABLE 36. - THERMAL-VACUUM CYCUNG DATA (Concluded) 

Temp, O F  Time Condition 

Third cycle Chamber pressure 
27 June 1969 7:40 Initiate Pump Down 

Temperature reduction 
7 0 7:40 Initiate Cool-Down 
50 7:50 
3 0 8:OO 

-3 0 8:20 
-60 8:30 
-9 0 8:40 2.75OF/min 

-120 8:50 
-150 9 :00 
-175 9:lO 
-210 9 :24 
-260 9:40 
-3 15 1O:OO Start 4-hour soak period 
-3 15 14:OO End $-hour soak period 

7 0 24:OO 

Four th  cycle Chamber pressure 
30 June 1969 7:45 Initiate Pump Down 

Temperature reduction 
7 5 7:45 Initiate Shroud Cooling 
5 5 7:55 
2 5 8:05 

0 8:15 

1 July 1969 End of test  

8:18 
8:25 2. g°F/min 
8:35 
8:45 
8:55 
9 :05 
9:25 

1O:OO Start 4-hour soak period 
14:OO End 4-hour soak period 
24:00 

8:00 



TABLE 37.- SUBLIMATION TEST DATA 

0 
Temp, F Time, Condition 

First cycle 

1 July 1969 7 5 1O:lO 
10 10:35 

-3 5 10:55 
-55 11:05 

-100 11:20 
-150 11:35 
-175 11:45 
-220 12:oo 
-250 12:lO 6.5 x lom6 mm Hg 
-315 12:25 Start 4-hour soak period 
-315 16:20 End of-4 hour soak period 

7 0 24:OO 760 mm Kg 

End of f i r s t  cycle 

760 mm Hg Pump Down 
310 nun Hg 

Initiate Shroud Cooling 

Start 4-hour soak period 
6.5 x mm Hg 
End of 4-hour soak 
760 mm Hg 

Tem~era ture  reduction rate was 2.75O~/minute average. 
End of second cycle 



TABLE 3 7 .  - SUBLIMATION TEST DATA (Concluded) 

0 Temp, F Time Condition - 
Third cycle 
3 July 1969 7 :40 760 mm Hg 

7:40:30 310 mm Hg 
7:40 Initiate Shroud Cooling 
7:50 
8 : 00 
8:lO 
8:20 
8:30 
8:40 
8:50 
9:OO 
9:lO 
9:20 
9:30 
9:40 

1 O : O O  Start  4 hour  soak period; 
14:OO 6 .5  x 10-6 TORR 
24:OO 760 mm Hg 

The temperature reduction ra te  was 2.8O~/minute average. 
End of third cycle 

Four th  cycle 
7 July 1969 75 

5 0 
-15 
-3 0 
-60 

-120 
-150 
-175 
-220 
-250 
-275 
-315 
-315 

7 0 
70 

The temperature reduction ra te  was 2 
End of 4 th  cycle; end of tes t .  

Initiate Shroud Cooling 

6.5 x 10 '~  TORR 

6.5 x TORR 
Start  &hour soak period 
6.5 x 10-6 TORR 

8O~/minute  average. 



Irradiation: Test  equipment is a Febretion - Research Lab - Electron 

Acceleration with pulse time of 2 x l o e 8  seconds at 2 x rad intensity. 
-4 

This gives a dose rate of 10 rad/sec.  The average electron enerpv is 1.5 
3 

MeV. In the X-ray mode, the intensity is reduced to  2 x 10 rad  o r  10'' rad/  sec. 
The normal beam is 1 cm diameter with Cobalt-60 a s  source, which proauces 
1,25 MeV photon-gamma rays  with a dose rate of 10 rad/  sec. Beam will 
accommodate three-inch-diameter disc. 

o Mirror  No. 4 in black anodized fixture simulation for one-month 
radiation exposure (refs. 12  and 17). Proton energy 20 keV 
2 , 6  x 101° protons/cm2 

Mirror No. 5 in black anodized fixture 

o Mirrors  No. 10 and 11 in black painted fixtures 

Simulation for one year radiation exposure - 3.6 x 10'' protons/ 
cm2 

o Proton energy 20 keV 

Vacuum aging: Seven mi r ro r s  a r e  being subjected to a vacuum aging 
environment, with test  results  to be  presented in a final report  addendum. 
This test  was combined with the IFC source vacuum aging tes t  and the tes t  
procedures a r e  discussed under that section. 

Test results. - -  The reflectance of the mi r ro r s  was measured as described 
in reference 12. Using the instruments which are  described in the reference, 
the specular reflectance at  normal incidence can be measured with high pre- 
cision. The major systematic e r r o r  usually encountered in reflectance mea- 
surements are either reduced o r  eliminated. Therefore, by using these 
instruments it is possible to make measurements of high-reflectance samples 
through the visible and infrared regions of the spectrum which are  good to  
rt0.001. The readout of each measurement vras made with instruments dis- 
cussed in reference 13. 

The measurements were performed by E. J. Ashley, co-author of reference 
13, and the results  reviewed by Dr. Bennett. Initial reflectance measurements 
were made and tQen the sample was rotated 90" and the measurements were 
repeated to obtain data on the uniformity of the reflectance. Measurements 
were made on four samples from Optical Coating Laboratories, four samples 
from Perkin-Elmer, and six samples from Precision Magnetics, Inc. 

The results  of the initial reflectance measurements at 1 5 . 0 ~  are  shown in 
Table 38. In the first column of the table, 1.0 means sample No. 1 and 1.9 
means sample No. 1, rotated 90"; then 2.0 means sample No. 2 and 2.9 means 
No. 2 rotated 90"; etc. The results  were reviewed and samples No. 3, 4, and 
13 were measured again because the first output results, the degree of uni- 
formity, were doubtful. The reflectance values for the second measurements 
a re  also shown in the table. The average uniformities of all measurements 



are  0.075% and, when using only the second readings for samples No. 3, 4, 
and 13, only 0.04 7% 

TABLE 38. -INITIAL REFLECTANCE OF SAMPLES AT 15p 

a Last two digits a r e  not reliable 

Samples denoted with a hyphen followed by a 1 o r  2 denote cases where 
the reflectance measurements were repeated and the results of both 
measurements a r e  shown. 

1. 0 indicates mi r ro r  # 1 in its initial position in the measurement appa ra tus .  
1. 9 indicates mi r ro r  # 1 90° rotated from its initial position in the mcasur~v-  
ment apparatus. 



of reading necessitated a second setup, and the average devi- 
readings from the initial reflectances is 0.1284, which is 

accuracy of 0.1%. This is an indication 6f the maxi- 
since this was determined from selected worst- 

determined from average data should be 
The spectral  reflectance a s  a 
is shown in Figure 121. 

The results. of the reflectance measurements on the samples after environ- 
mental test  ng a re  shown in Tables 39 and 40. The data shown in  Table 40 B a r e  with th samples rotated 90' from the position of those data presented in 
Table 39. For  these final data each measurement was repeated a second 
time to determine the precision of the data. These data a r e  also presented 
in Tables 39 and 40. The average precision of the data from Tables 38 and 
40 is 0.0356, which is less  than the average uniformity, o r  recision, deter- 
mined for  the initial reflectances. The average uniformity ! or the final test  
ta ta  is determined by the difference between the average of the data of Tables 
39 and 40. This also is shown in Table 39, and the average uniformity is 
0.030%. 

TABLE 39.-REFLECTANCE OF SAMPLES AT 1 5 ~  AFTER TEST 

Sample 
1 

1.0 
1.0 
2.0 
2.0 
3.0 
3.0 
4.0 
4.0 
5.0 
5.0 
6.0 
6.0 
7.0 
7.0 
8.0 
8.0 
9.0 
9.0 

1000.0 
1000.0 
1100.0 
1100.0 
1200.0 
1200.0 

Transmittance 

Average precision 

Reflectance 

98.317 
98.379 
97.284 
97.219 
98.544 
98.446 
98.434 
98.460 
98.522 
98.504 
98.681 
98.708 
98.368 
98.407 
98.316 

* 98.390 
98.428 
98.442 
98.440 
98.412 
97.283 
97.327 
97.694 
97.744 

0.045% 

AR I A(Ro.Rg0) 

1 0.030% 

0.062 

0.065 

0.098 

0.026 

0.018 

0.027 

0.039 

, Average 
Noniformity 

0.007 

0.026 

0.004 

0.045 

0.029 

1 

0.024 
I 

0.021 

0.074 

0.014 

0.028 

0.044 

0.050 

0.033 

I 0.020 

0.053 

0.002 

0.045 





TABLE 40. - REFLECTA.NCE OF SA.MPLES A.T 1 5 ~  
TEST ROTATED 90" 

Average Precision 0.025% ] 
a Last two digits are  not reliable 

The average uniformity determined seems to  be limited by the average pre- 
cision determined by the initial and final tests and seems to  be approximately 
0.05%. The maximum inaccuracy in setup could be 0.13$, a s  determined 
from the three repeated measurements of the initial reflectance measurements. 

A cornparison of the initial and final reflectance measurements is given by 
Table 41. The test  environment for each of the samples is summarized in 
Table 3 4 .  Samples 6 and 1 2  were used a s  control samples and were not ex- 
posed to  any of the environments. An average drop in reflectance of 0.0795 
was observed for these control samples, which is within the stated accuracy 
of the measurement. Significant changes, on the order of twice the measure- 
ment accuracy of the equipment, are  noted for samples 1, 2, 3, 4, and 8. 

Sample 1, gold coating on Cervit substrate, was thermally cycled in ambient 
environment and shows a decrease in reflectance of 0.18%. 



TABLE 4 1. - MIRROR REFLECTANCE TEST RESULTS 

Temperature 

a ~ a s t  two digits are not reliable. 

Sample 2, gold coating on Cervit  substrate, w a s  thermally cycled in  vacuum 
and shows a quite significant change i n  reflectance of 0.53% This  was tlotice- 
able visually; the sample was  observed t o  have a slightly da rke r  tone t o  the 
gold color  of the coating. 

The slight degradation observed fo r  sample 1, thermal  cycling in  ambient 
environment, could possibly have been enhanced by the thermal  cycling in 
vacuum, but the t e s t  data a r e  not conclusive since sample 11, a s imi lar  
m i r r o r  t o  No. 1 which went through both these t e s t s  and also the sublimation 
and radiation test ,  did not degrade significantly. 

Sample 3, gold coating on ultra-low-expansion quartz,  shows significant 
degradation. Th i s  sample and also samples  4 and 5 were enclosed in a baffle 
assembly  shown in  Figure  122, which was  coated with a black anodized 
mater ia l .  Three  s imi la r  m i r r o r s ,  samples  9, 10, and 11, were  mounted on 
s i m i l a r  baffle assembl ies  coated with a black paint. 

Samples 3, 4, and 5 show significant degradation with an average change of 
-0.234% compared t o  the  s imi la r  tested m i r r o r s  with painted baffle surfaces  
and an average change in reflectance of 0.067%. Thus, there s e e m s  t o  be no 





advantage of the hard anodized surface over the painted surface. Samples 3 
and 4 actually show a fairly significant degradation, but this is not seen in the 
similar sample No. 5; therefore, the data are  not very conclusive. 

Sample 5, gold coating on U L E  quartz, also showed significant degradation on 
thermal cycling in vacuum. 

Table 34, the summary of the mi r ro r  environmental test, showed four mi r ro r s  
being tested for each of the four environments. The average change in reflec- 
t a n c e ~  of the mi r ro r s  exposed to  each environment was 

o Temperature cycle - ambient - 0.132% 

o Temperature cycle - vacuum - 0.252% 

o Sublimation 0.162% 

o Radiation 0.127% 

Thus, the thermal cycling in vacuum appears t o  have the most significant 
effect on the reflectance stability. It i s  not clear,  however, f rom the tests 
run  that the environments affect reflectance in any given systematic o r  cycli- 
cal manner. It may be that the degradation observed i s  only an initial insta- 
bility and that repeated environment cycling would tend to stabilize the reflec - 
tance value. This conclusion is  supported by the data a s  presented in Table 
42. Note that the mi r ro r s  with higher initial reflectance values degraded most 
except for mi r ro r  2, which inhibited physical damage. This suggests that 
mi r ro r  reflectance might stabilize to  a value of - 98. 5% and exhibit minimum 
degradation about that value. It is thus recommended that additional testing of 
the above type be done in which the reflectance degradation be determined a s  
a function of the number of environment cycles. 

No final conclusions will be made until the vacuum aging tes ts  a r e  completed; 
however, the following tentative observations a r e  made: 

o Initial mi r ro r  reflectance fails to meet the 99% specified by 
the vendors. 

o The control mir rors ,  a s  expected, were among the three 
which degraded least. 

o Mir ro r s  subjected to all environments degraded less  than 
most other mir rors .  This was unexpected and yet is to be 
explained. 

o Mirrors  with higher initial reflectance tended to  degrade 
the most. 

o Mirror  2 was visibly degradedafter the thermal-vacuum 
test, perhaps because of a defective coating. As expected 
its reflectance decreased most. 



TABLE 42. - MIRROR REFLECTANCE TEST RESULTS 
IN ORDER O F  DEGRADATION 

Sublim. Anodize 

1 Mo Rad. Anodize 

Sublimation 

The overall long-term accuracy of the radiometer  is dependent on the emis-  
sivity stability and temperature stability of the calibration source. This  
dependence may be lowered somewhat by monitoring the temperature  of the 
cavity and applying correct ions for  the radiance of the source.  However, th is  
is not desirable since other e r r o r s  may be introduced into the calibration sys-  
tem.  

Initial efforts  to obtain a blackbody source for the inflight calibration sys tem 
to meet the ARRS long-term stability requirements were  directed toward 
designing a source. No commercial ly available source had been found to  meet 
the ARRS requirements.  The configuration of the source  that w a s  designed is 
shown in Figures  123 and 124. The cavity core  was  to be made f rom platinum 
to  match the the rmal  expansion of the platinum wire  sensors.  This  w a s  con- 
tained in a gold bushing which matched the the rmal  expansion of the bridge 







r e s i s t o r s  and had very good thermal t ransfer  characterist ics.  The cavity 
was  thermally isolated f rom the housing as  shown in Figure 1 2 4  to minimize 
power requirements.  A platinum monitor sensor was  provided on the cavity 
t o  monitor the operating temperature.  

Eventually a commertally available source  was found that, with modifications, 
appeared t o  be able t o  meet the ARRS requirements. This was an  Electro 
Optical Industries Model 1 2  1 blackbody source and controller.  The manufac - 
t u r e r8  s specifications fo r  this  source  a r e  given in Table 42. Discussions with 
Elect ro  Optical Industries personnel led to  a design which used no silicons 
that could come in contact with the control sensor  and used a four-wire hook- 
up between the control sensor  and the control bridge t o  minimize the effect of 
lead res is tance  drift. 

TABLE 43. - SOURCE SPECIFICATIONS 
Elect ro  Optical Industries Model 1944 

Temperature range 
Cavity 
Field-of-view 
Control sensor 
Control sensor leads 
Monitor sensor 
Control power 
Max input power 
Warmup time 
Dimensions 
Weight 
Cavity emittmce 
Cavity 
Type of control 
Stability (short term) 
Stability (long term) 

50 to  600'6 
0.080 in, 
10" 
Platinum resistance &er~nometer 
4 wire 
Thermocouple Pt/R 10% Rh 
4 W  
10 W 
10 min 
1 . 2 5 ~  0 . 7 5 ~  1.75 in. 
4 02 

0.9999 
Recessed cone 
Linear proportional 
0 . 0 8 ' ~  
0.1 c 

Model 121 with the above modifications was  then designated Model 1944. The 
temperature stability specifications show that this  source meets the ARRS 
requirements for short  periods. This  source was not tested for extended 
operating periods in the ARRS IFC. 

The stability of the cavity emittance is dependent only on the cavity geometry 
and the stability of the cavity coating . Elect ro  Optical Industries personnel 
state the stability of the emittance of the cavity coating material  at these 
temperatures  (below 600°C) is 0.94 (&l)%. They calculate the emittance of 
the cavity, which is a 15' extended conical cavity, t o  be 0.9999. The 1% 
variation of the coating emittance is expected to  vary  the cavity emittance 
only a few digits in the last  significant figure. 

Thus, emissivity stability is expected to  be of the o rder  of rt0.0005, which 
sa t is f ies  the ARRS IFC e r r o r  budget. Consequently, te  st s of ernis sivity 
stability a r e  not required. 



Tes t  Objectives 

Objectives of this tes t  a re  to  determine the long-term temperature stability 
of the Electro Optical Industries Model 1944 blackbody source operating in  a 
vacuum. In addition, a s  discussed under m i r r o r  reflectance tests,  a second 
objective is t o  determine the long-term degradation of m i r r o r  reflectance in 
a vacuum environment. Relative t o  reflectance effects, only the tes t  environ- 
ment is applicable; reflectance measurement techniques a r e  those discussed 
under m i r r o r  reflectance tests .  

Measurement Requirements 

The requirements of the inflight calibration source a s  derived f rom analysis 
of the inflight calibration system a r e  

o Source Temperature - 680°K 

)rc The minimum source temperature required to provide the 
maximum required calibration radiance level  

o Source Temperature Stability < 0.3OC 

b At this stability level the e r r o r  f rom this source becomes 
significant in comparison to the m i r r o r  reflectance 
instability e r r o r  

Thus, the measurement r e  solution of the source temperature measurement 
should be of the order  of O.l°C. 

Test Procedure 

The source stability tes t  was combined with a m i r r o r  vacuum aging test .  The 
source and the m i r r o r  a r e  placed in a configuration simulating the inflight 
calibration source and the collecting m i r r o r  (Figure 125). Another m i r r o r  is 
mounted s o  that it is shielded f rom direct exposure t o  the source  and source  
cavity. The m i r r o r  exposed to  the source cavity will be carefully examined 
fo r  any contamination deposited f rom the  source  during the test .  The unex- 
posed m i r r o r  will act as a control surface. 

The stability test  will be performed in a hard vacuum of t o r r  o r  better  
using a vac-ion pumping system, which is inherently a ve ry  clean vacuum 
sys tem and should introduce no contamination t o  the mi r ro r  itself. This t e s t  
will be performed a t  ambient temperatures.  

Thermal environment effect on the I F C  source stability was discussed with 
Electro Optical Industries. Two extreme operating cases  were considered - 
(I) connecting the source cavity to  a 150°K heatsink, o r  (2)  operation in a 
150°K heatsink). These differences in operation will cause an increase of 
approximately 1 W connected to a heatsink a s  opposed t o  operation without 



Metal bell jar 7 

/I , Unexposed mirror I 
Exposed mirror  

F igure  125. Source Stability and Mir ror  Aging Test 



connection to a heatsink. This increase r e f e r s  to  the power required to 
maintain the source a t  600°C, and would necessari ly be somewhat l e s s  fo r  
the 680°K ARRS source operating temperature.  The control point and oper- 
ating temperature would be unaffected by the use o r  nonuse of the heatsink. 

Source temperature will be monitored by attaching a platinumlplatinum 104  
rhodium thermocouple to the cavity material .  The thermocouple is attached 
by Ele c t ro  Optical Industries. The source design does not facilitate the 
attachment of any of the commercially available platinum resistance sensors .  
To obtain the desired temperature accuracy (resolution of 0, 1°C), the 
thermocouple emf will be compared to a standard platinum resistance ther-  
mometer a t t h e  operating temperature of 6 80°K before and after  the stability 
run. Comparison of the data before and af ter  the stability run will show any 
drift of the thermocouple calibration which may be applied to  the temperature 
stability data. If any significant temperature drif ts  occur during the test,  
the test  may be temporarily stopped and the thermocouple recalibrated to 
determine if the drift  was r ea l  o r  a change in thermocouple calibration. The 
relatively low operating temperature and operation a t  a se t  temperature 
should minimize the platinum thermocouple calibration drifts.  

Output of the thermocouple is measured with a potentiometer which has suffi- 
cient accuracy to resolve the O.l°C temperature accuracy required. The 
thermocouple emf may be calibrated to the desired accuracy by comparison 
against a standard platinum resistance thermometer.  

The t es t s  s tarted September 1969 and a r e  scheduled for  completion according 
to the schedule of Figure 12 6. 

CHOPPER 

F o r  ARRS the selected operating frequency is 4000 Hz. The torsional  chopper 
was selected to  provide the required chopping frequency. A torsional  chopper 
operating at 4000 Hz had not been made, although American T ime  did not 
believe that making such a chopper would be a problem. An al ternate solution 
is to  operate at  2000 Hz and chop twice per  cycle. No data a r e  available on 
the operational characterist ics of these  choppers a t  ARRS operating tempera-  
t ures ,  

Because no documented data a r e  available, and there  is  a n  uncertainty a s  t o  
the  operational characterist ics a t  the low ARRS operating temperatures.  t e s t s  
were devised for  evaluation of the stability of these  choppers. 

Four torsional choppers a r e  recommended for  testing, two of which operate 
a t  4000 Hz with one chop per cycle and two of which operate at  2 000 Hz with 
two chops per cycle. The general configuration of these choppers is shown 
in Figure 1 2  7 ,  and the specifications a r e  given in Table 44. 





TABLE 44. - CHOPPER SPECIFICATIONS 

2 .  Aperture chopping frequency 

3, Aperture to be chopped -- 
0.076 x 0 .380  

5. Temperature - -  units will operate 
f rom cryogenic temperature up to 

6, Altitude - -  f rom 1000 feet to  space 

7.  Frequency accuracy -- 1% from 
150" to 300°K is standard 

8, Drive circuit - -  the chopper shall  
operate f rom a Model 4A driver 
o r  equivalent 

Measurement Requirements 

Results of the analysis (Appendix G)  performed to determine the e r r o r s  gen- 
erated by the chopper amplitude, null-point, phase, and frequency instabili- 
t i e s  show that for  

A = Amplitude 

AA = Amplitude instability 

AX = Null-point instability 

A@ = Phase instability 

Af = Frequency instability 



Configuration II Configuration I 
Operating frequency 4000 Hz  Operating frequency 2 0 0 0  Hz  
Chopping frequency 4000 Hz  Chopping frequency 4 0 0 0  H z  

Figure  127.  Chopper Configuration and Envelope 



0 ,  1% e r r o r  contribution resu l t s  f rom the following pa ramete r  magnitudes: 

The effects of amplitude and frequency shif ts  will be removed by inflight cal i-  
bration; thus, these effects a r e  pr imar i ly  of in teres t  fo r  shor t - t e rm variations. 
Null-point shifts provide new frequency components which probably cannot be 
removed except in  ve ry  special  cases .  Phase-shift  effects a r e  removed by 
calibration only i f  there  a r e  no unknown transients .  

Thus, two types of measurements  a re  indicated: 

o Short- term effects  - -  Changes over  t ime in tervals  of up t o  
10 seconds, with a t ime resolution of l e s s  than one cycle 

o Long-term effects  - -  Period of in teres t  is one year, with a 
t ime re  solution of one minute 

The requi rements  a r e  t o  perform the t e s t  with the following resolution: 

- < 5 x with (2 x a s  a goal) A. 
- 4 

2 x 10 with (1 x a s  a goal) A 
n$ < *I0 

Any incompatibility of these  requi rements  with e i ther  chopper technology o r  
t e s t  capabilities would requi re  s t eps  t o  be taken in the  radiometer  design t o  
resolve the problem (e. g. , use  of synchronous gate wave); the  following mea- 
surements  requirements then would apply: 

Ad, 5 *lo0 



Discussions with American Time indicate no measurements of this  type were 
made at ambient temperatures  o r  cryogenic temperatures,  but they believe 
that the instability levels should be on the oPder of 

for  extended operation at a set  temperature.  No indication of the phase sta- 
bility was  stated, American Time indicated that with the use of the new alloy 
under consideration, which has  low hysteres is  effects, that they believed these 
instability levels o r  lower could be attained. 

Tes t  Procedures  

The chopper can be  tested in the vacuum tes t  chamber shown in Figure 128. 
The chamber houses an LN2 Dewar rese rvo i r  constructed of stainless steel. 

The exterior  surface  of the rese rvo i r  is coa.ted with a low emittance surface 
t o  minimize radiant t r ans fe r  with the outer chamber walls. The interior  
surface  is coated with 3M Black Velvet Paint. An inner chamber is  provided 
t o  supply a uniform temperature  shroud. The exterior  surface of the inner 
shroud is covered with a heating element which is controlled t o  provide a 
stable temperature environment f o r  the t es t  chopper over the temperature 
range 80°K t o  300°K. The vacuum chamber is a stainless s tee l  chamber with 
provision fo r  mounting the LN2 Dewar inside and is  provided with a vacuum 

valve fo r  isolating a sorption vacuum pump f rom the vacuum chamber. The 
sorption pump was chosen t o  provide a vibration f r e e  vacuum system. The 
top of the vacuum chamber is provided with a window for  visual observation 
of the chopper for  optical measurements.  

Figure  128 shows the experimental steup. The source aperture shown is lo- 
cated above the center  of rotation of the chopper blade. Radiant energy from 
the aperture is incident on a specular reflecting portion of the chopper vane, 
rectangular in shape and approximately I x 2 mm in size, with the narrow 
width perpendicular to the plane of the incident beam. Energy reflected off 
the vane is incident on the detector. With the ra t io  of the source-to-reflector 
distance and reflector-to-detector distance as  shown in Figure 128,  we get a 
magnification of 10X of the movement of the reflector position, and of the r e -  
f lector size, for  a source aperture of 0.5 x 2 mm, at the detector position, 
a s  shown in Figure 129. 





Reflected beam incident on detector 

Detector 
UDT-LSC-4 

Beam null posit ion 9 \ M o u n t  
I 

Reflected beam for 
l m m  reflector a t  

' I Reflected beam for (i! l m m  reflector a t  

+1,5mm deflect ion - .1,5m deflection 

Figure 129. Reflected Beam Incident on Detector 

The detector considered for the tes t  i s  a United Detector Technology LSC-4, 
This  is a single-axis, light -position-sensing silicon Schottky bar r ie r  photo- 
diode. Characterist ics of this silicon photodiode a r e  shown in Table 45 and 
F igures  131 through 133. 

TABLE 45. - CHARACTERISTICS OF POSITION DETECTOR 

Sens'tlvity 
('aim watt1 M i  1.1 

0 . 2  

Rise Time 
25 OHM Load 
(Nanoeecond, 

96 

NO' e Equivalent Po er 
(IOyHz, 1 Hr ,  85001) 

(Picmatt)  

1 . 4  

at ,,500 A 
(palpw) 

0. 5 

UDT Device No, 

LSCl4 

Dut$zge 
2 . 0  

Active Area 
(Inches) 

0 .1851  4 

Capitance 
90 to 5V 

BiPs or Full Depletion 
(Picofarad) 

1200 to 3600 



Wavelength, r 

Figure 130. Spectral Characterist ics of all  Models of 
Pin Photodiodes 



Figure  131. Relative Directional Sensitivity 
of P in  Photodiodes 

F igure  132.  Dark  Current  a t  10V Bias  v e r s u s  
T emp erat'ur e 



Light  spot posit ion 
(centimeters from center nu1 I) 

Spot diameter = 10 m i l  

Spot intensity = 1 0  pw 

Figure 133. Typical Performance 



The beam incident on the detector is an extended beam perpendicular to the 
axis  of the detector. This  was  considered to  minimize the effect of any verti- 
c a l  vibration of the chopper vane. Any variation in this direction will be due 
t o  nonumiformities of reflections along the length of the reflecting portion of 
the chopper blade. 

Detector sensitivity is an inverse function of the beam diameter. Measure- 
ments  on s imi lar  detectors (ref .  19) show that for a 0.6 mm diameter light 
probe the mean deviation in d-c output over the surface of the active a r ea  is 
f24,  and measurements with a 1. OP diameter probe gave mean deviations 
of 10% over the active surface a rea .  F o r  a 0.120-inch-diameter light beam 
probe there were very slight variations and these decreased with increasing 
spot size. F o r  the case  shown in Figure 129, the detector response fo r  the 
large beam size shown is l e s s  than I$.. 

The tes t  circuit is  shown in Figure  134. These photodetectors provide an 
e lect r ica l  output signal specifying the position of an input light spot signal 
that is relative to  fixed internal coordinates. When the input light spot is  
exactly at  the device center ,  null signal is generated. At other positions, 
the signal is  proportional t o  the light spot position f rom the center. The 
l ight  beam may be any diameter since the position of the centroid of the light 
spot is indicated. A separate  measure  of the total light falling on the detec- 
t o r  can be obtained f rom a mete r  placed between the battery and ground 
(Figure  134). Null position may be varied by varying the load res i s to r s  R1 
in Figure  134, 

/ Detector 

V = suppply voltage (2-50V) C 
RL = posit ion load resistors (1K-100K ohms) 

R = posit ion trim resistors (zero set) T 
R, = intensity load resistor (50-1K ohms) 

V1= posit ion voltage indicator 

V 2  = intensity voltage indicator 

Figure 134. Measurement Circuit 



A typical position detector performance is shown in Figure 133. This  shows 
the output voltage a c r o s s  the X-axis  load res i s to r s ,  a s  the light spot is scanned 
a c r o s s  the X-axis. This  shows approximately 6 mV output fo r  0 . 6  c m  displace- 
ment for  a 10-mil-diameter light spot of 10pW intensity. 

This  t e s t  setup can be easi ly calibrated t o  minimize the effects  of dr i f t s  in  
detector sensitivity o r  changes in output intensity of the light source. Inten- 
s i ty of the light spot on the detector  is monitored by V in Figure 134, but 2 
th is  i s  rea l ly  an indication of the light intensity and detector  response.  Th i s  
i s  a d-c voltage and can be set at any level, and i t  may be r e s e t  at a calibrated 
setting each t ime measurements  a r e  made by varying the l amp power. Thus, 
the position sensitivity may be calibrated each t ime measurements  a r e  made. 

A s  shown in Figure  134, the position of the center  of the  beam and the intensity 
of the beam modified by the responsivity of the detector  a s  the beam t r a v e r s e s  
the detector may be displayed simultaneously on a scope. Thus, the intensity- 
responsivity, a s  a function of displacement, may also be determined and nor- 
malized, Therefore,  we may minimize the variat ions of intensity and response 
on the displacement measurements.  

The possible use of a smal l  magnesium oxide coated integrating sphere, illu- 
minated by a tungsten filament lamp, fo r  a source is is being investigated. 
This  would provide a ve ry  uniform source and minimize the intensity-respon- 
sivity variations. 

Chopper frequency, amplitude, null point, and phase will be monitored a s  the  
chopper temperature is lowered f rom ambient (300°K) t o  liquid nitrogen tem-  
pe ra tu res  (80°K). Each chopper will  be run  at 80°K for  a period of four hours.  
The two most stable choppers then will  be selected and each run  for  a period 
of two weeks a t  the operating tempera ture  of 150°K. The following paragraphs 
give the procedures to be used t o  determine each of the chopper operating 
charac ter is t ics .  

Frequency stability. - -  Frequency of the chopper may be determined by 
monitoring the output of the detector, shown in F igure  127, by an electronic 
co~lnter .  The output of the counter may be fed into a digital-to-analog conver- 
t e r  with a r ecorde r  output. The requirement of 0 .05% accuracy poses no 
problem since the use  of an electronic counter to measure  the frequency should 
have a esolution of one cycle pe r  second. 

Null-point stability. - -  Null-point stability may be determined f rom the t e s t  
setup shown in  Figure  127. With the chopper operating, the d-c component 
of the voltage monitored a t  V1 (Figure 134) will  be an indication of the drift  of 

the null point of the chopper vane. The intensity-responsivity can  be cal i-  
brated by making V a calibration voltage. This  minimizes drif t  considerat ions 

2 
of source intensity and detector  response.  



Intensity-responsivity can be cal ibrated by setting the  voltage V2. The respon- 

sivity-intensity as a function of displacement can  be normalized f r o m  the cen- 
t e r  position by observing a t r a c e  of the  displacement signal and the  intensity 
voltage V2 simultaneously on a scope. The u s e  of a d-c null volt-ammeter ,  

which has  80 dB a - c  reject ion above 60 Hz with 0. 1 p V resolution, could be 
used f o r  setting calibration response  and reading the  d-c displacement voltage. 

Null-point displacement can be calibrated by providing a mount for  the chopper 
and detector  assembly which allows f o r  smal l  calibrated angular displacement 
of the chopper relat ive to  the detector  assembly. It appears that the required 
accuracy of AXIA 5; 3 x cannot be m e t  by th is  setup. Use of the optical 
l eve r  i n c r e a s e s  the beam size on the detector  and thus inc reases  the uniformity 
of the detector  response but does not decrease  displacement accuracy required 
at the detector.  However, i t  does increase  the displacement resolution at the 
detector  since it magnifie s the displacement. Displacement accuracy is st i l l  
l imited by calibration of the actual intensity-responsivity a s  a function of dis- 
placement. If uniformit ies  of source intensity and the detector  response a re  
in the o r d e r  of 2% and these  could be amplified and normalized with 10% cali- 
bration e r r o r ,  then we would be able t o  make measurements  on the order  of 
0.2% accuracy. The resolution attainable would depend on the noise level of 
the sys tem and instabil i t ies  of the detector response and the lamp-source 
intensity. Thus, since the measurement  requi rements  cannot be met by th is  
method, the following optical t e s t  may be used to determine the null-point 
st ability. 

The null-point of the chopper vane at r e s t  may be determined optically, using 
a ro ta ry  table, t o  the degree of resolution required. Th i s  would be accom- 
plished by measuring the angle between a radia l  indexing line on the top of the 
chopper case  and a radia l  indexing line on the chopper vane. This  measure-  
ment would use  a t raveling microscope a s  shown in Figure 128 and a Litz 
No. 7610 Imper ia l  Rotary/inclinable table with a stated accuracy of 5 seconds 
and readable t o  1 s e c  of arc .  Differential me asurements  over  smal l  differ- 
ent ia ls  should be better than that  f o r  wide angles. F o r  the resolution of 

0.35 x l o W 4  inches, a s  previously shown a s  required, a t  a radius  distance of 
0.625 inch a s  shown i n  Figure  127, the differential angular resolution required 
is A@ - 10 seconds. So m o r e  than sufficient resolution is available t o  determine 
the null-point with the desired resolution. Th i s  measurement  could be made 
a s  a function of the chopper tempera ture  f rom ambient t o  liquid nitrogen tem-  
p e r a t u r e s  by using the t e s t  chamber  a s  shown in  Figure  128. Provision would 
be made in the cover  plates i n  the in ter ior  chamber for visual observation of 
the top of the chopper. The vacuum chamber  with its internal  Dewar and 
chopper could be mounted on the r o t a r y  table. With the traveling microscope 
mounted about the windows, the angle between the indexing m a r k  on the chopper 
case  and the vane could be determined f o r  a number of temperature points a s  
the chopper tempera ture  is lowered f rom ambient t o  80°K. 

Amplitude stability. - -  Amplitude is determined by monitoring the peak-to- 
peak a - c  voltage a t  V1 of F igure  134 with a n  a-c voltmeter.  An al ternate 



approach is to monitor the output coil voltage, but this  i s  not a direct  measure  
of the amplitude excursions of the chopper vane. A s  previously mentioned, 
accuracy on the order  of 0 .2% is achievable, which i s  sufficient t o  meet require-  

ments of the amplitude measurements of AA/A of 5 x 

Cycle-to-cycle variations may be observed by display on a scope. Intensity 
voltage may also be displayed a s  previously mentioned, and may be used to 
normalize the intensity-response of the displacement signal t o  cor rec t  for  
variations in response over beam intensity as  a function of beam displacement. 

Phase  stability. - -  The phase considered here  is the phase relation between 
the chopper vane and the drive voltage. The output of the  detectors and the 
drive voltage a r e  fed into a phase detector, such as a lock-in amplifier. Phase  
detectors a r e  being investigated t o  determine if we can obtain sufficient resolu- 
tion t o  meet the measurement requirement. 

Cri t ical  Equipment Requirements 

American Time has stated they believe that the torsional  choppers they make 
will  meet the ARRS requirement. To date no measurements of the operating 
character is t ics  of these torsional choppers have been reported for ambient- 
temperature operation o r  at the low cryogenic temperatures  required by ARRS. 
Since so  little is known about the low-temperature operation of this type of 
chopper, i t  is necessary that evaluation t es t s  be made. 

If the choppers a r e  unable t o  meet the ARRS requirements, a synchronous 
gate wave amplifier and the stability requirements would be re laxes  t o  approxi- 
mately a 5% level. 

Te s t s  were proposed t o  determine at what temperature and after what operating 
life performance stability degrades. Since the apparatus will meet all mea- 
surement requirements except that required fo r  the null-point stability, these 
preliminary measurements will determine whether further testing with a 
higher level of accuracy is required. 

SPECTRAL FILTER 

Specifications for the bandpass filter to  be evaluated a r e  given in Table 46.  
R equirenlent s for ARRS are minimum emissivity, stability of the uniformity 
of spectral  transmittance, and spectral  band stability. The f i l ter  character-  
i s t ics  which require better definition a r e  

o Transmission 

..- Uniformity of the transmission 

..- Temperature stability of the transmission - Temperature stability of the nonuniformities of the t ransmiss ion 



TABLE 46. - BANDPASS FILTER SPECIFICATIONS 

cen te r  wavelength shal l  be equal t o  o r  g rea te r  than 70%. 

3. The t ransmiss ion a t  13.5 and 1 6 . 8 ~  shal l  be l e s s  than 1%; the 
integrated out-of-band t ransmiss ion shal l  be l e s s  than 0.01% 
below and above t o  24p. 

4. Vacuum - The component shall  be capable of operating with- 
out degradation in  a vacuum of 10- l3  t o r r  fo r  a period oi: 
one yea r .  

5. Tempera ture  - The component shal l  be capable of operating 
without degradation in a tempera ture  range of 77°K t o  300°K 
f o r  one year .  

6. Humidity - The component shal l  be capable of operating without 
degradation in a humidity environment of 95% for 24 hours. 

7. Size - 1.75-inch diameter  by 0.060-inch thickness. 

e Spectral  

D Uniformity of the spect ra l  bandwidth over the surface of the 
f i l te r  

a Temperature  stability of the spect ra l  bandwidth 

Tempera ture  stability of the nonuniformities of the spectral  
bandwidth 

e Reflectivity and emissivi ty magnitudes,, uniformity, and tempera-  
tu re  dependence in  band and outside of band 

Because the IFC illuminates only a portion of the bandpass filter,  the non- 
uniformities,  if any, have t o  be known. 

Multilayer f i l t e r s  a r e  designed by computers  using l aye r  ma te r i a l  whose index 
of refract ion is known at the "design temperature". Back layer  thickness is 
varied by computer until the required t ransmiss ion and spect ra l  interval at the 
I I design tempera tureN is obtained. Standard multilayer f i l t e r s  shift to  shor ter  
wavelengths when the f i lm tempera ture  is decreased.  The wavelength shift 
of a mult i layer  f i l te r  is essential ly a l inear  function of film tempera ture  be- 
cause  the  ma te r i a l s  which form the various l a y e r s  have indexes of refraction 
which va ry  l inearly with tempera ture .  Thus, the optical thickness of adjacent 



l a y e ~ s  can be perfectly matched only at  one temperature,  the "design tempera-  
tu re  . Figure 24 of reference 20 predicts a wavelength shift between 1 $ and 
2 ,  5% for  a f i l ter  a t  liquid nitrogen temperature.  

According to  OCLI, a 15-p f i l ter  with a 1 .8  half-power bandwidth and a tem-  
pera ture  drift f r om 40° to  60°K would have a center  wavelength shift of the  
o rder  of 20.125% with a change in peak t ransmiss ion of the o rder  of 2 % .  
With a special design and manufacturing effort for a design goal of 1004 uni- 
formity, a uniformity of 0.5% may be attained for  a 0.25-inch beam t ransver -  
sing a f i l ter  with a 0.9-inch c lear  aperture. The standard OCLI coating uni- 
formity over a flat filter 0.5 inches in diameter is 1 2 %  The amount of non- 
uniformity is expected to change slightly with decreasing temperature;  
however, OCLI stated that the nonuniformity and uniformity a r e  expected to 
remain constant with decreasing temperature.  No quantitative data based on 
actual measurements a r e  available, and OCLJ does not have the facilities t o  
make the desired measurements at cryogenic temperatures.  

We sults of a specific spectral  stability e r r o r  analysis, Appendix L, indicated 
that f i l ter  temperature and angular alignment inst abilities produce negligible 
e r r o r s ,  However, that analysis did not cover dl1 possible ARRS applications. 
Spectral band shifts with temperature should, therefore, be measured so that 
data will be available for  ARRS applications other than the one used in Appen- 
dix 4;- 

Tes t  Objectives 

The objective of the bandpass f i l ter  test  is to  measure  the spectral  t ransmit-  
tance and its uniformity in the temperature range of 300 to  80%. 

While it i s  desired t o  make reflectance and emittance t e s t s  also,  it is not 
known at  present if such t es t s  a r e  available. Conversations with personnel 
at  the Naval Weapons Laboratory, Corona, California indicate that the labora- 
tosy may have the capability required. If this  proves t o  be the case ,  a revi- 
sion of this tes t  will be proposed to  include such tests .  

Measurement Requirements 

The most significant requirement is the ability to  measure the spect ra l  t r ans -  
mittance and its uniformity with an accuracy of 2% and a precision of 0.1%. 

The prec.ision of 0. 1% is obtained fo r  relative transmission values with the 
instrument readout on the Datex recorder .  This precision resolution is depen- 
dent on the stability of the spectrometer source and the associated electronics 
and appears t o  be constant over a long enough time t o  enable 0. l$precision 
measurements. 



Tes t  P rocedures  

Apparatus that could be used f o r  these  t e s t s  cons is ts  of a Beckman IR-12 spec-  
t rophotometer  and a n  A i r  Products  and Chemicals ,  Inc. Cryotip model AC -3L 
heat  exchanger. The  outline of the  heat exchanger is shown in Figure  135. 
T h e  s y s t e m  schematic flow diagram is shown in F igure  136. 

The present  cryos ta t  configuration cannot accommodate the 1 .75  -inch diameter  
f i l ter ;  therefore,  a sample mount and a l a rge r  vacuum shroud with infrared 
transmit t ing windows must  be made. The vacuum shroud and sample mount a r e  
shown in  F igure  137. The holder  for  mounting the cyrotip Dewar to  the Beck- 
man  IR- 12, shown in  Figure  138, holds the cryotip Dewar with mounted sample 
in the spect rometer  beam. Th i s  mount allows for  movement of the cryotip 
Dewar with the mounted sample a c r o s s  the beam in  the horizontal and vert ical  
direct ions t o  provide uniformity measurements  on the sample f i l te r  surface. 
Small  ape r tu res  a r e  placed in  the spect rometer  beam before and after the cryo- 
top windows t o  define the beam size t ravers ing  the  f i l ter .  

Spect ra l  t ransmiss ion of the f i l ter  f rom 2 .5  t o  20p, the detector cutoff, will be 
measured using the full spect rometer  beam size. These  measurements  will 
be made f rom ambient design tempera ture  300°K down t o  80°K intervals .  

Aper tures  a s  smal l  a s  possible, compatible with the energy transmit ted by the 
sample filter,  will be interposed in  the spect rometer  beam before and after the 
cryos ta t  windows. These ape r tu res  will define the  size of the beam incident 
on the  f i l te r .  The t ransmiss ion uniformity measurements  will be made at 
th ree  wavelengths within the bandpass of the f i l te r .  The three  wavelengths a r e  
the center  wavelength, determined f rom the spect ra l  bandpass measurements  
a s  a function tempera ture  in the previous spect ra l  measurements,  and the two 
half-power points on e i ther  side of bandpass, also determined by the previous 
spec t ra l  measurements .  These measurements  will be made in a single- beam 
mode fo r  maximizing the energy t ravers ing  the ape r tu res  and the f i l ter .  There 
i s  sufficient source  and electronics stability t o  easi ly resolve 0. 1 %. With 
the  spect rometer  at a set  wavelength, the  f i l te r  in the  cryotip mount will be 
moved a c r o s s  the spect rometer  beam, horizontally and vert ical ly through i t s  
center ,  to determine the relat ive uniformity. The resolution of the uniformity 
that  can  be attributed t o  the  f i l te r  could also depend on the uniformity of the 
window mate r i a l  of the vacuum shroud. 

The window mate r i a l  will be potassium bromide (KBr), which has  very  high 
transmission,  more  than 90% at 1 5 ~ .  This  mater ia l  is slightly hygroscopic, 
but with careful  handling moisture absorption can be minimized. The unifor- 
mity of the t ransmiss ion of these  windows, mounted in place on the cryotip 
Dewar, will  be determined before the f i l ter  uniformity t e s t s  a r e  run. The 
mount f o r  the cryotip Dewar has  provision for re-establishing cryotip Dewar 
position to  bet ter  than 11 10 of the uniformity t e s t  beam diameter .  

The  f i l te r  uniformity measurements  will be made at approximately the same 
t empera tu res  a s  the spect ra l  bandpass measurements.  



L ~ o l e s  for l iquid level controller 
Support rods 1/4-20NC 

Figure 135. Heat Exchanger Outline 



Compressed gas supply 

T o  vacuum pump 

Vacuum shroud 

Figure 136.  System Schematic Flow Diagram 



4.00 dia 

Figure  137. Cryostat  Vacuum Shroud 



Figure 138. Filter Test Setup 



DETECTOR 

In the feasibility design study, NASl 6010 (ref.21), the  Ge:Cd detector  was 
selected a s  the pr ime detector approach. Th i s  detector  subsequently was  
selected a s  an ARRS baseline component. Resea rch  of the l i t e ra tu re  indicated 
that very  limited data a r e  available on th is  detector  type. F igures  139, 140, 
and Table 4 7  a re  extracted f rom a state-of-the-art brief  by Santa Barbara  
Resea rch  Center  (SBRC), dated January 1968. 

Table 4 7  gives pertinent blackbody tes t  data on representat ive SBRC Ge: Cd 
detec tors  made f rom two different single c rys td l  ingots. One ingot had a Cd 

5 3 3 concentration of 2 x 10 Cd a toms /cm while the other  had 5 x 1015 a t o m s l c m .  

These data ref lect  recent  SBRC-developed techniques f o r  increas ing the  Cd 
content in Ge:Cd by about one o r d e r  of magnitude over  that previously used. 
Detectors  made f rom the more  heavily doped mate r i a l  exhibit 500°K blackbody 
D:l:s approximately twice that of previous mater ia l ;  furthermore,  the  spec t ra l  
response curve is found t o  be f r e e  of lattice absorption dips and the shor t  
wavelength response is improved. Th i s  condition is shown in  F igure  139. 

'The D::: ve r sus  tempera ture  da ta  shown i n  Figure  140 indicate that Ge:Cd is BB 
background limited at t empera tu res  below 27°K under the condition of 60" fov 
of room temperature background radiation. Th i s  measurement  was  made with 
the previously doped material .  Present -day mate r i a l  has  a D::: i n  the pla- 
teau region twice that shown by Figure  140. BB 

The detector  analytical model is based on theoret ical  detection physics. Real  
detectors  only approach a detector  analytical model in  its operating charac ter -  
i s t ics ,  leaving some uncertainty in detector  behavior between a detector  ana- 
lytical model and a r e a l  detector.  In the radiometer  analytical model the 
detector model uncertainty manifests  itself in an output uncertainty. Measure-  
ment of the detector operating charac ter is t ics  would provide information on 
the performance of a r e a l  detector  and reduce the detector  model  uncertaint ies  
and the effect on the radiometer  output uncertainty. In general  these  uncer-  
taint ies  a r e  any anomalous functional change in  a performance pa ramete r  such 
a s  the response ve r sus  irradiance curve. If the  shape of th is  curve  changes, 
then the number and/or  levels  of the inflight calibration points requi red  fo r  
a cer ta in  accuracy may  be changed. A detector  t e s t  is recommended t o  s e a r c h  
and evaluate such potential problem a reas .  
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Figure 139. Spectral Detectivity for Two Ge:Cd 
Detector Elements 



Background temperature: 300" K 
Background FOV: 60" 
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Figure 140. Detectivitv versus Operating Temperature for 
Ge:Cd Detector 



TABLE 47. - R.EPRESENTATIVE DATA' ON SBRC 
Ge:Cd IR DETECTORS 

Detector 
Number 2-A 

Cadmium 
concentration 
(atoms/cm3) 

Sensitive a rea  
(mm x mm) 1 2 x 2  

Optimum bias 4 1 
voltage (V) 

Optimum bias 5 00 
current (vamps) 

d-c resistance at 
optimum (KR) i 82 

Field strength at 1 200 
optimum (V/ cm) 

Field of view 30 
( ") 

Open circuit 
r e  sponsivity 
(V/W) 

Open-circuit noise 0 . 8 1  x  
( 1  Hz b.w.) 
( v / H z ~ / ~ )  

D:; (500' 1800) 11.6 x  10 10 
(cm H Z ~ / ~ / W )  

All measurements made with detector cooled to liquid helium temperature. 

3 55 



Detector performance also affects design tradeoff considerations. Radiometer  
deslgn charac ter is t ics  that a r e  strongly affected by the detector  performance 
a r e  the f number, optics type, and operating tempera ture .  If the detector  is 
BLIP at a given operating temperature,  the radiometer  NER is independent of 
f number since D'i:/f number -,constant. This  leads t o  consideration of slowing 
the optical system down t o  achieve bet ter  fov and/or  resolution. Th i s  slowing 
must,  i n  turn, be traded off against the effects of t ighter  coupling to  sys tem 
tempera ture  shifts and electronics problems associated with the higher im-  
pedances, If the detector is non-BUP, however, optical speed will be em-  
phasized. The actual operating charac ter is t ics  of the detector  a r e  required 
t o  predict i t s  performance within the different configurations under consider a- 
tion. 

Specifications f o r  the Ge:Cd detector a r e  given in Table 48. Small dimensions 
of the ARES detector  a r e  the cause of another a r e a  of uncertainty. Detectors  
of this  type with dimensions of 0.3 m m  and smal le r  exhibit a double t ime con- 
stant at tempera tures  above 10°K. Th i s  t e s t  will  provide a measure  of the 
magnitude of th is  t ime constant so  i t s  effect can  be anticipated. 

TABLE 48. - DETECTOR SPECIFICATIONS 

1, Detector - Ge:Cd 6. Bandpass - 500 Hz - best 
effort t o  4000 Hz 

2 ,  Source - Santa Barbara  
Research  Center  7. fov - 28" 

3 ,  Eliement s i z e - 0 . 1 x 0 . 5 m m  8. Coo ledpreamp 

4 ,  Photon flux - 5 x 10 12 9. Standard heat sink package 

5. 17s:;: - 5 x 1012 best effort 

to 1 x 10 13 

The change in signal levels  anticipated f o r  ARRS is quite la rge  (ear th  t o  space 
backgrounds); therefore,  consideration must  be given to  the rmal  gradients  
a c r o s s  the detector and t tmemory" o r  time constant. Calculations indicate 
that th is  is not a problem; however, a t e s t  is planned t o  investigate th is  
effect, 

The tes t  outlined here will provide data for  comparison with and augmentation 
of vendor information and supplemental information on response a s  a function 
of background flux at various detector  t empera tu res  and chopping frequencies 
up to  4000 Hz. The spectral  response measurements  on the detector  a r e  
expected t o  be more  accurate than vendor measurements .  Th i s  improvement 
is obtained by the use  of an improved standard reference f lat-response 
detector ,  



T e s t  Objectives 

The detector  charac ter is t ics  to be determined by these t e s t s  include: 

Detector  res is tance  v e r s u s  background flux will  be measured at 
various detector t empera tu res  and bias. This  is to verify that 
the re  is a d i rec t  l inear  relationship between background flux and 
detector  res is tance  at t empera tu res  below which the detector is 
background limited, and will  determine the maximum tempera-  
tu re  for  background-limited operation f o r  a given background 
flux. 

ea Detectivity (responsivity and noise) in  the 14 t o  15p range will 
be measured a s  a function of background flux and chopping f re -  
quency and bias currents .  

s Spectral  dependence of responsivity in  the  2 t o  20p range will be 
measured.  

ca Effects  of high the rmal  loads on detection will  be determined. 

Measurement Requirements 

Measurement data will be used t o  verify detector modeling. Required accuracy 
is approximately 5%. Accuracy obtainable is limited by the calibration of the 
InAs emi t t e r s  (determining the blackbody flux on the detector passing through 
the Dewar window, and spike f i l te r  at approximately 15p a s  described in the 
following procedure).  With careful  determinations of spect ra l  t ransmiss ions  
of window and filter,  the accuracy should be approximately 5%. 

The ranges  over  which the measurements  will  be made a r e  

o Background flux levels  

L The lowest background flux level is attained with the  p r imary  
at 160°K and the ce l l  shield at 50°K and gives a level  of 1 . 7  

16 x 1013. The maximum signal level is 1 .5  x 10  . 
s Chopping frequency range 

P The operat ing frequency determined for  the  radiometer  
sys tem is 4000 Hz. The detector  charac ter is t ics  will be 
determined f rom below the knee of the frequency response 
curve t o  the operating frequency (-20 Hz t o  4000 Hz).  

ca Temperature  range 

c The detector  cha rac te r i s t i c s  will  be determined for detector  
t empera tu res  of 7" t o  20°K with emphasis  of 10" to 14OK ranges.  



T e s t  Procedure  

A diagram of the t e s t  arrangement proposed for  detector  t e s t s  is shown 
in  Figure  140. The t e s t  Dewar is a Texas  Instruments ' ' ~ r ~ o f l a s k "  Type 
CLF-3  in  which the detector-preamplif ier  package and its cooled enclosure 
a r e  mounted. With th is  Dewar and a tempera ture  control ler ,  the tempera ture  
of the detector  can  be varied f rom about 10" t o  20°K. 

Responsivity measurements  a r e  made using a variable t empera tu re  blackbody 
with variable frequency radiation chopper and a lock-in amplifier.  Detector  
res is tance  will b e  determined by measur ing the detector  b ias  current  with a 
vibrating-reed electrometer .  

Noise measurements  a r e  made by closing the blackbody aper ture  and measur -  
ing the r m s  valve of the random fluctuations at the output of the lock-in ampli- 
f i e r  with a long time-constant the rmocou~le - type  RMS voltmeter .  Th i s  
method of measuring noise using the Lock-in Amplifier is ve ry  conveni- 
ent since the instrument has  a low-noise figure f o r  the type of input impedances 
involved and the noise bandwidth can be varied over a wide range simply by 
varying the output t ime constant. The noise spect rum is easi ly obtained by 
using the instrument i n  the  "internal mode" and varying the  frequency of the 
tuned-amplifier stage. All apparatus shown in  F igure  141 is current ly  se t  up 
and available for  use. 

Although i t  is desirable t o  va ry  the background radiation over  a wide range 

(preferably f rom 1012 t o  1016 photons/cm2 second), it is totally impract ical  
within the required t ime l imi t  and budget t o  do s o  by using external  blackbody 
tempera ture  variat ions and cooled neutral  density f i l te rs .  A much more  con- 
venient and perhaps  more  accurate method of varying the background radiation 
on the detector is t o  use  a calibrated InAs diode emi t t e r  inside the detector  
enclosure. Since the  InAs diode e m i t s  at a much shor te r  wavelength (3 .  Op at  
4 .2"K)  than the absorption edge of the Ge:Cd detector,  the use  of the InAs 
emit ter  is a ve ry  effective way of placing a known background flux on the 
detector ,  

The blackbody source and chopper, and the intervening path t o  the Dewar, 
will have t o  be placed in  a d r y  nitrogen purged atmosphere t o  reduce the 
attenuation of the 15y radiation by the atmospheric C 0 2  absorption in  the 14 
to  16.3 wavelength region. 

To  reduce the background level in the absence of emi t t e r  t o  approximately 

1012 photons/cm2 seconds, a cooled-spike f i l ter  peaked at 15y and cooled 
neutral  density f i l te rs  will be used in conjunction with a narrow fov for  the 
detector (5" t o  10"). An accurate calibration of the InAs emi t t e r  for  back- 
ground energy at 15y can then be obtained by placing a known source of black- 
body radiation in the detector  fov and measuring the res is tance  change of the 
detector ,  The emit ter  is then excited with a d-c cu r ren t  t o  produce the  s a m e  
change of resistance.  When th is  procedure is repeated for  seve ra l  known 
levels  of blackbody radiation, the  emi t t e r  is then calibrated in  t e r m s  of the 
15p radiation. 





Due to  the limited output of available InAs emit ters ,  even at low tempera tu res  

(n = 3 x l o 5  photons/ second) the re  is doubt that the background photon flux can 
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be extended to  beyond approximately 5 x 10 photons/cm -second using a 
single emi t ter .  By the u s e  of an appropriate lens  and slightly focusing energy 

on the detector, the range should be extended t o  approximately 1016 using two 
emit ters .  

The alternative t o  using the 3p emitted energy of the InAs emit ters ,  calibrated 
at 16p to  provide the background photon flux levels,  is t o  use  an external  
source and calibrated neutral  density f i l te rs  t o  attenuate the ambient tempera-  
tu re  background flux. This  alternate would be an extremely time-consuming 
measurement process,  because each f i l ter  would have t o  be calibrated at LHe 
tempera tures  and each background flux measurement  would necessi tate  a new 
r u n  t o  replace the neutral  density f i l ters .  Th i s  also requ i res  bringing appara-  
t u s  back to ambient and replacing f i l t e r s  and recooling t o  liquid helium tem-  
pera tures .  The background flux levels  a r e  not continuously variable a s  with 
the use  of the I d s  emi t ter  but a r e  limited by the number of neutral  density 
f i l t e r s  used. Thus, th is  alternate method would requi re  approximately t h r e e  
t i m e s  the helium and th ree  t i m e s  the labor required a s  using I d s  emi t t e r s  
and would provide l e s s  information. 

Use of a controlled blackbody cavity around the detector  may also be used t o  
provide the background flux. The cutoff wavelength of these  type detec tors  
a r e  nea r  the peak of the blackbodyarve for  these t empera tu res  and thus the 
background flux is extremely sensitive t o  the tempera ture  of the cavity a s  
shown in Figure  142. Th i s  method would requi re  the modification of exist ing 
equipment, and i t  would be extremely difficult to obtain data a s  accurate a s  
the proposed t e s t  procedure. 

Relative spect ra l  response is determined using a Beckman IR-12 double beam 
spectrometer .  The l R - 1 2  is equipped with an external  double-beam mount 
which separa tes  the two beams after  passing through the  monochrometer  and 
provides f o r  a comparison of the response  of two detectors .  The usual  method 
is to compare the response of the sample detector  t o  that of a blackened vacu- 
um thermocouple, which is assumed t o  have a flat response  with wavelength. 
The spectral  response of these detectors  was  shown to  fall  off quite rapidly 
past 10p by Eisenman (ref .  22) .  Attempts were  made to  determine the  
relat ive response  and t o  co r rec t  for  the  falloff. 

These measurements  will  be made with the detector operating in  its background 
limited condition. Absolute spect ra l  response and D::: a r e  obtained by adjusting 
th i s  relative response t o  the absolute r e  sponsivity and m e  asurements  made 
with the calibrated spike f i l te r  in  the previous measurements .  



1800 f ie ld o f  view 

Background temperature, " K 

Figure 142. Absorbed Background Photon Flux versus  Blackbody 
Background Temperature for Various IR Detector 
Cutoff Wavelengths 



Effects of thermal  gradients  in the detector  induced by the high-flux loads on 
the surface of the detector  may be determined by removing the detector  bias 
andobserving the detector output while the  detector  is flooded with a high-flux 
load. Any voltage observed will  be due t o  thermally induced electromagnetic 
forces.  

The limiting accuracy for these measurements  is the accuracy of the calibra- 
tion of the InAs emit ters .  Most of the detector  measurements  may  be made 
concurrently except for  the  relat ive spec t ra l  response  which is determined a s  
a separate test.  The initial effort will be calibration of the  InAs e m i t t e r s  
against a blackbody with the detector  t e s t  measurements  following. 

DETECTOR MOUNT 

Alignment of the optical elements and the detector  assembly  i s  ext remely  
cri t ical .  Relative motion between the detector  and the lens  will  cause a shift 
i n  the focal point and consequent l o s s  of signal. Studies conducted on s imi la r  
radiometer  sys tems  indicate that se r ious  defocusing can occur  for  dimensional 
changes along the optical path in  the o r d e r  of 0 . 1  to 1 mil.  The budget f o r  
misalignment of the detector  and field stop is 0.3 a r c  sec. At 20-inch focal 
length, 0. 8 a r c  s e c  r ep resen t s  a motion of 0.0000774 inch, o r  somewhat l e s s  
than 0 . 1  mil.  The dimensional sensitivity of the  sys tem under study h e r e  is 
expected t o  be  in the  s a m e  range, but will not b e  determined until detailed 
analysis is done. The alignment of the  secondary lens  assembly and detector  
is especially difficult, s ince  these  components must  b e  cooled f rom ambient 
tempera ture  t o  operating t empera tu res  of 60°K and 20°K, respectively. 
Substantial contraction of the elements takes  place during th is  t empera tu re  
reduction and emphasis mus t  b e  placed on mounting techniques which mini- 
mize  the  cooldown deflections o r  which lead t o  highly predictable deflections. 

The possible flight configurations of the detector assembly and the re lay  l ens  
assembl ies  is severely limited by the requi rements  of low heatleak in o r d e r  
to  minimize solid cryogen requirements.  Of the many configurations studied, 
the best configuration for  detector support appears  t o  be one in  which the 
detector is supported by taut filaments. Other configurations lead t o  much 
higher heat leaks. The design of the re lay  optics assembly is dictated by the  
same considerations; however, the cryogen requi rements  a r e  not a s  severe  
and therefore there  a r e  more  choices in the design. Two configurations which 
appear attractive a r e  where 

o Taut filaments a r e  used, s imi la r  t o  the  detector  support 

Concentric f iberglas tubes a r e  used f o r  support of the re lay  
optics assembly 



Concentric f iberglas tubes a r e  required t o  provide maximum thermal  conduc- 
tion path length and minimum the rmal  conductivity. Of these two choices, the 
taut filament sys tem was  c lose r  f o r  this  t e s t  pr imar i ly  because i t  is expected 
t o  resul t  in  l e s s  movement of the system when cooled t o  operating tempera-  
tu re  and the  heatleak is lower. This  design is believed to  be the best design 
t o  t e s t  because it is most  representat ive of a flight system. 

Calculations shown in Appendix K indicate the feasibility of meeting the ex- 
t r emely  tight dimension and alignment requirements.  To substantiate and 
fu r the r  explore this  a rea ,  t e s t s  a r e  necessary  on prototype assemblies,  These 
t e s t s  require cooling to  the  operating t empera tu res  with cryogenic fluids and 
the  p rec i se  measurement  of the location of the cr i t ica l  elements before and 
af ter  cooldown. In addition t o  th is  p r imary  t e s t  objective, the heatleak t o  the 
components can  be measured t o  substantiate predictions on cooler  requi rements  
t o  maintain the assembly at operating tempera ture  f o r  one year .  

Measurement of the heatleak to  the components can  be achieved a s  a byproduct 
of the main t e s t  objectives and will be valuable in the design of a flight system. 
These  measurements  can be made with a relat ively smal l  additional increase  
i n  cost and tes t  t ime.  Very lit t le p r i o r  experience is available on the heat 
r a t e s  t o  assembl ies  such a s  these.  The vas t  major i ty  of operational o r  flight- 
type detec tors  in  use  now and in  past  y e a r s  were  cooled with closed-cycle r e -  
fr igerat ion systems.  These sys tems have large  cooling capacities,  of the 
o r d e r  of seve ra l  watts, s o  that detector  support techniques do not have t o  concen- 
t r a t e  on a low heatleak to the degree  required here. The heatleak required for 
th i s  detector  assembly to  resul t  in  a low-weight cryogen system a r e  on the  
o r d e r  of 10 mW, and a s  such requi re  prec ise  the rmal  design. Although some 
heatleak data a r e  available on detector  assembl ies  f o r  s imi la r  systems,  these 
da ta  a r e  limited and a r e  general ly for a complete system including heatleak 
f r o m  other  sources  such a s  insulation, etc.  The specific measurement of the 
heatleak t o  detector  and re lay  lens  assembl ies  is considered t o  be highly 
de sir able. 

T e s t  Objectives 

The basic objective of the proposed t e s t s  is t o  determine the operating 
cha rac te r i s t i c s  of the detector  mount assembly when cooled to  i t s  cryogenic 
operating tempera tures .  The p r i m a r y  operating charac ter is t ics  t o  be explored 
in  these t e s t s  fal l  into the two broad ca tegor ies  of heat t r ans fe r  effects and 
optic a1 alignment effects. Included in the category of heat t ransfer  effects 
a re :  

Measurement of the heat t r a n s f e r  r a t e  t o  the detector  support 
assembly  

o Temperature  distribution in detector mount assembly 



Determination of the heat transfer rases to the assembly i s  of paramount 
importance in the determination of the size and weight of the solid-cryogen 
cooling system anticipated for  use with the radiometer system. The experi- 
mental determination of these heat transfer rates also provides a basis for  
assessing the accuracy of the analytical predictions used to  size the solid- 
cryogen cooling system. 

Determination of the temperature distri:--1tion in the assembly provides infor- 
mation on the ease of maintaining the assembly at the desired operating tem- 
peratures. The temperature gradient from the lens or  detector assembly, 
down the flexible link connection and down the thermal link ta the cryogen, 
will be determined and compared with predictions. 

The optical alignment effects primarily consist of determining the dimensional 
change in the critical optical dimensions which resul ts  from cooldown from 
ambient temperature to operational temperature. The intent i s  to  measure 
the location of the detector mount facing both axially and radially before and 
after cooldown. In addition, the radial and axial location of the secondary 
lens housing will be measured at various temperatures. The information 
gained from the tes t s  wil l  be used to  determine the suitability of the mounting 
technique and the accuracy of the analytical predictions of thermal contraction 
of the components. The results  will indicate the feasibility of using a passive 
alignment technique in which the optical elements are  misaligned at room tern- 
perature so that cooldown contractions will bring the elements into focus at 
operating temperature. 

Secondary objectives of the testing a re  to  determine the resistance of various 
materials to  the thermal cycling at cryogenic temperatures and to  evaluate 
fabrication techniques. 

Measurement Requirements 

The measurement requirements fall into two categories. 

'The change in position of the detector mount and the relay optics 
after cooldown must be measured. Autocollimators will be re-  
quired to  make these measurements. The desired accuracy of 
the measurements is 0 .1  mil, which is believed to  be within 
the capability of such a device, since measurements of 1 arc  
sec can be made. 

cr, The heatleak to  the detector assembly and to  the relay optics 
housing must be determined by measurement of the boiloff 
rates.  These boiloff ra tes  will be measured with a precision 
wet test  meter. Accuracies of k3% can be obtained with this 
instrument, which is adequate for the test  objectives. Tem- 
perature measurements will also be made at various locations 
as  shown in Figure 143. Platinum resistance thermometers 
will be used in critical areas  to obtain the required accuracy. 



Tes t  P rocedures  

A bas ic  t e s t  setup that could be  used is shown schematically in Figures  143 and 
144. The t e s t  setup includes a vacuum chamber capable of p r e s s u r e s  of 10-6 
t o r r  o r  be t ter ,  which is used t o  contain the  de tec tor l lens  assembly and the 
cryogens requi red  f o r  t empera tu re  control. Two cryogen containers will be  used, 
one t o  hold liquid nitrogen and the  other t o  hold liquid helium o r  liquid neon. These 
cryogen containers  will be  ther-mallg isolated f rom the ambient environment by 
means  of low thermal  conductivity f iberglas support columns and multilayer 
insulation. By reducing the heatleak in  th is  manner, the  cryogen boiloff will 
be sensitive t o  heat inputs f rom the detector  mount and secondary lens  mount, 
allowing the  heat r a t e s  to  these components to be measured.  

Detector  and re lay  lens  mount assembl ies  will  be placed within the vacuum 
chamber  on a removable flexible bellows assembly. The purpose of the bellows 
is to  s t ruc tura l ly  disconnect the assembly  f rom the vacuum chamber s o  that 
chamber  cooldown and vibration will not have an effect on the positioning of the 
assembly. The assembly can be removed and replaced with alternative configu- 
ra t ions  without the removal  of the entire  cryogen container assembly. The op- 
t i ca l  assembly will be rigidly mounted t o  a solid reference point such as  a 
marble  table o r  cement s lab  which will  provide a solid nonmoving reference 
point for  the  optical measurements .  The optical assembly will be thermally 
connected t o  the nitrogen and helium cryogens by means  of a copper (OFHC) 
rod  which will contain a the rmal  switch o r  removable the rmal  joint for  the rmal  
coupling and decoupling. The the rmal  switch will  allow the measurement of 
the  cyrogen boiloff with and without the  optical assembly coupled t o  the cryogens 
s o  that the heatleak t o  the detector  and re lay  lens  assembly can be determined. 
Tempera ture  measurements  will be made at c r i t ica l  locations a s  shown in  
F igure  143. Accurate tempera ture  measurement  of the detector assembly will 
requi re  the u s e  of a platinum res is tance  thermometer .  Other locations will 
incorporate thermocouple measurements .  

Two wet t e s t  m e t e r s  will be required to measure  boiloff r a t e s  f rom the two 
cryogens. A large  variation in the control of the detector and re lay  lens  
assembly  tempera ture  range will  be available. The tempera ture  of the liquid 
nitrogen is nominally 77°K at 1 atmosphere, but th is  tempera ture  can be r e -  
duced t o  63.1°K by pumping on the vent line and reducing the p ressure  above 
the  LN t o  92 to r r ,  o r  the tempera ture  can be reduced fur ther  t o  approximately 
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45°K by fur ther  p r e s s u r e  reduction and formation of solid nitrogen. The he- 
l ium at 4.2% will be used t o  cool the detector assembly t o  the nominal 15 to  
20°K required for  the detector.  Th i s  will  be accomplished by providing a 
hea te r  on the thermal  link and providing a suitable the rmal  res is tance  in the 
the rmal  link. In th is  manner, the detector tempera ture  can be adjusted t o  
var ious  t empera tu res  with the  heater  a s  required.  



Viewing v\i 

F lexib le 
be1 lows 

X - location of temperature measurements 
(approx fu l l  size) 

Figure 143. Typical Detector/Secondary Lens Support System 
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Figure  144. Detector and Lens Cooling Concept fo r  
Testing 



One relay optics and detector mount assembly, which is being considered for 
testing, is  shown in Figure 143. Mirror  elements will contain crosshairs  for 
precise optical measurements. The relay optics housing will contain a hole for 
optical m e a s u ~ m e n t s  of detector housing shifts. The complete relay lens and 
housing assembly will be attached to the vacuum chamber by means of a bellows 
to structurally decouple the assembly from the vacuum chamber so that dimen- 
sional changes in the chamber during cooldown o r  vibrations from the pumps, 
etc.,  will not disturb the optical assembly. The optical assembly will be 
rigidly mounted to a solid marble o r  cement slab which has sufficient mass  
to provide a stable optical reference system. Precise optical alignment 
measurements will thus be made using the slab a s  a base. Precise  measure- 
ments can be made of the dimensional changes in the optical elements resulting 
from eooldown. Visual access to the mi r ro r s  and optical assembly will be 
provided by glass viewing ports. The optical assembly will interface with the 
vacuum chamber and rigid support for ready removal with the vacuum chamber 
and rigid support so that the assembly can be readily removed and a modified 
o r  alternative assembly can be put in place for testing. 

After the otpical assembly is fabricated, location of the mi r ro r  flats must be 
precisely determined with respect t o  some fixed point on the assembly. This 
optical calibration will be done at  room temperature and before installation 
into the vacuum chamber. Dimensional measurements will be checked after 
installation into the vacuum chamber and prior to  cooldown. The optical 
measurements will require six separate measurements t o  determine the 
position of the six mi r ro r  flats. Autocollimator accuracy is approximately 
B a r c  second. Measurements made with the autocollimator will give the rota- 
tional movement of the assembly but not the displacement. A theodolite will 
be used to  determine displacement. 

Cryogen containers will be installed in the vacuum chamber together wlth the 
thermal Pinks but without the optical assembly mounting. The heatleak into the 
insulated cryogen containers will be determined by measuring the boiloff 
rate. This heatleak measurement will provide the required calibration of the 
containers so  that the additional heatleak from the optical assembly can be 
measured. 

After the thermal calibration of the containers has been completed, the 
optical assembly will be installed and attached to  the thermal links and the 
optical alignment will be checked prior to  cooldown. The cryogen containers 
will then be filled and the system will be allowed to  reach thermal equilibrium. 
After equilibrium i s  established, the boiloff ra te  from the two cryogens will 
be measured to  determine the heatleak to  the detector holder and the lens 
holder. During the period when the boiloff is  being measured with the wet 
test  meters, the necessary optical alignment measurements will be made t o  
determine the movement of the six mi r ro r  elements. 

If time permits, the optical alignment can be checked again at a new set  of 
temperatures for the detector holder and lens housing. These new temper- 
atures can be obtained by adjusting the pressure  above the L N  bath and 
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changing the power dissipation in the electrical heater mounted on the thermal 
link between the LHe and the detector holder. The measured thermal eontr- 
action of the otpical elements can then be compared with the analytical pre- 
dictions at the various temperature settings required. 

At the completion of this test  phase, the results  will be analyzed and a 
determination made a s  to  what additional t es t s  and/or modifications a r e  
required. The tes t s  will culminate with the preparation of a test  report. 

Discussion 

Initial studies of the detector mount led to  the conclusion that the mount 
design is configuration dependent. A different design is  required for an 
off-axis parabola configuration than for  a cassegrainian configuration. Mech- 
anical interference precludes use of a universal design. Therefore, detector 
mount tes ts  do not appear justified for this program. 

REFR.A CTIVE MATERIALS 

The analytical models fo r  the ARRS Study consider the use of refractive 
materials in three applications : 

o Window support the the secondary mir ror  of a 
cassegrain primary 

o All refractive relay system 

e Bandpass Fi l ter  Substrate 

The refractive materials considered for ARRS in the wavelength region 14, 0 
t o  16.3 p a r e  Germanium, Irtran-4 (ZnSe), Irtran-6 (Cd-Te), and Texas 
Instruments Glass 1173 (Ge Sb Se). Requirements of the refractive materials 
for ARRS a r e  

Low coefficient of expansion 

o High transmittance 

o Low absorption coefficient 

o Low emittance 



Material Characteristics 

Germanium and Irtran-6 seemed to  be the best choices of the candidate 
materials because they have the lowest emittance and the lowest thermal 
expansion over the ARRS temperature range of interest (60" t o  300°K). See 
Figure 145 and Table 48. There has also been a substantial amount of quanti- 
tative evaluation of Irtran-6 performance in the temperature range of interest 
(refs. 24, 25 and 26). However, Irtran-6 has considerably higher chromatic 
aberrations than germanium and it is much easier  t o  make aspheric surfaces 
on germanium than Irtran-6. Coating Irtran-6 is more difficult than germanium. 

Measurements of the thermal expansion coefficient of some of the materials 
of interest were made by Dr. Ballard and Dr. Browden of the University of 
Florida. The results  of their measurements a r e  presented in Table 49 and 
Figures 145 and 146. 

- 1 
The absorption coefficients, a cm , for  germanium were measured and 
reported by John C. Alishouse (ref. 27) and a r e  given in Table 5% The 
absorption coefficients for  Irtran-4 (ZnSe) and Irtran-6 (Cd-Te) at cyrogelnic 
temperatured were measured and reported by Dr. Stierwalt, (ref. 26). A 
comprehensive survey of Irtran- 6 characteristics in the 14 to 1 6 . 3 ~  band 
i s  given in Table 50. Dr. Stierwalt has equipment to  make measurements at  
cryogenic temperatures only, and since no data for the absorption coefficients 
at room temperature for Ir tran-4 and Irtran-6 were found, the coefficients 
given in Table 50 for room temperature were calculated. The absorption 
coefficients for Ir tran-4 at  room temperature were calculated per J. C. Alishouse 
(ref. 2 7 )  based on the measured values at 200°K and 77°K from Dr. Stierwalt. 
The absorption coefficients for Ir tran- 6 at  room temperature were calculated 
based on transmission values given by Kodak. 

The transmittance curves for TI  Glass No 1173 a r e  shown in Figure 147, a s  
a function of thickness uncoated, and in Figure 148 with an antireflection 
coating, These transmission curves indicate that this material  i s  not feasible 
f o r  ARRS, The emittance of germanium a s  a function of temperature a s  
measured by Dr. Stierwalt is shown in Figure 149. 

It would be of interest to  know how nonuniform the absorption coefficient and 
refractive index a re  in refractive elements in the sizes and configuration 
applicable to  ARRS and how this nonuniformity varies with temperature. 
Data from Texas Instruments, Inc., indicate that a particular Texas Instru- 
ment glass I173 refractive index varies over the lens 6 x 10-5 Anlcm. It i s  
not known how this would change with temperature. A possible source of 
e r r o r  in the ARRS conceptual design occurs because the inflight calibration 
beam passes through only a portion of the refractive element of interest. If 
the characteristics of this portion do not change uniformly with the res t  of 
the refractive element, then an e r r o r  of unknown magnitude is  introduced. 
While these data would be of interest, there a r e  no laboratories that a r e  
known to  be presently engaged in this kind of investigation and the costs would 
exceed that deemed suitable for this study. 



Lne major data required to  analyze systems using Irtran- 6 a r e  already 
available with sufficient confidenc'e t o  make further tes ts  unnecessary. 

The most promising material  for use a s  both lens elements and for the f i l ter  
substrate i s  germanium. The Ir t ran materials have a high degree of chro- 
matic aberrations and difficulties in coating. The TI Glass No. 11 73 has its 
cut-off edge partially within the region of interest. 

More qualitative data on the index of refraction of germanium at the low 
ARRS temperatures and the uniformity of the index of refraction at low 
temperature would be desirable, but there a r e  no known laboratories that a re  
presently engaged in this kind of investigation, and the costs would exceed 
that deemed suitable for  this study. 
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Figure 14 6. Coefficient of Linear Thermal Expansion 

(xl0- 6 / 0 ~ )  



TABLE 50.-ABSORPTION COEFFICIENT rr c m - I  

Irtran-4 (Zn Se) 
1 

a ~ s  measured and reported by Alishouse, reference 27 

b ~ s  reported by Dr. Stierwalt, 4 Oct 1968 

C ~ e r  MIL-HDBK-141, par. 17, reference 24 

d ~ y  Dr. Stienvalt, reference 26 

' 1 Germanium a 1 calculateda 

I Irtran-6 (Cd Te) I I 
b 

Measured 

-1 TI Glass 1173 I 
calculatedC 

d 
Measured 

(Ge Sb Se) 
from Ti-Graph 



TABLE 51. - CALCULATED VALUES, TTS.TmN-6 



Wavelength, p 

Figure  147. Curves fo r  Uncoated 1173 Glass  at 
1 and 11 Mill imeters  

Wavelength, p 

Figure  148. Curve for  PbFZ Coated 11 73 
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APPENDIX A 

PA.R,A.ME TER VARIATION CHE CKLIST 

The parameter  variation checklist ( PVCL) summarizes the relationships be- 
tween subsystems parameters  and the system element that neither constrains 
o r  is constrained by each of the parameters  (Table Al) .  This device is to ac- 
count for ,  without freezing, the effects of parameter variations on each other 
and on the type of system and mission involved. Circled numbers refer  to ex- 
planatory notes regarding the relationship between the affected parameter and 
the constraining element. These notes a r e  summarized in this appendix. 

RADIOMETER (RM) 

RM-1 Spectral Band 

@ Range is defined by the basic ARRS requirement. 

E r r o r s  due to spectra l  f i l ter  require, for computation, some 
model of measured spectrum. Figures A1 and A2 depict es-  
t imates of the limiting in-band and out-of-band spectra, r e s -  
pectively. Figure A1 is based on extreme in-band absorptance 
spectra  and a 230°K emitting temperature. Figure A2 is pri-  
marily aimed at  defining the unknown out-of-band variables 
a s  well as absolute levels. An investigation of ear th  resources  
applications indicates that spectral  signature information is 
expressable only in t e rms  of apparent temperature arrd emit- 
tance and that neither is particularly wavelength dependent. 
Therefore, for these applications the product of the 300°K 
blackbody spectrum the atmospheric transmission may be 
assumed. 

0 Effect of freeze ( @ ) on applicability td other intervals. 
Two factors a r e  evident, width and location of the spectral  
response curve. Width is typical of all but spectrometric 
application; ruling these out rules  out nadir viewing inver- 
sion applications. 

The location represents  a worst-case for  the 5 to 25p region, 
requiring vacuum operating, lying near  the performance 
cross-over of the relevant detectors, and including a Ger- 
manium absorption band. Applications in the 3 to 5 and 25 
to 40p bands will not be usefully served, particularly with 
respect  to detectors and optical materials .  

@ Limits number of intervals usable simultaneously. 
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reflector 
outside atmosphere 

' Wavelength, p 

Figure A2. Out-of-Band Limiting Spectra 



Spectral interval definition point within system may con- 
strain alignment monitor. If the field-defining stop is the 
detector, it will be inaccessible to an alignment monitor. 
The seriousness of this problem will be determined by 
the ratio of size between the f i r s t  field stop and the de- 
tector. 

Emission of alignment monitor 

RM-2 Scan Rate 

1 rpm minimum for the Horizon Definition Study data re-  
requirements 

w 1 rpm minimum for Attitude Control System (ACS) 

Update frequency/ out-of -plane drift increase with de- 
creasing scan rate; the frequency influencing the torque 
model, and the drift influencing the torque model and 
allowable cant angle for the starmapper 

Bit ra te  

RM-3 Weight 

Booster capacity 

RM-4 Volume and Envelope 

Versus nose cone diameter 

Shape factor versus stability (ACS) 

Stability versus s t a r  frequency required 

Volume available for s t a r  sensors  

RM-5 Operating Temperature 

Sensitivity required to satisfy mission requirements a s  de- 
termined o r  influenced by self-emission level 

Orbit will constrain lowest possible temperature obtainable 
passively 

Passive thermal control, a s  determined by insulations and 
coatings; ACS to maintain a constant sun angle; and the power 
subsystem relative to the allowable location of solar cells 



The temperature range where both function was deter- 
mined to be at least a s  broad a s  150 - 300°K; alignment 
without specifications of similar materials is dependent 
on active alignment monitoring. 

Cold secondary optics w i l l  involve vacuum requirements 
for the telescope interior. A mechanism must be provided 
for the removing of cap and seal. Prelaunch pumping pro- 
bably will be required. 

RM-6 Redundancy 

Mission life determines need 

Volume/ weight limits 

Volume / f it 

Number of combinations that have to be monitored 

RM- 7 Power Dissipation 

Power dissipation and the spacecraft configuration de- 
termine feasibility of attaining desired operating temper- 
ature. Two watts dissipation is consistent with the base- 
line spacecraft base plate size and orbit. 

RM-8 Cooling System 

Type- size determined by life 

L / D  constrained for  solid cryogen 

Rolling wheel and low temperature ( less  than 20°K) rules 
out passive radiator 

Changing moment model resulting from cryogen depletion 

RM-9 Detector Type 

D'r:, cut-off wavelength, and frequency response determined 
by mission purpose 

Linearity determines the number of calibration levels and 
influences the quantizer curves. 



RM-10 Transfer Function 

Determined by mission purpose 

Maximum output bit rate constrains 

PCS aperture diameter and the radiometer transfer func- 
tion together w i l l  determine accuracy limit for a given in- 
stantaneous f o ~ .  

Mission purpose 

Spacecraft -- stray radiation constrains (e. g., paddles) 

Stop location is monitored. 

RM- 1 2  Optics Configuration 

Shape, weight 

Fit  

Access to field stop and interference by the alignment 
monitors 

12a 0 Volume, opening in skin 

12b @ Volume 

RM-13 Chopper Type 

One-year life leads to vibrational or  torsional 

Torque and impulses generated 

Redundancy required 

Instability effects with and without special electronics 
compensating features, e. g. with a gate wave 

R,M- 14 Chopper Frequency 

Bit rate maximum 

RM-15 Dynamic Range 

Mission purpose 

Bit rate, stability 



FtM- 16 Structural Materials 

@ Thermal, EMC, etc. 

@ Compatability for alignment 

@ Dynamic range of monitors 

RM- 1 7  Internal Alignment 

Dynamic range of monitors 

RM-18 Stray Radiation Protection 

@ Orbit 

@ Protrusions into fov 

@ Constrains location and type 

ATTITUDE DETERMINATION SYSTEM (AD) 

AD-1 Torque Models 

@ Orbit 

a Coverage of effects of moving parts and assymmetry require 
extension of model. 

@ Change of cooler mass, chopper, and IFC (inflight calibrator) 
moments 

AD-2 Scan Rate 

ACS interface varies with scan rate; results less  applicable 
outside range 

@ Data rate 

AD-3 Operating Temperature 

@ Range is determined by radiometer design. 



AD-4 Sensor Type 

a Orbit determines starmapper stray-light problem, need/ 
utility of other sensors 

@ Spacecraft volume, passive scan 

@) Fit with radiometer 

@ Accessibility of focal surface constrains monitor, not 
vice-versa. 

AD-5 Volume 

@ Cant angle constraint 

@ Fit with radiometer 

AD-6 Stray Light Baffling 

@ Requirement determined by orbit; noon orbit leads to 
totally different configuration. 

@ No protruberance permissible near fov, stability 

@ Monitor interaction 

@ Paddle shadowing 

AD-7 Viewing Geometry 

Constrained by orbit, stray-light baffling, and determines 
available s tar  field 

@ Paddles, antennae, etc., determine available field. 

@ Fit with radiometer 

AD-8 Transfer Function 

@ Basic constraint on resolution, number of wordslstar, etc. 

@ Extent of on-board processing 

AD-9 Internal Alignment 

@ Determines monitor dynamic range 



AD- 10 Output Bit Rate 

@ Orbit o threshold setting 

@ Type of memory design (coupled to spacecraft torque model, 
if tape deck required) 

@ Extent of on-board processing 

AD- 11 Redundancy 

Life determines requirement 

@ Volume, weight constrain degree 

@ Fit with radiometer 

AD- 1 2  Power Dissipation 

@ Thermal control 

@ Gradient production 

AD- 13 Structural Materials 

@ Thermal, ENIC, etc. 

@ Alignment, s t ress  

Monitor dynamic range 

AD- 14 Field-of-view 

@ Orbit constrains free area versus threshold setting 

@ Spacecraft limits free a rea  -- paddles, antennae, etc. 

@ Radiometer may be in the way 

AD-15 Scan Type 

@ Constrains mission to functions that do not perturb space- 
craft 

@ Requires rolling wheel, both for "passiveq' stabilization 
and scan generation 
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APPENDIX B 

GENERAL ANALYTIC RADIOMETER MODEL 
ALTERNATEAPPROACH 

The objective of the general analytic modeling is to get an arbitrarily accurate 
expression for the radiant power absorbed by the detector in a radiometer sys- 
tem. Increasing accuracy is achieved by making each radiometer element, 
which the radiometer is broken down to, smaller and at  the same time increas- 
ing the number of elements so that a l l  parts of the radiometer system a re  
covered. A first natural selection of elements would be primary optics, field 
aperture, filter and so on; that i s ,  the elements being optical components. For 
N elements the model requires knowledge of N x (N-1) nonzero (by definition) 

0 

parameters fo r  each element or  totally N& x (N-1) parameters for  the entire 
system. These parameters a r e  not true component parameters but depend on 
the radiometer geometry, and they have to be computed one by one before the 
model is applied. 

ELEMENT PARAMETERS 

The radiometer is divided into a number (N) of elements. Element m, where 

m = 1, 2, . . . , N is described by an N x N matrix Am, and an N-dimensional 

vector Em. To each radiometer element there is an N-dimensional vector 

zrm, where r denotes the rth order term of the input. The output of element 
m is given by xrm, Em, and Em. These vectors a r e  in turn inputs to the other 

elements. The model is recursive in the sense that the outputs from the r t h 

order inputs generates the (r + l)th order inputs. 

Figure B1 illustrates the element parameters with input and output. In addition 

to Em and Em, another parameter T~ is included. This is introduced only to 

show the desired performance of the radiometer system and T~ # 0 for r = 1 

only. With the element X. of the vector zm one understands the radiant 
1, m 

power input to the radiometer element m for radiation coming from element i 

(not necessarily emitted from i). Element p of Rm is a reflection, trans- 
ir m, j 

mission, or  scattering factor for  the radiant power coming from element i ,  

Xi, m1 and being reflected, transmitted or scattered into element j by element 

m. E . of Em denotes the radiant power emitted from element m into element 
m* J 



Element m 

Figure B1. Radiometer Element Parameters 



j . The scalar T~ is by definition equal to pm - 
m, 

+l and denotes the desired 

property of element m. For  r = 1 set P,-~,  m, m+l = 0 and for r # 1 T~ = 0. 

The reason fo r  introducing rm is to clearly show the functional performance of 

the radiometer system by considering r = 1. The model wi l l  work equally well 
when replacing T m  by pm_1,,,,+1 below. 

ABSORBED POWER BY DETECTOR 

Let P be the total absorbed power by the detector (element N). Then write 

where P; is the rth order te rm of the absorbed power on the detector. Con- 
r 

sider the rth order radiant power from element k onto the detector, Xk, N. 

A fraction of this radiation is absorbed by the detector, namely 1 - y1 Pk, N ,  q. 
q= 1 

Summing over al l  kg one gets the rth order power absorbed by the detector 

And the total absorbed power 

One now has to express xr in known system parameters: s tar t  with r = 1 and ka N 
then r = 2, r = 3, . . . recursively. Consider Figure B2 which shows the firsl-  
order terms. Take only Em-lg ( m  = 2 , 3 , .  . . N) into account for the f i rs t -  

order terms. For X' there exists from Figure B2: 
Pa m 



i 
Xp, In 

= 0, i f p  f m - 1  

The first-order terms now generate the second-order te rms according to 

Figure B3: 

P ~ k - 1 ,  m m-1, m, n + E m,n  , i f  m # n - 1  
2 - 

Xm, n - (B6) 
0 , if m = n-1 

2 1 
If Xrn, n + E were to Xm-l, rn Prn-1, m, n m, n even for m=n - 1 then 

x2 would be identical to X 1 
m, m+l and would be accounted for twice in rn, m+l 

Equation (B3) for  the total absorbed power by the detector. 1 Figure B4 shows 

how the second-order terms generate the third-order terms: 

4 = 1  

And for the rth order terms we have: 







By definition, 

SUMMARY O F  EQUATIONS 

The total power in the detector can now be summarized a s  follows: 

where 
N- 1 r N-1 \ 

where 





GENERAL ANALYTICAL MODEL APPLIED 
TO NEWTONIAN OPTICS 

Now apply the model to a Newtonian optical system. The radiometer system is 
divided into 11 elements according to Figure B5. The power absorbed by the 
detector is, then, given by Equation (B12): 

where 

and 

I I 

xr - r- 1 
- X&#m P*m,n3 for r = 3,4,  5, .. . 

man 4 = 1  

Computing the power on the detector for the two cases of chopper open (PD) and 
- 

chopper closed (PD) is of interest. The difference A P D  = PD - P will be com- D 
pared with the difference A P  computed in Appendix C. To make the  comparison 
meaningful, make the same basic assumptions and use the same notations. 
Therefore, designate 



@ Object (B) Secondary optics 
@ mirror 2 (521 

@ Aperture ( p l  @ Filter (f)  

Primary collecting, 8 mirror (p 1) 

@ Primary folding 
mirror (p2) 

Secondary optics 
@ minor 4 (s4) 

@ Chopper (c l  0 Detector (Dl 

@ Secondary optics 
mirror 1 (sl) 

Figure B5. Newtonian Optics 



0, chopper closed 

1, chopper open 

0, chopper open 

'6. 5,6 = {  
"CJ 

chopper closed 

'i, j, k 
= 0 for a l l  other i, j, k 

For  radiant power from one element to another, the same values prevail as  
used previously. 



r 0, chopper open 

(1 - q,) NcJ Aha chopper closed 

E6, 5 
-- 

('-%I) NSIJ A X  

E -- AoAd 
7 , 6  = E 7 , 8  - f2 ('-'ls2) Ns2a LA 

E - -- *OAd - 7 N  ) 8, 9 f 2  's3 (Nf, tot f f, ~1 

- - -  A%d 
Elo .  11 f 2  (l - ~ s 4 )  NS4, tbt. 

(B26) 
continued 



CHOPPER OPEN 

Consider f i r s t  the case  when the chopper is open. Then, f rom Equation (B21) 
f o r  r = 1, 

Then Pk , l l , q  = 0 fo r  a l l  k and q f rom (B25) and f rom (B24) x:, 11 = 0 for  

k # 10. Equation (B27) then reduces to 

+ T 

p l  (l - " ~ ) ~ p l ,  AX qp2 V s l  q s2  'f 7 s 3  q s 4  + 

+ - ~ p 2 ) ~ p 2 ,  ~1 q s 1  q s 2  *f q s 3  q s 4  + 

+ - 1.1~1) Nsl, AX q s 2  'f q s3  q s 4  '32 - T S Z ) ~ S ~ ,  pX7f q s3  T s 4  + 

+ ~3 (Nf, tot - * 2%. ~ 1 )  qs3 qs4 +' ~3 ( I  - ns,) Ns3, ,,, qS, + 

+ - qs4)  Ns4, tot 1 



For  r = 2 ,  from (B19) and (B23) 

as k-1, k, 11 = 0 and Ek, = 0 f o r k  f 10. 

r = 3 gives 

2 
Pm, k, 11 

# 0 only when m = 9, k = 10, and Xg, = 0 

Similarly, 

r PD = 0 for r = 4, 5, 6, . . . 

CHOPPER CLOSED- 

A s  in Equation (B28), for  r = 1 



But  now .r5 = 0; t h e r e f o r e ,  

+ 7 s 3  (l - q s 3 )  NS3, tot 7 s 4  + - 7S4) NS4, tot 3 

A s  in Equation (B29), for  r = 2 

and 



as P = 0 for I # 6 and P 5, 6, = 0 a, 5, 6 



F o r  r = 9, 10, 11, 12, o n e  g e t s  i n  a similar f a s h i o n  

And 

r 
PD = O f o r r  = 13, 14, 15, ... 



DIFFERENCE, CHOPPER OPEN AND CHOPPER CLOSED 

The difference APDbetween signal  and the detector  f o r  chopper open and chopper 

closed is thus 

Equation (B42) is the same a s  shown in Appendix C for  the same  configuration. 



COMMENTS ON GENERAL ANALYTIC MODEL 

As seen from Equations (B36) through (B41), the terms in Equation (B20) a r e  - 
not converging very fast; in fact pr = 0 for  r = 2, 3, . . . , 7,  but for r =8, 9 ,  - D . . . 1 2  pr # 0. This makes the model somewhat inconvenient to use, since the D 
term r + 1 is not necessarily smaller than the preceding r:th term (for instance 
r a 7 in this example). However, the model may be useful for  computer appli- 

r cation if some rule is used for  how many terms P,, to use. For computeriza- 

tion, Equations ( ~ 2 0 )  through (B24) a r e  programmed and the parameters (B25) 
and (B26) are the input paramgters. Thus, it is not necessary - to write down 
the long expressions fo r  P,,, PD, or AP,, to get PD, PD, or  A P D  once the 

input parameters a r e  given. 

It may be possible to derive a general model that is converging faster than the 
present one. The method would probably be to build into the model more of 

the "serial" structure similar to the expression for X' in Equation (B24), 
Ptm 

but a t  the same time include the parallel structure of Equations (B22) and (B23), 
As seen from Equation (B22), each reflection (or  scattering or transmission) 

generates a higher order xLn and, therefore, radiation emitted from for  in- 

stance the f i r s t  secondary mir ror  onto the closed chopper, where it is reflect- 
ed into the functional path, hits the detector a s  a eighth order term. 

A model that may be correct,  and if so certainly is converging faster,  is the 
following: 

m 

P~ 
= C 

r= 1 r) 



The main feature of this modified model is  that the ser ial  structure is  built into 

the odd terms and "reversals" a re  built into the even terms (a  reversal occurs 

for instance at the chopper when the radiation from elements behind the chopper 

is reflected back into the functional path and finally hits the detector). 

This modified model has not been checked out very carefully (e. g.. so te rms are  

not accounted for  several times o r  a re  not accounted for at all), 



A P P E N D I X  C 

S P E C I F I C  C O N F I G U R A T I O N  A N A L Y T I C A L  NlODELS 





APPENDIX C 

SPECIFIC CONFIGURATION ANALYTICAL MODELS 

In the early stage of ARRS, analytical modeling of specific configurations was 
performed only for radiance propagation; e r ro r  propagation was to be defined 
later. This appendix presents the equations describing radiance propagation 
for each of the specific configurations analyzed. These configurations en- 
compass 

e All-refractive systems 

e All-reflective systems 

e Refracto-reflective systems 

e Reflecto-refractive systems. 

In conducting this portion of the overall study, it was found that every system 
could be represented in a generalized form that expressed the signal differ- 
ence A F  at the detector input; that is, the flux difference experienced by the 
chopper-open and the chopper-closed operation modes in terms of the input 
flux, originating from the target scene, and the flux contributions from the 
various optical elements in the direct- and indirect-radiation propagation chains.  

This generalization approach revealed that the signal difference A F  at the 
detector surface can be expressed a s  an aggregate of terms depending on the 
temperature and on the optical constants of the particular design elements to 
be taken into consideration. In a general form, this aggregate is given by 

AF = Fi + T: (direct components of primary optics) 
J 

- C (direct chopper component +indirect components of 
secondary optics) 

In every component, F. and Fk, the temperature dependence is primarily 
J 

expressed by the surface radiances N. and Nk, respectively, although some of 
1 

the optical constants appearing a s  muitiplicative factors also may show a tem- 
perature dependence. Beside an overall design constant, some of the multi- 
plicative factors encountered are  common to all flux contributors and therefore 
may be expressed by a single efficiency factor qo. The remaining multiplica- 

tive factors belong to particular radiating surfaces and may be lumped together 
into efficiencies q .  and qk, respectively. In this manner, one obtains 

J 



where 

A = radiometer aperture a rea  
o 

A = detector surface area 
d 

f = effective radiometer focal length 

The goal of the radiometric measurements is the determination of the horizonls 
radiance; that is, the input radiance Ni, which, however, must be corrected 
certainly for atmospheric attenuation, is to be expressed by measured and 
calculated quantities 

The measured quantity, aF is subject to measurement and data processing 
errors .  Values N.  N a re  calculated, temperature-dependent quantities 

1' k 
and a re  subject to ~omputational e r r o r s  and to uncertainties in determining 
the temperatures involved. The symbol K is for an overall design para- 
meter that can be considered independent of specific configurations. The 
expression q r . on one hand and r( 2 "k 

on the other a re  products of 
os 1 

Y 

optical constants pertaining to the primary and secondary optics, respectively. 
The number of terms in these products corresponds to the number of optical 
elements involved; for this reason, the efficiencies a re  configuration dependent. 

Configuration dependence of Ni does not allow drawing general conclusions on 

the significance of the particular flux contributors. However, it certainly is 
possible to obtain numberically upper and lower limits for the flux contribu- 
tions i f  reasonable values for the optical constants a r e  assumed. 

The schematic representation of any radiometer design indicates the presence 
01 a number of curved and flat surfaces which supposedly radiate according to 
Lambertb law. If replacement of these surfaces by their projections into the 
planes through their apices is allowed, one encounters a situation similar to 
that shown in Figure C1. In this figure, the detector, Ad, is located at the 
effective focal distance, dl = f, of the total system from the apex of the f i rs t  

optical element, For  simplification, restricting the consideration to three 
surfaces of equal efficiency (reflectivity o r  transmissivity), one obtains 

However, 



Figure C 1. Simplified Situation Encountered in Deriving the 
Flux Falling on the Detector 

Hence 

However, it is to be noticed that the factor ~ ~ / f " ,  representing a solid angle, 

is only an approximation that holds for  small view angles; i t  must be replaced 
by the true solid angle subtended at the detector by the cold stop a s  described 
in the next subsection. Nevertheless, the following derivations make use of 
the approximation 

where 

A = entrance aperture area of the radiometer 
0 

f = effective focal length of the radiometer 



ALL-REFRACTIVE SYSTEM 

Without restricting the generality, an all-refractive radiometer concept, 
including a lowpass fi l ter in front of the collector optics, is shown in Figure 
C2 where only a single-element optical component for the collector and the 
relay opticsB collimator and concentrator a re  employed. 

A = radiometer aperture area 
0 

Ae = low-pass filter area 

A = collector optics' last surface area 
P 

Figu re  C2. Schematic of an All-Dioptric Radiometer Design 

Am, Ab = radiating surfaces of chopper and bandpass filter, respectively 

A rll" A r 2 $  = relay optics1 collimator and concentrator f i rs t  surface areas,  
respectively 

'r12" AS2 = relay opticst collimator and concentrator last  surface areas,  
respectively 

A = detector area d 

$ = optical axis 



One obtains easily 

A oA d Fi =- = input signal from absolute apparent f2 T1TpTr1TfTr2Nij AL radiance 

where 

T~ = lowpass-filter transmission factor, obtained from both surface 
reflective pl and absorptivity a l ;  pl  may be very close to unity 

and, therefore, negligible in defining the emissivity c1  = l - ~ ~  

T = primary-optics transmission factor, reflecting surface reflec- 
tivity p and absorptivity a ; p may be not close to unity such 

P P P 
that the emissivity becomes c = 1 - T - p P = a  = 1 - P P  

P P P 

T ~ ~ ,  T~~ = secondary optics transmission factors from ( prl ,  or l); 

( pr2, ar2)i f o r  reasons a s  in T P' the emissivity must be 

defined by erl = = 1-Prl and E2 = 

- pr2)  = 1-Pr2 

T~ = bandpass-filter transmission factor, a s  re fe r red  to q, and ub; 

arguing a s  in T ~ ,  one may define c b = ( l - ~ ~ )  

AoAd 
F1 =f2 ('-'1) Tp'r1'fTr2N = lowpass -filter flux contribution 

A oA d F =- 
(l-Pp) 'r lTf 1 2 N p ,  Ah = primary-optics flux contribution P f2 

Direct radiation components ( chopper-open and ,'chopper- closed operation) 

AoAd -- 
Frl - f2 N ( l -Pr l )  'bTr2 rl, Ah = secondary optics collimator con- 

tribution 

- A oA d 
Fb -7 ( I -%) ' h N b ,  a h  = bandpass-filter contribution 

- AoAd 
Fr2 -7 (1-Pr2) N r 2 ,  Ah = secondary-optics -concentrator contri- 

bution 



Indirect-radiation eompnents  (chopper-closd operation ody) 

AoAd 
'm9 = .---- {I - qm) T r ~  Tb %zNm, A A. 

= chopper flm cantrihtion 
l2 

%hers 

vm = chopper reflectivity 

Chopper-open operation 

F = F. + F1 + Fp + Frl + Fb + Fr2 
B 

(=hopper-elosd operation 

l.n ewlicit form "this fields 



Now, it is supposed that lowpass-filter, collector optics and chopper a re  at 
the same temperature level, and that simultaneously relay optics and bandpass 
filter a re  operated at another common temperature. For  simplification, it 
may be assumed also that arl w CY = CY and T~~ w T~~ - - r 2  r' 'r* Then, one 
obtains specifically 

ALL-REFLECTIVE SYSTEMS 

The f i rs t  catoptric (all  Cassegraninian) system considered is shown schemat- 
ically in Figure C3 which does not account for mounting structures of the 
collector optics second element and the chopper, nor for  the radiometer- 
calibration unit. Although these design components will more or  less  affect 
the receivable signal, they a re  not considered essential at this moment. 

Primary optics Chopper Secondary optics Detector 

Figure C3. Schematic of a Catoptric Radiometer Design 

NOTATIONS 

Ao,Ai = outer and inner diameter areas  of annular aperture 

A A = radiating areas of primary optics1 f i rs t  and second elements, 
pl' p2 respectively 

Arl,. . . . . Arq = radiating areas  of secondary optics V i r s t  through fourth elements 



A = radiating areas of chopper and filter, respectively 
b 

A = detector area 
d 

= optical zxis 

One obtains for both operation conditions, chopper open and chopper closed. 

Chopper Open 

1ilpu.t signal from absolute apparent radiance is 

where  

T = 3 - A .  / A  = annular correction factor a 1 0  

= bandpass-filter transmission factor 

p = reflectivities of primary axil secondary elements 

Signals from mir ror  and filter radiances a re  

A = project& area of A .J 7 A 
lpl pl. a o 

where 

7- = I - A  / " r ZP rlP Ar2 

Ar19, = projected areas sf Arl and Ar2, respectively 



To determine the flux contribution of the filter, it is assumed that the filter 
absorbs completely outside the transmission region AX. It must be noted that 
the filter surface is obscured by the mi r ro r  surface Ar4. One gets 

where 

Hence 

F = (Fi + Fpl 

Chopper Closed 

Signal from chopper with reflectivity p is 



The signals from all other surfaces consist always of two components: 

The "direct" component of the radiation passes through all  elements 
behind the surf ace under consideration 

The "indirect" component passes f i rs t  through all elements in front 
of the surface considered, is reflected at the chopper, and then 
passes through the total relay optics 

T h s ,  one obtains 

Hence 
- - + F ) + c indirect components F = Fm +(Frl +Fr2 + F b  +Fr3 r4 



Signal Difference 

Defining the signal difference by 
- 

AF = F - F = Fi + F + F - Fm - z indirect components 
P l  ~2 

one obtains generally 

P N 
+ h (' - 'pl' 'p2 'rl 'r2 Tb 'r3 r 4  p l ,  Ah 

+ ( l  - 'p2) 'r1 'r2 'b 'r3 'r4 "p2, n h  

- 
- 'm) 'r1 'r2 'b 'r3 'r4 Nm, A h 

- 
- 'r1) 'm 'r1 'rzTb 'r3 r4"rl ,  Ah 

r 2 
- 

- 'r2) 'r1 'm 'rzTb 'r3 '1-4 Nr2, A A 

- 7 
r 2  (' - 'b) 'r2 '11 'm Pr1Pr2  'b '1-3 'r4 Nb, A h 

- 
r 3 (I  - 'r3) Tb 'r2 'm ' r ~  'b Pr3  Pr4 Nr3, A A 

- P P P P 7 P P N  ( l  - 'r4) 'r3 "b 'r2 r l  m rl  r 2  b r 3  r 4  r4 ,  A h  

Assuming now 

- - 
P p l  - Pp2 - Pp 

- - - 
%?I - P,2 = P?23 - Pr4  - "r 

- - 
Tr2 '23 = 7r 

N - - 
1 ,  A - Np2, A A  - N m , A h  

= N 
P, 

- - - - - 
r l ,  A X  - N r 2 , ~ h  - Nb, Ah - N r 3 , ~ h  - Nr4, Ah - Nr,  A h  



One has spe eifically 

3 (1 - pr) (1 + T 0 + r  r  p2 + rbPr)+(l- 
r ' r  b r r  

Another type of a catoptric radiometer design is the common Newtonian 
system illustrated schematically in Figure C4. This system is quite similar 
to the Casse grainian system insofar as  the Cassegrairiian" second element, 
a curved surface, is replaced by a folding, flat mirror .  This special 

I I feature permits the determination of this second elements form factor": If 
"ce beam folding angle is denoted by 2 $, one has a form factor of set$; 
that is, one obtains 



Notations as  in Figure C3.  

Figure C4. Schematic of a Newtonian Radiometer Design 



The primary-optics f i rs t  element must not necessarily have a hole in i ts  
center portion; therefore, one may define a transmission factor 7 within 

P 1 
5 1 where T~ = 1 - A i / A o  Since nothing else was the range of T~ 2 T~~ - 

changed in the design, the general result becomes 

Specifically, with Q, = 3/4 and the ass 
rmerntiond abve ,  one obtains 

The last  catoptric radiometer design considered concerns an off-axis para- 
boloidal collector optics and a two-element, off-axis paraboloidal configura- 
tion for the relay optics. This design is shown schematically in Figure C5 
with the paraboloids approximated by spheres fo r  simplification. 



Weondary W i e s  

of concentrator pr-  
ofsecondary optics 

'otations as  in Figure C3. 

Figure C5. Schematic of an Off-Axis Paraboloidal Radiometer Design 



The signal difference components are: 

Hence, in general 

Specifically, therefore, with the assumptions of pp , Pr , NpPAh , Nr,AX used earlier, 
one has 



A lowpass fi l ter  inserted into the light path of the primary optics and traverse? 
only once constitutes an additional radiation source which may contribute an 
appreciable amount to the receivable flux difference. If TB is the trans- 

missivity of this lowpass filter and Ak is i ts  effective area, then one obtains 

generally 

o Cassegrainian and Newtonian radiometer design 

o Paraboloidal radiometer design 

Further,  the expression for the input signal, Fi , must be multiplied by the 

factor 5 in every case. 

This yields for the above specified values of p N p P r  'I. Np, AL r, 

o Cassegrainian radiometer design 

o Newtonian radiometer design 



o Braboloidd radiometer design 



Spoke-Supported Secondary-Collector Element 

Radiant-flux contributions of particular elements of all-catoptric radiometer- 
system concepts already were evaluated. However, the primary evaluation 
did not account for the mounting structures of the collector optics secondary 
mi r ro r  except briefly for a lowpass filter mount. To f i l l  this gap in radiom- 
eter  description, essentially three types of support structures were taken into 
consideration: 

e The secondary mi r ro r  is mounted directly on a plane-parallel window 
(low o r  highpass fi l ter)  in the path of the incident, nearly parallel 
beam of radiation. Thus, optical performance of the collector sys- 
tem is not affected substantially. However, with respect to the 
radiometric performance, the window contributes with i ts  trans- 
missivity as  a transfer function and a radiance term in the direct- 
radiation propagation chain to the total flux receivable by the detector, 
A more careful consideration must be directed toward the indirect- 
radiation propagation chain, for, in this case, the data flow star ts  
with the detector-face radiance a s  input, This input propagates 
through the cavity, the relay optics concentrator, the bandpass 
filter, and the collimator. In the chain, these elements are  charac- 
terized by a multiplicative transfer function and an additive radiance 
term. The subsequent field stop contributes only with a transfer 
function (form factor). Then, the radiation splits up into two separ- 
ate directions since i t  is partially reflected by, partially passed 
through the modulator. The branch reflected by the chopper propa- 
gates through the relay optics, including field stop, bandpass filter, 
cavity, and cold stop, without involving additional radiance terms, 
and finally meets the detector. The branch passed through the 
modulator propagates through the collector which contributes two 
additional radiance te rms a.nd multiplicative transfer functions. The 
chopper itself is also characterized by its transfer function and a 
radiance term. If there a re  no reflective elements in front of the 
window, the radiation is reflected by the window and propagates 
through the entire chain from the collector optics to the detector 
without encountering other radiance terms. 

@ By means of an axial spike, the secondary mir ror  is mounted on a 
window in the opening of the collectorDs primary mirror .  Since this 
window is located in the converging portion of the incident beam, 
the optical performance of the collector is more affected than in the 
f i rs t  case. In view of the data flow, one encounters practically no 
changes i f  compared to the propagation chains described above. 
However, the branch of the indirect radiation propagation chain that 
is transmitted through the modulator is much shorter because it 
does not pass through the collector optics. 

@ This study specifically concerns the third type of mounting struc- 
tures consisting of a number of equally sized radial spokes, The 
optical performance of the collector is affected insofar as  the 



diflraction pattern changes appreciably; in addition, light scattering 
from the edges of the spokes may occur, resulting in a variation of 
the image blur. With respect to the radiometric performance, the 
direct and indirect radiation propagation chains a r e  quite similar to 
those experienced in the f i rs t  case. 

Applying appropriate definitions and denotations, the Cassegrainian 
and the Newtonian collector optics can be treated simultaneously, 
since the two systems differ from each other only by the form factor 
for the collectorls secondary mirror,  if one assumes the relay optics 
to be identical in both cases. One may, however, encounter another 
variation when the bandpass filter is placed in one case into the 
collimated, and in another case into the converging beam of the relay 
optics. It is anticipated that the relay optics consists of Cassegrain- 
ian collimator and concentrator components; therefore, positioning 
the bandpass filter behind the concentrator necessitates considera- 
tions in behalf of the secondary mir ror  supports similar to those 
encountered in the folded collector optics. At this moment, however, 
it is only intended to analyze the case of mounting the two secondary 
mir rors  directly on the bandpass filter faces. 

The radiometer configurations involved in this analysis a re  schema- 
tically shown in Figure C6. In these sketches, the following nota- 
tions a re  used: 

Ao, Ai = outer and inner diameter areas of annular aperture 

Acl, Ac2  = radiating areas  of collectors opticsi primary and 
secondary mi r ro r s  

As  = beam-obscuring and radiating area  of spoke arrangement 

Am, Ab = radiating areas of modulator and bandpass filter 

Af = field stop area 

A = cavity area 

Ad  = detector area 

5 = center line (optical axis) 

2 q5 = folding angle of in Newtonian radiometer design 

The conceptual Cassegrainian radiometer design is now considered spe cifi- 
eally for both operation modes, chopper open and chopper closed. 



Bandpass filter 

/ 
Spolie arrangement 

/-- Spoke 

I 

\Folded E. 

Figure C6. Schematic of Cassegrainian and Newtonian Radiometer Designs 



Chopper open. -- Input signal from absolute apparent radiance Ni, Ah 

where 

Ah = X Z - X I  = wavelength interval of bandpass filter 

% = 1-Ai/Ao = annular correction factor 

' s = ~ - A ~ / ( A ~ - A ~ )  = correction factor due to beam obqcuration by spoke arrangement 

Ppl, $2 = reflectivities of collector optics1 primary and secondary 
mir rors  

5 = Af/AoV = ratio of field stop area to that of the image blur 

P r l ,  Pr2 = reflectivities of relay collimator~s primary and 
secondary mir rors  

T~ = bandpass filter transmissivity 

= reflectivities of relay concentrator p r i r n a ~ g  and secondary 
Pr3' mir rors  

2 
5 , ~  Ao/f  = conversion factor derived from solid angle subtended at 

detector by the cold stop, and expressing the transi- 

tion from radiance N ( W  cm-2 sr ipto irradiance 

H ( w 

The last term Ad converts finally H into incident flux P (W) .  

One must now f i rs t  derive the contributions of the different elements in the 
direct radiation propagation chain to the total radiant flux receivable by the 
detector. These contributions a re  subsequently given by 

o Signal from spoke arrangement 

- ' - 's3 'S Ppl Fp2 ~ r 1  ~r2'b ~ r 3  ~ r 4  <cAd Fs - N s , ~ ~  a 

where 

s = 1 - p s  = emissivity of spoke arrangement 

ps 
= reflectivity 



This definition is based on the asswnption of the spokes not being subject to 
absorption of radiation. 

@ Signals from the collector" primary and secondary mi r ro r s  

- 
Fpl - N p i , ~ ~  7 a 6 pl 'PI P C P P T P  p2 f r~ .  r2 b r3 P C A  r4 cs d 

where 

E p l  = l - p p l  

E = 1 - p p 2  
~2 

@ Signals from the relay collimatorls secondary and primary mi r ro r s  

where 

trl = ArI/Ail ; Ail = projected area of Arl 

= Ar2/(Ai2 Ail) ; Ai l )  = projected area of 
$2 

% 1 = 1 -  Prl 

Er2 = 1 - Pr2 

,, . *..>,' A;2 
- 

7 = 
r2 A'x ; Ai2 = outer diameter area of projected primary mirror 

A;2 

o Signal from bandpass filter 

The fi l ter  characterized by a transmissivity T~ = 1-ab - pb in the interval 

AX is assumed to absorb completely outside AX ; that is, outside AX the 



cznissivj.ty is given by s = 1 - 
b Pb " where rrb and p b  denote the filter's absorp- 

tivity and suriace reflectivity, respectively. This outside ernissivity applies 
to the wavelengM intervals zero to h1 and h2 to kc, 

where hc is the cut-off wavelength of the detector sensitivity. One obtains for 

the in-band component 

'svhere 

= 'A;3 - A;41/~;3 ; A ; ~  s 3 - ~i~ = projected area of aondus = 
--- 

";3 
= outer dhmetes area of project& primary mirror 



a8d esco 

where 

Cr3 = 43/(A;3 - 

5r4 = ArdA:4 

Ai4 = projected area of secondary mirror  

The contributions of the different elements in the indirect radiation propagation 
chain to the total radiant flux receivable by the detector a r e  subsequently given 
by 

Signal from the detector with radiarce Nd 

where 

5; = A /A' f d 

A' = image of A in primary focal plane d d 

5 = 1 - 7  s s 



@ Siwls from relay concentrator9s secondary a d  primary mirrors  

- " - S E P  P 5 ' ~  P ' S P D  P P P P 5 A  
1.4 - N r l , ~ h  r4 r 4  r3'bPr2 r l  f P2 p l  a s s c l  c2 r l  r2'bPr3 r 4  cs d 

- 
P 5 ' ~  P ' 5 P P  P P P  P 5 A  'r3 = N r 3 . n ~ . S r 3 T b P r 2  r l  f p2 p l  a s s p l  PZ 1-1 r2'bPr3 r 4  cs d  

e Siwal from bandpass filter 

- 
S ' P  P T 5 P P  P P P 7 P  P 5 - 4  Y ; b = N b , a h ' r 2 E b P r 2 P r l  f p2 pl a s s pl  p2 r l  r2  b r3 r 4  c s d  

la 8igmls from relay eollmatorvs primary and secondary mirrors 

- 
= N  T ' P c ' P P  " P P  P P P T P  P ( ; A  'r2 r2,Ah r2  'r2 r2  r l  f p2 pl a s s p l  p2 r l  r 2  h r 3  r 4  c s  d 

-- - 
'rl - "rl .*A ' r ~  ' r l  '; P p ~  'a's 'S ' p ~  'p2 'r.2 7b 'r3 P r 4  5 - 4  cs  d 

e Sigmls h a m  collector's secondary and primary mirrors 

- 
F = N  c P 5 -4 

p2 p2,Ah $32 p2 pl 'a's 's 'pl 'p2 'rl 'r2 'b '1-3 'r4 cs d 

B, Chopper t:los& 

1r-i the chopper -closed operation mode, there a r e  no contributions from elements 
in front of the modulator, Thus, the direct radiation propagation chain consists 
of :: 

e Sigml from the modulator with radiance N 
m,Ax 



where 

s = 1 -  
m Pm 

Pm = modulator reflectivity 

r, Signals from the relay collimator's secondary and primary mirrors 

r, Signal from bandpass filter 

e Signals from the relay eoncentrator's primary and secondary mirrors 

The subsequent flux contribution from the elements in the indirect radiation pro- 
pagation chain a r e  

e Signal from the detector 

e Signals from relay concentratorfs secondary and primary mirrors 



o Signal f rom I>znd-pass filter 

o Signals from relay collimator's primary and secondary mirrors 

'The fsrrnulae derived for the Cassegrainian system apply also to the conceptual 
lyewtonian radiometer design with only one minor difference. Whereas in both 
sys terns the transmisstion factors 7 and the form factors 6 a r e  generally design 
dependent parameters,  the Newtonian system" form factor 5 p2  is easily ex- 

ppessible by the half folding angle g); that is, one obtains 

5137- this reason, the total radiant flux incident on the detector face may be 
evpx cssed as the sum of the particular flux contributions derived, in general 
rcirrr l ,  f o r  the Cassegrainian system. 



I t  must  be noticed that handling the data flow in an on-off type fashion consti- 
tutes only an approximation, Actually, one encounters transition t imes dvring 
which the modulator is partially transmitting and partially reflecting; that is, 
one would experience both modes, Ponen and 'closed " after  modification by 

adequate, multiplicative, time-dependent form-factors , 5 (t) , simultaneously. 
However, these transition periods a r e  supposedly shor t  enough a s  to be consid- 
e r ed  negligible. 

The receivable power in both radiation propagation modes may be compared with 
the radiant flux in a straight Cassegrainian system without any s t ructura l  support 
elements. Expanding the expressions of the ea r l i e r  paper to comply with the 
deviations of the present  study by considering multiplicative fo rm factor,  one 
obtains 

- - 
'closed Fclosecl 

As compared with Fopen , it is seen that in F essentially the flux contribu- 
onen 

tions f rom the e lemei t s  of the indirect radiatidn propagation chain a r e  missing, 
However, this  can never happen in an actual system, a s  pointed out in the de- 
scriptions of the alternative support s tructures.  In these alternatives, one will 
a lso  always encounter a power t e rm  Fs. Specifically in the first alternative, 

this  power t e r m  may be much greater  than that obtained f rom the spoke support 
because of the l a rger  a r e a  involved; on the other hand, the transmission coeffi- 
cient of the support window may be smal ler  than that of the support spokes. 
Since, additionally, the amount of power Fd of the indirect radiation propagation 

chain is substantially dependent on the a r ea  and the reflectivity of the support 
s t ructure ,  this  amount of power will certainly be l a rge r  for  the support window 
than fo r  the support spokes, 

- The signal difference, A F  = Fopen Fclosed , believed to be an  important 

quantity in data processing, is now explicitly derived for comp1e ten .e~~  of the 
study. 







REFRACTO-REFLECTIVE SYSTEMS 

The radiant-flux contributions t o  the s igna l  rece ivable  by the detector  f rom 
the e lements  i n  a l l - re f rac t ive  and  a l l - re f lec t ive  r ad iome te r  designs have been 
determined previously. Resul t s  of these  s tudies  now a r e  applied to  other  e l e -  
ment  combinations. In this  application i t  is a s sumed  that r e f r ac t ive  co l lec tor  
optics intended to concentrate  the incoming radiat ion f rom the t a r g e t  s cene  in  
i ts  focal  plane can  be r ep re sen ted  by one single component even if i t  is ac tua l ly  
composed of a number of e lements  to  c o r r e c t  f o r  chromat ic  and  geomet r i c -  
optical aber ra t ions .  It was shown previous ly  that this  assumpt ion  is permi t ted .  

The t e r m  "refracto-ref lect ive" sys tem is applied to a configuration that is 
composed of r e f r ac t ive  col lector  opt ics  and  a l l - re f lec t ive  r e l a y  opt ics .  Two 
types of a n  al l - ref lect ive r e l a y  sys t em a r e  specif ical ly  taken  in to  considerat ion,  

o Cassegra in ian  sys tem p a i r  

o Off -axis paraboloidal  r e f l ec to r  p a i r  

Appropriately com bining the r e s u l t s  of the previous derivat ions,  one obtains : 

o Refract ive col lector  and Cassegra in ian  col l imator  and concen- 
t r a t o r  optics:  

where .q, = t r ansmis s iv i ty  of a lowpass f i l t e r  i n  f ron t  of the 
col lector  opt ics  

o Refract ive col lector  and off-axis paraboloidal  co l l imator  and 
concentrator :  

where T h a s  the s a m e  meaning a s  above. R 



REFLECTO-REFRACTIVE SYSTEMS 

The te rm "reflecto-refractive" system denotes a combination of an al l-reflec-  
tive collector and al l-refractive re lay  optics. These re lay  optics a r e  assumed 
to consist of a collimator and a concentrator component both of which, though 
possibly composed of several  elements, can be handled a s  single elements. 
Three collector configurations were taken into specific consideration: 

e Cassegrainian collector 

e Newtoniancollector 

o Off -axis paraboloidal collector 

Again, appropriate combination of the ea r l i e r  resul ts  yields: 

Cassegrainian collector and refractive collimator and concen- 
t r a  tor : 

Newtonian collector and refractive collimator and concentrator: 

Off-axis paraboloidal collector and refractive collimator and 
concentrator: 



In these expressions T& denotes generally the transmissivi ty of a lowpass 

frlter i n  front of the collector optics. This lowpass filter can be used to sup- 
port the secondary optical element in  Cassegrainian and Newtonian collector s. 
It is to be noted that, with respect  to these two specific configurations, rR  
can a lso  define the transmissivi ty of a spoke-supported s t ructure  fo r  the s e c -  
ondary element; that is, i t  denotes transmissivi ty of an  annulus that is obscured 
by the spokes. 
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APPENDIX D 

SPECIFIC ERROR MODEL 

This  appendix desc r ibes  the method used f o r  predict ing r a d i o m e t e r - m e a s u r e -  
ment -accuracy  capability. E r r o r s  assoc ia ted  with att i tude knowledge, typical  
energy  variat ions a t  the sou rce  (horizon o r  loud noise),  and  t r ans fe r  to  e a r t h  
of r ad iome t r i c  data  a r e  considered e l sewhere  a s  s y s t e m s  e r r o r s  s ince  they 
a r e  basical ly  e r r o r  sou rces  which can be treated only at the r ad iome te r  Level, 

/? 
In a conventional e r r o r  ana lys is ,  the method used is to  wr i te  a comprehens ive  
analyt ical  express ion  and to  de te rmine  sens i t iv i ty  to a given p a r a m e t e r  e i t he r  
by differentiations o r  by  evaluating the express ion  numer ica l ly  and  varying 
each  p a r a m e t e r  about the nominal. Th i s  method can  be used successfu l ly  on 
re la t ive ly  s imple  models  with spec i f ic  cha rac t e r i s t i c s ,  but becomes  cons ider -  
ab ly  l e s s  useful f o r  analyzing the gene ra l  u s e s  of a complex r ad iome te r  sys t em.  

The  fo rm of the e r r o r  ana lys is  used i n  th i s  c a s e  p e r m i t s  a sys temat ic  means  
of evaluation of r ad iome t r i c  per formance  without the necess i ty  f o r  end-to-end 
equations f o r  e a c h  configuration. All ma jo r  e l emen t s  of the r ad iome te r  a re  
considered in  modular  fo rm to  s implify evaluation and compar ison  of a l t e rna -  
t ives i n  design. 

It  was found that the e l e m e n t s  could be r ep re sen ted  by two types  of modifying 
f ac to r s ,  the f i r s t  fac tor  descr ib ing  the cha rac t e r i s t i c s  of the element  which 
modify preceding e l emen t s  and the second fac tor  descr ibing the in t r in s i c  
cha rac t e r i s t i c s  (usually additive).  

F igu re  D l  shows the e lement  used f o r  this  pa r t i cu l a r  ana lys is ,  F o r  a l t e rna t e  
ca ses ,  s imi l a r  m odels  could be used as appropr ia te  to  given configurations.  
F o r  e a c h  a l te rna t ive  fo r  a modular  e lement ,  a n  appropr ia te  t r ans fe r  function 
can  be wri t ten and  evaluated fo r  expected nominal and  e x t r e m e  values.  The  
t r ans fe r  functions within a n  e lement  a l s o  can  b e  bas ica l ly  i n  modular  fo rm 
whenever  possible.  That  is, the technique used f o r  the ove ra l l  ana lys i s  a l s o  
is useful in  analyzing cha rac t e r i s t i c s  of a n  individual e lement .  

F igu re  D l  i l l u s t r a t e s  the manne r  i n  which the s e r i a l  ana lys i s  is pe r fo rmed .  
Each  element  to the left i n  the f igure  const i tutes  a sou rce  of e n e r g y  which can  
r e a c h  the collection sys tem of the r ad iome te r ,  A table  of possible  s o u r c e s  is 
given in  Table D l .  The value Z in  the equations of F igu re  D l  r e p r e s e n t s  any  

' of these  signals.  The  designator  la, 3a, 4a,  . . . , l 6 a  can  be applied equal ly 
to  the s igna l  o r  to the resu l tan t  output for the appropr ia te  Z .  Associated with 
each  s ignal  is a n  appropr ia te  output lb ,  3b, 4b, . . . , 16b cor responding  to  
the s a m e  conditions fo r  the chopper  closed. Obviously, fo r  many si tuat ions 
l b  = 3b = 4b, . . . , etc .  

As  i l lus t ra ted  in Table  D l ,  f o r  e a c h  descr ipt ion A, B, C there  is a n  uncer ta in ty  
o r  b ias ,  appropr ia te  t o  that value which can  be r ep re sen ted  as a percentage;  
that is, A (1 i a). In propagating values through the r ad iome te r ,  re la t ions  f o r  
the uncertaint ies  w e r e  accumulated a s  shown in Table D2, 





T A B L E  D l .  - I N P U T  -SIGNAL EQUATIONS F O R  S P E C I F I C  E R R O R  ANALYSIS 

High inflight calibration level 

Medium high inflight calibration level 

/ 511 I Medium low inflight calibrationlevel D ( l  a d) + F ( l  + f )  HxED LO(l * hMED ) + H2(l * hZ) 

I 6a I Low inflight calibration level I 
High earth radiance level 

Medium high earth-radiance level 

Medium low earth radiance level 

Low earth radiance level 

Space simulator 

High primary calibration level 

Medium high primary calibration level 

Medium low primary calibration level 

Low primary- calibration level 

A ~ i g h  + ' ~ i ~ h )  

*Med. High ( l  * a ~ e d .  High ) 

A ~ e d .  Low It a ~ e d ,  Low 

A ~ o w  + a ~ o w )  

E (1 .t e) 

B ~ i g l i  a 'sigh) 
B ~ e d ,  High ( I  ' b ~ e d .  High ) 

B&led. Low It b ~ e d .  Low ) 

B aw (' bhw! 





Modules a r e  s t ruc tured  in what can be considered to be a s e r i a l  form. Each 
element was made to stand a s  an  individual block. When it  is necessa ry  to 
include one block consideration outside the element, the configuration depen- 
dency can b e  identified and al ternat ive modes can b e  used a s  appropriate.  
F a c t o r s  such a s  component aging, par t ic le  bombardment, o r  tempera ture  
changes caused by variations in the cooling sys tem a r e  t reated a s  pa ra l l e l  
functions modifying each of the other  t r ans fe r  functions individually. 

A detailed specific e r r o r  analysis  was performed using pa ramete r s  shown in 
Table D3. Each of the boxes of Figure  D l  is described below. The uncer-  
taint ies  a r e  summarized i n  Table D5. 

TABLE D3. - SPECIFIC SYSTEM PARAMETERS 

Collector optics (off-axis parabola) 

Aperture diameter: D = 20 cm 
P 

f/number = 2 

nominal reflectivity: 0.990 h p B 0.994; long-term change: iO.OO1; 
PO 

emissivity: € 
P = l - p ~  

form factor: 5 = essentially constant and not considered to be  an e r r o r  
source = 1.2000 (assumed value) 

Relay optics (off-axis parabola pair)  

f/numbor = 2 

nominal reflectivity: 0.990 L pro h 0.994 (M. 001) 

emissivity: E = 1 - pr r 

form factor: f = 1.2000 (assumed value) 
P 

Bandpass fi l ter between relay parabolas 

transmissivity: r,, = 0- 60 from 14.0 to 16.3 P 

= 0.0 from 0 to 1 4 . 0 ~  

= 0.0 from 16.3 to 23p 

emissivity: E = 0.02 from 2 to 23p b 
= 1.0 for  X c 2 p  and h > 23p . , 

Temperatures for  boxes F, G, I, L, M '150:~ low 
Z O O X .  nominal 
3 0 0 ' ~  high 

N, 0, P, Q 6 0 : ~  low 
80 K nominal 

200:~ high 
300 K very high 

Detector (on-axis): Ge:Cd a t  1 5 ' ~  

angular size: 0.2 m r  x 1 . 0  m r  

2 
area: (2 x D ) x 0.2 x = 3.2 x on1 

2 
P I 

Field stop 20% larger  than detector. 
Cold stop defines acceptance angle of system. I 



TABLE D3. - SPECIFIC SYSTEM P A R A M E T E R S  (Continued) 

For the form factor tp , a value of 1.2000 was assumed. 
Form factor is essentially a constant and is not considered ta be an 
e r ro r  source. Since ernissivity is derived from 1 - reflee tivity, 
small uncertainties in renectivity cause large uncertainties in ernis- 
sivity. The nominal value for Epo is 0.00800 *0.00200. The long- 
term change is &. 00100. 

Long-term Short-term 
Bias - drift drift 

Temperature is the determining factor for Nw since the 
spectral region is chosen. For the primary, t e q e r a t u r e s  were 
chosen as  

Lo%-term Short-term 
Nominal Bias drift drift - 

Using the value for form factor t p  and the values for emissivity 
and radiance, one obtains for I2 



Using the value for  the fo rm factor  5 and the values for  emissivi ty and 
radiance we obtain f o r  I2 P 

Nominal 
Long-term Short-term 

Bias - drift drift 

= 0.144235 (1 M. 471474) (1 k0.180368) (1 A0.001721) 
12300 w / r n 2 - s r  

= 0.284323 x 10-I (1 AO. 25) (1 k0.125) (1 k0. 002402) 
2 - (1 AO. 480404) (1 AO. 120098) W /  rn -sr 

This factor is the additive t e rm due to the p r i m a r y  optical system. In i t s  
sirrp, les t  form, a s  used in  the specific analysis,  this  term is due to the rad i -  
ance from a single surface.  

STRAY LIGHT --  NEAR AXIS J, FAR O F F  AXIS K 

No values a r e  assigned for  J and K in specific e r r o r  analysis.  Since the only 
radiometer  t ransfer  t e r m  preceding s t r a y  light is the p r imary  m i r r o r  ref lec-  
tivity of 0. 992, these t e r m s  would add their  radiance values almost  directly. 
A stray-l ight  value of 0.001 t imes  the maximum radiance thus would produce 
a n  accuracy e r r o r  of 0.00 1 t imes  the maximum radiance. To indicate that 
these t e r m s  may v a r y  from zero  up to the maximum level, one can write 

The most  difficult t e rm to a s s e s s  is J, since this  te rm deals with energy 
f rom near-axis  objects. Obviously, image quality is important in determining 
stray-light effects attributable to  this  module. Although extended targets  
should tend to  mask image effects,  consideration must be given a t  the sys tems 
level  to effects of ta rgets  with gradients nea r  the field of view relat ive to t a r -  
gets  with uniform appearance over large angles. 

:::Short-term drift  is drif t  between collection cycles.  



MODULATION SYSTEM 

L dimensionless  mult ipl ier  
1 

L1 = 1 (open) 

L1 = 0 (closed) 

The frequency c h a r a c t e r i s t i c s  of L a r e  cons idered  i n  the de tec tor  a n d  s igna l -  
p roces s ing  e lements .  

f o r  the model of 26 March. 

The chopper is a s s u m e d  t o  be  painted black and to  have  a n  emis s iv i ty  of 
0. 975 i 0. 0 15. The  long-term dr i f t  is f0. 01. 

Rias Long-term drift Short-term drift - -- 
E = 0.975 (i zL-0.015355) m (1 k0.010256) (1  kO.000000) 

Bias Short-term drift - Long-term drift 

F I E L D  S T O P  

MI = Sf = A = a ratio 
'S/AD 

MI = 0.92 for point target at infinity but, 

= 1 .00  for extended sources when convoluted with 08-axis images. 



M2 = 0 for field stop larger than detector area 

2 = a radiance for other cases: WIm -sr 

Mi  = 0. This assumption says that no radiance from the front of the field stop 
is reflected from the chopper at an angle which will allow radiation to 
reach the detector 

FIRST REIMAGING ELEMENT 

N1 = r a t i o  of ref lected t o  t r ansmi t t ed  flux 

F o r  the ref lect ive s y s t e m ,  N1 is de termined  by the re f lec t iv i ty  of the m i r r o r  
sur face .  

F o r  the r e f r ac t ive  sys t em,  N1 is de termined  both by  t h e  sur face  ref lect ion 
f rom the l ens  and  f rom the absorp t ion  within the lens.  Assuming a f t e r  ant i -  
re f lec t ion  coating a n  eff ic iency of 0. 95 (1 k 0.020) b i a s  (1  f 0. 001) long-term 
drif t ,  f o r  the su r f ace  and  f o r  absorpt ion cons idera t ions  a n  efficiency of 0. 975 
(1 rt 0. 002) b i a s  (1 f 0.00 1) long-germ drift ,  one finds a n  efficiency of 

Bias - Long-term drift 

N 1 ~  = 0.92625 (1 10.020) (1 10. 002) (1 10.001) (1 fO. 001) 

For the reflective system 

Temperatures considered a re  

Nominal Bias Long-term drift Short-term drift - 

The form factor Criis assumed to be 1 .2  and to have noerror and the variation in 
emissivity is assumed a s  that used for 12. 



Then, 

Bias - Long-term drift Short-term drift 

(1 10.  073445) (1 =to. 146890) (1 =to. 001469) 
w / m 2  - sr 

For the refractive element, one has 

Crl = form factor, assumed to be unity 

Emissivity is a s s ~ m e d  to be crl = 1 - Prl - 7 = 0.07385 r 1 

Bias Long-term drift Short-term drift 

= 0.110806 x 10'~ (1 1 0 ~ 7 0 5 1 )  (1 10.  026102) (1 =to. 001727) 
(1 &O. 508525) (1 ct0. 081470) w / m 2 - s r  

SPECTRAL FILTER 

0 = r a t i o  of t r ansmi t t ed  t o  incident flux 

The s p e c t r a l  f i l t e r  is a s s u m e d  t o  have a s q u a r e  bandpass  f o r  pu rposes  of t h i s  
analysis .  Actual f i l t e r  c h a r a c t e r i s t i c s  should be used when avai lable .  T h e  
a s s u m e d  subs t r a t e  is I r t r a n  6. Detailed p a r a m e t e r s  of f i l t e r  behavior  v a r y  
significantly f rom s a m p l e  to  sample. 



7 = 1 - a (A) - F ( A )  = 0.600 in band b b 
= 0.0 out of band 

a (A) = 0.02 inband 
= 0 . 2 0  outofband 

P ( A )  = 0.38 in band 
= 0.80 out of band 

The spectral filter is assumed to have the values of temperature and tolerances also 
associated with the f irst  rebyaging element. 

The tolerances associated with "b and p are  estimated a s  

Bias Long'-term drift Short-term drift 

f f b ( X )  = 0.02 (1 z t l  . 0) (1 &O. 00100) (1 rtO . O O  0 10) in band 
= 0.20 (1 &O. 50) (1 zt0.00500) (1 &0.00010) out of band 

P,(h) = 0.38 (1 a. 06) (1 *O. 00200) (1 z k O . O O O 1 O )  in band 
= 0.80 (1 rt0.125) (1 zk0.00500) (1 ztO. 00010) out of band 

For the multiplication term, only in-band charac teristics are required. The f f ibr  
is assumed at an angle which reflects radiation to a blackened part of the radiometer 
so that multiple reflections also are not important. 

Bias - Long-term drift Short-term drift 

0, - a radiance in w / r n 2 - s r  

The expression Ah' refers to radiance from 0 to 22 microns, that is, the radiance from 
the filter reaches the detector broadband. 

The express ion NAh for  in-band radiance is defined a s  N2.  NOB for out-of- 

band radiance is defined by NAh, - NAh. (The assumption is made fo r  the 

analysis  that the  detector and f i l ter  both have flat responses .  ) 



Long-term Short-term 
Bias drift drift 

2 
'b, a ; 3 0 0 ' ~  

= 1.148 x W/ m - s r  (1 AO. 304) (1 &O. 076) (1 -+0. 001520) 

Radiance i n  band is presented in Table D4. 

TABLE D4. - IN-BAND RADIANCE VALUES 

Filter radiance Bias 
Long-tern1 

Short-term drift 



SECOND REIMAGING ELEMENT 

One obtains  immedia te ly  the re la t ions  

f = form factor assumed to be 1 .2  r 2  

fr2 = form factor assomed to be unity 

In-band rad iance  is presented  in Table D5. 

TABLE D5. - SECOND-REIMAGING-ELEMENT IN-BAND RADIANCE VALUES 

Bias 

(1 M. 554) 

(1 50. 877) 

(1rt1.011) 

(1 52.05) 

(1 M. 591) 

(1 t o .  914) 

(1rt1.05) 

2 (1 $2.09) (1 k9.356) (1 10.9360) W / m  - s r  

------ 

Long-term 
drift 

(1 h0.201) 

(1 50.282) 

(1.C.278) 

I 

i 
Short-term drift 

- - i 
2 (1 10. 001520) W / m  -sr 

2 

2 

I 
(1 10.003135) W / m  - ,, / 
(150.01525) m - / 

(1 -0.485) (I 19. 0350) w / m 2 - s r  1 I 
2 (1 10. 092) (1 h0.001520) W / m  - sr I 
2 (1 50.183) (1 10.003135) w/, - s r  

I 
2 (150.179) (110.01525) W / m  -s r  



Cold Stop 

Q = a solid angle = n sin2 6 

Assuming an f / 2  system, defined by an accurately made cold stop, Q1 = 
1 0 .  184726 bias (1 f 0 .  002) Q1 = Q1 by assumption 

C avity 

E = 0.975 (1 rtO. 015335) (1 10.010256) (1 10.  000) 
@Y 

2 cos 0 = 2.957 (1 &O. 002) for an f/2 system 

1 .  The expression Q2 1s neglected in th is  analysis since th is  value eventually will  

be 0 , 0 0 3 1  Q2 due t o  reflectance f r o m  the  detector,  blackened chopper, and 

spectral  limiting by the f i l ter .  

OPTICAL TRANSDUCER 

2 Total i rradiance of the detector  is measured in W / m  . However, i t  must  be 
re  aiized that  the actual detector  res is tance  is inversely proportional to the 

photon flux (photons sec- l ) ,  i f  a constant-bias current  is supplied. According 
to  Planck" radiation law, radiance and photon flux a r e  given by 

= K Ad 0 2 C 1 r4 [ e m  -.I] d h (photons sec"), respectively, 
a 1 

where K = corlstanl expressing the fact that the flux is not generated by a blackbody. 



Ad = detector area exposed to the radiation 

St = solid angle subtended at the cold stop 

h = Planck's constant 

c = light velocity 

k = Boltzmannrs constant 

A = wavelength 

T = temperature 

Unfortunately, therefore,  a unique constant that converts radiant into photon 
flux cannot be determined readily; that  is, the conversion factor  is generally 
a function of h .  However, in the wavelength intervals  of interest ,  one may 
define 

In general,  since the sum of the  i r radiance  t e r m s  CH is not completely 
k~owr , ,  the a c t u d  detector res is tance  Rd must  be r e fe r red  t o  a value RrL that 

is measured under well-defined experimental  conditions : 

where C Q~~~ 4 sum of calculated photon flux that defines the experimental 

conditions. In th is  manner, one obtains the  detector  output voltage 

where ib = constant-bias current .  This  derivation reveals  that the multiply- 
ing factor  of the optical t ransducer  is defined by 

U 

Numerically, one has  

Bias Long-term drift Short-term dr i f l  - 
~ ~ = 7 . 0 3 3 7 9 ~ 1 0 - ~ v o l t - w a t t r n - ~  (I*O.IOO) (1a0.001) (I %o. ci001) 



whcre d r l f t  charac ter is t ics  a r e  determined f rom the current -b ias-source  
c h a ~ a c t e r i s t i c s  and the  bias value is determined by measurement  and manu- 
f acturing tolerances.  In actuality, the value fo r  b ias  might be l a r g e r  than the 
assumed value; however, i t  is anticipated that once the basic model has  been 
verified, values of the o r d e r  indicated would be pract ical .  The nominal value 
of S is derived in the e r r o r -  analysis  working notes. 1 

'rile additive te rm,  S2, of the optical t ransducer  is a noise voltage. If only 

shot and photon noise a r e  considered t o  contribute t o  th i s  voltage, and if one 
defines 

one obtains 

\ / 2 $  AA Rm 2 
- 

S2 - 
(volts) 

where 9 = charge of an electron.  Numerically, one has  

S 2 = 7.229 ZQ x I . O Z o ~ ~  'FQ I (volts) 

SIGNAL PROCESSING 

The multiplying factor  of the preamplif ier  is generally the  product of the gain, 
C *  and a frequency-response function, Go(w). Defining specifically 
d 

where R . ,  C .  = amplifier input res is tance  and capacitance, respectively. 
1 1  



6 Ri = 50 x 10 ohms 

w = 2-rr 5500 cps 

-12 C-  = 5 x 10 farads 
1 

one obtains  

Bias - Long-term drift Short-term drift 

The  p reampl i f i e r  is cha rac t e r i zed  by two additive t e r m s  

T21 = an offset in volts 

TZ2 = a noise in.volts 

EoE = 0.005 volts, bias: (1 M. Oi) , long-term drift: (1 rt0.001) 

= 1.2145 x volts 



SPECIFIC ERROR ANALYSIS, UNIVERSAL MULTIPLIERS, AND 
REFRACTIVE REIMAGING ELEMENTS 

The specif ic  e r r o r  ana lys is  is summar ized  i n  Table D6. 

The  s igna l  mult ipl ier  is reduced  t o  0. 872 of the value fo r  the re f lec t ive  r e -  
imaging sys tem,  but this  change would not appea r  to affect significantly s igna l  
measurement .  Uncertainty in  t he  nominal  value and b i a s  is inc reased  by  50$, 
as is the long-term-drif t  cha rac t e r i s t i c .  Shor t - te rm drif t  s t i l l  is de termined  
p r i m a r i l y  by changes in  the opt ical  f i l ter .  F r o m  a mult ipl ier  point of view, i t  
would appea r  that t h e r e  is l i t t le  r e a l  difference between the specif ic  sys t em 
using the ref lect ive o r  r e f r ac t ive  re imaging  e lements .  

SPECIFIC ERROR ANALYSIS, UNIVERSAL MULTIPLIER, AND 
REFLECTIVE REIMAGING ELEMENTS 

Since for  purposes  of specific e r r o r  ana lys i s  no t e r m s  of t h i s  fo rm a r e  con- 
s idered  to be  t empera tu re  dependent except  as indicated by  the s h o r t - t e r m  
drif t  cha rac t e r i s t i c s ,  the above t e r m s  a r e  applied t o  all s y s t e m s  r e g a r d l e s s  
of t empera tu re s  of individual e l emen t s  of the r ad iome te r .  





8 
ffi 
ffi 
W 



2 
Z accuracy = 3.000 x w / m  -sr 

2 
Z m i n  = 5 . 0 0 x 1 0 - ~  w / m  -sr 

2 
Z max. QIPIOINIMILII1 = 1.08197(1+. 078)(l+. 0043)(11.. 000 067) w / m  -sr 

SUMMARY 

To bound the performance which could be obtained from the type oi* system 
documented in  the specific e r r o r  analysis ,  an  analysis was made of the eu- 
t r emes .  That is, detailed data were computed for the system producing the 
least internal  radiance and fo r  the syst&m producing the most internal  radiance, 
Tables below document the radiance levels  associated with the various radiance 
sources  to be considered. Total porn r for  each appropriate condition 1s sum - 

c. - 
- 2  -1 mar ized in both ~ / m '  and photon rn sec  . 

The bandwidth will be between 615. 5 Hz and 4931.8 Hz. Observation time 
used to evaluate photon noise is T = 1120b.8 11 psec 2 t r 101 psec, Pholons 
associated with the noise equivalent signals and with the photon noise a r e  tabu- 
lated below. 

Photons 

MMmum radiance Maxirnm radi-e 
system syskm 

Equivalent 1 . 1 ~ ~ 1 0 ~  1 . 3 8 ~ 1 0 ~  9 . 6 3 ~ 1 0 ~  1,201~10 5 



Minimum Radiance System::: 

Components a r e  a t  150' and 60"; a l l  optical e lements  a r e  re f lec t ive  except f o r  
filtcr, 

F, I, L, M a t  150°K N, 0, P, Q at 6 0 ' ~  

Dese ription -- 

Long-term Short-term 
drift, drift, 

Bias w/ m2 - w/m2 

QIPIOINIMIEIIl A,, = 1081.970000 x (110.078) (110.0043) (110.000061) 

QIPIOINIMILIII Aacc = 3.245910 x ( l a .  078) (IhltO. 0043) (lrt0.000067) 

Q ~ P ~ O ~ N ~ M ~ L ~ I ~  A~~~ = 0.540985 x ( l a .  078) p+o. 0043) (110. 000067) 

QlP101Nlh11L2 = 64.091200 x (110. 943) p+o. 2250) Qa0. 004296) 

' "closed = 67.363200 x ( l a .  9858) p 0 . 2 3 2 1 )  (Ir0. 005836) 
-2 -1  roto on m sec 

= 2.91521.4 x (ld. 7198) -655) pi-0.030874) 

'::No considerat ion was  given t o  the ac tua l  s p e c t r a l  response .  A l l  W-to-paoton 
- 1 s e c  conversions a r e  based on 0 .762255 x photon W s e c - l .  



M a x i m u m  R a d i a n c e  S y s t e m  

Al l  c o m p o n e n t s  at 300°K excep t  f o r  t h e  d e t e c t o r ;  t h i s  s y s t e m  u s e s  refractive 
r e i m a g i n g  op t ics .  

Description 

Long-term Sllort- ter~:~ 
drift,_ drif t .  

Bias W /  m z w / m  2 - 

-2 -1 
Photons rn sec - 2.566047 x 1 0  *22 (I@. 329) (150.0863) (I-0.001527,) 

For the minimum radiance sys tem,  the num er  of hotous associated with the niini- 
mum signal input i s  4.123 658 x 10IG hotons rn-' sec-Pand for the rnaximitn, racii:ii~r.c 
sys tem 3.595 114 x 1016 photons m-iPsec-l . The detector i s  0.2 m m d  x 1. 0 mrnri. 
so  the a r e a  is 3.30322 m2 for the 16-inch focal length used. 

473  



These tables  Indicate that all of the sys tem-des ign  r equ i r emen t s  can  be m e t  
1~~1th the sys tem cor responding  to  the minimum radiance  components and t e m -  
pera tures .  Malor p a r a m e t e r s  to  be considered a r e  (1) noise - well  below the - - 

des i r ed  level; that is, t h e a / G J  v G x J  d G J  O r  compared  

Q ~ ~ l n  -equivalent: (2)  long-term dr i f t  i n  t r ans fe r  c h a r a c t e r i s t i c s  - r emoved  
by vir ue of the inflight ca l ibra tor ;  that is, the dr if t  f ac to r  assoc ia ted  with the 
product Q1P1O1N1MiL1Ii: (3)  s h o r t - t e r m  dr i f t  of the d a r k  rad iance  leve l  and  

of the chopper-closed rad iance  value is s m a l l  i n  compar ison  t o  the r equ i r ed  a 
absolute accuracy;  that is, sho r t - t e rm d r i f t s  of C Q ~ ~ ~ ~  and CQclosed a r e  

s m a l l  with r e g a r d  to the a c c u r a c y  requi red .  Note that,  because  the sho r t - t e rm 
drift  of C q a r k  and of un iversa l  mul t ip l ie rs  is smal l ,  a d-c sys tem could be 

employed. in  other  words,  no chopper  is r equ i r ed  ac tua l ly  to provide suffici-  
en t  accuracy ,  presuming drif t  is minimized  in the ampl i f ie rs .  

The maximum radiance  sys t em (300" components except de tec tor ,  r e f r ac t ive  
irn aging e lements )  can  be seen  t o  provide many problem a r e a s .  F o r  example:  
(1) the noise i s  within acceptable  l imi t s  only f o r  the s lower  sys t ems ;  when the 
dwell t ime  is equivalent to  only 101 psec ,  the photon noise wil l  exceed the r e -  
qurred maximum level: (2) the long-term drif t  in t r ans fe r  cha rac t e r i s t i c  s t i l l  
c an  be removed by vir tue of the inflight ca l ibra tor ;  however,  the re la t ive ly  
la rge  noise level  wil l  l imi t  a c c u r a c y  of the inflight cal ibrat ion:  (3) the sho r t -  
t e r m  drif t  of the da rk  l eve l  is much l a r g e r  than the  acceptable  a c c u r a c y  - due 
most ly t o  the f i l t e r  second re imaging  element ,  and cavity. Shor t - te rm drif t  
of the chopper a l s o  is impor tan t  r e l a t i ve  to  the allowable a c c u r a c y  f o r  this  
sys tem.  

Thus, one can s e e  r ead i ly  that a n  acceptable  sys t em is bounded b y  the chosen 
l imits .  A sys tem using ref lect ive re imaging  e l emen t s  with most  components 
cooled to  60°K wil l  provide sufficient accuracy ,  and a sys t em with all e l emen t s  
except the detector  a t  300°K will  not be sa t i s fac tory .  However, i t  is not pos-  
s ible  a t  this  t ime to  s a y  where  the l imit ing conditions will  occur  s o  that e a c h  
component can be  r u n  a t  the maximum tempera tu re  t o  minimize cooling. The  
t r ade  between t e m p e r a t u r e s  of components cannot be  handled r ead i ly  because  
of the many var iab les  which m u s t  be  modified f o r  e a c h  example. If the analy-  
sis can  be computer ized in  t h i s  format ,  a m o r e  thorough ana lys is  can b e  made.  
In fact,  this  specif ic  ana lys is  actual ly  h a s  not been done t o  the optimum level  
(i, e. , incorporat ion of detector ,  ampl i f ie r ,  and  detailed compar ison  of the  
various s ignal  combinations) because  of the l imited t ime and scope of the 
effort .  

A descript ion of rad iance  t e r m s  is shown in  Table Dfl. 



T A B L E  D7. - RADIANCE T E R M  DESCRIPTION 

Second reimaging mirror 

Spectral filter 

First reimaging mirror 

Q1 *1 N1 IM[l L1 I2 Primary mirror 

QIP1 '1 N1 M1 L1 '1 Amax Maximum earth signal 

QIP1 '1 N1 M1 L1 '1 *act Required accuracy 

QIP1 '1 N1 M1 L1 '1 *min 
Required maximurmt noise 
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APPENDIX E 

CORRECTION FOR SIGNAL DISTORTION 

TIME -INVARIANT LINEAR SYSTEM 

Recovering the input signal sin(t) (Figure E l )  from the output signal so,,(t) 

for a linear and time-invariant system is possible if the systems transfer 
function, H(f), has a wider bandwidth than the input signal spectrum, Si,(f). 
and if the system is  noise free. The inputs a r e  then given by 

where 

In the discrete case, that is, sin, h, and soUt a re  sequences of numbers 

- this inverse convolution can be done without introducing the Fourier inte- 
grals (refs. 28  and 29). 

In the practical case when the system is not noise-free, the result from the 
operation in Equations ( E l )  o r  (E3) may be an incorrect estimate of the true 
input signal; this cannot be recovered with any operation on the output signal 
because of the random noise. Similarly, if the system is noise free, but the 
systems transfer function has a narrower width than the input spectrum, the 
true input signal cannot be recovered, since part of the input spectrum is 
filtered out by the system. 

Figure E l .  Input/ Output Signal 



Qifferent operations can be performed on the output signal to give corrected 
or modified outputs that in different benses approximate the input signal. 

If the systems transfer function H(f) is zero beyond fl and the system is 

noise-free, one gets for the operation in Equation (Bl )  

and the corrected time -domain output 

That is, the input spectrum is completely recovered for  frequencies If I< fl ,  
o r  in other words the input signal was filtered by a square filter 

where 

However, the corrected output s(t)  may be wild [due to sharp cutoff of G(f)] 
compared to the true input s .  (t). Instead of filtering the output by l /H(f) in 
only, in reference 30  the output signal is also filtered by a smoothing function 
to reduce overshoot. In reference 30, cases using different parameters on 
a particular smoothing function a r e  shown with and without noise. Reference 
29 describes a way of reducing systems distortion, in the presence of noise, 
by a deconvolution scheme in the time domain (without going via Fourier 
domain) suitable for  digital computer application. 

The methods in references 29 and 30 for correction of systems output do 
not require any a priori  knowledge of the input signal and noise. F o r  known 
input signal auto-correlation and noise auto -correlation functions, a cor- 
rection scheme based on Wiener filtering can be used to get a corrected 
output signal that approximates the input in the least mean square sense 
(reference 21). 



PERIODICALLY TIME-VARYING LINEAR SYSTEM 

For  a chopped radiometer system, the input/output relationship cannot 
generally be described by a time-invariant impulse response. For  an input 
spectrum band-limited to less  than half chop frequency and a noise-free sys- 
tem, the input signal can be recovered from the output signal by replacing 
H(f) in Equation (E3) by the fundamental transfer function. In addition to the 
effect discussed in relation to Equations (E4), (E5), and (EG), there will be 
aliasing e r r o r s  for  nonbandlimited input signals. The aliasing e r ro r s  can 
be considered as  colored noise (which can be predicted for known inputs). 
The periodically time-varying system can thus be considered as time- 
invariant with the fundamental transfer function being the equivalent of the 
transfer function for a time-invariant system and with the addition of an 
extra signal-dependent noise source, aliasing noise, for nonbandlirnited 
inputs. When correcting the output from a time-varying system, more care 
should, therefore, be taken than in the time-invariant case. 

FIDELITY 

In the ARRS program, a figure of 0. 1% was quoted a s  the goal for fidelity 
of the signal processing system. This has different meanings, depending on 
the application. If the true input signal is designated s(t)  and the estimate 
&t), a few interpretations a re  [s'(t) is bandlimited to If 1 cfl ] 

where 
00 

s(t) - s(t) < 0.001, for all  t 
s(t) 

s(t' - s(t) < 0.001, for all t 
S m ax 

s ~ ( t )  - '(t) <o. 001, for all t 
s ,  ( t )  



s,(t) - s(t)  

s < 0.001, for  a l l  t 

lm ax 

s2( t )  - s( t )  

s2( t) 
< 0.001, f o r  a l l  t 

where 

s2(t)  - a t )  
< 0.001, for all t 

2 m ax 

L m a s  

The r m s  expression in Equation (E13) is analytically computable, but to find 
the e r r o r  s2(t)  - s(t)  for any particular time t requires computer 
assistance. 

NOISE EQUIVALENT BANDWIDTH 

1 A detector with uniform response and width (dwell time) =- has a spectral  
'IT 

representation of - . If this is to be included in H(f) in Equation ( E l )  f 
and if the output noise is assumed white before correction (Figure E2), the 
rrns noise will increase by a factor of 



Figure  E2. Detector Output Noise 
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3n , one gets from Figure E2. For  f3 = - 8 

= 

A s  seen from Figure E2, y increases rapidly for increasing f R ,  and cor- 
w 

rection up to f = rr for the detector seems highly undesirable. Incidentally, 
the operation to get s2(t)  from s(t)  in Equation ( E l l )  is equivalent to 

~ j ~ -  3 f2 2 :  d f  
sin f 

scanning with a detector with uniform spatial response. Equation (E l  1) is, 
therefore, a scheme that does not correct for the detector smoothing. 

1 / 2 
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APPENDIX F 

BOUNDS ON OUTPUT MEAN SQUARE NOISE 
9 

o; FOR ALL TIMES to 
0 

2 
A s  the  output mean  s q u a r e  noise  ot is periodically varying with time, one 

A 
V 

wants t o  find i t s  bounds. Therefore ,  one h a s  t o  find the  bounds of the  squared 
infinite sum: 

Ai = /Ai\  ejai f o r  i = . . . , -1, 0, 1, . . . 
one h a s  



Define 8 such that m 

gmH2 (f*mfo) = lgm 1 I H2 (fkmfo) 1 ejem 

Then Equation (F1) becomes 

and the bounds of + ( f )  
m -J 

where 

Defining 

and 

we can thus wr i te  



EXAMPLE 1, IDEAL FILTERS 

Consider the  low pass  f i l ter  in Figure  F l b .  F o r  this f i l ter  
H2(f + mf )H2(f + mfo + kfo) = 0 for  k # 0 and, therefore, 

0 

a+ (f) = 0 
-I 

That is, 

Equation (F8) then gives for  white noise (@ n,(f) = No) 

The output mean square  noise is thus time-invariant for  this  case.  Generally, 
2 ato is time-invariant if the re  is no "crosstalk" between the t e rms  H2(f + mio) 

and H (f + mfo + kfo) for  k # 0. 2 

With the bandpass filter in Figure F l a  and g(t), according to  Figure F 2 ,  one 
gets 

3f 
0 



l r '  I d) 1 

Figure F 1. Idealized Electronic F i l t e r s  

Figure F2. Gate Wave 



F o r  bandpass f i l ters  with upper cutoff at  6f0 (Figure Fl),  one gets 

Increasing the upper cutoff frequency of the bandpass f i l ter  f rom 3f0 to 6fo 

increases  the effective noise bandwidth only 4%. A further increase  in cutoff 
frequency would cause an even smal ler  increase  in effective noise bandwidth. 
When g(t) has  no d-c  component (go = 0) a s  in Figure F 2 ,  the passband of 

the bandpass f i l ter  can be  extended t o  include dc without affecting the noise 
output for  this  ideal lowpass f i l ter .  

EXAMPLE 2 ,  REAL FILTERS 

Next, est imate the output mean square  noise when using realizable f i l ters .  
The bandpass f i l ter  shown in Figure  F 3  is assumed. I ts  amplitude square 

characterist ic ,  J H ~ ( ~ ) I ~ ,  is shown in Figure  F4. The lowpass filter used is 

the s ame  a s  in Figure  F5. 

F o r  the gate wave in Figure  F2, 



Figure  F3. F i l t e r  Amplitude Charac t e r i s t i c s  





Figure F5.  Second-Order Butterworth Lowpass F i l t e r  



Assume white noise, @nn(f) = No. One then has f rom Equation (F8) 

2 .  The approximation in Equation (F18) is good to about 3% since 1 H1(f) / 1s 

dropping off at  higher frequencies, a s  seen f rom Figure  F4. 

F r o m  Equation (F9) 
m 



This approximation is good to approximately 370, a s  the te rms  that contribute 
most a r e  those adjacent to each other (m = -1, m = +l; m = -5, m = -7; etc.)  
and as  

Integrating Equations (F18) and (F19) graphically in Figure F6 gives 

m 

2 2 I H ~ ( ~ ) J  IH2(f-f0) df =No 0. 61 x 0. 98 fo = 1.20 No(fo/2) (F21) 
- m 

Thus, 

and using o according to  Equation (F8) a s  an estimate for the output mean- 
square noise for any t would here  yield an accuracy of the order of 17%. 

0 

Figure F6. Practical  Fi l ter  Example 
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APPENDIX G 

RELATED TRANSFER FUNCTION MODEL ANALYSES 

The following computations and analyses w e r e  performed using the FDM and 
related considerations and a r e  presented in th i s  appendix: 

e Choice of sampling frequency f o r  a given aliasing e r r o r  

e Evaluation of idealized chopping approximation in the RMS 

e Chopper instability analyses 

e Aliasing e r r o r s  

SAMPLING FREQUENCY ANALYSIS 

Consider the  t ime  function f(t). If f(t) is sampled with a sampling frequency 

us and then reconstructed by the interpolation f i l ter  

s in  -? 

One has  the output 

a w s(t-nT) 
r+ s in  n 

where 

If f (t) is bandlimited to  w , /2 ,  then 

If, however, f(t) is not bandlimited, denote by 



the aliasing e r r o r  and by Ea(w) its Four ier  t ransform. 

A bound on the aliasing e r r o r  is then (see ref. 6 )  

l ~ ~ ( o ) l d w  
-m 

Iea(t) I s  Z n  s in  - Ust I 2 

Example 1 Gaussian Pulse 

The signal 

f(t) = e -t202/2 

has the Four ier  t ransform 

Choose w = 2 x 3.09 a. One then gets  (see  Figure GI) 
S 

And thus 

0.004 
)ea(t)I  ~ l s i n  (wst/2)I = 0.000641sinT 





-4 
Assume that one needs 2n + 1 samples  to  reconst ruct  f( t )  f o r  10 < f(t) < 1 
with an e r r o r  

st le  (t) 1 5 0.00064 1 s in  7 1 
a 

Then a s  

one has 

Rounding off t o  n = 5, one thus s e e s  that one needs 11 samples  to  reconst ruct  
a Gaussian pulse to  an  accuracy of 0.00064 of the peak fo r  t ime values c o r r e s -  

-4 ponding to amplitude values l a r g e r  than 10 of the peak value. The choice of 
2 2 

a in  e -t ' l2  determines the required sampling frequency 

Example 2 

with Four ie r  t ransform 

Sampling with w = us ,  one gets  (Figure G2) 





= 2 e-aws/2 

2 
Choose w = - x 6.2 1; then s a 

as i n  Example 1 

one has 

One thus needs 2n + 1 = 400 samples to  reconstruct  the time function 
2 2 

1/ (1  + t / a  ) to an accuracy of 0.00064 of the peak for  time values cor res -  

ponding to amplitude values l a rger  than l o e 4  of the peak value. The choice 

2 2 - 1 
of "a" in (1 + t / a  ) determines the required sampling frequency 



Example 3 

Convolution of Gaussian pulse and square pulse (see Figure G3) 

where 

1 , if ( t ) <  T/2 
g(t) = 

0 , i f  (t) > T/2 

Fourier  transform of f(t) 

F ( w . )  = ----- e -w2/2a2 sin W T / ~  

% 0  uT/2  

And thus 





Therefore, m 

m 

Ta 
Large 7 * f(0) - - 

212 Li 
dx = -  

u 

, one then has For  large 

Pick w ./ 20  = 2.75: then, 

The normalized function can be written 



One wants to  determine the number of samples between t = t l  and t = t2 where 

T l ~ i s  is equivalent to 

But a s  

one gets for the t ime between samples 

The number of samples necessary  in the t ime interval  (t2, t l )  to  get an e r r o r  

that one needs is thus 

- 4 Seven samples between t ime  values corresponding to  10 and 1 - will 
thus give an e r r o r  smal ler  than 0. 056 percent of the peak value for  the function 
which is a convolution of a wide square  pulse and a Gaussian pulse. 

508 



Results and Conclusions 

A s  demonstrated by Example 1 and Example 3 on the one hand and Example 
2 on the other, well-behaved smooth t ime  functions require different sampling 
frequencies. F o r  instance, i f  o and a in Examples 1 and 2, respectively, 

2 212  - t l  O = (1  + t 2 /  a2) - I  = 10 -4 a r e  picked so that e 

then the f i rs t  function requires  five samples and the second function 1 9 8  
samples f rom t = t l  to  t = 0 for  reconstructing the sampled signal to an 

accuracy of 0.06 percent of the peak value. The reason is that the two func- 

tions have different spectra.  When trying to  est imate the aliasing e r r o r ,  
c a r e  should therefore be  taken when choosing a typical function. 

ERROR ANALYSIS O F  IDEALIZED CHOPPING APPROXIMATION- 

T o  est imate the  e r r o r  in the "ideal chopping" approximation for actual chop- 
ping in the detector plane, a simplified signal processing sys tem according 
to  Figure  G4 is assumed. The f i l ter  h(t) passes  the demodulated signal only 
and blocks the other components. The output is then given by 

and a s  g(t) is periodic, one has f rom Figure  6 4 4  
m 

jm2ntl To 

m = - m  ( 6 2 9 )  

The energy distribution in the detector plane will be  assumed to vary in one 
direction and constant in the other. The coordinate unit used in the detector 
plane is detector dwell t ime (that is, the t ime that i t  takes to scan an angle 
corresponding to the detector width). Assuming the image energy distribution 
to  be  s (7') in the coordinate system of the image ( r l  in detector dwell t ime 
units), one gets in the detector coordinate system the distribution s(7-t), 
where 7- is the coordinate in the detector system and t is the position of 
the image coordinate system origin ( s ee  Figure  G5). Designate the detector 
response by b(7) and a chopper function c(t,  r ) ,  which is either 1 o r  0 de- 
pending on t and r .  The exact detector output f o r  chopping in the detector 
plane is then 

m 



Figure  G4. Simplified Signal Process ing System 

Detector coordinate 
system !7 coordimte system 

Detector response = b(r) 

\p, I lrnaoe enerav diqtrihi~tion F(-0 

I Moving with 
1-velocity = 1 
I 

Figure  65 .  Coordinate Sys tems 



But a s  b ( ~ )  is in detector dwell t ime  units and by assuming the detector r e -  
sponse to be  unity, 

Equation (G30) thus becomes 

sd( t )  = Y2 sir-  t)  c ( ~ , T )  d7 

F o r  the  ideal chopping approximation, one writes the chopper function outside 
the integral 

1 / 2 

sd(t)  = c(t) [ S ( T -  t )  d T (633)  

where the new chopper function c(t) (chop wave) is defined a s  the normalized 
detector output f o r  a constant image energy distribution in the detector plane. 
O r  a s  s (7 ) = constant = A, 

c ( t , ~ )  d~ 112 

a t )  = 
-112  
1 / 2 

= / c(t,  7 )  d~ 

The  sys tems output for  "ideal chop" is thus given by replacing sd(t)  by sd(t) 

L m =  -m 

The e r r o r  

in the approximation will be computed when the  following is the image energy 
distribution in? the detector plane: 

s ( rP)  = A i- s in  (2n f ~ '  -I- @ )  ( G 3 7 )  



Actual Detector Plane Chopping 

Assume the chopper motion a s  shown in Figure G6. This chopper motion is 
assumed because it approximates the transient portion of a sinusoidal chop- 
per motion and has a well behaved Fourier ser ies  representation. The chop- 
per  motion can be represented by two infinite choppers, e$ach moving with the 
same constant velocity but in different directions, (See Figure G7), With the 
phasing shown in Figure G7 (which is consistent with Figure G6) one has the 
following Fourier ser ies  representation of the two choppers: 

From Figure 47 one gets the chopper function 

~ ( t ,  7) = c1(7 - Vt) c l1 (7 + vt) 
03 

Inserting Equations (82), (83),into (81) then yields 

The period of chopper motion is 2T (see FigureG6). During this time c l ( t )  
and cl ' ( t )  have moved a distance T (see FigureGV), which is the period of 
the choppers in detector dwell time units. But the velocity was v; therefore, 



- sin nn a 
c = sin nn (a+b) nT a n n n  

l a +  1 - 2 a - b  f 2 - 
1 - b - a  

-- - - T c  - a  
'-c 1 -- -- 1 - b - 2 a  
2  4 

1 
2 \I = -- 

a To 

F i g u r e  G6* Chopper  Motion and Chop Wave 



Figure  (27-  Equivalent Chopper Representation of Figure G6 
(Positions shown for t = 0) 



Using this  relation in Equation (G4 3) 

Now inse r t  (645)  into ( 6 3 2 ) ;  then 
1 1 2  

Equation 4646)  and (629)  now yield 

Make the substitution n = 2 rn -t k - 2 n '  in  Equation ( (347) .  

Then (G38) becomes 



From Figure G6 c(t) is a n  even function and, therefore,  g(t) should a lso  be 
even and g = g-,, therefore  

rn 



But a s  ck = c -k 
00 

1 gmc2m cos 4nm r/ T 

m= l 

+ c k-2m cos 4n ( m - k ) r / T  
I 

Assuming go = 0 means that the unmodulated portion of s ( t )  (due to the d - c  
component of the chop wave) will be modulated by g(t) soqhat  the portion of 
sd( t )  without c a r r i e r  will eventually be filtered out by h(t). 

cos 4n(k+m)r /T + ck-Zm cos 4n(k -rn)~/ T'l k+2 m 
k = h  

(652) 
With ( 6 3 7 )  

sbr" = s i n ( 2 r r f r 8 + @ )  
one has  (6 53) 

112 

sbr -t)cos p ~ d  T sin [znf ( 7  -t)+m] cos p7 dr (94) ( ~ 5 4 )  

I - sin(rrf+p /2 sinenf -p 12 ) 
= 2 s in  ( -27-r ft+@) + 

rrf+p!2 rrf -p 12 

Fur ther ,  with T = 2 / a  f rom Figure 6 6  and Equation ( 6 4 4 ) ,  ( 6 5 2 )  reduces to 
r 

so(t) = sin(-2nf t + @ ) 
+ sin rr (f - ma) 

n ( f  - ma) 

m 

c sin n [f + (m+k) a 1  
*Cf + (rn+k)a] + m= 1 k= l 

+ 

sin n [ f  - (k-m) a] 
7~ [ f  - (k-m) a] (65 5) 

which .is the  



Chopping Approximation 

Equation ( 6 3 3 )  gives the  approximation f o r  the detector output. Using (G37) 
in (6331, 

sin rr f 
= E(t) s in (-2n f t + qj) 

But c(t) is periodic and one has f rom Figure G46 

F r o m  Figure G7: 

k 
C k  = sin kv krr 

but according t o  Equation (G44): 

and f rom Figure ~6 

Thus, 



F r o m  Figure  G6  

sin nv a c = M s i n n n ( a + b ) - -  
n nrr n va 4G63) 

Special izingto a +  b = 1/2, a = 116: 

- , if  n even 

rn j2n (m+n)t /To sin 
e 

T T f  
s in 6-2rr f t + $ 1  

but h(t) p a s s e s  only the demodulated signal (that is, rn + n = 8). Thus, 

s in rr f 
so(t)  = s in  (-217 f t + @ ) - 

rr f t s  - m  g m 
m= -" 

Approximation Error 

The e r r o r  As (t) a s  given by Equation ( 6 3 6 )  for a part icular  c a s e  w i l l  b e  e s k -  
mated. ~ s s u k e  that g(t) is a sinusoidal wave with  frequency 1 /T . One 

0 

thus  has  g 1 0 and gm = O for rn$ fl. Assume also that a = 1 / 6  and f 1 
f = 112 (f is cycles/dwell  t i m e  unit).  

Then, 

EO(t)  = s i n ( - v f t  + g 
Tr -1 11 

as Cmrn  gm = C m f L r n '  



And 

a 2 k  sin rr -+ - 
+ k= 1 (-1)kg1ck[k+2 [ ( 3  6 )  + 

c c  9 6  m 
0 2 sin rr [i- h] 3 6 sin n 

4 
+ Z ( - ' )  Ck k+2 2 k 1 k ' c k - 2 2 - k  

k= 1 ' [C ki+ xlk- TI ( 3  G I  
Inserting the values for c- l, c and c2 in Equation (G70), 0' 

s (t) 
L- - - l / ( 3 n 2 )  
so(t) m 

sin n 3 - 
sin r r ( i + a ]  - A+ Z (- l ) k  Ck 

128n k=1 (4+ k) (2  - k) + Ck-2 (4-k)  (2+k) 



In se r t i ng  t h i s  in ( ~ 3 6 ) ,  

Equation (G36) t oge the r  with Equat ions (G55) and (G67) (where E and ck  a r e  
n 

given by F i g u r e  G6 and G7, respect ively)  give the e r r o r  f o r  s ine  wave inputs 
with the s implif ied s ignal  process ing  sys t em when assuming idea l  chopping a s  
opposed t o  actual  chopping in  de tec tor  plane. F o r  t h e  pa r t i cu l a r  c a s e  - a = 116 ,  
b = 113, and t he  demodulator  wave g(t) a s ine  wave - t h e  e r r o r  w a s  found to be 
approximately I$ for s s4.e wave input with a period equal  t o  twice t h e  detector  
dwell  t ime .  



CHOP-WAVE INSTABILITY EFFECTS 

Because of chopper instability in null position and amplitude, there will be in- 
stability in the magnitude of the fundamental harmonic of the chop wave. 
There w i l l  also be a new harmonic at  half-frequency of the fundamental har-  
monic due to the null shift. A s  chop wave harmonics a r e  car r ie rs ,  which 
modulate the radiometer (optical) signal input, the radiometer (electrical) sig- 
nal output will vary with amplitude changes and null shifts. 

The detector and the chopper blade sizes as  functions of chopper motion amp- 
litude and chop wave parameters a r e  determined for  a harmonic motion of the 
chopper. The e r ro r s  in chop wave parameters as  functions of amplitude and 
null e r r o r s  a re  determined, and then the fundamental harmonic e r r o r  and new 
harmonic a r e  computed as  functions of the chop wave parameter e r ro r s .  

Chop Wave 

Assume a harmonic motion of the chopper (see  Figure 68).  The positions of 
the chopper center as  a function of time fo r  nominal, amplitude changed, and 
null-shifted chop -motions a re  shown in Figure 6 9  . The resulting chop waves 
a re  also shown, With chop wave one understands the detector output when the 
detector (aperture) is illuminated with a uniform, extended, time -constant 
illumination which is chopped in front of the detector (aperture). 

The chop motion is described by 

~ ( t )  = A sin t 
To 

For  the detector width (Xd), the chopper width (Xc), chop amplitude (A), the 
I I  ! I  parameters a describing waveform r i s e  time, and "b" describing dwell time, 

one has the following relations: 

Xc  - Xd = A sin E( l -b-2a)  
2 2 

Xc + Xd l-r = A sin - ( l -b)  
2 2 

TI  l-r 
Xc = A [sinT(1-b-2a) + siny-(1-b)] 

'TT 'TT 
Xd = A [ - (1-b) - sin- (1-b-2a)] 2 2 



Figure  G8. Chopper  Motion 



F i g u r e  69. Chopper  Motion and Chop Waves 



Example: 

From Figure 6 8 ,  I 

- 1 - --  X1 arcsin - 

t2 1 - X2 = - arcsin- 

To A 

t3 - 1 X2 = 1 - - arcsin- 

Therefore, 

t2 - 1 - a = -  - -  x2 X1 
a r c s i n -  arcsin- 

To TT A A 



Amp]-itude Change and Null Shift 

Introduce an amplitude change, AA, and a null shift, AXo, in Equation(Gl). 
Then, 

TT 

(t+A t, + A x  o = (A + AA) sin - w (t+ A ta) (G86) 
I 

0 

The effect on Equations ((384) and (G85) is 
- 

X2 + AXo 
- arcs in  

Xl + / 
2 X2 + AXo 

b + A b  = I - -  a rcs in  
TT A + A A  

Subtracting Equation (G84) f rom Equation (G87) gives 

1 X2 + AXo 
Aa = - res in  

X1 + m o  

IT A + AA 
A + AA - a r c s 4 1  A (G89) 

And subtracting Equation (G85) f rom Equation (G88) gives 

2 X2 + AXo 
Ab = - -arcsin 

X2 

TT A + AA - arcsin- 
A 

Equation (689)  reduces to 
r 

X2 
A x o  - A A ~  

X1 
AXo - AA - 

@,a = -  
A - 

" (n2 - X2) ( A ~  - X1) 2 112 

This is a good approximation when 

x2 - x1 >> axo, a n  

Using Equations (G78) and (G79) i n  Equation (G85) with 



then 

7 

- AA sin 5 (1-b) AXo - AA sin (1-b-2a) 
- 

IT TT 
A cos - (1-b) A cos- ( 1 -b-2a) 

2 2 -- 

TT 
- tan 3 (1-b) 

With the corresponding manipulations on Equation ( ~ g  I), 

Effect on Chop Wave Harmonics 

Approximate the chop wave by the trapezoidal form in Figure ~ 1 0 .  For the 
f i r s t  harmonic, 

1 sin na 
( c l  I = - sin rr(a+b) - 

17 T T ~  

and thus 

A l c l  I n(Aa +Ab) - rr A a  Aa - + -  - -  ( 6 9 7 )  
I C1 ( tan TT (a+b) tan ria a 

E q ~ a t i o n  (G97) gives the cliange in the fundamental harmonic for an amplitude 
change, For the effecton the ITundament;l harmonic for a null shift, consider 
Figure G I  1. The chop wave in Figure G I 1  IS equivalent to t h e  one in Figure G 10 



sin n n a  c = $ sin nn(a + b)  nna 

Figure G10. Chop Wave Approximation 

m 

cYt)= s $ e  
j k2nt /2To 

k =- m 
71 

71 sin k  - 2 
a  

i 
Clk = r V s i n k  - ( a ' + b J )  

2 
k T a  

L 

' = e j k2nt /2To 
71 

sin k - a  
n - jkn  sin k - ($, + bt,l - e 

2 
-kn 2 71 

k - 
2 

a 

Figure G11.a Chop Wave Approximation -- Effect of 
Null Shift on Fundamental Harmonic 



d E  when a ' = a = a and b ' = b " =  b, because 

kn 
1 krr sin - a' 

c"' = c k  + c "  -- in - ( a  'tb ') 2 
k 

k 
-kn 

+ - 1  s in  &(a ' I +  b ''1 (G99) 
2 - kna , 2 

2 
krr 

s in-  a 

k kn 2 
L 1+(-1) ] s in  - (a+b) 

2 krr 
2 

- a 
2 

Thus, 

F o r  a null shift with 

1 sin na 
c f J *  = -  s in  rr(a+b) 

k2  n n a  

c = c l"  fo r  i = 0, f l ,  ic2, ... 
i 2 i 



one bas 
krr s in  - 2 (a++ a ' ) 

kll kll 
sin- 2: (a+b) - T(+a '+  Ab 3 cos 

kin & a  

and r 

Thus,  

and 

0 r 

kn kn 
sin -a cos -(a+b) 

2 2 

"ir + ~ b '  s in  cos -+a+b) 
2 

F r o m  Equation (6110) it thus follows that there  is no f i rs t -order  effect on the 
fundamental harmonic ( c l )  from a null shift. There  is, however, a f i rs t -  

1 1  1 order effect in the creation of a new harmonic ( c l  = c l  ,2) with a frequency 
half of the fundamental harmonic. 



Summary of equations. - -  Let  subscript  N denote null shift and subscript  A 
amplitude change; then, one can summarize  Equations (G94), (G9 5), ( 6 9 7 ) ,  
(G109), and(G110): 

(GI l lb 
1 c l  1 t ann  (a+b) tan n a  a 

n a  + A bN s in  - cos  n (a+b) 

2 2 

1 AXo Aa, = y ~  - -  1 1 
n c o s ~  ( 1 -b) cos  n (1-b-2a) 

2 AA n tan- (1-b)  
2 

- -2 AXo Ab, -7  - 1 

A n cos 3 (1-b) 

(GI 12) 

Examples and discussion. - -  In Figure  GI2 , the relative change in the 
fundamental chop wave harmonic is shown a s  a function of relat ive amplitude 
change fo r  various a and b. A s  pointed out above, there  is no f i r s t -o rde r  
effect on the fundamental harmonic f r o m  a chopper null shift. The high slope 

1- 
U fo r  a + b = 3/8,  a = 2. can be qualitatively understood by looking at 

F igure  G9  . There  i t  can be seen that if b is small ,  X2 will be la rge  and the 

~ 1 0 ~ 2  ~f tile sine wave will be smal l ;  therefore, an amplitude shift will cause 
A c  

b a  I and ( A  b I and cons. duently a l a r g e  I 1 1 .  
1 



c c b  
, , Slope = 0 

" 

-0.005 A = Chop Amplitude 

a, b = Chop wave parameters 

Figure 6 1 2 .  Relative Change in  First Chop Harmonic a s  a 
Function of Relative Amplitude Change 



Figure G13 shows the new harmonic relative to  the fundamental harmonic 
a s  a function of the chop motion null shift relative to amplitude fo r  various 

b a and b. If one assumes a + b = 112, = 2, one sees  from Figure (G12)  

that a 0.5 % amplitude change produces a 0.1% change in the fundamental 
harmonic. From Figure GI3 , one sees  that a 0. 03% null shift creates  a 
new harmonic a t  half fundamental harmonic frequency, which is 0.1% of the 
fundamental harmonic. This new harmonic will be an extra c a r r i e r  a t  half- 
chop frequency for the optical input signal. 

If amplitude change and null shift cannot be controlled to the desired 
ma nitude, an  obvious solution i s  to use  a gate with an on t ime l e s s  than 
(b-yAb( )To, and no amplitude and null instability effects will be seen after  

gating. However, when gating is used, synchronization between chopper and 
gate i s  important if the on time i s  close to bT Furthermore,  a wideband 

0' 
f i l ter  (amplifier) between detector and gate is necessary to accomplish the 
desired effect. 

It should again be noted that the above instability analysis i s  a f irst-order 
approximation and that the chop wave was assumed to be trapezoidal 
(Figure  G10). The f i rs t -order  approximation should be good for a t  least  
smal l  disturbances in amplitude and null position. Equation (@ 11 1) states t h a t  
the change in the fundamental does not depend on b when a + b = 1 / 2 ,  which 
i s  somewhat surprising. It is believed, however, that a second-order anal- 
ysis  will not give a significantly different result  for small  disturbances. 



AX 
D 

A 

= New harmonic 

A = Chop amplitude 

a, b = chop wave ptrmatnrs 
(see Fig. 62) 

a, b = chop wave ptrmatnrs 
(see Fig. 62) 

Figure G13. New Harmonic  Due t o  Null Shift as  a Function 
of Null Shift 



Phase  Instability 

Phase  relation stability between the modulating wave and the demodulating 
wave in a synchronous detection system is important since i t  affects the 
demodulated signal amplitude. An expression fo r  output signal amplitude 
instability a s  a function of instability in phase between modulating wave and 
demodulating wave is derived in t e r m s  of the Four ier  s e r i e s  coefficients of 
the two periodic waves. The demodulated signal instability as  a function of 
phase instability is also computed fo r  a special case  of chop wave and gate 
wave not using the derived expression in Four ier  s e r i e s  coefficients. The 
modulating wave is r e f e r r ed  to a s  chop wave. 

General  derivation of phase instability effect. - -  When no filter is a t  hand, 
one has for  the synchronous detection system in Figure G I 4  : 

- - s i n  f' c g e j ~ T T  kfot 
k-m m 



Sync 

Figure G14. Synchronous Detection 

j2nmfot 
Define a demodulating wave g l ( t )  =C g1 e 

m such that the i;th 

harmonic of g(t) is in phase with the i;th harmonic of c( t) ,  Let 

g(t) = g' ( t  - T )  (G118) 

Then, 

and thus, 

with 

and 



Interest  centers in the demodulated (k=O) signal amplitude, or  more  
specifically 

in Equation (G117).  Using (6121) :  

Introducing a phase shift A@ in (G122), 

and thus, 

Assume that the chop wave c(t)  and the demodulating wave g(t) a r e  even 
functions; that i s ,  

then 



Inserting ( 6 1 2 7 )  and (G128) into (G124),  

For -the special  c a s e  $ = 0, 

( 1 -cosmA$) 

i f  the demodulating wave is a sine wave - that is, gm = 0 fo r  m # 1 - o r  if  the 

cliop wave is a sine wave ( o r  all  c a r r i e r s  c except n = 1 have been filtered 
n 

out3 then (6129) becomes 

AK = 
c l g i  [cosm ( c o s ~ g l )  - sing5 sinAg5] 

K c1g\ (20s @ 

(6131) 

= c o s A @ -  1 - tan@ sin A@ - -- 
2 A @ t a n @  



AK In Figure  G15 , - (relat ive e r r o r  in output signal) is a function of phase K 
e r r o r  A$ fo r  I$ = 0, f 5" and fo r  c(t)  and/or  g(t) being sine waves. 
However, for  general  (even) waveforms Equation (G129) has  t o  be used. Note  
that approximations of 1 - cosmAI$ and sinmA4 by 

and mA6, respectively, a r e  generally not very  good since mA4 is in- 
creasing fo r  increasing m and the sequence c gmf may not converge 

fas t  enough. Formula (12 9) is useful when a f i l ter  is used between chopper 
and demodulator in Figure G14 . (In real i ty the f i l ter  would be between 
detector and gate, s ince the chopper modulates the optical signal in front 
of the detector),  because then the summation would be over those rn whose 
c a r r i e r s  a r e  transmitted by the filter. 

Special case  with trapezoidal chop wave and square demodulating wave. - -  
F o r  a trapezoidal chop wave and a square demodulating wave the phase 
instability effect on the demodulated signal amplitude (or more  ac-curate: 
the effect on the dc-component of the product of the chop and gate waves) is 
computed in a more  direct  way below. A chop wave without a dc-component 
is of course  not physically realizable; however, for  a highpass f i l ter  between 
the detector and the demodulator, the dc-comrsonent of the c h o ~  wave is 
filtered out. The component s. ( t)  co of in 

is not necessari ly f i l tered out entirely. If the highest frequency, fi ,  of 

of sin(t) is grea te r  than fo /2  , then sin(t) co cannot be filtered out without 

filtering out pa r t  of 

The simplified model with no chop wave d-c component is therefore only 
entirely cor rec t  fo r  fi < fo /2  and a highpass f i l ter  with an  ideal cutoff 

f r eq -z r~cy  l a rger  than f .  and smal ler  than f - fi. If, however, the 
I 0 

demolln;lator wave has ile <-I cam; ;.rent (go = 0),  the component s. ( t )  co go 
01 In 





will equal zero. In fact,  the d-c component of c (t) g(t) is independent of 

go if co = 0 and independent of co if go = 0. 

Now, assume that the chop wave c(t)  in Figure G16a is without d - e  com- 
ponent. We a r e  interested in the d-c component of c(t) g(t) in Figure G I 6  c ,  
The demodulator wave g(t) is shown in Figure G16b . As co = 0 the d-c 

component of c( t )  g(t) is equal to the one of c(t)  gl(t ), shown in Figure 6 16c. 

No d-c component of c( t )  gives 

X = - ( a + b )  

d = a(l+X) = a(1-a-b) 

Thus, the d-c component of f ( t )  = c( t )  g(t): 

F o r  f(t) = c( t )  g(t-6) the d-c component is K +AK, where 
0 

6 5 min [a(l-a-b),  a(a+b)] 

With A$ = 2n 6 ( A $  in radians),  

F r o m  (G14 1) the inequality 

1 
a s  fo r  the expression z = x (1 -x) y(1 -y), we have 0 < z s - f o r  16 

O< y <  1. In (6141)  a corresponds t o  x and a = b t o  y 

In Figure (6171, 9 as a E;nciion of A+ is plotted fo r  various a and b; 

a = 1 / 2 ,  b = 0 corresponds to the equal sign in the inequality (G 44 2 ) .  



F i g u r e  6 1 6 .  ChopperlGateWave Shifts 



Figure  6 1 7 .  Relative E r r o r  in Demodulated Signal a s  a Function 01 Instability 
in Phase  Relation Between o r  Trapezoidal Chop Wave (wi4.hou.l 
d-c Component) and a Square Gate Wave 



Conclusions. - -  If the chop wave and the demodulator wave nominally a r e  
in phase with each other  and a t  l eas t  one of them is a single harmonic s ine  
wave and at leas t  one of them has no d-c component, a phase shift  of 2. 5 O  

yields a 0. 1% e r r o r  in  demodulated signal. A chop wave with the ra t io  
1:2:1:2 for  turn-on, on, turn-off, and off-time and a square  demodulator 
wave that is positive for  the t ime that the chop wave is above i t s  d-c level  
and negative fo r  the t ime the chop wave is below, causes  a 0. 1 % e r r o r  in 
demodulated signal fo r  a phase shift of 2. 2", when a t  l eas t  one of the two 
waves has no d-c component. 

Chop Frequency Shift 

A shift f o  of the chopping frequency fo, in the synchronous detection sys tem 

i n  Figure 6 1  8, will cause a phase shift and an amplitude shift in the F o u r i e r  
t ransform Sout(f) of the output signal sOut(t). If we only consider the chopper- 

modulated input signal with the c a r r i e r  rtfo (the fundamental harmonic of the 

chop wave), we can wri te  the BP-fi l ter  output a s  

and the gate output 

S"out (f) = Hl(f-fo) [ C  ,glsin(f-2fo) + C- lgl 
- - (G 144 

Modulator Demodulator 

Figure  G18. Synchronous Detection System Model 



Assume  S. (f) bandlimited t o  fi < f0/2 and S"oUt(O i s  ideally LP-f i l tered with 
In 

cutoff f o / 2  Cons ider  Sout(f) fo r  positive f only. 

Then, 

Sout(f) = c -1 g- 1 S .  ~n (f)  Hl(f - fo) (6145)) 

F o r  the  s a m e  shift  i n  frequency, Afo, f o r  chop wave and gate wave, we have 

Sout(f) -I- Asout(f) = c -  lglS. ~n (f) E l ( £  - fo - Afo) (6146) 

Combining ( ~ 1 4 5 )  and (G146) 

We thus  s e e  that instabili ty in frequency of the chop wave does  not cause  a 
frequency shift in  the output s ignal  Sout(f) for  fixed input frequency f = f if 

1 
the gate  wave is synchronous i n  frequency. However,  the bandpass- f i l t e r  
output Sout sh i f t s  i n  frequency f o r  a f requency shift i n  chop wave, because for  

a fixed input f requency f - fo = f l  we ge t  f o r  positive f requencies  f rom (G60): 

and a frequency shift Afo g ives  

F requency  instabili ty.  --Rigorously, S ( f )  is given by 
out 

when S. (f )  is bandlimited t o  j fil c fo/ 2 and H2(f) is an ideal  lowpass f i l t e r  
In 

with cutoff between fi and fo - fi. Splitting (G 150) i n  two express ions ,  one for 

magnitude and one fo r  phase, 

1s (f)  = out 



Now, introduce a frequency shift Afo in chop and gate frequency fo. Then, 

m m 

- 
c g H (f-mfo)l Z: c g H1(f-mfo-mAfo)I - I,=-, -, 1 alSout( f )  I Im=-.. - m  m - - ISou,(f) 1 e3 

I C c - m  g m H 1 (f-mf ) 1 
0 

(G153) 
m= -m 

If we  can find upper bounds fo r  a l l  frequencies, f, of in teres t  for  the absolute 
magnitude e r r o r  (G153) and the phase e r r o r  (G154) a s  functions of fo, we have 

- 
upper bounds f o r  the t ime domain e r r o r s ,  namely amplitude e r r o r s  and timing 
e r r o r .  

F o r  given c m, grn' and HI, the functions 

and 

a s  functions of fe, Afo a r e  very  complex t o  compute. The direct  effect on the 

output t ime domain signal for  a frequency shift is of course  easi ly obtained by 
simulation runs of the RMS program f o r  various inputs and sys tem param-  
e te r s .  However, a rough est imate on the upper bounds of ((2153) and (G154) f o r  
a two-pole Butterworth bandpass filter is computed a s  follows. 

Assume that the chop wave and the gate wave contain only one signal frequency 
mf . Then (G 153) and (G154) reduce t o  

0 

Consider the f i l te r  in  Figure G 19 and assume % = 25 krad/  sec.  F o r  f r e -  
quencies I wi 1 < 12.5 krad/  sec  we have for  m = 1 







Equation (GI571 is the  relat ive change ill H1 (f-fo) f o r  a change Afo in chop 

frequency fo. The change in  Hl(f-fo) for  a cer ta in  change Afo and fixed f- fo  

is obtained f rom Figure  G19a. 

A chop angular frequency of wo = 2rr f = 25,000 rad  and an information band- 
width of J2rr f 1 = 1 wl  < wi = 12, 500 ra% were  assumed for  computation. 

Thus, the argument of in te res t  fo r  IH1 I is 12,500 < 2rr(f-fo) = w - wo < 25, 000. 

The maximum of the slope f o r  i n  th is  interval  is estimated f rom Figure  

G19a t o  be 0.05 dB/25, 500 rad;  0.05 d B  corresponds to  a ra t io  of 1.006, that 
is, a relat ive change of (1.006 - 1, 000)/ 1 = 0.006 o r  a relative slope of 
0.0061 12, 500 rad.  With wo = 25, 000 rad, th is  relat ive shope can be written 

a s  0. 012/wo rad- l ,  and for  an angular chop frequency shift of Awo we have the 

bound in  Equation (G157). 

Thus  a 10% shift in  frequency causes  l e s s  than 0.12% change in signal ampli- 
tude. F o r  m = 3 

When computing(G158)it must be remembered that a change of Awo causes  a 

change of 3Awo for  the third harmonic of the chop wave. 

And f o r  m = 5 

F r o m  (6156) and Figure  G19b, we have f o r  m = 1 

F o r  m = 3 

and rn = 5 



For  a chop wave c(t) with turn-on, on, turn-off, and on-time ra t ios  of 1:2: 1:2 
and a gate wave g(t) that  has  the value + 1  for  the chopper on-time and the  
value -1 for  the off-time and 0 f o r  turn-on and turn-off, we have ( see  F i g u r e s  
66 and 6 7 )  

TABLE 61 

With  the ra t ios  1:3:1:3 fo r  the chop wave, we get 

TABLE 6 2  

F r o m  Tables G1 and G2 we see that Sout(f), i n  the infinite sum (G150), is 

dominated by the t e r m  m = 1. We therefore conclude 



Thus, from(G163) we have that a 10% frequency causes  l e s s  than 0.12% a ~ ~ l p l i -  
tude shift in the demodulated output signal for  a bandlimited input signal. 

The phase shift A@(f) causes  a delay in  t ime of 

With a radiometer  scan ra te  of w l  r p m  we get a pointing e r r o r  of A* for  the 

t ime  e r r o r  T, where 

o r  i n  a r c  sec 

*%rc sec  = 3600 x 6 w 1 ~  0.6 w -- I hi, fo 

With a scan ra te  of w = 5 r p m  we have 1 

A chop and gate frequency shift of 10% thus causes  a timing e r r o r  equivalent 
t o  an  angle of 0.3 a r c  s e c  for  a 5 r p m  scan  ra te .  

Resul ts  

F o r  a two-pole Butterworth bandpass f i l ter  with the 3 dB points at 0. 1 fo and 

5 fo, where fo is the chop and gate frequency, an approximate calculation 

shows that a 10$shift in fo will cause  a m  amplitude e r r o r  l e s s  than 0. 1$and 

a timing e r r o r  equivalent to  a spatial angle of l e s s  than 0 .3  a r c  s e c  for  a 
radiometer  scan  r a t e  of 5 rpm.  Th i s  is valid only for  input s ignals  band- 
l imited t o  fi < fo/2 and ideal  cutoff of lowpass f i l ter .  F o r  non-bandlimited 

signals  the  frequency instability effects is preferably evaluated in simulation 
runs .  Resul ts  of the t o t d  chopper instability analysis  a r e  summarized in  
Table G3. 



ALIASING ERRORS 

Aliasing E r r o r  In Detector  Output 

Expanding the sum in  Equation (27) of the ma in  text,  one h a s  

The amplitude of the t e r m s  \ E n  M(f-nfc) Si(nfc) I a r e  shown in Figure  G20b 

for  B ( f )  Si(f)] according to  Figure  G20a. ~ h u s ,  one s e e s  that i t  is impossible 

t o  recover  S.(f) exactly by demodulating and filtering: for  instance f rom the 
t e r m  n = f l , ' i f  the information bandwidth Ifi 1 > fc 12, Eo # 0, and /o r  Ek2  $ 0. 

F o r  the information bandwidth, fi, shown i n  Figure  G20, the  t e r m s  

c M(f-nf 2 Si(f-nfc) n = 0, -t 2 will  mix with Ekl  M(fTfc) Si(fTfc) due t o  the 
n 

foldsver of the spectra.  If the information bandwidth is g r e a t e r  than shown 
in Figure  G20,Lhis aliasing e r r o r  will  occur f rom even higher o r d e r  
n (n = f3 ,  f4 ,  . . .). Note that if fc/2 < If. I < fc, Si(f) can be recovered 

1 
exactly fo r  frequencies If1 <fc-fi af ter  Si(f) has  been chopped. T o  reduce the 

aliasing e r r o r ,  the optic s-detector t r ans fe r  function M(f) should have a low 

response beyond if 1 > fc/  2 and if in part icular  M(f) = 0 f o r  If l > fc 12 and 

M(f) $ 0 for  If 1 <fc /2  theoretically, Si(f) can be recovered fo r  frequencies 

if I <fc / 2 even i f  Si(Q has an information bandwidth wider than fc /  2. Making c n  

smal l  for  n = 0, rt2, rt3. . . (if demodulating the t e r m  n = f 1 )  will  a l so  reduce 
the aliasing e r r o r  in detector output. 

Aliasing In Sys tems Output 

Equation (55) of the main text gave the sys tem output. The infinite summation 
expanded over n is 



F i g u r e  G20. Al ias ing  Effec ts  

TABLE G3. - CHOPPER INSTABILITY E F F E C T S  SUMMARY 

Instability effect 

~ e s u l t a n t  e r r o r  in Resultant Pointing 
output signal for  e r r o r  for 5 rpm 

constant input signal scanning radiometer 

1 Amplitude instability in chopper motion. a )  - 0. 5% I -  I 0.1% I / Null point instability in chopper motion. a)  / = 0.0311 0.1% 

Instability in phase relation between chop 
wave and demodulating wave. a)  =2 .296  

Frequency instability in c h o p e r  motion. b) = 10% 0.3 a r c  sec 

a)  Chop wave with the rat io 1:2:1:2 for turn-on, on, turn-off, and off time 
(a  = 116, b = 113) 

b) With two-pole Butterworth bandpass filter; 3 dB-points at  0.1 fc and 5fc 



d H (f-mfo) HZ(f-kfo) + Si(f-fo) M(f-fo) 1 1 gmek k 1 
m k  

+ Si(f+fo) M(f+fo) 1 gm-, dkHl(f-mfo)H2(f-kfo).+. . . 
m k  

Eq. (6170) 
The system output spectrum has  the same character  a s  the detector output 
spectrum. The difference is that E n  has  not been replaced by the frequency- 
dependent factor 

One still  has the problem with aliasing e r r o r s  f o r  information bandwidths 
121 >fo/2 of M(f) Si(f). TO illustrate the problem, set dk = 0 fo r  k # 0 and 

d H ( f )  = 1, which is equivalent t o  studying the output of H2. Also designate 
0 3 

S(f) = M(f) Si(f) 

Then 

so(f) = H2(f) S(f-nfo) 1 E g Hl(f-mfo) 
n m n-m m 

(6172) 

= S(f) H2(f) 1 S-m gm Hl(f-mfo) 
m 



Example  1 - Ideal F i l t e r s .  - -  Assume the trapezoidal chop wave in Figure  
6 2  l a  and the  demodulator wave (gating and rectifying) in  F igure  6 2  1b with 
a = 1/3,  b = 116. Table 6 4  gives some of the Four ie r  s e r i e s  coeffrcients fo r  
the  chop and demodulator waves. Assume fur thermore  the ideal f i l t e r s  in 
F i g u r e s  G22(a) and G2 2(b). F igure  G22(c) shows Hl(f+fo) H2(f) and H1(f-f) 

H2(f), which a r e  identical. A s  for  these  f i l t e r s  Hl(f-mfo) H2(f) = 0 for  / m / 
- 24 and go = gk3 - gk2 = 0 ,  only m = It1 contributes t o  So(f) i n  Equation (G172) 

TABLE 64.  - FOURIER SERIES COEFFICIENTS FOR 
CHOP WAVE AND DEMODULATOR WAVE 

Figure  6 2 3  shows the  fundamental t e r m  and the lower-order  aliasing t e r m s  
f o r  the  t r iangular  spect rum S(f) = Sl(f) in F igure  G22(d) and the  impulse 

spect rum S(f) = S (f)  in  F igure  622 (e). Note h e r e  that fo r  the  impulse spect rum 
2 

the  f i r s t -o rde r  al iasing t e r m  is g rea te r  than the  fundamental t e r m  and the  
second-order aliasing t e r m  is of the  s a m e  o r d e r  of magnitude a s  the  funda- 
mental t e r m .  If one h a s  a spect rum S(f) bandlimited t o  f0 /2 ,  t h e r e  wi l l  be no 

aliasing e r r o r s ,  and f o r  noisef ree  sys tem S(f) can  be recovered by dividing 
S (f) by the  fundamental t r a n s f e r  function 

0 

fo r  If1 <fo /2  [see Equation (116). 

Example 2 - Prac t i ca l  F i l t e r s .  --  Figure  624 shows a pract ical  lowpass 
f i l te r  and F igure  6 2 5  shows a pract ical  bandpass f i l ter .  F igure  626 gives 

which is a good approximation of the fundamental t r ans fe r  function divided by 
"l 11 (=Elg-l). 



a) Chopper 

For a + b = 1/2: 1% if  n is odd 

C = 

0 i f  n i s  even 

b) Gate and rectify 

g(t) 

L o  , i f m i s e v e n  

Figure  G21, Examples of Chop Wave and Demodulator Wave 



f o  = Chop and demodulator kequency 

- 3 f o  - 2 f o  - f  f o  2 f 0  3 fo  

H(f + nf,) H 2  ( f )  = 0 

for I n l  2 5 

Spectrum of impulse 

\ 

\ Slope = - ft 

Figure G22, Idealized Signal and Filter Spectra 





Figure  G24. Butterworth-Bessel Bandpass F i l t e r  



Figure  G25. Second-Order Butterworth Lowpass F i l t e r  





From Table 6 4  

- - (G 174) 
k l  gl = ? I  8-1 = 0.168, E - 

-3 83 E3  g-3 - 0, ce5 g5 = 0.001 

and 
- 
~ - ~ ~ g ~ ~  = 0 f o r  n =  0, 1, 2, . . . ( G  17 5) 

The approximation is good also because of the decreasing values of H2(f) and 
H (f - mfo) for increasing f. 
1 

If a spectrum S(f) is bandlimited to fo/2. S(f) can be recovered by dividing So(f) 

by the fundamental t ransfer  function a s  in Example 1. 

Systems t ransfer  function: As discussed in Examples 1 and 2, the input to 
a sampled system can be recovered if the input is bandlimited to half sampling 
frequency and if the system is noise f ree .  The Four ie r  t ransform of the input 
is then recovered by dividing the Four ie r  t ransform of the output by the funda- 
mental t r ans fe r  function. Applied to the idealized chopping approximation, 
the fundamental t e r m  is given by 

where the index "of" stands for  output fundamental t e rm.  

The fundamental t ransfer  function 

H3(f) = 0 for lf l>fo/2 

H3(f) # 0 fo r  I f  1 < fo/ 2 

and if Si(f) is bandlimited to fo/2, then the output spectrum 

The fundamental t ransfer  function is then equivalent to the sys tems response 
of the input spectrum 



which corresponds to the time-domain function 

sin nfot 
v(t) = fo nfot (G181) 

With Equation (G178) and the input spectrum bandlimited, the output spectrum 
is thus given a s  the product of the input spectrum and the fundamental transfer 
function a s  given by (GI 7 7). The fundamental t ransfer  function is different from 
the impulse response spectrum of the system. In fact, there is no single im- 
pulse response function, but one for  each phase relation between the impulse 
and the chop wave. This is due to aliasing t e r m s  that add differently, depend- 
ing on the phase. Figure G27 shows the impulse response amplitude spectra 
for  10 different phasings between the input impulses and the time-varying sys- 
tem in Figure G21. Figure G28 shows the phase spectra for  the same responses. 
The curves in Figures G27 and G28 were obtained by simulation runs using the 
RMS program. 

When the input is not bandlimited t o  fo/2, the output spectrum is not given by 
Equation (G179) only, but the aliasing t e r m s  have to  be included also. Each 
aliasing t e rm will then have i ts  own nth order aliasing transfer function. 



F i g u r e  G27. Impulse Response Magnitude 
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Figure G28. Impulse Response Phase 





APPENDIX H 

SOURCE-GUARD ASSEMBLY W E R M A L  ANALYSIS 





APPENDIX H 

SOURCE-GUARD ASSEMBLY THERMAL ANALYSIS 

SOURCE THERMAL ANALYSIS 

General Considerations 

Before the new source and its control system could be sized, i t  was necessary 
to determine the following information: 

1) Determine heat loads/losses between source, guard 
heater, and chamber. 

2) Obtain analytical model of thermal control system re-  
sponse characteristics. Compare proportional thermal 
control versus on-off control. Determine control-loop 
requirements to stabilize source at  all operating temp- 
eratures. 

3) Determine operating characteristics of source when 
slewing i ts  temperature and then stabilizing i t  at  some 
desired point. 

4) Investigate effects of increasing source aperture size ( L I D  ratio) 
arla enlarging entire source. I' I 

5) Quantify thermal gradients through source, guard heater, 
and to the chamber. 

The blackbody calibration source at Langley Research Center (LRCP was 
briefly investigated with the following objectives in mind: 

1) To determine what experimental information was available 
o r  could be obtained with further testing which would aid in 
designing a larger blackbody source and its  temperature con- 
t rol  systen in the new calibration system. 

2) To determine if  the previous thermal analysis on the source 
(contained in NASA CR-66614) could be used to aid in the 
new source design 

Previous test data on the system at LRC provided the following information: 

e The source stabilizes at a lower temperature (Ji°C) than the 
guard heater control temperature. 



r, The thermal data available on the present LRC calibration 
system a re  those given in Table H1 and Figure HI. 

o A lack of required guard heater power was solved at LRC 
by going from a 110-V source to a 220-V source across the 
4 4 0 3  resistive guard heater. 

The previous thermal analysis on the source and its  control system was re -  
ported in NASA CR-66614. Here, a three-node thermal network was used to 
simulate the LRC calibration system (see Figure 8 2 ) .  This analysis indicates 
that the three-node thermal network does not adequately represent the present 
LRC system, and thus cannot be used with confidence in designing the new 
calibration system's source and control system. One of the shortcomings in 
the three-node analysis is that it does not account for  a significant tempera- 
ture drop between the source block and its heater surface and between the 
inner and outer surface of the guard heater. Engineering drawings of the 
source and guard show that their heater cylinders a re  merely slipped over the 
liquid-nitrogen cooling coils with a slide fit. This implies a significant ther- 
mal resistance between the source and guard heaters and their heating ob- 
jective (especially in a vacuum environment) -- mainly the source block and 
guard inner radiating surface, respectively. This specific effect may indeed 
be the cause of the source stabilizing at  a significantly lower temperature 
than the guard heater control temperature. 

From the results of the initial investigation, it was concluded that 

I) Both the LRC experimental data (given in Figure H l )  and 
the previous thermal analyses were inadequate to describe 
in proper detail the thermal characteristics of the PCS and 
to aid in the design of the new system. 

2) A new thermal model consisting of approximately 10 nodes 
would be required to simulate the PCS. This model then would 
be used to design the new control system parameters, size 
the source and guard heaters, and determine the overall 
thermal transient characteristics of the new calibration 
system. 

EXPANDED THERMAL MODEL 

The information required for the new system design could only be obtained by 
a more detailed thermal analysis. Figure H3 is a schematic representation of 
the LRC blackbody source and its temperature control system. It is believed 
that a 10- to 12-node thermal network, as  shown in Figure H4, adequately 
represents the LRC system and provides the required information, except the 
local temperature gradients in the source block. These may be estimated by 
a hand analysis once the results of the 10-node computer solutions a r e  known. 
A new 10-node thermal math model of the LRC calibration system was 



TABLE HI .  - THERMAL CONTROL SYSTEM STABILITY CHARACTERISTICS-- 
LANGLEY CHAMBER - -  CONTROL SHROUD = 27°C 

I I 

Source  t e m p e r a t u r e  Guard  h e a t e r  (110 watts), 

"C "K 
$ on t i m e  

I I 

0 

Temperature, 'C 

F i g u r e  HI. P e r c e n t  Hea te r  Power  v e r s u s  Source  Tempera tu re  - -  
Langley Chamber  



Sink 

K = radiation conductance 
R 

Q = source heat input S 
QG = guard heater thermal input 

Figure R2. Three-Node Thermal Network Simulation 
of the LRC Calibration System 

developed to serve as  an aid in designing the new calibration system. The 
philosophy adopted was to model the LRC system and compare the computer 
results  with LRC experimental data. Then, on obtaining confidence in the 
thermal math model, the model could be easily modified to represent the new 
PCS, This was done and the results a r e  discussed in the following paragraphs. 

LRC SOURCE THERMAL MODEL 

In developing a math model to simulate any thermal device o r  system, sev- 
e r a l  initial assumptions must be made. The assumptions made for  the LRC 
system model were: 

e The vacuum chamber is at room temperature and constant 
at 30°F. 

41 A14 shrouds a r e  assumed to be held at liquid nitrogen temp- 
eratures. 

e The source cavity emits blackbody radiation at  the source 
temperature. 

All other surfaces a r e  assumed to be gray and transmitting 
radiation between gray surfaces. 

The contact conductance on slide f i ts  in vacuum a r e  2 BTU/ 
2 br-in - O F  (ref. 32)  

e Most nodes in the thermal network represent volumes of 
revolution. 



,Low-temperature shroud (77" K) 

Guard spray-on heater 

K~ Kc 

Sl ide f i t  -\ \ I I I /  1 

KR = Radiation conductance 

Kc = Conduction conductance 

F i g u r e  H3. Schematic  of LRC Source and Tempera tu re  
Control  System 

Sink 

block 

Figure  H4, Twelve-Node T h e r m a l  Network s imulat ion of t h e  
LRC Calibrat ion System 



9 Vacuum chamber 

C: Conduction resistance Source block 
Collimating 
mirror 

Figure H5. Thermal Resistance Network Representing 
both the LRC and New Primary Calibration 
Systems 
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!k. 
=-2 110 
(U" 

$2 0 
V) Heater on-time 

control point, 77'F 

75.0 Source heating surface 

74.9 

7 4 8  

74.7 t Source drift = 0.0048OF/hr 

Time, hrs ' 

Figure EX6. Math Model Simulation of the LRC 
Calibration System 



Property values assumed fo r  the materials in the LRC calibration system 
are given in Table H2. The thermal resistance network developed to repre-  
sent both the LRC source and PCS is given in Figure H5. 

TABLE H2 .- MATERIAL PROPERTIES USED IN THE THERMAL 
ANALYSIS 

lstate si lver 
lder  No. 430 

6055 (2024-0) 

6504 (17s-T4) 

6093 (5052-H32) 

Liquid nitrogen 

Assumed negligible. 

Experimental data from the LRC system given in Figure H1 indicate that a t  
source temperature of 20°C (68OF) the guard heater was on 59$ of the time. 
The thermal math model of the LRC system predicts a 60$ on-time (for the 
on-off heater), as shown in Figure H6. This agreement between model and 
system was believed adequate to verify the math model and justify using it to 
size the new calibration system heaters. 



BCS THERMAL MODEL 

The following logic was used for  calculating the PCS thermal networli based 
on the LRG model: 

1) Those resist ive elements associated with the source support 
structure were increased by the rat io of the two source masses .  

2) Those resist ive elements associated with pure radiative o r  
conductive heat t ransfer  were increased by the rat io of the 
corresponding source areas ,  

3) The environment shroud was assumed to be stainless steel,  

Significant changes in geometry between the two systems were accounted for  
and minor changes neglected. 

Results of the computer analysis a r e  shown in Figures H7 and H8. The worst- 
case  transient r ise-t ime condition is shown in Figure H7. The source and 
guard wereassumed to s t a r t  a t  -300°F (90°K), and the guard heater sized to 
provide optimum control characterist ics and be powered from an off-the- 
shelf thermal  control amplifier, with a LOO-Watt capacity. 

The source heater  sizing cannot be optimized fo r  a short  warm-up time unless 
the guard heater  is oversized. Analysis indicates that the guard heater, i f  
optimized to a steady-state control value, lags the source block in warm-up 
transients. 

Thus, i t  was decided to s ize  the source heater  s o  a s  to follow the guard closely, 
a s  shown in Figure H7. Note that this resul ts  in a source heater  size of 260  
W and a r i se  time of about 4 hours over the extreme -300°F to 77°F  temp- 
era ture  ramp. 

Details of the l as t  few hours of Figure H7 a r e  shown in Figure W8. These r e -  
sults  indicate the dynamics of the source and guard heaters under the guard 
proportional control characteristics. The guard sett les out at just over 78OF, 
while the source will reach equilibrium at about 77. 7OF. Note that the new 
source design with i t s  grooved liquid-nitrogen passages in the source and 
guard resul ts  in a much tighter thermal  link between the source and guard 
(0.3OF temperature difference a s  compared to the several  O F  experienced 
in the present LRC chamber). The required steady-state, guard heater power 
calculates to be about 79 W, leaving about 20 W cushion for a design factor of :JJcT;, :=?ii "c cover effects not included in the thermal  analysis such a s  line 
IOSC~CS 211d T ? T , : ~ T ~ I , s c ~ ~  "EL k -- 0 7 ~ r a ~ c e s ,  

Note thatse t t l ing out-times (after  the temperature ramp) may be reduced 
significantly by adjusting the source cut=-off temperature and knowing t h ~  guard 
control temperature accurately with a good -temperature sensor,  



Guard heater max, power, 100 W 
Source heater power, 260 W 
Source aperture, 1-crn diameter 

Time, hours 

Figure H7, Propo?tional Control of PCS Guard Heater 



I Source 

Guard heater max. power, 1 0 0  W 
Source heater warmup power, 2 6 0  W 

Source warmup temperature cut off, 77°F 
Source aperture, 1-cm diameter 
Temperature control ban& 5°F (77 to 82OF) 

Source tem erature rate 
of change, 8 . 0 0 0 4 8 ~ ~ / m i n  
@ 2 0  hr 
Steady-state uard heater 
power, 79.23 

Time, hours 

Figure H8. Proportional Control of PCS Guard Heater 

In summary, a source heater of 260 W and a guard heater of 100 W with pro- 
portional control is adequate for the new PCS. 
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APPENDIX I 

CHOPPER TRANSIENT THERMAL ANALYSIS 

The chopper and i ts  environment may be  represented in a simplified manner 
by a three-node thermal  network a s  shown in Figure 11. Here the chopper 
blade is linked to the vacuum chamber wall (70°F) through the fiberglass drive 
shaft. The blade is assumed to  be  completely surrounded by a liquid-nitrogen 
baffle system as shown in Figure 11. Chopper blade cooling is accomplished 
by pure radiative cooling between the baffles and the blade. 

70°F T -322°F 

Chopper motor Chopper blade Liquid nitrogen 
Fiberglass Radiation baffles 
shaft from baffles 

-?..- Chopper 
blade 

L i v e  shaft 

Figure 11, Three-Node Thermal Network 

The cncppe- em-: i )  b a l l  rice is given by the following equation: 



Tf = environment temperature, 70°F 

To = liquid-nitrogen temperature, -322"F, 138"R 

T = chopper blade temperature, O F  o r  OR 

Kc = shaft conductance 

Kr = radiation conductance 

cr = Stephan-Boltzman constant 

c = blade ewittance 

The fiberglas shaft conductance may be calculated by 

OD = 0, 5 in. ID = 0.38 in. 

L = 6 in. 

k thermal conductivity of fiberglas = 0.21 BTU/hr ft OF 

- 4 
conductance: kA 0 * 2 1 ( 7 . 1 x 1 0  ) = 3 x 1 0 - 4 B T U / h r o F  

0. 5 

To perform this transient analysis by hand (instead of a computer), the radia- 
tion loss from the blade to the baffles must be linearized, The radiation heat 
transfer equation i s  given by 

Q 4 4 
= E (TI - T2 ) A1 

blade - baffle 1 -2  

The radiation conductance is then 

Figure I2 gives a set of curves for the function hr, the radiation heat transfer 
coefficient between two black surfaces. 



0.1 I 
4 

-100 -50 a 50 100 150 200 250 
T,, surface temperature, O F  

Figure 12. Radiation Heat Transfer  Coefficient 
veFsras Surface Temp. 



Using this  function to  l inearize the radiation allows a closed-form solution 
fo r  the transient cooling of the chopper blade; however, it requires  guessing 
the chopper blade temperature. Thus, assume the following values: 

Temperatures 

E - 1 - -  
1 - 2  1 1 configuration int erchange factor - + -1 between two gray plates. 

El €2  

for ~ ~ ' 0 . 9  E = 0 . 9  2 

E 1-2 = 0. 82 

Thus, K the linearized radiation conductance is given by r 

K r = E  A h  1 - 2  1 r 

2 A1 = a r e a  chopper blade = 1.14 ft (total) 

Chopper blade thermal  capacitance is computed by 

'chopper ' 'blade + 'shaft 

where 

'P blade 
= blade specific heat = 0.23 

pblade = blade density = 0.098 

Vblade 
= blade volume = 82 x 0.062 

' J ?  shaft 
= shaft specific heat = 0. 3 

shaft = shaft density = 0.052 

Vshaft 
= shaft volume = 6 x 0.102 



Rearranging the above equation yields 

dT - + B T  = A 
d7 

where 

An order  of magnitude observation yields 

-K r o r  B*-  C 
for all h choices 

r 

o r  A % - -  KrTO for a l l  hr choices 
C 

Thus, realistically the heat balance equation i s  given by 

The solution to the above equation is 

TI = 70°F R = - -Kr 
C 7 = t ime hrs 



Thus, 

The solution of this equation for various choices of hr is shown in Figure  13. 

i n  a practical sense, hr changes with the temperature difference between the 

chopper and the baffles; thus, the  actual transient behavior might look l ike the  
dotted curve in Figure 13. 

CONDUCTION COOLING 

Cooling the chopper blade by pure radiation will be a very slow process and the 
settling out to i t s  equilibrium temperature may take many hours. Since this  
is undesirable, an analysis was made considering the effect of a mechanical 
thermal link between one baffle and the st i l l  chopper blade. 

A brief look at the effectiveness of the cooling of the chopper blade by the pre- 
ceding procedure can be made a s  follows. 

Assume 1% of blade a r e a  in contact with the baffle conductor str ip.  A con- 
servative contact conductance value between metal  interfaces in  vacuum is 

B T U / h r - i n 2 - O F  ( see  ref. 32) 

Thus, the conductance is given by 

%affle conductor 2 ( B T U / ~ ~ "  hr O F )  77 in" (0.01) 

then 

%affle conductor - - 1. 54 = 13, hr - 1 
'chopper 0.1176 

Kr This completely dominates 7 Kc and -. 
C 

, thus, the  transient  equation 

becomes 



I 
0 0.5 1.0 1.5 2.0 2.5 3.0 

Time, hours 

Figure  ,la.. Transient  Response of Chopper Blade 
/' ' 

/ with Radiation Cooling 



This yields the fact that the chopper blade cools from room temperature to 
-320°F in just 24 minutes. This is a conservative calculation because of the 
following facts: 

o Radiation cooling to the other baffle was neglected, and it 
was shown previously that this path dominates over the 
shaft conduction. 

o Even under the above conditions, the baffle conductor domi- 
nates over the shaft conductance. 

'shaft 
conductance ,' 

= 0.118 BTU/hr 

- 
'baffle 

- 
kbaffle c (AT)  = 1.54(2)  = 3 .08  BTU/hr 

conductance 

This means that the baffle conductor will eventually bring the blade to  within 
a few tenths of a degree of the liquid-nitrogen temperature, -322°F (77°K). 

BLADE EQUILIBRIUM TEMPERATURE DETERMINATION 

The conductive heat flow P C  from the PCS chamber to the chopper blade is 

calculated as  follows: 

where 

Kc = thermal conductivity of fiberglas 

= 30 mW/ft 

AT = thermal gradient through the shaft; assume this is 220°K 
(300°K- 80°K) 

45 = shaftlength = 0 . 5 f t  

As = shaft cross sectional area 

2 2 
= n/4 (Dl - D2) D1 = shaft OD = 0.50 in. 

D2 = shaft ID = 0.38 in. 

= 7 . 1  f t2  



The radiative heat flow PR from the chopper blade and shaft to the cooled 

baffles must equal the conductive heating through the shaft for equilibrium to 
OC cur. 

where 

A~~ 
= chopper radiative area 

chopper blade total area = 154 in 2 

chopper shaft outside area = 10 in 2 

total chopper radiative a rea  = 164 in 2 

E = emissivity of blade and shaft being cooled = 0. 9 

Assume TI,  chopper equilibrium temperature = 80°K 

T2' baffle temperature = 77°K 

a = Stefen-Boltzmann constant = 5. 67 x 10 - 4 

therefore, the chopper equilibrium temperature will be less  than 80°K. After 
the chopper has been cooled down to liquid nitrogen temperatur e by the con- 
duction mechanism, it will slowly r i s e  to 80°K, the radiation equilibrium 
iernpesatare, 

CHOPPER RADUTIVE ABSORPTANCE DETERMINATION 

The radiative power, Pa of the blackbody source absorbed by the chopper 

blade, may be calculated by 



where 

2 N = source  radiance = 145 W / m  -sr at  30Q°K 

-4 2 As = source  a r e a  = 0.785 x 10 m 

= exposed chopper a r e a  = 1 .3  x 10 -4 m2 
Aec 

cr = chopper absorptivity = 0.1 

q = duty cycle = 0. 5 

d = chopper/ source  distance = 5 x in 

therefore, the heating effect of the  source  power absorbed by the  chopper 
blade can be  considered negligible. 



APPENDIX J 

PCS COOLING ANALYSIS 





APPENDIX J 

PCS COOLING ANALYSIS 

Cooling requirements for the PCS a r e  of a two fold nature: (1) the require- 
ments must be determined for maintaining each element at a steady-state 
cold temperature; (2)  the transient cooling load necessary to cool the 
elements dawn to their steady-state temperature levels in a reasonable 
time period. The elements in the PCS required to  be cooled a r e  listed 
below. 

1) Main shroud - fabricated in one section 
- three parallel-feed sections 

2 )  C-shaped shroud 

3) C-shroud bottom plate 

4) Mirror cooling coil 

5) Mirror front baffle 

6) Rear ion pump baffle 

7) Folding mir ror  cooling coil 

8) Chopper baffles 

9) Source aperture 

10) Source cooling coil 

11) Guardcoolingcoil 

12) Front baffle - behind source 

13) Output beam baffle between source and collimated beam 

14) Triple-point cell aperture 

STEADY-STATE COOLING ANALYSIS 

Steady-State cooling loads a r e  calculated below. 



Main Cooling Shroud 

The main cooling shroud consists of three parallel stainless steel  sections, 
each having dimensions of 36 inches long by 40 inches in diameter. Steady- 
state heat loss  from all three (this includes the two C-shaped shrouds) i s  
made up of radiation and conduction losses. 

Radiation loss  from outer shroud surface to  chamber 

E = 0.1 outer shroud surface 
1 

E = 0.1 inner chamber surface 
2 

Area = " Dl L = ll (40) (13. 5 )  = 142 ft 2 

outer 1 2  
1 2  

shroud 

4 
= o E ~ ~ ~ A [ T ~  - T 2  4 $ radiation 

from shroud 3. 41 
= 320 watts 

Conduction losses  from shroud to  chamber 

Conduction losses  occur through six bearings and epoxy 
fiberglas tracks. Considering only major resistances: 

ontact resistance ntact resistance 

resl stance 



Bearing contact a rea  dimension assumed t o  be 1/16 inch. Vacuum 
contact conductance used is 2 ~ ~ U / h r - i n ~ O - ~ .  

Point contact 2 rr (0. 0625) (2) = 0. 0066 
4 

Line contact (0. 0625) (0.25) (2) = 0. 03125 Length of Pine 
contact equiva- 
lent t o  bearing 
width 

Fiberglass  = 0. 0175 (0.125) (0.25) = 0. 00437 
Ax 0.125 

Total  shaft-to-chamber conductance 

Ktotal = 0. 0107 BTU/hr°F Total  of six paths 

Total  conductor loss  

Qc ond 
= K (392)"F = 1 . 2 2 9 ~  

tot aB 
3-41 

3.41 is the conversion factor f rom BTU/hr t o w  

Thus, total main shroud losses  a r e  approximately 322 w 

C ollirnat ing Mir ro r  

Mir ro r  heat l o s se s  a r e  a lso  made up of radiation and conduction. 

Radiation 
o n 

= rr (26)' = 3. 68 ft' 
Areabackplate 

Qradiation = B A  "P-2 
m i r r o r  3 - 4 1  

radiation t o  chamber end 



o Conduction losses a r e  estimated by only calculating the 
major resistance paths out the mir ror  support structure. 

1) major support bracket (two in parallel) 

a b c d 
Chamber 77°F 

resistance fiberglas resistance resistance 

kl (a, b, c, d) 0. 5 each path 

kl 111 = 1. 0 BTU/hrOf Two in parallel 

2 )  Adjustment bracket 

Back plate 
Contact Fiberglas Contact Contact 

-322'F 



kd 
= IT (0.25) (0. 75) (2) = 2. 35 

kadjustment bracket 2 (0.0425) M 0. 085 

Steady-State Conduction Loss  

Qcond = Kt (AT) = (1. 0 + 1. 0C 0. 085) (392) 
3. 41 

t-270W 

Thus, the total m i r r o r  heat l o s s  is 

Qrad + Qcond = 279 W 

Other Elements 

The main shroud and the m i r r o r  represent  the major heat loss  elements in 
the PCS. The other elements we re  analyzed by estimating view factors and 
ratioing areas,  and using the above analyses a s  a guide t o  determine the 
steady-state heat losses  f rom the following system elements. 

Front  baffle 

2 Qlos s = 11.5 W A = 5 f t  

s Rear  ion pump Qlos s = 20W 

cs F o l d i n g m i r r o r a n d m i r r o r f r o n t b d f l e  

Qloss 
= 0 . 5 W  

e, Output beam baffle 
"loss 

= 3 0 W  

Q, Source aper ture  and chopper baffles 

Qlos s = 2 .3w 



TRANSIENT COOLJNG ANALYSIS 

Listed below a re  some of the assumptions used in the transient analysis: 

@ At time zero the cooling lines drop to  liquid nitrogen temperature 
and are  held there. 

o The collimating mi r ro r  and the main shrouds determine the maxi- 
mum cooling times. 

r, When components achieve within 10°F of their  steqdy- st ate values, 
cooldown is considered complete. 

o The initial condition determines a maximum cooling load while the 
ste ady-state condition yields a final cooling load. The average of 
these loads represents the proper cooldown flow. 

Again this is a simplified approach which should yield practical values. During 
Pa r t  HI, a more sophisticated cooling evaluation with some basic experimental 
t es t s  will be performed. 

Collimating Mirror  

Figure J1 gives a schematic representation of the mirror ,  its wave plate, and 
aluminum cooling plate. Also shown a re  the resistance network and tempera- 
ture time chart for the mir ror .  The mi r ro r  is the limiting cooldown element 
in the chamber because of i ts  large mass  and low conductivity. 

The cooling analysis considered two cases: 

1) Infinitely conducting wave plate 

2)  Wave plate contacting over 25$ of the m i r r o r t s  surface 

The f i rs t  condition can be analyzed by assuming that the collimating m i r r o r  is 
a plate whose temperature throughout is initially 77%'. Then suddenly the back 
surface temperature is dropped to  -322%' by liquid nitrogen cooling. Figure 52 
gives the temperature-time chart for  such a condition. Cooling of the mi r ro r  
may be analyzed a s  follows: 
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6 = time, h r  

6 = position, ft 

A cooldown time is defined as complete when the mi r ro r  surface temperature 
is within 10°F of liquid nitrogen temperature. 

Then, 

The mi r ro r  cooling time f o r  this condition is 5.2 hours. This analysis has 
neglected the waveplate conductance. 

An attempt was made to estimate the effect of the wave plate conductance, The 
mirror"  and wave plate's total conductances were calculated and combined to  
give the total conductance between the mi r ro r  reflecting surface and the cool- 
ing plate. 

Kmi r ro r  + Kwave plate 

where 

I(" thermal vacuum contact conductance between two surfaces, 

2 ~ T ~ / h r - i n ? - " ~  

The ratio of mi r ro r  conductance to  total conductance was then used to  rnodifv 
the Cervit thermal conductivity to yield an "effective mi r ro r  thermal condu:- 
tivity" . 

The new '"effective thermal conductivity" was then factored into the tempera- 
ture-time curve analysis to  yield new cooling times, including the influence of 
the wave plate resistance. The results  indicate that for a 25gwave plate eon- 
tact  area: 

T - - 
cooling 

It is believed that this approach to factoring in the effect of the wa.ve plate is 
conservative. 



The analysis assumed that at time t = 0 the aluminum plate was cooled in- 
stantly to  - 322 O F ,  liquid nitrogen temperature. Liquid nitrogen flow was main- 
tained at a rate to hold the aluminum plate at this temperature throughout the 
cooldown time. Radial conduction and radiation losses  were neglected. This 
assumption is probably good since, as will be shown later, the shrouds cool 
rapidly and neglecting radiation is thus reasonable from a cooldown-time 
point of view. 

Cooling flow requirements are  estimated by determining the initial flow rate 
required to hold the aluminum cooling plate at - 3 2 2 T  and then averaging this 
flow rate with the steady-state flow requirements (270W). The initial cooling 
load is given by: 

Kmirror-cooling (AT) 

Q = 
plate 

3.41 

Average cooling load 270 -t- 1040 - - 
2 

This is equivalent to 14.5 l i ters lhr .  

Main Shrouds 

Figure 33 gives a schematic representation of the shroud, i t s  fiberglas stand- 
offs, and the vacuum chamber. The main stainless steel  shroud is composed 
of three 36-inch-wide by 125-inch-long (40-inch diameter) parallel sections. 
Each section weighs 4 8  pounds. 

The analysis assumed that the inner surfaces of the flow channels were instantly 
cooled to liquid nitrogen temperature and radiation losses  were neglected. The 
results  a r e  shown in Figure 54.  Main shroud cooling will take place in l e s s  
than five hours. Also, a perfectly insulated shroud would not cool in much 
shorter time. Initial cooling load for three shrouds was 1000 W. The steady- 
state cooling load was 347 W. This leads to an average cooling load of 673W 
o r  15 l i ters lhr .  

Source 

The source, insulated from the chamber, will cool with an adiabatic boundary 
condition and will require 1200W or 27 l i t e r s lhr  cooling load. 



Chamber 

S ta in less  shroud 

Cooling passage  

" F 

Chamber 

' Cooling passage  

Chamber 

F igure  J3 .  Shroud Conduction Character is t ics  
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t, hours 

Figure  54. Cooldown of Shrouds 



Other System Components 

I t  is assumed that all  the remaining system components will be cooled t o  the i r  
steady-state tempera ture  l eve l s  i n  five hours with the i r  steady-state cooling 
loads, Thus, the sys tem cooling t ime will  take approximately five hours  and 
will  requi re  a total  t rans ient  cooling load of 

Item Transient  Cooling Load, L i t e r s / h r  

M i r r o r  14.5 

Main shrouds 15. 0 

Source and guard 2 7  

Othe r s  (steady-state 54 
load) 

110. 5 l i t e r s / h r  
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APPENDIX K 

DESItGN CONSIDERATIONS 
FOLDED LENS SUPPORT TUBE 

Two factors must be considered in choosing the lens support tube materials: 
(1) the material must be highly resistant to heat flow (a  low K value) to limit 
the heat flux to the secondary; ( 2 )  the material must possess a low expansion 
coefficient so that misalignment problems between the lens and the secondary 
mi r ro r  a r e  minimized. A thermal analysis of the system has shown that 
fiberglasl epoxy tubes mounted as  shown in Figure K1 will minimize the heat 
flux to the secondary, while still maintaining structural integrity. 

This appendix analyzes the misalignment that occurs in cooling the refrigerator 
and lens system from room temperature to operating temperature and, also, 
the effects of skin temperature change on lens alignment. 

Two proposed lens aligning systems will be analyzed for misalignment. 

1) Align lens, detector, and mir ror  at room temperature. 
Check for misalignment upon cooling to the nominal 
operating temperature of 2 00°K. 

2)  Align lens, detector, and mir ror  at the nominal operating 
temperature of 200°K 

a) Check for misalignment due to &20°K change in skin 
temperature, using the same material for both sec- 
tions of the support tube. 

b) Check for misalignment due to 120°K change in skin 
temperature,<: using materials with different coefficients 
of thermal expansion for the inner and outer support 
tube. 

Misaligment of the lens in relation to the secondary mir ror  reduces to the 
problem of analyzing the expansion of any element dx, at a temperature T, 
aEon: the support tube configuration shown below. Note that temperature may 
be written as a function of x. 



Lens housing: Secondary thermal link 
I Primary thermal link 

0.75 cm 
diameter 
€ = 1.0 

Main housing 

Figure K1. Detector and R.elay Optics Mount 



so that, 

where 

This integral may be handled more easily by changing its  limits to values of 
T. This can be done by writing dx in terms of dT. 

where 

4 = heat flow from TI to T - W 
2 

A Z = cross sectional area of support tubes - cm 

X = distance along tube - cm 

T = temperature - OK 

k(T) = fiberglas-epoxy thermal conductivity as  a function of T 

Using data from reference 33, K(T) may be written 

so that letting 3 = C, using the above expression for k(T), and integrating 

At any given skin temperature T1 = constant. Thus, differentiating Equa- 

tion (K3) w. r. t. T and substituting into Equation (KI), we have 



MISALIGNMENT CALCULATIONS 

Proposed System (1) 

Align lens, detector, and mir ror  at room temperature. Use S glass/E787 
resin (UFW roving) in the parallel direction for both inner and outer tubes. 
This material has one of the lower expansion coefficients of the available 
fiberglasl epoxies. The misalignment of the lens with respect to the secondary 
mir ror  on cooling this system from room temperature to operating tempera- 
ture can be calculated a s  follows: 

m m 

Where 

T1 = skin temperature = 200°K 

= temperature at inner-outer tube junction = 148°K 
TM [solved for using (3)1 

T2 
= solid methane temperature = 65°K 

C = 33.4 (solved for using Equation (K3) with x = 10 em) 

L(T) = (-2.35) ( l o e 6 )  (T) + 8.2 x l o m 4  
(written using data from reference 1) 

so that 

AL = 0. 66 x cm or  0 .26  mils 

Proposed System ( 2 )  

The misalignment of 0.26 mils is greater than the allowable misalignment of 
0 . 2 0  mils which can be tolerated and still have the system behave optically as 
designed. Therefore, the second of the two proposed lens aligning systems 
appears to be in order, that is the detector, lens, and secondary mir ror  a r e  
aligned at operating temperature. Any misalignments occurring in this sys- 
tem would be caused by variations in vehicle skin temperature. Once again, 
using S glass El787 resin for both inner and outer support tubes and assuming 
a f20°K variation in skin temperature, the movement of the lens with respect 
to the secondary mir ror  can be calculated as  follows: 



where 

T; = T (constant lens temperature) 
2 

T; = skin temperature = 220°K 

1 T M =  temperature at  inner-outer tube junction computed to 
be 164°K 

A L  = 0.25 x cm o r  m 0. I mil 

Even though 0.1 mil  misalignment is within the tolerable limit (0.2 mil), mis- 
alignments caused by variations in vehicle skin temperature can be minimized 
by selecting a different fiberglas-epoxy for the inner tube of the support (see 
Figure K2). If the material  is selected so that the expansion of the outer 
tube will effectively cancel the inner tubers expansion, the material selected 
must have an expansion coefficient approximately three t imes greater than 
the expansion coefficient of the outer tube. This is necessary, since a 20°K 
change in skin temperature does not increase the average temperature of the 
inner tube a s  much as  i t  does the average temperature of the outer tube. 
Using S glass El787 res in  f o r  the support's outer tube, then, from data given 
in reference 33, S glass /E 787 resin ( 1581 cloth laminate, parallel) appears 
to  be the logical selection for the inne tube. The misalignment due to a 
20°K change in skin temperature can now be calculated for this proposed 
system. Therefore, 



(A) S glass/E-787 resin ( 1 5 4 3  cloth laminated) 
(B) S glass/E-787 resin ( U M I  roving) 
(C) S glass/E-787 resin ( 1 3 8 1  cloth laminated) 

Figure K2. Thermal Expansion Coefficients and Integrals 
for  Fiberglas Epoxies (ref. 1) 



where, 

and 

1.74 x - 2.09 x l o n 3  

which. i s  well within the acceptable displacement limits. 

In all previous misalignment calculations the movement of the lens in relatiion 
to secondary mi r ro r  was considered. However, there will also be misalign- 
ment of the lens in relation to  the detector, if alignment of lens, detector, and 
mi r ro r  is done at room temperature. Using aluminum as the lens housing ma- 
ter ia l  and data from reference 34, the A L  of the housing in cooling from room 
temperature to  65% was found do be ~ 8 .  O x inches, which is intolerable: 
thus alignment at the normal operating condition is impossible using ahurninurn 
a s  housing material. However, the use of other materials will be considered. 

Since the variation in  A T  of the solid methane will be < 1@K, I?ousing misahign- 
rnents due to a change in vehicle skin temperature a re  negligible. 

In conclusion, it appears that in order  to  minimize misalignment problems 
provision must be made for aligning the leas, detector, and secondary m i r -  
r o r  at operating temperature, In addition,, the effects of skin 'temperature 
variation can be minimized by using difhffe rent fiberglas-epoxies for the inner  
and outer seetion of the support tube, 
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APPENDIX L 

SPECTRAL SHIFT EFFECTS 

OBJECTIVES 

This study had two objectives: to  determine, quantitatively, the effects of 
spectral  filter variations caused by temperature shifts and angular misalign- 
ments on measurement precision; and to  obtain, qualitatively, insight into the 
effects of spectral filter shape on measurement accuracy. 

RESULTS SUMMARY 

For  the source and filter spectral models used, a filter shape can be specified 
that will result in negligible measurement instability (precision well within 
requirement) over the ARRS temperature and alignment stability environment. 
F o r  a standard filter with a center wavelength of 1 5 . 1 5 ~ ~  and 2 . 8 ~  wide between 
the 5$points, the radiometer output sensitivity t o  temperature shift i s  
s 0.0011g"K and the angular alignment shift is 5 0.0089". 

APPROACH 

The approach was to f i r s t  obtain practical models of filter spectral transmis- 
sion and source spectral distribution, then to  vary those filter characteristics 
which a re  known to be sensitive t o  environment and determine the resultant 
variation in the integrated spectral radiance through the perturbed filter. 
Output variations were expressed a s  a variation in average transmission of the 
filter to  the source spectral distribution used. Note that the definition of aver- 
age filter transmission used here differ s from the definition sometimes applied 
in  which average transmission is defined by 

Average transmission used here includes the effect of source radiance spectral! 
distribution, N(X), and is given by 

- [ T(A) N(h) dX 

T = 0 
05 

J N(h) dX 
o 



Filter  parameters to be varied were, initially, in band shape, leading edge 
slope, trailing edge slope, leading edge location, trailing edge location, and 
out-of-band rejection. Results of varying each of the above parameters were 
to  be combined and used to predict effects on accuracy and precision. Results 
were obtained for each of the variations given above, but further investigation 
showed that varying only one parameter at a time was unrealistic since param- 
eter  cross-coupling effects were not obtained. Further  investigation of actual 
filter variations showed that only spectral shift and neither in-band shape nor 
leading and trailing edge slopes were sensitive to  angle and temperature varia- 
tions. A second approach was then taken in which fi l ters with various spectral 
widths were shifted in wavelength, and average transmission variation was 
determined a s  described above. Results of this lat ter  approach are  reported 
here. 

SPECTRAL MODELS 

Source Model 

Determination of a source spectral model proved to  be a somewhat perplexing 
task because of the variety of definitions which could be applied to ARRS mea- 
surement accuracy, each of which is affected differently by the source. Accur- 
racy here re fe rs  t o  the difference between a measurement of some quantity 
and the actual value of that quantity, the difference expressed a s  an e r r o r  
(i, e ,  , in an oversimplified statement) 

where 

AX = e r r o r  
- 
Xm = 

average of a set of measured values of Xa 

Xa . = actual value 

Precision here re fe rs  to the spread in the set of measured values, often ex- 
pressed in t e r m s  of the variance or standard deviation of the measured value 
distribution. 

2 In the ARRS application, accuracy is specified to be -10.03 W/m - sr. The 
question of relating that accuracy requirement t o  a measurement can be 
answered in a variety of ways, depending on the measurement objectives. It 
could, in a horizon definition experiment, refer to the measurement of limb 
radiance in an exclusive spectral interfal - e. g., 14.0 to 16.28~.  In that case 
the e r r o r  would be the difference between limb radiance in the 14.0 to  1 6 . 2 8 ~  
interval and the measured radiance passed through a practical spectral filter 
which, because of i ts  nonrectangular spectral shape, rejects some in-band 
(14.0 to  16.28~)  radiance and transmits some out-of-band radiance. 



A second definition is related to  the method of primary and inflight calibration, 
both of which use blackbody radiance spectral distribution. Measurement 
accuracy relates back to calibration and i s  an accuracy of determining the 
equivalent blackbody radiance of the source regardless of the source spectral 
distribution. Spectral interval considerations are  important here, a s  well, 
because of the nonrectangular spectral shape of the filter. 

A third definition of accuracy, which might be applicable, relates to integrated 
radiance in the instrument spectral response without regard to  source spectral 
content o r  specific spectral interval. In this case the result of a measurement 
would be a statement that the source emits N w / m 2 - s r  in the spectral region 
(not interval) defined by the instrument response. This is the definition cus- 
tomarily applied to  measurement programs of the ARES type, but which seems 
to  be lacking in t e rms  of measuring a rea l  physical quantity. 

Other accuracy definitions could probably be applied a s  well. The intent here, 
however, is only to  open the discussion of accuracy a s  related to defined 
spectral region or  interval and source spectral distribution. Fo r  this analy- 
sis the f i rs t  definition - i. e., accuracy_ of measuring limb radiance in the 
exclusive 14.0 to  16 .28~ spectral interval - was used a s  being the most stringent 
of those discussed. 

The source spectral models used were obtained from data generated under 
contract NAS1-6010. Limb radiance spectral  distributions are dependent on 
both atmospheric characterist ics and tangent height altitude. Because of 
time constraints, a comprehensive set of atmospheres and tangent heights 
could not be analyzed. Rather, in attempts to  bound the problem distributions 
at the NAS 1-6010 tangent height extremes were used, corresponding to atmos- 
pheric path lengths of 500 atmosphere-cm and 10 atmosphere-cm, each at a 
temperature of 230%. The distributions are  shown in Figure L1. Out-of- 
band spectra, including solar radiance and effects of clouds, a re  shown in 
Figure L2.  While it had been planned to  perform out-of-band analyses using 
the spectra of Figure L2, time did not permit completion of this part of the 
analysis. The spectra are  included here for future use. 

Fi l ter  Model 

A filter model was derived based on characteristics of filter parameters ob- 
tained from OCLI, a leading fi l ter  supplier. Parameter definition and charac- 
ter is t ics  a re  described a s  follows: 

Out-of-band rejection. -- This is an independent variable, specified in 
t e r m s  of a maximum value on absolute transmission, In-band average trans- 
mission to  a spectrally flat source is dependent on the value used as shown 
in TablerLl for out-of-band rejection between 2p and 2 2 ~ .  

Leading edge cut-on. -- Location of the wavelength at which transmission 
= 5$is a specified quantity. Wavelength region from Xo, where transmission 

begins to r ise  above the out-of-band rejection value, t o  X the wavelength of 
the 5% point is roughly \ - Xo 5 0.0 5 A 
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Figure L2, Out-of- Band Limiting Spectra 



TABLE L1. - FILTER PARAMETERS 

Out-of- band maximum In-band average 
t ransmiss ion t ransmiss ion 

Leading edge slope. - -  F r o m  5% t ransmiss ion at h at 80$of peak t r ans -  
mission at X 2' X - h  

slope ' ' ~ 0 . 0 5  
1 

In-band s t ruc ture .  - -  Typical in-band s t ruc ture  is shown in Figure  L3. 

Trailing edge cutoff. -- Wavelength at 5$ t ransmiss ion is a specified 
quantity. Wavelength at which t ransmiss ion is equal t o  out-of-band reject ion 
value is w 1. 05 t imes  5% wavelength. 

Trai l ing edge slope. -- F r o m  80% of peak t ransmiss ion at h t o  5$t rans-  
mission at h4,  

3 

slope = 
X4 - X 3  

Z 0 .05  
X4 

Based on the above charac ter is t ics  and the f i l te r  spec t ra l  t ransmiss ion curve 
of Figure L3, a linearized nominal f i l te r  model was  derived and is shown in  
Figure  L4 .  

COMPUTATIONS 

The parameter  of interest  in  t e r m s  of accuracy and prec is ion  is the average 
filter t ransmiss ion including the source spect ra l  distribution; i. e . ,  

The source models were  linearized t o  facilitate computation a s  shown in 
Figure  E5. 



Wave number, cm'l 

Figure L3. Typical Fi l ter  Transmission 
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F i g u r e  LA. Nominal  Linear ized  F i l t e r  Model 





Integrations were ca r r i ed  out on a digital computer using the rectangular  
rule which approximates the in tegra ls  a s  follows: 

Sensitivity of the integral  approximation t o  interval  s ize  was  investigated and 
the resul t s  a r e  shown in Figure  L6. Resul ts  show that numerical  approxima- 
tion e r r o r  is l e s s  than 0.05%. An interval  of 0. 04p was  subsequently used in 
all computer runs.  

Resul ts  

Sensitivity of average transmission,  T ,  t o  spec t ra l  f i l ter  width between i t s  
5$ points for a center  wavelength of 1 5 . 1 5 ~  is shown i n  F igure  L7. The 
result  shown is for a 10 atm c m  path length. The difference in average t r ans -  
miss ion  between the  10 atm c m  and 500 atrn c m  paths is shown in Figure  L8. 

Note that the pa ramete r  AT of Figure  L9 could be construed t o  be a measure  
of e r r o r  since i t  is a measure  of the variability of the radiometer  output 
caused by spect ra l  variat ions of the source.  Note a lso  that the curve of Fig-  
u re  L8 suggests that a f i l te r  bandwidth doe s exist  which will  minimize th i s  
e r r o r  source;  for the models  used, the optimum spec t ra l  bandwidth is 3 .  2p, 
for  which the e r r o r  is only w 0.01%. 

Effects of spect ra l  shift a r e  shown in  Figure  L9. Th i s  figure shows that f o r  
smal l  spectral  shifts the output sensitivity is 0.27$/p fo r  10 atrn cm, and 
1. 1% Jp. fo r  500 atm c m  with a 2. 8p wide f i l ter ,  the smal les t  sensitivity values 
of those spect ra l  widths considered. 

Translat ion into environmental effects is done using vendor- supplied data on 
tempera ture  and angle shifts. OCLI supplied tempera ture  shift is 0.125% / 2 0 ° ~ ,  
expressed in t e r m s  of percent  shift of center  wavelength p e r  OK. At 1 5 . 1 5 ~ ~  
i n  the shift is 0.001y / "K. F r o m  Figure  L9, the e r r o r  in  average t ransmiss ion 
becomes 0.0011%/"K. Angle shift data published by OCLI a r e  shown in Figure  
L10, which shows a family of curves  applicable to different f i l ter  operating 
modes. Using the grea tes t  shift and conservatively approximating i t  l inearly 
to  facilitate computation over smal l  angles, the shift toward shor te r  wave- 
lengths is always l e s s  than 1% in 20" angle shift, o r  0.05% l o .  F o r  a 15,15p 
center  wavelength, shift becomes ~ 0 . 0 0  75p/ O. Using the sensitivity coeffici- 
ents  of Figure  L9 for  a 2 . 8 ~  wide filter,  the e r r o r  in average t ransmiss ion 
will be smal l e r  than w O .  008%/ ". 
These resu l t s  cannot be applied t o  de termine  actual e r r o r  values since the 
tempera ture  range over  which the" ARRS flight radiometer!' f i l ter  will  operate 
is not presently known and the angular alignment integri ty of the  f i l t e r  is not 
known. However, considering that the f i l ter  will  be cooled a s  p a r t  of a tem-  
perature-controlled re l ay  optics assembly, a tempera ture  variation of f 10°K 
could be considered a s e v e r e  wors t  case.  Similarly, it is inconceivable that 
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Figure L6. Computed Average Transmission Sensitivity to  
Integrated Interval 
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Figure L7. Average Transmiss ion ve r sus  Fi l te  r 
Spe c t r  a1 Bandwidth 
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Figure L8. Average Transmiss ion E r r o r  v e r s u s  Width of Spectral  
F i l t e r  (between 5% points); Center  a t  15.15p. 
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Figure  L9. Spectral Shift Effects on Average Transmission 





angular misalignments a s  high a s  seve ra l  degrees  could occur except in the 
case  of structural failure which is outside the scope of t h i s  type of analysis.  
The maximum e r r o r  that could be expected, then, from tempera ture  shifts 
is fi: 0.01% and f rom angle shifts GY 0 . 0 2 5 % ~  both negligible. 

CONCLUSIONS AND RECOMMENDATIONS 

It was  shown that the effects of t empera tu re  shift and angular misal ignments 
on the spectr  a1 charac ter is t ics  of an ARR S-type f i l ter  produce negligible e r r o r s  
in repeatability o r  precision. Accuracy was  also shown t o  be relat ively inde- 
pendent of these  effects within the constraints  of the definition of accuracy 
assumed. 

Recommendations for  upgrading and expanding the study s tar ted  he re  a r e  t o  

1) Obtain bet ter  definition of ARRS accuracy 

2 )  Expand the study t o  include spect ra l  response (and response 
stability) of the complete radiometer ,  p r imar i ly  including 
detector  and any ref rac t ive  mater ia ls .  

3)  Upgrade source and response spect ra l  models  

4) Expand study to  include effects of spect ra l  response  stability 
on inflight calibration stability 

5) Include effects of other  environments such a s  aging and nuclear  
bom bardment 

6) Widen spect ra l  range studied t o  obtain bet ter  definition of out- 
of- band effects 
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