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This repo r t  has been prepared by C I E  Technical Committee 2.2 (Detectors).  

It has been approved by the m a j o r i t y  of the  Technical Committee and i s  r e -  

commended f o r  study and app l ica t ion .  The repo r t  i s  not an O f f i c i a l l y  

Agreed CIE Recomnendation approved by the  Nat ional  Committees o f  the Member 

Countr ies o f  the  CIE, and i t  should be noted t h a t  any recommendation which 

it contains i s  advisory and not mandatory. The l a t e s t  C I E  Proceedings or 

C I E  Journal should be consulted regarding the  cur ren t  s ta tus  o f  the  repo r t  

and poss ib le  subsequent amendments. 

Ce rappor t  a é té préparé par l e  Comité Technique 2.2 (Detecteurs) de l a  

C I E .  I 1  a é té approuvé par l a  ma jo r i t é  du Comité Technique e t  il est  r e -  

comandé pour étude e t  appl icat ion.  Ce rappor t  n ' e s t  pas une Recomnanda- 

t i o n  o f f i c i e l l e  de l a  C I E ,  approuvée par l e s  Comités Nationaux des Pays 

Membres de l a  C IE .  11 d o i t  &res noté que tou te  recommandation y f i g u r a n t  

est  donnée à t i t r e  de consei l  e t  non d 'ob l i ga t i on .  En ce qui  concerne l a  

s i t u a t i o n  présente de ce Rapport e t  d 'éventue l les  modi f icat ions,  il faut  

consul ter  l e  p lus  récent  Compte Rendu de Session ou Journal de l a  C I E .  

Dieser Ber ich t  wurde vom Technischen Komitee 2.2 (Detektoren) der CIE aus- 

gearbei te t .  E r  wurde durch d i e  Mehrheit des Technischen Komitees g e b i l l i g t  

und w i rd  zum Studium und zur Anwendung empfohlen. Dieser Ber ich t  i s t  ke ine 

o f f i z i e l l  anerkannte C I E  Empfehlung, der d i e  Nat ionalen Komitees der M i t -  

y l ieds länder  der C I E  zugestimmt haben. Es sei  darauf hingewiesen, dass 

jede Empfehlung i n  diesem Ber icht  a ls  Anle i tung d ien t  und n i c h t  v e r b i n d l i c h  

i s t .  Was den gegenwartingen Status dieses Ber ichtes und mögliche Nach- 

folge-Ausgaben angeht, ziehe man d i e  neuesten CIE-fagungsberichte oder das 

CIE-Journal zu Rate. 

0 C I E  1984  
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FOREWORD 
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The repo r t  summarizes the operat ing p r i n c i p l e  o f  e l e c t r i c a l l y  c a l i b r a t e d  
thermal de tec tors  of o p t i c a l  rad ia t i on .  It also describes t h e i r  main com- 
ponents, 1 i s t s  t h e i r  e r r o r  sources, suggests experimental procedures t o  de- 
termine t h e i r  systematic e r r o r s  and discusses t h e i r  main app l i ca t i on  
areas. An extens ive l i s t  o f  references enables the reader t o  r e f e r  t o  spe- 
c i a l i s t  l i t e r a t u r e  should he requ i re  more d e t a i l e d  informat ion.  The repo r t  
i s  intended as a guide f o r  non-spec ia l i s t  users o f  such instruments, g i v i n g  
them the  background requ i red  for  using these devices and an ob jec t i ve  means 
f o r  assessing t h e i r  performance. 

RESUME 

DETECTEURS DE RADIATIONS OPTIQUES A ETALONNAGE PAR SUBSTITUTION ELECTRIQUE 

Ce rappor t  résume l e  p r i n c i p e  de fonctionnement des dètecteurs de r a d i a -  
t i o n s  opt iques à étalonnage par s u b s t i t u t i o n  é lec t r ique.  Il . d é c r i t  égale- 
ment l e u r s  p r inc ipaux  composants, donne l a  l i s t e  des sources d 'erreurs,  
suggère. des d t h o d e s  expérimentales pour déterminer l eu rs  e r reurs  s y s t h a -  
t iques e t  d i scu te  ' leurs  pr inc ipaux domaines d 'app l i ca t ion .  Une importante 
b i b l i o g r a p h i e  permet au l ec teu r  de se reppor te r  à des tex tes  spéci f iques 
s ' i l  dés i re  des in fo rmat ions  p lus  d é t a i l l é e s .  Ce rappor t  a pour bu t  de 
s e r v i r  de guide aux u t i l i s a t e u r s  non s p é c i a l i s t e s  de t e l s  instruments, en 
leurs  donnant l e s  connaissances de base necessaires pour u t i l i s e r  ces appa- 
r e i l s  e t  des moyens o b j e c t i f s  pour améliorer l e u r s  performances. 

ZUSAmEWFASSUN6 

ELEKTRISCH KALIBRIERTE THERMISCHE EMPFAENGER OPTISCHER STRAHLUNG 

Dieser Technische Ber ich t  beschreibt  das A rbe i t sp r inz ip  von e l e k t r i s c h  
k a l i b r i e r t e n  thermischen Empfängern opt ischer  Strahlung. E r  behandelt auch 
i h r e  w ich t i gs ten  Komponenten, e r l ä u t e r t  i h r e  Fehlerquel len,  beschre ibt  
experimente1 l e  Methoden zur Bestimmung der systematischen Fehler und g i b t  
i h r e  Hauptanwendungsgebiete an. Eine umfassende B i b l i o g r a f i e  ermögl icht  es 
dem Leser d i e  S p e z i a l l i t e r a t u r  auf diesem Gebiet zu s tud ieren f a l l s  mehr 
d e t a i l l i e r t e  Informat ionen e r f o r d e r l i c h  sind. Der Ber i ch t  i s t  a l s  
Einführung für WerWender von solchen Instrumenten gedacht, d i e  n i c h t  
Spezia l is ten auf diesem Gebiet sind. E r  v e r m i t t e l t  ihnen das zur 
Verwendung der Instrumente nö t i ge  Wissen und ermögl icht  ihnen auch e ine  
ob jek t ive  Bewertung i h r e r  Güte. 

'I 
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1. INTRODUCTION 

1.1 RADIANT POWER SCALES 

The difference between a radiometer and an absolute radiometer i s  evi- 
dent from the fact  that  the f i r s t  instrument can only m a u r e  radiation in 
absolute units when i t  has been calibrated against a standard source or a 
standard detector. An absolute radiometer, on the other hand, does not 
need a calibration against another device. I t  i s  i t s e l f  a standard detec- 
tor which can be used, amongst  other things, t o  cal ibrate  common (non- 
absolute) radiometers. As i s  t o  be expected for a class o f  instruments 
used for the realization of the absolute radiation scale,  the approach 
towards corrections and error sources differs f a i r ly  substantially from 
that  used for non-abso.1ute radiometers ( a  subject covered by C I E  Technical 
Report No 53). There are two main methods by means of which absolute 
optical radiation scales can be realized. One i s  by reference t o  the 
radiant f l u x  emitted by a b lack  body. Here the accuracy depends on the 
accuracy w i t h  which the thermodynamic temperature scale can be realized and 
on the val idi ty  of the black body radiation laws. The a l ternat ive approach 
i s  known as Ilabsolute radiometry", b u t  i t  should be understood t h a t  neither 
of  the two methods i s  more absolute t h a n  the other, and t h a t  both methods 
are valid. Other absolute methods under development at present include the 
absolute spectral response self-cal i  bration o f  sil icon photodiodes (see CIE 
Technical Report No 64) and the use of electron-synchrotrons as sources 
w i t h  a theoret ical ly  predictable radiant power spectrum. Absolute 
radiometric measurements are usual ly made w i t h  thermal detectors, which are 
b u i l t  i n  such a way that they can a l s o  be heated w i t h  some form of 
reference power. This  reference power is vir tual ly  always electr ical  
power, and  in that  case such instruments are sometimes known as 
"Electrically Calibrated Radiometers" or "ECR's",  especial l y  i n  North 
America. In  the f i e l d  o f  meteorology the name "Compensation Pyrheliometer" 
i s  often used f o r  absolute radiometers, b u t  not a l l  o f  the instruments 
referred to  i n  t h i s  way are based on the "absolute" e lec t r ica l  power 
scale.  I n  many instances "Compensation Pyrheliometers' measure in terms of 
re1 a t  i ve power 
instruments o f  
meteoro 1 og i c a ?  
power scale. 

1 . 2  SCOPE 

scales,  based on a particul ar construction. However, 
t h i s  type seem to  be on the way out as references and today  
radiation measurements are also referred t o  the absolute 

The subject matter t o  be covered i n  t h i s  technical report i s  the f i e l d  of 
"classical" absolute radiometry, w h i c h  deals w i t h  the measurement of non- 
coherent optical radiations. Methods for measuring coherent optical radia- 

! 
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t i o n s  or r a d i a t i o n s  i n  an a r b i t r a r y  s t a t e  of cohererice are present?? ham- 
pered by t h e  fac t  t h a t  t he  basic t h e o r e t i c a l  r e l a t i o n s h i p s  f o r  t he  propaga- 
t i o n  o f  energy by coherent or  p a r t i a l l y  coherent r a d i a t i o n  are on ly  now 
being establ ished. The measurement o f  t he  power output o f  CW lasers b y  
means of absolute radiometers i s ,  however, q u i t e  f e a s i b l e  w i th  the  techn i -  
ques described ir, t h i s  repor t ,  provided some e x t r a  precautions are obser- 
ved. These mainly cent re  on t h e  increased importance o f  s p a t i a l  responsi- 
v i t y  v a r i a t i o n s  due t o  the  often very l o c a l i s e d  heat ing  produced by the  
laser  beam and the  avoidance of i n te r fe rence  e f f e c t s  i n  windows (e.g. by 
the  use o f  wedge shaped windows) [l-51. 

This repo r t  i s  intended t o  serve as a guide f o r  non-spec ia l i s t  users o f  ab- 
so lu te  radiometers. .  It should enable them t o  grasp the  operat ing p r i n c i -  
p les  o f  such instruments, make them aware o f  the main e r r o r  sources and ex- 
perimental techniques and provide them w i t h  ob jec t i ve  gu ide l ines  for  asses- 
s i ng t h e  ir p e r f  rirmance . 

2. THE OPERATING PRINCIPLE OF AN ABSOLUTE RADIOMETER 

Absolute radiometers are used t o  measure t h e  i nc iden t  rad ian t  power ( a l -  
so r e f e r r e d  t o  as r a d i a n t  f l u x )  i n  absolute u n i t s  (wat ts) .  If t h e  i r r a d i -  
ated area i s  accura te ly  known, t h e  i nc iden t  power per u n i t  area ( i r r a d i -  
ance) can also be deduced. I n  a measurement w i t h  an absolute radiometer 
the  unknown rad ian t  f l u x  i s  absorbed by the  detector (genera l l y  a thermal 
detector) .  The r e s u l t i n g  temperature r i  se causes an e l e c t r i c a l  output s ig -  
nal,  which i s  then reproduced by heat ing  t h e  de tec tor  w i t h  a known amount 
of reference power. A f te r  c o r r e c t i n g  fo r  a number o f  imperfect ions i n  the  
p r a c t i c a l  (as opposed t o  t h e  i d e a l )  measuring process, t h e  i nc iden t  rad ian t  
f l u x  can be derived. The idea l  measuring process i s  depicted schematical ly 
i n  Fig. l a ) ,  from which t h e  p r i n c i p l e  funct ions requ i red  o f  a detector e le -  
ment can be i d e n t i f i e d  as [6]: 

a) r a d i a n t  f l u x  t o  thermal power (heat) conversion, 

b )  equivalent reference power t o  thermal power (heat )  conversion and 

c )  therma? power (heat )  sensing. 

I n  an i dea l  radiometer a l l  these func t i ons  are served by a s ing le  compo- 
nent. The f a c t  t h a t  they  have t o  be assigned t o  d i f f e r e n t ,  spec ia l i zed  
components in p r a c t i c a l  instruments gives r i s e  t o  most o f  t h e  imperfections 
re fe r red  t o  above. A schematic diagram f o r  t h i s  (non- ideal)  case i s  given 
in Fig. l b ) .  I n  a very general way t h e  instrumental co r rec t i ons  fo r  one 

2 
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F i g .  lb. Real absolute radiometer 
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type of  rad ian t  power s o u ~ c e  and foi* m e  set OP environmentai  c o n d i t i o r i s  
can be shown t o  re fer  t o  two p r i n c i p a l  causes: 

1) d i f fe rences  i n  the  conversion ef f ic iences o f  converters 1 B 2, 

2) d i f f e r e n t  heat pa ths  t o  t h e  se r t~o r ,  

3. ABSORBERS 

3.1 GENERAL 

When o p t i c a l  r a d i a t i o n  is  i nc ident  on matter a number o f  d i f f e r e n t  
phys ica l  processes can occur, e.g. absorption, r e f l e c t i o n ,  transmission, 
luminescence, p h o t o e l e c t r i c  phenomena, s t r u c t u r a l  changes i n  the matter, 
etc.  While some o f  these processes can be observed under spec i f i c  condi-  
t i o n s  w i t h  common absorber mater ia ls  (e.g. photo-electson emission a t  va- 
cuum-u1 t r a v i o l e t  wavelengths, s t r u c t u r a l  changes i n  high-power beams), they 
w i  11 be i n s i g n i f i c a n t  f o r  most appl icat ions.  

For the  present purpose the  term "absorber" w i l l  charac ter ize  a m a t e r i a l  
for which t h e  predominant i n t e r a c t i o n  process wi th  o p t i c a l  r a d i a t i o n  i s  
conversion of  rad ian t  energy i n t o  heat. 

I f  one can assume tha t  the mater ia l  i s  opaque, i t s  q u a l i t y  as absorber i s  
ma in ly  described by t h e  spec t ra l  absorption f a c t o r  a ( A )  and the spec t ra l  
r e f l e c t i o n  f a c t o r  p ( X ) .  They are r e l a t e d  by the  equat ion 

a(x) = 1 - p ( x )  

The absorpt ion f a c t o r  a ( A )  can be i n t e r p r e t e d  as t h e  heat-conversion 
e f f i c i e n c y  o f  the  absorber for  r a d i a t i o n  w i t h  wavelength A .  

For use i n  an absolute radiometer i t  i s  des i rab le  t o  se lect  an absorber 
w i t h  a h igh  absorpt ion f a c t o r  a(A) ,  which i s  as corìstant ás poss ib le  w i th  
wavelength. Since t h e  heat generation by absorpt ion takes place i n  the ab- 
sorber mater ia l  and the measurement o f  t h e  r e s u l t i n g  temperature r i s e  a t  
another l o c a t i o n  i n  the receiver ,  the absorber 's thermal c o n d u c t i v i t y  
should be h igh and uniform. I n  order t o  achieve a low thermal 
t ime-constant the  absorber should p r e f e r a b l y  also have a low heat capaci ty .  

Good adhesion t o  the  substrate,  mechanical d u r a b i l i t y  and long-term s tab i  - 
l i t y  are other  des i rab le  features.  

4 

Copyright International Commission on Illumination 
Provided by IHS under license with CIE Licensee=Hong Kong Polytechnic University/9976803100, User=ertert, rtet

Not for Resale, 04/29/2015 23:16:36 MDTNo reproduction or networking permitted without license from IHS

-
-
`
,
`
`
`
,
`
`
,
,
,
,
,
,
`
,
,
,
`
`
,
,
,
`
`
`
,
,
`
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: CIE 65-1985

http://www.avadocuments.com/doc/cie-65-1985
http://www.avadocuments.com/doc/cie-65-1985


~ 
~ 

CIE b5 85 900bL45 0002768 718 

3.2 ABSORBER TYPES 

3.2.1 CAVITY ABSORBERS 

If a blackened c a v i t y  w i t h  a small entrance aperture i s  used as the  
absorber, one can achieve absorptances f a c t o r s  which approach u n i t y  t o  
w i t h i n  0.001 [ 7,8,9,10,11,12]. I n  add i t ion  the  dev iat ions from u n i t y  can 
be ca lcu la ted  with good accuracy [ 131. A disadvantage o f  c a v i t y  absorbers 
i s  the i r  genera l l y  bigger heat capac i ty  and the  d i f f i c u l t y  o f  achieving a 
un i form response and i d e n t i c a l  d i s t r i b u t i o n  o f  rad ian t  and e l e c t r i c a l  heat- 
i n g  powers. On the  other hand the  thermal res is tance o f  the absorber l aye r  
has very l i t t l e  i n f l uence  since t h e  heat losses by conduction and convec- 
t i o r i  w e  small. S i g n i f i c a n t  advantages can be gained w i th  cryogenic opera- 
t i o n  [ íi,i2]. 

3.2.2 DISK ABSORBERS 

Disk absorbers cons is t  o f  a disk-shaped subst rate covered by an ab- 
sorber layer .  They can be made w i t h  a low heat capacity, bu t  the thermal 
c o n d u c t i v i t y  of the absorber and the  subst rate should be as h igh  as poss- 
i b l e .  The absorption f a c t o r  i s  main ly  determined by the  l aye r  o f  absorber 
ma te r ia l  (see 3.3). 

3.2.3 D I S K  ABSORBERS WITH REFLECTORS 

The e f f e c t i v e  absorpt ion fac to r  o f  a d isk  absorber can be increased 
s i g n i f i c a n t l y  by p lac ing  the  d isk  i n  the  centre o f  a hemispherical re f l ec -  
t o r  [ 14,15,16]. Expressions f o r  the  e f f e c t i v e  absorption f a c t o r  can be 
found i n  the  l i t e r a t u r e  [ 17,181. 

3.2.4 CONICAL ABSORBERS 

Cones are used f r e q u e n t l y  as absorbers [19,20,21,22]. I n  t h i s  tech- 
nique i t  i s  advantageous t o  use a specu lar ly  r e f l e c t i n g  absorber r a t h e r  . 

than a d i f f u s e l y  r e f l e c t i n g  one. A c r i t i c a l  f a c t o r  f o r  the performance is 
t he  rad ius  o f  curva ture  achievable a t  the apex. Special techniques t o  
minimize the  apex e f f e c t  and accurate procedures f o r  measuring c a v i t y  r e -  
f l e c t  ances [ 231 have been deve1 oped. 

3.3 COMMON ABSORBER MATERIALS 

3 . 3 . 1  3M BLACK VELVET PAINT [24 ]  

This pa in t  has excel l e n t  mechanical s t a b i l i t y ,  a reasonably h igh  
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