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This report has been prepared by CIE Technical Committee 2.2 Detectors. 
It has been approved by the majority of the Technical Committee and is 
recommended for study and application. This report is not an 
Officially Agreed CIE Recommendation approved by the National 
Committees of the Member Countries of the CIE.  It should be noted that 
any recommendations in this report are advisory and not mandatory. The 
latest CIE Proceedings or CIE Journal should be consulted regarding the 
current status of this report and possible subsequent amendments. 

Ce rapport a été préparé par le Comité Technique 2.2 Detecteurs de la 
CIE. I1 a été approuvé par la majorité du Comité Technique et il est 
recommandé pour étude et application. Ce rapport n'est pas une 
Recommandation officielle de la CIE, approuvée par les Comités 
Nationaux des Pays Membres de la CIE. I1 doit être noté que toute 
recommandation y figurant est donnée à titre de conseil et non 
d'obligation. En ce qui concerne la situation présente de ce Rapport 
et d'éventuelles modifications, il faut consulter le plus récent Compte 
Rendu de Session ou de la CIE Journal. 

Dieser Bericht wurde vom Technischen Komitee 2.2 Detektoren der CIE 
ausgearbeitet. Er wurde durch die Mehrheit des Technischen Komitees 
gebilligt und wird zum Studium und zur Anwendung empfohlen. Dieser 
Bericht ist keine offiziell anerkannte CIE Empfehlung, der die 
Nationalen Komitees der Mitgliedslander der CIE zugestimmt haben. Es 
sei darauf hingewiesen, dass jede Empfehlung in diesem Bericht als 
Anleitung dient und nicht verbindlich ist. Was den gegenwärtingen 
Status dieses Berichtes und mögliche Nachfolge-Ausgaben angeht, ziehe 
man die neuesten CIE-Tagungsberichte oder das CIE Journal zu Rate. 

o C I E  1984 
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SUMMARY 
This  Technica l  Report  o u t l i n e s  procedures  f o r  determining t h e  

s p e c t r a l  r e s p o n s i v i t y  func t ion  of photodetec tors .  

The r e p o r t  i s  d iv ided  i n t o  two p a r t s :  

1. The de termina t ion  of t he  r e l a t i v e  s p e c t r a l  r e spons iv i ty  

func t ion .  

Various methods are presented  and in s t rumen ta l  de ta i l s  are 

discussed. Sources of e r r o r s  are l i s t e d  t o g e t h e r  w i t h  d i a g n o s t i c  tests 

and proposa ls  f o r  remedial  ac t ion .  

2. The a b s o l u t e  c a l i b r a t i o n .  

Three d i f f e r e n t  methods are presented  f o r  t ransforming t h e  

r e l a t i v e  spectral  d a t a  i n t o  a b s o l u t e  va lues .  

This  r e p o r t  is  intended t o  s e r v e  as a guide  f o r  anyone 

wishing t o  assemble, test  o r  modify new or e x i s t i n g  instruments .  Its 

purpose i s  t o  s t i m u l a t e  c r i t i c a l  judgement of v a r i o u s  op t ions  i n  every 

phase of t h e  development of such in s t rumen ta t ion  r a t h e r  t h a n  t o  p re sen t  

a s i n g l e  so lu t ion .  

RESUMÉ 

Ce r appor t  technique décr i t  les procédures  à s u i v r e  a f i n  de 

déterminer  l a  courbe de réponse s p e c t r a l e  d 'un photodétecteur .  Le 

r appor t  e s t  d i v i s é  en deux p a r t i e s :  

1. La dé termina t ion  de  l a  courbe de réponse s p e c t r a l e  r e l a t i v e .  

P l u s i e u r s  méthodes s o n t  p r é s e n t é e s ,  e t  l es  d é t a i l s  

instrumentaux s o n t  d i scu té s .  Les sources  d ' e r r e u r  s o n t  ca ta loguées ,  

avec d i f f é r e n t s  essais pour fins de  v é r i f i c a t i o n  e t  des  sugges t ions  

pour c o r r i g e r  les problèmes. 

2. L 'é ta lonnage absolu.  

T r o i s  méthodes d i f f é r e n t e s  s o n t  p ré sen tées  pour t ransformer  

les données s p e c t r a l e s  r e l a t i v e s  e n  v a l e u r s  absolues .  

Ce rappor t  a é t é  conçu pour s e r v i r  de guide à quiconque 

d é s i r e r a i t  monter, v é r i f i e r  ou modi f ie r  des  ins t ruments  nouveaux ou 

d é j à  en  opérat ion.  Le but  de ce r appor t  e s t  de  pe rme t t r e  au  l e c t e u r  de 

f a i r e  un jugement c r i t i q u e  des  d i f f é r e n t e s  op t ions  p o s s i b l e s  à t o u t e s  

les phases de développement de ce  genre  d ' i n s t rumen ta t ion ,  p l u t ô t  que 

de p ré sen te r  une s e u l e  s o l u t i o n .  

-1v- 
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ZUSAMMENFASSUNG 

Dieser Technische Bericht beschreibt Methoden zur Bestimnung 

der spektralen Empfindlichkeitsverteilung von Photoempfängern. 
Der Bericht ist in zwei Teile geteilt: 

1 .  Bestimmung der relativen spektralen Empfindlichkeits- 

Verteilung. 
Verschiedene Methoden werden vorgeschlagen und instrumentelle 

Details werden besprochen. Fehlerquellen werden aufgezählt zusammen 
mit diagnostischen Experimenten und mit Methoden zur Korrektur. 

2. Die absolute Kalibrierung. 
Drei verschiedene Methoden zur Umwandlung relativer Daten in 

absolute werden besprochen. 
Der Zweck dieses Berichtes ist es, als Anleitung für Personen 

zu dienen, die beabsichtigen neue oder existierende Gerate zu 
entwickeln oder zu modifizieren. Er will kritische Beurteilung 

verschiedener Möglichkeiten in allen Phasen der Entwicklung solcher 
Instrumente anregen. 
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O. INTRODUCTION 

Knowledge of t h e  s p e c t r a l  r e s p o n s i v i t y  f u n c t i o n  of photo- 

electric d e t e c t o r s  is a fundamental requirement f o r  many radiometr ic ,  

photometric and c o l o r i m e t r i c  a p p l i c a t i o n s .  Instrumentat ion f o r  t h e  

de t e rmina t ion  of t h i s  f u n c t i o n  has been assembled i n  a number of 

i n s t i t u t e s .  However, i n  v a r i o u s  intercomparisons organized by t h e  C I E  

and o t h e r  o r g a n i z a t i o n s ,  unexpectedly l a r g e  d i f f e r e n c e s  were found 

between t h e  d a t a  from t h e  p a r t i c i p a t i n g  l a b o r a t o r i e s  (Budde and 

Sanders, 1973; Budde, 1984). 

The members of C I E  Technical  Committee TC-2.2 agreed t h a t  a 

C I E  Technical Report should be prepared i n  which s p e c t r a l  r e s p o n s i v i t y  

measurements are discussed.  This r e p o r t  i s  based on t h e  knowledge and 

opinions of t h e  members of t h e  Committee. It r e p r e s e n t s  t o  some e x t e n t  

t h e  p re sen t  s t a t u s  of t h e  s u b j e c t  and t h e r e f o r e  is of temporary 

s ign i f i cance .  Fu tu re  developments may supersede present-day technology 

and may r ende r  some a s p e c t s  of t h i s  r e p o r t  obso le t e .  Such development 

i s  encouraged and t h i s  r e p o r t  should n o t  be considered t h e  l a s t  word on 

t h e  measurement of s p e c t r a l  r e s p o n s i v i t y  f u n c t i o n s ,  thereby i n h i b i t i n g  

f u r t h e r  work on improving t h e  technology. In s t ead ,  i t  i s  hoped t h a t  

p e r i o d i c  reviews of t h e  r e p o r t  w i l l  i n c o r p o r a t e  such new developments 

and t h a t  such r e v i s i o n s  w i l l  keep t h i s  document up t o  d a t e  and use fu l .  

0.1 Purpose of t h e  r e p o r t  

The purpose of t h i s  r e p o r t  i s  t o  d i s c u s s  methods and 

in s t rumen ta t ion  f o r  spec t ra l  r e s p o n s i v i t y  measurements. It is intended 
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a8 a guide f o r  anyone  wishing t o  a s s e m b l e ,  t e s t  o r  modi fy  

in s t rumen ta t ion  f o r  such measurements. There is no idea l  scheme o r  

- i n s t rumen ta t ion  f o r  t h i s  purpose; consequently f o r  s e v e r a l  aspects, 

v a r i o u s  op t ions  are presented. However, s t r o n g  recommendations are 

made on c e r t a i n  p o i n t s  and p r e f e r r e d  methods a r e  pointed o u t .  Spec ia l  

a t t e n t i o n  is given t o  sources of e r r o r s ,  d i a g n o s t i c  tests and 

c o r r e c t i o n s .  

It is emphasized t h a t  t h i s  r e p o r t  does not  suggest  one 

universal scheme f o r  s p e c t r a l  r e s p o n s i v i t y  measurements because such a 

scheme does n o t  appear  t o  be known yet .  The unde r ly ing  purpose of t h i s  

r e p o r t  is t o  stimlate a c r i t i c a l  judgement of v a r i o u s  o p t i o n s  i n  every 

phase of t h e  development of new ins t rumen ta t ion  o r  of v a r i o u s  a s p e c t s  

of e x i s t i n g  instrumentat ion.  

0.2 Organizat ion of t h e  r e p o r t  

~ 

The de te rmina t ion  of a s p e c t r a l  responsivity f u n c t i o n  can be,  

and is u s u a l l y ,  made i n  two s t ages :  F i r s t ,  t h e  r e l a t i v e  s p e c t r a l  

r e s p o n s i v i t y  f u n c t i o n  i s  determined by means of a thermal  o r  o t h e r  

r e f e r e n c e  d e t e c t o r ;  i n  t h e  second s t a g e  t h e  a b s o l u t e  c a l i b r a t i o n  is 

performed, u s u a l l y  a t  one wavelength. Consequently t h e  main body of 

this r e p o r t  is organized i n  two parts: 

P a r t  1. The de te rmina t ion  of t h e  r e l a t i v e  s p e c t r a l  r e s p o n s i v i t y  

f u n c t i o n  

P a r t  2. Methods f o r  a b s o l u t e  c a l i b r a t i o n .  

It is, of course,  f e a s i b l e  to  combine t h e  two o p e r a t i o n s  i n  

one s t e p  if t h e  a b s o l u t e  s p e c t r a l  r e s p o n s i v i t y  f u n c t i o n  of the 
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r e f e r e n c e  d e t e c t o r  i s  known and c e r t a i n  in s t rumen ta l  cond i t ions  are 

m e t .  However, i n  many a p p l i c a t i o n s  only the  r e l a t i v e  s p e c t r a l  

r e s p o n s i v i t y  f u n c t i o n  i s  required.  On t h e  o t h e r  hand a simple 

procedure may be r e q u i r e d  t o  v e r i f y  t h e  a b s o l u t e  c a l i b r a t i o n  of a 

d e t e c t o r  a f t e r  some p e r i o d  of use. Therefore t h e  d i v i s i o n  i n t o  t h e  two 

s e p a r a t e  ope ra t ions  appea r s  q u i t e  u s e f u l  and i s  adopted. 

O. 3 Terminology 

The d e f i n i t i o n s  presented i n  t h i s  S e c t i o n  are taken from 

e x i s t i n g  C I E  documents ( C I E  P u b l i c a t i o n  No. 53) and/or  t h e  d r a f t  of t h e  

r e v i s e d  C I E  Vocabulary. In some cases p a r t s  of t h e  d e f i n i t i o n s  which 

are n o t  r e l e v a n t  f o r  t h i s  document have been omitted. 

Detector (of o p t i c a l  r a d i a t i o n )  

Device i n  which i n c i d e n t  o p t i c a l  r a d i a t i o n  produces a 

measurable p h y s i c a l  e f f e c t .  

P h o t o e l e c t r i c  d e t e c t o r  

De tec to r  of o p t i c a l  r a d i a t i o n  t h a t  u t i l i z e s  t h e  i n t e r a c t i o n  

between r a d i a t i o n  and matter r e s u l t i n g  i n  t h e  abso rp t ion  of photons and 

t h e  l i b e r a t i o n  of e l e c t r o n s  from t h e i r  equi l ibr ium s ta tes ,  thereby 

g e n e r a t i n g  an e lec t r ica l  p o t e n t i a l  o r  c u r r e n t ,  o r  a change i n  

e l e c t r i c a l  r e s i s t a n c e ,  excluding e lec t r ica l  phenomena caused by 

temperature changes. 

Thermal d e t e c t o r  of r a d i a t i o n ;  thermal ( r a d i a t i o n )  d e t e c t o r  

De tec to r  of o p t i c a l  r a d i a t i o n  i n  which a measurable p h y s i c a l  

e f f e c t  i s  produced by t h e  h e a t i n g  of t h e  p a r t  t h a t  absorbs r a d i a t i o n .  

-3- 
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Photoemissive cell, phototube 

Photoelectric detector that utilizes emission of electrons 

caused by optical radiation. 

Photomultiplier 

A photoelectric detector comprising a photocathode, an 

anode, and an electron-multiplication device that uses the secondary 

emission of dynodes or channels between photocathode and anode. 

Photoresistor, photoconductive cell 

Photoelectric device that utilizes a change of electrical 

conductivity produced by electrons liberated by the absorption of 

optical radiation. 

Photodiode 

Photoelectric detector in which a photocurrent is generated 

by absorption of optical radiation in the neighbourhood of a p a  

junction between two semiconductors, or of a junction between a semi- 

conductor and a metal. 

(Radiation) thermocouple [(radiation) thermopile] 

Thermal detector of optical radiation in which the 

electromotive force produced in a single thermovoltaic junction [in 

several thermovoltaic junctions] is used t o  measure the heating effect 

produced by absorbed radiation. 

Input (for a detector of optical radiation) 

Radiometric or photometric quantity that a detector of 

radiation is being used to measure or detect. 

Pyroelectric detector 

Thermal detector of optical radiation that utilizes the time 

rate of change of the temperature dependence of the  spontaneous 
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electr ic  p o l a r i z a t i o n ,  o r  of long-lived p o l a r i z a t i o n ,  of c e r t a i n  

d i e l e c t r i c  materials. 

Output ( f o r  a d e t e c t o r  of o p t i c a l  r a d i a t i o n )  

Change i n  a p h y s i c a l  q u a n t i t y ,  u s u a l l y  e l e c t r i c a l ,  y i e lded  by 

a d e t e c t o r  i n  response t o  a n  o p t i c a l  i n p u t .  

- Note: This e lec t r ica l  q u a n t i t y  may, f o r  example, be c u r r e n t ,  v o l t a g e  

o r  r e s i s t a n c e ;  t h e  ou tpu t  may a l s o  be chemical, as i n  a photographic 

f i l m  o r  act inometer ,  o r  mechanical such as i n  a Golay d e t e c t o r .  

Ph 
Photocurrent ,  I 

That p a r t  of t h e  c u r r e n t  y i e l d e d  by  a p h o t o e l e c t r i c  d e t e c t o r  

t h a t  i s  caused by i n c i d e n t  r a d i a t i o n .  

Note: I n  p h o t o m u l t i p l i e r s  a d i s t i n c t i o n  must be made between t h e  - 
cathode photocurrent  and the anode photocurrent.  

Dark c u r r e n t ,  I 
O 

Current y i e l d e d  by a p h o t o e l e c t r i c  d e t e c t o r  o r  by i t s  cathode 

i n  t h e  absence of i npu t .  

Responsivity , s (of a d e t e c t o r )  

Quotient  of t h e  d e t e c t o r  ou tpu t  Y by t h e  d e t e c t o r  i n p u t  X 

Y 
X 

s 5 : -  

S p e c t r a l  r e s p o n s i v i t y ,  s(X) (of a d e t e c t o r )  

Quotient of t h e  d e t e c t o r  ou tpu t  dY(A) by t h e  monochromatic 

d e t e c t o r  i n p u t  dX ( A )  = X (A)*dA i n  t h e  wavelength i n t e r v a l  dA as a 

f u n c t i o n  of wavelength X 
e e,A 
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Rela t ive  s p e c t r a l  r e spons iv i ty  (of a d e t e c t o r )  

Ra t io  of t h e  s p e c t r a l  r e s p o n s i v i t y  s(X) of t h e  d e t e c t o r  a t  

wavelength h t o  a g iven  r e fe rence  va lue  s . 
m 

d u r  = s(A)/s,* 

Note: The g iven  r e fe rence  va lue  s can be an average  va lue ,  a maximum 

value  o r  an  a r b i t r a r i l y  chosen va lue  of s(A). 

Response t i m e  (of a d e t e c t o r )  

m - 

Time requ i r ed  f o r  the d e t e c t o r  ou tput  t o  reach, a f t e r  a s t e p  

v a r i a t i o n  of a s t eady  d e t e c t o r  i n p u t ,  a g iven  percentage  of i t s  f i n a l  

value.  

Rise [fall] t i m e  (of a d e t e c t o r )  

Time requ i r ed  f o r  t h e  d e t e c t o r  ou tpu t  t o  rise [ f a l l ]  from a 

s t a t e d  low [high] percentage  t o  a s t a t e d  h i g h e r  [lower] percentage  of 

t h e  maximum va lue  when a s teady i n p u t  i s  in s t an taneous ly  app l i ed  

[removed] 

It is u s u a l  t o  cons ider  a low percentage of 10% and a high 

percentage of 90%. 

T i m e  cons t an t  (of a d e t e c t o r  whose output  v a r i e s  exponent ia l ly  w i t h  

t ime ) 

Time requ i r ed  f o r  t h e  d e t e c t o r  ou tpu t  t o  vary,  a f t e r  a s t e p  

v a r i a t i o n  from a s t eady  i n p u t  t o  ano the r  s t eady  i n p u t ,  from its i n i t i a l  

va lue  t o  t h e  f r a c t i o n  ( l - l / e )  of i t s  f i n a l  change. 

L inea r i ty  (of a d e t e c t o r )  

The p rope r ty  t h a t  t h e  output  q u a n t i t y  of t h e  d e t e c t o r  i s  

p ropor t iona l  t o  t h e  i n p u t  quan t i ty .  Then t h e  r e s p o n s i v i t y  is cons tan t  

over  a s p e c i f i e d  range of inputs .  
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Note 1: A d e t e c t o r  is u s u a l l y  l i n e a r  t o  a given pe rcen tage  only over a 

c e r t a i n  range of i n p u t  l e v e l s .  Outside t h i s  range it may become 

nonl inear .  The range must be s t a t e d .  

Note 2: The l i n e a r i t y  range of a d e t e c t o r  may be a f f e c t e d  by t h e  u s e  

of u n s u i t a b l e  e l e c t r o n i c  c i r c u i t r y .  

1. DETERMINATION OF THE RELATIVE SPECTRAL RESPONSIVITY FUNCTION 

In t h i s  p a r t  methods and in s t rumen ta t ions  f o r  determining t h e  

r e l a t i v e  s p e c t r a l  r e s p o n s i v i t y  f u n c t i o n  of a p h o t o e l e c t r i c  d e t e c t o r  are 

presented. Various methods, which have been descr ibed,  are summarized 

and then  t h e  elements of t h e  in s t rumen ta t ion  are discussed,  t o g e t h e r  

w i t h  some problems which a re  r e l a t e d  t o  t h e  operat ion.  F i n a l l y  a l ist  

of p o s s i b l e  sou rces  of e r r o r  is  given wi th  d i a g n o s t i c  tests and 

sugges t ions  f o r  c o r r e c t i o n .  

1.1 The c a l i b r a t i o n  q u a n t i t y  

A d e t e c t o r  may be c a l i b r a t e d  e i t h e r  f o r  s p e c t r a l  f l u x  

r e s p o n s i v i t y  o r  for s p e c t r a l  i r r a d i a n c e  r e spons iv i ty .  If a c a l i b r a t i o t i  

i s  made i n  t h e  two s t e p s  o u t l i n e d  i n  t h e  i n t r o d u c t i o n ,  t h e  f i r s t  s t e p ,  

t .  

t h a t  is, t h e  de t e rmina t ion  of t h e  r e l a t i v e  spectral  r e s p o n s i v i t y  

f u n c t i o n ,  is  no t  a f f e c t e d  by t h i s  d i s t i n c t i o n  provided t h e  r e s p o n s i v i t y  

i s  uniform a c r o s s  t h e  s e n s i t i v e  area. However, in t h e  second phase, 

t h e  a b s o l u t e  c a l i b r a t i o n ,  this p o i n t  h a s  a b e a r i n g  on t h e  

instrumentat ion.  It is t h e r e f o r e  d i scussed  in d e t a i l  i n  p a r t  2. 

If t h e  two c a l i b r a t i o n  s t e p s  are combined i n t o  one ope ra t ion ,  

t h e  r e l e v a n t  c o n s i d e r a t i o n s  of par t  2 must be k e p t  i n  mind. 
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1.2 Basic methods 

For t h e  purposes of t h i s  r e p o r t  t h e  v a r i o u s  techniques which 

have been desc r ibed  i n  t h e  l i t e r a t u r e  a r e  c l a s s i f i e d  i n t o  t h r e e  b a s i c  

methods. This c l a s s i f i c a t i o n  is  a r b i t r a r y  and o t h e r  schemes are 

e q u a l l y  v a l i d .  However i t  w i l l  be s e e n  t h a t  t h e  p roposed  

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

t h r e e  methods are l i s t e d  h e r e  only b r i e f l y .  Details a r e  g iven  i n  t h e  

Sect ion 1.3. 

1.2.1 Direct comparison method: A t  each wavelength t h e  

monochromatic r a d i a t i o n  is switched from t h e  r e f e r e n c e  d e t e c t o r  t o  t h e  

sample d e t e c t o r  by means of a moving mirror .  This swi t ch ing  may be 

done e i t h e r  by means of a sp inn ing  semi -c i r cu la r  o r  mult i -sector  

mi r ro r ,  Fig. 1 (mi r ro r  M4), in which case AC o r  lock-in s i g n a l  

a m p l i f i c a t i o n  i s  r e q u i r e d  (Mitsuhashi and Nakayama, 19561, o r  by means 

of a two-position mirror ,  Fig. 2 (mi r ro r  M 1 ,  t h r e e  ve r s ions )  which 

swi t ches  t h e  beam only once a t  each wavelength (Kaase, 1980; 

Eppeldauer e t  a l ,  1977). A d i r e c t  comparison by means of a beam 

s p l i t t e r  is a l s o  p o s s i b l e  and r e q u i r e s  no moving p a r t s ,  b u t  i t  poses 

s e v e r a l  o t h e r  problems which r e q u i r e  c a r e f u l  cons ide ra t ion .  

1.2.2 S u b s t i t u t i o n  method: An a u x i l l i a r y  d e t e c t o r ,  (Fig. 3: 

d e t e c t o r  AS), is  c a l i b r a t e d  a g a i n s t  t h e  r e f e r e n c e  d e t e c t o r  T ,  which i s  

mounted a t  t h e  s l i t  image, by any of t h e  d i r e c t  comparison techniques 

o r  u s i n g  a s t a t i o n a r y  beam s p l i t t e r .  The r e f e r e n c e  d e t e c t o r  T is then  

removed and t h e  sample d e t e c t o r  D is mounted i n  t h e  same p o s i t i o n  and 

measured a g a i n s t  t h e  a u x i l i a r y  de t ec to r .  In t h i s  method sample and 

r e f e r e n c e  d e t e c t o r  are i r r a d i a t e d  under i d e n t i c a l  c o n d i t i o n s  and t h e  
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F i g .  1: Comparison method w i t h  spinning mi r ro r .  
S = source;  'M = m i r r o r s ;  T = r e fe rence  d e t e c t o r  . 
D = s a r p l e  d e t e c t o r .  

MI b) 

I 

U 

Fig. 2:  Comparison method wi th  t h r e e  d i f f e r e n t  arrangements 
of a switching mi r ro r .  L i  = l e n s ;  F = a p e r t u r e ;  
F' = image of a p e r t u r e .  Other symbols as i n  F ig .  1. 
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M i  

I MONOCHROMATOR I 
I 

Fig. 3: Subst i tut ion method. AS * aux i l iary  standard; reference 
detector  T and sample detector  D are  mounted consecutively 
a t  position "T or D"; M,, = beamsplitter.  
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p r o p e r t i e s  of t h e  swi t ch ing  m i r r o r  o r  beam s p l i t t e r  cance l  o u t ,  (Budde 

and Dodd, 1971; Ramadan e t  a l ,  1982). The important c o n d i t i o n  i s  t h a t  

t h e  spectral  r e s p o n s i v i t y  f u n c t i o n  of t h e  a u x i l i a r y  s t anda rd  remains 

cons t an t .  

1.2.3 Broad-band-filter method: The sample d e t e c t o r  i s  

i r r a d i a t e d  success ive ly  by t h e  combination of a source of known 

s p e c t r a l  power d i s t r i b u t i o n  and a set of n f i l t e r s  of known s p e c t r a l  

t r ansmi t t ance  func t ions .  The proper  e v a l u a t i o n  of t h e  s i g n a l s  y i e l d s  

t h e  s p e c t r a l  r e s p o n s i v i t y  a t  n wavelengths (Wyszecki, 1960; Mori, 

1961; Fleming and Wark, 1965). This method is n o t  t o  be confused w i t h  

methods 1 o r  2 where i n t e r f e r e n c e  f i l t e r s  s e r v e  f o r  t h e  i s o l a t i o n  of 

narrow wavelength bands. The f i l t e r s  used i n  t h i s  method cover 

considerably l a r g e r ,  p a r t l y  overlapping wavelength bands. 

The advantage of t h i s  method i s  t h a t  no r e f e r e n c e  d e t e c t o r  i s  

required.  However, c e r t a i n  d i f f i c u l t i e s  l i m i t  t h e  p r e c i s i o n  and 

accuracy of t h i s  method (Hahn and Weidemann, 1965). It does no t  seem 

t o  have been used t o  any e x t e n t  and t h e r e f o r e  t h i s  method w i l l  no t  be 

d i scussed  f u r t h e r  i n  t h i s  r e p o r t .  

1.3 Basic elements of t h e  in s t rumen ta t ion  

1.3.1 Sources of r a d i a t i o n  

Incandescent lamps are t h e  p r e f e r r e d  sources  of r a d i a t i o n  

because t h e y  can be s t a b i l i z e d  o r  c o n t r o l l e d  by means of s u i t a b l e  power 

supp l i e s .  S t a b i l i z a t i o n  t o  b e t t e r  t h a n  0.1% is e a s i l y  achieved w i t h  

dc-power s u p p l i e s  t h a t  have s t a b i l i t i e s  of 0.01% o r  b e t t e r .  Current 

r e g u l a t i o n  r a t h e r  t h a n  v o l t a g e  r e g u l a t i o n  should be employed i n  o r d e r  
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t o  avoid t h e  e f f e c t s  of con tac t - r e s i s t ance  changes. For uniform 

i r r a d i a t i o n  of a monochromator e n t r a n c e  s l i t ,  ribbon-f i lament  lamps are 

t h e  most s u i t a b l e  source.  However, co i l - f i l amen t  lamps may be operated 

a t  h ighe r  temperatures  and y i e l d  h ighe r  i r r a d i a n c e  a t  t h e  en t r ance  

s l i t ,  p a r t i c u l a r l y  a t  s h o r t  wavelengths. 

One inconvenience of incandescent  lamps i s  t h e  shape of t h e i r  

s p e c t r a l  power distribution wi th  i t s  s t r o n g  i n c r e a s e  towards longer  

wavelengths. This may be overcome by varying t h e  lamp c u r r e n t  o r  by 

means of s u i t a b l e  f i l t e r s  between lamp and monochromator. Occasionally 

e f f o r t s  have been made t o  c o n t r o l  t h e  lamp c u r r e n t  in a feedback loop 

from a thermal d e t e c t o r  so t h a t  t h e  s p e c t r a l  power is cons tan t  

throughout t h e  spectrum. This constant-spectral-power spectrum h a s  t h e  

advantage t h a t  t h e  s i g n a l s  from t h e  sample d e t e c t o r  show immediately 

t h e  s p e c t r a l  r e s p o n s i v i t y  funct ion.  Two c o n d i t i o n s  must be met i n  t h i s  

case: 1. t h a t  t h e  s p e c t r a l  r e s p o n s i v i t y  f u n c t i o n  of t h e  r e f e r e n c e  

d e t e c t o r  is completely nonse lec t ive ;  2. t h a t  t h e  o p t i c a l  systems f o r  

r e fe rence  and sample d e t e c t o r  a r e  s p e c t r a l l y  i d e n t i c a l .  

Xenon arcs,  although u s e f u l  f o r  t h e i r  h igh  ou tpu t  i n  t h e  UV 

and b l u e  s p e c t r a l  r eg ion ,  pose s e r i o u s  problems i f  high s t a b i l i t y  and 

uniform i r r a d i a n c e  of a monochromator s l i t  are r equ i r ed  (Budde, 1962a). 

For  high stability a feedback-controlled power supp ly  is r e q u i r e d  where 

t h e  sens ing  photodetector  must be mounted i n s i d e  o r  behind t h e  

monochromator t o  s t a b i l i z e  t h e  power e n t e r i n g  t h e  e n t r a n c e  s l i t .  

For t h e  near-UV-range deuterium lamps o r  argon arcs may be 

used. 

1.3.2 Wavelength s e l e c t i o n  

For  t h e  i s o l a t i o n  of t h e  v a r i o u s  w a v e l e n g t h s  e i t h e r  

monochromators o r  s e t s  of narrow-band f i l t e r s  are s u i t a b l e .  One 
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c o n s i d e r a t i o n  f o r  t h e  s e l e c t i o n  of t h e  wavelength s e l e c t i n g  medium i s  

t h a t  s p e c t r a l  p u r i t y ,  t h a t  i s  absence of s t r a y  r a d i a t i o n  of d i f f e r e n t  

wavelength, i s  more important t han  high r e s o l u t i o n  because most 

s p e c t r a l  r e s p o n s i v i t y  f u n c t i o n s  are r a t h e r  smooth and do not  show 

superimposed l i n e  s t r u c t u r e s  such as those  of t h e  s p e c t r a l  power 

d i s t r i b u t i o n  of f l u o r e s c e n t  lamps. However, out-of-band s t r a y  

r a d i a t i o n  may cause c o n s i d e r a b l e  e r r o r s  i f  i t  comes from t h e  wavelength 

range where t h e  d e t e c t o r  has  h igh  r e spons iv i ty .  

Monochromators may be prism o r  g r a t i n g  instruments .  Prism- 

double monochromators o f f e r  t h e  h i g h e s t  s p e c t r a l  p u r i t y  whereas i n  t h e  

case of g r a t i n g  in s t rumen t s  g r e a t  care must be taken t o  e l i m i n a t e  

higher-order s t r a y  r a d i a t i o n .  This must be done e i t h e r  w i t h  f i l t e r s  o r  

w i th  a prism pre-disperser.  Such hybr id  prism-grating monochromators 

are commercially a v a i l a b l e  and o f f e r  the nea r ly  cons t an t  d i s p e r s i o n  of 

t h e  g r a t i n g  t y p e  w i t h  s u i t a b l e  s p e c t r a l  p u r i t y .  The s p e c t r a l  bandwidth 

of t h e  system i s  not as c r i t i c a l  a s  i n  spectroradiometry.  However, i f  

t h e  s l o p e s  of t h e  s p e c t r a l  response f u n c t i o n  of sample and r e f e r e n c e  

d e t e c t o r  d i f f e r  considerably i n  some wavelength region,  a l a r g e r  

bandwidth causes  wavelength e r r o r s  and c o r r e c t i o n s  o r  a r educ t ion  of 

bandwidth are necessary.  Bandwidth-related e r r o r s  are e s p e c i a l l y  a 

problem i n  t h e  case  of V(X)-corrected photodetectors .  

S e t s  of i n t e r f e r e n c e  f i l t e r s  (Moran, 1955; Horwitz and 

Wendland, 19791, are p a r t i c u l a r l y  u s e f u l  i n  cases where a h ighe r  

monochromatic i r r a d i a n c e  is  desired.  They are ins t rumen ta l ly  less 

demanding and p a r t i c u l a r l y  s u i t a b l e  i n  s i t u a t i o n s  where r e f e r e n c e  and 
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s a m p l e  d e t e c t o r  have about t h e  same spectral  r e s p o n s i v i t y  func t ion ,  

f o r  example i n  product ion con t ro l .  However, i t  i s  important t h a t  t h e s e  

f i l t e r s  be mounted perpendicular  t o  t h e  o p t i c a l  a x i s  t o  avoid 

wavelength s h i f t s  w i th  angle  of incidence.  This a l s o  must be  

considered i f  t h e  r a d i a t i o n  pass ing  through such a f i l t e r  i s  highly 

convergent. Unless t h e  bandwidth of such f i l t e r s  i s  extremely narrow, 

wavelength c o r r e c t i o n s  based on t h e  s p e c t r a l  power d i s t r i b u t i o n  of t h e  

source,  t h e  s p e c t r a l  t r ansmi t t ance  f u n c t i o n  of t h e  f i l t e r  and t h e  

s p e c t r a l  r e s p o n s i v i t y  f u n c t i o n  of t h e  d e t e c t o r  must be inco rpora t ed  

(Krochmann, 1982). 

Lasers, tunab le  o r  multiwavelength-types, such as t h e  argon 

or  krypton models, are a l s o  s u i t a b l e ,  provided t h e y  are s t a b i l i z e d  and 

coherence and p o l a r i z a t i o n  of t h e  r a d i a t i o n  do not a f f e c t  t h e  r e s u l t s .  

They o f f e r  power levels  which are considerably higher  t han  those  

ach ievab le  wi th  monochromators, but t unab le  lasers are complex t o  

o p e r a t e  f o r  a moderate o r  l a r g e  wavelength range, and multiwavelength 

models have only a l i m i t e d  and unevenly d i s t r i b u t e d  number of 

wavelengths ava i l ab le .  The l a t t e r  are very s u i t a b l e  f o r  a b s o l u t e  

c a l i b r a t i o n s ,  see Sect ion 2.2. 

1.3 .3  Beamswi tch ing  mechanisms 

E s s e n t i a l l y  f o u r  d i f f e r e n t  techniques a r e  f e a s i b l e  f o r  

d i r e c t i n g  t h e  monochromatic beam t o  r e f e r e n c e  o r  sample d e t e c t o r .  

A )  Mechanical exchange of t h e  two d e t e c t o r s  i n t o  t h e  s t a t i o n a r y  

o p t i c a l  beam: t h i s  m u s t  be done e i t h e r  a t  each Wavelength o r  t h e  t o t a l  

spectrum i s  scanned f i r s t  w i t h  t h e  r e f e r e n c e  d e t e c t o r  and then  w i t h  t h e  

sample de t ec to r .  The f i r s t  method r e q u i r e s  h igh  mechanical p r e c i s i o n  
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of t h e  exchange movement, p a r t i c u l a r l y  i f  smal l  d e t e c t o r s  and/or  l a r g e  

housings a r e  involved, whereas t h e  second method r e q u i r e s  high 

s t a b i l i t y  of t he  s p e c t r a l  c o n d i t i o n  of t he  sys’temp t h a t  is, high 

s t a b i l i t y  of t h e  sou rce ,  high p r e c i s i o n  of t h e  wavelength d r i v e  of t h e  

monochromator, and h i g h  s t a b i l i t y  of r e fe rence  d e t e c t o r  and a m p l i f i e r .  

B )  Two-position swi t ch ing  mirrors .  Several  v e r s i o n s  are  shown i n  

Fig. 2. Version a )  u s u a l l y  r e q u i r e s  a l a r g e r  movement of t h e  m i r r o r  

which may cause l a r g e r  d i s t o r t i o n s  of t h e  s l i t  image. In v e r s i o n  b)  

t h e  mirror movement i s  smaller b u t  t h e  two f l a t  m i r r o r s  e i t h e r  must 

have i d e n t i c a l  s p e c t r a l  r e f l e c t a n c e  f u n c t i o n s  o r  t h e  r a t i o  of t h e s e  two 

f u n c t i o n s  must be known. Version c )  i s  s u i t a b l e  i f  t h e  imaging element 

i s  a l e n s  o r ,  i n  case m i r r o r s  are used, i f  t h e  exchange is done 

perpendicular  t o  t h e  o r i g i n a l  d i r e c t i o n .  In a l l  t h r e e  ve r s ions  h igh  

mechanical p r e c i s i o n  of t h e  m i r r o r  movement i s  required,  p a r t i c u l a r l y  

i f  l ong  d i s t a n c e s  and small  d e t e c t o r s  are involved. This  i s  d i scussed  

f u r t h e r  i n  Sect ion 1.5. 

C )  Spinning s e c t o r  mi r ro r s :  This method i s  shown in Fig. 1 ,  where 

mi r ro r  M4 i s  a semi -c i r cu la r  o r  mult i -sectored m i r r o r  d i s c  which 

a l t e r n a t e l y  r e f l e c t s  and t r a n s m i t s  r a d i a t i o n .  The m i r r o r  may be e i t h e r  

r o t a t i n g  slowly o r  s p i n n i n g  r a p i d i y ,  i n  t h e  l a t t e r  c a s e  p re sen t ing  

chopped r a d i a t i o n  t o  b o t h  d e t e c t o r s .  

D) Beamspli t ters  have t h e  advantage t h a t  no movement of par ts  i s  

r e q u i r e d .  However, t hey  may in t roduce  v a r i o u s  sou rces  of e r r o r s ,  f o r  

example 1.  t h e  r a t i o  of t r a n s m i t t e d  t o  r e f l e c t e d  beam changes w i t h  

wavelength; 2. t h e  p o l a r i z a t i o n  of both beams changes w i t h  wavelength. 

[These two sources  of e r r o r  are d i scussed  by Mielenz ( 1 9 7 9 ) l  3. some 
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