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T h i s  r e p o r t  h a s  been prepared by C I E  Technica l  Committee 1.2, Photometry 
and Radiometry. It h a s  been approved by t h e  ma jo r i ty  o f  t h e  Technical  
Committee and i s  recommended f o r  s t u d y  and a p p l i c a t i o n .  T h i s  r e p o r t  i s  

n o t  an  O f f i c i a l l y  Agreed C I E  Recommendation approved by the  Nat ional  
Committees of t h e  Member Count r ies  of  t h e  C I E .  It should be noted t h a t  

any recommendations i n  t h i s  r e p o r t  are adv i so ry  and no t  mandatory. The 
l a t e s t  C I E  Proceedings o r  C I E  Jou rna l  s h o u l d  be consu l t ed  r ega rd ing  t h e  

c u r r e n t  s t a t u s  of t h i s  r e p o r t  and p o s s i b l e  subsequent  amendments. 

C e  r a p p o r t  a é té  préparé par l e  Comité Technique 1.2, Photométr ie  e t  
Radiométrie de l a  C I E .  I1 a é t é  approuvé p a r  l a  m a j o r i t é  du Comité 

Technique e t  il est  recommande pour é t u d e  e t  a p p l i c a t i o n .  Ce rappor t  
n ' es t  pas  une Recommandation o f f i c i e l l e  de l a  C I E ,  approuvée par les 

Comités Nationaux des  Pays Membres de  l a  C I E .  I1 d o i t  être no t6  que 
t o u t e  recommandation y f i g u r a n t  es t  donnée à t i t r e  de c o n s e i l  e t  non 

d ' o b l i g a t i o n .  En ce q u i  concerne la  s i t u a t i o n  p r é s e n t e  de  ce Rapport e t  

d ' é v e n t u e l l e s  mod i f i ca t ions ,  il f a u t  c o n s u l t e r  l e  p l u s  r é c e n t  Compte 

Rendu de Sess ion  ou Journa l  de la CIE.  

Dieser B e r i c h t  wurde vom Technischen-Komitee 1.2, Photometr ie  und 
Strahlungsmessung der  C I E .  E r  wurde durch d i e  Mehrheit des Technischen 

Komitees g e b i l l i g t  und wird zum Studium and zu r  Anwendung empfohlen. 
Dieser Bericht ist ke ine  o f f i z i e l l  anerkannte  CIE-Empfehlung, d e r  d i e  

Nat iona len  Komitees d e r  Mi tg l i eds l ande r  d e r  C I E  zugestimmt haben. Es  se i  
da rau f  hingewiesen,  dass j e d e  Empfehlung i n  d i e s e n  Bericht a l s  Anlei tung 

d i e n t  und n i c h t  v e r b i n d l i c h  i s t .  Was den gegenwärtigen S ta tus  dieses 

Berichtes und mögliche Nachfolge-Ausgaben angeh t ,  z i e h e  man d i e  neues ten  

CIE-Tagungsberichte oder  das CIE-Journal zu Rate. 
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FOREWORD 
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SUMMARY 

505 I 

The C I E ,  and o t h e r  o r g a n i s a t i o n s ,  have i n  t h e  p a s t  o rganised  

i n t e r n a t i o n a l  comparisons o f  measurements o f  t he  spectral  power 
d i s t r i b u t i o n  o f  va r ious  l i g h t  sou rces ,  i n c l u d i n g  f l u o r e s c e n t  tubes .  In  

these i n v e s t i g a t i o n s  some unexpectedly large d i f f e r e n c e s  were found 
between the  results repor t ed  by d i f f e r e n t  l a b o r a t o r i e s .  

It was the  consensus o f  t h e  members o f  t h e  C I E  TC-1.2 Committee t h a t  

be fo re  f u r t h e r  l a r g e  s c a l e  i n t e r n a t i o n a l  comparisons o f  measurements 

were o rgan i sed ,  a method ( o r  a few basic methods) should be  agreed upon 
t h a t  could  result  i n  b e t t e r  accuracy  and hence c l o s e r  agreement between 

t h e  measurements o f  t he  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  and t h a t  could a l s o  
s e r v e  as a gu ide  f o r  anyone wishing t o  set up new spec t ro rad iomet r i c  

l a b o r a t o r i e s .  
The p resen t  r e p o r t  summarizes t h e  op in ions  on t h i s  subject  of t h e  

members o f  a Subcommittee who answered a q u e s t i o n n a i r e  s e n t  o u t  by the  
Chairman o f  TC-1.2. It is  designed p r i m a r i l y  t o  assist workers i n  

i n d u s t r i a l  s t a n d a r d s  l a b o r a t o r i e s ,  a l though i t  i s  n o t  in tended  f o r  use 
as  a textbook.  Its con ten t s  should  n o t  b e  i n t e r p r e t e d  so as i n  any way 

t o  i n h i b i t  research i n t o  new and improved methods o f  spec t roradiometry .  
This Technical  Report i s  d iv ided  i n t o  two p a r t s ,  t he  first o f  which 

cove r s  i n  a g e n e r a l  way the  use o f  a spec t ro rad iomete r  i n  measuring the  

spectral power d i s t r i b u t i o n  o f  any t y p e  o f  s o u r c e ,  w i t h  p a r t i c u l a r  

r e f e r e n c e  t o  t h e  de te rmina t ion  o f  photometr ic  and c o l o r i m e t r i c  
p r o p e r t i e s .  The second p a r t  relates to  t h e  measurement of v a r i o u s  lamp 

t y p e s ,  p a r t i c u l a r l y  t u b u l a r  f l u o r e s c e n t  lamps. It is  envisaged t h a t  

f u r t h e r  p a r t s  could  be added, i f  r e q u i r e d ,  t o  ex tend  the  coverage o f  the  

document t o  o t h e r  types o f  source .  
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RÉSUMÉ 

La C I E ,  a i n s i  que d ' a u t r e s  o r g a n i s a t i o n s ,  o n t  o rgan i sé  au  cour s  d e s  

années passées d e s  comparaisons i n t e r n a t i o n a l e s  p o r t a n t  s u r  l a  

r é p a r t i t i o n  éne rgé t ique  s p e c t r a l e  d e  d i v e r s e s  sou rces  lumineuses,  dont  

des t u b e s  f l u o r e s c e n t s .  Lors d e  ces é t u d e s ,  d e s  écarts impor tan ts  e t  

i n a t t e n d u s  s o n t  apparus e n t r e  les  r é s u l t a t s  des  d i f f é r e n t s  l a b o r a t o i r e s .  

I1 y e u t  a l o r s  unanimité  a u  s e i n  d e s  membres d u  Comité TC-1.2 d e  l a  
C I E  pour que, avant  l ' o r g a n i s a t i o n  de  nouve l l e s  comparaisons 

i n t e r n a t i o n a l e s  s u r  une p l u s  l a r g e  échelle,  il s o i t  convenu d'\une 
méthode d e  mesure (ou que lques  p r i n c i p e s  de  base) conduisant  a une p l u s  
grande e x a c t i t u d e ,  donc un meilleur accord e n t r e  l e s  r é su l t a t s  d e s  

l a b o r a t o i r e s  p a r t i c i p a n t s  ; c e t t e  méthode d e  mesure p o u r r a i t  a u s s i  s e r v i r  
de  guide  pour quiconque s o u h a i t e r a i t  i n s t a l l e r  de  nouveaux l a b o r a t o i r e s  

de  mesures spec t ro rad iomét r iques  . 
Le présen t  r a p p o r t  résume l e s  p o i n t s  d e  vue s u r  ce s u j e t  des membres 

du Sous-Comité qu i  o n t  répondu a u  ques t ionna i r e  é t a b l i  p a r  l e  P rés iden t  

du TC-1.2. Ce rappor t  est e s s e n t i e l l e m e n t  d e s t i n 6  a ider  l e s  chercheurs 

d e s  l a b o r a t o i r e s  d 'é ta lonnage  i n d u s t r i e l s ,  s a n s  q u ' i l  pu i s se  ê t r e  

u t i l i s e  comme un manuel. En aucun cas ,  l a  fason  d ' i n t e r p r é t e r  son 
contenu n e  d e v r a i t  a v o i r  pour conséquence d ' i n t e r d i r e  l a  recherche d e  

méthodes nouve l l e s  e t  améliorées d e  spec t ro rad iomét r i e .  
C e  Rapport t echnique  e s t  d i v i s é  e n  deux p a r t i e s .  La premiere 

concerne,  de  f a f o n  g é n é r a l e ,  l ' emplo i  d 'un spec t roradiomètre  pour l a  

mesure d e  l a  r é p a r t i t i o n  éne rgé t ique  s p e c t r a l e  d'un type  quelconque d e  

source  lumineuse,  avec  une c o n s i d é r a t i o n  par t icu l iè re  pour l a  

dé te rmina t ion  d e s  p r o p r i é t é s  photométr iques e t  co lo r imé t r iques .  La 

deuxihme par t ie  concerne l a  mesure d e  d i v e r s  t y p e s  d e  lampes,  en  
p a r t i c u l i e r  les  tubes  f l u o r e s c e n t s .  On env i sage  d ' a j o u t e r  p l u s  t a r d  en  

cas d e  besoin d 'autres chapitres pour é t endre  l e  document a d ' a u t r e s  
t y p e s  de  sou rces .  

V 
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Die C I E  und andere Organisat ionen haben i n  d e r  Vergangenheit 

i n  terna t i o n a l e  Ve rg 1 eiche  d e r  Messungen d e r  s p e k t r a l e n  
Ct rah lungsver te i lung  von verschiedenen L ich tque l l en ,  e i n s c h l i e s s l i c h  von 

Fluoreszenzlampen durchgeführ t .  I n  d i e sen  Untersuchungen wurden 
unerwartet  g ros se  Differenzen zwischen den Werten gefunden, d i e  d i e  

verschiedenen Labora tor ien  b e r i c h t e t  haben. 
Die Mitglieder d e s  CIE-Komitees TC-1.2 waren Übereinstimmend d e r  

Meinung, dass ke ine  wei te ren  i n t e r n a t i o n a l e n  Vergleíchsmessungen grossen  
Umfanges o r g a n i s i e r t  werden s o l l t e n ,  so l ange  n i c h t  Über e i n e  oder 

mehrere grundlegende Methoden Übereinstimmung e r z i e l t  ware,  d i e  e i n e  

bes se re  Genauigkeit  ergeben und somit  auch e i n e  engere  Übereinstimmung 

zwischen den Messungen d e r  teilnehmenden Labora tor ien .  
Diese Methoden könnten auch a l s  Le i t f aden  f ü r  jeden  d ienen ,  der 

b e a b s i c h t i g t ,  neue spekt roradiometr i sche  Labora tor ien  zu e r r i c h t e n .  Der 

vor l iegende  Ber ich t  fass t  d i e  Meinungen de r j en igen  Subkomiteemitgl ieder  
zu diesem Gegenstand zusammen, d i e  e inen  Fragebogen beantwor te t  haben, 
den d e r  Vorsi tzende von TC-1.2 ausgesendet  h a t t e .  Der Ber i ch t  i s t  i n  

erster L in ie  dazu bes t immt ,  den i n  i n d u s t r i e l l e n  Mess labora tor ien  
Tät igen zu nü tzen ,  obwohl e r  n i c h t  a l s  Lehrbuch gedacht ist. Se in  I n h a l t  

s o l l t e  n i c h t  so verstanden werden, d a s s  er i n  i r g e n d e i n e r  Weise 

Forschungen Über neue und v e r b e s s e r t e  Methoden der Spekt roradiometr ie  

behindern könnte. 
Dieser t echn i sche  B e r i c h t  b e s t e h t  a u s  zwei T e i l e n ,  von denen d e r  

e r s t e  d i e  Verwendung e i n e s  Spekt roradiometers  zur'  Messung d e r  s p e k t r a l e n  
S t rah lung  s v e r  t e i l u n g  b e l  i e b i g  e r  L i c h t  quel  l e n  i n  a l lgemeiner  We ise  

behande l t ,  m i t  besonderer  Berücksicht igung d e r  Bestimmung von 
photometr ischen und fa rbmetr i schen  Eigenschaf ten .  Der zweite T e i l  

behandel t  d i e  Messung von Verschiedenen Lampentypen, besonders  von 
rÖhrenfÓ'rmigen Leuchtstofflampen. E s  i s t  vorgesehen,  we i t e re  Kap i t e l  b e i  

Bedarf s p ä t e r  hinzuzufügen,  um d e n  Anwendungsbereich d e s  Dokumentes auf 

andere Arten von L ich tque l l en  auszudehnen. 

VI 
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INTRODUCTION 

There a r e  b a s i c a l l y  two approaches t o  the  measurement of t h e  

photometr ic  and c o l o r i m e t r i c  p r o p e r t i e s  of sources:  
(i) Broad-band measurement, e i t h e r  w i t h  a d e t e c t o r ,  t he  

spectral r e s p o n s i v i t y  func t ion  of which is i n  accord 
with t h e  C I E  S tandard  Photometric Observer f o r  photopic 

o r  s c o t o p i c  v i s i o n ,  or w i t h  a t r i s t i m u l u s  co lo r ime te r  
whose spectral r e s p o n s i v i t y  f u n c t i o n s  correspond t o  

those  of t h e  C I E  1931 Color imet r ic  Observer o r  a r e  a 
l i n e a r  t r ans fo rma t ion  of them. These methods w i l l  be 

r e f e r r e d  t o  i n  t h i s  r e p o r t ' a s  broad-band. 
(ii) Spec t ro rad iomet r i c  measurement of t he  s p e c t r a l  power 

d i s t r i b u t i o n  of t he  l i g h t  source .  
It is d i f f i c u l t  t o  a d j u s t  t he  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  of 

d e t e c t o r s  t o  match t h e  C I E  photometr ic  and c o l o r i m e t r i c  obse rve r s ,  and 

i n  any c a s e ,  f o r  some o t h e r  c h a r a c t e r i s t i c s  of l i g h t  sou rces  a knowledge 
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  i t s e l f  i s  needed a t  least  i n  a 
r e l a t i v e  form (e .g .  for co lour  render ing  index de te rmina t ion ) .  When 

s p e c t r a l  measurements are d i r e c t e d  towards the c a l c u l a t i o n  of 

photometr ic  q u a n t i t i e s ,  the s p e c t r a l  power d i s t r i b u t i o n  has t o  be 

measured i n  such a way t h a t  an a b s o l u t e  va lue  can be ass igned  t o  the 

i n t e g r a t e d  s p e c t r a l  c h a r a c t e r i s t i c .  

I n  d e a l i n g  w i t h  measurements of t h i s  type ,  i t  must b e  r e a l i z e d  t h a t  

i f  a s p e c t r o r a d i o m e t r i c  measurement is t o  g i v e  meaningful photometr ic  

and c o l o r i m e t r i c  r e s u l t s  t h e  measuring Set-up, t h e  i n d i v i d u a l  components 
of t h e  measuring system and t h e  technique employed have t o  s a t i s f y  some 

q u i t e  s t r i n g e n t  c r i t e r i a .  
The p resen t  r e p o r t  emphasises those  elements  of t h e  

spec t ro rad iomet r i c  system and measurement technique t h a t  a r e  impor tan t  
f o r  t h e  achievement of a r e s u l t  of accep tab le  accuracy.  A paper on t h e  
measurement of s p e c t r a l  i r r a d i a n c e  (Nonaka e t  a l . ,  1972) was used as 

s t a r t i n g  po in t  i n  t h i s  work and t h e  sugges t ions  rece ived  from members of 
the Subcommittee on t h e  Spec t ro rad iomet r i c  Measurement of Light  Sources 
were then  added t o  the r e p o r t  - as far as t h e  i n d i v i d u a l  responses  were 

not  t o o  c o n t r a d i c t o r y  t o  t h e  consensus of t h e  major i ty .  
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PURPOSE OF THE REPORT 

(i) To s p e c i f y  a s i m p l e  bu t  s a t i s f a c t o r y  procedure f o r  t h e  

spec t roradiometry  o f  con t inuous ,  l i n e  and mixed s o u r c e s  

of  energy.  The  method a p p l i e s  t o  measurements of 

spectral  i r r a d i a n c e ,  r a d i a n c e  and r a d i a n t  f l u x  i n  the  

near  u l t r a v i o l e t ,  v i s i b l e  and n e a r  i n f r a r e d  r e g i o n s  of 

t h e  spectrum, 
(ii) To s t a t e  procedures  which should  be used and a l s o  some 

which should  n o t  be used,  and t o  provide  i n  t h e  l a t te r  

case t h e  r e a s o n s  why they should n o t  b e  used. 

(iii) To i n d i c a t e  t h e  s p e c t r o r a d i o m e t r i c  a c c u r a c i e s  r e q u i r e d  
f o r  spec i f i c  d i f f e r e n t  a p p l i c a t i o n s ,  i n c l u d i n g  

photometry,  c o l o u r  appearance and c o l o u r  r ende r ing .  

The procedures  given i n  t h i s  report cover  t h e  measurement o f  t h e  

s p e c t r a l  i r r a d i a n c e ,  r ad iance  o r  r a d i a n t  f l u x  from a f l u o r e s c e n t  lamp o r  

p a r t  o f  a lamp, o r  from a f l u o r e s c e n t  lamp p l u s  a s p e c i f i e d  moderator,  
such as a lumina i r e .  Other s o u r c e s  w i t h  a spectrum c o n s i s t i n g  of 
s p e c t r a l  l i n e s  o r  a combination of l i n e s  and a continuum are a l s o  

considered.  

TERMINOLOGY 

The r a d i a n t  q u a n t i t i e s  d i scussed  i n  t h e  p r e s e n t  r e p o r t  are de f ined  
accord ing  t o  t h e  4 t h  e d i t i o n  o f  t h e  I n t e r n a t i o n a l  L i g h t i n g  Vocabulary 

( C I E  19831, but  i t  may be  h e l p f u l  t o  repeat h e r e  t h e  d e f i n i t i o n s  of some 
of  t h e  more impor tan t  concepts  involved.  

I r r a d i a n c e  ( a t  a p o i n t  of a s u r f a c e )  is def ined  a s  t h e  q u o t i e n t  of 
t h e  r a d i a n t  f l u x  i n c i d e n t  on a n  element o f  t h e  s u r f a c e  c o n t a i n i n g  t h e  

p o i n t  by t h e  area of t h a t  e lement ,  

The symbol f o r  i r r a d i a n c e  is E = dOe/dA and t h e  u n i t  i n  the  S I  i s  
-2 

Radiance,  a t  a p o i n t  on t h e  s u r f a c e  of a s o u r c e ,  i n  a given 
d i r e c t i o n ,  i s  t h e  q u o t i e n t  o f  t h e  r a d i a n t  f l u x  p e r  u n i t  s o l i d  a n g l e  i n  

t h e  given d i r e c t i o n  o f  a n  element of  t h e  s u r f a c e  a t  t h i s  p o i n t ,  by t h e  

area of  t h e  o r thogonal  p r o j e c t i o n  of t h i s  element on a p l ane  

perpendicular  t o  t h i s  d i r e c t i o n .  

e 
W.m . 

2 The symbol f o r  r ad iance  i s  L = à ~ e / ( d J k d A . c o s O )  and t h e  u n i t  i n  e - 7  -2 the SI is W.sr .m . 
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The p r e f i x  " s p e c t r a l q 1  is a n  a b b r e v i a t i o n  f o r  t h e  complete express ion  

"spec t ra l  c o n c e n t r a t i o n  o f " ,  which is defined as t h e  q u o t i e n t  of  t h e  

r a d i o m e t r i c  q u a n t i t y  taken  over  a n  i n f i n i t e s i m a l  range on e i the r  s i d e  of 

a given wavelength,  by t h e  range.  

t h e  S I  is  W.DI-~ o r  W.m .nm . 

the S I  i s  W.sr''.~n'~ o r  W.sr .m .nm . 

For s p e c t r a l  i r r a d i a n c e ,  t h e  symbol i s  E = dEe/dX and t h e  u n i t  i n  

= dLe/dX and t h e  u n i t  i n  

I n  p r a c t i c e ,  the  q u a n t i t y  measured w i l l  be  t h e  convolu t ion  of E o r  

L w i t h  t he  s p e c t r a l  response  f u n c t i o n  of  t he  spec t roradiometer  

system. Photometr ic  q u a n t i t i e s  are de r ived  from t h e  s p e c t r a l  
measurements by i n t e g r a t i n g  a weighted f u n c t i o n ,  such as f Ee,A V0,)dX. 

This i n t e g r a t i o n  i s  u s u a l l y  e f f e c t e d  by summation over  bands of w i d t h  

OX, i e  CE e ,X  V ( X )  A x .  To o b t a i n  a b s o l u t e  v a l u e s  t h e  sum must be 

m u l t i p l i e d  by K m ,  t h e  luminous e f f i c a c y  a t  t h e  maximum of the  V ( X )  

f u n c t i o n ,  def ined  as 683 lm.W-'. 
For a more d e t a i l e d  d i s c u s s i o n  o f  photometr ic  q u a n t i t i e s  see C I E  

e,X 

e,X 

-2 -1 

For s p e c t r a l  r a d i a n c e ,  t h e  symbol i s  L 
-1 -2 -1 

e,X 

e , A  

P u b l i c a t i o n  18/2, The Basis of P h y s i c a l  Photometry. 
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PART 1 THE SPECTRORADIOMETER AND I T S  METHOD OF USE 

1.1. BASIC ELEMENTS OF A SPECTRORADIOMETRIC SYSTEM 

A spectroradiometric system is made up o f  three basic elements:  

(i) a source  o r  sou rces ,  w i t h  power s u p p l i e s  and e l e c t r i c a l  
measuring equipment, 

(ii) a monochromator, w i t h  o p t i c a l  coupl ing  t o  t h e  l a m p s  and 
d e t e c t o r ,  

(iii) a d e t e c t o r ,  w i t h  power supp ly ,  e l e c t r o n i c s  f o r  measuring 
d e t e c t o r  ou tpu t  q u a n t i t y  and r eco rd ing  equipment. 

F igure  1 shows a gene ra l  diagram of  the  arrangement o f  a t y p i c a l  
spec t ro rad iomete r  system. An i n t r o d u c t i o n  t o  t h e  b a s i c  p r i n c i p l e s  o f  

spec t roradiometry  appears  as an  appendix t o  t h i s  r e p o r t .  
An a t t empt  w i l l  b e  made t o  i n d i c a t e  t h e  l i m i t a t i o n s  of  v a r i o u s  

practical  arrangements of  spec t ro rad iomete r s .  Fu r the r  p a r t s  may be added 
la ter  t o  extend t h e  scope of t h i s  r e p o r t ,  expanding on p a r t i c u l a r  

a s p e c t s  o f  measurement techniques .  

1.2. MEASUREMENT OF SPECTRAL I R R A D I A N C E  

Normally t h e  measurement p rocess  i n v o l v e s  t h e  comparison o f  t h e  t e s t  
sou rce  w i t h  a s t anda rd  source  ( u s u a l l y  a t ungs t en  f i l amen t  lamp) having 

a known s p e c t r a l  power d i s t r i b u t i o n .  I n  all cases, t h e  e x a c t  c o n d i t i o n s  
o f  c a l i b r a t i o n  m u s t  be  s ta ted s o  t h a t  t hey  can  be reproduced when t h e  

source  is opera ted  on subsequent occas ions .  
In  t h e  case o f  i r r a d i a n c e ,  t h e  q u a n t i t y  t o  be measured i s  the  

r a d i a t i o n  from t h e  sou rce  i n  a g iven  d i r e c t i o n  r each ing  a n  area a t  a 
s p e c i f i e d  d i s t a n c e .  When a n  a b s o l u t e  measurement i s  r e q u i r e d ,  i t  i s  

e s s e n t i a l  t o  d e f i n e  e x a c t l y  t h e  d i s t a n c e  from the source  t o  t h e  p l ane  o f  
the  i r r a d i a t e d  s u r f a c e .  It is  p r e f e r a b l e  t o  accep t  r a d i a t i o n  from the  

whole o f  t h e  sou rce  a r e a ,  a l though  wi th  large sources  a mask m i g h t  be 

used t o  i s o l a t e  a r e p r e s e n t a t i v e  sample i n  o r d e r  t o  prevent  l i g h t  

e n t e r i n g  t h e  spec t ro rad iomete r  a t  l a r g e  o f f - a x i s  a n g l e s .  
The d e s c r i p t i o n  of t h e  Set-up f o r  a n  i r r a d i a n c e  measurement shou ld ,  

t h e r e f o r e ,  always provide  t h e  fo l lowing  informat ion:  
( i) The o r i e n t a t i o n  i n  space  of  t h e  lamp and d e t a i l s  o f  t h e  

lampholder and housing ( i f  any) .  

(ii) The d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  lamp o f  t h e  c e n t r e  o f  
t h e  irradiated area and its d i s t a n c e  from the  lamp. 
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(iii) The o r i e n t a t i o n  and e x t e n t  o f  t h e  a r e a  t o  which  t h e  

c a l i b r a t i o n  a p p l i e s .  

I n  o r d e r  t o  reduce  e r r o r s  due t o  t h e  n o n - l i n e a r i t y  o f  t h e  measuring 

system the  s i g n a l s  from t h e  t e s t  sou rce  and t h e  s t anda rd  should b e  as  
n e a r l y  equal  as p o s s i b l e .  To t h i s  end t h e  distances o f  t h e  two sources  

may be a d j u s t e d  a p p r o p r i a t e l y .  Where s o u r c e s  having dissimilar s p e c t r a  
as ,  f o r  example, a f l u o r e s c e n t  and a t u n g s t e n  lamp are t o  be  compared, 

t hen  t h e r e  are bound t o  be  cons ide rab le ,  unavoidable  d i f f e r e n c e s  i n  t h e  

s i g n a l  l e v e l s  i n  some regions o f  the  spectrum and t h e  demands on t h e  

l i n e a r i t y  o f  t h e  system a r e  cor respondingly  g r e a t e r .  

1.3. MEASUREMENT OF SPECTRAL R A D I A N C E  AND TOTAL FLUX 

1.3.1. S p e c t r a l  rad iance  

For a r ad iance  measurement, it fo l lows  from t h e  d e f i n i t i o n  o f  t h e  

q u a n t i t y  t h a t  r a d i a t i o n  emitted from a def ined  p a r t  o f  t h e  sou rce  i n  a 

g iven  d i r e c t i o n  is t o  be measured. Radiat ion w i l l  u s u a l l y  b e  accepted 

from on ly  par t  o f  t h e  r a d i a n t  area o f  t h e  s o u r c e ,  t he  s e l e c t e d  l o c a l i t y  

be ing  i s o l a t e d  by imaging i t  on a s u i t a b l e  f i e l d  s t o p .  The care 
necessa ry  i n  d e f i n i n g  the  specif ied area w i l l  depend on the  spa t i a l  

un i fo rmi ty  o f  t h e  reg ion  under s t u d y .  The p r e f e r r e d  c a l i b r a t i o n  
technique  invo lves  t h e  d i r e c t  s u b s t i t u t i o n  o f  a spec t ra l  r ad iance  

standard f o r  t h e  t e s t  sou rce ;  i n  t h i s  case t h e  spectral  s e l e c t i v i t y  and 
geometr ic  p r o p e r t i e s  o f  t h e  o p t i c s  used i n  d e f i n i n g  t h e  source  area need 

n o t  be known s i n c e  t h e y  a r e  common t o  each  measurement. 
Although a f i e l d  s t o p  i s  used t o  i s o l a t e  a s p e c i f i c  area o f  t h e  

sou rce ,  d i f f r a c t i o n  effects i n  t he  o p t i c a l  s y s t e m  may a l low t h e  r ad iance  
o f  the surrounding areas t o  i n f l u e n c e  t h e  r ad iance  o f  t h e  image. I f  t h e  

o v e r a l l  r a d i a n t  a r e a s  o f  t h e  s t anda rd  and test sources  o u t s i d e  t h e  

measurement area d i f f e r  s i g n i f i c a n t l y  i n  s i z e  o r  s h a p e ,  t hen  i t  may b e  

necessa ry  t o  app ly  a c o r r e c t i o n  f o r  t h i s  effect .  
For a r ad iance  c a l i b r a t i o n ,  a f u l l  d e s c r i p t i o n  of  t h e  o p e r a t i n g  

c o n d i t i o n s  should  inc lude  t h e  fo l lowing  in fo rma t ion :  
The o r i e n t a t i o n  i n  space o f  t h e  l a m p  o r  o t h e r  t y p e  o f  

sou rce  and detai ls  o f  t h e  lampholder and housing ( i f  

a n y )  

The s i z e  and l o c a t i o n  o f  t h e  c a l i b r a t e d  a r e a .  
The o r i e n t a t i o n  o f  t h e  p r i n c i p a l  a x i s  and t h e  acceptance  

a n g l e  of  t h e  imaging o p t i c s .  
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The most widely used s t a n d a r d s  o f  s p e c t r a l  r a d i a n c e  are tungs t en  
r ibbon l a m p s ,  bu t  f o r  l o u e r  rad iance  l e v e l s  a s u r f a c e  of known s p e c t r a l  
r e f l e c t a n c e  c h a r a c t e r i s t i c s  i s  sometimes employed, i r r a d i a t e d  by a 

s t anda rd  of s p e c t r a l  i r r a d i a n c e .  
The s igna ls  from t h e  t e s t  sou rce  and t h e  s t anda rd  should  be made as 

n e a r l y  equa l  as p o s s i b l e  i n  o r d e r  t o  reduce t h e  l i k e l i h o o d  of  e r r o r s  
a r i s i n g  due t o  any non- l inea r i ty  i n  t h e  measuring sys tem.  If a means of 

a t t e n u a t i o n  i s  used i n  f r o n t  of t h e  s t r o n g e r  s o u r c e ,  t hen  t h e  
a t t e n u a t i o n  f a c t o r  must be known accurately a t  each wavelength. 

Although i n d u s t r i a l  l a b o r a t o r i e s  u s u a l l y  p r e f e r  t o  res t r ic t  
themselves  t o  comparisons made on a geomet r i ca l ly  Hlike-with- l ikel l  

bas i s ,  it may sometimes be necessa ry  t o  measure spectral r ad iance  by 
r e f e r e n c e  t o  a s t anda rd  o f  spectral i r r a d i a n c e .  In  t h i s  case, t he  

spectral  r a d i a n t  i n t e n s i t y  o f  a known area o f  t h e  t e s t  source  (or i t s  
image) may be deduced from t h e  spectral i r r a d i a n c e  produced by it a t  a 

known d i s t a n c e .  S p e c t r a l  r a d i a n c e  i s  t h e n  obta ined  by d i v i d i n g  t h e  
s p e c t r a l  r a d i a n t  i n t e n s i t y  by t h e  a r e a  o f  t h e  mask. In s u c h  a n  

in te rcompar ison ,  a c o r r e c t i o n  must always be made f o r  t h e  s p e c t r a l  
t r ansmi t t ance  o f  t h e  imaging system and t h e  geometr ica l  c o n d i t i o n s  m u s t  

be  well def ined and measured t o  t h e  necessa ry  accuracy.  It is a d v i s a b l e  
t o  check t h e  measurement by a n  independent  experiment ,  f o r  example one 

using broad-band rather than  monochromatic r a d i a t i o n .  (Bauer ,  1973). 

1.3.2. Geometr ical ly  t o t a l  s p e c t r a l  r a d i a n t  f l u x  

For the  measurement o f  geomet r i ca l ly  t o t a l  s p e c t r a l  r a d i a n t  f l u x ,  t h e  

test source  must be placed i n  a n  i n t e g r a t i n g  sphere and l i g h t  from the  
ex i t  p o r t  o f  t h e  sphe re  used t o  i r r a d i a t e  t h e  i n p u t  o p t i c s  o f  t he  

. spec t roradiometer .  I n t e r n a l  s c r e e n s  must be provided,  pa in ted  t o  match 
t h e  walls o f  t h e  s p h e r e ,  t o  ensure  t h a t  no p a r t  o f  t h e  source  is  v i s i b l e  
from the  e x i t  p o r t .  

For a measurement o f  t o t a l  f l u x ,  i t  is  impor tan t  t o  s p e c i f y  which way 
u p  t h e  lamp i s  ope ra t ed .  

A c o r r e c t i o n  fo r  the  spectral  s e l e c t i v i t y  o f  t h e  i n t e g r a t i n g  sphere  

and any a u x i l i a r y  op t ics  m u s t  b e  a p p l i e d  i f  t h e  s t anda rd  is  of t h e  

d i r e c t i o n a l  type .  I f ,  however, a s t anda rd  o f  geomet r i ca l ly  t o t a l  

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

sou rce  and t h e  need f o r  a sphere  c o r r e c t i o n  i s  t h e n  minimised, except  
f o r  the effect  of s e l f - a b s o r p t i o n  i n  c a s e s  where it i s  no t  p o s s i b l e  t o  
have both sou rces  i n  t h e  sphere s imul taneous ly .  ( C I E  1973). 

Specia l  p recau t ions  must be taken  and a d d i t i o n a l  c o r r e c t i o n s  may be  
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r equ i r ed  when t h e  s t anda rd  and t h e  sou rce  t o  b e  measured have d i f f e r e n t  

s p a t i a l  d i s t r i b u t i o n s  o f  s p e c t r a l  radiant f l u x .  

1.4. INPUT OPTICAL ARRANGEMENT 

In  t h e  case o f  i r r a d i a n c e  measurement direct  i r r a d i a n c e  o f  t h e  
en t r ance  s l i t  of t h e  monochromator by t h e  s o u r c e s  is  best  avoided 

because o f  t h e  r e s u l t a n t  v a r i a t i o n  i n  t h e  i r r a d i a n c e  d i s t r i b u t i o n  i n  the  

monochromator and a l s o  over  the photocathode o f  t h e  d e t e c t o r .  The u s e  of 

a t r a n s m i t t i n g  d i f f u s e r  i n  f r o n t  o f  t h e  s l i t  is u n l i k e l y  t o  s o l v e  t h e  
problem and cannot  be recommended. The degree  o f  d i f f u s i o n  produced 

v a r i e s  wi th  wavelength and i s ,  i n  many c a s e s ,  a lmost  z e r o  a t  t h e  red  end 
of  the  spectrum. 

The most a c c u r a t e  methods o f  spectral i r r a d i a n c e  measurement u s e  a n  
i n t e g r a t i n g  sphere  be fo re  t h e  e n t r a n c e  slit o f  t h e  monochromator (see 

Figure  2). An en t r ance  a p e r t u r e  is  located on t h e  sphere wall a t  90' t o  
t h e  o p t i c a l  a x i s  of t h e  monochromator. The sphe re  may conven ien t ly  be 

r o t a t e d  about  a d i a m e t r i c a l  a x i s  co inc iden t  w i th  t h e  o p t i c a l  a x i s  o f  t h e  

monochromator i n t o  t h e  two symmetrical  p o s i t i o n s  where t h e  en t r ance  

a p e r t u r e  is i n  a v e r t i c a l  p l ape .  I n  one p o s i t i o n  r a d i a t i o n  from a 
s t anda rd  source  may e n t e r  t h e  a p e r t u r e ,  i n  t h e  other r a d i a t i o n  from t h e  

t e s t  source .  A l t e r n a t i v e l y  t h e  sphere may be f ixed i n  p o s i t i o n  and the 
sources  moved so as t o  permit  f irst  one and t h e n  t h e  o t h e r  t o  i r radiate  

t h e  en t r ance  p o r t .  It should be  noted t h a t  p e r f e c t  d i f f u s i o n  i s  not  
a lways e s s e n t i a l ,  a l though i t  is impor tan t  t h a t  r a d i a t i o n  from both 

s o u r c e s  is treated i n  a similar manner. This c o n d i t i o n  i s  more d i f f i c u l t  
t o  s a t i s f y  when the  sources  t o  be  compared d i f f e r  markedly i n  s i z e  o r  

shape .  The d i r e c t l y  i r r a d i a t e d  a r e a  o f  t h e  s p h e r e  wall s h o u l d  p r e f e r a b l y  
be i d e n t i c a l  f o r  the  test and s t anda rd  s o u r c e s ,  b u t  where t h i s  cannot  b e  

ach ieved ,  it w i l l  normally b e  s u f f i c i e n t  t o  ensure  t h a t  t h e  a r e a  o f  t h e  

sphere surface s e e n  by t h e  monochromator does no t  o v e r l a p  the  areas 

d i r e c t l y  i r r a d i a t e d  by e i t h e r  sou rce .  That is ,  r a d i a t i o n  s h o u l d  e n t e r  
t h e  monochromator on ly  a f t e r  undergoing two o r  more r e f l e c t i o n s .  Care 

shou ld  be  taken  t o  ensure  t h a t  e x c e s s i v e  stray r a d i a t i o n  i s  n o t  
i n t roduced  by o v e r - f i l l i n g  t h e  monochromator with r a d i a t i o n  from t h e  

sphere. Adequate sc reen ing  must b e  provided t o  prevent  r a d i a t i o n  from 
s o u r c e s  o t h e r  t han  t h e  one being measured e n t e r i n g  t h e  sphe re .  

Under t h e  above c o n d i t i o n s  t h e  i n t e r a c t i o n  o f  t he  p o l a r i z a t i o n  o f  t h e  

monochromator w i t h  t h e  p o l a r i z a t i o n  o f  t h e  sou rces  is minimised by t h e  

f a i r l y  complete d e p o l a r i z a t i o n  o f  t h e  l i g h t  by the sphere. The e n t r a n c e  
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cone o f  t h e  monochromator i s  completely and uni formly  f i l l e d  i n  each 
case .  The f l u x e s  from t h e  s t anda rd  and test sources  are e q u a l l y  
a t t e n u a t e d .  The u s e  of  t h e  sphere also provides  g r e a t  freedom i n  

mounting t h e  s o u r c e s  t o  be compared. The spectral  irradiance i n  any  
o t h e r  plane may b e  as e a s i l y  measured by p o s i t i o n i n g  t h e  sphere w i t h  t h e  

en t r ance  a p e r t u r e  i n  another  o r i e n t a t i o n .  The e n t r a n c e  a p e r t u r e  should 
have a s h a r p  edge t o  avoid cos ine  e r r o r s .  Sphere geometr ies  used  by 

Nonaka e t  a l  (1972) were: i n n e r  diameter 200 mm, en t r ance  and e x i t  p o r t  
diameter 40 m. 

One d isadvantage  of  us ing  i n t e g r a t i n g  s p h e r e s  i s  t h e  r educ t ion  i n  
r a d i a t i o n  r each ing  t h e  d e t e c t o r  due t o  abso rp t ion  by t h e  wall c o a t i n g ,  

p a r t i c u l a r l y  i n  t he  UV r eg ion .  This may n e c e s s i t a t e  t h e  u s e  o f  s i m p l e r  

geometr ies .  

A p lane ,  r e f l e c t i n g  d i f f u s e r  i r r a d i a t e d  normally and viewed a t  45' 

(see Figure 3)  may b e  used i n s t e a d  o f  t h e  sphere a t  t h e  r i s k  of  

i n c u r r i n g  somewhat Larger  sys t ema t i c  errors. The p lane  d i f f u s e r  may be 

more e f f i c i e n t  by a f a c t o r  of  5 o r  10, but  i t  i n t r o d u c e s  larger 

p o l a r i z a t i o n  and angu la r  s e n s i t i v i t y  e r r o r s .  A l e n s  o r  m i r r o r  may be 
used t o  image it on t h e  en t r ance  s l i t  i n  o r d e r  t o  p e r m i t  t h e  d i f f u s e r  t o  

be farther from t h e  monochromator and hence t o  g i v e  more space  f o r  
mounting the  sources .  The p lane  d i f f u s e r  should  b e  cons idered  where 

h i g h e r  e f f i c i e n c y  is requ i r ed  t o  reduce  u n c e r t a i n t i e s  caused by low 
s i g n a l  t o  n o i s e  r a t i o .  

I r r a d i a t l o n  a t  45' from normal h a s  t h e  d isadvantage  t h a t  a s l i g h t  
g r a d i e n t  of i r r a d i a t i o n  i s  produced on t h e  d i f f u s e r ,  p o s s i b l y  caus ing  

d i f f e r e n c e s  o f  i r r a d i a t i o n  on t h e  s e n s i t i v e  area o f  t h e  d e t e c t o r .  With 
prism instruments working i n  spectral r eg ions  where t h e  p r i s m  material 

a l r e a d y  shows some a b s o r p t i o n ,  unequal i r r a d i a t i o n  m i g h t  lead t o  
inc reased  e r r o r s .  The symmetry of s u c h  an  arrangement can  b e  assessed by 

in t e rchang ing  the  t e s t  and s tandard sources .  
For c r i t i c a l  work, p a r t i c u l a r l y  when us ing  a p l ane  d i f f u s e r  w i t h  45' 

o r  perpendicular  i r r a d i a t i o n ,  t h e  use  of  a r e f e r e n c e  source  permanently 
i r r a d i a t i n g  one channel  of t h e  comparator may b e  preferred.  The t e s t  

sou rce  and t h e  s t anda rd  a r e  t h e n  s u b s t i t u t e d  i n  t u r n  i n  t h e  o t h e r  
channel ,  t h u s  us ing  each i n  e x a c t l y  t h e  same geometrical arrangement.  

The func t ion  o f  t h e  r e fe rence  source  is t o  provide  compensation f o r  
p o s s i b l e  d r i f t s  i n  t he  response f u n c t i o n  o f  t h e  spec t ro rad iomete r  du r ing  

the  time requ i r ed  t o  compare t h e  s t anda rd  and t e s t  s o u r c e s .  
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1.5. CHARACTERISTICS OF MONOCHROMATORS 

The most impor tan t  characterist ics o f  a monochromator are i t s  
wavelength accuracy ,  e f f e c t i v e  bandwidth,  l i g h t  g ra sp  and s t r ay  l i g h t  
performance. 

The l i g h t  g ra sp  (e tendu,  th roughput ,  e f f i c i e n c y )  of a monochromator 
is t h e  f a c t o r  ( J a c q u i n o t ,  1954) which de termines ,  f o r  a g iven  bandwidth 
s e t t i n g ,  t h e  f r a c t i o n  of t h e  r a d i a n t  power i n c i d e n t  a t  t h e  p lane  of the 

en t r ance  s l i t  t h a t  even tua l ly  l e a v e s  t h e  e x i t  slit. The fo l lowing  
expres s ion  may be u s e f u l  as  a f i g u r e  of merit i n  comparing t h e  

performance o f  d i f f e r e n t  monochromators i n  t r a n s m i t t i n g  r a d i a n t  power, 

when each ins t rument  is a d j u s t e d  t o  have t h e  same bandpass: 

% ( A )  is  t h e  s p e c t r a l  t r a n s m i t t a n c e  of t h e  system, 

determined by t h e  r e f l e c t i o n  and t r ansmiss ion  l o s s e s ,  

the  e f f i c i e n c y  of  the d i f f r a c t i o n  g r a t i n g ,  e t c . .  

h is  t h e  h e i g h t  of  t h e  e n t r a n c e  and e x i t  s l i ts ,  assuming 
u n i t  magn i f i ca t ion .  

A is t h e  p r o j e c t e d  area of  t h e  l i m i t i n g  a p e r t u r e ,  eg. 
the  d i f f r a c t i o n  g a t i n g .  

f is t h e  f o c a l  l eng th  of the  c o l l i m a t o r s .  

d - i s  t h e  angu la r  d i s p e r s i o n  of t he  monochromator. 
dX 

I n  deducing t h e  above expres s ion  i t  is  assumed tha t  t h e  g r a t i n g  is 
o p e r a t i n g  i n  t h e  Littrow mode ( o r  t h e  prism a t  minimum d e v i a t i o n )  and 
t h a t  d i f f r a c t i o n  a t  slits and o t h e r  a p e r t u r e s  is n e g l i g i b l e .  

One of t he  d isadvantages  of  a p r i s m  monochromator i s  t h a t  t h e  

bandwidth o f  the ins t rument  v a r i e s  wi th  wavelength,  be ing  wider  a t  
longe r  wavelengths f o r  a given s l i t  s e t t i n g .  This  i s  no t  t h e  case w i t h  a 
g r a t i n g  monochomator s i n c e ,  f o r  small ang le s  of  d e v i a t i o n ,  the 

d i s p e r s i o n  of r a d i a t i o n  by a g r a t i n g  i s  n e a r l y  cons t an t .  On t h e  o t h e r  

hand, w i t h  a g r a t i n g  system, i t  may be necessa ry  t o  use  a f i l t e r  o r  
f i l ters  t o  e l i m i n a t e  second o r  higher o r d e r  r a d i a t i o n ,  a problem which 

does no t  arise with pr i sms .  

A double system, double pr i sm,  double  g r a t i n g  or pr i sm-gra t ing  is 

g e n e r a l l y  t o  be preferred f o r  i t s  superior s t r a y  r a d i a t i o n  performance. 

I n t e r f e r o m e t r i c  o r  ho lographic  g r a t i n g s  appear  t o  be  b e t t e r  i n  t h i s  

r e s p e c t  than  t h e i r  r u l e d  e q u i v a l e n t s .  A pr ism-gra t ing  double  
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