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SELF-STUDY MANUAL on OPTICAL R A D I A T I O N  MEASUREMENTS 

Part  I .  Concepts 

This is the eighth in a series of Technical Notes (910- 1 entitled "Self-Study 
Manual on O p t i c a l  Rad ia t ion  Measurements". I t  c o n t a i n s  Chapter 1 2  of P a r t  I of t h i s  
Manual. Addi t iona l  c h a p t e r s  w i l l  con t inue  t o  be pub l i shed ,  s i m i l a r l y ,  as they  a r e  
completed. The Manual is a comprehensive t u t o r i a l  t r ea tmen t  of t h e  measurement of 
o p t i c a l  r a d i a t i o n  t ha t  is complete enough f o r  s e l f - i n s t r u c t i o n .  De ta i l ed  chap te r  
summaries make it a l s o  a convenient  a u t h o r i t a t i v e  r e f e r e n c e  source .  

I n  t h i s  chap te r  we review t h e  r a d i o m e t r i c  t r e a t m e n t ,  and t h e  s i g n i f i c a n c e  f o r  ra- 
d iomet r i c  measurements, of b lackbodies ,  blackbody r a d i a t i o n ,  and tempera ture  scales. 
Many impor tan t  and i n t e r e s t i n g  a s p e c t s  are no t  t r e a t e d  because our primary i n t e r e s t  is 
i n  rad iometry  and r a d i o m e t r i c  measurements. The emphasis is on ideal b lackbodies  and 
l a b o r a t o r y  s i m u l a t o r s ;  thermal  r a d i a t i o n  from o t h e r  r e a l  sou rces  w i l l  be t r e a t e d  i n  a 
chap te r  on Thermal Rad ia t ion  P r o p e r t i e s  of Materials. 

Key Words: blackbody, thermal  r a d i a t i o n ,  tempera ture ,  Planck, Wien, Rayleigh-Jeans,  
Stefan-Boltzmann, ITS, IPTS. 

Chapter 12. Blackbodies,  Blackbody Rad ia t ion ,  and Temperature Sca le s  

by Joseph  C. Richmond and Fred E. Nicodemus 

1 .  I n  t h i s  CHAPTER. Following a b r i e f  i n t r o d u c t i o n ,  which emphasizes t h e  e f f e c t s  of tempera ture  on 
a l l  r a d i o m e t r i c  measurements and the  importance of a good unders tanding  of tempera ture  s c a l e s ,  and de- 
f i n e s  t h e  term 11blackbody81, t h e  impor tan t  concepts  r e l a t i n g  t o  blackbody r a d i a t i o n  are presented .  The 
b a s i c  Planck law of blackbody r a d i a t i o n  is g iven  i n  terms of most of the  impor tan t  s p e c t r a l  v a r i a b l e s .  
I n  an appendix,  t h i s  is extended t o  still  more s p e c t r a l  v a r i a b l e s .  The o t h e r  impor tan t  blackbody r a -  
d i a t i o n  laws -- t h e  Stefan-Boltzmann law and the  Wien Displacement law -- and t h e  impor tan t  approxima- 
t i o n s  t o  t h e  Planck law -- t h e  Wien D i s t r i b u t i o n  l a w  and t h e  Rayleigh-Jeans law -- are p resen ted  and 
d i scussed  i n  some d e t a i l .  Th i s  is followed by an account  of t h e  measurement of tempera ture  and of tem- 
p e r a t u r e  s c a l e s  i n  t h e  S I  System ( S y s t h e  I n t e r n a t i o n a l e )  i nc lud ing  thermodynamic tempera tures  and 
t h e  I n t e r n a t i o n a l  P r a c t i c a l  Temperature S c a l e s  (IPTS).  Addi t iona l  d e t a i l s  about t h e  c u r r e n t  IPTS-68 
and ,  f o r  t h o s e  who need them t o  cope wi th  e a r l i e r  l i t e r a t u r e ,  about i ts  h i s t o r y  and the s c a l e s  t h a t  
preceded i t ,  are p resen ted  i n  an appendix a long  wi th  r e f e r e n c e s  t o  sou rces  f o r  still  more complete in-  
format ion .  

2. INTRODUCTION.  

2.1 BACKGROUND. 
c e n t r a l  t o  the  en t i re  t r ea tmen t  of rad iometry  i n  t h i s  Manual. I t  is t h e  equa t ion  t h a t  relates, i n  terms 
of a l l  of t h e  p e r t i n e n t  parameters ,  t h e  ou tpu t  s i g n a l  from a r a d i o m e t r i c  ins t rument  or dev ice  t o  t h e  
i n c i d e n t  r a d i a t i o n  beam t h a t  produces i t .  There,  i n  Chapter 5 112.11, we l i m i t e d  t h e  t r ea tmen t  t o  the 

r a d i a t i o n  parameters  of j u s t  space  ( p o s i t i o n  and d i r e c t i o n )  and spectrum (wavelength,  f requency ,  wave 
number, e t c . ) .  I n  Chapter 6 112.23, i t  was extended t o  inc lude  t h e  e f f e c t s  of ano the r  r a d i a t i o n  parame- 
t e r ,  p o l a r i z a t i o n .  A chap te r  d e a l i n g  wi th  t h e  e f f e c t s  of t h e  remaining r a d i a t i o n  parameter ,  time, is 

I n  Chapter 5 [12.111 we in t roduced  t h e  concept of t h e  measurement equa t ion  t h a t  is 

--------------- 
' F igu res  i n  b racke t s  i n d i c a t e  l i t e r a t u r e  r e f e r e n c e s  l i s t e d  a t  t h e  end of  t h i s  Technica l  Note. 
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still i n  p repa ra t ion .  Furthermore,  we mentioned, w i th  a few examples, that  t h e  q u a n t i t i e s  i n  t h e  
measurement equa t ion  are a l s o  governed by in s t rumen ta l  and environmental  parameters ,  and t h a t ,  unfor tu-  
n a t e l y ,  there is no exhaus t ive  l i s t  of these, as there is f o r  t h e  r a d i a t i o n  parameters .  

One ub iqu i tous  and most o f t e n  s i g n i f i c a n t  of these environmental  and in s t rumen ta l  parameters  is 
tempera ture .  Both the  r e s p o n s i v i t y  and d e t e c t i v i t y  (no i se - l eve l  l i m i t a t i o n )  of  a lmost  every  r a d i a t i o n  
d e t e c t o r  are f u n c t i o n s ,  and i n  some cases they  are very  s t r o n g  f u n c t i o n s ,  of i t s  tempera ture .  The 

propagances ( t r a n s m i t t a n c e s  and r e f l e c t a n c e s )  of  materials a long  any o p t i c a l  pa th  are sometimes q u i t e  
dependent on the tempera tures  of t h o s e  materials, and t h e  e m i s s i v i t i e s  of s o u r c e s  are a l s o  tempera ture  
dependent.  Perhaps the most impor tan t  c o n s i d e r a t i o n  f o r  r a d i o m e t r i c  measurements, e s p e c i a l l y  i n  the  

middle and longer  i n f r a r e d  wavelength r e g i o n s  of  t h e  spec t rum,  is t h e  fac t  tha t  a l l  matter emits thermal 
radiation as a consequence of  its tempera ture .  Th i s  i nc ludes  a l l  p a r t s  ( o p t i c s ,  hous ing ,  chopper 
blades,  e t c . )  of any measuring ins t rument  o r  d e v i c e ,  and a l l  matter a long  any o p t i c a l  p a t h ,  as well as 
the subs t ances  i n  any r a d i a t i o n  source .  I n  f a c t ,  i n  some r a d i o m e t r i c  measurements, a n e g a t i v e  ou tpu t  
s i g n a l  is produced when the  thermal r a d i a t i o n  emitted by t h e  detector element exceeds t h a t  i n c i d e n t  on 
i t  from the source  be ing  measured ( so -ca l l ed  "co ld - t a rge t  measurements"). I n  less extreme cases, it may 
still  be impor tan t  t o  r ecogn ize  t h a t  a d e t e c t o r  is responding  on ly  t o  t h e  n e t  i n c i d e n t  f l u x  i n  the beam 
through the  ins t rument  th roughput ,  t h e  d i f f e r e n c e  between tha t  from the source  and its su r round ings  and 
t h a t  due t o  its own emiss ion  of thermal r a d i a t i o n  toward the  source .  However, i n  ve ry  many radiometric 
measurements, p a r t i c u l a r l y  i n  t h e  v i s i b l e  and u l t r a v i o l e t  r e g i o n s  of t he  spec t rum,  thermal r a d i a t i o n  
emi t t ed  by the  d e t e c t o r  is i n s i g n i f i c a n t  and may s a f e l y  be d i s r ega rded .  

1 

It is clear from t h i s  d i s c u s s i o n  that  it is p a r t i c u l a r l y  impor tan t  i n  r ad iomet ry ,  e s p e c i a l l y  i n  the 

i n f r a r e d  r e g i o n ,  t o  be aware o f ,  and t o  take i n t o  accoun t ,  the  e f f e c t s  of thermal r a d i a t i o n .  We w i l l  

devote  two c h a p t e r s  t o  t h i s  t o p i c  of  thermal r a d i a t i o n :  ( 1 )  I n  t h i s  f irst  chapter,  w e  cons ide r  on ly  
blackbody radiation, i nc lud ing  the  thermal  r a d i a t i o n  emitted by an ideal  blackbody and a l s o  t h a t  from 
real sources  employed t o  approximate as c l o s e l y  as p o s s i b l e  t o  blackbody r a d i a t i o n  i n  a c t u a l  measure- 
ments. We examine, p a r t i c u l a r l y ,  how t h a t  blackbody r a d i a t i o n  and its s p e c t r a l  d i s t r i b u t i o n  are related 
t o  t h e  tempera ture  of t h e  blackbody source  and w e  look  a l s o  a t  the way i n  which t h i s  is related t o  t h e  
e s t ab l i shmen t  of tempera ture  scales. T h i s ,  i n  t u r n ,  leads t o  a d i s c u s s i o n  of t h e  c l o s e l y  re la ted con- 
s i d e r a t i o n s  of o p t i c a l  pyrometry, where s o u r c e  tempera ture  is measured by e v a l u a t i n g  emitted thermal 
r a d i a t i o n ,  w i t h  the  emphasis i n  t h i s  chap te r  con t inu ing  t o  be on blackbody r a d i a t i o n .  
c h a p t e r ,  on thermal  r a d i a t i o n  p r o p e r t i e s  of matter, t h i s  t r ea tmen t  is extended  t o  a l l  measurements of 
thermal r a d i a t i o n  i n  rad iometry  and o p t i c a l  pyrometry by examining the  ways i n  which thermal r a d i a t i o n  
is a f f e c t e d  by t h e  l i m i t a t i o n s  and p r o p e r t i e s ,  such  as e m i s s i v i t y ,  of real s o u r c e s .  

( 2 )  I n  the  second 

Note t h a t  t he  measurement-equation approach r e q u i r e s  con t inu ing  emphasis on t h e  b a s i c  d i s t r i b u t i o n  
f u n c t i o n ,  t h e  s p e c t r a l  r a d i a n c e  a long  each  r a y ,  as a f u n c t i o n  of a l l  of t h e  r a d i a t i o n  parameters.  As 

noted  below, ideal blackbody r a d i a t i o n  is p e r f e c t l y  d i f f u s e  and uniform s p a t i a l l y ,  so  t h a t  
making it  e q u a l l y  we l l  c h a r a c t e r i z e d  by s p e c t r a l  e x i t a n c e  M A  o r  s p e c t r a l  r ad iance  LA. However, i t  
is seldom t h a t  e x i t a n c e  is a c t u a l l y  measured by c o l l e c t i n g  and measuring t h e  f l u x  emi t t ed  i n t o  a f u l l  
hemisphere. I n s t e a d ,  i t  is u s u a l l y  i n f e r r e d  from a measurement of t he  average  r a d i a n c e  over  a much 

Mbb = m*Lbb. 

- -_____________ 
' S t r i c t l y ,  l'thermal r a d i a t i o n "  is the p rocess  by which matter emits e l ec t romagne t i c  r a d i a t i o n  s o l e l y  as a 
r e s u l t  of t h e  thermal  motions of t h e  charged p a r t i c l e s  of which it  is composed. The term is a l s o  loose-  
l y  used ,  as above, t o  d e s i g n a t e  t h e  r e s u l t i n g  r a d i a n t  f l u x .  
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smaller s o l i d  ang le .  Also, j u s t  as soon as c o n s i d e r a t i o n  is given t o  real s o u r c e s ,  even those  des igned  
t o  s i m u l a t e  b lackbodies  as c l o s e l y  as p o s s i b l e ,  w e  u s u a l l y  f i n d  t h a t  there is s u b s t a n t i a l  v a r i a t i o n  of 
r ad iance  wi th  d i r e c t i o n ,  the  approximation be ing  adequate  on ly  over  a more o r  less l i m i t e d  s o l i d  ang le .  

Accordingly,  we con t inue  t o  emphasize s p e c t r a l  r a d i a n c e ,  r a t h e r  t han  exitance, as t h e  b a s i c  q u a n t i t y  for  
c h a r a c t e r i z i n g  a r a d i a t i o n  source ,  i nc lud ing  a source  o f  blackbody r a d i a t i o n .  

F i n a l l y ,  j u s t  as i n  Chapter 6 c12.21 we made no effort t o  d e s c r i b e  a l l  of t h e  many i n t e r e s t i n g  po- 
l a r i z a t i o n  phenomena t h a t  are a l r e a d y  very  adequate ly  t r e a t e d  i n  s t a n d a r d  t ex tbooks ,  we w i l l  no t  a t t empt  
t o  inc lude  a l l  of t h e  impor tan t  and f a s c i n a t i n g  h i s t o r i c a l  development of t h e  theo ry  of blackbody r a d i a -  
t i o n  t h a t  is a l r e a d y  well covered i n  many s t a n d a r d  t ex t s  on o p t i c s ,  o p t i c a l  phys i c s ,  and t h e o r e t i c a l  
phys ics .  Here we s t a r t  wi th  t h e  Planck law as t h e  b a s i c  mathematical  model of blackbody r a d i a t i o n ,  and 
some of t h e  o t h e r  ttlawstl w i l l  be p re sen ted  as u s e f u l  approximations, '  even though h i s t o r i c a l l y  t h e y  came 
first.  On t h e  o t h e r  hand, w e  w i l l  l i m i t  t h i s  d i s c u s s i o n  t o  what we f e e l  are t h e  most e s s e n t i a l  b a s i c  
concepts  for rad iometry .  Addi t iona l  d e t a i l s  w i l l  be found i n  such  books as Bramson C12.31 and i n  the 

I n f r a r e d  Handbook C12.41. Our o b j e c t i v e  is t o  provide ,  h e r e ,  j u s t  enough t o  g i v e  t h e  r e a d e r  t h e  con- 
c e p t s  needed t o  set up the  measurement equa t ion  and t o  apply  it t o  t h e  des ign  and execu t ion  of a meas- 
urement t o  a d e s i r e d  degree  of accuracy .  

2.2 DEFINITION of  ttBLACKBODYft. When used here as a noun: a blackbody is a surface ( m a t e r i a l  o r  
geomet r i ca l )  t h a t  abso rbs  a l l  r a d i a n t  f l u x  of a l l  wavelengths and p o l a r i z a t i o n s  i n c i d e n t  upon it from 
a l l  p o s s i b l e  d i r e c t i o n s  (absorp tance  a equa l  t o  one ,  and r e f l e c t a n c e  p and t r a n s m i t t a n c e  T both  
equa l  t o  ze ro ,  r e g a r d l e s s  of t h e  geometry, spec t rum,  o r  p o l a r i z a t i o n  of t h e  i n c i d e n t  r a y s ) .  

Th i s  d e f i n i t i o n  is i n  terms of a s u r f a c e  because it is almost always more convenient  i n  r a d i o m e t r i c  
ana lyses  and c a l c u l a t i o n s  to  cons ide r  t h a t  a b s o r p t i o n  takes p l a c e  a t  a geomet r i ca l  s u r f a c e .  For 
example, even though the phys ica l  abso rp t ion  a c t u a l l y  takes p l ace  i n  t h e  matter beyond or behind t h e  
geomet r i ca l  s u r f a c e ,  we a s s i g n  it t o  t h e  s u r f a c e  a c r o s s  the a p e r t u r e  of a c a v i t y  blackbody s i m u l a t o r ,  o r  
t o  a smooth surface, t ha t  is e a s i l y  de f ined  geomet r i ca l ly ,  j u s t  above a rough material s u r f a c e  t h a t  is 
no t  e a s i l y  s p e c i f i e d .  Th i s  is c o n s i s t e n t  w i th  our p r a c t i c e  of r e f e r r i n g  ray- rad iance  d i s t r i b u t i o n s  t o  
any convenient  s u r f a c e  t h a t  i n t e r s e c t s  a beam, as f i r s t  p re sen ted  i n  Chapter 2,  e s p e c i a l l y  on pp. 40-42 

C12.51. 

A s  an a d j e c t i v e :  blackbody r e f e r s  t o  r a d i a n t  f l u x ,  o r  t o  r e l a t e d  r a d i o m e t r i c  q u a n t i t i e s  or proper- 
t ies,  having  c h a r a c t e r i s t i c s  l i k e  t h o s e  of a blackbody. 

3 .  BLACKBODY RADIATION.  I n  o r d e r  t o  c h a r a c t e r i z e  blackbody r a d i a t i o n ,  i t  is u s e f u l  t o  jump ahead and 
cons ide r  b r i e f l y  some t o p i c s  t h a t  s t r i c t l y  belong i n  t h e  fo l lowing  chap te r  on t h e  thermal  r a d i a t i o n  
p r o p e r t i e s  of matter. A s  sugges ted  above, an approximation t o  a t r u e  blackbody is the s u r f a c e  across 
t h e  a p e r t u r e  of a c a v i t y  wi th  comple te ly  opaque walls. 
absorp tance  is inc reased ,  ( 2 )  as t h e  a p e r t u r e  is made smaller wi th  r e s p e c t  to  t h e  dimensions of t h e  

The approximation improves ( 1 )  as t h e  w a l l  

'With the  gene ra l  a v a i l a b i l i t y  and u t i l i z a t i o n  of  computers, it is now p r a c t i c a l l y  as s imple  and easy  t o  
make t h e  f u l l y  a c c u r a t e  c a l c u l a t i o n s ,  u s ing  t h e  complete Planck equat ion .  However, t h e  approximations 
recognized  and inc luded  he re  are still  widely p re sen t  i n  t h e  l i t e r a t u r e  and can o c c a s i o n a l l y  be u s e f u l  
t o  f a c i l i t a t e  checking t h e  r easonab leness  of computer r e s u l t s  or when s imple r  a n a l y t i c  expres s ions  can 
s e r v e  a u s e f u l  purpose.  
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c a v i t y ,  and ,  t o  t h e  e x t e n t  t h a t  t h e  wall s u r f a c e s  can be made s p e c u l a r l y  r e f l e c t i n g ' ,  ( 3 )  as the c a v i t y  
is conf igured  t o  i n c r e a s e  t h e  number of i n t e r n a l  s p e c u l a r  r e f l e c t i o n s  of an  i n c i d e n t  r a y  before it  
re-emerges from the a p e r t u r e .  These three c o n d i t i o n s  a l l  t end  t o  increase t h e  a t t e n u a t i o n ,  by absorp- 
t i o n ,  of r a d i a n t  energy from an  i n c i d e n t  r a y  e n t e r i n g  through the  a p e r t u r e .  By t a k i n g  advantage  of a l l  
three i n  combination, which may r e q u i r e  some s o p h i s t i c a t e d  a n a l y s i s  and good judgment,  approximations t o  
one p a r t  i n  a thousand, o r  even i n  t e n  thousand o r  one hundred thousand, can be achieved  for t h e  r a y s  
w i t h i n  a beam of l i m i t e d  throughput .  

Ana lys i s ,  based on t h e  second l a w  of thermodynamics, o f  c o n d i t i o n s  wi th in  an i so the rma l  c a v i t y  en- 
t i r e l y  enc losed  w i t h i n  walls t h a t  are comple te ly  opaque shows t h a t  t h e  r a d i a n c e  of eve ry  r a y  of thermal 

r a d i a t i o n  w i t h i n  t h a t  i so the rma l  c a v i t y  is  the  same C12.31. 
on ly  on t h e  tempera ture  and is comple te ly  independent of  t h e  material o r  c o n f i g u r a t i o n  of  the opaque 
walls. I f  we make a small opening i n  the wal l ,  approximat ing ,  as c l o s e l y  as des i red ,  a blackbody a t  t h e  
a p e r t u r e ,  as d i scussed  i n  t h e  preceding  paragraph ,  t h e n  t h e  small amount of emerging r a d i a t i o n  w i l l  up- 
s e t  the  thermal equ i l ib r ium w i t h i n  t h e  c a v i t y  t o  a cor respondingly  n e g l i g i b l e  degree. The r ad iance  o f  
t h e  emerging r a y s  from t h e  i n t e r i o r  of the c a v i t y  w i l l ,  s i m i l a r l y ,  approximate t h a t  of a blackbody a t  
t h e  tempera ture  of the c a v i t y .  Furthermore,  by Ki rchhof f ' s  law, 

Also, t h e  va lue  of  t h a t  r a d i a n c e  depends 

d A , e , $ )  = E ( A , e , $ ) ,  (12.1) 

where a ( A ,  €I,$) is the s p e c t r a l  d i r e c t i o n a l  absorp tance  f o r  r ad iance2  of wavelength A i n c i d e n t  from 
d i r e c t i o n  8.4 and ~ ( A , 0 , 4 )  is t h e  s p e c t r a l  d i r e c t i o n a l  e m i s s i v i t y 3  a t  wavelength A i n  d i r e c t i o n  
e,$. (Note t ha t  t h i s  is outward a long  t h e  r a y  i n  d i r e c t i o n  e,$, i n  t h e  o p p o s i t e  s e n s e  from t h a t  of 
t h e  i n c i d e n t  f l u x  t h a t  is absorbed . )  T h i s  law is v a l i d  f o r  any body o r  s u r f a c e ,  and for r a d i a n c e  po- 
l a r i z e d  a r b i t r a r i l y .  S ince  t h e  absorp tance  o f  a blackbody is equal  t o  one f o r  r a d i a n c e ,  o f  any wave- 
l e n g t h  and any p o l a r i z a t i o n ,  i n c i d e n t  from any d i r e c t i o n ,  i ts  s p e c t r a l  d i r e c t i o n a l  e m i s s i v i t y  is a l s o  
equal  t o  one a t  a l l  wavelengths and i n  a l l  p o s s i b l e  d i r e c t i o n s ,  and t h e  emitted r a d i a n c e  is unpolar- 
i z e d .  Thus t h e  emitted thermal  s p e c t r a l  r a d i a n c e  from such  a t o t a l l y  absorb ing  body is greater than  
t h a t  from any o t h e r  body f o r  which p # 0 or T # 0 and ,  hence,  is t h e  maximum p o s s i b l e  s p e c t r a l  
r a d i a n c e  from any body a t  a given temperature and wavelength. (Note t h a t  we are cons ide r ing  on ly  

'For an opaque wall T = 0 and a + p = 1 ,  and f o r  real  material of h igh  abso rp tance  a - 1 and the 
r e f l e c t a n c e  p = 0 is very  small. Neve r the l e s s ,  i f  t h e  s u r f a c e  is d i f f u s e l y  r e f l e c t i n g ,  the direc- 
t i o n a l  d i s t r i b u t i o n  of t h a t  small amount of r e f l e c t e d  r a d i a n c e  w i l l  i n c l u d e  some r e t r o r e f l e c t i o n ,  back 
i n t o  t h e  d i r e c t i o n  of  i nc idence  ( r i g h t  back o u t  of the e n t r a n c e  a p e r t u r e ) .  However, i f  the s u r f a c e  is 
s p e c u l a r l y  r e f l e c t i n g  (mirror-like), and i f  wall absorp tance  is high  enough and t h e  number of subsequent 
i n t e r n a l  r e f l e c t i o n s  wi th in  the c a v i t y  can be made l a r g e  enough, even t h a t  small amount of r e t r o r e f l e c -  
t i o n  can be s u b s t a n t i a l l y  reduced. Because a lmost  a l l  materials l o s e  s p e c u l a r i t y  upon h e a t i n g ,  due t o  
o x i d a t i o n ,  r e c r y s t a l l i z a t i o n ,  e t c . ,  most s p e c u l a r  c a v i t i e s  are used as t r a p s  o r  abso rbe r s .  They are 
seldom used a s  blackbody sources  except  a t  low tempera tu res .  

2 S t r i c t l y ,  on ly  f l u x  (power o r  energy)  is absorbed ,  n o t  r ad iance .  
element l o s t  by a b s o r p t i o n  is equa l  t o  t h e  cor responding  f r a c t i o n  by which its r a d i a n c e  is reduced ,  we 
speak l o o s e l y  of  the rrabsorbed" r a d ' a n c e  (see the  d e r i v a t i o n  of d i r e c t i o n a l  propagance 
(2 .37)  on p. 38 i n  Chapter 2 [12.5]). 

3The d i r e c t i o n a l  e m i s s i v i t y  of a s u r f a c e  e lement ,  i n  a given d i r e c t i o n  from a p o i n t ,  is de f ined  as t h e  
r a t i o  of t h e  thermal  r a d i a n c e  emitted i n  the  g iven  d i r e c t i o n  from t h a t  po in t  t o  t h e  r a d i a n c e  of a 
blackbody a t  t h e  same tempera ture  (as t h a t  producing t h e  thermal  emiss ion) :  
2 L(B,$,T)/L ( T I .  S i m i l a r l y ,  t h e  s p e c t r a l  e m i s s i v i t y  is de f ined  as: E(e,$,A,T) 
E L A ( 6 , $ , A , T  Yb / L A l b b ( X , T ) .  
and s p e c t r a l  r a d i a n c e  s i n c e  they  are f u n c t i o n s  of tempera ture  (and wavelength) on ly .  

However, s i n c e  t h e  f r a c t i o n  o f  a f l u x  

?*(e,$) i n  eq. 

E ( e , $ , T )  

Note t h a t  i t  is unnecessary t o  s p e c i f y  d i r e c t i o n  f o r  blackbody r a d i a n c e  
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thermal r a d i a t i o n ,  r e s u l t i n g  from source  tempera ture ;  luminescence r e s u l t i n g  from o t h e r  sou rces  of 
energy may, of cour se ,  produce “co ld  l i g h t ”  g r e a t l y  i n  excess  of the  blackbody spectral  r a d i a n c e . )  

Conceivably,  when p o i n t s  on t h e  a c t u a l  s u r f a c e  of  a b lack  (comple te ly  abso rb ing )  body are a t  d i f -  
f e r e n t  t empera tu res ,  t h e r e  must be i s o t r o p i c  r a d i a n c e  of d i f f e r e n t  va lues  emitted from d i f f e r e n t  p o i n t s .  

Then t h e  d i r e c t i o n a l  d i s t r i b u t i o n  of r ad iance  from any f i e l d  po in t  away from t h e  s u r f a c e  would no longer  
be i s o t r o p i c .  And, u n f o r t u n a t e l y ,  t h e  achievement of uniform tempera ture  is  one of t h e  most d i f f i c u l t  
p r a c t i c a l  problems and hence l i k e l y  t o  be t h e  most s e r i o u s l y  l i m i t i n g  f a c t o r  i n  t h e  des ign  and f a b r i c a -  
t i o n  of blackbody s i m u l a t o r s .  Accordingly,  the  use fu lness  of many l a b o r a t o r y  blackbody s i m u l a t o r s  ex- 
t ends  on ly  t o  narrow beams of l imi t ed  throughput  where the r a y s  emerging through t h e  a p e r t u r e  i n  a cavi -  
t y  a l l  come from a l i m i t e d  area on the  back wa l l  of t h a t  c a v i t y  t o  minimize t h e  e f f e c t s  of tempera ture  
g r a d i e n t s  i n  t h a t  wall. Unfo r tuna te ly ,  many u s e r s  are no t  adequate ly  aware o f  the e x t e n t  of t h i s  prob- 
lem. 

The most impor tan t  p rope r ty  of  blackbody r a d i a t i o n  f o r  our purposes is t h a t ,  ( 1 )  as we w i l l  see 
below i n  rev iewing  t h e  Planck law, it has  a known s p e c t r a l  r ad iance  as a f u n c t i o n  of tempera ture  and of 
t h e  s p e c t r a l  parameter (wavelength,  e t c . ) .  I n  a d d i t i o n ,  it is c h a r a c t e r i z e d  ( 2 )  by i so rad iance  
(Lambertian) d i s t r i b u t i o n  throughout  t h e  emitted beam ( t o  t h e  e x t e n t  t h a t  t h e  sou rce  of t h e  r a y s  is 
i s o t h e r m a l )  and ( 3 )  by an absence of p o l a r i z a t i o n .  

Blackbody r a d i a t i o n  is an impor tan t  primary s t anda rd  of t o t a l  and s p e c t r a l  r ad iance  f o r  rad iometry  
and photometry. A l l  NBS lamp s t a n d a r d s  of r a d i a n c e ,  luminance, i r r a d i a n c e ,  and i l luminance  ( i l l umina -  
t i o n ) ,  and of the cor responding  s p e c t r a l  q u a n t i t i e s ,  are based on blackbody r a d i a n c e  and s p e c t r a l  r a d i -  

ance a t  a known tempera ture .  Blackbody r a d i a t i o n  is t h u s  de f ined  as a primary s t a n d a r d  f o r  these quan- 

t i t i e s .  

3.1 BLACKBODY R A D I A T I O N  LAWS 

3.1.1 The BASIC PLANCK LAW i n  TERMS of  FREQUENCY w. The phys ica l  l a w  r e l a t i n g  the  s p e c t r a l  d i s t r i b u -  
t i o n  of  the r a d i a n t  f l u x  emitted by a blackbody r a d i a t o r  t o  i ts  tempera ture  is the  P l a n c k  r a d i a t i o n  
law. The b a s i c  equa t ion  is 

(12.2) 

where Le ,w,bb(w,T)  [ W * m - 2 - s r - 1  *Hz-l] is the blackbody s p e c t r a l  r ad iance  a t  f requency  v [Hz] and a t  
sou rce  tempera ture  T [K] ,  a long  a r a y ,  propagated wi thout  a t t e n u a t i o n  ( a b s o r p t i o n  or s c a t t e r i n g  ou t  of 
the beam) i n  a given d i r e c t i o n ,  a t  a po in t  i n  a non-a t tenuat ing  medium of r e f r a c t i v e  index  
basic c o n s t a n t s  used i n  eq .  (12.2) and their  va lues  are: 

n.’ The 

co = v e l o c i t y  of e l ec t romagne t i c  r a d i a t i o n  i n  a vacuum 

h = Planck’s cons t an t  of a c t i o n  = 6 . 6 2 6 1 7 6 ( 3 6 ) - 1 0 - ~ ~  [J-s], 
kg  = the  Boltzmann cons t an t  = 1.380662(44)*10-23 [J-K-l] .  

= 2.99792458(1.2)*108 [ m - s - ’ ] ,  

The o t h e r  symbols i n  eq .  (12.2) are i d e n t i f i e d  as 

w = ( s p e c t r a l )  f requency  of  the o p t i c a l  r a d i a t i o n  [Hz] or [s-’1, 

‘If there is a t t e n u a t i o n ,  t h e  observed s p e c t r a l  r ad iance  w i l l ,  o f  cour se ,  be t h i s  Planck-law value mul t i -  
l i e d  by T*, the propagance ove r  the pa th  from the source  t o  the p o i n t  of o b s e r v a t i o n  i n  t h e  medium of P ndex n.  
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T = a b s o l u t e  o r  thermodynamic tempera ture  [K]. 

The va lues  given above f o r  the  b a s i c  c o n s t a n t s  are the  c u r r e n t l y  accepted  best va lues  publ i shed  i n  
NBS S p e c i a l  Pub l i ca t ion  398, "Fundamental Phys ica l  Cons tan ts t t  (August 1974) C12.61. I n  each case t h e  

number i n  pa ren theses  fo l lowing  a va lue  is t h e  one-s tandard-devia t ion  u n c e r t a i n t y  i n  t h e  l a s t  d i g i t ( s )  
of t h e  va lue  given. For example, 

2.99792458(1.2)9108 2 (299 792 458 f 1.2) [ m - s - ' 1 .  

3.1.2 The PLANCK LAW i n  RADIOMETRY i n  TERMS of WAVELENGTH A .  While eq. (12.2) is the  b a s i c  equa t ion ,  
because f requency  is i n v a r i a n t  w i th  index  of r e f r a c t i o n ,  t h e  fo l lowing  form of t h e  Planck e q u a t i o n ,  i n  
terms of wavelength,  is more wide ly  used  i n  rad iometry :  

where L e , i o , b b  ( A  o , T )  [W-m-2*sr -1  O m - ' ]  A. 
[m] and tempera ture  T [ K l ,  a long  a r a y ,  propagated wi thout  a t t e n u a t i o n  ( abso rp t ion  o r  s c a t t e r i n g  
o u t  of the beam) i n  a given d i r e c t i o n ,  a t  a p o i n t  i n  a non-a t tenuat ing  medium of r e f r a c t i v e  index  n.  
I n  t h e  nex t  s e c t i o n  we w i l l  deal w i t h  the  awkwardness t h a t  arises from the  fact  t h a t ,  here, we are 
g i v i n g  areas i n  [ m 2 ]  and wavelengths i n  [ m ]  bu t  t h e i r  product is not  a volume [m3]. 

is the blackbody s p e c t r a l  r ad iance  a t  vacuum wavelength 

I n  terms of f t l o c a l t t  wavelength A 2 Ao/n [m],  i n  a medium of r e f r a c t i v e  index  n ,  t h i s  Planck 
equa t ion  becomes 

Le,  1 ,bb(  A, T) = 2.h.n-2*cg*A-5 {exp [ hoco/ (n*A*kg*T) ] - 1 1-l [Wom-2*Sr-1  ] * ( 1  2.4a) 

3.1.3 SPECTRAL PARAMETERS and UNIT-DIMENSION CONSISTENCY. I t  is s t r o n g l y  recommended t h a t  the  s imple  
SI base u n i t s  C12.71 be used throughout  any complex equa t ion  or computation, i n t r o d u c i n g  t h e  more 
convenient  m u l t i p l e s  on ly  i n  t h e  f i n a l  r e s u l t ,  as the  best way t o  avoid  time-consuming e r r o r s .  For 
example, f i n a l  r e s u l t s  might show wavelengths i n  nanometers [nm] and f r e q u e n c i e s  i n  t e r a h e r t z  [THz] 
whi le  r e t a i n i n g  squa re  meters f o r  areas. There is one excep t ion ,  however, t o  t h e  fo rego ing  t h a t  

we urge from t h e  d imens iona l -ana lys i s  s t a n d p o i n t  t ha t  l e d  t o  our adop t ion  of the unit-dimensions and 
unit-dimension-consistency checks i n  Chapter 1 C12.81. When l e n g t h ,  as wavelength,  appea r s  as a 
s p e c t r a l  parameter ,  we p r e f e r ,  most of the time, t o  use a sub-mul t ip le  t ha t  is c l e a r l y  a p p r o p r i a t e  as a 
wavelength u n i t  f o r  t h a t  s p e c t r a l  unit-dimension, such  as,  micrometer 
r eg ion  of t h e  spec t rum)  o r  nanometer 
cons i s t ency  checks, from the unit-dimensions of areas given i n  squa re  meters 
meters [cm2]. 
of s p e c t r a l  i r r a d i a n c e  E o r  s p e c t r a l  r a d i a n t  e x i t a n c e  M i n  watts per  s q u a r e  meter (area) and meter 
(wavelength) 
watts per cub ic  meter [ W W I - ~ ] .  

[W-m-2*nm-1 ] o r  [W-cm-2*pm-1]. Note, however, t h a t  t h e  appearance of  m u l t i p l e s  o r  submul t ip l e s  of 
t h e  s p e c t r a l  parameters of wavelength and f requency  i n  t h e  same expres s ion  r e q u i r e s  t h a t  t h e  v e l o c i t y  
c ,  t h a t  relates them, must be given i n  c o n s i s t e n t  u n i t s .  For example, when wavelength is i n  nanometers 
[nm] and f requency  i n  t e r a h e r t z  [THz], c should  be i n  kilometers per second [ k m - s - l ] ;  t h u s ,  A - v  
= c breaks down as 

[m2] 

[pm] (more o f t e n  i n  the  i n f r a r e d  

[m]. This  h e l p s  t o  keep it  d i s t i n c t ,  for unit-dimension- 
[m2]  o r  s q u a r e  c e n t i -  

Most impor t an t ,  however, it avo ids  t he  mis leading  d e s i g n a t i o n  of t h e  unit-dimensions 

[W*m-2-m-1]  which looks  l i k e ,  bu t  d e f i n i t e l y  is n o t ,  a power d e n s i t y  (volume d e n s i t y )  i n  
I n s t e a d ,  show t h e  unit-dimensions of these q u a n t i t i e s  as ,  f o r  example, 

A[nm]*v[THz] = A [  10-9*m]*v[ 1012*s-1 ] - c[103*m*s-l]  = c[km*s-l] .  (12.5) 
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Note t h e  emphasis above on the  use  of wavelength as a s p e c t r a l  parameter .  S p e c t r a l  parameters  are 
q u a n t i t i e s  t h a t  govern t h e  s p e c t r a l  d i s t r i b u t i o n  o f  a r a d i o m e t r i c  q u a n t i t y  and,  as such ,  the i r  u n i t -  

dimensions must be kept d i s t i n c t  from, and do no t  cance l  or combine w i t h ,  t h e  unit-dimensions of t h e  
r a d i o m e t r i c  q u a n t i t y  t h a t  t h e y  govern.  The same q u a n t i t i e s ,  however, may appear i n  t h e  same expres- 
s i o n s  i n  o t h e r  ways where t h e y  do cance l  and combine w i t h  t h e  o t h e r  unit-dimensions,  as when wavelengths 
govern phys ica l  i n t e r a c t i o n s  i n  i n t e r f e r e n c e  phenomena. It  can become a b i t  d i f f i c u l t  t o  s o r t  a l l  of 
t h i s  o u t ,  a s  i l l u s t r a t e d  i n  t h e  nex t  paragraph.  

Use o f  [nm] f o r  wavelengths complicates  t h e  unit-dimension c o n s i s t e n c y  o f  t h e  Planck e q u a t i o n  i n  
t h e  form of eq.  (12.3a) or  (12.4a) .  F i r s t  rewrite eq.  (12.3a)  w i t h  t h e  uni t -dimensions of e v e r y  f a c t o r  
i n  t h e  a p p r o p r i a t e  SI  base u n i t s ,  as recommended above. For convenience,  a l l  dimensionless  numerical  
f a c t o r s  are lumped i n t o  a s i n g l e  dimensionless  number N .  

L [W-m-**sr-l = N*(h [ J * s ] ) * ( c o  [ ~ * S - ’ ] ) ~ - ( A ,  [ ~ n ] ) - ~  

= N.h.cg.Ai5 [J.s-l .m-2.sr-1 .m-l]. 

We may i n s e r t  [Sr-l]  { =  [ m - l - m ] }  because t h i s  is j u s t  a cons i s t ency  check,  n o t  a d e r i v a t i o n .  Then, 
s i n c e  t h e  uni t -dimensions are t h e  same on both s i d e s  of t h e  equa t ion .  A new va lue  of 
L ,  i n  terms of wavelength i n  [nm], is t h e n  found a s  

[ W ]  E [ J - s - l ] ,  

L [ W * m - 2 - s r - 1  -nm-l] = N*h.c;-Ai5 [W*m-2-sr -1  *(109*nm)-1] 

= 1 0-9 .N.h .e2. 1-5 [W.m-2.sy-1 .nm-l ] 
0 0  

But A. i n  t h e  f a c t o r  Ai5 of t h i s  expres s ion  is still  given i n  [m], a l though  i t ,  t o o ,  is more 
l i k e l y  t o  have been given i n i t i a l l y  i n  
10-9*A0 f o r  A. throughout ,  s i n c e  

[nm]. To t a k e  t h i s  i n t o  accoun t ,  we shou ld  s u b s t i t u t e  

A, [nm] = A, [10-9-m] = 1 0 - 9 . ~ ~  Em]. 
Then t h e  las t  l i n e  becomes 

L [W.m-2.sr-’.nm-1] = 10-9.N.h.c,2.(10-9.Ao)-5 [W.m-2.sr-1 .nm-l] 

1036.N.h.c2.A,5 [W.m-2.sr-1 enm-’], 
o r ,  more f u l l y ,  

L,, bb ( A, , T I  = 2-1 036*h-n2*cg-A;5- {exp[ 1 O9-h*c0/ ( Ao*kg.T) ] - 1 1-1 [ ~ * m - 2 - s r - ~  Snm-1 I ,  ( 

f o r  h [J-s], co [ m a s - ’ ] ,  and A, [nm]. S i m i l a r l y ,  we can o b t a i n  the corresponding expres s ion  
eq.  (12 .4a ) :  

Le,A,bb ( A , T )  = 2 . 1 0 3 6 * h * n - 2 * C ~ ~ A - 5 ~ e ~ p [ l o g * h ~ C o / ( n * ~ o k B ~ T ) ]  - [W-m-2-St--1 mn-’]. ( 

2.3b) 

f o r  

2.4b) 

3.1.4 PLANCK EQUATIONS f o r  DIFFERENT SPECTRAL VARIABLES. I n  a d d i t i o n  t o  t h e  problems wi th  u n i t -  
dimensions,  d i f f i c u l t i e s  a r i s e  from t h e  f a c t  t h a t  t h e  Planck e q u a t i o n  is an e x p r e s s i o n  for  t h e  s p e c t r a l  
d e r i v a t i v e  of a r a d i o m e t r i c  q u a n t i t y  ( r a d i a n c e  L or e x i t a n c e  M). A t  t h i s  p o i n t ,  some r e a d e r s  may 
have t r i e d  unsuccess fu l ly  t o  check t h e  cons i s t ency  of eqs .  ( 1 2 . 2 ) ,  (12.31, and (12.4) [ r e f e r e n c e  t o  eq.  
(12.3)  means e i t h e r  (12.3a)  or (12.3b) .  e tc . ]  by merely s u b s t i t u t i n g  

v = co/Ao = co/(n-A).  (12.6)  

T h i s ,  a l o n e ,  won’t work because,  i n  g e n e r a l ,  

L” f L f LA’ 
Le,v,bb ’ e,Ao,bb ’ Le,A,bb Or A0 
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I n s t e a d ,  we must recognize  t h a t  we need t o  equa te  d i f f e r e n t i a l s  r a t h e r  than  d e r i v a t i v e s ,  t hus :  

*dAo = LA-dh = Loado, (12.8) 
LAO 

dL = Lv*dv = 

where, f o r  comple teness ,  w e  have added an expres s ion  i n  terms of one  more commonly used s p e c t r a l  pa- 
rameter, wave number (J 5 l/Ao [cm-l], where A, is given i n  [cm] {and co i n  [cm*s-']}. Accord- 
i n g l y ,  we a l s o  need t h e  cor responding  r e l a t i o n s  between t h e  spec t r a l -pa rame te r  d i f f e r e n t i a l s  

dv = -co-A,2*dAo = -c0 *n-1*A-2-dA = coodo [Hz] or [ s - l ] .  (12.9) 

Furthermore,  s i n c e  we a r e  p r i m a r i l y  i n t e r e s t e d  i n  magnitudes,  and no t  i n  whether one q u a n t i t y  increases 
when another  dec reases ,  we w i l l  i gnore  t h e  minus s i g n s  i n  eq .  (12.9) h e r e a f t e r .  I n c i d e n t a l l y ,  a l though 
t h e  u s e f u l  forms of t h e s e  r e l a t i o n s  are t h o s e  of eq. (12 .9 ) .  i t  may be easier t o  remember them i n  t h e  
fo l lowing  symmetrical  form ( i g n o r i n g  t h e  minus s i g n s ) :  

dv/v = dAo/Ao = dA/A = dolo .  (12.10) 

From eqs .  ( 1  2 . 6 ) ,  ( 1  2.8).  and ( 1  2 .9 ) ,  i t  is r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  demonst ra te  t h e  cons i s t ency  
of eqs .  (12 .2 ) ,  ( 1 2 . 3 ) ,  and (12 .4) ,  and t o  d e r i v e  a cor responding  expres s ion  f o r  

t o p i c ,  i nc lud ing  some a d d i t i o n a l  s p e c t r a l  v a r i a b l e s ,  is t r e a t e d  i n  more d e t a i l  i n  Appendix 12-A. 
Le ,o ,bb(u ,T) .  This  

3.1.5 COMMON VARIATIONS of PLANCK'S EQUATION.  Eqs. (12.3) and (12.4) can be s i m p l i f i e d  by in t rodu-  
c i n g  t h e  first r a d i a t i o n  Constant C1 ( f o r  e x i t a n c e ) ,  or clL ( f o r  r a d i a n c e ) ,  and t h e  second r a d i a -  
t i o n  c o n s t a n t  c2: 

c1 = 2.n.h-cg = 3.741832(20)*10-'6 [W.m2] 

f o r  a l l  l e n g t h s ,  i nc lud ing  wavelengths ,  i n  [ m ] ,  or  

= 2 . 1 0 3 6 * ~ - h . c ~  = 3.741832(20) -lo2' [W*m2]  

f o r  areas i n  [ m 2 ]  and wavelengths i n  [nm] ;  

(12.11) 

c l L  - - 2.h-c: = 1.1910621(64)*10-16 [ W - m 2 * s r - 1  1 
f o r  a l l  l e n g t h s ,  i nc lud ing  wavelengths ,  i n  [ m ] ,  o r  

f o r  areas i n  [ m 2 ]  and wavelengths i n  [nm] ;  
= 2.1036*h.c2 0 = 1.1910621(64)~1020 [ W * m 2 * s r - 1 ]  

c 2  = h*co*kgl  = 1.438786(45)*10-2 [ m * K ]  

for  wavelengths i n  [ m ] ,  or  

= 1 0 9 * h . ~ 0 * k ~ 1  = 1.438786(45)*107 [ n m - K ]  

f o r  wavelengths i n  [nm]. 

The r e s u l t i n g  s i m p l i f i c a t i o n s  of eqs .  (12.3b) and (12 .4b) ,  r e s p e c t i v e l y ,  are t h e n  

Le,Ao,bb ( A  o , T )  = ~ ~ ~ * n ~ - h - ~ { e x p [ c ~ / ( X ~ * T ) ]  - 1}-l  [W*m-2*sr-1*nm-1] and 

(12.12) 

(12.13) 

( 1 2 . 3 ~ )  

A-5 { exp [ c2/ (n  A - T )  ] - 1 }-' [ W *sr- *nm-' 1. ( 1 2 . 4 ~ )  Le ,A ,bb(AsT)  = '1L 

However, i n  most tex tbooks  and r e f e r e n c e  books, a t  least  u n t i l  q u i t e  r e c e n t l y ,  t h e  Planck-law equat ion  
is g iven  i n  terms of s p e c t r a l  r a d i a n t  e x i t a n c e  as 

Me,A,bb(A,T)  = Cl.A-5.{exp[c2/(X*T)] - 1}-l  [W*m-2*nm-1'], (12.14) 
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i gnor ing  the d i s t i n c t i o n  between wavelength i n  a i r  X and i n  vacuum A,; i n  o t h e r  words s e t t i n g  
n = 1 i n  eq. ( 1 2 . 4 ~ )  and m u l t i p l y i n g  by IT. s i n c e  a blackbody is l amber t i an  ( i s o t r o p i c a l l y  d i f f u s e )  
and ,  f o r  such  s o u r c e s ,  M A  = **LA (and  c1 = r = c l L ) .  This  neg lec t  of n is t r e a t e d  below. 

3.1.6 REFRACTIVE I N D E X  n i n  t h e  PLANCK EQUATION. If a blackbody is r a d i a t i n g  i n t o  a i r  w i t h  a re- 
f r a c t i v e  index  of  about n = 1.00028, t he  d i f f e r e n c e  between Xo and A is so  small t h a t  i t  can be 

neg lec t ed  for a l l  but ex t remely  high-accuracy measurements. Blevin c12.91 has  shown t h a t ,  i n  r a d i a t i o n  
pyrometry a t  an e f f e c t i v e  wavelength of  665 [nm], f a i l u r e  t o  c o r r e c t  f o r  t h e  e f f e c t  of t h e  r e f r a c t i v e  
index  of a i r  produces temperature-measurement e r r o r s  of o n l y  -0.07 [ K ]  a t  1000 [ K ] ,  z e ro  a t  t h e  gold  
po in t  (1335.58 [ K ] ) ,  and +1.04 [K]  a t  3000 [K].  

A s  we have j u s t  s een  i n  eq.  (12 .14) ,  whenever the  e r r o r s  r e s u l t i n g  from f a i l u r e  t o  take i n t o  account 
t he  r e f r a c t i v e  index  n of a i r  do not  produce unacceptab le  va lues  i n  t h e  f i n a l  reduced data f o r  a meas- 
urement ( i n  a i r ) ,  n can be set a t  u n i t y .  Accordingly,  t h e  symbol n is then  j u s t  omitted from any 
product i n  which it  is a f a c t o r  i n  any equa t ion  concerning b lackbodies  e m i t t i n g  i n t o  a i r .  Then, t o o ,  

Xo = 1,  so the s u b s c r i p t  a l s o  can be dropped from A,. 

3.2 The STEFAN-BOLTZMANN LAW. If the s p e c t r a l  dependence of  the index  of r e f r a c t i o n  can be ignored ,  
s e t t i n g  n(X) = n ,  the Planck Law Equation (12.3b) can be i n t e g r a t e d  over  a l l  wavelengths,  from ze ro  
t o  i n f i n i t y ,  t o  g ive  the  Stefan-Boltzmann equation 

(12.15) 

where Le ,bb (T)  is the s p e c t r a l - t o t a l  r ad iance ,  a t  a po in t  i n  a non-a t tenuat ing  medium of r e f r a c t i v e  
index  n ,  of any r a y  from a blackbody a t  tempera ture  T [K]  and 

uL = 2 * n 4 - k i  / (15 -h3*cg)  = 1.80492(23) [ W - m - 2 - s r - 1  o K - ~ ]  ( 

is the Stefan-Boltzmann cons t an t  f o r  s p e c t r a l - t o t a l  r ad iance .  Although t h i s  is probably adequate  
most a p p l i c a t i o n s ,  t h e  h i g h e s t  accuracy  would r e q u i r e  t h a t  n(Ao) be s u b s t i t u t e d  f o r  n i n  t h e  
grand w i t h  r e s p e c t  t o  wavelength 

L i k e  t h e  Planck e q u a t i o n ,  t h e  Stefan-Boltzmann equa t ion  is more o f t e n  expres sed ,  i n  t ex ts  and 
r e f e r e n c e s ,  i n  terms of e x i t a n c e  M ,  rather than  r ad iance  L. Furthermore,  as d i scussed  i n  t he  

preceding  s e c t i o n ,  t h e  index  of r e f r a c t i o n  is omitted on the assumption t h a t ,  i n  a i r ,  is 

Xo t aken  from the  right s ide  of eq. (12.3b).  

n2  = 1 

s u f f i c i e n t l y  accu ra t e .  Accordingly,  we f i n d  ' 

4 Me,bb(T) = uM*T 

where' 
UM = " B O L  = 5.67032(71) 

is t h e  Stefan-Bol tmann cons t an t  ( f o r  e x i t a n c e )  . 

2.16 

f o r  
n t  e- 

w o m e 2 ] ,  (12.17) 

(12.18) 

--------------- 
'The s t a n d a r d  symbol f o r  t h e  Stefan-Boltzmann cons t an t  is 
u s u a l l y  l i s t e d  as a fundamental phys i ca l  cons t an t  C12.61. However , the  s t a n d a r d  symbol f o r  wavenumber 
is also u. The s u b s c r i p t  M is u s e d ' h e r e  t o  i n d i c a t e  tha t  uM is t h e  symbol f o r  the  Stefan-Boltzmann 
cons t an t  f o r  r a d i a n t  e x i t a n c e  Me and t o  d i s t i n g u i s h  it both from uL, t h e  Stefan-Boltzmann cons t an t  
f o r  r a d i a n c e  Le,  and from u, t he  symbol f o r  wavenumber. 

u, and the  va lue  given he re  i s  t h e  va lue  
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3 . 3  The WIEN DISPLACEMENT LAW. The P l a n c k  

Le,Ao,bb(Ao'T) E 

where t h e  f u n c t i o n  of t h e  product Ao*T is 

f ( A o - T )  = (Ao-T)-5 

law equa t ion  ( 1 2 . 3 ~ )  can be r e w r i t t e n  t h u s :  

L *n2-T5-f (Ao*T) [W-m-2-sr -1  mn-' 1, (12.19) 

{exp[c2/(Ao*T)] - 1}-l [m-2*nm-1 -K-5]. (1 2.20) 

The s p e c t r a l  d i s t r i b u t i o n  of blackbody r a d i a n c e  (o r  e x i t a n c e )  is, accord ing ly ,  a f u n c t i o n  of t h e  
product  Ao-T. T h i s  is known as the  Wien displacement law c12.101, as d i s t i n g u i s h e d  from the Wien ra- 
d i a t i o n  law or d i s t r i b u t i o n  law, an approximat ion  t o  t h e  Planck law, t h a t  is d i scussed  below. The d i s -  
placement law is t h e  b a s i s  f o r  p r e s e n t i n g  compact t a b l e s  and graphs  of t h i s  spectral d i s t r i b u t i o n ,  and 
o t h e r s  de r ived  from i t ,  wi th  t h e  product A-T, r a t h e r  t h a n  j u s t  A ,  as t h e  independent v a r i a b l e .  
Again, i t  is more f r e q u e n t l y  p re sen ted  i n  t h e  form for blackbody spectral r a d i a n t  e x i t a n c e ,  u s u a l l y  also 
ignor ing  t h e  index  n and t h e  d i s t i n c t i o n  between A, and A :  

where f ( A - T )  is t h e  same f u n c t i o n  as t h a t  i n  eq. (12.201, bu t  w i th  A i n  p l ace  of  A,. 

There are two c o r o l l a r i e s  of t h i s  l a w  which are b e t t e r  known t h a n  t h e  law itself [eq. (12.19) or 
(12.2111. 
law. These two corollaries are 

I n  f ac t ,  t h e  first one Ceq. (12.2211 is very  o f t e n  p resen ted  a l o n e  as t h e  Wien displacement 

n-A,-T = b (a c o n s t a n t )  
= 2 . 8 9 7 8 0 1 0 ~  [ n m - K ]  (12.22) 

and 

where A, is t h e  wavelength ( i n  a medium of index n )  for t h e  maximum value  of  Le,A,bb Cor of 
M e , A , b b l .  Again, i n  a i r  n - 1 and A. = A ,  so most t e x t s  and r e f e r e n c e s  i g n o r e  n and t h e  d i s -  
t i n c t i o n  between A, and A .  

3.4 APPROXIMATIONS t o  t h e  PLANCK LAW: t h e  W I E N  DISTRIBUTION LAW and t h e  RAYLEIGH-J.EANS LAW. There 

are two laws, r e l a t i n g  t h e  s p e c t r a l  d i s t r i b u t i o n  of blackbody r a d i a t i o n  t o  t h e  blackbody-source tem- 
p e r a t u r e ,  t h a t  h i s t o r i c a l l y  a n t e d a t e  t h e  P l a n c k  law. They are of i n t e r e s t ,  n o t  on ly  f o r  t h e i r  
h i s t o r i c a l  va lue ,  but a l s o  because t h e y  are sometimes u s e f u l  approximat ions  t o  t h e  Planck-law equa t ion .  
They are t h e  Wien distribution law or  radiation law, and t h e  Rayleigh-Jeans law. I n  g i v i n g  t h e  exact 
e x p r e s s i o n s  for  t h e s e  laws, w e  w i l l ,  n e v e r t h e l e s s ,  use  t h e  approximate ly  e q u a l s  s i g n  = t o  emphasize 
t h a t  t h e y  are approximat ions  t o  t h e  more u n i v e r s a l  Planck law. 

The expres s ion  f o r  t h e  Wien d i s t r i b u t i o n  law i n  terms of spectral r a d i a n c e  i n  a non-a t tenuat ing  
medium of r e f r a c t i v e  index  n is 

Le, A ,  bb(  A ,  T) c1 In2 *A5-exp [ c2/ (n0A.T) ] 1-l [W-m-2*sr -1  *nm-l] (12.24) 

o r ,  i n  terms of s p e c t r a l  r a d i a n t  e x i t a n c e ,  

M e ,  A ,  bb ( A ,  T) = c1 - {n2-A5*exp [ c2/ (n  A *TI  ] I-' [ W *nm" 1. (12.25) 

Note t h a t  eqs .  (12.24) and (12 .25)  f o l l o w  from eqs .  ( 1 2 . 4 ~  ) and (12 .14) ,  r e s p e c t i v e l y ,  i f  we set 
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exp[c2/ (n*A*T)]  = {exp[c2/n*A-T)] - I } ,  (12.26) 

which is t r u e  when 
exac t  Planck law when A-T is very  small. A s  always,  t h e  index  n is o f t e n  omi t t ed  i n  eqs .  (12.24) 
and (12.25) on t h e  assumption t h a t ,  i n  a i r ,  n w 1. 

n-A-T << c2. Accordingly,  t h e  Wien d i s t r i b u t i o n  law is a good approximation t o  t h e  

The expres s ion  f o r  t h e  Rayleigh-Jeans law i n  terms of s p e c t r a l  r ad iance  i n  a non-a t tenuat ing  medium 

of r e f r a c t i v e  index  n is 

Le, A ,  bb ( A ,  T) = ( c  L/c2 1 - ( n  - A 4 )  -’ *T [W-m-2 *sr-’ *nm-’] (1 2.27) 

o r ,  i n  terms of spectral r a d i a n t  exitance, 

M, I A I bb ( A ,  TI w (c / c2 )  ( n  A 4 )  -’ -T  [W 1 ( 12.28) 

Eqs. (12.27) and (12.28) fo l low from eqs .  ( 1 2 . 4 ~ )  and (12.141, r e s p e c t i v e l y ,  i f  we use  t h e  series expan- 
s i o n  of t h e  exponen t i a l  term: 

exp[c2/(n-A*T)] - 1 = 1 + [c2 / (n*A*T)]  + ( 1 / 2 ) - [ ~ , / ( n * A * T ) ] ~  + - - 1 
= [c2 / (n-A*T)] ,  when (n-A-T) >> c2. ( 12.29) 

Accordingly,  t h e  Rayleigh-Jeans law is a good approximation t o  t h e  exact Planck law on ly  when n9A.T is 
very  l a r g e .  Again, t h e  index  n is u s u a l l y  omi t ted  from e q s .  (12.27) and (12.28) on  t h e  assumption 
t h a t ,  i n  a i r ,  n ~ 1 .  Curves comparing t h e  Planck law t o  t h e s e  two approximat ions  t o  i t  are shown i n  

F igu re  12. l a .  

To be more s p e c i f i c  and q u a n t i t a t i v e ,  t h e  Wien approximation is good t o  b e t t e r  t han  1% f o r  a l l  
(X*T) < 3.1*106 [ n m * K ]  wh i l e  t h e  Rayleigh-Jeans approximation ho lds  t o  b e t t e r  t h a n  1% f o r  a l l  (A-T) 
> 7.7*106 [pm*K]. For 10% accuracy ,  t h e s e  l i m i t s  are (A-T) < 6.0-106 [ n m - K ]  and (A-T) > 7 . 0 0 1 0 ~  
[ p m - K ] .  r e s p e c t i v e l y .  For example, a blackbody source a t  6000 [ K ]  ( rough ly  t h e  o r d e r  of magnitude of 
t h e  s u n )  can be approximated by t h e  Wien law wi th in  1% a t  a l l  wavelengths 
Rayleigh-Jeans law w i t h i n  1% a t  a l l  wavelengths A > 128 [pm]. For 10% accuracy ,  t h e  correspond- 
i n g  l i m i t s  are A < 1000 [nm] and A > 11.7 [).UTI], r e s p e c t i v e l y .  However between t h e s e  l i m i t i n g  wave- 
l e n g t h s ,  t h e  s t a t e d  accu racy  r e q u i r e s  use  of a c l o s e r  approximation o r  t h e  f u l l  P l anck- l aw formula 
[12.111. These l i m i t s  are g r a p h i c a l l y  d e p i c t e d  i n  F igu re  12.lb.  

A < 500 [run] and by t h e  

4 .  VARIATIONS of BLACKBODY SPECTRAL RADIANCE and SPECTRAL R A D I A N T  EXITANCE wi th  TEMPERATURE. When 

t h e  Planck equa t ion  is d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  tempera ture  we ge t  

d{Ln[Li,T,bb(A) 11 d L i , T , b b ( A ) * T  dMA,T,bb(A) O T  c2*exp[ c2/ ( A *T) ] 
- - - - = Z. (12.30) 

d [ Iln (T) ] ‘A, T,bb(’) O d T  ‘A,T,bb ( A )  *dT A-T-{exp[c2/(A*T)] - l }  

For a small tempera ture  change AT [so small t h a t  A - T  does not  change s i g n i f i c a n t l y ]  L ~ , ~ , ~ ~ ( A )  

o r  Ml,T,bb(A) w i l l  change as T’, so t h a t  t h e  f r a c t i o n a l  change i n  L ~ , ~ , ~ ~ ( A )  o r  M ~ ~ ~ , ~ ~ ( A )  can 
be computed as 

Z-AT ALA, T, bb ( A )  T, bb( 

‘A, T, bb( ‘) M A ,  T,bb(‘) T 
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wi th  an e r r o r  of l e s s  t han  1%. 

The parameter Z i n  eq. (12.30) approaches i n f i n i t y  as X.T approaches ze ro  and approaches one 
as X*T approaches i n f i n i t y .  

F igu re  12.2 shows a p l o t  of L X , T , b b ( A * T )  on a normalized s c a l e  on which L X , T , b b ( A * T ) m a x  is set 
a t  1.00, and a p l o t  of Z on a l i n e a r  scale,  bo th  as f u n c t i o n s  of X*T. 

Eqs. (12.301, (12.311, and (12.321 are good approximations f o r  most real  materials, wi th  any va lue  
of e m i s s i v i t y ,  s i n c e  s p e c t r a l  e m i s s i v i t y  does not change r a p i d l y  wi th  tempera ture  i f  t h e r e  is  no phase 
change o r  s h i f t  of a c r i t i ca l  a b s o r p t i o n  edge due t o  t h e  tempera ture  change, as w i l l  be d i scussed  i n  a 
la ter  chapter  on Thermal Radia t ion  P r o p e r t i e s  of Matter. 

5. KOSTKOWSKI'S EQUATION. Another equa t ion ,  developed by Kostkowski c12.123, can  be used t o  o b t a i n  

t h e  r a t i o  of t h e  s p e c t r a l  r a d i a n c e s  of two a r b i t r a r y  s o u r c e s ,  a t  any wavelength,  when t h e i r  s p e c t r a l  ra- 
d iances  (so, a l s o ,  r ad iance  t empera tu res )  are equal  a t  some p a r t i c u l a r  wavelength. The equa t ion  is de- 

r i v e d  from t h e  Wien d i s t r i b u t i o n - l a w  equa t ion  [eq. (12.2411, and hence is v a l i d  t o  wi th in  1 %  a t  va lues  
of A*T less than  3100 [p" .K] .  The b a s i c  equa t ion  is 

where Xe is the wavelength a t  which t h e  s p e c t r a l  r ad iances  of the two sources  are e q u a l ,  and X is 

t h e  wavelength a t  which t h e  r a t i o  of t h e i r  s p e c t r a l  r a d i a n c e s  is given by eq .  (12.33) .  The s u b s c r i p t s  
1 refer t o  t h e  f i r s t  sou rce  and 2 t o  t h e  second source ;  E is e m i s s i v i t y  of t h e  s o u r c e ;  and T is 
t h e  t r a n s m i t t a n c e  of t h e  o p t i c a l  pa th ,  t h e  on ly  s i g n i f i c a n t  f a c t o r  u s u a l l y  be ing  T f o r  any window 
i n  the path.  These c a l c u l a t i o n s  a r e  p a r t i c u l a r l y  u s e f u l  i n  e v a l u a t i n g  r a d i a n c e  tempera tures  i n  o p t i c a l  
pyrometry. For f u r t h e r  d e t a i l s  see c12.123. S t r i c t l y ,  t h i s  s e c t i o n  could be cons idered  more appropr i -  
a te  f o r  t h e  d i s c u s s i o n  of real materials and t h e i r  p r o p e r t i e s  i n  t h e  nex t  chap te r .  However, i t  is he re  
because it i s  s o  c l o s e l y  r e l a t e d  t o  the  b a s i s  f o r  o p t i c a l  pyrometry presented  i n  t h e  preceding s e c t i o n .  

6. LIMITATIONS t o  LABORATORY BLACKBODIES. The on ly  t r u e  blackbody would be a f u l l y  enc losed  c a v i t y  
wi th  walls t h a t  are comple te ly  opaque. A l l  of t h e  r a d i a n t  f l u x  p resen t  i n  t h e  c a v i t y  a t  any i n s t a n t  of 
time w i l l  be completely absorbed by t h e  w a l l s  a f t e r  m u l t i p l e  i n t e r n a l  r e f l e c t i o n s .  Then t h e  r a t e s  of 
emiss ion  and abso rp t ion  must be equa l  a t  every  element of t h e  inne r  s u r f a c e  of the  c a v i t y  wall i f  
thermal  equ i l ib r ium exists.  The r ad iance  i n  such an i so the rma l  c a v i t y ,  i n  a l l  p o s s i b l e  d i r e c t i o n s ,  w i l l  

conform e x a c t l y  t o  t h e  Planck-law equa t ion  [eq. (12.311. A l l  l a b o r a t o r y  blackbody sources  emit f l u x  
t h a t  d i f f e r s  from t h a t  emi t t ed  by a t rue  blackbody emitter i n  i ts  amount, geometr ic  d i s t r i b u t i o n ,  and 
s p e c t r a l  d i s t r i b u t i o n ,  because t h e  c a v i t y  wall must be breached t o  view t h e  blackbody r a d i a t i o n  i n  t h e  
c a v i t y ,  o r  t o  permit t h e  r a d i a t i o n  t o  emerge, when it  is used as a sou rce ,  and because t h e  w a l l s  are 
never p e r f e c t l y  i so the rma l .  The escaping  f l u x  through t h e  a p e r t u r e  is not  r ep laced  by i n t e r n a l  r e f l e c -  
t i o n  o r  re -emiss ion ,  t h u s  u p s e t t i n g  t h e  thermal  equ i l ib r ium i n  t h e  c a v i t y  t o  t h a t  e x t e n t .  This  d i s t u r -  
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bance of equ i l ib r ium can be kept  t o  a minimum by making the  a p e r t u r e  smal l  r e l a t i v e  t o  t h e  i n t e r n a l  wall  
a r e a  and, t o  some e x t e n t ,  a l s o  by c o n t r o l l i n g  t h e  c o n f i g u r a t i o n  and s u r f a c e  of t h e  opaque wa l l s .  Direc- 
t i o n a l  c h a r a c t e r i s t i c s  a r e  t h e  most d i f f i c u l t  t o  c o n t r o l ;  p r a c t i c a l  blackbody s i m u l a t o r s  are u s u a l l y  
good only  over l i m i t e d  s o l i d  ang le s  t h a t  a r e  Usual ly  much l e s s  than  a f u l l  hemisphere. 

There a r e  two gene ra l  t y p e s  of l a b o r a t o r y  blackbodies  (blackbody s i m u l a t o r s ) ,  t h o s e  used a s  r a d i a -  
t i o n  t r a p s  t o  absorb  i n c i d e n t  r a d i a n t  f l u x ,  and those  used a s  sou rces  ( e m i t t e r s )  of blackbody r a d i a t i o n .  
The des ign  and o p e r a t i o n  of t h e s e  two types  of b lackbodies  is q u i t e  d i f f e r e n t ,  and they  w i l l  be 
d i scussed  s e p a r a t e l y .  

6.1 BLACKBODY ABSORBERS. A r a d i a t i o n  trap is  used t o  absorb  unwanted r a d i a n t  f l u x .  Black v e l v e t  
c l o t h  is  widely used i n  o p t i c a l  systems t o  reduce  s c a t t e r e d  r a d i a t i o n ,  even though i t  is not  a very 
c l o s e  approximation t o  a blackbody abso rbe r .  For many purposes ,  t h i s  is inadequate  and b e t t e r  blackbody 
abso rbe r s  must be used. Examples inc lude  a cavi ty-blackbody absorber  i n  an i n t e g r a t i n g - s p h e r e  r e f l e c -  
t ome te r ,  used t o  remove t h e  s p e c u l a r l y  r e f l e c t e d  beam i n  o rde r  t o  measure t h e  d i f f u s e  r e f l e c t a n c e  of a 
h i g h l y  s p e c u l a r  sample, such as a mi r ro r .  For thermal r a d i a t i o n  measurements a t  t h e  longer  i n f r a r e d  
wavelengths ,  t h i s  c a v i t y  i s ,  s t r i c t l y ,  no t  a n t r a p t l  bu t  a blackbody l f sou rce f f ;  one t h a t  e s t a b l i s h e s  a 
r e f e r e n c e  r a d i a t i o n  level o r  background t h a t  depends on its tempera ture .  

A second example is a "ZerO"-PeferenCe, or s c a l e - l e v e l - r e f e r e n c e ,  source  f o r  use w i t h  a d e t e c t o r .  A 

t y p i c a l  system employing a "Zero" r e f e r e n c e  has  an o p t i c a l  system t h a t  a l t e r n a t e l y  d i r e c t s  , f i r s t ,  t h e  
r a d i a t i o n  beam from t h e  t a r g e t ,  and t h e n ,  t h a t  from t h e  t l ze ro tv - re fe rence  s o u r c e ,  on to  t h e  d e t e c t o r .  This  

system u s u a l l y  c o n s i s t s  of a chopper-mirror  t h a t  p e r i o d i c a l l y  b locks  t h e  r e f e r e n c e  beam w i t h  an opaque 
mir ror  t h a t  r e f l e c t s  t h e  sample beam onto  t h e  d e t e c t o r ,  o r  v i ce  ve r sa .  The fTzerofl  r e f e r e n c e  u s u a l l y  
o p e r a t e s  a t  ambient tempera ture ,  p a r t i c u l a r l y  f o r  spec t romete r s  ( i n c l u d i n g  spec t ro rad iomete r s  and 
spec t rophotometers )  wi th  o p e r a t i n g  ranges  t h a t  do not exceed about 
r a d i a n c e  of a blackbody source  a t  ambient tempera ture  is about 
tungs ten- f i lament  lamp used as a sou rce  i n  spec t romete r s  is a t  about 
r ad iance  of t he  source  t o  t h a t  of t h e  l tzerof f  r e f e r e n c e  is t h u s  about lo', o r  10,000 t o  1. The f a c t  
t h a t  t h e  s p e c t r a l  peak of t h e  qlzerof l  r e f e r e n c e  is a t  a much longer  wavelength than  t h a t  of t h e  tungs t en  
source  i n c r e a s e s  the  r a t i o  of the s p e c t r a l  r ad iances  t o  about 5*1020 a t  1 [m], 3-109 a t  2 [um] ,  
2.106 a t  3 [um] ,  7-10' a t  4 [ u m ]  and 9*103 at  5 [w], assuming t h a t  t h e  tungs t en  source  emits 
l i k e  a 3000-[K] blackbody, which is a rough approximation.  A t  wavelengths below 3 [m] t h e  r a t i o  of 
t h e  two r a d i a n c e s  is so h igh  t h a t  t h e  e f f e c t  of t h e  t*zerolt r e f e r e n c e  cannot be d e t e c t e d  wi th  normal 
sys tems.  
give a non-zero r ead ing  on most spec t romete r s .  I f  used a s  a sou rce  a t  a known ambient tempera ture ,  t h e  
"zerovt  source  can s e r v e  a s  a r e f e r e n c e  source  of known low r a d i a n c e ,  which can be computed from its 
known tempera ture  by use of t h e  Planck equa t ion .  A c o r r e c t i o n  can t h e n  be made f o r  t h e  e f f e c t  of t h a t  
r ad iance .  A s  an a l t e r n a t i v e ,  t h e  "zerof t  r e f e r e n c e  can be c ryogen ica l ly  cooled t o  a tempera ture  where 
i ts  rad iance  cannot be de t ec t ed  by t h e  spec t romete r s .  

5 [m]. The peak of t h e  s p e c t r a l  

10 [run], whi le  t h a t  of a t y p i c a l  

1 [ u m ] .  The n a t i o  of t h e  t o t a l  

A t  5 [ ~ m ]  t h e  r a t i o  of t h e  two s i g n a l s  is wi th in  t h e  range where t h e  t tzerotl  r e f e r e n c e  can 

6.2 SPECULAR-REFLECTION R A D I A T I O N  TRAPS. 
by m u l t i p l e  specu la r  r e f l e c t i o n s  of o b l i q u e l y  i n c i d e n t  rays. A non-specular r e f l e c t i n g  s u r f a c e  w i l l  

always r e t u r n  some f r a c t i o n  of an i n c i d e n t  r a y  i n  t h e  d i r e c t i o n  of i nc idence  ( r e t r o r e f l e c t i o n ) ;  on ly  a 
h igh ly  specu la r  s u r f a c e  can keep t h i s  f i r s t - i n c i d e n c e  r e t r o r e f l e c t a n c e  t o  a m i n i m u m .  Accordingly,  t h e  

Radia t ion  t r a p s  u s u a l l y  achieve  t h e i r  h i g h e s t  absorp tance  
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geometry of t h e  t r a p  must be such tha t  each s p e c u l a r l y  r e f l e c t e d  r a y  con t inues  t o  be i n c i d e n t  o b l i q u e l y  
a g a i n  on t h e  nex t  s u r f a c e  t h a t  i t  s t r ikes ,  and so on. Two examples of such  r a d i a t i o n  t r a p s  a r e :  ( 1 )  a 
s t a c k  of single-edge r azo r  blades and ( 2 )  a curved horn .  

I d e a l l y ,  t h e  i n t e r i o r  s u r f a c e  of a c a v i t y  used t o  t r a p  o p t i c a l  r a d i a t i o n  should  be both  h igh ly  
specu la r  and h igh ly  absorb ing .  However, low absorp tance  can be compensated f o r  by i n c r e a s i n g  t h e  
number of r e f l e c t i o n s  a long  t h e  pa th  of an  i n c i d e n t  r a y ,  e n t e r i n g  the  c a v i t y  opening ,  be fo re  it aga in  
emerges through t h a t  opening. Th i s  obv ious ly  depends on both t h e  p o s i t i o n  and d i r e c t i o n  of  t h e  i n c i d e n t  
r a y  as it  e n t e r s  the a p e r t u r e  as w e l l  as the  c o n f i g u r a t i o n ,  materials, s u r f a c e  c o n d i t i o n s ,  etc. of t h e  
c a v i t y  behind t h e  a p e r t u r e .  An a n a l y s i s  t o  de te rmine  t h e  e f f e c t i v e  absorp tance  of  the e n t i r e  t r a p  a s  a 
f u n c t i o n  of t h e  parameters  of an  i n c i d e n t  beam can c l e a r l y  become q u i t e  involved  and we won't a t t empt  i t  

he re .  However, i t  may be h e l p f u l  t o  look  a t  j u s t  a s i n g l e  r a y  f o r  which t h e  n e t  abso rp tance  is 

a = 1 - (1-aWln', (12.34) 

where % is t h e  wall abso rp tance  and nr is t h e  number of specu la r  r e f l e c t i o n s  a t  t h e  c a v i t y  wa l l  
a long  the pa th  of t h e  r a y  be fo re  i t  f i n a l l y  re-emerges from t h e  c a v i t y .  Thus, i f  t h e  wa l l  abso rp tance  
is 0.9,  a c a v i t y  absorp tance  of  0.99999 f o r  t h i s  s i n g l e  r a y  r e q u i r e s  5 r e f l e c t i o n s .  If t h e  wa l l  
abso rp tance  is on ly  0.8, 8 r e f l e c t i o n s  are r e q u i r e d ;  i f  i t  is only  0.7, 17  r e f l e c t i o n s  a r e  r e -  
qu i r ed ;  and i f  it is on ly  0.2, 52 r e f l e c t i o n s  are r e q u i r e d .  Of cour se ,  t h i s  equa t ion ,  i n  which aw 

is t r e a t e d  a s  a c o n s t a n t ,  is o v e r s i m p l i f i e d  f o r  c l a r i t y .  Ac tua l ly ,  the  abso rp tance ,  and t h e  r e f l e c t a n c e  

pw = 1 - aw 
d i r e c t i o n  of t h e  i n c i d e n t  r a y  cl2.131, t h e  m a t e r i a l  and s u r f a c e  q u a l i t y  of t h e  wal l ,  the  p o l a r i z a t i o n  of 
t h e  i n c i d e n t  r a y  (as a f f e c t e d  by any previous  r e f l e c t i o n s  wi th in  the  c a v i t y ) ,  e t c .  Accordingly,  i t  may 
no t  be e a s y  t o  de te rmine  the  c o r r e c t  va lue  of  

ct by eq .  (12 .34) .  

of t h e  opaque wall a t  any po in t  is a f u n c t i o n  o f ,  and may vary  s u b s t a n t i a l l y  w i t h ,  the  

% t o  u se ,  even as a f irst  approximation i n  e s t i m a t i n g  

The edges of a uniform stack of  r azo r  b l ades  form a s u r f a c e  having a s e r i e s  of para l le l  grooves ,  
each  w i t h  a h igh ly  s p e c u l a r  s u r f a c e  and a very  small inc luded  angle .  
absorp tance  very  c l o s e  t o  one f o r  a co l l ima ted  beam of i n c i d e n t  r a d i a n t  f l u x  normal t o  t h e  p l ane  of t h i s  

s u r f a c e ,  but Only wi th in  a very  l i m i t e d  s o l i d  angle .  I n  a p lane  perpendicular  t o  the  grooves,  i t  

inc ludes  on ly  r a y s  t h a t  l i e  approximate ly  w i t h i n  the a n g l e  between t h e  s ides  of the groove; i n  a p lane  
p a r a l l e l  t o  t h e  grooves i t  is not  q u i t e  s o  l i m i t e d .  

Such a r a d i a t i o n  t r a p  has an 

A c i r c u l a r - c o n i c a l  c a v i t y  w i l l  t r a p  a beam f i l l i n g  a l a r g e r  and more symmetrical  cone of  d i r e c t i o n s ,  
but w i l l  have t o  make up f o r  a smaller number of r e f l e c t i o n s  a long  each  r a y  pa th  by wa l l  c o a t i n g s  of 
h igher  absorp tance  %. 
always be a small but  f i n i t e  s u r f a c e  element a t  t h e  v e r t e x  where s p e c u l a r  r e f l e c t i o n  w i l l  be r e t r o r e -  
f l e c t i o n .  The e f f e c t  of t h i s  is avoided by curv ing  t h e  l ' t a i l q f ,  as i n  f i g .  12.3, so  t h a t  t h i s  v e r t e x  
cannot be "seen" or reached  d i r e c t l y  by an  i n c i d e n t  r a y  wi thout  s e v e r a l  r e f l e c t i o n s  from the  curved 
s ides .  These t r a p s  are u s u a l l y  made o f  g l a s s ,  s i n c e  t h e y  can be e a s i l y  formed by a s k i l l e d  g l a s s  
blower. The inne r  s u r f a c e  is coa ted  w i t h  a h igh-g loss  p a i n t ,  w i th  an absorp tance  of 

Furthermore,  i n  any p r a c t i c a l  f a b r i c a t i o n  of such a "horn1' c a v i t y ,  t h e r e  w i l l  

% = 0.95 o r  more. 

6.3 BLACKBODY SOURCES. Blackbody sources  are more complex than  blackbody abso rbe r s .  Most of them 
o p e r a t e  a t  tempera tures  of 800 [K] or above. Because t h e  i n t e r e s t  is  i n  the s p e c t r a l  r a d i a n c e  of t h e  

source ,  the cond i t ions  of a t r u e  blackbody (a c a v i t y  w i t h  i so the rma l  opaque w a l l s )  must be approximated 

as c l o s e l y  as necessa ry  f o r  t h e  a p p l i c a t i o n .  With c a r e f u l  des ign  t h e  e f f e c t i v e  e m i s s i v i t y  of a l abora -  
t o r y  blackbody can approach 0.99999. The d e v i a t i o n s  of a l a b o r a t o r y  blackbody from a t r u e  blackbody 
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Figure  12.3 A blackbody l i g h t  t r a p  of g l a s s .  The i n n e r  s u r f a c e  is coated wi th  a h igh-g loss  
black p a i n t  having  an absorp tance  o f  at  least  n ine ty - f ive  pe rcen t  (a 1 0.95). 

are both geomet r i ca l  and spectral. An a p e r t u r e  must be made i n  the opaque wall of the  c a v i t y  so  t h a t  
some of t h e  r a d i a n t  f l u x  i n  t h e  c a v i t y  can  escape .  A t  the same time, t h e  thermal equ i l ib r ium i n  t h e  
c a v i t y  must be main ta ined  as c l o s e l y  as poss ib l e .  T h i c k  walls are sometimes r e q u i r e d  i n  o r d e r  t o  mini- 
mize thermal g r a d i e n t s  i n  the c a v i t y  walls, and t h e  a p e r t u r e  is then  a small tube  through t h e  t h i c k  
wall .  If the  c a v i t y  w a l l s  are isothermal, t h e  r a d i a n c e  e scap ing  through t h e  t u b e  w i l l  be l amber t i an  and 

a ve ry  close approximation t o  blackbody r a d i a n c e  a long  the a x i s  of t h e  t u b e  and ove r  a small s o l i d  a n g l e  
around t h e  a x i s ,  ove r  which there is no v i g n e t t i n g  C12.141. To reduce  v i g n e t t i n g  and i n c r e a s e  t h e  s i z e  
of the so l id  a n g l e  of lambertian radiance, the t u b e  is u s u a l l y  t a p e r e d ,  w i th  the small end a t  the i n n e r  
w a l l  o f  t h e  c a v i t y .  The radiance fa l l s  o f f  r a p i d l y  wi th  i n c r e a s i n g  a n g l e  from the  a x i s  as soon as t h e r e  
is any v i g n e t t i n g .  

The e m i s s i v i t y  (or s p e c t r a l  e m i s s i v i t y )  a t  t h e  a p e r t u r e  of  a c a v i t y  blackbody is a complex f u n c t i o n  
of t h e  c a v i t y  geometry (which i n c l u d e s  its shape  and t h e  r a t i o  of t h e  area of the  a p e r t u r e  t o  t h e  t o t a l  
area of the c a v i t y  walls i n c l u d i n g  t h e  a p e r t u r e )  and t h e  e m i s s i v i t y  (o r  spectral e m i s s i v i t y )  of  t h e  
c a v i t y  wall material ( a lone ,  w i thou t  i n t e r r e f l e c t i o n s  between it  and other p o r t i o n s  of the  wal l ) .  The 

detai ls  needed t o  c a l c u l a t e  t h e  e m i s s i v i t i e s  of c a v i t y  a p e r t u r e s  and t o  des ign  such  c a v i t i e s  w i t h  de- 

sired va lues  of e m i s s i v i t y  w i l l  be found i n  The I n f r a r e d  Handbook C12.151 and r e f e r e n c e s  c i t e d  there, 
and i n  c o n s i d e r a b l e  detail  i n  an NBS Monograph now i n  p r e p a r a t i o n  C12.161. 

The thermal  g r a d i e n t s  i n  t h e  c a v i t y  wall can be minimized i n  s e v e r a l  ways. A thin-walled c a v i t y  can 
be immersed i n  a low-viscos i ty ,  cons tan t - tempera ture ,  c i r c u l a t i n g  f l u i d ,  o r  can be immersed i n  a materi- 
a l  undergoing an exothermic  o r  endothermic phase change, such  as a condensing g a s ,  a b o i l i n g  l i q u i d ,  o r  
a f r e e z i n g  or me l t ing  so l id .  If the c a v i t y  is hea ted  by electrical  r e s i s t a n c e  c o i l s ,  t h e  h e a t i n g  c o i l s  
should  c o n s i s t  of s e v e r a l  segments t h a t  can be s e p a r a t e l y  c o n t r o l l e d ,  t o  r educe  thermal g r a d i e n t s .  
Thick walls of a h igh-conduct iv i ty  material w i l l  a lso h e l p  t o  reduce  thermal g r a d i e n t s .  A r e c e n t  
development C12.171 is a p res su re -con t ro l l ed  hea t -p ipe  f u r n a c e  t h a t  can be adapted t o  a l a b o r a t o r y  
black-body, which ho lds  thermal g r a d i e n t s  t o  less than  0.01 [ K ]  i n  t h e  range  from about 645 t o  1300 
[ K ] ,  u s i n g  cesium from 372 t o  671 L O C I ,  o r  sodium from 626 t o  1068 [ O C ] ,  as the working f l u i d .  I n  
one  model t h e  working volume is a c y l i n d e r  30 Ccm] long  and 28 [ m m l  i n  diameter i n  t h e  c e n t e r  of a 
h o r i z o n t a l  tube  about 60 [cm] long .  
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7. TEMPERATURE SCALES. 

7.1 EARLY TEMPERATURE SCALES. A brief review of past  p r a c t i c e s  w i l l  be h e l p f u l  i n  unders tanding  the 

nomenclature and t r ea tmen t  of tempera ture  i n  t h e  l i t e r a t u r e  as well as some of t h e  d i v e r s i t y  t h a t  
still  p e r s i s t s  i n  c u r r e n t  p u b l i c a t i o n s .  

Temperature may be de f ined  as a measure ( 1 )  of the average  con ten t  of s e n s i b l e  heat per  unit mass of 

a material, o r  ( 2 )  of the  average  k i n e t i c  energy of t r a n s l a t i o n  of t h e  p a r t i c l e s  of which t h e  material 
is composed. 

A t empera ture  scale can be es tab l i shed  by a s s i g n i n g  va lues  t o  the t empera tu res  o f ,  and, hence a l s o ,  

t o  t h e  tempera ture  d i f f e r e n c e  between, two f i x e d  e q u i l i b r i u m  t empera tu res ,  u s u a l l y  t h o s e  of phase 
changes of pure subs t ances .  Then o t h e r  tempera ture  va lues  are de f ined  by i n t e r p o l a t i o n  or e x t r a p o l a t i o n  
from t h e  f i x e d  p o i n t s  i n  terms of some p h y s i c a l  p rope r ty  of a material t h a t  changes wi th  tempera ture  and 
can be measured e a s i l y ,  such  as thermal expans ion ,  electrical  r e s i s t a n c e ,  o r  t h e r m o e l e c t r i c  vo l t age .  

A l l  e a r l y  tempera ture  scales used t h e  f r e e z i n g  po in t  of water and its b o i l i n g  po in t  as t h e  f i x e d  

100 [OF] below normal 
p o i n t s .  The Fahrenheit scale,  wi th  the degree [OF] as the u n i t  of tempera ture  d i f f e r e n c e ,  was 
des igned  so  tha t  the  tempera ture  o f  the c o l d e s t  day i n  win te r  would be about 
body temperature. The va lue  of  32 [OF] was a s s igned  t o  t h e  f r e e z i n g  po in t  and 212 [OF] t o  t h e  

b o i l i n g  po in t  of water. 
R6aumur [OR]' as the u n i t  of tempera ture  d i f f e r e n c e ,  was developed by a s s i g n i n g  0 [ O R ]  t o  t h e  
f r e e z i n g  po in t  and 80 [ O R ]  t o  the  b o i l i n g  po in t .  
degree Celsius ["C] 
t o  the f r e e z i n g  po in t  and 100 [ O C ]  t o  the b o i l i n g  po in t .  Thus 1 [ O C ]  = 0.8 [ O R ]  = 1.8 [OF]. 

Mentioned o n l y  f o r  its h i s t o r i c a l  i n t e r e s t ,  the  Rbaumur scale,  w i t h  the degree 

The Celsius ( fo rmer ly  Centigrade) s c a l e ,  w i t h  t h e  

as the u n i t  of tempera ture  d i f f e r e n c e ,  was developed by a s s i g n i n g  va lues  of 0 [ O C ]  

7.2 The THERMODYNAMIC TEMPERATURE SCALE. The concept of absolute temperature o r i g i n a t e d  e a r l y  i n  t h e  
19 th  cen tu ry .  
p r e s s u r e ,  t he  volume of  a f i x e d  mass of gas i n c r e a s e s  by 1/273 of  its volume a t  0 [ O C ]  for every  
deg ree  i ts  tempera ture  is raised". 
the  volumes of a gas  a t  cons t an t  p r e s s u r e  a t  two tempera tures  tl and t2, i n  [ O C ] .  is equal  t o  ( t ,  

+ 2 7 3 ) / ( t 2  + 273).  
equal  t o  the  [ O C ]  was devised  i n  which 0 [deg] = -273 [ O C ] .  The tempera tures  on t h i s  scale were 
referred t o  as a b s o l u t e  tempera tures .  
Lussac law a t  low tempera tu res ,  where those real gases  l i q u e f y ,  and most a l s o  s o l i d i f y ,  b e f o r e  a b s o l u t e  
ze ro  is reached. 

f i e s ,  and has ze ro  volume a t  a t empera tu re  of  a b s o l u t e  ze ro .  The symbol 
( subsequent ly  t h e  name of the  u n i t  was changed t o  j u s t  t h e  f fke lv in tq )  were la ter  adopted  f o r  a b s o l u t e  

The Cay-Lussac law (Charles law2),  publ i shed  i n  1802 C12.191, s ta tes  that Itat cons t an t  

An impor tan t  a l t e r n a t i v e  form of t h e  law states that  t h e  r a t i o  of 

Hence a new scale of  tempera ture ,  i n  which the u n i t  of tempera ture  d i f f e r e n c e  is 

Later exper iments  showed t h a t  real gases d e v i a t e  from t h e  Gay- 

Hence t h e  law a p p l i e s  s t r i c t l y  o n l y  t o  a n  ideal gas  t h a t  never  l i q u e f i e s  o r  s o l i d i -  
[ O K ]  and name "degree Kelvin" 

--------------- 
1The degree  Rbaumur 
is a l s o  used. 
degree Fahrenhe i t  [OF]. On t h i s  s c a l e ,  a b s o l u t e  ze ro  is 0 [ O R ]  = -459.67 [OF]. Hence, any o t h e r  
tempera ture  -- t aken  from C12.181. 

21n t h e  first publ i shed  account  of t h i s  impor tan t  b a s i c  gas  law, Cay-Lussac acknowledges the ear l ier  
d iscovery  by Charles, who never publ i shed  it. 

[ O R ]  should  no t  be confused w i t h  the degree Rankine, for which the  symbol [ O R ]  

The Rankine scale is an absolu te - tempera ture  scale, wi th  t h e  degree Rankine equa l  t o  t h e  

T [ O R ]  = t [OF] + 459.67. 
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t empera tu res ,  i n  honor of Lord Kelvin (William Thomson), who de r ived  an equiva 
from thermodynamic c o n s i d e r a t i o n s  c12.201. This s c a l e  was based on t h e  Carnot 
gas undergoes ( c o n c e p t u a l l y )  fou r  r e v e r s i b l e  changes between tempera tures  T1 

1 .  A g iven  amount of t h e  ideal gas  is compressed i n  a t he rma l ly  i n s u l a t e d  
of hea t  energy ( a d i a b a t i c a l l y ) ,  r a i s i n g  i ts  tempera ture  from T l  t o  T2 
volume has dec reased ) .  

e n t  tempera ture  s c a i  e 
cycle, i n  which an i d e a l  
and T2: 

v e s s e l ,  w i th  no l o s s  
p r e s s u r e  has i n c r e a s e d ;  

2. The v e s s e l ,  w i t h  thermal i n s u l a t i o n  removed, permi ts  t h e  gas t o  expand i n  con tac t  w i th  a hea t  
f f source t t  a t  a Constant tempera ture  T ( i s o t h e r m a l l y ) ,  absorb ing  h e a t  energy Q2 from t h e  "source" 
(volume i n c r e a s e s ;  p re s su re  decreases? .  

3. With thermal  i n s u l a t i o n  aga in  i n  p l a c e ,  t h e  gas is allowed t o  expand f u r t h e r ,  w i th  no loss or 
ga in  of hea t  energy ( a d i a b a t i c a l l y ) ,  u n t i l  it has cooled back t o  t h e  i n i t i a l  t empera ture  
ume i n c r e a s e s ;  p re s su re  d e c r e a s e s ) .  T1 (vo l -  

4. With thermal i n s u l a t i o n  aga in  removed, t h e  gas is compressed w i t h  t h e  v e s s e l  i n  con tac t  w i t h  a 
hea t  " s i n k "  a t  a cons t an t  tempera ture  
T1 
i n c r e a s e s ) .  

T1 ( i s o t h e r m a l l y ) ,  down t o  its i n i t i a l  volume a t  t empera ture  
a t  t h e  beginning of s t e p  1 ,  l o s i n g  hea t  energy Q1 t o  t h e  T1sinkl t  (volume dec reases ;  p re s su re  

I n  t h i s  p rocess ,  t h e  n e t  hea t  energy absorbed i n  t h e  c y c l e ,  
c a l  work by t h e  motion of t h e  gas-conta in ing  enc losu re  a g a i n s t  t h e  f o r c e s  produced by t h e  gas 
p re s su re  on t h e  w a l l s  of t h a t  enc losu re .  Since a l l  p a r t s  of t he  c y c l e  have been p o s t u l a t e d  t o  be 
r e v e r s i b l e ,  t h e  complete c y c l e  can be r e v e r s e d ,  making t h e  h e a t  fvengine7f  a V e f r i g e r a t o r f l  t h a t  
absorbs  hea t  energy Q, from the  former "s ink"  du r ing  an i so the rma l  expansion a t  TI; i n c r e a s e s  
tempera ture  from T1 t o  T2 by an a d i a b a t i c  compression; l o s e s  hea t  energy Q2 t o  t h e  former 
t lsourceTf du r ing  i so thermal  compression a t  T2; and lowers tempera ture  aga in  t o  T1 by a d i a b a t i c  
expans ion;  a Cooling c y c l e  t h a t  removes Q1 from t h e  former l1s ink f1 ,  t o  which is added Q2 - Q1 of 
mechanical work energy ,  making a t o t a l  c o n t r i b u t i o n  of 

The e f f i c i e n c y  11 of a Carnot-cycle  gas hea t  engine  o p e r a t i n g  between a b s o l u t e  tempera tures  T1 

Q2 - Q1, is transformed i n t o  mechani- 

Q2 h e a t  energy t o  t h e  former 

and T2 can be shown t o  be 

T2 - T1 
11 = -* ( 1  2.35) 

It  is ev iden t  he re  [eq.  (12.3511 t h a t  t he  engine  can have an  e f f i c i e n c y  of one (100%) only  when T1 
is a t  a b s o l u t e  zero.  was a l s o  r e f e r r e d  t o  a s  thermody- 
namic temperature. T h i s  thermodynamic tempera ture  s c a l e  was e s t a b l i s h e d ,  independent ly  of t h e  proper- 

On t h i s  b a s i s  a b s o l u t e  tempera ture ,  i n  [OK], 

t i e s  of any m a t e r i a l  s u b s t a n c e ' ,  
which equal  amounts of hea t  energy are t ransformed i n t o  mechanical energy by an i d e a l  hea t  engine going 
through a Carnot c y c l e  between tempera tures  T2 and T l  = T2 - AT. 

by d e f i n i n g  equa l  tempera ture  i n t e r v a l s  AT = T2 - T l  a s  t hose  f o r  

7.2.1 THERMODYNAMIC TEMPERATURE i n  t h e  CURRENT S I  SYSTEM. A s  s t a t e d  above, t h e  thermodynamic tempera- 
t u r e  of ma t t e r  is a measure of t h e  concen t r a t ion  of s e n s i b l e  hea t  i n  m a t t e r ,  or t h e  average  k i n e t i c  
energy of t r a n s l a t i o n  ( i n c l u d i n g  v i b r a t i o n )  of t h e  p a r t i c l e s  of which t h e  ma t t e r  is  composed, a t  t h a t  

t empera ture .  
Thermodynamic tempera ture  is used i n  a l l  computat ions of r a d i o m e t r i c  q u a n t i t i e s  of blackbody r a d i a t i o n  
a s  f u n c t i o n s  of sou rce  tempera ture .  The SI q u a n t i t y  symbol f o r  thermodynamic tempera ture  is T,  and 

For t h i s  r eason  tempera tures  on t h i s  s c a l e  are o f t e n  r e f e r r e d  t o  a s  a b s o l u t e  t empera tu res .  

____----_------ 
' A  Carnot c y c l e  of two i so the rma l ,  and two a l t e r n a t i n g  a d i a b a t i c ,  r e v e r s i b l e  s t e p s  can be d e f i n e d ,  simi- 
l a r l y ,  f o r  any medium t h a t  w i l l  t r ansform hea t  energy i n t o  mechanical work, i nc lud ing  t h o s e  t h a t  produce 
e l e c t r i c a l  o r  magnet ic  f o r c e s  as well as gas -p res su re  f o r c e s .  
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t h e  SI  u n i t  of tempera ture  d i f f e r e n c e  is the ke lv in  [IC]. On t h i s  s c a l e  t h e  d e f i n i n g  f i x e d  p o i n t s  
are ( 1 )  t h e  t r i p l e  po in t  of water ( t h e  tempera ture  a t  which t h e  s o l i d ,  l i q u i d ,  and vapor phases of water 
are i n  equ i l ib r ium)  w i t h  an a s s igned  va lue  of  273.16 [K] ,  and (2 )  a b s o l u t e  zero .  ( T h i s  d e f i n i t i o n  i s  
des igned  t o  con t inue  t h e  convenient e q u a l i t y  between the  ke lv in  
s i n c e  t h e  most c a r e f u l  measurements n o w  p l ace  a b s o l u t e  ze ro  a t  
0.00 [ O C ] ,  w i t h  the  t r i p l e  po in t  de f ined  a t  0.01 [OC].) 

[ K ]  and t h e  degree  C e l s i u s  [ O C ] ,  

-273.15 [ O C ]  and t h e  f r e e z i n g  po in t  a t  

7.3 GAS THERMOMETRY. The thermodynamic tempera ture  s c a l e  is o f t e n  r e a l i z e d  by gas  thermometry, which 
is based on t h e  i d e a l  gas  law 

P - V  = N - R * T  [ J ]  or [m2-kg*s-2] 

where 
P = p r e s s u r e  [Pa] or or [m-1*kg*s-2] 
v = volume [m3] 
N = q u a n t i t y  of gas  i n  moles [ m o ~ ]  
R = molar gas  c o n s t a n t ,  8.31 441 (26) [J-mol-' *K'l ] 
T = t empera ture  [ K ] .  

The equa t ion  a c t u a l l y  used i n  gas  thermometry is 

( 1  2.36) 

( 1  2 .37 )  

where P1 and V1 a r e  p r e s s u r e  and volume a t  T 1 ,  and P2 and V2 a r e  p r e s s u r e  and volume a t  T2. 

T h i s  is done i n  s t r i v i n g  f o r  the  bes t  accuracy  i n  o r d e r  t o  e l i m i n a t e  t h e  cons t an t  R ,  t h a t  appears  i n  
eq.  (12.361, and t h u s  t h e  u n c e r t a i n t y  i n  even the  best value for  R ,  g iven  above. Then, by choosing 

T1 
t h a t  t empera ture  by which the s c a l e  is de f ined  and t h e  o n l y  s o u r c e s  of e r r o r  a r e  t h o s e  i n  making the  

measurement i t s e l f .  

a t  t h e  t r i p l e - p o i n t  of water, t h e  measurement becomes a direct  comparison t o  t h e  a s s igned  va lue  of 

I n  a gas-thermometer measurement of tempera ture ,  hydrogen or  helium is u s u a l l y  used because t h e s e  
gases  approximate most n e a r l y  i n  t h e i r  behavior t o  t h e  i d e a l  gas.  The g a s  is he ld  a t  a cons t an t  pres- 
s u r e ,  and the  volume is measured a t  d i f f e r e n t  tempera tures ;  or t h e  gas is h e l d  a t  a cons t an t  volume, and 
t h e  p r e s s u r e  is  measured a t  d i f f e r e n t  tempera tures .  These measurements a r e  r e p e a t e d  a t  dec reas ing  
p r e s s u r e s ,  and the  r a t i o s  are e x t r a p o l a t e d  t o  ze ro  p r e s s u r e ,  i n  o rde r  t o  c o r r e c t  for  t h e  d e v i a t i o n s  of 
the  gas  used from t h e  ideal gas .  Cas thermometry is very  d i f f i c u l t  and time consuming, and is normally 
carried ou t  on ly  i n  a n a t i o n a l  s t anda rds  l a b o r a t o r y .  

7.4 The INTERNATIONAL PRACTICAL TEMPERATURE SCALE (IPTS).  
by gas  thermometry are not  on ly  complex and d i f f i c u l t ,  as poin ted  ou t  above, but the u n c e r t a i n t y  of even 
t h e  best of such measurements is l a r g e r  t han  t h e  imprec i s ion  by which tempera tures  can be measured by 
o t h e r  methods. On t h e  other hand, these o t h e r  methods can o n l y  measure tempera ture  d i f f e r e n c e s  w i t h  

r e s p e c t  t o  some known tempera ture ;  t hey  do not  d i r e c t l y  measure a b s o l u t e  va lues  of thermodynamic 
tempera ture .  

Measurements of thermodynamic tempera tures  

This s i t u a t i o n  has l ed  t o  t h e  development of t h e  I n t e r n a t i o n a l  Practical Temperature S c a l e  (IPTS) i n  
which measured thermodynamic tempera tures  are ass igned  as exac t  tempera ture  va lues  t o  a convenient 
number of f i x e d  p o i n t s .  Highly c o n s i s t e n t  r e s u l t s  can then  be achieved  t o  s a t i s f y  t h e  everyday needs 

21 



f o r  a u t h o r i t a t i v e  and c o n s i s t e n t  va lues  i n  commerce and s c i e n c e  by p resc r ibed  methods f o r  r e a l i z i n g  
these f i x e d  p o i n t s  and f o r  making h igh -p rec i s ion  i n t e r p o l a t i o n  measurements between and beyond them. 

The IPTS  tempera tures  can also be t ransformed,  when thermodynamic tempera tures  are needed, by app ly ing  

publ i shed  in fo rma t ion  about the d i f f e r e n c e s  between the two scales (IPTS and thermodynamic). 
d i f f e r e n c e s  arise as t h e  r e s u l t  of improved measurements of thermodynamic tempera tures  and from t h e  fac t  
t h a t  t h e  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  methods of t h e  IPTS  do no t  e x a c t l y  f o l l o w  the  Corresponding 

Such 

of  t h e  thermodynamic scale. 

By convent ion ,  tempera tures  are o f t e n  g iven  i n  [ K ]  up t o  273.15 [ K ]  and in [ " C ]  above 0 [ O C ]  

where,  o f  cour se ,  
t u r e  ranges .  The IPTS is used t o  ensure  un i fo rmi ty  i n  t empera tu re  measurements th roughout  t h e  world.  
The p resen t  I n t e r n a t i o n a l  Practical Temperature S c a l e  ( I P T S )  is t h a t  of 1968 (amended e d i t i o n  o f  1975) 
c12.21 1. 
~ 6 8  [ K ] ,  o r  t he  cor responding  tempera tures  i n  degrees C e l s i u s ,  symbol t 6 8  [oc] .  BY d e f i n i t i o n  the 
degree C e l s i u s  i n  t h i s  scale i s  i d e n t i c a l l y  equa l  i n  magnitude t o  the  k e l v i n ,  so  tha t  

0 [ " C ]  = 273.15 [ K ]  bu t  the  IPTS  r ecogn izes  both p r a c t i c e s  throughout a l l  tempera- 

Temperatures on t h i s  scale are approximate thermodynamic tempera tures  g iven  i n  k e l v i n s ,  symbol 

Some r e p r e s e n t a t i v e  f i x e d  p o i n t s  of IPTS-68 are g iven  i n  Table 12.1, and some secondary  r e f e r e n c e  
p o i n t s  are l i s t e d  i n  Table 12.2. 

The s t a n d a r d  platinum r e s i s t a n c e  thermometer is used w i t h  t h e  equa t ions  given i n  the t e x t  C12.213 t o  
r e a l i z e  t he  s c a l e  from 13.81 [ K ]  t o  630.74 [ " C ] ,  and t h e  s t a n d a r d  platinum/platinum-10% rhodium 
thermocouple thermometer is used wi th  the  equa t ions  g iven  i n  t h e  t ex t  t o  r e a l i z e  t h e  scale from 630.74 
["C t o  1064.43 [ " C ] .  Above 1064.43 ["C] ,  t h e  IPTS  is de f ined  i n  terms of t h e  Planck r a d i a t i o n  law 
[eq (12.4b)],  u s ing  t h e  gold  po in t  at 1064.43 ["C]  as the r e f e r e n c e  tempera ture  and 0.014388 [ m - K ]  
f o r  c2. 

I t  is t h i s  l a s t  tempera ture  r ange ,  above t h e  gold  po in t  a t  1064.43 [ O C ] ,  t ha t  i s  of primary i n t e r -  
est  i n  r ad iomet ry ,  s i n c e  i t  is o n l y  here t h a t  radiometric measurements are specified as t h e  primary 
s t a n d a r d s .  However, t h o s e  making r a d i o m e t r i c  measurements i n  t h e  longe r  wavelength r e g i o n s  of the 

i n f r a r e d  spectrum a l s o  need t o  be concerned about thermal r a d i a t i o n  from s o u r c e s  a t  tempera tures  well 
below the gold  p o i n t .  This  t o p i c  w i l l  be d i scussed  i n  more de t a i l  i n  a la ter  chap te r  on the  Thermal 
Rad ia t ion  P r o p e r t i e s  of  Matter. 

The first I n t e r n a t i o n a l  Temperature S c a l e ,  t h e  Normal Hydrogen Scale, was adopted by the  In t e rna -  
t i o n a l  Committee on Weights and Measures (CIPM) i n  1887 and approved i n  1889 by t h e  General Conference 
on Weights and Measures (CGPM). It was fo l lowed by t h e  ITS-27, the ITS-48, which was amended as the 

IPTS-48 i n  1960, and t h e  IPTS-68, c u r r e n t l y  i n  effect as amended i n  1975. There is now a movement 
under way t o  adopt a new IPTS wi th in  a few y e a r s ,  perhaps by 1987. 

When an IPTS tempera ture  T68 has been measured or r e p o r t e d  and the  cor responding  thermodynamic 
tempera ture  T is needed, i t  can be ob ta ined  by making use  of publ i shed  d i f f e r e n c e s  between the  two 
s c a l e s  AT = T - ~ 6 8  C12.221. The magnitude of  AT is less than  0.1 [ K ]  or 100 [ m - K ]  between o 
[ " C ]  and 500 [ O C ]  C12.231. Above t h a t  tempera ture  t h e r e  is cons ide rab le  u n c e r t a i n t y  and disagreement 
i n  AT and i t  is estimated t h a t  t h e  thermodynamic tempera ture  a t  t h e  f r e e z i n g  po in t  of go ld  may d i f f e r  
from t h e  p r e s e n t l y  a s s igned  va lue  of 1064.43 ["C]  by as much as 0.2 [ K ]  ( =  0.2 [ O C ] ) .  There are a 
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number of p r o j e c t s  now under way i n  d i f f e r e n t  n a t i o n a l  s t anda rds  l a b o r a t o r i e s  t o  make more a c c u r a t e  
thermodynamic measurements of t h e  gold po in t  and t o  e s t a b l i s h  the  e s t ima ted  accu racy  of t h e  r e s u l t s  of 
t hose  measurements w i t h  more conf idence  [12.24]. 

Note t h a t ,  s i n c e  t h e  accuracy  of  r e a l i z a t i o n  of  T68 is based on t h e  assumption of e x a c t l y  g iven  
f ixed -po in t  va lues  ( w i t h  no u n c e r t a i n t i e s ) ,  the  accuracy  of 

accu racy  o r  u n c e r t a i n t y  of t h e  thermodynamic tempera ture  T ,  a t  l e a s t  up t o  the gold po in t  a t  1064.43 

[ O C ] .  

IPTS-68 above 
125-139 of c12.221. I n  a d d i t i o n ,  f o r  t h e  most a c c u r a t e  measurements, t h e  u n c e r t a i n t y  i n  t h e  u n i v e r s a l  
c o n s t a n t  c 2  i n  t h e  Planck equa t ion  might even become s i g n i f i c a n t .  I n  [12.22] (on  p. 51, t h i s  cons t an t  

is given as c2 = 1.4388*10-2 [ m - K ] .  The most r e c e n t  value publ i shed  by NBS [12.6] is c2 = 

1.438786(45)*10-* [ m - K ] .  These two v a l u e s ,  d i f f e r i n g  by 1.4-10-7 [ m - K ] ,  a r e  i n  agreement w e l l  w i t h i n  
t h e  e s t ima ted  one-s tandard-devia t ion  u n c e r t a i n t y  of t h e  l a t t e r ,  shown a s  
t a i n t y  of on ly  0.003% 

AT = T - T68 depends p r i m a r i l y  on t h e  

Spec ia l  c o n s i d e r a t i o n s ,  i nc lud ing  p r a c t i c a l  no te s  and sources  of e r r o r ,  f o r  e s t a b l i s h i n g  the  

1064.43 [ " C ]  w i th  opt ica l -pyrometry  measurements, a r e  p re sen ted  i n  s e c t i o n  6 on pp. 

4.501 0-7 [ m - K ] .  T h i s  uncer- 
w i l l  not l i k e l y  a f f e c t  an exper imenta l  r e a l i z a t i o n  of  T68. 

The more impor tan t  d e t a i l s  of t h e  c u r r e n t  amended IPTS-68 have been summarized above. The e a r l i e r  
s c a l e s  are s i m i l a r l y  summarized i n  Appendix 12-A. More complete a u t h o r i t a t i v e  in fo rma t ion  can be 
found i n  r e f e r e n c e  [ 12.21 1. 

8.  R A D I A T I O N  THERMOMETRY. The radiance temperature of an o b j e c t  is de f ined  as t h e  tempera ture  of a 
blackbody r a d i a t o r  t h a t  h a s ,  over a de f ined  s p e c t r a l  pass  band, t h e  same rad iance  as t h e  o b j e c t .  For 

s u r f a c e s  having an e m i s s i v i t y  l e s s  than  one ,  t h e  r ad iance  tempera ture  w i l l  be lower than  t h e  t r u e  
tempera ture .  The s u b j e c t  of e m i s s i v i t y  and i ts  e f f e c t  on t h e  r a d i a t i o n  emi t t ed  by a hot  body and, 
hence,  on t h e  r e l a t i o n s h i p  between r ad iance  tempera ture  and t r u e  tempera ture ,  w i l l  be d i scussed  i n  t h e  
chap te r  on t h e  Thermal Rad ia t ion  P r o p e r t i e s  of Matter, and w i l l  no t  be t r e a t e d  f u r t h e r  he re .  

8.1 The HUMAN EYE a s  a R A D I A T I O N  THERMOMETER. The f i r s t  radiation thermometer was the human eye. The 

a n c i e n t  m e t a l l u r g i s t s ,  ceramists, glassmakers and o t h e r s  involved  wi th  h igh  t empera tu res  l e a r n e d  t o  
estimate tempera tures  from t h e  b r i g h t n e s s  and co lo r  of a hot o b j e c t ,  even though t h e  formalism of a 
t empera tu re  s c a l e  d i d  not  ex is t .  Even today ,  a b lacksmi th  judges  i n  t h i s  way when a p i ece  of wrought 
i r o n  hea ted  i n  a fo rge  is ready  f o r  t h e  hammer and g l a s s  blowers judge  s i m i l a r l y  when a p i ece  of  g l a s s ,  
hea ted  i n  a "g lo ry  hole1' ( g l a s s  b lower ' s  f u r n a c e )  o r  by means of a g l a s s  b lower ' s  t o r c h ,  is ready  f o r  
forming . 
8.2 The VISUAL OPTICAL PYROMETER. The f i r s t  o p t i c a l  ins t rument  developed f o r  measuring r ad iance  tem- 
p e r a t u r e  was t h e  visual optical pyrometer. It used the  human eye as t h e  d e t e c t o r ,  bu t  i t  made i t  much 
easier t o  e v a l u a t e  t h e  r a d i a n c e  of a ho t  t a r g e t  by t h e  use  of a r e f e r e n c e  tungs ten- f i lament  lamp and a 
method of  conve r t ing  t h e  observed r ad iance  i n t o  a r ad iance  tempera ture .  The o p t i c a l  system superimposes 
an  image of t h e  lamp f i l amen t  o n t o  that  of t h e  t a r g e t ,  and t h e  c u r r e n t  t o  t he  lamp is  manually a d j u s t e d  
u n t i l  t h e  b r i g h t n e s s  of t h e  f i l a m e n t  matches t h a t  of t h e  t a r g e t .  
of t h e  f i l amen t  d i sappea r s  i n  t h e  background of t h e  h o t - t a r g e t  image, hence it  is o f t e n  c a l l e d  t h e  
"d isappear ing- f i lament  technique" . )  
about 665 [nm] by t h e  combination of a dark  r e d  f i l t e r  and the  s p e c t r a l  r e sponse  of t h e  normal human 

(When t h e  match is e x a c t ,  t h e  image 

The wavelength band is  r e s t r i c t e d  t o  a narrow band cen te red  a t  
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eye. The ins t rument  is cal ibrated by r e c o r d i n g  the lamp c u r r e n t  r e q u i r e d  t o  match the known r a d i a n c e  of  
t h e  f i l a m e n t  i n  a c a l i b r a t e d  tungs t en  s t r i p  l amp ,  or of a blackbody source  a t  a known tempera ture .  The 
known r a d i a n c e  tempera ture  is p l o t t e d  as a f u n c t i o n  o f  the lamp c u r r e n t  producing a c a l i b r a t i o n  curve .  

8.3 The PHOTOELECTRIC R A D I A T I O N  PYROMETER. 

o p t i c a l  pyrometer,  bu t  the human eye  is r e p l a c e d  by a s u i t a b l e  r a d i a t i o n  d e t e c t o r  and the pass  band is 
l i m i t e d  by a narrow-pass-band f i l t e r .  The d e t e c t o r  views t h e  t a r g e t ,  and s t o r e s  the s i g n a l  i n  a memory, 
t h e n  views t h e  f i l a m e n t  of  an  i n t e r n a l  r e f e r e n c e  lamp, and a u t o m a t i c a l l y  a d j u s t s  t h e  c u r r e n t  t o  the  lamp 
t o  produce a s i g n a l  equal  t o  t h e  t a r g e t  s i g n a l .  (Both images, t a r g e t  and i n t e r n a l  lamp f i l a m e n t ,  
comple te ly  f i l l  t he  ins t rument  th roughpu t ,  so t h a t  t he  o u t p u t  is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  (average)  
r a d i a n c e  i n  each beam.) The ou tpu t  may be t h e  c u r r e n t  t o  the lamp, which may be conver ted  t o  a r ad iance  
tempera ture  as is done wi th  a v i s u a l  o p t i c a l  pyrometer,  o r  t h e  ins t rument  may inc lude  a microcomputer 
which has  t he  c a l i b r a t i o n  s t o r e d  i n  its memory and a u t o m a t i c a l l y  computes the r a d i a n c e  t empera tu re ,  
which may be d i sp layed  as a t empera tu re ,  and/or recorded, e .g . ,  on paper tape. The p r e c i s i o n  of t h e s e  
dev ices  is of t h e  o r d e r  of  0.1 t o  1 [K] .  

The photoelectric radiation pyrometer is similar t o  the 

8.4 The TOTAL-RADIATION PYROMETER. A ( s p e c t r a l l y )  total-radiation pyrometer has  a combination of  
o p t i c s  ( u s u a l l y  focus ing  m i r r o r s )  and a d e t e c t o r  t h a t  has uniform spectral r e sponse  over  a wide s p e c t r a l  
band, and t h e  ins t rument  produces a s i g n a l  t h a t  is a measure of  t h e  s p e c t r a l l y  t o t a l  r ad iance  of  the 

t a r g e t .  Th i s  ins t rument  is p a r t i c u l a r l y  u s e f u l  for measuring r a d i a n c e  tempera tures  below t h e  working 
range of t h e  narrow-pass-band pyrometers.  I n t e r p o l a t i o n  between c a l i b r a t i o n  p o i n t s  f o r  t h e s e  i n s t r u -  
ments is  based on t h e  Stefan-Boltzmann equa t ion  [eq. (12.1511. 

8.5 The R A T I O  PYROMETER. 

t a r g e t  i n  two narrow wavelength bands. The r a t i o  of t h e  two r a d i a n c e s  is a f u n c t i o n  of t h e  tempera ture .  
Use o f  t h i s  technique  reduces  e r r o r s  produced i n  t h e  other in s t rumen t s  by t h e  e m i s s i v i t y  of  t h e  t a r g e t ,  
t h e  propagance ove r  t h e  o p t i c a l  pa th  between the  t a r g e t  and in s t rumen t ,  and f a i l u r e  of t h e  t a rge t  t o  
f i l l  uniformly the  complete f i e l d  of  view of the o p t i c a l  systems. I f  t h e  e m i s s i v i t y  of  the t a r g e t ,  t h e  
propagance ove r  t h e  o p t i c a l  pa th  and t h e  f r a c t i o n  of t h e  f i e l d  of view f i l l e d ,  are the  same f o r  both 
s p e c t r a l  pas s  bands t h e  i n f e r r e d  tempera ture  is t h e  t r u e  t empera tu re  of  a blackbody source  t h a t  has t h e  
same r a d i a n c e  r a t i o  as t h e  t a r g e t .  

The ratio,  o r  lltwo-colorlt, pyrometer measures t h e  s p e c t r a l  r ad iance  of  t h e  

Two-color pyrometry, o r ,  more g e n e r a l l y ,  mul t i -co lor  pyrometry, is o f t e n  advocated i n  t h e  absence of  
knowledge of t h e  e m i s s i v i t y  of t h e  sou rce .  However, the  accu racy  of t h e  t echn ique  is  ext remely  s e n s i -  
t i v e  t o  the  va lues  of sou rce  e m i s s i v i t y  i n  the ins t rument  pass bands. Ca re fu l  a n a l y s i s  of t h e  measure- 
ment p rocess  i n d i c a t e s  t h a t ,  i n  most cases where t h e  e m i s s i v i t y  is not  known from independent d a t a ,  t h i s  
technique  posses ses  no real  advantage over  s imple  s ing le -co lo r  pyrometry 112.251. The p r i n c i p a l  use  of  
two-color ,  or mul t i - co lo r ,  pyrometry appea r s  t o  be i n  s i t u a t i o n s  where ave rage  r a d i a n c e  cannot be 

measured because the source  beam f i l ls  on ly  a p o r t i o n  of  t h e  ins t rument  th roughput  o r  where t h e r e  is 
s t r o n g ,  s p e c t r a l l y  uniform (e .g . ,  caused by smoke o r  s o o t y  f l ames )  a b s o r p t i o n  i n  t h e  o p t i c a l  pa th .  

9. SUMMARY of CHAPTER 12. I n  t h i s  chap te r  we have started a two-chapter t r ea tmen t  of temperature, one  
of t he  most impor tan t  and ub iqu i tous  of t he  environmental  and in s t rumen ta l  parameters  t h a t  must be 

cons idered  i n  t h e  measurement equat ion .  It a f f e c t s  almost every  q u a n t i t y  i n  t h a t  equa t ion  i n  one way o r  
a n o t h e r ,  but we are concerned p r i m a r i l y ,  i n  these two c h a p t e r s ,  w i t h  the  way i n  which it a f f e c t s  radia- 

t i o n  s o u r c e s .  Here we focus  on blackbodies and blackbody simulators, and i n  a la ter  chap te r  on t h e  

24 



thermal r a d i a t i o n  p r o p e r t i e s  of matter, w e  w i l l  look a t  the  ways i n  which thermal r a d i a t i o n  is affected 
by the  characteristics of real  s o u r c e s ,  such  as e m i s s i v i t y .  Thermal r a d i a t i o n  is impor t an t  as a source 

of  f a l s e  s i g n a l s  ( n o i s e )  because a l l  matter above t h e  u n a t t a i n a b l e  a b s o l u t e  z e r o  emits some r a d i a n t  f l u x  
by r e a s o n  of its t empera tu re .  I t  is a l s o  important  as a primary s t a n d a r d  w i t h  a known s p e c t r a l - r a d i a n c e  
d i s t r i b u t i o n ,  given by the  Planck r a d i a t i o n  law. 

A blackbody is def ined  as an opaque surface t h a t  abso rbs  a l l  i n c i d e n t  r a d i a n t  f l u x  o f  a l l  wave- 
l e n g t h s  and p o l a r i z a t i o n s  i n c i d e n t  upon i t  from a l l  p o s s i b l e  d i r e c t i o n s  ( r e f l e c t a n c e  p and t r a n s m i t -  
t a n c e  T bo th  equa l  t o  z e r o ) .  By Ki rchhof f ’ s  law, 

a(e ,$ ,A )  = E ( e , $ , x ) ,  (12.1) 

where a(e,$,A)  is t h e  spectral  d i r e c t i o n a l  abso rp tance  f o r  radiance of wavelength A i n c i d e n t  frm 
d i r e c t i o n  e,$ and E ( ~ , $ , A )  is the s p e c t r a l  d i r e c t i o n a l  e m i s s i v i t y  a t  wavelength A i n  d i r e c t i o n  
e,$. Then, s i n c e  a = 1 f o r  a blackbody, its e m i s s i v i t y  E = 1 and its thermal r a d i a n c e  at any 
wavelength and i n  any d i r e c t i o n  is t h e  maximum p o s s i b l e  f o r  any body at t h e  same temperature .  
s i v i t y  relates on ly  t o  thermal  r a d i a t i o n ,  r e s u l t i n g  from source  t empera tu re ;  o t h e r  s o u r c e s  of energy 
may, of c o u r s e ,  produce 71cold l i g h t ”  g r e a t l y  i n  excess  of blackbody spectral radiance.) 

( E m i s -  

The s p e c t r a l  r a d i a n c e  as a f u n c t i o n  o f  s p e c t r a l  f requency v [Hz] o f  a blackbody a t  thermodynamic 
o r  a b s o l u t e  t empera tu re  T [ K ]  is given by the  Planck r a d i a t i o n  law 

Le ,  v ,  b b ( v * T )  = 2 a h  *n2*c i2  *v3 { exp [ h*v/ (kB*T) ] - 1 1-l [ W O ~ - ~  9sr-l  ~ H Z - ~ ] .  (12.2) 

T h i s  is t h e  spectral r a d i a n c e  from the  blackbody s o u r c e  i n  any given d i r e c t i o n  a t  any p o i n t  i n  a 
non-a t t enua t ing  medium of r e f r a c t i v e  index n.  I f  there is a t t e n u a t i o n ,  t h i s  Planck-law va lue  m u s t  be 
m u l t i p l i e d  by t h e  propagance T* over t h e  i n t e r v e n i n g  o p t i c a l  pa th .  The o t h e r  q u a n t i t i e s  are: t h e  
v e l o c i t y  of e l ec t romagne t i c  r a d i a t i o n  i? vacuum co [m-s- l ] ;  Planck’s  constant of a c t i o n  h [J-s]; 
and t h e  Boltzmann c o n s t a n t  kg [ J - K - ’ ] .  Values of t h e s e  c o n s t a n t s  are given.  

In terms of vacuum wavelength )Lo E co/v [m] and 7110ca171 wavelength A E Ao/n [m] i n  a medium of 

i ndex  n ,  t he  P l a n c k  law is given by 

Le,Ao,bb ( A  o , T I  = 2 * h * n 2 * c ~ ~ A ~ 5 * { e x p [ h ~ c o / ( A o ~ k B * T ) ]  - 1}-l 

Le ,  A ,  bb ( A ,  T) = 2-h  -cg .A-5 - { exp [ hoco/ ( n  .A.kg-T) ] - 1 1-l 

r e s p e c t i v e l y .  However, the  fo l lowing  forms,  w i t h  areas i n  [m2]  bu t  
and make it  easier t o  v e r i f y ,  unit-dimension cons i s t ency :  

and 

Le,Xo,bb ( A  o ,T)  

L e ,  A ,  bb ( A ,  T) 

= 2 ~ 1 0 3 6 * h * n 2 . C ~ . ~ ~ 5 * { e X p [ l ~ g * h * C o / ( A o * k B * T ) ]  - 1 

= 2-1 036*h*n-2*cg* A-5 {exp[ 1 09*h*c0/ (n  *A*kB-T) ] - 1 } 
and 

[ W * m - 2 - s r - 1  o m - ’ ] ,  ( 1 2.4a 

wavelengths i n  [nm] ma in ta in ,  

Simpler forms of the Planck e q u a t i o n ,  i n  terms of t h e  r a d i a t i o n  constants c1 or clL, and c2, are 
o f t e n  used [these c o n s t a n t s  are de f ined  and va lues  are given i n  eqs .  (12.11) ,  (12.12) ,  and (12.13)]: 

Le,Ao,bb ( A  o ,T)  = c l L ~ n 2 ~ ~ ~ 5 { e x ~ [ c 2 / ( ~ o ~ T ) ]  - 1 I-’ [ ~ * m - ~ * s r - ’ * n m - ’ ]  

L, , A ,  bb ( A ,  TI = c 

( 1 2 . 3 ~  1 

( 1 2 . 4 ~  
and 

A-5 { exp [ c2/ ( n  A * T I  ] - 1 1-l [ w 0sr-l  *rim-’ 1. 
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However, i n  most tex tbooks  and r e f e r e n c e  books, a t  least  u n t i l  q u i t e  r e c e n t l y ,  t h e  P lanck- l aw equa t ion  
is given  i n  terms of s p e c t r a l  r a d i a n t  e x i t a n c e  as 

M ~ , ~ , . , ~ ( A , T )  = ~ ~ ~ A - ~ ~ [ e x p [ c ~ / ( A ~ T ) ]  - 1 I-’ [ ~ * m - ~ * n m - l ] ,  (1 2.14) 

ignor ing  t h e  d i s t i n c t i o n  between wavelength i n  a i r  A and i n  vacuum A,; i n  o t h e r  words s e t t i n g  
n = 1 i n  eq.  ( 1 2 . 4 ~ )  and m u l t i p l y i n g  by II, s i n c e  a blackbody is l amber t i an  ( i s o t r o p i c a l l y  d i f f u s e )  
and ,  f o r  such  s o u r c e s ,  M A  = r - L A  (and c1 = n - c l L ) .  The effects and s i g n i f i c a n c e  of t h i s  n e g l e c t  of 
t h e  index  n are d i scussed  i n  S e c t i o n  3.1.6. 

Transformat ion ,  o r  r e c o n c i l i a t i o n ,  between t h e  d i f f e r e n t  forms of t h e  Planck e q u a t i o n  expres sed  i n  
terms of d i f f e r e n t  spectral v a r i a b l e s  r e q u i r e s  e q u a t i n g  t h e  d i f f e r e n t  e x p r e s s i o n s  for t h e  d i f f e r e n t i a l  
r ad iance  

dL = Lv*dv = LA;~A, = LA’dA = L,.do, (12.8 

where, f o r  comple teness ,  we have added an expres s ion  i n  terms of one  more commonly used s p e c t r a l  pa- 
rameter, wave number (I Z l/Ao [cm-l], where A, is given  i n  [cm] {and co i n  [cm-s-’]]. Also 
needed are t h e  r e l a t i o n s  between t h e  spec t r a l -pa rame te r  d i f f e r e n t i a l s  

dv = - C ~ * A ~ ~ * ~ A ~  = - c , * ~ - ~ - A - ~ * ~ A  = co*do [Hz] o r  [ s - l ] .  (12.9 

Furthermore,  s i n c e  w e  are p r i m a r i l y  i n t e r e s t e d  i n  magnitudes,  and no t  i n  whether one q u a n t i t y  i n c r e a s e s  
when ano the r  d e c r e a s e s ,  w e  w i l l  i g n o r e  t h e  minus s i g n s  i n  eq .  (12.9) h e r e a f t e r .  I n c i d e n t a l l y ,  a l though  
t h e  u s e f u l  forms of t h e s e  r e l a t i o n s  are t h o s e  of  eq.  (12 .9) ,  i t  may be easier t o  remember them i n  t h e  
f o l l o w i n g  symmetrical form ( i g n o r i n g  t h e  minus s i g n s ) :  

dv/v = dAo/Ao = dA/A = do/a.  (1 2.10) 

Similar r e l a t i o n s h i p s  are p resen ted ,  i n  Appendix 12-A where t h e y  are d i scussed  more f u l l y ,  
f o r  three more s p e c t r a l  v a r i a b l e s :  

vacuum wavenumber a0 E I / A ,  [cm-’1 ( o r  [ m - ’ I ,  o r  [nm-’I);  ( 1  2A. 1)  

“local” wavenumber u Z 1 / A  [cm-’1 ( o r  [m-’1,  or [nm-l]) ,  i n  a medium of r e f r a c t i v e  ( 12A. 2) 
index  n; 

energy per photon q Z h - v  [J-q-’], (where h [ J - s -q - ’ ]  is Planck’s  cons t an t  of (12A.3) 
a c t i o n  per photon) ;  more o f t e n  t h i s  is g iven  i n  u n i t s  of e l e c t r o n - v o l t s  (pe r  
quantum) [ ev -q - l ] .  

Ignor ing  s p e c t r a l  dependence o f  index [ s e t t i n g  n ( v )  = n l  and i n t e g r a t i n g  t h e  Planck e q u a t i o n ,  eq .  
(12.3) w i t h  respect t o  v from 0 t o  a g i v e s  us  t h e  Stefan-Boltzmann lav  f o r  s p e c t r a l - t o t a l  
r a d i a n c e  as a f u n c t i o n  of tempera ture :  

(1  2.15) 

And, a g a i n ,  t h i s  is o f t e n  expres sed  for e x i t a n c e ,  and w i t h  t h e  r e f r a c t i v e  index  n neg lec t ed :  

( 1  2.17) 

The two forms of t h e  Stephan-Boltzmann constant, uL and uM, a r e  de f ined  and va lues  are g iven  i n  eqs .  
(12.16) and (12.181, r e s p e c t i v e l y .  

From t h e  Planck law [eq. ( 1 2 . 3 ~ 1 1  we also have t h e  Wien displacement law 
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t h a t  t h e  s p e c t r a l  d i s t r i b u t i o n  of  blackbody r ad iance  Cor e x i t a n c e  -- see eq. (12.21)] is a f u n c t i o n  
the product Ao-T. 

d i sp lacement  law, is 
A c o r o l l a r y ,  t h a t  is probably  more famil iar  and is o f t e n  p resen ted  as the  Wien 

n-Am*T = b (a c o n s t a n t )  
= 2.8978*106 [ n " K ] ,  

and ano the r  somewhat less famil iar  c o r o l l a r y  is 

of  

(1  2.22) 

where is the wavelength ( i n  a medium of index  n )  f o r  t h e  maximum value  of  Le ,A,bb  [or of 
M e , ) l , b b l .  Again, i n  a i r  n w 1 and Xo FC: A ,  s o  most t ex t s  and r e f e r e n c e s  ignore  n and t h e  d i s -  
t i n c t i o n  between A. and A .  

F i n a l l y ,  t h e r e  are two f r e q u e n t l y  used approximations t o  t h e  P l a n c k  law t h a t  h i s t o r i c a l l y  a n t e d a t e  
i t .  One is the Wien distribution law or radiation law 

(1 2.24) 

which is a good approximation t o  t h e  P l a n c k  law when A-T is very  small. As always,  t h e  index  n is 
o f t e n  omi t t ed  on t h e  assumption t h a t ,  i n  a i r ,  n - 1 (approx . ) .  The o t h e r  is t h e  Rayleigh-Jeans law 

which is a good approximat ion  t o  t h e  exac t  Planck law on ly  when n*A*T is very  l a r g e .  Again, t h e  index  
n is u s u a l l y  omi t t ed  on the assumption t h a t ,  i n  a i r ,  n = 1 .  The degree  of approximation provided by 
each  of t h e s e  "laws1' and t h e i r  r e l a t i o n s h i p  t o  each  o t h e r  is d i scussed  and is summarized i n  F igu re  12.1. 

Radiation pyrometry makes use of  t h e  Planck-law r e l a t i o n s h i p  between spectral r ad iance  and tempera- 
t u r e  t o  measure s o u r c e  t empera tu res ,  u s u a l l y  h igh  t empera tu res ,  by measurements based on  t h e  observed  
va lues  of r ad iance  of  their  thermal  emiss ions .  Re la t ionsh ips  t h a t  may be u s e f u l  i n  t h i s  connec t ion  are 
p resen ted  and d i scussed  i n  s e c t i o n s  4 and 5 and inc lude  e q s .  (12.30) - (12.33).  Important c h a r a c t e r i s -  
t i c s  of blackbody s i m u l a t o r s ,  used as sources  of known s p e c t r a l  r ad iance  (when t h e  t empera tu re  is 
a c c u r a t e l y  known) and as r a d i a t i o n  t r a p s  t o  keep s t r o n g e r  beams from i n t e r f e r i n g  wi th  t h e  measurement of 
weaker beams of r a d i a n t  f l u x ,  are p resen ted  and d i scussed  i n  s e c t i o n  6,  i nc lud ing  s e c t i o n s  6.1 through 

6.3. 

The rest  of t h e  chap te r  treats temperature sca les ,  i nc lud ing  some h i s t o r i c a l  material as background 
t o  make t h e  c u r r e n t  s i t u a t i o n  more i n t e l l i g i b l e  and also t o  h e l p  i n  unders tanding  earlier p u b l i c a t i o n s  
i n  t h e  l i t e r a t u r e .  The ear l ies t  scales were based on more or less a r b i t r a r y  va lues  a s s igned  t o  t h e  
f r e e z i n g  and b o i l i n g  p o i n t s  of water, w i t h  t h e  Celsius ( fo rmer ly  Centigrade) scale a s s i g n i n g  
100 [ O C ] ,  

scale ,  based on t h e  Carnot cycle, provided a scale t h a t  does not r e q u i r e  r e f e r e n c e  t o  t h e  p r o p e r t i e s  of 
any p a r t i c u l a r  material. The s i z e  of t h e  scale u n i t  has been e s t a b l i s h e d  by a s s i g n i n g  the  va lue  of 

273.16 [ K ]  t o  t h e  tr ip le  point of water, making it p o s s i b l e  t o  d e f i n e  1 [ O C ]  1 [ K ]  wi thout  d i s t u r b -  
i n g  earlier measurements i n  de f ined  by the  assignment of t h e  f r e e z i n g  and b o i l i n g  p o i n t s  of water 
a t  0 [ O C ]  and 100 [ O C ] ,  r e s p e c t i v e l y .  However, a c c u r a t e  measurements of thermodynamic tempera tures  
are very  d i f f i c u l t  and time consuming and ,  even a t  b e s t ,  cannot ach ieve  t h e  p r e c i s i o n  ( r e p r o d u c i b i l i t y )  
of  most o t h e r  methods of measuring tempera tures  r e l a t i v e  t o  c o n s i s t e n t l y  r e p r o d u c i b l e  r e f e r e n c e  po in t s .  
Accordingly,  t h e  International Practical Temperature Scale (IPTS) has  been developed t o  f a c i l i t a t e  
p r e c i s e  comparison between tempera ture  measurements i n  d i f f e r e n t  s c i e n t i f i c  and i n d u s t r i a l  l a b o r a t o r i e s  

0 [ O C ]  and 
r e s p e c t i v e l y ,  t o  these two r e f e r e n c e  po in t s .  Discovery of  t h e  thermodynamic (o r  absolute) 

[ O C ]  
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a l l  over t h e  world. 
desc r ibed  in some d e t a i l ,  p a r t i c u l a r l y  i n  t h e  r anges  p e r t i n e n t  t o  r a d i o m e t r i c  measurements, and a l l ,  
i n c l u d i n g  earlier v e r s i o n s  l e a d i n g  up t o  the  IPTS-68, are summarized i n  Appendix 12-B,  w i t h  c i t a t i o n s  of 
o f f ic ia l  p u b l i c a t i o n s  g i v i n g  complete d e t a i l s  f o r  t hose  t h a t  need them. 

p r e c i s e l y  r e p r o d u c i b l e  f i x e d  p o i n t s  throughout the  needed r anges  of tempera ture  measurement and a l s o  
s p e c i f i e s  t h e  e x a c t  measurement procedures  t o  be used f o r  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  between and 
beyond t h o s e  f i x e d  p o i n t s .  This  c o n s i s t e n t l y  r e p r o d u c i b l e  scale is adequate  f o r  many requi rements .  
However, for t h o s e  who need a b s o l u t e  va lues  on t h e  thermodynamic s c a l e ,  a measured va lue  of  I P T S  

tempera ture  can be conver ted  t o  t h e  cor responding  thermodynamic tempera ture  by means of publ i shed  tables  

of t h e  d i f f e r e n c e s  between t h e  two scales. Those tables are p e r i o d i c a l l y  improved as r e s e a r c h  provides  
more accurate measurements on t h e  thermodynamic scale. F i n a l l y ,  there is a brief summary of measurement 

t echn iques  and types  of i n s t rumen ta t ion  f o r  r a d i a t i o n  thermometry. 

The la tes t  v e r s i o n ,  t h e  IPTS-68 ( f i r s t  adopted i n  1968 and amended i n  1975) is 

The IPTS-68 establishes 
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sources in the l i terature  and among our co l l eagues  f o r  background material and h e l p f u l  d i s c u s s i o n s  t h a t  
have been i n v a l u a b l e  i n  broadening t h e  scope  of  t h i s  chap te r  and i n  avo id ing  errors and inadequac ies  i n  
t h e  p r e p a r a t i o n  of t h e  t e x t .  Although it would be imposs ib le  t o  list a l l  of t h e s e  s o u r c e s ,  w e  have had 

p a r t i c u l a r l y  va luab le  d i s c u s s i o n s  w i t h  John B. Shumaker, Albert T. Hattenburg, Henry J. Kostkowski, 
James F. Schooley, Mar t in  L. R e i l l y ,  Klaus D. Mielenz,  and Paul H. E. Meijer. However, r e s p o n s i b i l i t y  
for what has f i n a l l y  been sa id  in the  t e x t  rests e n t i r e l y  wi th  t h e  a u t h o r s .  
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Appendix 12-A. Planck Equations f o r  Addi t iona l  S p e c t r a l  Variables. 

I n  a d d i t i o n  t o  t h e  several s p e c t r a l  parameters a l r e a d y  t r e a t e d ,  t h e  vacuum wavenumberl so, the  

" l O C a l "  wavenumber u, or t h e  energy per photon q, may a lso  appear as t h e  s p e c t r a l  v a r i a b l e  i n  t h e  
Planck-law equat ion .  They are de f ined  as fo l lows:  

a, -I l /Ao  [cm-'1 ( O r  [ m - ' 1 ,  or  [ r u n - ' ] ) ,  vacuum wavenumber; (12A.1) 

u E 1 / X  [em-'] ( O F  [ m - ' 1 ,  or  [ r u n - ' ] ) ,  t t l o c a l v t  wavenumber i n  a medium of r e f r a c t i v e  
index n ;  (12A.2) 

q : h - v  [ J - q - l ] ,  energy per photon (where h [ J - s .q - ' ]  is Planck ' s  cons t an t  of 
a c t i o n  per photon) ;  more o f t e n  t h i s  is g iven  i n  u n i t s  of e l e c t r o n - v o l t s  (pe r  
quantum) [ev-q- ' ] .  ( 12A. 3) 

Note: Don't confuse ( 1 )  t h e  s p e c t r a l - v a r i a b l e  q u a n t i t y  q ,  t h e  quantum-energy t h a t  has  unit-dimensions 
[ J*q- ' ] .  w i th  ( 2 )  t h e  unit-dimension [ q ] ,  t h e  quantum ( s e e  Table 4-3 i n  Chapter 4 [12.26])2. T h i s  

is d i scussed  i n  more d e t a i l  la ter  on. 

These s p e c t r a l  parameters  a r e  r e l a t e d  t o  t h e  f requency  v as fo l lows:  

v = co-u0 = co*u/n  = q /h  [Hz]. ( 1  2A. 4 )  

(Here, the  l e n g t h  u n i t s  f o r  co and f o r  uo or u must be the same; e .g .  i f ,  as is very  commonly the  

c a s e ,  uo and u are g iven  i n  r e c i p r o c a l  cen t ime te r s  [cm-'1, eo must then  be i n  [em-s-'1.) Also, 
as we saw b e f o r e ,  w e  need t h e  cor responding  r e l a t i o n s  between t h e  d i f f e r e n t i a l s :  

dv = co*duo = c,*r~-~ *do  = h-l *dq [Hz]. (12A.5) 

Again, t h e  above r e l a t i o n s  a r e  t h e  most u s e f u l ,  bu t  i t  may be e a s i e r  t o  remember them i n  t h e  symmetrical  
form 

dv/v = doo/oo = do/u = dq/q. ( 12A. 6 )  

A s  be fo re ,  we must s t a r t  w i th  t h e  equa t ion  for  t h e  complete d i f f e r e n t i a l  q u a n t i t y  
use of eq .  (12.211: 

dLe,bb [and we make 

dLe,bb = Le,,,bb(v,T)*dV 

= 2*h*n2*c-2-v3.{exp[h*v/(kB*T)] - l } - ' *dv  [W*m-2-sr-1]. ( 1  2A. 7) 

S u b s t i t u t i n g  f o r  v and dv t h e  va lues  from eqs .  (12A.4) and (12A.51, c o l l e c t i n g  terms and c a n c e l l i n g  
a l l  t h a t  o f f s e t  each  o t h e r ,  and then  dropping t h e  d i f f e r e n t i a l ,  we g e t :  

--------------- 
'Don't confuse  t h e  s p e c t r a l  v a r i a b l e  q u a n t i t y  u (uni t -d imens ions  [em-' 3 )  w i th  t h e  S te fan -  
Boltzmann cons t an t  uL or uH (uni t -d imens ions  [ W - m - 2 * K - 4 ] ) .  The con tex t  i n  which it  is  used 
w i l l  i n d i c a t e  which meaning of u is in tended .  

2The unit-dimension [ q ]  
s t a n t  as 
where we use  t h i s  unit-dimension e x p l i c i t l y  as 
dimensions of a l l  exp res s ions  invo lv ing  h ,  or any o t h e r  q u a n t i t y  p e r  quantum. 

is not  cus tomar i ly  recognized  i n  g i v i n g  t h e  unit-dimensions of P lanck ' s  con- 
[J-s] ,  a l though  i t  is always understood t h a t  t h i s  is t h e  va lue  of a c t i o n  per  quantum. Here, 

[ q ] ,  i t  must be added f o r  cons i s t ency  t o  t h e  u n i t -  
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( T)  = 2 ~ h * n 4 ~ c 2 ~ a 3 ~ { e x p [ h ~ c o ~ a o / ( k g ’ T ) ]  - [W*m -2 

= 2 . h ~ c ~ . a 3 * [ e x p [ h * c o = a / ( n * k ~ = T ) ]  - I }  -1 [W-m -2 *sr - 

Le,ao,bb ‘0’ 0 0  

(0 .T)  Le, a ,  bb 

-1 -1 -1 sr *(em ] 

-1 -1 *(em 3 

(12A.8) 

(12A.9) 

( 1  2A. 10) 

Note t h a t ,  s i n c e  t h e  customary unit-dimension of wavenumber is t h e  r e c i p r o c a l  cen t ime te r  
unit-dimension of r ad iance  per u n i t  of t h i s  s p e c t r a l  v a r i a b l e  is t h e  r a d i a n c e  per  u n i t  r e c i p r o c a l  
c e n t i m e t e r ,  or watts per squa re  meter, s t e r a d i a n  and r e c i p r o c a l  cen t ime te r  [ W - m - 2 - s r - 1  -(em-’ 1-l 3.  
could  be w r i t t e n  i n  what appears  t o  be a s imple r  form as 
s o  immediately appa ren t  t h a t  t h i s  q u a n t i t y  is r a d i a n c e  per  wavenumber u n i t ,  i .e. per r e c i p r o c a l  centime- 
ter .  S i m i l a r l y ,  fo r  t h e  s p e c t r a l  v a r i a b l e  i n  units of energy per quantum, or quantum-energy, t h e  spec- 
t r a l  r a d i a n c e  is r a d i a n c e  per u n i t  quantum-energy, or watts per  squa re  meter ,  s t e r a d i a n  and quantum- 
energy u n i t .  

[em-’ 3 ,  t h e  

T h i s  

[W*m-2*sr-1*cm], but  i n  t h i s  form i t  is not  

Here we have another  p o s s i b i l i t y  f o r  confus ion .  I t  is essential t o  d i s t i n g u i s h  c l e a r l y  between ( 1 )  

quantum-energy or energy per quantum q (= h - v ) ,  t h e  q u a n t i t y  used as a s p e c t r a l  parameter ,  and (2)  
quantum, t h e  unit-dimension [q] ,  t h a t  appea r s  i n  t h e  unit-dimensions of t h a t  quantum-energy q ,  which 
are j o u l e s  per quantum [Joq- l ] .  Accordingly,  t h e  unit-dimensions of Le,q,bb(q,T) are 
[Wm-2*sr-1 - (  J - q - l ) - ’  1, 
r ecogn iz ing  t h a t  [ W ]  = [J-s-’ I }  t o  [q - s - l  *m-2*sr-1], g i v i n g  t h e  comple te ly  8r roneous  impress ion  
t h a t  s p e c t r a l  (energy)  r ad iance  i n  terms of quantum-energy as t h e  s p e c t r a l  parameter 

as  shown i n  eq. (12A. 10 ) .  Again, t h i s  a p p a r e n t l y  could  be “ s i m p l i f i e d t t  {by 

[W.m-2.sr-1 .( J.q-’)-l] 
Le ,q  

is p h y s i c a l l y  i d e n t i c a l  t o  photon-flux s t e r a n c e  ( r a d i a n c e )  
L P Eq.s-1 *m-‘-sr-’] 

(see Table 4-3 i n  Chapter 4 C12.261). Th i s  i s  just  ano the r  i l l u s t r a t i o n  of t h e  s t a t emen t  made earlier 
( i n  s e c t i o n  3.1.3) t h a t  s p e c t r a l  parameters  are q u a n t i t i e s  t h a t  govern t h e  s p e c t r a l  d i s t r i b u t i o n  of  a 
r a d i o m e t r i c  q u a n t i t y  and t h a t  t h e i r  unit-dimensions must be kept d i s t i n c t  from, and do no t  cance l  or 
combine w i t h ,  the  unit-dimensions of t h e  r a d i o m e t r i c  q u a n t i t y  t h a t  t h e y  govern.  

We have expressed  t h e  Planck law i n  energy u n i t s  { f l u x  i n  [ W ] }  i n  te rms  of d i f f e r e n t  s p e c t r a l  
parameters  i n  eqs .  (12.21, (12.31, (12.41, (12A.8). (12A.9 ) .  and (12A.10). They can be t ransformed t o  
t h e  cor responding  blackbody photon-flux s t e r a n c e  ( r a d i a n c e ) ,  i n  f l u x  u n i t s  of quanta  per second,  e.g.  

by j u s t  d i v i d i n g  the energy-uni t  exp res s ion  [eq. (12A.7)] by t h e  Lp,v ,bb  
number of watts per photon-flux u n i t  or h - v  [W*(q*s-’)-l] .  

(v ,T)  [q - s - l  -m-2*sr-1 -Hz-’], 
For example: 

= (h*v)- ’  -Le ,v ,bb  P,v,bb L 

4 -2 2 -1 -2 -1 
= 2.n * C  0 *v  *{exp[h*v / (kg*T) ]  - 1}-l  [ q * s  o m  *sr *Hz-l] ( 1  2A. 11) 



S i m i l a r l y ,  i f  we s ta r t  wi th  eq .  (12A.101, we have 

where we have d iv ided  by h * v  = q [W*(q*s-l)-’]  or [ J - q - l ]  because we a l so  want t h e  expres s ion  given as 

a f u n c t i o n  of  t h e  s p e c t r a l  v a r i a b l e  q [J-q- 1 3 .  
Eqs. (12A.8) and (12A.9) can a l s o  be expressed  i n  terms of c l L ,  and and c2 as fo l lows:  

(12A.8a) 

and 

Expressing eq. (12A.10) i n  terms of c lL  and c2 compl ica tes  t h e  equa t ion  r a t h e r  t h a n  s i m p l i f y i n g  i t .  



Appendix 12-8. Summary of  Earlier I n t e r n a t i o n a l  Temperature Sca le s .  

12B.1 NORMAL HYDROGEN SCALE. The c u r r e n t  s t a n d a r d ,  t h e  IPTS(1968), has  been developed over  the  l a s t  
cen tu ry .  The f i r s t  I n t e r n a t i o n a l  Temperature Sca le  based on gas  thermometry, t he  normal hydrogen scale,  
was adopted by t h e  I n t e r n a t i o n a l  Committee on Weights and Measures ( C I P M )  i n  1887, and approved i n  1889 
by t h e  General Conference of Weights and Measures (CGPM).  I t  covered t h e  range of -25 t o  100 [ O C ] ,  

and used t h e  i c e  po in t  a t  0 [ O C ]  and t h e  steam po in t  a t  100 [ O C ]  as f i x e d  p o i n t s .  I t  was t r a n s -  
f e r r e d  t o  mercury-in-glass thermometers f o r  d i s t r i b u t i o n  t o  o t h e r  l a b o r a t o r i e s .  

12B.2 ITS-27. The nex t  i n t e r n a t i o n a l  tempera ture  s c a l e  was adopted by CGPM i n  1927, and covered t h e  

range  from below t h e  b o i l i n g  po in t  of oxygen, t hen  de f ined  as 
of go ld ,  t hen  de f ined  a t  1063 [ " C ] ,  

r e s i s t a n c e  thermometer was used t o  r e a l i z e  t h e  scale from below the  b o i l i n g  po in t  of oxygen t o  
[ O C ] ,  t h e  platinum/platinum-10% rhodium thermocouple from 660 [ O C ]  t o  1063 [ O C ] ,  and t h e  o p t i c a l  
pyrometer above t h e  gold  p o i n t ,  w i t h  the  va lue  of  1 . 4 3 2 ~ 1 0 - ~  [ m * K ]  f o r  c2, and us ing  t h e  Wien- 
d i s t r i b u t i o n - l a w  equa t ion  (eq .  12.24) w i t h  t h e  n2  term omi t t ed .  Detailed equa t ions  were inc luded  f o r  
t h e  r e d u c t i o n  of t h e  res i s tance- thermometer  and thermocouple data  t o  t empera tu res .  

-182.9 [ O C ] ,  t o  above the me l t ing  po in t  
and added fou r  i n t e r m e d i a t e  d e f i n i n g  f i x e d  p o i n t s .  The platinum 

660 

128.3 ITS-48. The I n t e r n a t i o n a l  Temperature S c a l e  of  1948 was adopted by CGPM i n  1948. (Note 
t h a t  t h e  d e s i g n a t i o n  f t I n t e r n a t i o n a l  Practical Temperature Sca le f t  d i d  no t  appear u n t i l  t h e  amended 
e d i t i o n  of 1960.) The lower l i m i t  of the  platinum-resistance-thermometer r ange  was changed t o  the  

de f ined  oxygen b o i l i n g  p o i n t ,  and t h e  d i v i s i o n  between t h i s  range and the  thermocouple range  became t h e  

measured ( n o t  d e f i n e d )  antimony f r e e z i n g  po in t .  
and t h e  gold me l t ing  po in t  became t h e  gold  f r e e z i n g  p o i n t .  The Wien-law equa t ion  was rep laced  by the 

Planck-law equa t ion ,  w i th  a va lue  of  1 . 4 3 8 0 1 0 - ~  [ m * K ]  for c2. The equa t ions  f o r  use  wi th  t h e  
r e s i s t a n c e  thermometer and thermocouple were modi f ied ,  and t h e  l i m i t a t i o n  of A-T t o  o p t i c a l  pyrometry 
( v i s i b l e  spectrum o n l y )  was removed. 

The s i l v e r  f r e e z i n g  po in t  was de f ined  as 960.8 [ O C ] ,  

The I n t e r n a t i o n a l  P r a c t i c a l  Temperature S c a l e  of 1948, amended e d i t i o n  of  1960, o r  IPTS-48, was 
adopted by CGPM i n  1960. The mod i f i ca t ions  t o  ITS-48 were: t he  t r i p l e  po in t  of water, de f ined  as 0.01 

[ O C ] ,  r e p l a c e d  the  f r e e z i n g  poin t  of water; t h e  f r e e z i n g  po in t  of z i n c ,  d e f i n e d  as 
came a p r e f e r r e d  a l t e r n a t e  t o  the  s u l f u r  b o i l i n g  p o i n t ;  and the e q u a t i o n s  for use  wi th  the  r e s i s t a n c e  
thermometer and thermocouple were modified. 

419.505 [ O C ] .  be- 

1 2 B . 4  IPTS-68. The I n t e r n a t i o n a l  P r a c t i c a l  Temperature S c a l e  of  1968 was promulgated by CIPM i n  1968. 
There were e x t e n s i v e  changes from IPTS-48. These inc luded  changes i n  t h e  v a l u e s  assigned t o  t h e  f i x e d  

p o i n t s ,  t o  b r i n g  them a l l  c l o s e r  t o  t h e  thermodynamic s c a l e .  The lower l i m i t  o f  the scale was extended 
t o  13.81 [ K ] .  (Although t h e  use  of two helium-vapor-pressure scales w a s  recommended f o r  t h e  range  
0.5 t o  5.2 [ K ] ,  no th ing  ye t  has been adequate ly  s t a n d a r d i z e d  t o  suppor t  ex tens ion  of the IPTS below 

13.81 [ K ] . )  S i x  new f i x e d  p o i n t s  were added: t h e  t r i p l e  po in t  of e q u i l i b r i u m  hydrogen, 13.81 [ K ] ;  
an i n t e r m e d i a t e  l iquid-hydrogen p o i n t ,  17.042 [ K ] ;  t he  b o i l i n g  po in t  of equ i l ib r ium hydrogen, 20.28 
[ K ] ;  t h e  b o i l i n g  Poin t  of neon, 27.102 [ K ] ;  t h e  t r i p l e  po in t  of oxygen, 54.361 [ K ] ;  and t h e  

f r e e z i n g  po in t  of t i n ,  230.9681 [ O C ] .  

changed f o r  the b o i l i n g  po in t  of oxygen, 90.188 [ K ] ;  

The b o i l i n g  po in t  of s u l f u r  was deleted,  and the va lues  were 
the f r e e z i n g  po in t  of z i n c ,  419.58 [ O C ] ;  the  
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f r e e z i n g  poin t  of s i l v e r ,  961.93 ["C]; and t h e  f r e e z i n g  po in t  of go ld ,  1064.43 [OC]. The equa t ions  
f o r  r educ ing  res i s tance- thermometer  data became much more complex, and the va lue  f o r  
1.438801 0-2 [ m - K ] .  

c2  was changed t o  

The tempera ture  va lues  i n  IPTS-68 were no t  changed i n  t he  1975 amended e d i t i o n .  The changes were 
p r i m a r i l y  i n  t h e  t e x t ,  t o  c l a r i f y  and s i m p l i f y  use of t h e  scale. The condensa t ion  po in t  of oxygen 
r e p l a c e d  t h e  b o i l i n g  po in t  of oxygen w i t h  no change i n  t h e  a s s igned  va lue .  The t r i p l e  po in t  of a rgon ,  

83.798 [ K ] ,  was in t roduced  as a pe rmi t t ed  a l t e r n a t i v e  t o  t h e  condensa t ion  po in t  of oxygen. 
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Table  12.1. Represen ta t ive  Fixed P o i n t s  of the IPTS-68a 

Equi l ibr ium state 

Equil ibr ium between the s o l i d ,  l i q u i d ,  and vapor phases of e q u i l i b r i -  
um hydrogen ( t r i p l e  po in t  of equ i l ib r ium hydrogenIb 

Equi l ibr ium between t h e  s o l i d ,  l i q u i d ,  and vapor phases of oxygen 
( t r i p l e  po in t  of oxygen) 

Equi l ibr ium between the s o l i d ,  l i q u i d ,  and vapor phases of water 
( t r i p l e  po in t  of water) 

Equi l ibr ium between the  l i q u i d  and vapor phases of water ( b o i l i n g  po in t  
of  wa te r ) c  

Equi l ibr ium between the s o l i d  and l i q u i d  phases of t i n  ( f r e e z i n g  po in t  
of 

Equi l ib r ium between the s o l i d  and l i q u i d  phases of z i n c  ( f r e e z i n g  po in t  
of z i n c )  

Equi l ibr ium between t h e  s o l i d  and l i q u i d  phases of s i l v e r  ( f r e e z i n g  
po in t  of s i lver) 

Equi l ibr ium between the s o l i d  and l i q u i d  phases of gold ( f r e e z i n g  po in t  
of go ld )  

Assigned value of 
I n t e r n a t i o n a l  P r a c t i c a l  

Temperature 
T68(K) t 6 8 (  O C )  

13.81 

54.361 

273.16 

373.15 

505.11 81 

692.73 

1235.08 

1337.58 

-259.34 

-21 8.789 

0.01 

100 

231.9681 

41 9.58 

961.93 

1064.43 

aRepresen ta t ive  e n t r i e s  taken from Table 1 of r e f e r e n c e  [12.21], which g ives  more p o i n t s  and more 
de ta i l s  and q u a l i f i c a t i o n s  o r  l i m i t a t i o n s ,  p a r t i c u l a r l y  p o s s i b l e  efPects of p r e s s u r e  and i s o t o p i c  
abundances.  

bThe term equ i l ib r ium hydrogen is de f ined  i n  s e c t i o n  111, 5, of  r e f e r e n c e  C12.211. 

'The f r e e z i n g  po in t  of t i n  
c12.211) 

( t l  = 231.9292 [OC], see i n t e r p o l a t i o n  eq. 10 and eq.  l l a  in r e f e r e n c e  
may be used a s  an a l t e r n a t i v e  t o  the b o i l i n g  po in t  of water. 
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Table 12.2. Represen ta t ive  Secondary Reference P o i n t s  of the IPTS-68a 

I n t e r n a t i o n a l  P r a c t i c a l  
Temper a t  ur e 

Equi l ibr ium s ta te  

Equi l ibr ium between t h e  s o l i d ,  l i q u i d ,  and vapor phases of n i t r o g e n  ( t r i p l e  
po in t  of n i t r o g e n )  

Equilibrium between t h e  l i q u i d  and vapor phases of n i t rogen  ( b o i l i n g  po in t  
of n i t r o g e n )  
Equi l ibr ium between the  s o l i d  and vapor phases of carbon d iox ide  (sublima- 
t i o n  po in t  of carbon d iox ide )  
Equi l ibr ium between the  s o l i d  and l i q u i d  phases of mercury ( f r e e z i n g  po in t  
of mercury) 
Equi l ibr ium between the  s o l i d ,  l i q u i d .  and vapor phases of phenoxybenzene 
(d iphenyl  e t h e r )  ( t r i p l e  po in t  of phenoxybenzene) 
Equi l ibr ium between the  s o l i d ,  l i q u i d ,  and vapor phases of benzoic acid 
( t r i p l e  po in t  of benzoic  ac id)  

Equi l ibr ium between the s o l i d  and l i q u i d  phases of cadmium ( f r e e z i n g  po in t  
of cadmium) 
Equi l ibr ium between the l i q u i d  and vapor phases of mercury ( b o i l i n g  po in t  
of mercury 1 
Equi l ibr ium between the  s o l i d  and l i q u i d  phases of the copper-aluminum 
e u t e c t i c  
Equi l ibr ium between t h e  s o l i d  and l i q u i d  phases of aluminum ( f r e e z i n g  
poin t  of aluminum) 

Equi l ibr ium between t h e  s o l i d  and l i q u i d  phases of n i c k e l  ( f r e e z i n g  poin t  
of n i c k e l )  

Equi l ibr ium between t h e  s o l i d  and l i q u i d  phases of platinum ( f r e e z i n g  
po in t  of p la t inum)  
Equilibrium between t h e  s o l i d  and l i q u i d  phases of aluminum ox ide ,  
A1203 
Equi l ibr ium between the s o l i d  and l i q u i d  phases of tungs t en  ( tempera ture  
of me l t ing  tungs t en )  

( t empera tu re  of me l t ing  aluminum ox ide )  

63.146 

77.344 

194.674 

234.31 4 

300.02 

395.52 

594.258 

629.81 

821 .41 

933.61 

1728 

2042 

2327 

3695 

-21 0.004 

-1 95.806 

-78.476 

-38.836 

26.87 

122.37 

321 . l o 8  

356.66 

548.26 

660.46 

1455 

1769 

2054 

3422 

aRepresenta t ive  e n t r i e s  taken  from t a b l e  6 of r e f e r e n c e  C12.211, which g i v e s  more p o i n t s  and many more 
d e t a i l s  and q u a l i f i c a t i o n s  or l i m i t a t i o n s ,  i nc lud ing  the  f a c t  t ha t  there are f a i r l y  large u n c e r t a i n t i e s  
i n  many o f  t h e  va lues  t a b u l a t e d  here .  Consequently,  r e f e r e n c e  c12.211 shou ld  be consu l t ed  whenever an  
attempt is made t o  use  these data i n  an a p p l i c a t i o n  c a l l i n g  for  any degree of p r e c i s i o n  or accuracy .  
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