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Technological developments have generated a considerable interest at the present time in studies con- 
cerning the radiation characteristics of materials [i], especially those characteristics which pertain to the 
thermal radiation of real objects. The availability of data on the radiation properties of materials within 
wide ranges of temperature and wavelength is a prerequisite not only for the solution of many engineering 
problems but also for the verification of theories on the relation between optical and physical properties of 
these materials [2]. 

The more stringent accuracy required of data pertaining to the radiation properties of materials, to- 
gether with the variation over wide ranges of the values in the literature [3, 4] and the difficulty of deter- 
mining the thermal radiation [5], has made urgent the strict selection of methods of measurement and the 
analysis of all factors which may in any way influence the test results. In this article we will consider 
some problems involved in measuring the spectral characteristics of opaque materials in the direction nor- 
mal to the radiating surface by comparison with the radiation of an absolutely black body (ABB). 

The basic parameter describing the radiation properties of a material is the radiation coefficient, 
which, according to [6], is equal to the ratio of the energy intensity of a given source to that of the ABB 
when both are at the same temperature. It is to be noted that no consistent terminology has yet been estab- 
lished in the USSR for defining the radiation properties and, therefore, the radiation coefficient is also 
called "blackness coefficient," "blackness index," "emissive power," or "emissivity." We will use the term 
"emissivity" to characterize the radiation properties of the material alone, i.e., of the material with an 
ideal smooth surface the radiation of which is determined by the physical properties of the material; for 
the radiation properties of the same material but having a rough surface (with possible traces of treatment 
and contamination) we will use the term "radiation coefficient," and the term "blackness index" will be used 
for cavities of any shape and size to define how closely their radiation approaches that of the absolutely 
black body. 

Among many known methods of measuring the radiation properties [7-20], the most widely used is the 
method by which the radiation of a test specimen is compared with that of the ABB standard. All variations 
of this method belong to either of two types: i) measurements with an independent black body, where the 
ABB standard and the specimen are separate; 2) measurements with an integral black body, where the ABB 
standard and the test specimen make up a single entity. The application of the first type of method is il- 
lustrated in [ii], where the radiation coefficient has been determined by comparing the energy intensity of 
the ABB standard and that of the test specimen (tungsten ribbon) at various known temperatures. The sec- 
ond principle is implemented in the tube method [9], where the radiation coefficient has been determined by 
comparing the luminance of the test specimen surface to that of the ABB surface at the same temperature. 

Sources of errors which may distort the results of measurements by comparison with a black body 

are:  

1. imperfection of the ABB standard; 

2. nonlinearity of the radiation receiver ;  
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3. undetermined surface  condition of the test  specimen; 

4. inaccuracy of the tempera ture  measurement  or  e r r o r  in stabilizing the tempera ture  of the spec i -  
men and of the s tandard;  

5. effect of specimen or  ABB-s tandard  radiation sca t te red  on the test  apparatus components;  

6. effect of background radiation around the specimen;  

7. e r r o r  in stabilizing and drif t  of the active wavelength in the spec t romete r ;  

8. sensitivity l imit  and e r r o r  in the recording sys tem.  

The weighted effect of these e r r o r  sources  on the resul ts  of measurements  may differ depending on 
the type of measurements  and on the tempera ture  or  wavelength range within which the measurements  a r e  
made.  We will evaluate the effect of the basic e r r o r  sources  in considering specific methods of m e a s u r e -  
meat.  

In measurements  with an independent black body, the radiation coefficient of a specimen is defined 
according to the expression [11]: 

/ C 2 ~  
e(~, T) b0~, T) exp ~--~---) --1 

= . (1) 
b~ Ts) exp ( C ~ s ) - - 1  

When the tempera ture  of the specimen is the same as the tempera ture  of the ABB standard (T s = T), ex-  
p ress ion  (1) becomes 

e(s T) -- b(s T) 
b ~ (~, T) (2) 

These formulas indicate that during measurements especial importance attaches to the accurate determina- 
tion of temperatures T and Ts, or their precise eqtmlization, and the linearity of the radiation receiver 
ensuring a proportionality between the ratio of recorded output signals and the ratio of luminances b(h, T) 
/b~ T). A Very high quality is attainable for the ABB standards used in these methods, since high-effi- 
ciency cavities designed by known [22-29] procedures are available. An independent black body can be used 
for measurements within a wide range of wavelengths, when the specimen is at a temperature at which its 
intrinsic radiation exceeds by far any background radiation reflected from its surface. 

In the integral-black-body method, for example, in the tube method, the ABB standard and the sur- 
face of the test specimen comprise a single structure and are both at the same temperature. The radiation 
coefficient here is defined according to Eq. (2). The accuracy of this method has been carefully analyzed 
in [9] and [30]. The effect of light scattered inside the bulb containing the tube on the results of measure- 
ments has also been accounted for in [30]. According to the analysis in [31], however, the light scattered 
in the bulb did not affect the accuracy of the results appreciably and, therefore, the data in [9] should be 
considered more reliable. This has been confirmed by recent measurements using other methods [32], 
which yielded a close agreement withthe results in [9]. 

Different versions of the integral-black-bodymethod are used for measuring the radiation character- 
istics at both high temperatures (up to 3000~ [33-38] and lower temperatures (up to 600~ [39, 40]. It is 
evident from Eq. (2) that imperfections of the ABB standard and the nonlinearity of the radiation receiver 
constitute the principal sources of error in the results of measurement by the integral-black-body method. 
The degree of perfection of the ABB standard depends on the shape (wedge, cylinder, tube, or cone) and the 
geometrical proportions of the black-body-simulating cavity, on the temperature distribution at the cavity 
sur face  [41-43], on the mode of reflect ion at  the inner walls of the cavity (diffusive reflection, m i r r o r  r e -  
flection, or  oriented dispersion),  and on the pa ramete r s  of the optical components in the apparatus [29, 44- 
46]. The authors of a lmos t  all a r t ic les  on radiat ion-coefficient  measurements  have, as a rule,  assumed 
without special  scrut iny that the radiation rece ive r s  were  l inear.  While such an assumption may be valid 
for some types of r ece ive r ,  it should be verif ied in the case  of others .  For  instance,  photoelectron mul t i -  
p l iers  a re  used widely for measurements  in the ultraviolet  and in the visible range of the radiation spec -  
t rum [9, 16, 19, 30, 35, 47, 48]. Although the nonlinearity of these devices is hinted at  in the l i te ra ture ,  
this nonlinearity differing from model to model ,  it is assumed to become significant at  sufficiently high 
anode currents  only [49-52]. In our l ineari ty tests  on various types and models of photoelectron mul t i -  
p l i e r s ,  we have established that, up to saturation,  the sensit ivity of these devices does not remain  constant 
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but inc reases  as  the light flux impinging on the photocathode increases .  In some models ,  moreove r ,  such 
a nonl inear i ty  appears  a l ready  at  nea r - t he rma l  output signals.  This effect,  if  it was appreciable  in the 
cited r e f e r e n c e s ,  could have lowered the tes t  values of the radiat ion coefficients and could have been a 
cause of d i sc repanc ies  between the resu l t s  obtained by dif ferent  authors .  

The effect  of r e c e i v e r  (photoelectron-mult ipl ier)  nonl inear i ty  can be el iminated by installing an auxi l -  
ia ry  r e c e i v e r  (a PbS pho to res i s to r ,  for example [53]) at  the output of the optical sys tem,  the sensi t ivi ty 
spec t rum of which is d i f ferent  f rom the spec t rum of radia t ion-coeff ic ient  measu remen t s  determined by the 
sensi t ivi ty  of the nonlinear  r e ce ive r .  Le t  the output signal of a nonlinear r e ce iv e r  a t  t empera tu re  T and 
wavelength 2 be defined by the spec t ra l  luminance of the tes t  specimen b(R, T) and the output signal N of 
the auxi l iary  r e c e i v e r  a t  a di f ferent  wavelength k' be proport ional  to the spec t ra l  luminance of the ABB 
standard cavity b~ ' , T). By lowering the t empera tu re  T of the specimen to T* with the aid of the non- 
l inear  r e c e i v e r ,  one establ ishes  a level  of spect ra l  luminance for the black body b~ T*) a t  which the out-  
put signal of the nonlinear  r e c e i v e r  will be equal to the signal corresponding to the spec t ra l  luminance of 
the spec imen b(R, T). Regard less  of the nonlineari ty of the main r e c e i v e r ,  the following equality will 
now be sat isf ied:  

b ()~, T)=b ~ (k, T*). (3) 

By means of the auxiliary receiver, in the meantime, signal N* proportional to the spectral luminance at 
the slit in the tube at temperature T*, i.e., b ~ (A', T*), is also measured. The spectral luminance of a spec- 
imen at wavelength ~ and temperature T, within the range where Wien's law remains valid, is. 

b(),, T)=e()~, T) C~-~-S exp ( - -  C~- 1 , (4) 
P a x ,  A l l  

and the spec t ra l  luminance of the black body at  the same wavelength but at t empera tu re  T* is 

b ~ (k, T*) =_C: ~-5 exp --  -~T 7 a 

It  follows f rom the equality of both spec t ra l  luminances that 

e (~, T) = exp \ T  " 

Equation (6) contains a d i f ference  of t empera tu re  r ec ip roca l s  which is unknown. The value of this d i f fe r -  
enee can be de te rmined  by measu remen t s  with the auxi l iary  r ece iv e r .  F ro m  the rat io  of spec t ra l  lumin-  
anees  of the black body cavity a t  t empera tu re s  T and T* respec t ive ly ,  calculated according to Wien's law, 

we have 

b0(U, T*) expi_C~(, 1 ! ) ! .  
b ~ T) T T* , , 

(5) 

(6) 

(7) 

Rewrit ing express ion  (6) as  

{ I5(' ' tt? s()s T ) =  exp T T*, ' (8) 

then inser t ing  he r e  express ion  (7), and consider ing that the auxi l iary  r e c e i v e r  is l inear ,  we have 

s(~, T)= Ib~ T*)] ~'I~= 
-bQ-~, T) ~ ~+ /"/~" 

(9) 

Under conditions where  Wien's  law of radia t ion does not apply, (9) becomes 

1 - -  exp 

I , -  exp --  

Although the additional fac tor  he r e  depends on t empera tu re  T,  this dependence is weak. At T = 3000~ Z 
; 1 #m, ~' = 2 #m, and N* /N  = 0.6, for example,  this factor  contains an approximate ly  :~1% e r r o r  only 
when the t empera tu re  is imprec i s e  within AT = •  

The method just  descr ibed  improves  not only the accu racy  of a (;~, T) measu remen t s  but also their  
re l iab i l i ty ,  which is achieved by obtaLning values for  a (~ ,  T) a t  severa l  different  wavelengths Z'. Another  
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posi t ive  fea ture  of this method is that  t e m p e r a t u r e  T* during the m e a s u r e m e n t s  does not have to be known. 
The pr incipal  sources  of e r r o r  h e r e  could be a dr i f t  in the ac t ive  wavelengths ~ and ~ ' ,  or  an imprec i s ion  
in equalizing the luminances ,  o r  the imper fec t ion  of the ABB s tandard .  

A s i m i l a r  method of m e a s u r i n g  spec t r a l  rad ia t ion  coeff icients  has been used in [40]. The absence  of 
an aux i l i a ry  l inear  r e c e i v e r  made  it n e c e s s a r y ,  however ,  to m e a s u r e  t e m p e r a t u r e s  T and T* p r e c i s e l y  (see 
Eq. (6)) and this p resen ted  ce r t a in  diff icul t ies .  Moreove r ,  s ince the m e a s u r e m e n t s  there  we re  p e r f o r m e d  
a t  mode ra t e  t e m p e r a t u r e s  (550-1000~ t e r m s  had to be added in the formula  to account  for background 
radiat ion,  p r e sumab ly  equal to the radia t ion of the ABB s tandard  a t  ambien t  t empera tu re .  Such a c o r r e c -  
tion for  background radia t ion is not sufficiently accu ra t e ,  s ince it may  not be uniform and it is made  up of 
s e v e r a l  t e r m s .  I t s  effect  on the r e su l t s  is pa r t i cu la r ly  s ignif icant  when the radia t ion coeff icient  is m e a -  
su red  a t  low teml~eratures ,  when radia t ion  of the spec imen  due to ref lec t ion  of background radia t ion is c o m -  
pa rab le  to or  m a y  even exceed i ts  in t r ins ic  radiat ion.  

The feasibi l i ty  of  e l iminat ing noisy background radia t ion has been es tabl ished by using two r e f e r e n c e  
s tandards :  a black one and a white one. This  technique was used in [54] for  m e a s u r i n g  the total h e m i s p h e r i -  
cal  radia t ion coeff icient  of m a t e r i a l s .  This  technique may  also  be used for measu r ing ' t he  normal  spec t r a l  
radia t ion coeff icient  a t  m ode ra t e  and low t e m p e r a t u r e s .  

Knowing the values of eb(Z,  T) and aw( ~, T),  the output s ignals  of a l inear  radia t ion r e c e i v e r  in the 
m e a s u r i n g  ins t rument  will be propor t iona l  to the spec t r a l  i l luminations:  

Eb----- E~ + k {eb()~, T)b~ T) + [I --eb(L, T)] b~ ()~, Va)}, (ii) 

E~=  E~ + k {ew(s T)b~ T) + [1--ew(~, T)]b~ Ta) } , (12) 

E~ = E~ + k {eO~, T)b~ T) + [l--e(%, r)]b~ Ta) } , (13) 

when the black and the white reference standards as well as the test specimen -- all at the same tempera- 
ture T - are found in the field of vision. The ratio of receiver signal differences due to these different 

illuminations will be fb - Ew 

Nb-- V _ (14) 
N - - N w  E~.--E~ 

Inse r t ing  Eqs.  (11), (12), and (13) into Eq. (14), we obtain 

Nb--N _ e b(~., T)--e(~,, T) (15) 
N - - N  w e (~, T) - -  ew(~,, T) 

and f rom this we find 
e()~, T) = eb(L, T) N--Nw -i- ew()~, T) Nb--N . (16) 

Nb- -N  w Nb- -N w 

The l a s t  express ion  does not explici t ly include the t e m p e r a t u r e  T nor  the quantit ies which account  for b a c k -  
ground radiat ion;  this is a p r e r equ i s i t e  for  h igh -accu racy  e (~, T) m e a s u r e m e n t s .  The t e m p e r a t u r e  m u s t  
be known h e r e  only insofar  as the value of the m e a s u r e d  radia t ion  coeff icient  e (~, T) r e f e r s  to it. As a 
ru le ,  however ,  the value of a (~, T) va r i e s  only sl ightly within sufficiently na r row  t e m p e r a t u r e  r anges  and,  
the re fo re ,  an accu ra t e  m e a s u r e m e n t  of t e m p e r a t u r e  T is not manda tory  in the method of two r e f e r e n c e  

s tandards .  

An essent ia l  fac tor  contr ibuting to the imprec i s ion  of m e a s u r e d  rad ia t ion-coef f ic ien t  values  for sp ec i -  
mens  of di f ferent  m a t e r i a l s  is the condition of the spec imen  su r face ,  which is cha r ac t e r i z ed  by the p r e s -  
ence of impur i t i e s ,  oxide f i lms ,  or  by roughness  resul t ing  f rom mechanica l ,  t he rma l ,  or  other  t r ea tmen t  
of the m a t e r i a l .  I t  is pa r t i cu l a r ly  impor tant  to account  for the su r face  condition when measu r ing  the e m i s -  
s ivi ty  of m e t a l s ,  s ince these  data a r e  needed for  fur ther  ref ining the theory of the radia t ion of me ta l s  [2]. 
While the effect  of roughness  on the integral  radia t ion p rope r t i e s  of su r faces  has been deal t  with in s eve ra l  
published a r t i c l e s  [55-58], where  a c lose  a g r e e m e n t  between theoret ica l  and exper imenta l  data is shown, 
the effect  of roughness  on the spec t r a l  emiss iv i ty  is st i l l  under study [59, 60]. T h e r e  is such an effect  and, 
as  has  been  noted in [61], be t t e r  than 2% p rec i s ion  in de te rmin ing  the no rma l  emiss iv i ty  is en t i re ly  i m p o s -  
s ible  without a careful  and comple te  evaluation of the su r face  condition. 

e (Z ,  T),  eb(Z,  T),  gw(%, T) 

NOTATION 

are the normal spectral radiation coefficient of the specimen, of black, and 

white r e f e r e n c e  standards, r e spec t ive ly ;  

1206 



T, Ts, Ta 
Ci, C2 
b(~, T), b~ T) 

N 
E~,E ,E~ 

a 
E~ 
k 

is the radiation wavelength; 
is the radiation wavelength received by the auxiliary linear receiver; 
are the temperatures of specimen and of the standard and the ambient temperature; 
are the first and second constants in the Planck equation; 
are the spectral brightness of the specimen and of the absolutely black body, respective- 
ly; 
is the output signal of the radiation receiver; 
are the spectral illumination of the radiation receiver when the specimen, the black, 
and the white reference standard, respectively, are in its field of vision; 
is the spectral background illumination of the radiation receiver; 
is the proportionality factor. 
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