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An analysis was made of the possibility of using methods for determining the optical charac- 
teristics of selectively absorbing and scattering materials based on the 'measurement of the 
relative transmission of two samples in single-beam and double-beam spectrophotometers. 
It is shown that such methods produce large errors and cannot be used in engineering prac- 
tice. It is recommended that the optical characteristics of such materials be determined by 
other special 'methods. 

The basis of indirect methods [7, 17, 18] is the determination of the extinction coefficient by measure- 
ment of the transmission of two samples of different thickness and the use of the Burger-Lambert law 

" t~ -- 11 \ T~ 2 

In Eq. (1), T~ is understood to be the transmission of a sample measured by the usual technique 
neglecting scattering. In addition, Equation (1) was obtained under the assumption that reflectivity was in- 
dependent of layer  thickness. 

The extinction coefficient obtained from Eq. (1) is subsequently used for calculations of the reflectivity 
RX and transmission TX and also of the degree of darkening e T for a layer  of arbi t rary  thickness from ex- 
pressions also obtained using the B u r g e r - L a m b e r t  law [17, 18]. 

At the same time, it is well known [3, 6, 8, 12-14, 21] that the B u r g e r - L a m b e r t  law is only valid for  
weakly scattering media with ~/k~<< 0.1, and can be used in cases of small optical thickness kkl < 0.5 (T k 
> 0.7) when single scattering is predominant in the layer .  In the lat ter  case, for strong scattering, ~x/k k 
> 0.9, the e r ro r  in the determination of Th by the B u r g e r - L a m b e r t  law without consideration of multiple 
scattering approaches 10%, but for  kkl > 1.0 (i. e . ,  TX < 0.5), the e r ro r  is even more  than 40%, which leads 
to large e r ro r  in the calculation of kx from Eq. (1). 

From a solution of the problem of radiation propagation in a plane layer  of a scattering and absorbing 
medium exposed to directed radiation, complicated expressions are obtained for  T X [6, 8, 20, 21, 23] from 
which it is impossible to determine the value of k k. A simpler approximate expression for the determination 
of TX [1, 5, 8, 12, 14] applicable to cases of actual strongly scattering materials  and media with charac ter -  
istic scattering curves strongly peaked forward, which was confirmed experimentally [5, 8, 12, 13], has 
the form 

T~= (1--R~=) exp (--%0 (2) 
l--  R~. exp (--2%l) 

In this expression aX and Rkr o depend only on the absorbing and scattering properties of the medium 
and are determined experimentally [13]. The connection between the parameters  ~X and RX~ and the extinc- 
tion coefficient k k and probability of quantum survival h =/~x/kx is determined from the following equations 
[1, 8, 14, 21] 
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~ = 2kz ] / ( I  - -  A) (1 + i - -  2F~A), 

I - -  F~A - -  ]fl(1 - -  A) (1 -k A - -  2FzK) 
(i --Fx) A 

(3) 

(4) 

where  F X is a p a r a m e t e r  which c h a r a c t e r i z e s  the degree  of peaking in the cha r ac t e r i s t i c  sca t t e r ing  curve  
and is equal to the ra t io  between the radia t ion flux s ca t t e r ed  into the ha l f - space  in the d i rec t ion of the in-  
cident flux and the total flux s ca t t e r ed  per  unit l a y e r .  

The quantity ~ ,  the so -ca l l ed  effect ive attenuation coefficient  [13] or the depth damping fac to r  [8, 20], 
in con t ras t  to the extinction coeff icient  kX, c h a r a c t e r i z e s  the attenuation of the sca t t e red  radia t ion flux and 
includes mul t ip le  sca t t e r ing  which gives r i s e  to an i nc rea se  in the intensi ty of the flux of f o r w a r d - s c a t t e r e d  
radia t ion.  

I t  follows f r o m  Eq. (2) that  one can de te rmine  the effect ive attenuation coefficient  ~X, which includes 
mul t ip le  sca t te r ing ,  d i rec t ly  f r o m  m e a s u r e m e n t  of the t r a n s m i s s i o n  of a ma t e r i a l  but not k X. This is b e -  
cause  the B u r g e r - L a m b e r t  law is only a specia l  case  of Eq. (2) for  ~x/kk<< 0.1 and desc r ibes  single s c a t -  
t e r ing .  

In addition, exper imenta l  studies [4, 10] showed that  the quantity T X m e a s u r e d  by the usual technique 
without cons idera t ion  of sca t t e r ing  is ten t imes  s m a l l e r  than the t rue  value.  

M e a s u r e m e n t  e r r o r s  on s i n g l e - b e a m  and double-beam spec t ropho tome te r s  depend both on the value of 
the sca t t e r ing  coefficient  of the m a t e r i a l  and on sample  th ickness ,  Samples of different  th icknesses  a r e  i r -  
rad ia ted  not by a para l le l  beam but by a diverging beam of radiat ion;  t he re fo re  a dec rea se  in intensi ty of 
the d i rec t  radiat ion flux because  of beam divergence  will be g r e a t e r  fo r  a th icker  sample .  Multiple s c a t -  
t e r ing  of radia t ion within a s am p l e  leads  to a condition where  additional "d i rec t"  radia t ion s ca t t e r ed  by the 
sample ,  the intensi ty  of which a lso  depends on sample  th ickness  and the  cha rac t e r i s t i c  sca t t e r ing  curve ,  
p a s s e s  through the s p e c t r o m e t e r  s l i t .  It is known [6, 8] that  radia t ion sca t t e r ing  in a med ium is c h a r a c -  
t e r i z ed  by broadening of the effect ive c r o s s  sect ion of a na r row beam of radiat ion;  the c r o s s  section in-  
c r e a s e s  as the optical th ickness  i n c r e a s e s .  The effect  of an initial angular  d ivergence  in the incident beam 
on the effect ive  c r o s s  sect ion of the emerg ing  b e a m  is aggrava ted  by the broadening.  There fo re ,  radia t ion 
beams  emerg ing  f r o m  samples  of different  th icknesses  have not only different  spat ial  dis tr ibut ions bu t  also 
different  effect ive c r o s s  sec t ions .  

Only a smal l  port ion of the ent i re  radia t ion flux pass ing  through a s~mple  pa s se s  through the sl i t  into 
the spec t ropho tomete r ,  and the f rac t ional  radia t ion loss  AT X produced by sca t t e r ing  and broadening of the 
beam i n c r e a s e s  d i spropor t iona te ly  with i nc r ea se  in s~mple  th i ckness ,  

Consequently,  it is not poss ib le  to e l iminate  such an e r r o r  by a choice of sample  th icknesses  [18]. 
The r e l a t i ve  t r a n s m i s s i o n  of two samples  is de te rmined  with a l a rge ,  uncontrolled e r r o r  which gives r i s e  
to a cons ide rab ly  l a r g e r  e r r o r  in k X calcula ted f r o m  Eq. (1). 

Neglect  of ref lec t ion l o s s e s  a lso  has  its effect  on the r e su l t an t  value of k X s ince in actual i ty  the r e -  
f lec t iv i ty  of sca t t e r ing  m a t e r i a l s  depends on l aye r  th ickness  and radiat ion is re f lec ted  f r o m  all l a y e r s ,  not 
m e r e l y  the su r face  l aye r  [2, 4, 5, 8, 12, 20-23].  

Reflection l o s s e s  a r e  taken into account in the method of [15]; however ,  the l a t t e r  was developed only 
fo r  pure ly  absorbing  m a t e r i a l s ,  not sca t t e r ing  m a t e r i a l s .  

Applying this method [15] to l i gh t - s ca t t e r i ng  m a t e r i a l s ,  one can obtain f r o m  Eq. (2) the following 
fo rmula  for  de te rmin ing  the effect ive attenuation coeff icient  (but not k k) f r o m  the re la t ive  t r a n s m i s s i o n  

a n =  l 2 - l , "  In T~,2 ] (5) 

where  AD k is a co r r ec t ion  which takes  into account ref lec t ion loss  and depends on sample  th ickness :  

5 D ~  In J 2 �9 (6) 
[ - -  ax| exp ( -  2 ~12) J 

Given the ra t io  of s am p l e  th icknesses  and the value of Rxoo, one cart de te rmine  AD X as a function of 
the obse rved  value of In (Tx, 1/Tx, 2) with sca t t e r ing  included. Consequently,  for  an analytic de terminat ion 
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Reflectivity RX and t r ansmiss ion  TX of polyethylene as a function of 
wavelength k(~) and sample thickness (0.05 mm in curves  1, 1', 1", la ;  0.52 
mm in curves  2, 2' ,  2", 2a) obtained by various methods:  1, 2) double-beam 
method using m i r r o r  hemisphere  [11]; 1 ' ,  2') integrating sphere  method using 
SF-10; 1", 2") composi te  method [10] in the spect ra l  region 0.4-1.4/~ and 
s ingle-beam method using m i r r o r  hemisphere  [2, 16] in spect ra l  region 1.0- 
5.0/~; l a ,  2a) ordinary  double-beam method using IKS-14 and UR-20. 

Fig.  2. Dependence of effective attenuation coefficient aX ( l /m)  and extinction 
coefficient  k x ( l /m)  of polyethylene on wavelength k ~ ) :  1) Ck calculated f ro m  
Eq. (8) including sca t te r ing  and ref lec t ion loss ;  2)kkcalcula ted f rom Eq. (1) 
[17, 18]; 3) k k calculated f rom Eq. (1). 

of the quantity aX f rom Eq. (5), it is still n e c e s s a r y  to know the value of R ~ ,  which is also determined 
with sca t te r ing  included, in addition to the t rue  values of TX, l and TX, 2 . The problem of determining the 
quantity aX f r o m  two t r ansmiss ion  measurements  without measu remen t  of RX~ o is only solved graphical ly 
[13]. The quantity kx can be found f r o m  Eq. (3) if the pax~meters  FX and h are  known. 

In o rder  to es t imate  the effect of the deficiencies of the indirect  methods enumerated above on the 
magnitude of the e r r o r  pe rmiss ib le  in calculations of k;~ by Eq. (1), we de te rmine  the ra t io  of the t r a n s m i s -  
sion T~ obtained f rom s ingle-beam and double-beam spect rophotometers  fo r  two samples of different  thick-  
nesses  12 > lI .  Assuming the mate r ia l  sca t te r s  radiat ion weakly, A << 0.1, but considering that the r e f l e c -  
t ivi ty  depends on l aye r  thickness ,  we obtain the following express ion  by using the B u r g e r - L ~ m b e r t  law: 

T~,, _ ( l - -  R~,I] exp [k~ (l~--/,)],  (7) 
T[,2 \ l--  RZ, ~] 

where  

T~,, = T~. 1 --ATx,1; T~.2 = Tx,2--ATx,~. 

One ea~ then wri te  fo r  the determinat ion of k~ including scat ter ing and ref lec t ion loss  

a x ~ k~-- l 9 -  l s 1 - -  Rx.1 , T~,2 § ATe,2 

A comparison of Eqs. (1) and (8) indicates that the values of k x for  various mate r ia l s  obtained in [7, 
17, 18] were  overes t imated  even in the eases  where  the B u r g e r - L a m b e r t  law was applicable for  the fo l -  
lowing two reasons :  1) the quantity (1-Rx,2) / (1-R)~, I )  is always less  than one since R~,2 > RX, i; 2) the 
quantity ATe, 2 is always g r ea t e r  than ATx, 1 because  the broadening of' the c ros s  section of the radiat ion 
beam in the thicker  s~mple l 2 is considerably m o r e  than in the thinner sample /1. It then follows that 

(TL/Ti,2) > (Tx, ~/T~, 2). 

1426 



Because R k and T X appear in the logarithmic term in Eq. (8), an error of 5-10% in the determination 
of these quantities leads to an error of 200-600% in the calculation if k~. The error in measurement of 
relative transmission associated with scattering and broadening of the radiation beam in the samples can be 
reduced by a reduction in the difference in sample thicknesses. In this case, however, the value of the 
ratio between TX, i and TX, 2 will be close to one which gives rise to a sharp increase in the error of calcu- 
lations for arbitrary TX, 2. 

To arrive at a numerical estimate of the error introduced into the value of k k determined by Eq. (I) 
for selectively absorbing and scattering materials, the quantities R X and T X were measured (Fig. I) for 
two polyethylene samples, including scattering, on the basis of which values of ~X and k X were calculated 
from Eqs. (I) and (8) (Fig. 2). Sample thicknesses were chosen so that the transmission of the thicker 
sample T~, 2 was greater than 0.7 for ll/l 2 < 0.I, which made it possible to use the Burger-Lambert law 
with small error because single scattering predominates in such a layer thickness. 

Measurements of R X and TX for polyethylene samples 0.05 and 0.52 mm thick were carried out in the 
spectral region 0.4-1.4 p by a composite method (points I", 2"), and in the spectral region 1.0-5.0 ~ by a 
double-beam method (curves I, 2) with the help of special attachments to the speetrophotometers that made 
it possible to include radiation scattering by the samples [I0, II]. The results were checked in the spectral 
region 0.40-0.75 ~ by the integrating sphere method using an SF-10 (points I', 2') and in the spectral region 
1.0-5.0 ~ using an IKS-12 with a hemispherical attachment [2, Ii, 16] (points I", 2~). As is clear from 
Fig. I, there is good convergence of the results for R X and T X measured by the methods mentioned. 

Curves la and 2a (Fig. I) are experimental confirmation that polyethylene scatters radiation strongly 
and that the value of ATx, 2 is indeed greater than tha~ for ATx,I. Thus ATk, 2 is twice asgreat as ATx, I at 
a wavelength of 1.0p. Therefore the observed value, without including scattering, of the quanti~y In(T~, I 

? 

/Tk,2) = 0.2546 is 5.02 times greate r than the true value, which is 0.0488. 

The reflectivity of polyethylene depends on layer thickness. For a sample thickness of 0.52 ram, the 
value of RX, 2 varies from 0.047 to 0.135 and for a thickness of 0.05 ram, RX, I = 0.034-0,065 in the spectral 
region 0.4-$.0 p, i.e., RX, 2 > RX, i. For a wavelength of 1.0 ~, therefore, the value of the ratio (I-Rx,2) 
/(1-Rx, I) is 0.965 and the value of kx calculated without including reflection but including scattering is an 
overestimate by a factor of 1.57 in comparison with the true value. 

From a comparison of the results presented in Fig. 2 for calculations of ~r X from Eq. (8) and k k from 
Eq. (i), it follows that losses in reflection and scattering do indeed lead to an overestimate of the values of 
k~ (curve 3). 

Values of kk (curve 2) given in [17, 18] were  o v e r e s t h a a t e d  by a f ac to r  of 3.35 at ~ = 1.0 ~, by a f ac to r  
of 4.37 at X = 1.5 ~, and by a f ac to r  of 5.90 at X = 2.0 t~. In the spec t ra l  region 2.2-5.0 ~, values of kh were  
underes t ima ted  by f ac to r s  of 2.7-5.6,  which is explained by the l a r g e  e r r o r  in m e a s u r e m e n t  of the quantity 
T~, 1/T~,2 since for  the polyethylene samples  0.820 and 1.630 m m  thick used fo r  the study [17] in this spec -  
t r a l  region,  the t r a n s m i s s i o n  Tk,2, m e a s u r e d  by the usual methods ,  was l e s s  than 20% and fell  to ~ over  
broad  wavelength r anges  of 2.27-2.78 I~ and 3.12-4.50 ~. Consequently,  values of the quantit ies Rk and sk 
fo r  polyethylene given in [17, 18] were  a lso  de te rmined  with a l a r g e  e r r o r .  

For paint and varnish 'materials and coatings, the error in the determinations of kx, RX, and ~X given 
in [17, 18] is greater for greater optical density of the material studied and when radiation scattering is 
stronger. Studies performed [2] showed that paint and varnish materials and coatings scatter radiation 
strongly. 

Thus indirect methods for determining the optical characteristics of radiation scattering materials 
based on measurements of relative transmission by the usual techniques using sing!e-beam and double-beam 
spectrophotometers yield large errors (200-600%) and cannot be used for practical purposes. 

I t  is imposs ib le  to de t e rmine  the extinction coefficient  f r o m  m e a s u r e m e n t s  of the t r a n s m i s s i o n  of two 
samples  of sca t t e r ing  m a t e r i a l s  of different  th ickness .  

Data on kx, RX, and ek for  paint and varn ish  m a t e r i a l s  and coat ings,  for  polyethylene Teflon, and for  
p o r o u s - c a p i l l a r y  colloidal m a t e r i a l s ,  obtained by indirect  methods [7, 17, 18] we re  de te rmined  with l a rge  
e r r o r s  and cannot be used in engineer ing calcula t ions .  

The optical and t he rm orad i a t i ve  c h a r a c t e r i s t i c s  of m a t e r i a l s  that  absorb  and s ca t t e r  radiat ion should 
be de te rmined  by specia l  methods [2, 8-14, 16, 22]. 
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o~X, /?X, ~X, kx 

R x, T X, A x 
RX,o 

N O T A T I O N  

are the spectral coefficients of absorption, dissipation, effective attenuation, and extinc- 
tion, m -1; 

are the reflective, transmitting, and absorbing powers of a fiat layer of thickness l ; 
reflectivity of optically infinitely thick layer.  
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