
, 

Consolidated Fuel Reprocessing Program 

AN IN-LINE MULTIWAVELENGTH PHOTOMETER FOR 
THE DETERhIINATlON OF HEAVY-METAL CONCENTRATIONS" 

D. T. Bostick, J .  E. Strain, D. M. Dixon 
Analytical Chemistry Division 

D. D. McCue and M.  L. Bauer 
Instrumentation and Controls Division 

Oak Ridge National Laboratory? 
Oak Ridge, Tennessee 37830 

Paper for presentation at the  
Conference on Analytical Chemistry in Energy Technology 

October 6-8, 198 1 
Gatlinburg, Tennessee 

*'llesearch sponsored by the Office of Nuclear Fuel Cycle, U.S. Department of Energy, under Contract No. W-7405eng-26 
with the Union Carbide Corporation. 

tOperatcd by Union Carbide Corporation for the U.S. Department of Energy. This document is 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



AN IN-LINE MULTIWAVELENGTH PHOTOMETER FOR THE 
DETERMINATION OF HEAVY METAL CONCENTRATIONS 

D. T. Bos t ick ,"  D. D. McCue,** J. E. S t r a i n , "  
-, Bauer ** and D. M. Dixon," Oak Ridge N a t i o n a l  
Oak Ridge, Tennessee,  USA 

ABSTRACT 

M. L e  
Labora tory ,  

An i n - l i n e  photometer has  been developed f o r  cont inuous  
iaoni tor ing  of uranium and plutonium c o n c e n t r a t i o n s  i n  h igh  
r a d i a t i o n  environments of n u c l e a r  f u e l  r e p r o c e s s i n g  p l a n t s .  
The i n s t r u m e n t  i s  equipped w i t h  m u l t i p l e  narrow band i n t e r f e r -  
ence f i l t e r s  t o  monitor  s a m p l e  t r a n s m i s s i o n  i n  t h e  400-to 800- 
nm range. The f i l t e r s  are mounted i n  a r o t a t i n g  f i l t e r  wheel 
which i s  l o c a t e d  i n  f r o n t  of a s t a t i o n a r y  t u n g s t e n  h a l i d e  
l i g h t  source .  The monochromatic l i g h t  from t h e  r e s p e c t i v e  
o p t i c a l  f i l t e r s  i s  t r a n s m i t t e d  through a f i b e r  o p t i c  c a b l e  of 
up t o  1 0  in i n  l e n g t h  t o  t h e  i n - l i n e  sample f low c e l l  l o c a t e d  
w i t h i n  t h e  r e p r o c e s s i n g  area. A similar l e n g t h  of c a b l e  
r e t u r n s  t h e  o p t i c a l  s i g n a l  t o  t h e  photometer where t h e  l i g h t  
i n t e n s i t y  i s  d e t e c t e d  w i t h  a p h o t o m u l t i p l i e r  t u b e ,  a m p l i f i e d ,  
and processed  w i t h  a n  LSI-11 computer system. The combined 
u s e  of a r o t a t i n g  f i l t e r  wheel and f i b e r  o p t i c  c a b l e s  p r o v i d e s  
a n e a r l y  s iniul taneous mult iwavelength,  mul t ie lement  a n a l y s i s  
d i r e c t l y  i n  t h e  r e p r o c e s s i n g  stream, w h i l e  i s o l a t i n g  t h e  
r a d i a t i o n - s e n s i t i v e  o p t i c a l  and e l e c t r o n i c  components i n  
a c c e s s i b l e ,  p r o t e c t e d  l o c a t i o n s .  

i n d i v i d u a l  components of t h e  p r o t o t y p e  photometer.  The per-  
formance of t h e  photometer as a n  i n - l i n e  monitor  f o r  t h e  
d e t e r m i n a t i o n  of heavy metal c o n c e n t r a t i o n  i n  both  aqueous and 
o r g a n i c  p r o c e s s  s o l u t i o n s  w i l l  a l s o  be d i s c u s s e d .  

T h i s  r e p o r t  w i l l  d e s c r i b e  t h e  d e s i g n  and o p e r a t i o n  of t h e  

* A n a l y t i c a l  Chernis t r y  D i v i s i o n  
**Ins t rumenta t ion  and C o n t r o l s  D i v i s i o n  
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INTRODUCTION 

The r e p r o c e s s i n g  of n u c l e a r  f u e l s  r e q u i r e s  real t i m e  
i n f o r m a t i o n  r e g a r d i n g  t h e  o x i d a t i o n  s t a t e  and c o n c e n t r a t i o n  of 
uranium and plutonium throughout  t h e  r e c y c l i n g  procedure.  
Such inEormation a l lows  t h e  o p e r a t o r  t o  cont inuous ly  a d j u s t  
p r o c e s s  parameters  t o  opt imize  t h e  q u a l i t y  and y i e l d  of t h e  
heavy metal products .  
have r o u t i n e l y  been used t o  monitor  heavy metal concentra-  
t i o n s ,  based on t h e  average  d e n s i t y  o r  f low rate  expected i n  a 
g iven  stream.l Because t h e s e  d e t e c t o r s  respond only  t o  a bulk  
p r o p e r t y  of t h e  stream, t h e  o p e r a t o r  a c q u i r e s  l i t t l e  a c c u r a t e  
i n f o r m a t i o n  r e g a r d i n g  t h e  p u r i t y  o r  o x i d a t i o n  s t a t e  of t h e  
uranium o r  plutonium i n  t h e  process  stream. In- l ine  a l p h a  
moni tors  have been used t o  o b t a i n  a degree  of a n a l y t i c a l  
s e l e c t i v i t y ,  provided t h a t  t h e r e  i s  no s i g n i f i c a n t  background 
r a d i a t i o n  p r e s e n t  and t h a t  t h e  i s o t o p i c  composi t ion of t h e  
n u c l e a r  f u e l  i s  e s t a b l i s h e d  p r i o r  t o  reprocess ing .  Again, 
t h e  o x i d a t i o n  s t a t e  of t h e  heavy metals cannot  be a s c e r t a i n e d  
w i t h  t h i s  i n s t r u m e n t a t i o n .  F i l t e r  p h o t T a e t e r s  have occasion-  
a l l y  been used t o  f o l l o w  process  stream composition. The 
o p t i c a l  t r a n s m i s s i o n  a t  a s e l e c t e d  wavelength i s  dependent 
upon t h e  c o n c e n t r a t i o n  of a g iven  heavy metal i n  a s p e c i f i c  
o x i d a t i o n  state.  

In- l ine  d e n s i t o m e t e r s  and f low meters 

P r e s e n t  i n - l i a e  photometers have main1 been a p p l i e d  t o  
t h e  d e t e r m i n a t i o n  of U ( V 1 )  c o n c e n t r a t i o n .  '-' A dual-  
wavelength o p t i c a l  package i s  used t o  monitor u r a n y l  t r a n s -  
m i s s i o n  a t  416 run and t o  c o r r e c t  € o r  stream t u r b i d i t y  at  a 
wavelength where u r a n i u n  does n o t  absorb.  The performance of 
t h e s e  dual-channel photometers  i s  l i m i t e d  by s e v e r a l  f a c t o r s .  
The o p e r a t i n g  l i f e  of t h e  photometr ic  monitor  is dependent 
upon t h e  v u l n e r a b i l i t y  of t h e  o p t i c a l  and e l e c t r o n i c  compo- 
n e n t s  t o  t h e  r a d i a t i o n  environment i n  and about  t h e  monitored 
stream. I n  a d d i t i o n ,  uranium cannot  be determined i n  p r o c e s s  
streams c o n t a i n i n g  a mixture  of heavy metals s i n c e  plutonium 
a l s o  a b s o r b s  a t  u r a n y l  a b s o r p t i o n  m a x i m a .  Uranyl t r a n s m i s s i o n  
a t  416 nm i s  a l s o  a f f e c t e d  by n i t r a t e  c o n c e n t r a t i o n  i n  aqueous 
streams, which o f t e n  r e s u l t s  i n  e r r o r s  as g r e a t  as 1 5 2 0 %  i n  
t h e  e s t i m a t i o n  of U ( V 1 )  c o n c e n t r a t i o n .  Recent s t u d i e s  sug- 
g e s t  t h a t  t h e  e f f e c t  of n i t r a t e  i o n  can  be e l i m i n a t e d  i f  t h e  
a n a l y s i s  i s  based on t h e  absorbance  a t  two U ( V 1 )  wavelength 
m a x i m a .  However, p r e s e n t  photometers  are not  des igned  t o  
accommodate t h e  u s e  of t h e  e x t r a  o p t i c a l  f i l t e r s .  

An i n - l i n e  photometer h a s  r e c e n t l y  been developed which 
ov"ercomes t h e  above l i m i t a t i o n s .  The photometer u s e s  a rap- 
i d l y  r o t a t i n g  f i l t e r  wheel,  c o n t a i n i n g  m u l t i p l e  o p t i c a l  f i l -  
ters ,  t o  monitor  t h e  t r a n s m i s s i o n  of a stream c o n t a i n i n g  
U ( V I ) ,  Pu(III), Pu( IV) ,  and  Pu(V1) s p e c i e s .  The monitor  is 
equipped with f i b e r  o p t i c  c a b l e s  t o  t r a n s m i t  t h e  monochromatic 
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l i g h t  from t h e  photometer i n t o  and out  of t h e  hazardous areas 
of t h e  r e p r o c e s s i n g  f a c i l i t y .  Such a monitor  d e s i g n  provides  
a n e a r l y  s imul taneous  mult iwavelength,  mul t ie lement  a n a l y s i s  
d i r e c t l y  i n  t h e  r e p r o c e s s i n g  stream whi le  i s o l a t i n g  t h e  
r a d i a t i o n  s e n s i t i v e  o p t i c a l  and e l e c t r o n i c  components i n  
a c c e s s i b l e ,  p r o t e c t e d  l o c a t i o n s .  

This  r e p o r t  w i l l  d e s c r i b e  t h e  d e s i g n  and o p e r a t i o n  of t h e  
p r o t o t y p e  photometer.  
w i t h  uranium a n a l y s e s  o b t a i n e d  by s t a n d a r d  t e c h n i q u e s  t o  
estimate t h e  accuracy  and p r e c i s i o n  of t h e  m u l t i p l e  f i l t e r  
i n s  t rum en t . 

Photometr ic  r e s u l t s  w i l l  be compared 

DESCRIPTION OF THE SYSTEM 

Ins t rument  Components 

The p r o t o t y p e  photometer has  t h r e e  major components: t h e  
i n - l i n e  f l o w  ce l l ,  t h e  o u t - o f - c e l l  o p t i c a l  head,  and t h e  d a t a  
system ( F i g u r e  1).  The i n - l i n e  f l o w  c e l l  i s  a s t a i n l e s s  steel 
block c o n t a i n i n g  only  o p t i c a l  components whose material and 
d e s i g n  are s u i t a b l e  f o r  long-term exposure t o  h i g h  gamma 
f i e l d s  ( F i g u r e  2).  These i n c l u d e  s i n g l e  s t r a n d  q u a r t z  f i b e r  
o p t i c  l i g h t  p i p e s  t o  t r a n s m i t  t h e  monochromatic l i g h t  i n t o  and 
o u t  of t h e  p r o c e s s  c e l l ,  f r o n t  s u r f a c e  m i r r o r s  t o  c o l l i m a t e  
t h e  l i g h t  beam and t o  d i r e c t  i t  through h i g h  p u r i t y  s a p p h i r e  
windows, which i n t e r f a c e  d i r e c t l y  w i t h  t h e  p r o c e s s  stream. 

The o u t - o f - c e l l  o p t i c a l  head c o n t a i n s  a )  a t u n g s t e n  
h a l i d e  incandescence s o u r c e  main ta ined  a t  2900°C, b)  c o l l i m a t -  
i n g  and f o c u s i n g  o p t i c s ,  c )  a f i l t e r  wheel c o n t a i n i n g  m u l t i p l e  
narrow-band i n t e r f e r e n c e  f i l t e r s ,  s e l e c t e d  i n  accordance w i t h  
t h e  p r o c e s s  chemis t ry  t o  be measured, d )  a p h o t o m u l t i p l i e r  
t u b e  and e )  a mechanical  commutator t o  a l t e r n a t e  t h e  monochro- 
matic l i g h t  between t h e  r e f e r e n c e  and sample l i g h t  p a t h s .  The 
r e f e r e n c e  l i g h t  p a t h  i s  c o n s t r u c t e d  of a s i n g l e  s t r a n d  o p t i c a l  
f i b e r  similar t o  t h e  o p t i c a l  t r a n s m i s s i o n  p a t h  i n t o  t h e  pro- 
c e s s i n g  a r e a .  Its purpose i s  t o  provide  a r e f e r e n c e  s i g n a l  t o  
a u t o m a t i c a l l y  c o r r e c t  f o r  changes i n  t h e  narrow-band f i l t e r s ,  
s p e c t r a l  and i n t e n s i t y  s h i f t s  i n  t h e  r a d i a n t  energy s o u r c e  and 
s p e c t r a l  d r i f t  i n  t h e  p h o t o m u l t i p l i e r  tube.  The t r a n s m i s s i o n  
d a t a  i s  c o l l e c t e d  and processed  w i t h  an LSI-11 computer 
system. 

Ins t rument  Opera t ion  

High i n t e n s i t y  w h i t e  l i g h t  from t h e  q u a r t z  h a l i d e  s o u r c e  
i s  c o l l i m a t e d  and d i r e c t e d  towards a motor d r i v e n  wheel c a r r y -  
i n g  an a r r a y  of s e l e c t e d  narrow-band (5 nm, FWHM) i n t e r f e r e n c e  
f i l t e r s .  A s  each f i l t e r  e n t e r s  t h e  beam of w h i t e  l i g h t ,  mono- 
chromat ic  l i g h t  from t h e  f i l t e r  is t r a n s m i t t e d  by t h e  f i b e r  
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o p t i c  l i g h t  p ipe  i n t o  t h e  p rocess  f low cel l .  
matic l i g h t  i s  a t t e n u a t e d  i n  accordance  w i t h  the chemis t ry  of 
t h e  p rocess  stream and i s  r e tu rned  v i a  t h e  l i g h t  p i p e  t o  the 
p h o t o m u l t i p l i e r  tube.  Subsequent ly ,  t h e  monochromatic l i g h t  
f rom t h e  same f i l t e r  i s  o p t i c a l l y  swi tched  through the r e f e r -  
ence  o p t i c a l  pa th .  I n  t h i s  way, two e l e c t r o n i c  s i g n a l s  are 
gene ra t ed  f o r  each wavelength s e l e c t e d ,  one f o r  t h e  p r o c e s s  
measurement and one f o r  s t a n d a r d i z a t i o n .  

The monochro- 

The a m p l i t u d e s  of  the  s i g n a l s  r e c e i v e d  by the photornul t i -  
p l i e r  are h e l d  by peak hold  e l e c t r o n i c  c i r c u i t s .  
g a i n  c o n t r o l  i s  a p p l i e d  t o  t h e  p h o t o m u l t i p l i e r  b i a s  i n  o r d e r  
t o  a s s u r e  t h a t  each  set o f  f i l t e r  s i g n a l s  has the optimum g a i n  
c o e f f i c i e n t .  The se t  of r e f e r e n c e  s i g n a l s  are compared t o  
s t o r e d  i n f o r m a t i o n  i n  t h e  d e d i c a t e d  mini-computer and c o r r e c -  
t i o n  f a c t o r s  are  e s t a b l i s h e d  f o r  each wavelength. These 
c o r r e c t i o n  f a c t o r s  are a p p l i e d  t o  the a t t e n u a t e d  s i g n a l s  from 
t h e  p rocess  f low ce l l .  The c o r r e c t e d  sample t r a n s m i s s i o n  s i g -  
n a l s  are i n  t u r n  submited t o  a heavy metal c o n c e n t r a t i o n  a lgo-  
r i t h m  p r e v i o u s l y  programmed i n t o  t h e  computer. The computer 
o u t p u t s  t h e  c o n c e n t r a t i o n  o f  one o r  more p r o c e s s  stream con- 
s t i t u e n t s  i n  u n i t s  of grams p e r  l i t e r .  The e n t i r e  c y c l e  
repeats e v e r y  s i x  seconds.  
p rocess  management o r  as a c o n t r o l  s i g n a l  t o  op t imize  t h e  
performance of t h e  p l a n t .  

Automatic  

The system o u t p u t  i s  a v a i l a b l e  f o r  
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The p r o t o t y p e  photometer,  t o  d a t e ,  has  been e v a l u a t e d  as 
a n  i n s t r u m e n t  f o r  monitor ing uranium i n  both aqueous and 30% 
tributylphosphate/dodecane o r g a n i c  samples. Uranium 
t r a n s m i s s i o n  was observed a t  416,  426,  476,  495 and 530 nm, 
u s i n g  a 1.3 mm p a t h  l e n g t h  f low ce l l .  
f i l t e r s  monitored uranium c o n c e n t r a t i o n ;  t h e  530 nm f i l t e r  was 
used f o r  sample background c o r r e c t i o n s .  The remaining f i l t e r s  
w i l l  be  used t o  f o l l o w  Pu(IV) c o n c e n t r a t i o n  i n  f u t u r e  s t u d i e s .  

The 416 and 426 nm 

System R e p r o d u c i b i l i t y  and L i n e a r i t y  

Absorbance v a l u e s  a t  each wavelength a r e  c a l c u l a t e d  from 
t h e  a v e r a g e  of d a t a  compiled from s i x  r e v o l u t i o n s  of t h e  f i l -  
tsr wheel. With s e q u e n t i a l  sampling of a g i v e n  sample,  t h e  
r e p r o d u c i b i l i t y  i n  t h e  c a l c u l a t e d  absorbance was e s t i m a t e d  t o  
Se +0.004. The day-to-day v a r i a t i o n  i n  t h e  measurement of 
sanFle absorbance v a r i e d  by 50.006.  
416 and 426 nm i s  l i n e a r l y  c o r r e l a t e d  d t h  uranium f r o n  0.05- 
1.10 ODU, which cor responds  t o  a l i n e a r  d e t e c t i o n  r a n g e  of 
10-310 g / 1  U i n  aqueous samples and 5-100 g / 1  U i n  o r g a n i c  
s o l u t i o n s .  

The absorbance a t  both  

Ins t rument  Accuracy 

A series of b l i n d  o r g a n i c  and aqueous uranium s t a n d a r d s  
were ana lyzed  u s i n g  t h e  photometer and r e s u l t s  compared w i t h  
t h o s e  o b t a i n e d  by s t a n d a r d  methods and i n s t r u m e n t a t i o n .  The 
s t a n d a r d  a n a l y t i c a l  t echniques  i n c l u d e d  a )  t h e  Davies-Gray 
t i t r imetr ic  procedure,  coulometry,  x-ray f l u o r e s c e n c e ,  

8 and c o l o r i m e t r i c  a n a l y s i s  us ing  a Cary-14 spec t rophotometer .  
A l l  of t h e  r e s u l t s  were assembled i n t o  a c o r r e l a t i o n  s t u d y  t o  
compare t h e  accuracy of t h e  d i f f e r e n t  measurement techniques .  
The average  e r r o r  observed by each  technique  i s  p r e s e n t e d  i n  
Table  1. The p r o t o t y p e  photometer behaves comparably w i t h  
s t a n d a r d  procedures  i n  both  aqueous and o r g a n i c  media. The 
r e l a t i v e  s t a n d a r d  e r r o r  observed between t h e  t r u e  concent ra -  
t i o n  of uranium and t h a t  determined by t h e  photometer is 22.9% 
and - +3.4% f o r  aqueous and o r g a n i c  samples ,  r e s p e c t i v e l y .  

CONCLUSION 

The d e s i g n  and performance of t h e  d e s c r i b e d  p r o t o t y p e  
photometer i n d i c a t e s  a n  a c c u r a t e  i n - l i n e  a n a l y s i s  of t h e  oxi-  
d a t i o n  s t a t e  and c o n c e n t r a t i o n  of a heavy metal can be made 
d z r e c t l y  i n  a complex p r o c e s s  stream, w h i l e  l o c a t i n g  t h e  b u l k  
of t h e  i n s t r u m e n t a t i o n  o f f - l i n e .  Such a d e s i g n  p r o t e c t s  t h e  
r a d i a t i o n  s e n s i t i v e  o p t i c a l  and e l e c t r o n i c  components, as w e l l  
as l o c a t e s  t h e  mechanical moving p a r t s  i n  e a s i l y  a c c e s s i b l e  
l o c a t i o n s .  This f e a t u r e  s i m p l i f i e s  ins t rument  maintenance,  



Tab le  I. Uranium C o r r e l a t i o n  Study 

ORGANIC URANIUM ANALYSIS AQUEOUS U R A N I U M  ANALYSIS 

u P r e s e n t  (g ' / l)  U Found ( g / l )  U P re sen t  (g/  1) U Found ( g / l )  
XRF Photometer Cary S tandard  Methods Photometer C a r y  

9.75 7.99 10.1 9.15 

15.24 13.3 14.8 14.6 

19 .72  18.0 13.1 19.4 

29.00 30.1 32.1 29.1 

30.15 28.4 29.4 26.7 

39.77 37.4 37.9 38.3 

20.33 16.5 20.5 20.15 (Coul. ) 

30.98 30.4 31.7 

47.77 45.1 46.9 51.0 (XRF) 

55.75 59.3 60.2 

59.65 54.6 56.7 62.4 

64.82 64.4 64.2 

49.40 47.8 47.2 47.9 70.53 6 7.6 71.0 75.6 ( X R F )  

55 .28  53.4 52.5 54.1 75.52 77.3 76.5 

60 .30  ' 58.5 57.0 60.7 7 8.63 77.5 79.5 

64.26 61.7 60.9 61.7 89.09 83.1 87. 1 86.0 ( X R F )  

70. za 62.9 66.3 62.9 74.09 75.7 74.7 

74.99 70.7 71.5 70.7 100.9 99.0 102. 

84.13 79.5 85.0 79.5 105.7 105. 106. 

99.16 (D-G) 

137. a 134. 138. 136.2 (D-G) 

161.4 161. 155. 159.8 (D-G) 

179.4 174. 164. 178.3 (D-G) 

200.5 194. 185. 199.2 (D-G) 

Average Absolute  Er ro r  ( g / l )  : 

2.4 2.9 2.2 

Average Absolute  Er ro r  ( g / l ) :  

2.2 2.0 1.9 

Cary = Cary 14  spec t rophotometry  
Coul .  = Coulometry 
D-G = Davies-Gray t i t r a t i o n  
XRF = X-ray f l u o r e s c e n c e  
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, 

replacement  and c a l i b r a t i o n  procedures .  The r a p i d l y  r o t a t i n g  
f i l t e r  wheel permits a mult ie lernent  d e t e r m i n a t i o n  whi le  simul- 
t a n e o u s l y  c o r r e c t i n g  f o r  stream background absorbance.  S i g n a l  
a v e r a g i n g  and d i s c r i m i n a t i o n  of t h e  absorbance  d a t a  can be 
i n c o r p o r a t e d  i n t o  computer s o f t w a r e  t o  improve sampling repro-  
d u c i b i l i t y  by c o r r e c t i n g  f o r  s p u r i o u s  f l u c t u a t i o n s  i n  stream 
composition. The r e f e r e n c e  f i b e r  o p t i c  l i g h t  p a t h  a t  t h e  same 
t i m e  c o r r e c t s  f o r  f l u c t u a t i o n s  i n  l i g h t  source  i n t e n s i t y ,  and 
p h o t o m u l t i p l i e r  d r i f t ,  as w e l l  as provides  an  i n d i c a t i o n  of 
t h e  i n t e g r i t y  of t h e  i n d i v i d u a l  o p t i c a l  f i l t e r s  and sample 
f i b e r  o p t i c  l i g h t  pa th .  The d e s i g n  of t h e  photometer can be 
modi f ied  t o  i n c o r p o r a t e  any nuinber of o p t i c a l  f i l t e r s ,  extend-  
i ng  t h e  a p p l i c a t i o n  of t h e  f i b e r  o p t i c  photometer t o  i n - l i n e  
p h o t o m e t r i c  a n a l y s i s  o t h e r  t h a n  i n  f u e l  r e p r o c e s s i n g .  
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