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ABSTRACT 

A sys tem f o r  mul ' t ie lement  f lame e m i s s i o n  a n a l y s i s  based  

on a  scann ing  Fabry-Pero t  i n t e r f e r o m e t e r  i s  d e s c r i b e d  and 

e v a l u a t e d .  D e t e c t i o n  l i m i t s  and l i n e a r i t y  of  r e s p o n s e  f o r  

t e n  e lements  commonly de te rmined  by f l ame  photometry  compare 

f a v o r a b l y  t o  c o n v e n t i o n a l  s i n g l e - e l e m e n t  methods.  Ana lyses  

f o r  s e v e r a l  elements i n  t a p  w a t e r ,  serum, u r i n e ,  NBS SRM 1571 

o r c h a r d  l e a v e s  and low a l l o y  s teel  d e m o n s t r a t e  t h e  e x c e l l e n t  

a c c u r a c y  and p r e c i s i o n  of  t h e  t e c h n i q u e .  R e s o l u t i o n  of  t h e  

sys tem a l l o w s  up t o  f i v e  e l e m e n t s  t o  be  de te rmined  s imul-  

t a n e o u s l y .  



I .  INTRODUCTION 

The i m p o r t a n t  r o l e  t h a t  s m a l l  amounts o f  v a r i o u s  

e l e m e n t s  p l a y  i n  p h y s i c a l ,  chemical  and b i o l o g i c a l  sys tems  

h a s  emerged a s  methods o f  a n a l y s i s  have i n c r e a s e d  i n  s e n s i -  

t i v i t y  and u t i l i t y .  Although a  g r e a t  d e a l  o f  p r o g r e s s  i n  

e l e m e n t a l  a n a l y s i s  may be  a t t r i b u t e d  t o  t h e  demands t h a t  

a r i s e  o u t  o f  o t h e r  a r e a s  of  r e s e a r c h ,  many o f  t h e  r e c e n t  

advances  a r e  a l s o  a r e s u l t  o f  t h e  r a p i d  development  o f  

new and improved i n s t r u m e n t a t i o n  i n v o l v i n g  w i d e l y  d i f f e r i n g  

p r i n c i p l e s  and c a p a b i l i t i e s .  In t e r m s  o f  t h e  amount o f  i n -  

f o r m a t i o n  o b t a i n e d  i n  a  g i v e n  a n a l y s i s ,  t h e  v a r i o u s  methods 

a v a i l a b l e  a r e  most c o n v e n i e n t l y  c l a s s i f i e d  a s  e i t h e r  s i n g l e  

o r  m u l t i e l e m e n t  t e c h n i q u e s .  A s i n g l e - e l e m e n t  method i s  

o p t i m i z e d  t o  d e t e r m i n e  t h e  p a r t i c u l a r  e l e m e n t  w i t h  a s  h i g h  

a n  a c c u r a c y  and p r e c i s i o n  a s  p o s s i b l e  whereas most m u l t i -  

e l e m e n t  methods must  i n v o l v e  a  compromise i n  o p e r a t i n g  

c o n d i t i o n s  t o  encompass t h e  d i f f e r e n t  b e h a v i o r s  o f  t h e  

v a r i o u s  e l e m e n t s  i n  a  g i v e n  sample .  

The main impetus  beh ind  t h e  development  o f  m u l t i e l e m e n t  

methods o f  a n a l y s i s  s t e m s  f rom t h e  demand f o r  t h e  ' c a p a b i l i t y  

t o  d e t e r m i n e  s e v e r a l  e l e m e n t s  i n  a  s i n g l e  sample i n  a  s i m p l e ,  

r a p i d ,  r e l i a b l e  and i n e x p e n s i v e  way. There a r e  many 

a n a l y t i c a l  problems e . g . ,  c l i n i c a l ,  m e t a l l u r g i c a l  and 

geochemical ,  i n  which t h e  a p p l i c a t i o n  o f  such  m u l t i e l e m e n t  



methods  i s  p a r t i c u l a r l y  i m p o r t a n t .  U n l i k e  a t o m i c  a b s o r p t i o n  

and  f l u o r e s c e n c e  methods  which g e n e r a l l y  r e q u i r e  one  l i g h t  

s o u r c e  f o r  e a c h  e l e m e n t  o r  s m a l l  g r o u p  o f  e l e m e n t s  d e t e r m i n e d ,  

a t o m i c  e m i s s i o n  ( A E )  s p e c t r o s c o p y  l e n d s  i t s e l f  mos t  r e a d i l y  

t o  m u l t i e l e m e n t  a n a l y s i s  b e c a u s e  t h e  p r o c e s s e s  o f  a t o m i z a t i o n  

a n d  e x c i t a t i o n  a r e  a c c o m p l i s h e d  u s i n g  t h e  same s o u r c e  re- 

g a r d l e s s  o f  which  e l e m e n t s  a r e  b e h g  d e t e r m i n e d .  

I n  m u l t i e l e m e n t  AE s p e c t r o s c o p y ,  t h e  o b j e c t i v e  i s  t o  

r e c o r d  one  o r  more components  o f  the u l t r a v i o l e t - v i s i b l e  

s p e c t r u m  f o r  e a c h  o f  s e v e r a l  s p e c i e s  b e i n g  a n a l y z e d  d u r i n g  

a  s i n g l e  s a m p l i n g  and  a t o m i z a t i o n  p r o c e s s .  T o  a c h i e v e  t h i s  

g o a l ,  r a p i d  s i n g l e  c h a n n e l  o r .  mu1 t i c h a n n e l  d e v i c e s  a r e  

n e c e s s a r y .  H i s t o r i c a l l y ,  AE m u l t i c h a n n e l  s y s t e m s  have  en-  

joyed  t h e  g r e a t e s t  p o p u l a r i t y  w i t h  t h e  p h o t o g r a p h i c  a n d  

m u l t i p l e - s l i t - m u l t i p l e - d e t e c t o r  ( d i r e c t  r e a d e r )  t y p e s  o f  

i n s t r u m e n t s .  However, b o t h  o f  t h e s e  s y s t e m s  l e a v e  much t o  be  

d e s i r e d .  The i n t e r p r e t a t i o n  and  q u a n t i t a t i o n  o f  p h o t o g r a p h i c  

s p e c t r a  i s  t e d i o u s  and  s u f f e r s  f rom p o o r  a c c u r a c y  and  p r e -  

c i s i o n ,  w h i l e  t h e  d i r e c t  read1n.g s p e c t r o m e t e r s  r e q u i r e  a s  

many d e t e c t o r s  a s  e l e m e n t s  t o  be  d e t e r m i n e d  and  a r e  o f t e n  

d i f f i c u l t  t o  a l i g n  f o r  c l o s e l y  s p a c c d  e m i s s i o n  l i n e s .  The 

h i g h  r e s o l u t i o n  a v a i l a b l e  w i t h  modern s c a n n i n g  F a b r y - P e r o t  

(FP)  i n t e r f e r o m e t e r s  makes them a  p o t e n t i a l  a l t e r n a t i v e  t o  

t h e  c o n v e n t i o n a l  d i s p e r s i o n  o p t i c s  i n  . m u l t i e l e m e n t  



s p e c t r o m e t e r s .  Moreover ,  FP i n t e r f e r o m e t e r s  a r e  now a v a i l -  

a b l e  which  p o s s e s s  n o t  o n l y  good r e s o l u t i o n  b u t  a l s o  e x c e l l e n t  

t h r o u g h p u t  a n d  a  l a r g e  enough f r e e  s p e c t r a l  r a n g e  s u c h  t h a t  

o v e r l a p p i n g  o r d e r s  o f  d i f f e r e n t  e m i s s i o n  l i n e s  may o f t e n  b e  

a v o i d e d .  I n  a  p r e l i m i n a r y  i n v e s t i g a t i o n ,  P ru iksma ,  Z i e m e r  

and  Yeung (1) p r o p o s e d  t h e  u s e  o f  a s c a n n i n g  FP i n t e r -  

f e r o m e t e r  f o r  m u l t i e l e m e n t  a t o m i c  e m i s s i o n  a n a l y s i s .  

T h i s  i n i t i a l  work d e m o n s t r a t e d  t h a t  s u c h  a  s y s t e m  m i g h t  be 

f e a s i b l e  i f  t h e  p r o p e r  d e s i g n  p a r a m e t e r s  c o u l d  b e  d e v e l o p e d .  

The p u r p o s e  o f  t h i s  t h e s i s  is. t o  examine  t h e  f u l l  po- 

t e n t i a l  o f  m u l t i e l e m e n t  f l ame  e m i s s i o n  a n a l y s i s  u s i n g  a 

s c a n n i n g  FP i n t e r f e r o m e t e r  a s  a  w a v e l e n g t h  s e l e c t i o n  d e v i c e .  

Resea rch  t o  t h i s  e n d  i n c l u d e d  t h e  d c s i g n  a n d  c o n s t r u c t i o n  o f  

a  l o w - c o s t  e l e c t r o n i c  d e t e c t i o n  s y s t e m  as w e l l  a s  a  min i -  

computer  i n t e r f a c e  which was used  f o r  s i g n a l - a v e r a g i n g  , #  . 

p u r p o s e s .  D e t e c t i o n  l i m i t s  f o r  t e n  e l e m e n t s  which a r e  com- 

monly d e t e r m i n e d  by f lame s p e c t r o s c o p i c  methods a n d  which 

have  s e n s i t i v e  e m i s s i o n  l i n e s  i n  t h e  v i s i b l e  s p e c t r a l  r e g i o n  

a r e  p r e s e n t e d .  S e v e r a l  a n a l y s e s  on s t e e l ,  se rum,  u r i n e ,  t a p  

w a t e r  and  NBS SRM 1 5 7 1  o r c h a r d  l e a v e s  were pe r fo rmed  t o  

d e m o n s t r a t e  t h e  e x c e l l e n t  a c c u r a c y  and  p r e c i s i o n  o f  t h e  

t e c h n i q u e .  F i n a l l y ,  a  d i s c u s s i o n  o f  t h e  s y s t e m ' s  i n h e r e n t  

a d v a n t a g e s  and d i s a d v a n t a g e s  a s  w e l l  a s  f u t u r e  a p p l i c a t i o n s  

a r e  present,ed.  



I I .  LITERATURE REVIEW 

A .  Flame Emission Spec t roscopy  

With t h e  i n c r e a s i n g  development  of  i n s t r u m e n t a l  methods 

o f  a n a l y s i s ,  a n a l y s t s  a r e  c o n f r o n t e d  w i t h  t h e  t a s k  o f  

s e l e c t i n g  a  s u i t a b l e  t e c h n i q u e  t o  s o l v e  t h e i r  problems.  

There a r e  s e v e r a l  methods of  m u l t i e l e m e n t  a n a l y s i s  a v a i l -  

a b l e ,  which va ry  wide ly  i n  t h e i r  a p p l i c a t i o n  and s c o p e .  

These methods . i n c l u d e :  : spa rk  s o u r c e  mass s p e c t r o m e t r y  ( 2 )  , 

n e u t r o n  a c t i v a t i o n  (3-5)  , X-ray f l u o r e s c e n c e  ( 6 - 8 )  , e l e c t r o -  

chemica l  t e c h n i q u e s  ( 9 ,  1 0 )  , and o p t i c a l  a tomic  s p e c t r o -  

scopy .  The l a s t  one i s  by f a r  t h e  most  p o p u l a r  f o r  the 

s o l u t i o n  o f  a  wide v a r i e t y  o f  problems due t o  i t s  h i g h  

p r e c i s i o n  and a c c u r a c y ,  s i m p l i c i t y ,  r e a s o n a b l e  s e n s i t i v i t y  

and r e l a t i v e l y  low c o s t .  A s  mentioned p r e v i o u s l y  AE 

s p e c t r o s c o p y  i s  t h e  b e s t  c h o i c e  f o r  m u l t i e l e m e n t  o p t i c a l  

s p e c t r o s c o p i c  a n a l y s i s .  I n  a tomic  e m i s s i o n  s p e c t r a ,  a toms 

which have been e x c i t e d  from a  ground s t a t e  t o  a  h i g h e r  

ene rgy  l e v e l  r e t u r n  t o  a  lower l e v e l  by l i b e r a t i n g  e n e r g y  

c o r r e s p o n d i n g  t o  a  f r equency  v g i v e n  by t h e  well-known 

e q u a t i o n  AE = hv.  Th i s  p r o c e s s  o c c u r s  a c c o r d i n g  ' t o  

t r a n s i t i o n s  governed by s e l e c t i o n  r u l e s  1 1  1 2  . The 

f r a c t i o n  o f  atoms e x c i t e d  depends e x p o n e n t i a l l y  on t h e  e x c i -  

t a t i o n  s o u r c e  t e m p e r a t u r e .  I f  t h e  s o u r c e  i s  c o n s i d e r e d  t o  be  

i n  a  s t a t e  o f  the rmal  e q u i l i b r i u m ,  t h e n  t h e  r e l a t i o n s h i p  o f  



t h e  t e m p e r a t u r e  t o  t h e  d i s t r i b u t i o n  o f  atoms of  t h e  a n a l y t e  

w i t h  r e s p e c t  t o  e n e r g y  l e v e l s  can b e  de te rmined  by t h e  

Boltzmann d i s t r i b u t i o n  law ( 1 3 )  . The i n t e n s i t y  o f  t h e  

e m i t t e d  r a d i a t i o n  depends on t h e  p r o b a b i l i t y  o f  the 

t r a n s i t i o n  from t h e  e x c i t e d  s t a t e  t o  a  s t a t e  o f  lower  

e n e r g y ,  t h e  number o f  n e u t r a l  atoms and t h e  f r a c t i o n  o f  

t h e  p o p u l a t i o n  o f  atoms which i s  e x c i t e d .  .Condon and 

S h o r t l e y  ( 1 4 )  and Herzberg  ( 1 5 )  have w r i t t e n  e x c e l l e n t  t e x t s  

on t h e  t h e o r y  and h i s t o r i c a l  development  o f  a t o m i c  s p e c t r a .  

Atomic e n e r g y  l e v e l  diagrams f o r  e l e m e n t s  d e t e r m i n a b l e  by 

a t o m i c  e m i s s i o n  s p e c t r o s c o p y  have been p u b l i s h e d  by 

Mavrodineanu and Boi t e u x  ( 1 6 )  . The t o t a l  i n t e n s i t y  o f  

the rmal  r a d i a t i o n  of m e t a l  s p e c t r a  h a s  been d i s c u s s e d  

comprehensively  by Winefordner. e t  a l .  ( 1 7 ) ,  i n c l u d i n g  

e x p r e s s i o n s  f o r  t h e  t o t a l  i n t e n s i t y ' o f  e m i s s i o n  from atoms 

a t  low and h igh  c o n c e n t r a t i o n s .  

Var ious  methods o f  e x c i t a t i o n  f o r  AE s p e c t r o s c o p y  e x i s t .  

The dc a r c  and s p a r k  a r e  b o t h  commonly known methods and t h e i r  

advan tageous  f e a t u r e s  and l i m i t a t i o n s  a r e  d i s c u s s e d  ex- 

t e n s i v e l y  and c l e a r l y  i n  a  number o f  books ( 1 8 - 2 0 ) .  The d c  

plasma j e t  ( 2 1 )  h a s  been found t o  g i v e  f a i r  d e t e c t i o n  

l i m i t s  ( 2 2 )  f o r  a  l a r g e  number o f  e l e m e n t s  b u t  it i s  p lagued  

w i t h  d i s a d v a n t a g e s  such  a s  h i g h  background,  i o n i z a t i o n  

i n t e r f e r e n c e s  and c o n s i d e r a b l e  consumption of  g a s e s  and 



e r o s i o n  o f  t h e  e l e c t r o d e s .  The i n d u c t i v e l y  c o u p l e d ,  r a d i o -  

f r equency  plasma ( 2 3 ,  2 4 )  o f f e r s  a n  o p t i c a l l y  t h i n ,  h i g h  

t e m p e r a t u r e  s o u r c e  which i s  n i c e l y  suited f o r  AE s p e c t r o -  

scopy .  I t s  performance i s  v e r y  good and h a s  been w e l l  

documented ( 2 5 ,  26) , w i t h  e m i s s i o n  from v i r t u a l l y  a l l  

e l e m e n t s  hav ing  been r e c o r d e d  ( 2 4 )  . However, i o n i z a t i o n  

i n t e r f e r e n c e s  a r e  g r e a t e r  and must b e  c a r e f u l l y  i n v e s t i -  

g a t e d  I n  o r d e r  t o  b e  minimized.  Although the r f  plasma 

migh t  be t h e  b e s t  s o u r c e  f o r  m u l t i e l e m e n t  AE s p e c t r o s c o p y ,  

it i s  a l s o  t h e  most compl ica ted  and e x p e n s i v e ,  r e q u i r i n g  

e l a b o r a t e  power s u p p l i e s ,  r f  g e n e r a t o r s  and impedance 

matching networks  between t h e  g e n e r a t o r  and l o a d  c o i l s .  

Thus, t h c  f lame r e p r e s e n t s ,  i n  mosl: e a s e s ,  a s a t i s -  

f a c t o r y  e x c i t a t i o n  s o u r c e  d u e  t o  i t s  s i m p l i c i t y ,  s a f e t y ,  

e a s e  o f  o p e r a t i o n  and s t a b i l i t y .  

Although p h o t o g r a p h i c  s p e c t r a  o f  t h e  sun  were t a k e n  

around 1840 f o l l o w i n g  t h e  p r o d u c t i o n  of  s i l v e r  c h l o r i d e  

p h o t o g r a p h i c  p a p e r s ,  no s i g n i f i c a n t  p r o g r e s s  i n  f lame 

s p e c t r o s c o p y  came u n t i l  1860 when K i r c h h o f f  and Bunsen ( 2 7 )  

d e f i n i t e l y  c o r r e l a t e d  v i s i b l e  e m i s s i o n  l i n e s  w i t h  s p e c i f i c  

e l e m e n t s .  T h i s  d i s c o v e r y  immedia te ly  p o i n t e d  t h e  way t o  chem- 

i c a l  ana1,ys is  by s p e c t r a l  o b s e r v a t i o n  o f  t h e  f lame and w i t h i n  

t e n  y e a r s ,  a t t e m p t s  a t  q u a n t i t a t i v e  f lame e m i s s i o n  a n a l y s i s  

were b e i n g  made by J a n s s e n  ( 2 8 ) .  However, i t  i s  n e c e s s a r y  

t o  r e c o g n i z e ,  t h a t  t h e  ' f i r s t  widespread  p r e s e n t a t i o n  o f  



e m i s s i o n  f l a m e  p h o t o m e t r y ,  a s  i t  i s  c o n c e i v e d  o f  t o d a y ,  was 

t h e  p a p e r  by B a r n e s ,  R i c h a r d s o n ,  B e r r y  and  Hood ( 2 9 )  i n 1 9 4 5 .  

By 1960 ,  t h e  f i r s t  commerc ia l  f l a m e  phnt .ometers  had  a p p e a r e d  

and  a n a l y t i c a l  c h e m i s t s  began t o  u s e  a n d  a c c e p t  f l ame  

pho tome t ry  as a  r e l i a b l e  i n s  t r u r n e n t a l  a n a l y t i c a l  method f o r  

q u a n t i t a t i v e  a n a l y s i s .  I n  1955 t h e  f i r s t  book i n  t h e  w o r l d  

s p e c i f i c a l l y  d e v o t e d  t o  f l a m e  p h o t o m e t r y  was a u t h o r e d  by  

B u r r i e l - M a r t i  and  ~ a m i r e z - ~ u 6 o z  ( 3 0 )  , i n  p r e c i s e l y  t h e  

same y e a r  t h a t  t h e  o t h e r  main b r a n c h  o f  f l a m e  a n a l y s i s ,  

a t o m i c  a b s o r p t i o n ,  was announced a s  a  new p o s s i b i l i t y  i n  

a n a l y t i c a l  work.  S i n c e  t h a t  t i m e  s e v e r a l  e x c e l l e n t  t e x t s  

have  been  w r i t t e n  on  f l a m e  e m i s s i o n  s p e c t r o c h e m i c a l  

a n a l y s i s  ( 1 6 ,  31,  32 ,  33,  3 4 )  . Numerous IileLi~ods e inp loying  

t h e  d i r e c t  t r a n s f e r  o f  t h e  a n a l y t e  i n t o  t h e  f l ame  have  b e e n  

a t t e m p t e d  w i t h  t h e  a im o f  c i r c u m v e n t i n g  t h e  p rob lems  posed  by 

t h e  d i s s o l u t i o n  o f  t h e  s a m p l e . p r i o r  t o  a n a l y s i s .  These  i n -  

c l u d e  g e n e r a t i o n  o f  m e t a l  p a r t i c l e s  ( 3 5 )  and  t h e  d i r e c t  

a t o m i z a t i o n  o f  s u s p e n s i o n s  ( 3 6 ) .  However, i n  t h e  g r e a t  

m a j o r i t y  o f  c a s e s  t h e  sample  ' t o  b e  a t o m i z e d  i s  b r o u g h t  i n t o  

s o l u t i o n  a n d  t h e n  a s p i r a t e d  i n t o  t h e  f l a m e  by means o f  a  

pneumat i c  n e b u l i z e r .  C c n e r a l l y ;  f l a m e s  o f  t.he t y p e  

hydrogenLoxygen ,  a c e t y l e n e - o x y g e n  o r  a c e t y l e n e - n i t r o u s  o x i d e  

a r e  employed .  The t h e r m a l  e q u i l i b r i a  e x i s t i n g  i n  hydrogen-  

oxygen,  and  a c e t y l e n e - o x y g e n  f l a m c s  as w e l l  a s  i n  a i r - h y d r o g e n  

and  a r g o n - h y d r o g e n - e n t r a i n e d  a i r  f l a m e s  have been  d i s c u s s e d  



by de Gaian and ~ i n e f o r d n e r  ( 3 7 ) .  With convent ional  s i n g l e  

element flame emission,  4 4  elements have been determined a t  

concen t ra t ions  of less than  1 pg/mL ( 3 8 )  . 
. . 

. To l i s t  a l l  t h e  a n a l y t i c a l  problems t o  which flame 
. . 

emission spectroscopy has  been a p p l i e d  would be  nex t '  t o  

impossible .  It  has been app l i ed  t o  t h e  de te rmina t ion 'o f  . 

v i r t u a l l y  every element i n  t h e  p e r i o d i c  t a b l e  i n  a lmost  every 

imaginable matr ix ,  p r imar i ly  a t  t r a c e  o r  low concent ra t ion  

l e v e l s .  Mavrodineanu ( 3  9 )  has  thoroughly reviewed t h e  

a n a l y t i c a l  a p p l i c a t i o n s  of flame ' spectroscopy p r i o r  to 1966. 

A s  ,more and more is  understood about mineral  metabolism, 

the  r o u t i n e  monitor ing of  t r a c e  elements i n  water ,  s o i l s ' ,  . 
.. .. ., . . , . .  . . , .  . . . .:.... 

. . -- . I  . .. .. :.. . 
--I ._ _ . * :  

p l a n t s ,  urine,..'blood and o ther '  .bj .ological t i s s u e s  has.  al'so.. become 
. . . .  ,.... / . _ . . . . 

impor tant  ('40, 4 1 ,  42) . Since  samples. of  t h i s  ' type a r e  

many t i m e s  a v a i l a b l e  i n  only small. amounts, mult ie lement  

a n a l y s i s  of such . 'mater ia l s .  A s  a  m a t t e r  o f  f a c t ,  flame 

emission a n a l y s i s  i s  t h e  recommended a n a l y t i c a l  procedure 

f o r  N a ,  K and Li i n  serum and u r ine  ( 4 4 ,  45) whi le  ' . . 
' \ 

I . .  
Berrnan (4.5) d e s c r i b e s  cond i t ions  f o r  t h e  a n a l y s i s  of  n ine  

meta ls  i n  a  v a r i e t y  o f  b i o l o g i c a l  samples by flame emission 

spectroscopy.  Other i n t e r e s t i n g  a p p l i c a t i o n s  of A E .  

spectrometry,  where mult ie lement  a n a l y s i s  would be ,use fu l  

include:  a n a l y s i s  of geologica l  m a t e r i a l s  (34, 4 6 ,  4 7 )  , 
. . 

coa l  (.48), petroleum products (49) and a l l o y s  ( 5 0 ) .  
-. 



B .  D e t e c t i o n  s y s t e m s  f o r  M u l t i e l e m e n t  S p e c t r o s c o p y  

To p e r f o r m  m u l t i e l e m e n t  s p e c t r o m e t r y ,  a d e v i c e  c a p a b l e  

o f  m e a s u r i n g  i n t e n s i t i e s  a t  d i f f e r e n t  w a v e l e n g t h s  i s  n e c e s s a r y ,  

i . e . ,  a  m u l t i c h a n n e l  d c v i c e  i s  n e e d e d .  An e x t e n s i v e  r e v i e w  

o f  mu1 t i e l e m e n t  s p e c t r o s c o p i c  t e c h n i q u e s  h a s  r e c e n t l y  b e e n  

p u b l i s h e d  by W i n e f o r d n e r ,  F i t z g e r a l d  a n d  Omenet to  ( 5 1 )  . 
Eas.i.ca1l.y , m u l t i c h a n n e l  d e t e c t i o n  s y s  t e m s  c a n  b e  d i v i d e d  

i n t o  two major '  c a t e g o r i e s  : t e m p o r a l  and  s p a t i a l .  

Temporal d e v i c e s  r e l y  upon one  s i n g l e  d e t e c t o r .  The 

s p e c t r a l  i n f o r m a t i o n  i s  encoded  i n  t h e  t i m e  domain and  t h u s  

t h e  mu1 t i e l e m e n t  i n f o r m a t i o n  c o l l e c t e d  i s  s e q u e n t i a l .  A 

v a r i e t y  o f  s p e c t r a l  s c a n n i n g  s y s t e m s  have  been  d e v e l o p e d  

f o r  t e m p o r a l  m u l t i c h a n n e l  d e t e c t i o n  ( 5 2 ,  53)  . These  

s y s t e m s  a r e  b a s e d  on  moving t h e  d e t e c t o r  i f  t h e  d i s p e r s i o n  

o p t i c s  a r e  h e l d  s t a t i o n a r y  ( 5 4 )  o r  s c a n n i n g  t h e  s p e c t r u m  

p a s t  a  f i x e d  s l i t  e i t h e r  by o s c i l l a t i n g  t h e  d i s p e r s i n g  

e l e m e n t  ( 5 5 )  o r  o s c i l l a t i n g  an a u x i l i a r y  m i r r o r  ( 5 6 )  . San- 

t i n i ,  Mi lano  and  Pa rdue  ( 5 7 )  a n d  P i m e n t e l  ( 5 8 )  have  w r i t t e n  

e x c e l l e n t  r e v i e w s  on v a r i o u s  r a p i d  s c a n n i n g  t e c h n q i u e s .  
,. 

Dawson, E l l i s  a n d  M i l n e r  ( 5 9 )  d e s c r i b e  a  s y s t e m  c a p a b l e  o f  
. . 

monochromator s c a n  r a t e s  o f  up t o  1800 nm/sec however ,  

g e o m e t r i c a l  d i s t o r t i o n s  a r i s e  when o p t i c a l  components  a r e  

r o t a t e d  a t  t h e s e  h i g h  s p e e d s  a n d  hence  p o o r  s i g n a l - t o -  

n o i s e  r a t i o s  have  r e s u l t e d  f o r  t h e  low l i g h t  f l u x e s  p r e s e n t  



i n  AE s p e c t r o m e t r y .  The most i m p o r t a n t  c o n s i d e r a t i o n  t h e n  

becomes t h e  d e s i g n  of  a  r a p i d - s c a n n i n g  d e v i c e  c a p a b l e  o f  

d e t e r m i n i n g  t h e  wavelength  b e i n g  passed  by the e x i t  s l i t  

o f  t h e  s p e c t r o m e t e r  a t  any i n s t a n t  w h i l e  a t  t h e  same t ime 

a c c u r a t e l y  r e p r o d u c i n g  t h a t  wavelength  from s c a n  t o  

s c a n .  Cordos and Malmstadt . . ( 6 0 )  , and Johnson ,  P lankey and 

Winefordner  ( 6 1 )  have used a  computer t o  c o n t r o l  t h e  mono- 

chromator  such t h a t  it w i l l  s l e w  between wave leng ths  of 

a n a l y t i c a l  i n t e r e s t  and remain a t  a  g i v e n  wavelength  u n t i l  

t h e  r e s t  o f  t h e  sys tem h a s  been o p t i m i z e d  f o r  t h a t  p a r t i c u l a r  

e l ement .  T y p i c a l l y  2 t o  5 seconds  i s  r e q u i r e d  t o  o p t i m i z e  

c o n d i t i o n s  f o r  e a c h  measurement s t e p .  

Another  approach t o  temporal  m u l t i e l e m e n t  a n a l y s i s  

s imply  employs a  r o t a t i n g  f i l t e r  w h e e l ' i n  p l a c e  o f  a  mono- 

chromete r .  S e v e r a l  p a p e r s  have been p u b l i s h e d  d e s c r i b i n g  

t h e  advan tages  of such f l l t e r - d e t e c t i o n  sys tems  ( 6 2 ,  63,  

6 4 )  . G e n e r a l l y ,  t h e  d i s a d v a n t a g e s  and problems e n c o u n t e r e d  

w i t h  t h i s  type  of  sys tem a r e  h i g h  background and i n s u f f i c i e n t  

s p e c t r a l  d i s c r i m i n a t i o n ,  and t h u s  it does  n o t  r e a d i l y  l e n d  

i t s e l f  t o  t r a c e  m u l t i e l e m e n t  a n a l y s i s .  

S p a t i a l  d e v i c e s  have t r a d i t i o n a l l y  been t h e  m o s t  

p o p u l a r  mul t ie lemen t d e t e c t i o n  s y s  tems f o r  AE s p e c t r o m e t r y .  

They r e l y  upon m u l t i p l e  d e t e c t o r s  and hence i n f o r m a t i o n  

from more t h a n  one s p e c t r a l  e l e m e n t  i s  a c q u i r e d  s i m u l t a n e o u s l y  



and i n d e p e n d e n t l y .  The f i r s t  and pe rhaps  most wide ly  used 

m u l t i c h a n n e l  d e t e c t o r  h a s  been t h e  p h o t o g r a p h i c  p l a t e  ( 6 5 ,  

66,  67)  . Among t h e  l i m i t a t i o n s  o f  p h o t o g r a p h i c  d e t e c t i o n  a r e  

low e f f i c i e n c y ,  l i m i t e d  dynamic r a n g e ,  n o n l i n e a r i t y  and most 

i m p o r t a n t l y ,  t h e  l e n g t h  o f  t ime  i n v o l v e d  i n  a c q u i r i n g  and 

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

D i r e c t - r e a d i n g  s p e c t r o m e t e r s  have been developed i n  

which s e l e c t e d  s p e c t r a l  l i n e s  of  i n t e r e s t  a r e  i s o l a t e d  from 

t h e  d i s p e r s e d  r a d i a t i o n  by e x i t  s l i t s  p o s i t i o n e d  a l o n g  t h e  

f o c a l  p l a n e  of  t h e  s p e c t r o m e t e r  and d e t e c t e d  by photo-  

m u l t i p l i e r s  p o s i t i o n e d  beh ind  e a c h  s l i t .  Th i s  approach was 

f i r s t  used f o r  s i m u l t a n e o u s  f lame e m i s s i o n  a n a l y s i s  of  Na, 

K ,  Ca and S r  by V a l l e e  and Margnshes ( 6 8 )  i n  1956 and s i n c e  

then  by many o t h e r s  ('69, 70,  71,  7 2 ,  7 3 ) .  I n  a d d i t i o n ,  

s e v e r a l  m a n u f a c t u r e r s  produce d i r e c t - r e a d i n g  s p e c t r o m e t e r s  

f o r  u s e  w i t h  argon i n d u c t i v e l y  coup led  p lasmas  ( J a r r e l l - A s h  

J Y  38 P S p e c t r o a n a l y z e r ) ,  'dc a r c  plasma jets ( S p e c t r a m e t r i c s  

S p e c t r a J e t  11), and f o r  c l i n i c a l  f lame photometry  (Radio-  

me te r  Model FLM 3 ) .  S l n c e  t h e  b igges t -  problem w i t h  u s i n g  

a  d i r e c t - r e a d i n g  s p e c t r o m e t e r  1s t h e  p o s i t i o n i n g  and a l ign- .  

ment o f  t h e  e x i t  s l i t s  a t  t h e  p r o p e r  p o i n t  on t h e  ' f o c a l  

p l a n e ,  i'k canno t  be  c o n v e n i e n t l y  changed t o  moni to r  o t h e r  

e l e m e n t s .  Scanning methods employing v i b r a t i n g  s l i t s  o r  

q u a r t z  p l a t e s  have been u s e d  w i t h ' s o m e  s u c c e s s  f o r  background 



c o r r e c t i o n  ( 7 4 ,  75) w h i l e  Ha i sch ,  Laqua and Hagenah used 

g l a s s  f i b e r  o p t i c s  t o  s i m u l t a n e o u s l y  measure a d j a c e n t  wave- 

l e n g t h s  ( 7 6 )  . . , 

I n  1970,  Margoshes ( 7 7 )  r e p o r t e d  t h a t  t h e  t e l e v i s i o n  

t u b e  would seem t o  be  a n  i d e a l  d e t e c t o r  f o r  mul t i e l e~r le r i t  

d e t e r m i n a t i o n s  s i n c e ,  i n  p r i n c i p l e ,  it combines t h e  a d v a n t a g e s  

.of p h o t o g r a p h i c  d e t e c t i o n  w i t h  t h o s e  o f  p h o t o m u l t i p l i e r  t u b e s .  

A c t u a l l y ,  t h e  f i r s t  a p p l i c a t i o n  o f  t e l e v i s i o n  t u b e s  t o  aturrlic 

s p e c t r o m e t r y  was by Benn, Foo te  and Chase ( 7 8 )  who i n  1949 

used an image o r t h i c o n  t o  examine l o w - i n t e n s i t y  e m i s s i o n  l i n e s  

d u r i n g  a  gaseous  combus t i o n  r e a c t i o n .  S e v e r a l  p a p e r s  have 

r e c e n t l y  appeared  on t h e  u s e  o f  v i d i c o n s  ( 7 9 ,  80, 81)  and 

pho tod iode  a r r a y s  ( 8 2 ,  83)  a s  w e l l  a s  new t y p e s  o f  semicon- 

d u c t o r  d e v i c e s  such a s  c h a r g e  c o u p l i n g  ( 8 4 )  and charge  i n -  

j e c t i o n  ( 8 5 )  d e t e c t o r s  f o r  m u l t i e l e m e n t  a tomic  s p e c t r o s c o p y .  

Although t h e s e  image d e v i c e s  a r e  i n d e e d  a t t r a c t i v e ,  con- 

s i d e r a b l e  r e f i n e m e n t  and development  i s  s t i l l  w a r r a n t e d  i f  

t h e i r  per formance  i s  t o  approach t h a t  o f  p h o t o m u l t i p l i e r  

t u b e s .  

C . Fabry-Pero t  I n t e r f e r o m e t r y  

The: i n t e r f e r o m e t e r  d e v i s e d  by C .  Fabry and A .  P e r o t  i n  

1897 ( 8 6 )  employs t h e  p r i n c i p l e s  of  m u l t i p l e  beam i n t e r -  

f e r e n c e .  The s u p e r i o r  l u m i n o s i t y  . o b t a i n a b l e  w i t h  modern FP 



i n t e r f e r o m e t e r s  h a s  been shown by J a c q u i n o t  ( 8 7 )  and t h e y  have 

been used f o r  measur ing  t h e  wavelength  s t a b i l i t y  o f  ' l a s e r s  

( 8 8 )  , examining h y p e r f i n e  s t r u c t u r e  ( 8 9 )  , i s o t o p i c  a n a l y s i s  

( g o ) ,  r a p i d  wavelength  s c a n n i n g  ( 9 1 )  l i n e  p r o f i l e  measure.- 

ments ( 9 2 )  and i n  c o n j u n c t i o n  w i t h  normal  monochromators 

f o r  h i g h  r e s o l u t i o n  a tomic  a b s o r p t i o n  s p e c t r o m e t r y  ( 9 3 ) .  

The f i r s t  t o  r e c o g n i z e  t h e  impor tance  of  m u l t i p l e  beam 

i n t e r f e r e n c e  w a s  Bvulvucl~  who, i n  a b r i e f  n o t e  i n  1893,  

gave t h e  t h e o r y  of  f o r m a t i o n  of  a  f r i n g e  sys tem which s h o r t -  

l y  a f t e r w o r d s  was i n c o r p o r a t e d  i n t o '  t h e  FP i n t e r f e r o m e t e r  

( 9 4 ) .  S e v e r a l  a u t h o r s  ( 9 4 ,  95 ,  96 ,  97)  have p r o v i d e d  ex- 

c e l l e n t  d i s c u s s i o n s  on m u l t i p l e  beam i n t e r f e r e n c e  and i t s  

a p p l i c a t i o n  t o  FP i n t e r f e r o m e t - e r s .  

A FP c a v i t y  i s  c o n s t r u c t e d  u s i n g  two f l a t  o p t i c a l  p l a t e s  

t h a t  a r e  p a r a l l e l  ' t o  one a n o t h e r  w i t h  p a r t i a l l y  t r a n s m i t t i n g  

c o a t i n g s  on t h e i r  i n n e r  s u r f a c e s  and a n t i r e f l e c t i o n  c o a t i n g s  

on t h e i r  o u t s i d e  s u r f a c e s .  Normally,  t h e  o u t s i d e  s u r f a c e s  

a r e  wedged s l i g h t l y  w i t h  r e s p e c t  t o  t h e  i n s i d e  s u r f a c e  t o  

a v o i d  forming a d d i t i o n a l  c a v i t i e s .  FP i n t e r f e r o m e t e r s  

t y p i c a l l y  use  15  t o  50mrndiameter  m i r r o r s  w i t h  f l a t n e s s e s  

o f  -A/SO t o  A/200 ( n o r m a l l y  s p e c i f i e d  f o r  A = 500 nm) . Mul t i -  

l a y e r  d i e l e c t r i c  c o a t i n g s  a r e  a v a i l a b l e  which a r e  a p p l i c a b l e  

o v e r  t h e  e n t i r e  v i s i b l e  r e g i o n  o f  t h e  spec t rum ( 9 8 ) .  

If monochromatic r a d i a t i o n  o f  wavelength  A i s  i n c i d e n t  . 



upon a  FP c a v i t y ,  it w i l l  be t r a n s m i t t e d  and undergo maximum 

c o n s t r u c t i v e  i n t e r f e r e n c e  when 

where m i s  t h e  o r d e r  o f  i n t e r f e r e n c e  ( a n  i n t e g e r ) ,  q i s  t h e  

r e f r a c t i v e  i n d e x  of  t h e  medium between t h e  two r e f l e c t i n g  

s u r f a c e s ,  d  i s  t h e  m i r r o r  s p a c i n g  and 8 i s  t h e  i n c l i n a t i o n  

o f  t h e  normal o f  t h e  m i r r o r s  t o  t h e  i n c i d e n t  w a v e f r o n t  

d i r e c t i o n  ( 9 9 )  . I t  shou ld  be no ted  t h a t  e a c h  change o f  X/2 

i n  t h e  p r o d u c t  qd i s  e q u i v a l e n t  t o  a  change i n  m o f  u n i t y  

and t h e r e f o r e  s .uccess ive  changes  r e s u l t  i n  r e p e t i t i v e  s c a n s  

of  t h e  same f r e e  s p e c t r a l  range  (FSR) . The FSR i s  d e f i n e d  

a s  t h e  s e p a r a t i o n  between s i m u l t a n e o u ~ l y  t r a n s m i t t e d  

wave leng ths  and i s  g i v e n  by 

2 FSR = X /2qd 

and t h u s ,  t h e  l a r g e r  t h e  FSR, t h e  l e s s  chance  t h e r e  i s  f o r  

two a d j a c e n t  wave leng ths  t o  b e  t r a n s m i t t e d  by t h e  FP a t  any 

g i v e n  m i r r o r  s p a c i n g .  

The measure o f  t h e  FP i n t e r f e r o m e t e r ' s  a b i l i t y  t o  r e -  

s o l v e  c l o s e l y  spaced .  l i n e s  i s  c a l l e d  t h e  f i n e s s e .  'The  two 

f a c t o r s  wh.ich l i m i t  t h e  f i n e s s e  most  a r e  r e f l e c t i o n  of  l e s s  

t h a n  u n i t y  by t h e  m i r r o r s  and t h e  l a c k  o f  p a r a l l e l i s m  o r  

f l a t n e s s  o f  t h e  m i r r o r s  ( 9 9 ) .  For a  f i x e d  m i r r o r  

f l a t n e s s ,  th'e r e f l e c t i v e  f i n e s s e  (FR)  i s  c a l c u l a t 6 d  u s i n g  



where R i s  t h e  r e f l e c t i v i t y  o f  t h e  m i r r o r s .  I f  A and T a r e  

t h e  f r a c t i o n  of t h e  inc iden t :  e n e r g y  absorbed  and t r a n s m i t t e d  

by t h e  m i r r o r s  r e s p e c t i v e l . \ ~ ,  t h e n  t h e  maxiamurn t r a n s m i s s i o n  

o f  t h e  i n t e r f e r o m e t e r  ( t  ) i s  g i v e n  a s  
max 

t - - 1-A-R) 2 
max ( 1-R 

Thus i f  A i s  z e r o ,  t h e  peak i n t e n s i t y  o f  t h e  t r a n s m i t t e d  

f r i n g e s  i s  e q u a l  t o  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t  even 

f o r  v a l u e s  o f  R c l o s e  t o  u n i t y  and s o ,  i f  A i s  s m a l l  

enough it i s  p o s s i b l e  t o  have  b o t h  e x c e l l e n t  t h r o u g h p u t  and 

r e s o l u t i o n  w i t h  t h e  same i n t e r f e r o m e t e r  (100)  . 
The s c a n n i n g  FP i n t e r f e r o m e t e r  has  been known s i n c e  

1948 when ~ a c q u i n o t  and Dufour (101) '  d e m o n s t r a t e d  t h e  

method o f  p r e s s u r e  s c a n n i n g .  The two most conullon methods 

o f  v a r y i n g  t h e  p r o d u c t  qd i n  Equa t ion  (1) a.re chang ing  t h e  

p r e s s u r e  o f  t h e  a i r  between t h e  two m i r r o r s  ( chang ing  q )  

( 1 0 2 ) ,  o r  d i s p l a c i n g  one o f  t h e  m i r r o r s  by a p p l y i n g  a  l i n e a r  

v o l t a g e  ramp t o  a  p i e z o e l e c t r i c  c r y s t a l  ( chang ing  d )  (103)  . 

P i e z o e l e c t r i c  scann ing  i s  t h e  most v e r s a t i l e  and c ,onven ien t  

method of  wavelength  s c a n n i n g  ( 1 0 4 ) .  

The a p p l i c a t i o n  o f  a  s c a n n i n g  FP i n t e r f e r o m e t e r  t o  

mu1 t i e l e m e n t  f lame emi.ssion a n a l y s i s  now becomes obv ious  : 

i f  t h e  a tomic  e m i s s i o n  from s e v e r a l  e l e m e n t s  i n  a  f lame i s  



d i rec ted  through a  FP a.avity with a  p h o t o e l e c t r i c  d e t e c t o r  

placed behind i t ,  it would be poss ib le  t o ' r e c o r d  the  

e m i s s i o ~ ~  : i n t e n s i t i e s  of a l l  elements p resen t  a s  the  

mirrors  a r e  scanned a t  l e a s t  f a r  enough s o  t h a t  one 

order  of each l i n e  w i l l  be observed. 



111. INSTRUMENTATION 

A .  N e b u l i z e r - B u r n e r  Sys t em 

Hydrocarbon  f l a m e s  a r e  t h e  m o s t  w i d e l y  used  f o r  a t o m i c  

e m i s s i o n  s p e c t r o m e t r y  ( 3 3 )  however ,  a n  oxyhydrogen  f l a m e  was 

chosen  f o r  t h i s  work b e c a u s e  o f  i t s  e x t r e m e l y  low background  

r a d i a t i o n .  A l though  t h e  t e m p e r a t u r e  o f  t h i s  fl.ame i s  some- 

w h a t  l ower  t h a n  t h e  c o r r e s p o n d i n g  a c e t y l e n e  one  ( 1 6 )  , none o f  

t h e  e l e m e n t s  c o n s i d e r e d  h e r e  h a d h i g h  enough e x c i t a t i o n  e n e r g i e s  

t o  w a r r a n t  t h e  u s e  o f  t h e  more luminous  h y d r o c a r b o n  f l a m e s .  A 

t o t a l - c o n s u m p t i o n  n e b u l i z e r - b u r n e r  s y s t e m  w a s  u s e d  t h r o u g h o u t  

t h e  e n t i r e  s t u d y  n r i rna . r i l y  b e c a u s e  o f  t h e  e a s e  a n d  s a f e t y  

w i t h  which  t h e  H /02 f l ame  can  b e  h a n d l e d .  Wi th  t h i s  t y p e  2 

o f  s y s t e m ,  t h e  f u n c t i o n s  o f  n e b u l i z e r  and  b u r n e r  are 

combined i n  t h e  same u n i t .  A c a p . i l l a r y  f o r  t h e  s o l u t i o n  

i n t a k e  i s  p o s i t i o n e d  c o n c e n t r i c a . l l y  i n s i d e  t h e  n o z z l e  f o r  t h e  

o x i d a n t  g a s  (oxygen)  . The l a t t e r  n o z z l e  i s ,  i n  t u r n ,  p l a c e d  

c o n c e n t r i c a l l y  i n  a  somewhat w i d e r ,  s e p a r a t e  n o z z l e  f o r  t h e  

f u e l  g a s  ( h y d r o g e n ) .  The o u t l e t s  o f  t h e s e  n o z z l e s  t h u s  form 

t h e  t i p  o f  t h e  b u r n e r ;  no  m i x i n g  o f  f u e l  g a s  a n d  o x i d f n t  g a s  

t a k e s  p l a c e  b e f o r e  t h e y  l e a v e  t h e  b u r n e r .  The compres sed  

O2 f l o w  a s p i r a t e s  a n d  n e b u l i z e s  t h e  l i q u i d .  T u r b u l e n t  mix ing  

o f  t h e  O2 f l o w  a n d  s p r a y  w i t h  t h e  f u e l  g a s  i s  a c h i e v e d  above  

t h e  b u r n e r  t i p  a n d ,  h e n c e  , combus t ion  t a k e s  p l a c e  a t  some 

d i s t a n c e  f rom t h i s  t i p ,  where  t h e  m i x i n g  h a s  p r o c e e d e d  



s u f f i c i e n t l y  f a r .  

The b u r n e r  sys tem used f o r  t h i s  work c o n s i s t e d  o f  a  

Beckman Model 4030 to ta l -consumpt ion  b u r n e r  w i t h  a  Model 

9220 R e g u l a t o r .  Gas f low r a t e s  a r e  moni tored  u s i n g  Brooks 

Model 1355-OOAIFAA r o t a m e t e r s  c a p a b l e  o f  i n d i c a t i n g  f low 

r a t e s  o f  z e r o  t o  1 5  L/min. Fol lowing i n i t i a l  p r e s s u r e  re- 

d u c t i o n  t o  15  p s i  by two-stage r e g u l a t o r s  on t h e  s u p p l y  

c y l i n d e r s ,  t h e  hydrogen and oxygen p r e s s u r e s  a r e  r educed  

t o  1 . 5  and 8 .5  p s i  r e s p e c t i v e l y  u s i n g  t h e  Beckman R e g u l a t o r .  

A t  t h e s e  p r e s s u r e s ,  t h e  hydrogen and oxygen f low r a t e s  

c o r r e s p o n d  t o  8.2 and 2 .5  L/min and r e s u l t e d  i n  an a n a l y t e  

s o l u t i o n  consumption r a t e  of  .72 mL/min f o r  t h i s  s l i g h t l y  

r e d u c i n g  f l ame .  The b u r n e r  assembly was e a s i l y  c l e a n e d  by 

s o a k i n g  i t  i n  .005 - N HNO o v e r n i g h t .  3  

B .  O p t i c a l  System 

A s c h e m a t i c  o f  t h e  o p t i c a l  a r rangement  used  f o r  a n a l y s i s  

i s  shown i n  F i g u r e  1. Emission from t h e  f lame i s  c o l l e c t e d  

u s i n g  a  q u a r t z  a s p h e r i c  condense r  ( L l )  which h a s  a  f o c a l  

l e n g t h  o f  6 8  mm. The a s p h e r i c  l e n s  i s  d e s i g n e d  t o  have a  

much s h o r t e r  f o c a l  l e n g t h  than  i s  p o s s i b l e  w i t h  a . s p h e r i c a 1  

g l a s s  l e n s  o f  e q u a l  d i a m e t e r  and hence a  g r e a t e r  f r a c t i o n  

o f  t h e  e m i s s i o n  i n t e n s i t y  from t h e  f lame is  d i r e c t e d  

through t h e  4 . 0  mm p i n h o l e  which s e r v e s  a s  t h e  e n t r a n c e  p u p i l  

t o  t h e  i n t e r f e r o m e t e r .  The r a d i a t i o n  p a s s i n g  through t h e  
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F i g u r e  1. O p t i c a l  a r rangement  f o r  u s e  w i t h  t h e  s c a n n i n g  FP i n t e r f e r o m e t e r  
( s p a c i n g  be tween components a r e  g iven  i n  cm) 



p i n h o l e  i s  c o l l e c t e d  and  f o c u s e d  a t  a n  a n g l e  o f  8 = 18 .5 '  

(see E q u a t i o n  1) o n t o  t h e  a p e r t u r e  o f  t h e  i n t e r f e r o m e t e r  

u s i n g  a  p l ano -convex  o p t i c a l  crown g l a s s  l e n s  (L2)  h a v i n g  a  

200-mm f o c a l  l e n g t h .  

The h e a r t  o f  t h e  s y s t e m  i s  a  T rope1  CL-100 s c a n n i n g  

Fabry -Pe ro t  i n t e r f e r o m e t e r .  The c a v i t y  s p a c i n g  o f  t h e  e t a l o n  

i s  a d j u s t a b l e  f rom .005  t o  1 . 0  c m  and  c a n  b e  a l i g n e d  

m e c h a n i c a l l y  v i a  m i c r o m e t e r s  a n d  e l e c t r o n i c a l l y  u s i n g  

p i e z o e l e c t r i c  c r y s t a l s .  S c a n n i n g  i s  a c c o m p l i s h e d  w i t h '  a 

p i e z o e l e c t r i c  d r i v e  h a v i n g  a  movement o f  . 7 5 ~ / 3 0 0 V  a n d  w i l l  

r e s p o n d  l i n e a r l y  a t  s c a n  r a t e s  o f  u p  t o  1 KHz. The m i r r o r s  

a r e  c o a t e d  f o r  o p e r a t i o n  be tween  380 and 800 nm w i t h  a 

f i n e s s e  o f  50 o r  b e t t e r  t h r o u g h o u t  t h i s  e n t i r e  r e g i o n .  The 

v e r y  s m a l l  cone  o f  l i g h t  i n c i d e n t  upon t h e  F a b r y - P e r o t  f rom 

t h e  p l ano -convex  l e n s  i l l u m i n a t e s  o n l y  t h e  v e r y  c e n t e r  o f  t h e  

mirrors where  t h e  f l a t n e s s  and  c o a t i n g s  a r e  t h e  mos t  u n i -  

fo rm,  t h u s  s e r v i n g  t o  e n h a n c e  t h e  r e s o l u t i o n  o f  t h e  s y s t e m  

a s  much a s  p o s s i b l e .  The l i g h t  f o c u s e d  upon t h e  FP i s  n o t  

c o l l i m a t e d  ( i  .e. n o t  a l l  o f  t h e  r a y s  c o n t a i n e d  i n  t h e  c o n e  

o f  l i g h t  are  a t  t h e  same 8 i n  E q u a t i o n  1) a n d  s o  t h e  w i d t h  

o f  a  t r a n s m i t t e d  e m i s s i o n  l i n e  s e e n  by t h e  d e t e c t o r  a s  t h e  

FP i s  s c a n n e d  w i l l  b e  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  a t o m i c  

l i n e  w i d t h .  The b e s t  r e s o l u t i o n  w i l l  b e  r e a l i z e d  when t h e  

i n c i d e n t  l i g h t  i s  p e r f e c t l y  c o l l i m a t e d .  C o l l i m a t i o n  c a n  b e  



a c h i e v e d  u s i n g  a  s m a l l e r  p i n h o l e  and two a d d i t i o n a l  l e n s e s  

(1) b u t  t h i s  i n  t u r n  r e s u l t s  i n  a  d e c r e a s e  i n  s p e c t r a l  

t h r o u g h p u t .  The o p t i c a l  a r rangement  p r e s e n t e d  h e r e  r e p r e -  

s e n t s  a  compromise t h a t  p r o v i d e s  e x c e l l e n t  s e n s i t i v i t y  

w i t h  r e s o l u t i o n  adequa te  t o  d e t e r m i n e  a t  l e a s t  f o u r  e l e m e n t s  

s i m u l t a n e o u s l y .  S i n c e  t h e  t r a n s m i t t e d  r a d i a t i o n  emerging 

from t h e  back m i r r o r  o f  t h e  FP i s  d i v e r g i n g ,  a n o t h e r  p lano-  

convex l e n s  (L3) with a  f o c a l  l e n g t h  o f  150 mm i s  used  t o  

f o c u s  t h e  l i g h t  t o  a  p h o t o m u l t i p l i e r  t u b e  f o r  d e t e c t i o n .  

I n i t i a l  a l i g n m e n t  o f  t h e  sys tem was accompl ished by 

d e f i n i n g  an o p t i c a l  a x i s  u s i n g  a  helium-neon l a s e r  and t h e n  

p r o p e r l y  p o s i t i o n i n g  t h e  components a l o n g  t h i s  a x i s .  F ine -  

t u n i n g  and a l i g n m e n t  of  t h e  Fabry-Perot  i s  done u s i n g  a  h i g h  

p r e s s u r e  sodium lamp i n  p l a c e  of  t h e  f l ame .  By s i m u l t a n e o u s -  

l y  s c a n n i n g  t h e  m i r r o r s  and m o n i t o r i n g  t h e  p h o t o m u l t i p l i e r  

o u t p u t  on an o s c i l l o s c o p e  t h e  d o u b l e t  s t r u c t u r e  o f  t h e  sodium 

e m i s s i o n  can be used t o  o p t i m i z e  t h e  a l i g n m e n t  by p r o p e r  

a d j u s t m e n t  of  t h e  mic romete r s .  Minor a d j u s t m e n t  i s  u s u a l l y  

r e q u i r e d  a b o u t  once  e v e r y  one t o  two weeks. 

C .  D e t e c t i o n  System 

A b,lock d iagram o f  t h e  a s s o c i a t e d  e l e c t r o n i c s  used f o r  

m u l t i e l e m e n t  d e t e c t i o n  i s  shown i n  F i g u r e  2 .  A Tope1 PZM 

t h r e e - c h a n n e l  h i g h  v o l t a g e  power s u p p l y  i s  used f o r  f i n e  
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F i g u r e  2*. Block  d i a g r a m  o f  e l e c t r o n i c  components u s e d  f o r  r n u l t i e l e m e n t  d e t e c t i o n  



a l i g n m e n t  o f  t h e  i n t e r f e r o m e t e r  c a v i t y .  Each channe l  i s  i n  

s e r i e s  w i t h  one of  t h e  t h r e e  p i e z o e l e c t r i c  t u n i n g  c r y s t a l s  

on t l ~ e  Fabry-Pero t  and moves 4p/100V. 

The t r a n s m i t t e d  r a d i a t i o n  from t h e  Fabry-Pcrot  i s  

d e t e c t e d  w i t h  a  1-1/8" d i a m e t e r  s ide -on  t y p e  RCA IP-21 

p h o t o m u l t i p l i e r  t u b e  which shows e x c e l l e n t  r e s p o n s e  from 320 

t o  620 nm (105)  . The p h o t o m u l t i p l i e r  c a t h o d e  i s  h e l d  nega- 

t i v e  w i t h  r e s p e c t  t o  t h e  anode u s i n g  a  Hamner NV-13 h i g h  

v o l t a g e  power s u p p l y .  T y p i c a l l y ,  t h e  p o t e n t i a l  between t h e  

c a t h o d e  and anode i s  800 t o  1000V. The o u t p u t  from t h e  pho to  

m u l t i p l i e r  i s  t h e n  s e n t  th rough  a  b u f f e r / i n v e r t e r  b e f o r e  . 

b e i n g  s e n t  t o  t h e  d e t e c t i o n  sys tem.  

A l i n e a r  ramp g e n e r a t o r  was c o n s t r u c t e d ,  which p r o v i d e s  

a  0  t o  10V-ramp w i t h  a  c o n t i n u o u s l y  a d j u s t a b l e  d u r a t i o n  o f  

1 msec t o  10  s e c  and is  c a p a b l e  o f  o p e r a t i n g  i n  a  c o n t i n u o u s  

o r  e x t e r n a l l y  r e t r i g g e r a b l e  mode. The o u t p u t  from t h i s  ramp 

g e n e r a t o r  i s  b o t h  a m p l i f i e d  by a  f a c t o r  of  30 t o  p r o v i d e  a  

0  t o  297 -V  ramp t o  t h e  s c a n n i n g  c r y s t a l  on the i n t e r f e r o m e t e r  

and s e n t  d i r e c t l y  t o  t h e  d e t e c t i o n  sys tem.  

The s i x - c h a n n e l  d e t e c t i o n  sys tem des igned  f o r .  t h i s  work 

a l l b w s  one t o  i n d e p e n d e n t l y  s e t  each channe l  t o  any p o s i t i o n  

a l o n g  the ramp ( i . e .  t o  se lec t  any m i r r o r  s p a c i n g  d e s i r e d )  

and a t  t h a t  p o i n t  t o  sample and h o l d  t h e  p h o t o m u l t i p l i e r  

v o l t a g e .  Thus, peak h e i g h t s  f o r  up t o  s i x  a n a l y t i c a l  l i n e s  



may be r e c o r d e d  i n  a  s i n g l e  s c a n  u s i n g  o n l y  one d e t e c t o r .  

The d e t e c t i o n  sys tem makes u s e  o f  a  m o n o l i t h i c  sample-hold 

i n t e g r a t e d  c i r c u i t  which u t i l i z e s  an  e x t e r n a l  c a p a c i t o r  t o  

h o l d ' t h e  v o l t a g e  v a l u e  sampled.  This  f e a t u r e  i s  advan tageous  

when t h e  p a r t i c u l a r  peak b e i n g  r e c o r d e d  i s  n o i s y  ( i  . e .  i t  has  

some h i g h e r  f r equency  f l u c t u a t i o n s  o f  a  l e s s e r  magni tude  

super imposed upon it) , because  t h e n  r e p e t i t i v e  r a p i d  s c a n n i n g  

w i l l  a l l o w  t h e  c a p a c i t o r  t o  s e r v e  as a  p a s s i v e  f i l t e r  and 

t h u s  d e c r e a s e  t h e s e  h i g h e r  f r e q u e n c y  f l u c t u a t i o n s  t o  s t a b i l i z e  

t h e  s i g n a l .  Sampled v a l u e s  may b e  s e q u e n t i a l l y  r e a d  on a n  

a n a l o g  vol t m e t e r  a s  l o n g  a s  5 minu tes  a f t e r  b e i n g  t a k e n .  

D e t a i l e d  c i r c u i t  s c h e m a t i c s  f o r  t h e  ramp g e n e r a t o r ,  h i g h  

v o l t a g e  a m p l i f i e r ,  b u f f e r / i n v e r t e x  and d e t e c t i o n  s y s t e m  

may b e  found i n  Appendix A.  

D. Computer I n t e r f a c e  , 

An o r d e r  t o  d e t e r m i n e  t h e  u l t i m a t e  d e t e c t i o n  l i m i t s  f o r  

t h e  sys tem,  the d a t a  a c q u i s i t i o n  p r o c e s s  was i n t e r f a c e d  t o  a  

minicomputer .  S e v e r a l  t e x t s  d i s c u s s i n g  t h e  p r i n c i p l e s  and 

t e c h n i q u e s  of  u s i n g  a  minicomputer  i n  t h e  l a b o r a t o r y  have 

r e c e n t l y  appeared  i n c l u d i n g  one by Cooper (106)  which 

s p e c i f i c a l l y  u s e s  a  PDP-11 i n  i t s  examples .  A b l o c k  d iagram 

of  t h e  v a r i o u s  components i n v o l v e d  i n  t h e  i n t e r f a c e  i s  shown 

i n  Fig l i re  3 .  Enclosed w i t h i n  t h e  dashed l i n e  a r e  t h e  



Figure  3 .  . I n t e r f a c e  f o r .  automated d a t a  a c q u i s i t i o n  
(components enc losed  w i t h i n  t h e  dashed l i n e  a r e  

. . . - p a r t .  o f  t h e  .PDP, 11/10 minicomputer system) 



d e v i c e s  which were i n h e r e n t  t o  t h e  p a r t i c u l a r  PDP-11/10 

minicomputer  a v a i l a b l e  i n  t h i s  l a b o r a t o r y .  They i n c l u d e  

a n  analog-  t o - d i g i t a l .  c o n v e r t e r  (ADC) , d i g i t a l -  t o - a n a l o g  

c o n v e r t e r  (DAC)  , d i g i t a l  i n p u t / o u t p u t  r e g i s t e r  ( D I / O )  , d u a l  

d r i v e  f l o p p y  d i s k  s t o r a g e ,  Decwr i t e r  t e l e t y p e  t e r m i n a l  and  

16K of  memory. I n  t h i s  work, t h e  i n t e r f a c e  a l lowed  f o r  t h e  

n u m e r i c a l  a v e r a g i n g  o f  many s c a n s  ( u s u a l l y  1 ,000  t o  2 ,000)  

i n  a  s m a l l  amount of  t ime ( t y p i c a l l y  2-4 s e c o n d s )  t h u s  a l low-  

i n g  a  c o n s i d e r a b l e  enhancement i n  t h e  s i g n a l - t o - n o i s e  r a t i o  

w i t h o u t  t h e  consumption o f  a  l a r g e  amount o f  a n a l y t e .  

A s i m p l i f i e d  f l o w c h a r t  f o r  t h e  s o f t w a r e  p o r t i o n  of  t h e  

i n t e r f a c e  i s  shown i n  F i g u r e  4 .  A l l  o f  the s o f t w a r e  i s  

w r i t t e n  i n  FORTRAN I V  e x c e p t  f o r  t h e  d a t a  c o l l e c t i o n  r o u t i n e  

which i s  i n  t h e  PDP-11 MACRO assembly l a n g u a g e .  A f t e r  t h e  

d u r a t i o n  and number o f  s c a n s  t o  be t a k e n  a r c  e n t e r e d ,  e a c h  . 

s c a n  i s  t r i g g e r e d  by a TTL p u l s e  from t h e  D I / O  r e g i s t e r  t o  

t h e  ramp g e n e r a t o r .  E i g h t  hundred d a t a  p o i n t s  a r e  t a k e n  on  

each scan  w i t h  t h e  p h o t o m u l t i p l i e r  o u t p u t  b e i n g  summed t o  a n  

a r r a y  t h a t  i s  i n d e x e d  a c c o r d i n g  t o  t h e  ramp v o l t a g e  ( m i r r o r  

s e p a r a t i o n )  a t  t h a t  p o i n t .  R e s o l u t i o n  by t h e  ADC i n  sampl ing  

b o t h  t h e  ramp and p h o t o m u l t i p l i e r  v o l t a g e s  i s  1 p a r t  i n  

4096. E,ach t ime  a  p o i n t  i s  summed t o  t h e  a r r a y ,  a  co r respond-  

i n g  f l a g  a r r a y  p o s i t i o n  i s  inc remented  such  t h a t  when t h e  

d a t a  a c q u i s i t i o n  i s  comple te ,  e a c h  p o i n t  may be p r o p e r l y  

we igh ted .  The program t h e n  o f f e r s  o p t i o n s  f o r  a  X-Y p l o t  o f  



S T A R T  7 

. . 

F i g u r e  4 .  F lowchar t  f o r  i n t e r f a c e  program ( a l l  s o f t w a r e  i s  
w r i t t e n  i n  FORTRAN I V  e x c e p t  f o r  t h e  assembly  
language d a t a - a c q u i s i t i o n  r o u t i n e )  



t h e  a v e r a g e d  spec t rum,  s t o r a g e  o f  t h e  d a t a  on t h e  f l o p p y  

d i s k ,  t h e  o p p o r t u n i t y  t o  graph d a t a  t a k e n  p r e v i o u s l y  and t o  

t a k e  a  new spect rum.  A comple te  l i s t i n g  o f  t h e  s o f t w a r e  

composed f o r  this i n t e r f a c e  may be  found i n  Appendix B .  



I V .  EXPERIMENTAL RESULTS AND DISCUSSION 

A.  S i n g l e  Element A n a l y s i s  

Before  mu1 t i e l e m e n t  d a t a  c o u l d  be  p r o p e r l y  i n t e r p r e t e d ,  

r e s u l t s  on i n d i v i d u a l  e l e m e n t s  had t o  be  t a b u l a t e d .  Using 

a n  o s c i l l o s c o p e  i n  p l a c e  o f  t h e  sample-hold d e t e c t i o n  

sys tem,  , s i g n a l  t r a c e s  f o r  t e n  e l e m e n t s  h a v i n g  v i s i b l e  e m i s -  

s i o n  l i n e s  w e r e  photographed and a r e  shown i n  F i g u r e s  5-8. 

Each photograph o f  PMT re ' sponse  v s .  m i r r o r  s e p a r a t i o n  r e p r e -  

s e n t s  t e n  super imposed s c a n s  and d e m o n s t r a t e s  t h e  e x c e l l e n t  

t r a c e -  t o -  t r a c e  r e p e a t a b i l i t y  of  t h e  s c a n n i n g  t e c h n i q u e .  A l l  

were r e c o r d e d  u s i n g  a  10 msec s c a n  d u r a t i o n  w i t h  i n i t i a l  and 

f i n a l  m i r r o r  s p a c i n g s  o f  1 4 . 8  and 1 5 . 5 ~  r e s p e c t i v e l y .  Using 

Equa t ion  2 ,  t h i s  c a v i t y  s p a c i n g  g i v e s  a  f r e e  s p e c t r a l  r a n g e  

o f  1 1 . 6  nm c a l c u l a t e d  a t  X = 589 nm. The g a i n  on t h e  h i g h  

v o l t a g e  a m p l i f i e r  was s e t  such  t h a t  a n  e n t i r e  . 7 4 p  s c a n  i s  

comple ted  i n  t h e  f i r s t  7 o f  e a c h  10 c m  t r a c e  shown i n  t h e  

pho tographs .  Thus i n  F i g u r e s  6b and 8 t h e  a p p a r e n t  s h o u l d e r  

e x t e n d i n g  f o r  t h e  l a s t  3 d i v i s i o n s  on  t h e  r i g h t - h a n d  s i d e  o f  

t h e  t r a c e  i s  due t o  t h e  f a c t  t h a t  t h e  maximum m i r r o r  s p a c i n g  

f o r  t h e  s c a n  cor responded  t o  a  p o i n t  where an  a tomic  l i n e  was 

b e i n g  t r a n s m i t t e d .  The pho tographs  were t a k e n  o v e r  a  p e r i o d  

. o f  s e v e r a l  weeks and  a l t h o u g h  t h e  m i r r o r  s p a c i n g s  were n o t  

g r o s s l y  a l t e r e d ,  p e r i o d i c  f i n e - t u n i n g  (which d o e s  s l i g h t l y  

c h a n g e ' t h e  m i r r o r  s p a c i n g )  was performed and  t h e r e f o r e  t h e  



F i g u r e  5 .  S i g n a l  traces for 90 ppm Ba ( a )  , . 06  ppm Na ( b )  and  5 ppm Ca ( c )  . 
P e a k s  and o r d e r  of interference tm) from l e f t  to r i g h t  are: 
(a)  Ba 5 5 3 . 6  nm (m = 5 1 ,  5 2 ) ,  (b) Na doublet:  589 nm (m = 4 8 ,  4 9 ) ,  
( c )  Ca 4 2 2 . 7  nm (m = 6 7 ,  6 8 )  



F i g u r e  6 .  Signal  traces for 1 0  ppm K (a)  , 30 ppm Rb (b) , a n d  1 0  ppm I n  (c) . 
P e a k s  a n d  order of i n t e r f e r e n c e  (m) f r o m  l e f t  t o  r i g h t  are: (a)  
K 404 .4  nm (m = 70 ,  7 1 ) ,  (b) Rb doublet 420 .2  nm Cm = 6 8 ,  69)  , 
(c) I n  410.4  nm (m = 69), 4 5 1 . 1  nm (m = 6 4 ) ,  6 8 0  nm m o l e c u l a r  
e m i s s i o n  b a n d .  The s m a l l  p e a k s  shown i n  (c) are f r o m  N a  i n  the 
d e i o n i z e d  w a t e r  



F i g u r e  7 .  S i g n a l  traces for 3 ppm Mn (a), 3 ppm Li ( b ) ,  and  50 ppm S r  ( c ) .  
Peaks  and o r d e r  of i n t e r f e r e n c e  (n) from l e f t  to r i g h t  are : (a)  
Mn 4 0 3 . 1  nm (m = 7 0 ,  7 1 ,  7 2 1 ,  (b) Li 6 7 0 . 8  nm (m = 4 3 ) ,  (c)  S r  
4 6 0 . 7  nm (m = 6 2 ,  6 3 ) .  The s m a l l  peaks  i n  ( b )  and  (c)  are from 
Na i n  the d e i o n i z e d  w a t e r  



Figure 8 .  Signal trace of 50 pgm Cr. Shown are two orders 
(m = 67 ,  68) of the 425 nm t r i p l e t  



photographs  may n o t  be superimposed f o r  t h e  purpose  o f  

v i s u a l i z i n g  p o s s i b l e  mu1 t i e l e m e n t  combina t ions .  I n  'most 

c a s e s ,  t h e  d i s t a n c e  t r a . v e l e d  by t h e  m i r r o r s  i n  a s c a n  was 

enough t o  p a s s  through two s p a c i n g s  t h a t  a r e  c o n s e c u t i v e  

i n t e g e r  m u l t i p l e s  ( m ,  m-tl i n  Equa t ion  1) o f  X/2 and, 

hence ,most  e m i s s i o n  peaks  appear  twice  ( t h r e e  t i m e s  f o r  

Mn). i n  a  s i n g l e '  s c a n .  

Table 1 p r e s e n t s  t h e  e x p e r i m e n t a l l y  obse rved  d e t e c t i o n  

l i m i t s  ( d e f i n e d  f o r  t h e  p o i n t  where S / N  = 3 )  f o r  t h e  t e n  

e l e m e n t s .  A l l  s t o c k  s o l u t i o n s  were p r e p a r e d  w i t h  r e a g e n t  

g r a d e  c h l o r i d e  s a l t s  i n  d e i o n i z e d  w a t e r .  Blanks  r u n  a s  

checks  showed t h e  o n l y  e l e m e n t  p r e s e n t  a t  a  d e t e c t a b l e  l e v e l  

i n  the d e i o n i z e d  waLer was sodium a t  a  c o n c e n t r a t i o n  o f  . 06  

ppm (de te rmined  by s t a n d a r d  a d d i t i o n )  . Thus t h e  sodium 

d e t c c t i o n  l i m i t  r e p o r t e d  i r i  Tab le  1 r e p r e s e n t s  a  l i n e a r  

e x t r a p o l a t i o n  from t h e  obse rved  S/N f o r  d e i o n i z e d  w a t e r  t o  

t h e  concen t ra t j -on  a t  which S / N  = 3 would be  e x p e c t e d .  Observa- 

t i o n  o f  t h e  e m i s s i o n  i n  a l l  c a s e s  was made a t  a  h e i g h t  o f  2 . 6  cm 

above t h e  b u r n e r  t i p  and no i o n i z a t i o n  b u f f e r s ,  r e l e a s i n g  o r  

p r o t e c t i n g  a g e n t s  were. added.  Abso lu te  d e t e c t i o n  1 i m i t s . w e r e  

c a l c u l a t e d  by t a k i n g  t h e  p r o d u c t  o f  t h e  r e l a t i v e  d e t e c t i o n  '1 

l i m i t ,  t q t a l  t ime  f o r  a n a l y s i s  and t h e  s o l u t i o n  consumption r a t e .  

The p a r e n t h e t i c a l  v a l u e s  l i s t e d  i n  Table  1 were de te rmined  

from s i g n a l  a v e r a g e d  s p e c t r a  o b t a i n e d  w i t h  t h e  computer 



Table  1. D e t e c t i o n  l i m i t s  

. 7 b a l y t i c a l  R e l a t i v ?  Absolute  
Element  Wavelength D e t e c t i o n  D e t e c t i o n  

(nm) L i m i t  L i m i t  
(ug/mL) I ng) 



i n t e r f a c e  u s i n g  a  scan  r a t e  o f  286 Hz and a  d a t a  accumula t ion  

t ime  o f  3.5 sec (1 ,000  s c a n s )  . G e n e r a l l y ,  t h e  s i n g l e  s c a n  

d e t e c t i o n  l i m i t s  g iven h e r e  a r e  a n  o r d e r  o f  magnitude p o o r e r  

t h a n  t h o s e  f o r  s i n g l e - e l e m e n t  f lame e m i s s i o n  l i s t e d  by 

Winefordner  ( 3 2 ) .  However, c o n c e n t r a t i o n s  1 / 1 0  o f  t h o s e  

l i s t e d  i n  Tab le  1 s t i l l  produce  a  d i s t i n g u i s h a b l e  s i g n a l  

when t h e  a v e r a g i n g  c a p a b i l i t y  of  t h e  sample-hold c i r c u i t  i s  

u t i l i z e d ,  t . h i~s  c o n f i r m i n g  t h c  p o s s i b i l i L y  uf d e t e c t i o n  a t  

t r a c e  l e v e l s  f o r  a l l  t e n  e l e m e n t s .  

Elements  which e x h i b i t e d  molecu la r  e m i s s i o n  show t h e  

p o o r e s t  d e t e c t i o n  l i m i t s .  I f  t h e  background were t o t a l l y  of  

a  random n a t u r e ,  a n  enhancement i n  t h e  S/N o f  31 - 6  (m) 
would be  e x p e c t e d 1  from t h e  computer a c q u i r e d  d a t a .  How- 

e v e r ,  o n l y  Na, Rb and K show g r e a t e r  t h a n  a  f a c t o r  of  1 2  

improvement i n  t h e  d e t e c t i o n  l i m i t  a f t e r  s i g n a l  a v e r a g i n g  

i n d i c a t i n g  t h a t  d e t e c t i o n  i s  l i m i t e d  by background o f  a  more 

c o n t i n u o u s  n a t u r e  such  a s  e m i s s i o n  from molecu la r  s p e c i e s  

( e - g .  BaO i n  t h e  c a s e  o f  Ba) o r  t h e  f lame i t s e l f .  

c a l i b r a t i o n  p l o t s  o f  s i g n a l  v s .  c o n c e n t r a t i o n  a r e  shown 

i n  F i g u r e s  9 and 1 0 .  A l l  o f  t h e  e l e m e n t s  d i s p l a y  l i n e a r i t y  

o v e r  a  minimum o f  t h r e e  o r d e r s  o f  magnitude i n  c o n c e n t r a -  

t i o n  w i t h  sodium p r o v i d i n g  a  l i n e a r  r e s p o n s e  from .06 t o  

1000 ppm. E i t h e r  peak h e i g h t  o r  peak a r e a  may be used w i t h -  

o u t  s i g n i f i c a n t  d i f f e r e n c e  however,  t h e  use  o f  peak h e i g h t  i s  



F i g u r e  9 .  Calibration p l o t s  f o r  aqueous s o l u t i o n s  of  Na, I n ,  K ,  Li and Sr 
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F i g u r e  1 0 .  C a l i b r a t i o n  p l o t s  f o r  aqueous  s o l u t i o n s  of Ca, Mn, Rb, C r  and  B a  



p r e f e r r e d  due t o  t h e  lower p r o b a b i l i t y  o f  s p e c t r a l  i n t e r -  

f e r e n c e .  For K ,  L i  and Rb, a s  t h e  c a l i b r a t i o n  p l o t s  a r e  

ex tended  below t h e  d e t e c t i o n  l i m i t  t h e  c u r v e s  a c q u i r e  a 

s t e e p e r  s l o p e .  T h i s  i s  most l i k e l y  b e c a u s e  t h e s e  e a s i l y  

i o n i z e d  atoms a r e  known t o  e x h i b i t  h i g h  i o n i z a t i o n  e f f e c t s  

a t  low c o n c e n t r a t i o n s  ( 1 3 ) .  The r e l a t i v e l y  s m a l l  f lame 

(10 x  3  cm) s e r v e d  a s  a  s u f f i c i e n t l y  t h i n  e x c i t a t i o n  s o u r c e  

such  t h a t  no s e l f - a h s o r p t i o n  e f f e c t s  were obse rved  f o r  any 

e lement  a t  c o n c e n t r a t i o n s  below 1000 ppm. 

The i n t e r f e r e n c e  e f f e c t s  o f  v a r i o u s  a n i o n i c  s p e c i e s  

p r e s e n t  i n  m a t r i c e s  such  a s  serum o r  u r i n e  were examined and 

a r e  summarized i n  Table  2 .  Those e l e m e n t s  n o t  l i s t e d  ( R b ,  

I n ,  L i )  showed no a p p r e c i a b l e  e f f e c t s  w i t h  any o f  t h e  f i v e  

a n i o n s .  I n  t h i s  s t u d y ,  a  100 ppm s o l u t i o n  o f  t h e  c a t i o n  

p r e p a r e d  u s i n g  t h e  c h l o r i d e  s a l t  i s  used as a  r e f e r e n c e  and 

t h e  v a l u e s  i n  Tab le  2 r e p r e s e n t  t h e  p e r c e n t  r e d u c t i o n  ( - )  

o r  enhancement ( + )  o f  t h e  e m i s s i o n  s i g n a l  i n  t h e  p r e s e n c e  

o f  a  t e n f o l d  e x c e s s  of  t h e  i n t e r f e r i n g  a n i o n .  A l l  i n t e r -  

f e r e n t s  were p r e p a r e d  from t h e  sodium s a l t  e x c e p t  when t h e  

e f f e c t s  on sodium were t a b u l a t e d ,  i n  which c a s e  t h e  p o t a s s i u m  

s a l t  was s u b s  L i t u t e d .  P i n t a  (107)  p r o v i d e s  an  e x c e l l e n t  d i s -  

c u s s i o n  on t h e  e f f e c t s  and mechanisms o f  chemical  i n t e r -  

f e r e n c e s  e n c o u n t e r e d  i n  f lame s p e c t r o m e t r y  and t h e  r e s u l t s  

n o t e d  i n  Table  2 g e n e r a l l y  compare f a v o r a b l y  when c o n d i t i o n s  

f o r  a n a l y s i s  were s i m i l a r .  



T a b l e  2 .  c h e m i c a l  i n t e r f e r e n c e  e f f e c t s  

P e r c e n t  Change i n  S i g n a l  
N a  K S r  B a  C a  C r  Mn 



Of t h e  t h r e e  e l e m e n t s  d e t e r m i n e d  r o u t i n e l y  i n  u r i n e  a n d  

se rum ( N a ,  K ,  C a ) ,  o n l y  c a l c i u m  e x h i b i t s  any  a p p r e c i a b l e  

i n t e r f e r e n c e  e f f e c t s ,  however ,  when t h e  PO4 t o  Ca r a t i o  i s  

l o w e r e d  t o  l e v e l s  s i m i l a r  t o  t h a t  p r e s e n t  i n  , t he se  b i o l o g i c a l  

s a m p l e s ,  o n l y  a  2% s u p p r e s s i o n  i n  Ca e m i s s i o n  i n t e n s i t y  was 

n o t e d .  Thus i f  t h e  method o f  s t a n d a r d  a d d i t i o n s  i s  u s e d  f o r  

a n a l y s i s ,  p rob lems  due  t o  m a t r i x  e f f e c t s  i n  t h e s e  t y p e s  o f  

sdlnples  w i l l  be min ima l .  

B .  M u l t i e l e m e n t  A n a l y s i s  

T h i s  m u l t i e l e m e n t  a n a l y t i c a l  scheme makes u s e  o f  t h e  

f a c t  t h a t  most  common e l e m e n t s  have  a  l i m i t e d  number o f  

a t o m i c  e m i s s i o n  l i n e s  i n  t h e  v i s i b l e  s p e c t r a l  r a n g e .  Thus ,  

when l o o k i n g  a t  t h i s  e n t i r e  w a v e l e n g t h  r e g i o n ,  o n l y  t h e  

e m i s s i o n  l i n e s  m l h l  = 2dcos0 ,  m2A2 = 2 d c o s 0 ,  ..., w i l l  b e  

t r a n s m i t t e d  s i m u l t a n e o u s l y  (see E q u a t i o n  1) where A a n d  X 2  1 

c a n  b e  f rom t h e  same o r  d i f f e r e n t  e l e m e n t s .  I t  i s  when t h i s  

o c c u r s  t h a t  a n a l y s i s  u s i n g  e i t h e r  h o r  h 2  i s  p r o h i b i t e d  b u t ,  
1 

s i n c e  h and  h 2  a r e  u s u a l l y  n o t  whole  numbers ,  t h e  p r o b a b i l i t y  1 

o f  any  two l i n e s  b e i n g  s i m u l t a n e o u s l y  t r a n s m i t t e d  a t  a  g i v c n  

d  i s  v e r y  s m a l l .  A l though  t h e  f i n e s s e  i s  w h a t  d e t e r m i n e s  

t h e  u l t i m a t e  number o f  r e s o l v a b l e  l i n e s  i n  the s c a n  ( a t o m i c  

l i n e w i d t h s  a r e  n e g l i g i b l e  h e r e ) ,  t h e  w i d t h  o f  t h e  s i n g l e  

e l e m e n t  p e a k s  shown i n  F i g u r e s  5-8 i s  d e t e r m i n e d  n o t  by t h e  



f i n e s s e  b u t  r a t h e r  by t h e  l a c k  of  c o l l i m a t i o n  o f  t h e  l i g h t  

i n c i d e n t  upon t h e  FP. So, w i t h  t h e s e  w i d t h s ,  o v e r l a p  o f  

e m i s s i o n  l i n e s  o f  d i f f e r i n g  wave leng ths  i s  p o s s i b l e .  T h i s  i s  

shown i n  F i g u r e  l l a  w i t h  a  combinat ion  o f  Ba and Na. T h e  

553.6 nm Ba and 589.0 nm Na l i n e s  a r e  t r a n s m i t t e d  e s s e n t i a l l y  

s i m u l t a n e o u s l y  a t  a  m i r r o r  s p a c i n g  o f  1 4 . 9 ~ .  When t h i s  

happens t h e  peaks can g e n e r a l l y  be  s e p a r a t e d  by u s i n g  the 

i l ~ t e r f e r o m e t e r  i n  a  d i f f e r e n t  o r d e r  ( accompl i shed  by changing 

t h e  m i r r o r  s p a c i n g ) .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  l l b  where 

t h e  m i r r o r  s e p a r a t i o n  i s  now 2 0 . 5 ~  and t h e  sodium and bar ium 

l i n e s  have been comple te ly  s e p a r a t e d .  

Using t h i s  approach ,  s e v e r a l  s y n t h e t i c  m u l t i e l e m e n t  

s o l u t i o n 3  were a b l e  Lu be a n a l y z e d  w i t h o u t  s i g n i f i c a n t  

s p e c t r a l  o v e r l a p .  These r e s u l t s  a r e  summarized i n  Tab le  3 

which shows t h e  r a n g e  i n  m i r r o r  s p a c i n g  t h a t  w i l l  r e s u l t  i n  

t h e  s p e c t r a l  s e p a r a t i o n  o f  a t  l e a s t  one o r d e r  o f  one  e m i s s i o n  

l i n e  f o r  e a c h  e l e m e n t  i n  a  g iven  m i x t u r e .  

I n  o r d e r  t o  a s s e s s  t h e  c a p a b i l i t i e s  of  t h e  sys tem f o r  

m u l t i e l e m c n t  a n a l y s i s ,  f i v e  t y p e s  o f  samples  were chosen f o r  

s t u d y :  t a p  w a t e r ,  u r i n e ,  serum, o r c h a r d  l e a v e s  and steel,. 

The 'e lement  i n  t h e s e  m a t e r i a l s  a r e  p r e s e n t  i n  a  v a r i e t y  o f  

m a t r i c e s  :and t h e r e f o r e  p r o v i d e  a  means o f  examining t h e  

s c a n n i n g  FP o p t i c a l  sys tem f o r  r a p i d  m u l t i e l e m e n t  a n a l y s i s  o f  

r e a l  samples .  ' I n  a l l  c a s e s  d e t e c t i o n  w a s  accompl ished u s i n g  

a  25 msec s c a n  r a t e  w i t h  peak i n t e n s i t i e s  b e i n g  r e p e t i t i v e l y  



Figure 11. Resolving a mixture of Na and Ba. 1 0  ppm Ba and 
1 ppm Na (a)  a t  a mirror spacing of 14 .9  p. In 
b, 1 0  ppm Ba, 1 ppm Na and 1 0  ppm L i  a re  shown a t  
a spacing of 20.5 p. Peaks i n  b from l e f t  t o  
r i g h t  are: Ba, Na/Li overlap, Ba, Na and L i .  
Signal was attenuated using a Corning CS-1-60 
f i l t e r  



Table 3 .  FP m i r r o r  s p a c i n g s  r e q u i r e d  f o r  r e s o l u t i o n  o f  
c e r t a i n  mu1,tielement combina t ions  

- 
Elements  p r e s e n t  M i r r o r  s p a c i n g  ( p )  

Ba, K ,  Na, L i  20.4-21.1 

Na, L i ,  K ,  Ca 14.0-17.0 

K ,  Mn, Rb, Ca 1 4  .O-18.0 

C r ,  Mn, S r  1.4.n-1.8.0 

C r ,  1411, I n  1 4  .O-20 . O  

C r ,  Mn, L i  1 4  .O-18.0 

sampled f o r  a  45 s e c  t i m e  p e r i o d  s o  a s  t o  u t i l i z e  t h e  s i g n a l  

a v e r a g i n g  c a p a b i l i t y  o f  t h e  sample-hold c i r c u i t .  To com- 

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

l o n g e r  p e r i o d  of  t i m e ,  peak h e i g h t s  were  normal ized  t o  a n  

i n t e r n a l  s t a n d a r d  ( u s u a l l y  L i )  when p o s s i b l e .  F i g u r e  1 2  

d e m o n s t r a t e s  khe e f f e c t  o f  u s i n g  a  L i  i n t e r n a l  s t a n d a r d  f o r  

t h e  d e t e r m i n a t i o n  o f  Ca i n  t a p  w a t e r .  The f l u c t u a t i o n s  i n  

s i g n a l  i n t e n s i t y  f o r  t h e  Ca 422.7 nrn e m i s s i o n  l i n e .  c a u s e d  by 

a s p i r a t i o n  r a t e  v a r i a t i o n s ,  improper sample m a n i p u l a t i o n s ,  and 

f u e l -  t o - o x i d a n t  r a t i o  s h i f t s  i s  minimized by normal i  z i n g  t h e  

i n t e n s i t y  o f  t h e  Ca l i n e  t o  t h a t  o f  t h e  L i .  The advan tages  

f o r  t h e  use  of  i n t e r n a l  s t a n d a r d s  i n  f lame s p e c t r o m e t r y  have 

been d i s c u s s e d  thorough ly  by B a r n e t t ,  F a s s e l  and K n i s e l e y  
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F i g u r e  1 2 .  U s e  o f  a  l i t h i u m  i n t e r n a l  s t a n d a r d  f o r  t h e  
d e t e r m i n a t i o n  o f  c a l c l u m  i n  t a p  w a t e r  



(108)  . A n a l y t i c a l  d e t e r m i n a t i o n s  f o r  a l l  s a m p l e s  w e r e  made 

by t h e  a d d i t i o n  o f  aqueous  s t a n d a r d  s o l u t i o n s  w i t h  t h e  u s u a l  

g r a p h i c a l  e v a l u a t i o n  o f  t h e  r e s u l t s  ( 1 0 9 ) .  

1. Tap w a t e r  - 
A s i g n a l  t r a c e  o f  Ca and N a  i n  l a b o r a t o r y  t a p  water i s  

shown i n  F i g u r e  1 3 ,  Due t o  t h e  e x t r e m e  s e n s i t i v i t y  t o  sodium, 

the e m i s s i o n  r a d i a t i o n  was a t t e n u a t e d  w i t h  a C o r n i n g  CS-1-64 

b l u e  f i l t e r .  T h i s  f i l t e r  r e d u c e s  t h e  Na i n t e n s i t y  b y  a b o u t  

90% w h i l e  d e c r e a s i n g  t h e  C a  e m i s s i o n  i n t e n s i t y  by o n l y  1 0 % .  

~ a b . l e  4 shows t h e  r e s u l t s  o b t a i n e d  on a  l a b o r a t o r y  t a p  w a t e r  

s ample .  Fo r  compar i son ,  t h e  Na a n a l y s i s  was a l s o  done  u s i n g  

a  Beckmann Model DU q u a r t z - p r i s m  s p e c t r o m e t e r  a n d  t h e  Ca by 

EDTA t i t r a t i o n  (10.9) . The mean (,Ti) ., s t a n d a r d  d e v i a t i o n  ( S )  

and r e l a t i v e .  s t a n d a r d  d e v i a t i o n  (s/Z) are g i v e n  i n  e a c h  

i n s t a n c e .  

A l l  peak. h e i g h t s  w e r e  n o r m a l i z e d  t o  a  l i t h i u m  i n t e r n a l  

s t a n d a r d .  Flame emis s2on  me thods  o f  a n a l y s i s  u s u a l l y  p r o v i d e  

p r e c i s i o n  a n  o r d e r  o f  m a g n i t u d e  p o o r e r  t h a n  t h a t  o b t a i n a b l e  

w i t h  t i t r i m e t r i c  p r o c e d u r e s  a n d  t h e  FP i s  no e x c e p t i o n  t o  

t h i s  g e n e r a l i z a t i o n .  However, when compared t o  th.e s i n g l e -  

e l e m e n t  DU t e c h n i q u e ,  t h e  FP p r o v i d e s  a s  good o r  b e t t e r  

p r e c i s i o n  i n  a l l  c a s e s .  and  i n  a d d i t i o n ,  consumes a  s m a l l e r  

amount o f  a n a l y t e  and r e q u i r e s  l ess  a n a l y s i s  t i m e  t h a n  

e i t h e r '  o f  t h e  o t h e r  two me thods .  



Figure 13.  Direct asp ira t ion  o f  laboratory tap  water con- 
ta in ing  100 ppm Ca and 33 ppm Ha. Peaks, from 
L e t t  t o  r i g h t  are:  Ca, Na, Ca, N a  and Ca. 
Signal  i s  attenuated using a Corning CS-1-64 
f i l ter  





2.  Ur ine  a n d  serum 

The p rob lems  o f  t h e  a n a l y t i c a l  b i o c h e m i s t  d i f f e r  f r o m  

t h e  u s u a l  c o n c e r n s  o f  o t h e r  a n a l y s t s  i n  two s p e c i a l  ways .  On 

t h e  one  hand  t h e  amount o f  i n i t i a l  s ample  i s  u s u a l l y  l i m i t e d ,  

i n  the c a s e  o f  serum t o  a f e w  mL. On t h e  o t h e r  h a n d ,  . m u l t i -  

e l e m e n t  i n f o r m a t i o n  i s  o f t e n  r e q u i r e d  f rom t h e s e  s m a l l  

s a m p l e s .  De te rmin ing  t h e  sodium,  p o t a s s i u m  a n d  c a l c i u m  

l e v e l s  i n  b i o l o g i c a l  f l u i d s  i s  c o n s i d e r e d  a v e r y  r o u t i n e  

and  n e c e s s a r y  p r o c e d u r e  i n  c l i n i c a l  l a b o r a t o r i e s .  Normal 

s e rum c o n c e n t r a t i o n s  o f  sodium,  p o t a s s i u m  a n d  c a l c i u m  are 

3.1-5.6 ,  .14-.19 and  .75-1 .5  mg/ml., r e s p e c t i v e l y .  Concen- 

t r a t i o n s  i n  u r i n e  a r e  g r e a t e r  s t i l l .  

Twenty-four  hour  u r i n e  s a m p l e s  were  c o l l e c t e d  f rom 5  

s u b j e c t s  and  r e f r i g e r a t e d  u n t i l  a n a l y s i s .  F i v e  v i a i s  of 

d e h y d r a t e d  human b l o o d  se rum were o b t a i n e d  from t h e  Dade 

D i v i s i o n  o f  t h e  American H o s p i t a l  S u p p l y  Company a n d  re- 

c o n s t i t u t e d  i n  5 m l  o f  d e i o n i z e d  water .  A f i v e  mL p o r t i o n  o f  

e a c h  spec imen  was p r e p a r e d  f o r  a n a l y s i s  by a d d i n g  2 5  mg o f  

L i  and  25 m l  o f  2 %  s t e r o x  ( a  s u r f a c t a n t  s o l u t i o n  t h a t  ?re- 

v e n t s  c l o g g i n g  o f  t h e  n e b u l i z e r )  a n d  d i l u t i n g  t o  2 5 0  mL w i t h  

d e i o n i z e d  w a t e r .  Signa3, t r a c e s  f o r  Na, K and  Ca i n  u r i n e  a n d  

serum a r e  shown i n  F i g u r e s  1 4 a  and  b .  A Corn ing  CS-1-60 

d idymiun  f i l t e r  w a s  u s e d  t o  a t t e n u a t e  t h e  ' sod ium emi.ss ion 

i n t e n s i t y  a n d  q u a n t i t a t i o n  was a c c o m p l i s h e d  v i a  s t a n d a r d  

a d d i t i o n  a n a l y s i s .  R e s u l t s  f o r  s e v e r a l  spec imens  a r e  



Figure 1 4 .  Signal traces for  160  pprn Na, 70 pprn K and 60  
pprn Ca i n  urine (a) and 75 pprn Na, 15.8 pprn K and 
1 2  pprn Ca i n  serum ( b ) .  Peaks i n  both cases  are 
(from le f t  t o  r i g h t ) :  Ca, Na, K ,  Ca, K, Na and 
Ca. A Corning CS-1-60 f i l t e r  was used t o  the 
attenuate Na intens i ty  



p r e s e n t e d  i n  T a b l e  5 .  The v a l u e s  l i s t e d  f o r  t h e  u r i n e  

r e p r e s e n t  mEq p r e s e n t  i n  a  24-hour s ample  and  a r e  compared 

t o  r e s u l t s  o b t a i n e d  u s i n g  a  Beckmann Model DU q u a r t z  

s p e c t r o m e t e r .  A n a l y t i c a l  d e t e r m i n a t i o n s  f o r  t h e  s e rum 

s a m p l e s  a r e  p r e s e n t e d  i n  t h e  u n i t s  mos t  o f t e n  g i v e n  i n  

t h e  l i t e r a t u r e  and  are compared t o  t h e  a s s a y  v a l u e s  sup-  

p l i e d  by  t h e  m a n u f a c t u r e r  (110)  . 
G e n e r a l l y ,  a c c u r a c y  w i t h i n  '7% of t h e  a . c tua l  v a l u e  was 

(I 

o b s e r v e d  f o r  t h e  se rum s a m p l e s  w h i l e  r e s u l t s  o b t a i n e d  o n  t h e  

u r i n e  spec imens  i n d i c a t e  c l o s e  a g r e e m e n t  w i t h  t h o s e  a c q u i r e d  

u s i n g  t h e  Beckmann DU.  P r e c i s i o n  f o r  b o t h  t y p e s  o f  s a m p l e s  

was u s u a l l y  less  t h a n  3% wh'ich i s  a s  good o r  b e t t e r  t h a n  

t h e  p r e c i s i o n  r e p o r t e d  w i t h  commerc i a l  c l i n i c a l  m u l t i e l e m e n t  

f l ame  p h o t o m e t e r s  (111) . 

3 .  O r c h a r d  l e a v e s  

H i s t o r i c a l l y ,  f l a m e  e m i s s i o n  p h o t o m e t r y  h a s  b e e n  t h e  

method o f  c h o i c e  f o r  t h e  d e t e r m i n a t i o n  o f  K ,  Ca a n d  Na i n  

a g r i c u l t u r a l  m a t e r i a l s .  To e v a l u a t e  t h e  p o t e n t i a l  o f  s u c h  

a n  a p p l i c a t i o n  t o  t h e  FP s y s t e m ,  NBS SRM 1 5 7 1  o r c h a r d  l e a v e s  

were a n a l y z e d  f o r  t h e  t h r e e  above  men t ioned  e l e m e n t s .  One 

gram s a m p l e s  o f  d r y  o r c h a r d  l e a v e s  were d i s s o l v e d  i n  50 mL 

o f  a  3 :2  HN03/HC104 s o l u t i o n  and  t h e n  d i l u t e d  t o  500 mL. A 

b l a n k  c o n t a i n i n g  t h e  HN03/HC104 and  d e i o n i z e d  w a t e r  was a l s o  

p r e p a r e d .  A n a l y s i s  f o r  N a ,  K and  Ca by s t a n d a r d  a d d i t i o n  



Table  5. A n a l y s i s  o f  u r i n e  and serum 

Na (mEq) P a t i e n t  Fp Ca ( d q )  - K ( d q )  
DU FP D U  FP DU 

A .  Urine 

1 190 187 210 202 120 1 1 0  

2 110 115 120 115 9 0 9 2 

3 170 175 130 120 50 55 

4 1. 80 184 180 1 7 5  100 9 6  

Na (mEq/L) Ca (mg/dL) 
B .  Serum K (mEq/L) 

--- FP ASSAY FP ~m-' FP ASSAY 

was performed u s i n g  a Corning CS-3-77 y e l l o w  f i l t e r  t o  

r e d u c e  t h e  i n t e n s i t y  oE t h e  Ca and K e m i s s i o n  which a r e  

p r e s e n t  a t  much h i g h e r  l e v e l s  t h a n  t h e  sodium. Although it 

i s  a t r a c e  component i n  t h e  o r c h a r d  l e a v e s  ( 1 4  p g / g ) ,  no 

s i g n a l  from L i  was d i s t i n g u i s h a b l e  i n  t h e  s o l u t i o n  p r e p a r e d  

and t h u s  L i  was a d d e d ' a s  a n  i n t e r n a l  s t a n d a r d .  F i g u r e  1 5  

shows a s i g n a l  t r a c e  'of t h e  o r c h a r d  l e a v e s  s o l u t i o n  and 



Figure 1 5 .  Signal trace for 42 ppm Ca, 30 ppm K and .17 ppm 
Na i n  NBS orchard leaves with a 50 ppm L i  internal  
standard. From l e f t  t o  r i g h t ,  peaks are:  L i ,  Ca, 
Na, K ,  Ca, L i ,  K ,  Na and Ca 



T a b l e  6  t h e  s t a t i s t i c a l  r e s u l t s  o b t a i n e d  f o r  several  t r i a l s .  

P r e c i s i o n  ( 1 . 6 - 3 . 9 % ) ,  a n d  a c c u r a c y  ( 1 . 7 - 6 . 2 % )  , are g e n e r a l l y  

be t t e r  t h a n  c o n v e n t i o n a l  s i n g l e - e l e m e n t  m e t h o d s  f o r  s a m p l e s  . 

o f  s i m i l a r  o r i g i n  ( 3 4 )  . 

4 .  S t e e l  

The  d e t e r m i n a t i o n  o f  c h r o m i u m  a n d  m a n g a n e s e  i n  s t e e l s  

a n d  cas t  i r o n  h a s  b e e n  of i n t e r e s t  f o r  many y e a r s .  NBS 

SRM 1 6 3  i s  a p o w d e r e d  l o w  a l l o y  c h r o m i u m  s t e e l  w h i c h  c o n t a i n s  

b o t h  C r  a n d  Mn a t  s l i g h t l y  l e s s  t h a n  a 1% c o n c e n t r a t i o n .  

T a b l e  6 .  A n a l y s i s  o f  NBS SRM 1 5 7 1  o r c h a r d  l e a v e s  

T r i a l  Ca (mg/g)  K (mg/g)  N a  ( ~ g / g )  

1 1 9 . 5  

2  2 0 . 5  

3  1 9 . 0  

4  1 9 . 9  

5  1 9 . 2  

- 
X 1 9 . 6  

S  . 6 0  

s/Z ( % I  3 . 0  

c e r t i f i e d  V a l u e  , 2 0 . 9  



One gram p o r t i o n s  o f  t h e  a l l o y  were d i s s o l v e d  i n .  50 mL 

o f  c o n c e n t r a t e d  n i t r i c  a c i d ,  60 mg o f  S r  were added  and  t h e  

s o l u t i o n  was d i l u t e d  t o  500 mL w i t h  d e i o n i z e d  w a t e r .  No 

s i l i c a  o r  g r a p h i t e  w a s  p r e s e n t  a f t e r  d i s s o l u t i o n  and  t h u s  no  

f i l t r a t i o n  was n e c e s s a r y  p r i o r  t o  a n a l y s i s .  A C o r n i n g  

CS-1-60 didymium f i l t e r  was used  t o  e s s e n t i a l l y  e l i m i n a t e  

t h e  e m i s s i o n  i n t e n s i - t y  f rom the N a  p r e s e n t  i n  t h e  b l a n k .  A 

s i g n a l  t r a c e  f o r  t h e  s t e e l  s o l u t i o n  i s  shown i n  F i g u r e  '16. 

Chromium and manganese peak  h e i g h t s  were n o r m a l i z e d  t o  t h e  S r  

e m i s s i o n  i n t e n s i t y  and  q u a n t i t a t i v e l y  d e t e r m i n e d  by s t a n d a r d  

a d d i t i o n .  R e s u l t s  f rom i i v e  a n a l y s e s  are summarized i n  

T a b l e  7 .  

T a b l e  7 .  A n a l y s i s  o f  NBS SRM 1 6 3  low a l l o y  s t e e l  
----- 

T r i a l  Mn (mg/g) C r  (mg/g) 

s (mg/g) .19 

s / X  ( % )  2 .2  

C e r t i f i e d  Va lue  8 .97  



Figure 16. Signal trace for 1 8  ppm Mn and 20 ppm C r  i n  NBS 
low a l l o y  s t e e l .  A 10 ppm Sr internal  standard 
is used. Peaks from l e f t  t o  r ight  are: C r ,  
Mn/Sr overlap, Cr, Mn, Sr  and C r  



On s i m i l a r  NBS a l l o y s ,  F a s s e l  e t  a l .  ( 1 1 2 )  r e p o r t e d  a  1% 

r e l a t i v e  s t a n d a r d  d e v i a t i o n  w i t h  a n  a c c u r a c y  o f  8 %  u s i n g  

s i n g l e - e l e m e n t  f l a ~ r ~ e  e m i s s i o n  a n a l y s i s .  T h i s  work demons t ra ted  

a p r e c i s i o n  o f  2 %  w i t h  o n l y  a  5% d e v i a t i o n  from t h e  c e r t i -  

f i e d  v a l u e .  



V .  SUMMARY 

I n  t h i s  s t u d y ,  a  sys tem f o r  r a p i d  m u l t i e l e m e n t  f lame 

e m i s s i o n  a n a l y s i s  based  upon a  s c a n n i n g  FP i n t e r f e r o m e t e r  

w i t h  a  s i11yl .e  d e t e c t o r  was i n ~ j r o v e d  from t h e  o r i g i n a l  d e s i g n  

by P r u i k s m a e t a l .  (1) and shown t o  b e  a p p l i c a b l e t o t h e  a n a l y s i s  

o f a v a r i e t y o f  samples .  C o u p l e d t o a  s i m p l e  m u l t i c h a n n e l  peak 

h e i g h t  sampl ing  s y s  tem, LIie a n a l y t i c a l  scheme shows e x c e l l e n t  

d e t e c t i o n  l i m i t s  and l i n e a r i t y  o f  r e s p o n s e  f o r  t e n  e l e m e n t s  

hav ing  e m i s s i o n  l i n e s  i n  t h e  v i s i b l e  s p e c t r a l  r e g i o n  w i t h  

p r e c i s i o n  and a c c u r a c y  comparable and i n  many i n s t a n c e s  

s u p e r i o r  t o  c o n v e n t i o n a l  m u l t i e l e m e n t  t e c h n i q u e s .  

Other  a d v a n t a g e s  of  t h e  sys tem i n c l u d e  t h e  s m a l l  volumes 

o f  a n a l y t e  r e q u i r e d ,  t h e  e a s e  o f  chang ing  t o  d i f f e r e n t  g roups  

o f  e l ements ,  t h e  s m a l l  amount o f  a n a l y t e  r e q u i r e d ,  ' a n d  t h e  low 

c o s t  o f  t h e  t o t a l  a n a l y t i c a l  a r rangement  ( l e s s  t h a n  $ 3 , 5 0 0 )  . 

The method i s  n o t  w i t h o u t  i t s  d i s a d v a n t a g e s ,  however.  

With t h e  c u r r e n t  d e s i g n ,  o n l y  f o u r  o r  p o s s i b l y  f i v e  e l e m e n t s  

may be  de te rmined  s i m u l t a n e o u s l y  and t h u s  samples  which 

c o n t a i n  more t h a n  f i v e  e l e m e n t s  a t  d e t e c t a b l e  l e v e l s  a r e  n o t  

e a s i l y  a n a l y z e d .  The number o f  e l e m e n t s  may be i n c r e a s e d  by 

c a r e f u l  c o l l i m a t i o n  t h e  l i g h t  i n c i d e n t  upon t h e  FP b u t  

t h i s  i n  t u r n  d e c r e a s e s  t h e  s p e c t r a l  t h r o u g h p u t  o f  t h e  sys tem.  

Unl ike  a  monochrornator, t h e  i n t e r f e r o m e t e r  r e q u i r e s  f i n e -  

t u n i n g  a t  weekly i n t e r v a l s  and i t s  a l i g n m e n t  i s  c r i t i c a l  t o  



o b t a i n i n g  a c c u r a t e ,  r e p r o d u c i b l e  r e s u l t s .  Molecu la r  

. e m i s s i o n  bands can  n o t  be used f o r  a n a l y s i s ,  t h e r e f o r e  r e -  

. , q u i r i n g  t h a t  t h e  f lame b e  a d j u s t e d  t o  e n s u r e  t h e  g r e a t e s t  

d e g r e e  o f  d i s s o c i a t i o n  of  molecul-ar  s p e c i e s .  

I t  i s  n o t  e x p e c t e d  t h a t  the FP i n t e r f e r o m e t e r  w i l l  r e -  

p l a c e  t h e  u s u a l  d i s p e r s i v e  e m i s s i o n  s p e c t r o m e t e r  f o r  most 

a p p l i c a t i o n s .  However, t h i s  work h a s  shown t h a t  f o r  a n a l y s i s  

of samples  w i t h  a  r e l a t i v e l y  s i m p l e  c o m p o s i t i o n ,  t h e  FP 

o f f e r s  d i s t i n c t  a d v a n t a g e s  n o t  p r e s e n t  i n  o t h e r  m u l t i e l e m e n t  

o p t i c a l  s y s t e m s .  



V I .  SUGGESTIONS FOR FUTURE STUDY 

The most important  a r e a  f o r  improvement o f  t h e  t ech- '  

nique s t i l l  l i e s  i n  op t imiza t ion  of t h e  o p t i c a l  system f o r  

inc reased  reso lu t ion '  while  mainta in ing  acceptable  l i m i t s  

of  d e t e c t i o n , .  . There a r e  two approaches which can be taken 

i n  an e f f o r t  t o  solve.  t h i s  problem. The f i r s t  would u t i l i z e  

. t h e  same o p t i c a l  concept  a s  w a s  dkscr ibed here  b u t  a  longer  

f o c a l  l eng th  l e n s  would: be s u b s t i t u t e d  f o r  t h e  200  mm f o c a l  . .  . . . .  . 

l e n g t h  l e n s  (L2) . .shown., Zn.Figure  1. . T h i s  would allow, t h e  angLe0 

. i n  Equation 1 t o  become smal ler  and thus  se rve  t o  na r row. the  

t r ansmi t t ed  peak width.  

The second approach would be t o  u t i l i z e  a co l l ima t ion  

sys  t e m  s i m i l a r  t o  t h a t  desc r ibed  by Pruiksma e t  a 1  . (1) coupled 

w i t h .  b e t t e r  c o l l e c t i o n  e f f i c i e n c y  of the ' r a d i a t i o n  emanating. 
. . 

from t h e  source.. . Th.e use  of  an e l e c t r i c  spark would c e r t a . i n l y  . . -  be 
, .... . . . .. . . . . . . 

a  g r e a t  improvement. The s p a r k  l o c a l i z e s  the emission. such . ' . . . . 
. . . . . . 

' 

. t h a t  c o l l e c t i o n  e f f i c i e n c y  a s  w e l l .  as co l l ima t ion  can be much 
. . . . .  

improved. Tli& sparlc would a l s o  t ake  advantage of t h e  s h o r t  : 

dura t ion  of t h e  d e t e c t i o n  scan of t h e  FP. . ' 

Obviously, a s  t h e  r e s o l u t i o n  of t h e  system i s  improved, , 

samples of more  complicated 'composition may be analyzed 

inc lud ing  c o a l ,  petroleum, geologica l  and' b i o l o g i c a l  m a t e r i a l s .  

Also, ' . s ince  a  g r e a t e r  number of elements have t h e i r  most 
. . 

s e n s i t i v e  emission l i n e s  i n  t h e  u l t r a v i o l e t  ( U V )  reg ion  of t h e  



spec t rum,  r e p l a c e m e n t  o f  t h e  p r e s e n t  FP m i r r o r s  w i t h  a  se t  

o f  UV-t ransmit t ing  m i r r o r s  would a l l o w  a p p l i c a t i o n  o f  t h e  

sys tem t o  a  d i f f e r e n t  g roup  o f  e l e m e n t s  i n c l u d i n g  most o f  

t h e  t r a n s i t i o n .  me.tals. The m i r r o r s  a r e  e a s i l y  changed and 

t h i s  would a l l o w  t h e  t e c h n i q u e  t o  be a p p l i e d ,  t o  a n  even wider  

v a r i e t y  of  a n a l y t i c a l  problems.  
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I X .  APPENDIX A :  ELECTRONIC CIRCUITRY 

A .  Ramp G e n e r a t o r  

F i g u r e  17  shows a  s c h e m a t i c  o f  t h e  ramp g e n e r a t o r .  The 

c i r c u i t  u t i l i z e s  a  555 i n t e g r a t e d  c i r c u i t  t i m e r .  P i n s  6  and 

7 a r e  h e l d  a t  t h e  same v o l t a g e  a s  p i n  1 u n t i l  t h e  p o t e n t i a l  

a t  p i n  2 f a l l s  below 1 / 3  o f  t h e  s u p p l y  v o l t a g e  ( V  ) a t  which 
S 

p o i n t  p i n s  6  and 7  a r e  s e p a r a t e d  from p i n  1 and t h e  rainping 

p r o c e s s  i s  begun.  The .47 yf  c a p a c i t o r  i s  l i n e a r l y  charged  

w i t h  t h e  c o n s t a n t  c u r r e n t  p rov ided  by t h e  2N3638 pnp 

t r a n s  i s  t o r  and 1 M  p o t e n t i o m e t e r  network . When t h e  v o l t a g e  

a t  p i n  6  i s  2/3 v s ,  p i n  7 s h o r t s  t o  p i n  1 and t h u s  t h e  

c a p a c i t o r  i s  r a p i d l y  d i s c h a r g e d .  I f  t h e  s w i t c h  connec ted  tn  

p i n  2 i s  i n  t h e  s i n g l e  s c a n  (open)  p o s i t i o n ,  t h e  c a p a c i t o r  

w i l l  d i s c h a r g e  comple te ly  and w i l l  o n l y  be  r e p e a t e d  when 

t h e .  pushbu t ton  t r i g g e r  s w i t c h  is  momentar i ly  d e p r e s s e d .  

I f  t h e  s w i t c h  i s  i n  t h e  r e p e a t  ( c l o s e d )  p o s i t i o n ,  t h e  

c a p a c i t o r  d i s c h a r g e s  t o  1 / 3  Vs and b e g i n s  t o  r e c h a r g e  

a g a i n .  When used a s  p a r t  o f  t h e  computer i n t e r f a c e ,  a  posi- ,  

t i v e  go ing  TTL p u l s e  from t h e  DAC momentar i ly  t u r n s  on t h e  

I ' 

2N3643 npn t r a n s i s t o r  which i n  t u r n  d rops  p i n  2 below 

1 / 3  Vs and c a u s e s  a  ramp t o  b e g i n .  When o p e r a t e d  i n  t h e  

s i n g l e  s c a n  mode, t h e  o u t p u t  i s  f o l l o w e d  w i t h  a  741 opera -  

t i o n a l  a m p l i f e r  i n  a  u n i t y  g a i n  c o n f i g u r a t i o n  and when used  

w i t h  t h e  computer t h i s  o u t p u t  i s  d i v i d e d  and b u f f e r e d  w i t h  a  
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Figure 1 7 .  C i r c u i t  schematic of the  l i n e a r  ramp generator  



s e c o n d  741 b e f o r e  i n p u t  t o  t h e  ADC ( t h e  maximum i n p u t  v o l t a g e  

f o r  t h e  ADC i s  - + 1 V ) .  S i n c e  t h e  o u t p u t  i s  f rom 1 / 3  t o  

2/3 V when o p e r a t i n g  i n  t h e  r e p e a t  mode, it mus t  b e  b i a s e d  s 

and  a m p l i f i e d  u s i n g  a  t h i r d  741 t o  a g a i n  p r o v i d e  a ramp o f  

0  t o  2/3 Vs .  The e n t i r e  c i r c u i t  i s  powered by a  Da te1  

Model BPM 15/200 + 15V s u p p l y  and  i s  a t t a c h e d  t o  a  g r e y  m e t a l ,  - 
r a c k  moun tab le  c h a s s i s .  

B .  High V o l t a g e  A m p l i f i e r  

A c i r c u i t  s c h e m a t i c  f o r  t h e  h i g h  v o l t a g e  a m p l i f i e r  u s e d  

f o r  d r i v i n g  t h e  scanni 'ny c r y s t a l  on  t h e  F a b r y - P e r o t  i s  shown 

i n  F i g u r e  1 8 a .  A s  t h e  0  t o  10V ramp i s  i n p u t  t o  t h e  b a s e  o f  

L11e PIJ423 npn transistor, t h e  b a s e  t o  e m l t t e r  v o l t a g e  be-  

comes more p o s i t i v e  which  t u r n s  on  t h e  t r a n s i s t o r  a n d  c a u s e s  

a  c o n v e n t i o n a l  c u r r e n t  f l o w .  T h i s  i n  t u r n  c a u s e s  th .e  b a s e  

o f  t h e  SO028 pnp  t r a n s i s t o r  t o  become more n e g a t i v e  w i t h  

r e s p e c t  t o  i t s  e m i t t e r  t h u s  t u r n i n g  it on a n d  a l l o w i n g  f o r  

t he .  p o t e n t i a l  al: t h e  o u t p , u t  t o  r i se  a c c o r d i n g l y .  By ad- 

j u s t i n g  t h e  p o t e n t l o m e t e r  t h e  g a i n  may. b e  v a r i e d  f rom 1. t o  

50 .  The c i r c u i t  i s  powered by s e v e r a l  h i g h  v o l t a g e  b a t t e r i e s  

i n  ser ies  which p r o d u c e  a  p o s i t i v e  p o t e n t i a l  o f  297V. S i n c e  

t h e  p i e z o e l e c t r i c  c r y s t a l  i s  o f  s u c h  h i g h  impedance ,  t h e  

c i r c u i t  consumes v e r y  l i t t l e  power a n d  t h e  b a t t e r i e s  o n l y  

need  r e p l a c e m e n t  a t  i n t e r v a l s  of one  y e a r .  
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F i g u r e  1 8 .  C l r c u i t  s c h e m a t i c s  f o r  t h e  h i 5 h  voltage a m p l i f i e r  ( a ) , a n d  b u f f e r /  
i n v e r t e r  ('b)' 



C .  B u f f e r / I n v e r t e r  

Because t h e  p h o t o m u l t i p l i e r  i s  c a p a b l e  of  p roduc ing  

c u r r e n t s  i n  t h e  V A  range  and t h e  computer ADC h a s  a  low i n -  

p u t  impedance, a  b u f f e r  i s  n e c e s s a r y  between t h e  PMT and 

t h e  ADC. The s c h e m a t i c  o f  t h i s  b u f f e r  c i r c u i t  i s  shown 

i n  F i g u r e  18b.  I t  c o n s i s t s  o f  a  D a t e l  Model AM2OOA ins t rumenA 

t a t i o n  a m p l i f i e r  i n  a n  i n v e r t e r  w i t h  g a i n  c o n f i g u r a t i o n -  

9, T h i s  a m p l i f i e r  f e a t u r e s  an  i n p u t  impedance o f  10 . R  and i s  

c a p a b l e  o f  p r o v i d i n g  a n  o u t p u t  c u r r e n t  o f  5  rnA. The g a i n  

i s  a d j u s t a b l e  from 1 t o  1000 u s i n g  a  1 0 - t u r n  200K p o t e n t i -  

ometer  between p i n s  8 and 11. The same Date1 A +15V power sup- 

p l y  u t i l i z e d  by t h e  ramp g e n e r a t o r  i s  a l s o  used t o  power 

t h i s  c i r c u i t .  Both t h e  h l g h  v o l t a g e  a m p l i f i e r  and t h e  

b u f f e r / i n v e r t e r  a r e  a t t a c h e d  t o  a  g rey  m e t a l ,  rack-mountable 

c h a s s i s .  

D .  Sample-Hold D e t e c t i o n  Sys t e m  

The s c h e m a t i c  f o r  one o f  t h e  s i x  p a r a l l e l  c h a n n e l s  i n  

t h e  sample-hold d e t e c t i o n  s y s t e m  i s  shown i n  F i g u r e  1 9 .  The 

ramp and a p x e s e t : v o l t a g e  a r e  t h e  i n p u t s  t o  a LM311 com- 

p a r a t o r .  When t h e s e  two i n p u t s  a r e  o f  t h e  same p o t e n t i a l ,  

t h e  compara tor  o u t p u t  undergoes  a  TTL low t o  h i g h  t r a n s i t i o n .  

The p o s i t i v e - g o i n g  edge o f  t h i s  t r a n s i t i o n  t r i g g e r s  a  

~ ~ 7 4 1 2 1  one s h o t  which i n  t u r n  p r o v i d e s  a  TTL p u l s e  o f  w e l l  



+ 5v 
e 

+15V 

-15V + 5 V  

PMT INPUT - - 
F i g u r e  19.. C i r c u i t  s c h e m a t i c  f o r  o n e  c h a n n e l  o f : : t h e  s i x - c h a n n e l  sample-ho ld .  

c i ' r cu i ' t  



d e f i n e d  d u r a t i o n .  I n  t h i s  c a s e ,  t h e  10K r e s i s t o r  and 750 

pf c a p a c i t o r  p r o v i d e  a  5 .2  y s e c  o u t p u t  p u l s e  which e n a b l e s  a 

Da te l  SHM-LM-2 sample-hold c i r c u i t  f o r  t h a t  amount o f  

t i m e .  . A - 0 0 1  yf h o l d  c a p a c i t o r  connec ted  t o  t h e  SHM-LM-2 

module a l l o w s  t h e  sampled v o l t a g e  t o  be r e a d  up t o  3  

minu tes  a f t e r  i t  i s  t a k e n  w i t h o u t  a p p r e c i a b l e  b l e e d  o f f .  

By a d j u s t i n g  t h e  1 0 - t u r n  l O O K  p o t e n t i o m e t e r  on t h e  n e g a t i v e  

i n p u t  o f  t h e  LM311 th.e p o s i t i o n  a l o n g  t h e  ramp ( a n d  hence 

t h e  m i r r o r  s p a c i n g )  a t  which t h e  p h o t o m u l t i p l i e r  s i g n a l  is  

r e a d  may b e  changed, .  'l 'nis a l l o w s  f o r  l o c a t i o n  o f  peak 

maxima o r  changing t o  d i f f e r e n t  e m i s s i o n  peaks  a l t o g e t h e r .  

The v o l t a g e  v a l u e s  r e c o r d e d  by each c h a n n e l  a r e  r e a d  on 

e i t h e r  one  o f  two v o l t m e t e r s  by r o t a t i n g  a  s e l e c t i o n  s w i t c h  

t o  t h e  d e s i r e d  c h a n n e l .  D a t e l  BPM 15/200'+ 15V and Z e l t e x  

Z5-AX10005P +5V s u p p l i e s  a r e  used  t o  power a l l  s i x  c h a n n e l s  

and t h e  e n t i r e  c i r c u i t  i s  a t t a c h e d  t o  a  s i n g l e  g r e y  m e t a l ,  

rack-mountable c h a s s i s .  



X .  APPENDIX B :  COMPUTER SOFTWARE 

The e x e c u t i v e  program f o r  t h e  Fabry-Perot  i n t e r f a c e  i s  

t i t l e d  FABRY and i s  a  FORTRAN r o u t i n e  t h a t  c o n t r o l s  t h e  

e n t i r e  o p e r a t i o n  o f  t h e  i n t e r f a c e .  SAMP i s  an  assembly 

l anguage  s u b r o u t i n e  c a l l e d  by FABRY t h a t  initiates. a  

s c a n  and r e c o r d s  t h e  d a t a  from it i n  i n t e r m e d i a t e  a r r a y s  

(ISAW, IMPT). k 'ollowing t h e  compl.etion o f  e a c h  s c a n ,  t h e  

i n t e r m e d i a t e  a r r a y s  a r e  p a s s e d  t o  FABRY which i n d e x e s  t h e  

p h o t o m u l t i p l i e r  v a l u e s  a c c o r d i n g  t o  t h e  X (SAW) v a l u e s  and 

sums them t o  t h e  p r o p e r  p o s i t i o n  i n  a  permanent  Y (PMT) 

a r r a y  w i t h  t h e  a p p r o p r i a t e  i n c r e m e n t a t i o n  o f  t h e  c o r r e s p o n d i n g  

f l a g  a r r a y  (FLAG) p o s i t i o n .  This  p r o c e s s  i s  r e p e a t e d  u n t i l  

t h e  r e q u i r e d  number o f  s c a n s  have been comple ted  a f t e r  which 

each PMT v a l u e  i s  d i v i d e d  by t h e  a p p r o p r i a t e  FLAG v a l u e  

t o  produce a  we igh ted  numer ica l  a v e r a g e  f o r  each p o i n t .  The 

PMT p o s i t i o n s  where FLAG = 0 a r e  s o r t e d  o u t  and t h e  r e s u l t a n t  

PMT a r r a y  i s  r e a d y  f o r  p l o t t i ' n g  o r  s t o r a g e  on t h e  f l o p p y  

d i s k .  The g r a p h i c s  r o u t i n e s  n e c e s s a r y  f o r  X-Y p l o t t i n g  

(ASCALE, LINE) were  w r i t t e n  and deve loped  by Golden (113)  . 
A l l  other c a l l  s t a t e m e n t s '  and f u n c t i o n s  used  a r e  p a r t  o f  

t h e  PDP-11 FORTRAN and MACRO s o f t w a r e  and a r e  d e s c r i b e d  i n  

d e t a i l  by t h e  m a n u f a c t u r e r  ( 1 1 4 ,  1 1 5 ) .  
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