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INTRODUCTION 

I n  discussing t h e  emission spectrometr ic  approach i n  connection with 
determination of t r a c e  metals i n  b i o l o g i c a l  mater ia l s  $ one i s  inev i t ab ly  
drawn t o  t h e  problem of inadequate de tec t ion  l i m i t s .  
s oc i a t ion  with D r .  Hambidge i n  t h e  determination of t r a c e  metals i n  blood 
serum, has made it apparent t h a t  t h i s  i s  t h e  foremost problem. Therefore,  

primary i n t e r e s t  and w i l l  be t h e  emphasized i n  t h i s  paper.  

Certainly,  my as- 
d 

co 0 

w I 
cc) advances i n  t h e  spectrometr ic  method i n  t h e  area of de tec t ion  l i m i t s  i s  of  

The requirement for adequate de t ec t ion  limits of  course,  i s  not t h e  
only important requirement f o r  t h e  b i o l o g i c a l  mater ia l s  Other aspects  of 
a n a l y t i c a l  procedures such as accuracy ~ p r e c i s i o n ,  and economy f o r  exam- 
p l e ,  can be c r i t i c a l l y  important i n  t h e  usefulness  of a given technique. 
However, we m u s t  f irst  have a s i g n a l  t h a t  we can measure above background 
no i se ,  and t h i s  i s  t o o  of ten  not  t h e  case when measuring t r a c e  elements i n  
b i o l o g i c a l  ma te r i a l s  e 

For purposes of o r i e n t a t i o n ,  I w i l l  b r i e f l y  review t h e  methodology of 
emission of spectroscopy. Figure 1 i l l u s t r a t e s  t h e  p r inc ip l e s  of opera- 
t i o n .  
chemical bonds r e s u l t i n g  i n  a concentrat ion of f r e e  atoms i n  a gaseous en- 
vironment. This i s  most conveniently accomplished i n  a high temperature 
environment. I n  such an environment, t h e  atoms w i l l  absorb k i n e t i c  energy 
and "leak" energy i n  t h e  form of l i g h t  I n  p r a c t i c e ,  t h e  spec t roscopis t  
has used about anything t h a t  glows for t h i s  purpose including a r c s ,  sparks ,  
hollow-cathodes $ plasma-jets flames , microwave discharges and lasers. 

F i r s t ,  t h e  sample must be vaporized under conditions which break 

The l i g h t  emi t ted  i n  t h e  e x c i t a t i o n  source i s  dispersed i n  t h e  zpectro-  
meter which images atomic " l ines"  of t h e  elements on t h e  f o c a l  curve. 
(These i n t e n s i t i e s  appear as l i n e s  only because t h a t  i s  t h e  geometry o f  t h e  
entrance s l i t  e ) Photomult ipl ier  de t ec to r s  or a l t e r n a t i v e l y  photographic 
emulsions, are loca ted  t o  i n t e r c e p t  t h e  elemental  l i n e s .  The currents  pro- 
duced by t h e  de t ec to r s  a re  propor t iona l  t o  s p e c i f i c  elements i n  t h e  sample. 
These cur ren ts  a re  d i g i t i z e d  and u l t ima te ly  converted t o  concentrations by 
means of  comparison s tandards.  I n  p r i n c i p l e ,  any number of p a r a l l e l  detecL 
t o r  channels c h  be included i n  t h i s  arrangement. I n  t h e  instrument a t  
Lewis t h e r e  a re  twenty-two p a r a l l e l  channels which allows t h e  simultaneous 
determination of as many elements. 

The c r i t i c a l  s t e p s  i n  t h e  emission procedure depicted i n  Figure 1 
are t h e  sanple  vaporizat ion and e x c i t a t i o n  of spec t ra .  The conditions under 
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which these  processes are  ca r r i ed  out w i l l  almost exclusively determine t h e  
prec is ion  and de tec t ion  l i m i t s  of t h e  a n a l y t i c a l  procedure. It may be i m -  
por tant  t o  have r e l i a b l e  multi-channel spectrometers and automatic d a t a  
processing f o r  t h e  most e f f e c t i v e  u t i l i z a t i o n  of t h e  s p e c t r a l  information 
but  no amount of instrumentat ion,  regardless  of cost  o r  soph i s t i ca t ion  can 
i n  i t s e l f  lower detect ion l i m i t s .  The hea r t  of t he  emission process i s  i n  
t h e  exc i t a t ion  and it i s  the re  where improvements i n  de tec t ion  l i m i t s  can 
best be approached. 

The emission spectrometr ic  procedures t h a t  are i n  use today f o r  t h e  
determination of t r a c e  metals , vary g rea t ly  i n  experimental d e t a i l .  Sample 
s izes  vary from a f e w  micrograms t o  a gram, or s o ,  and the  sample may be i n  
l i q u i d  or s o l i d  form. Sample treatment o f t en  e n t a i l s  addi t ions of  powdered 
materials such as l i th ium carbonate,  g raphi te ,  and s i l v e r  ch lor ide ,  f o r  ex- 
ample. When arcs  are used t o  exc i t e  t h e  s p e c t r a ,  currents  may vary from a 
f e w  amperes up t o  about s i x t y  amperes, and the  atmosphere may be a i r  o r  
o ther  gas mixtures under e i t h e r  s t a t i c  o r  flowing conditions.  Almost an 
i n f i n i t e  va r i e ty  of  combinations of t hese  and o ther  conditions have been 
used i n  t r a c e  ana lys i s .  
been done by empir ical ly  t e s t i n g  various parameters,  which have been iden- 
t i f i e d  through p rac t i ce  of  t h e  a r t ,  t o  give t h e  most favorable r e s u l t s  f o r  
a s p e c i f i c  ana lys i s  problem. Conditions es tab l i shed  f o r  t r a c e  ana lys i s  of 
non-biological materials are not necessar i ly  t h e  bes t  nor even u s e f u l ,  f o r  
b i o l o g i c a l  materials e Therefore de t a i l ed  descr ip t ions  of s p e c i f i c  emis- 
s ion  procedures i s  usual ly  not very i n s t r u c t i v e ,  and w i l l  be avoided i n  
t h i s  paper. 

This work on p r a c t i c a l  emission procedures has 

Very l i t t l e  work has been done on t h e  optimization of t h e  t o t a l  e m i s -  

I n  recent  yea r s ,  increas ing  at- 
s ion process f o r  t r a c e  ana lys i s ,  and f o r  good reason; a theory f o r  t h e  com- 
p lex  emission processes i s  not ava i lab le .  
t en t ion  has been given t o  developing a theory f o r  spectrochemical exc i ta -  
t i o n .  The first comprehensive book on t h e  subjec t  appeared i n  1966 ( r e f .  
1). 
a d i r e c t  current  a r c  i n  a i r .  Since t h e  development of t h i s  thesry  i s  an 
important advance i n  spectrochemical ana lys i s ,  a b r i e f  descr ip t ion  of i t  
as it relates  t o  t h e  problem of achieving low detect ion l i m i t s  w i l l  be pre- 
sented. 
it i s  poss ib le  t o  discern a continuous thread  l i nk ing  t h e  cha rac t e r i s t i c s  
of many exc i t a t ion  sources now i n  use as w e l l  as those under development. 
In  t h i s  way t h e  r a t iona le  f o r  t he  p r a c t i c a l  ways t o  exc i t e  atomic spec t r a ,  
some of which w i l l  be discussed, comes i n t o  a l i t t l e  b e t t e r  focus. We can 
then b e t t e r  appreciate  t h e  important parameters f o r  obtaining low de tec t ion  
l i m i t s  and t o  pro jec t  t h e  p o t e n t i a l  of fu tu re  research. 

I n  reference 2 t h i s  theory w a s  appl ied t o  quan t i t a t ive  ana lys i s  using 

By using t h i s  theory,  even where it i s  not  r igorously appl icable ,  
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THEORETICAL CONSIDERATIONS RFLClTED TO DETECTION LIMITS 

The theory describes t h e  behavior of  p a r t i c l e s  i n  high temperature 
plasmas under conditions i n  which t h e  e l ec t rons ,  i o n s ,  and atoms are  at 
thermodynamic equi l ibr ium i n  t h e  volume under observation e This condition 
p reva i l s  when random co l l i s ions  of p a r t i c l e s  caused by thermal a g i t a t i o n  i s  
the  only important means f o r  t r a n s f e r r i n g  energy among the  p a r t i c l e s .  A l -  
though it i s  r a r e  when t h i s  model i s  r igorously appl icable ,  it i s  roughly 
appl icable  t o  metal  atoms i n  a r c s ,  microwave discharges , lasers , and 
flames a 

The r e l a t i o n s  f o r  t he  atomic emission i n t e n s i t y  from a n e u t r a l  atom i n  
a high temperature environment i s  shown i n  equation (1). 

I (1- a) NoAgvEXP - AE/kT (1) 
where : 

I emission i n t e n s i t y  
No atom number densi ty  
Agv atomic constants descr ip t ive  of  given element and t r a n s i t i o n  
AE energy of  t r a n s i t i o n  
k Boltzman constant 
T plasma temperature 
a f r ac t ion  of atoms ionized 

From t h i s  r e l a t i o n  we see  t h a t  m a x i m u m  l i n e  i n t e n s i t i e s  t h a t  a re  nec- 
essary  f o r  low de tec t ion  l i m i t s ,  a re  achieved when; (1) the  m a x i m u m  number 
of n e u t r a l  atoms i s  suppl ied t o  t h e  exc i t a t ion  zone, and ( 2 )  when t h e  plas-  
m a  temperature i s  optimum. Surpr i s ing ly ,  t he  f irst  condition i s  t h e  most 
d i f f i c u l t  t o  achieve experimentally,  Unfortunately,  t he  simple expedient 
of vaporizing more sample, i s  not usua l ly  t h e  answer. Introducing l a r g e  
dens i t i e s  of atoms i n t o  a high temperature environment i s  a fundamental 
problem i n  achieving low de tec t ion  l i m i t s .  

I mentioned t h a t  t h e  temperature must be an optimum one. The emission 
i n t e n s i t y  increases  with temperature but i f  t h e  temperature i s  too  high 
t h e  n e u t r a l  atoms w i l l  be depleted by ion iza t ion  r e s u l t i n g  i n  loss  of emis- 
s ion  from t h e  neutral  s t a t e s .  Figure 2 shows a graphica l  form of t h i s  e- 
quation f o r  various ion iza t ion  p o t e n t i a l s  and exc i t a t ion  po ten t i a l s  as a 
f'unction of plasma temperature. It can be seen from t h e  f igu re  t h a t  f o r  a 
given s p e c t r a l  l i n e ,  character ized by t h e  ion iza t ion  p o t e n t i a l  of t h e  ele-  
ment and t h e  exc i t a t ion  p o t e n t i a l  f o r  the  s p e c t r a l  l i n e ,  t h e r e  i s  an op t i -  
mum temperature f o r  m a x i m u m  l i n e  emission. 

A s  an aid i n  o r i e n t a t i o n  with respect  t o  t h e  tem-;?erature s c a l e  of f ig -  
ure  2 ,  it should be noted t h a t  flame temperaturea l i e  below 5000' K, where- 
as a r c s ,  l a s e r s ,  and microwave discharges produce temperatures from 5000' K 
t o  over 10,OOOo K. A s  i s  ind ica t ed  on t h e  f i g u r e ,  t h e  newer t r a c e  elements 
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such as N i ,  V, C r ,  and Sn are opt imal ly  exc i ted  i n  t h e  temperature range 
between 5000' K and 7000' K. 
much higher  than temperatures reached i n  most discharges i n  common use. 

The optimum temperature f o r  Se, however, i s  

There i s  an aspect  of th i s  model which must now be considered be- 
cause it can be of v i t a l  importance with b io log ica l  materials. 
perature  of the plasma i s  determined b y  the atomic composition of that  
plasma. 
atoms i n t o  a plasma t f ixed temperature. By doing so, we may d r a s t i c a l l y  
a l t e r  the temperature. Eowever, it i s  possible  t o  ad jus t  t h e  composition 
of the sample s o  that an optimum temperature r e s u l t s .  The modifying e f -  
f e c t  of sample atoms on the  exc i t a t ion  temperature explains  much of the 
problem of matr ix-effect ,  and a l s o  explains  why spectrographers are fond 
of mixing compounds known as bu f fe r s  with t h e i r  samples. Bearing i n  mind 
that many b io log ica l  materials are r i c h  i n  a l k a l i  metals, and tha t  e a s i l y  
ionized elements effect  a g r e a t e r  change on exc i t a t ion  temperatures, w e  
can see t h a t  t h i s  i s  an important considerat ion i n  obtaining low de tec t ion  
l i m i t s  f o r  t r a n s i t i o n  elements i n  b io log ica l  materials. Unless t h e  sample 
composition i s  ideal,  t h e  r e s u l t i n g  plasma temperature w i l l  no t  be t h e  
optimum one. 

The t e m -  

So it; i s n ' t  simply a matter of introducing l a r g e  numbers o s  sample 

Having b r i e f l y  considered the  e f f e c t  of l i n e  i n t e n s i t y  on de tec t ion  
l i m i t s ,  l e t  us now consider another equa l ly  important aspect.  Namely, what 
are the important parameters f o r  obtaining minimum background i n t e n s i t i e s .  
The de tec t ion  power of  t h e  exc i t a t ion  source can be expressed i n  terms of a 
r a t i o  between the l i n e  i n t e n s i t y  t o  t h e  background i n t e n s i t y  a t  t h e  same 
s p e c t r a l  wavelength. 
the v a r i a b i l i t y  of t h e  l i n e  and background. However, f o r  p r a c t i c a l  purposes 
we  assum that  f o r  a given exc i t a t ion  source, t h e  lower the background the  
lower the v a r i a b i l i t y  i n  background i n  d i r e c t  proportion. ) 

(More precisely,  t h e  r a t i o  should be w i t h  respec t  t o  

The background from most high temperature plasmas i s  due t o  two bas i c  
causes; (1) rad ia t ion  emitted by an e l ec t ron  lo s ing  energy as it i s  de- 
f l e c t e d  b y  a pos i t i ve  ion (bremstrahlung), and ( 2 )  energy emitted as a re- 
s u l t  of recombination of an ion  and an e lec t ron .  In  t h i s  discussion w e  do 
not  consider l i g h t  emi t ted  from incandescent e lectrodes,  nor do we consider 
band spectra .  These sources of background are no t  inherent  i n  t h e  plasma 
and can be cont ro l led  experimentally. 

One expression f o r  t he  continuum emitted as a r e s u l t  of electron-atom 
in t e rac t ions  i n  an a r c  i s  given i n  reference 1, and shown i n  equation ( 2 ) .  
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where : 

Ib i n t e n s i t y  of background 
ne e lec t ron  number densi ty  
n i  ion number dens i ty  
k Bolt  zman constant 
T plasma temperature 
( w z  - w )  frequency dependent parameter 

Although t h i s  r e l a t i o n  agrees with experiment only q u a l i t a t i v e l y ,  it i s  of 
i n t e r e s t  t o  consider t h e  parameters t h a t  might be manipulated t o  obta in  
minimum background. From equation ( 2 )  we conclude t h a t  as long as elec-  
t rons  and ions are present  i n  t h e  plasma we  w i l l  have t o  contend with back- 
ground. However, we do not ice  a d i f fe rence  i n  t h e  dependency of  l i n e  and 
background i n t e n s i t i e s  on p a r t i c l e  densi ty .  Whereas t h e  l i n e  i n t e n s i t y  w a s  
d i r e c t l y  proport ional  t o  p a r t i c l e  densi ty  (eqn, (1)) , t h e  background i s  
propor t iona l  t o  t h e  square of p a r t i c l e  dens i ty  (eqn. ( 2 ) ) .  The l a t t e r  fo l -  
lows because at e l e c t r i c a l  n e u t r a l i t y  ne = n i s  o r  
Therefore,  as w e  reduce p a r t i c l e  dens i ty ,  t h e  background goes down faster 
than t h e  l i n e  i n t e n s i t y .  This suggests t h a t  thermal sources operated at 
lower p a r t i c l e  dens i t i e s  are more advantageous f o r  obtaining low detect ion 
l i m i t s  than sources operated at higher  p a r t i c l e  dens i t i e s .  Although it i s  
feasible t o  manipulate p a r t i c l e  dens i t i e s  independently of plasma tempera- 
t u r e ,  t h i s  i s  not  easy t o  do without adversely a f f ec t ing  the  m a x i m u m  r a t e  
of sample in t roduct ion ,  thus  r e s u l t i n g  i n  loss of l i n e  i n t e n s i t y .  The 
search fo r  t h e  optimum exc i t a t ion  conditions y ie ld ing  t h e  lowest de tec t ion  
l i m i t s  i s  where theory  ends and experimental work begins.  

neni = ne2 = n i 2 .  

I n  summary, t h e  th ree  most important aspects  of any emission spectro- 
metr ic  procedure designed t o  de tec t  the  smallest amounts of elements are; 
(1) high rates of sample introduct ion i n t o  t h e  exc i t a t ion  zone, ( 2 )  optimum 
exc i t a t ion  temperature,  and (3 )  minimum background emission. 
techniques with t h e  lowest de tec t ion  l i m i t s  are compromises of  t h e  best 
combination of these t h r e e  proper t ies .  A systematic  development of exc i ta -  
t i o n  techniques with v a s t l y  improved de tec t ion  l i m i t s  must a w a i t  f u r t h e r  
developments i n  exc i t a t ion  theory.  In  t h e  meantime, slow but pos i t i ve  pro- 
gress  i s  being made by empir ical  experimental  evaluat ions.  Now le t  us con- 
sider some new exc i t a t ion  sources which are i l lus t ra t ive  of t h i s  progress.  

The emission 

RECENT INNOVATIONS I N  PRACTICAL EXCITATION TECHNIQUES 

Three p r a c t i c a l  approaches for exc i t ing  atomic spec t r a  w i l l  be des- 
cribed. The f irst  procedure t o  be described w a s  developed at t h e  L e w i s  Re-  
search Center and involves t h e  exc i t a t ion  of  samples i n  an argon atmosphere 
i n  t h e  presence of r e l a t i v e l y  l a rge  amounts of s i l v e r  chlor ide vapor. This 
technique i s  h e r e a f t e r  r e fe r r ed  t o  as t h e  Argon-Silver-Arc, This procedure 



6 

has been used rout ine ly  at  t h e  Lewis Laboratory ( r e f  e 3)  , and i s  incorpor- 
a ted  i n t o  an automated spectrometr ic  f a c i l i t y .  It has a l so  been used by 
Hambidge, reference 4, f o r  t h e  determination of chromium i n  ashed blood 
serum and ha i r .  

Two newer techniques t h a t  have r ecen t ly  been reported w i l l  a l s o  be 
described. These a re  both based on microwave exc i t a t ion  under conditions 
t h a t  have r e su l t ed  i n  uncommonly low de tec t ion  l i m i t s .  

Argon -Silve r-Ar c Technique 

In  t h i s  procedure, samples a re  put i n t o  so lu t ion  and a ten-microl i ter  
a l iquot  of  t h e  so lu t ion  i s  deposited on a carbon rod and dr ied  t o  form a 
residue.  In addi t ion t o  containing t h e  sample res idue ,  t h e  carbon rods al- 
so  contain a few milligrams of s i l v e r  chlor ide.  The carbon rod serves  as 
t h e  anode i n  a d i rec t -cur ren t  a r c  operated i n  a s t a t i c  argon atmosphere. 
The sample residue i s  evaporated along with t h e  s i l v e r  chlor ide under con- 
d i t i ons  which allow detect ion of nanogram amounts of many metal elements, 
The method i s  the re fo re  appl icable  t o  micro-analysis (very s m a l l  samples) 
as wel l  as t o  t r a c e  ana lys i s  (low concent ra t ions) .  
arcing procedure r e s u l t  from t h e  enhancement by s i l v e r  chlor ide on l i n e  en- 
t e n s i t i e s ,  e l iminat ion o f  band s p e c t r a ,  induced s t a b i l i t y  of t h e  a rc  d i s -  
charge by a spec ia l  cathode design,  and a s p e c i a l  anode design. 

The advantages of t h i s  

This arcing procedure has been in t eg ra t ed  wi th  an automated spectro-  
meter t o  provide r ap id  and automatic analyses o f  t e n  samples i n  t h e  a rc  
chamber. Figure 3 summarizes t h e  procedural s t eps  of  t h e  automated proce- 
dure. As appl ied to '  b i o l o g i c a l  mater ia l s  , t h e  ma te r i a l  i s  ashed i n  a low 
temperature asher and dissolved i n  d i l u t e  hydrochloric ac id .  The concen- 
t r a t i o n  of  ashed blood serum i s  1.3 milligrams per  10 mic ro l i t e r s  i n  6 N  HC1.  
A t en-micro l i te r  a l iquot  of t h i s  so lu t ion  i s  added t o  t h e  carbon e lec t rode  
containing 4mg of A g C l ,  and d r i ed  f o r  a few seconds a t  90' C. The s i l v e r  
chlor ide i s  added t o  batches of carbon e lec t rodes  by f i r s t  doping with 10 
m i c r o l i t e r s  of s i l v e r  n i t r a t e  so lu t ion  followed by addi t ion o f  LO microl i -  
t e r s  of hydrochloric ac id  so lu t ion .  The so lu t ion  concentrations a re  such 
t h a t  4 m i l l i g r a m s  of s i l v e r  chlor ide a re  p r e c i p i t a t e d  i n  t h e  carbon matrix.  
After drying t h e  sample s o l u t i o n ,  an in t imate  mixture i s  formed between t h e  
sample residue and t h e  s i l v e r  chlor ide.  In  addi t ion  t o  modifying the  exci-  
t a t i o n  conditions i n  t h e  argon a r c ,  t h e  s i l v e r  chlor ide a l s o  serves  t o  pro- 
vide a high ha l ide  a c t i v i t y  during sample vaporizat ion t o  prevent carbide 
formation which can otherwise cause ser ious  a n a l y t i c a l  e r r o r s  The pointed 
anode was designed t o  introduce r e l a t i v e l y  high r a t e s  of so l id s  without 
d i s turb ing  the  a r c  s t a b i l i t y ,  The e x c i t a t i o n  temperature of t h i s  a r c  has 
not been measured but  temperatures of similar a rc s  a re  about 6 0 0 0 ~  K. 
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A batch of eleven electrodes prepared i n  t h i s  way a re  loaded i n t o  a 
gas t i g h t  a r c  chamber and arced i n  a completely automated sequence. The 
i n t e n s i t i e s  from as many as twenty-two elements are simultaneously recorded 
on punched paper tape and converted t o  absolute micrograms of elements by 
means of ca l ib ra t ion  curves s tored  i n  t h e  computer memory. With t h i s  pro- 
cedure about 16 elements including,  sodium, potassium, i r o n ,  phosphorous s 
s i l i c o n ,  strontium, calcium, magnesium, copper, z inc,  chromium, molybdenum, 
n i cke l ,  manganese, aluminum, and vanadium can be detected i n  1.3 milligrams 
of asked blood serum. Cobalt i s  not detected.  However, t h e  elements moly- 
bdenum, n i cke l ,  and vanadium m e  m a g i n a l l y  detected and probably could not 
be measured prec ise ly  without fu r the r  improvements i n  detect ion l i m i t s  
Since these  arcing conditions were es tab l i shed  f o r  meta l lurg ica l  work, ad- 
d i t i o n a l  development work aimed at optimizing conditions f o r  b i o l o g i c a l  
materials i s  indicated.  

Low Power Inductively-Coupled Microwave Discharge Technique 

This discharge has been of i n t e r e s t  t o  spectroscopis ts  as an exc i ta -  
t i o n  source f o r  a number of years .  Recently, t h e  discharge w a s  operated 
using conditions t h a t  r e s u l t e d  i n  some very good detect ion l i m i t s  (ref.  5 ) .  
The e x c i t a t i o n  assembly, without t h e  power supply, i s  shown i n  Fig. 4. In  
operat ion,  t he  glow cap i l l a ry  i s  i n s e r t e d  i n t o  t h e  e x c i t a t i o n  cavi ty .  The 
samples a re  introduced by drying a few m i c r o l i t e r s  of so lu t ion  on a p l a t i -  
num wire f i lament .  The sample i s  then vaporized by applying current t o  the  
f i lament .  A flow of argon sweeps t h e  sample vapor i n t o  the  e x c i t a t i o n  zone 
where compounds a re  d issoc ia ted  and the  atomic s p e c t r a  i s  exci ted.  The 
power supply f o r  t h i s  technique i s  similar t o  t h e  familiar diathermy u n i t  
which operates at 2450 MHz. 
formed ins ide  t h e  cap i l l a ry  i s  i n  excess of 5000' K and has been reported 
at high as 10,000' K. 
grams were reported with t h i s  source i n  reference 5. The super ior  detec- 
t i o n  l i m i t s  presumably r e s u l t  from t h e  e f f i c i e n t  introduct ion of sample 
atoms i n t o  the  high temperature plasma. Some aspects  of t h i s  metF3d f o r  
t r a c e  and micro analysis  w i l l  be summarized a t  t h e  end of the t a l k .  

The e x c i t a t i o n  temperature of t h e  plasma 

L i m i t s  of detect ion as low as t o  

High Power Inductively-Coupled Microwave Discharge (Plasma Torch) Technique 

This e x c i t a t i o n  source can be thought of as a scaled-up vers ion of the 
source j u s t  described. It operates at  a power l e v e l  of a few thousand 
w a t t s ,  or about 50 t i m e s  t he  power of t he  diathermy source,  and at a f r e -  
quency of 30 MHz. It a l so  operates i n  flowing argon and produces exc i ta -  
t i o n  temperatures i n  t h e  region of 10,000' K. This source has been under 
evaluat ion as an emission source f o r  t he  p a s t  few years .  
e f f i c i e n t  way w a s  discovered of  introducing l i q u i d  samples which r e s u l t e d  
i n  v a s t l y  improved detect ion l i m i t s  ( r e f .  6 ) .  Figure 5 shows how increased 

Recently, a more 
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sample in t roduct ion  w a s  achieved. The torch  i s  operated under conditions 
which open a hole  i n  t h e  center  of t h e  plasma and t h i s  allows t h e  l i q u i d  
sample t o  be introduced at a higher  r a t e  than w a s  previously possible .  In 
addi t ion ,  t h e  authors used a r a t h e r  e labora te  arrangement t o  son ica l ly  ne- 
bu l i ze  aYld desolvate t h e  l i q u i d  drople t s  p r i o r  t o  en t ry  i n t o  t h e  plasma. 
Apparently t h e  s i n g l e  most important f a c t o r  which previously l imi t ed  t h e  
de t ec t aBi l i t y  of t h i s  source w a s  t h e  r a t e  of sample in t roduct ion .  The fur-  
t h e r  development of t h i s  exc i t a t ion  source w i l l  be of i n t e r e s t  t o  those i n -  
t e r e s t e d  i n  t r a c e  metals i n  b io log ica l  mater ia l s  s 

CONCLUDING REMARKS 

Table I provides a summary comparison o f  de tec t ion  l i m i t s  for t h e  
techniques we have discussed and a l s o  some de tec t ion  l i m i t s  by flame spec- 
troscopy and l a s e r  exc i t a t ion .  I have made est imates  from t h e  l i t e r a t u r e  
which I consider t o  be t y p i c a l  f o r  t h e  newer t r a c e  elements such as Cr, M i ,  
V ,  and Mo. These est imates  a re  only within about a f a c t o r  of t e n  because 
of va r i ab le  de f in i t i ons  of de tec t ion  l i m i t s .  For t h e  flame and high pow- 
e red  microwave discharge , detec t ion  l i m i t s  a r e  determined using t h e  b e s t  
experimental conditions f o r  each element and are the re fo re ,  not necessar- 
i l y  appl icable  t o  simultaneous element determinations.  For t he  o ther  
sources t h e  experimental conditions were t h e  same f o r  a l l  elements. 

The absolute  de tec t ion  l i m i t s  given i n  t a b l e  I a re  a measure of t h e  
de tec t ion  power f o r  micro-analysis. These absolute  detect ion l i m i t s  a r e  
not necessa r i ly  d i r e c t l y  convert ible  t o  t r a c e  de tec t ion  l i m i t s  because of 
t he  e f f e e t o f  o ther  elements a l s o  present i n  t h e  samples. Therefore,  t o  es- 
t imate  t h e  de tec t ion  power for t r a c e  ana lys i s  i n  l i q u i d  or s o l i d  samples, 
we must know t h e  e f f e c t  of matr ix  elements on t h e  s p e c t r a l  i n t e n s i t i e s .  
For those techniques where t h i s  information i s  known, we can give an e s t i -  
mate of t r a c e  de tec t ion  l i m i t s  otherwise no est imate  i s  given. The use of 
a dashed l i n e  i n  t a b l e  I ind ica t e s  t h a t  a numerical es t imate  would not be 
meaningful but  does not necessar i ly  mean t h a t  t h e  technique i s  inappl icable  
t o  t h e  p a r t i c u l a r  sample form, i . e ,  s o l i d  or l i qu id .  Also l i s t e d  i n  t a b l e  
I are  t h e  sample amounts required for analys is  and t h e  reagent blank. The 
reagent blanks a re  c l a s s i f i e d  on t h e  basis of volume o f  reagent used. A l -  
though reagent blanks can be cor rec ted  t o  some ex ten t ,  they are  l i m i t i n g  at 
progressively lower concentration. 

The de tec t ion  l i m i t  data i n  t a b l e  I i l lustrates t h e  progress  t h a t  has 
been made i n  emission spectroscopy i n  de tec t ing  smaller  quan t i t i e s  of m e t -  
als and metals a t  lower concentrations.  I n  evaluat ing these  and other  
techniques f o r  t h e  determination of t r a c e  metals i n  b io log ica l  ma te r i a l s ,  
o ther  c h a r a c t e r i s t i c s  of t h e  techniques l i s t e d  i n  table I should a l s o  be 
taken i n t o  considerat ion.  
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Further  progress i n  lowering de tec t ion  l i m i t s  w i l l  continue t o  be con- 
cerned with optimization of e x c i t a t i o n  condi t ions.  The r a t e  of progress i n  
t h i s  work i s  hindered by lack of a quan t i t a t ive  theory of t he  emission pro- 
cesses.  Although quan t i t a t ive  descr ip t ion  of t h e  emission processes i s  t h e  
foremost unsolved problem i n  emission spectroscopy, progress i n  t h i s  d i rec-  
t i o n  w i l l  g r ea t ly  bene f i t  t h e  development of p r a c t i c a l  a n a l y t i c a l  proce- 
dures with l o w e r  limits of de tec t ion ,  
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