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AN ACTIVE NITROGEN PLASMA ATOM RESERVOIR 

FOR LASER-INDUCED I O N I Z A T I O N  SPECTROMETRY 

Key Words: Act ive Nitrogen,  Laser-enhanced I o n i z a t i o n ,  

D u a l  Laser  I o n i z a t i o n  

Michael D. S e l t z e r  and Robert B. Green 

Research Department, Chemistry Div is ion  (Code 3851) 

Naval Weapons Center ,  China Lake, CA 93555 

A microwave-induced, a tmospheric  p r e s s u r e  a c t i v e  n i t r o g e n  

plasma h a s  been i n v e s t i g a t e d  as  an atom r e s e r v o i r  f o r  laser- 

induced I o n i z a t i o n  spectrometry.  Discrete a n a l y t e  samples were 

in t roduced  i n t o  t h e  a c t i v e  n i t r o g e n  plasma by a microarc  

a tomizer .  Both laser-enhanced i o n i z a t i o n  (LEI) and dua l  l a s e r  

i o n i z a t i o n  (DLI) were c a r r i e d  out  i n  t h e  plasma plume t h a t  

extended from t h e  Beenakker c a v i t y .  

INTRODUCTION 

Because of i t s  i n t e r e s t i n g  e n e r g e t i c  p r o p e r t i e s ,  t h e  a c t i v e  

n i t r o g e n  plasma h a s  been i n v e s t i g a t e d  as  an a l t e r n a t i v e  t o  t h e  

a n a l y t i c a l  flame as  an atom r e s e r v o i r  f o r  laser-induced i o n i z a t i o n  

spectrometry.  The laser-Induced i o n i z a t i o n  techniques  examined i n  
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602 SELTZER AND GREEN 

t h i s  s tudy  were laser-enhanced i o n i z a t i o n  (LEI) and d u a l  laser 

i o n i z a t i o n  (DLI) . I o n i z a t i o n  from a l a s e r - e x c i t e d  s ta te  p roceeds  

by c o l l i s i o n a l  p r o c e s s e s  i n  t h e  former c a s e  and a b s o r p t i o n  of 

photons i n  t h e  l a t t e r .  

LEI spec t romet ry  i s  among t h e  most s e n s i t i v e  methods a v a i l -  

a b l e  f o r  trace metal a n a l y s i s .  D e t e c t i o n  l i m i t s  r e p o r t e d  f o r  

a r e  comparable t o  t h o s e  r e p o r t e d  f o r  l a s e r - e x c i t e d  a tomic  

f l u o r e s c e n c e  spec t romet ry  [LEAFS]. 5,6 L E I  h a s  s e v e r a l  advan- 

t a g e s  ove r  c o n v e n t i o n a l  s p e c t r o s c o p i c  m e t  hods,  i n c l u d i n g  nonopt i -  

c a l  d e t e c t i o n  and a n  abundance of u s a b l e  t r a n s i t i o n s  w i t h i n  a 

r e l a t i v e l y  narrow s p e c t r a l  range which makes p o s s i b l e  t h e  e x c i t a -  

t i o n  of s e v e r a l  e l e m e n t s  by u s i n g  a s i n g l e  l a s e r  dye.4 

LEI and DL17 may be viewed a s  complementary t e c h n i q u e s  and 

a r e  similar i n  t h e i r  implementat ion and methodology. L E I  o c c u r s  

whenever a laser i s  tuned t o  a r e sonance  t r a n s i t i o n  of a n  atom i n  

a flame. Whether o r  n o t  a n  a d d i t i o n a l  p h o t o i o n i z i n g  laser w i l l  

supplement t h e  LEI s i g n a l  depends on how c l o s e l y  i t s  wavelength 

matches t h e  ene rgy  d e f e c t  between t h e  l a s e r - e x c i t e d  l e v e l  and t h e  

i o n i z a t i o n  p o t e n t i a l  of t h e  a n a l y t e  atom.8 The atom r e s e r v o i r  i s  

a l s o  a n  impor t an t  c o n s i d e r a t i o n .  P h o t o i o n i z a t i o n  makes a g r e a t e r  

c o n t r i b u t i o n  t o  t h e  t o t a l  i o n i z a t i o n  s i g n a l  ( i . e . ,  c u r r e n t )  i n  

atom r e s e r v o i r s  where t h e  rate of c o l l i s i o n a l  i o n i z a t i o n  i s  rela- 

t i v e l y  low, such as  a hydrogen-oxygen-argon flame. 7 ,8  Photoion-  

i z a t i o n  of  a l a s e r - e x c i t e d  atom u s u a l l y  r e q u i r e s  t h e  a d d i t i o n  of  a 

second laser ,  bu t  t h e r e  are cases where a s i n g l e  laser may b e  

adequa te ,  o r  a t h i r d  laser inay be r e q u i r e d .  

Most of t h e  l a se r - induced  i o n i z a t i o n  s t u d i e s ,  t o  d a t e ,  have  

employed a n a l y t i c a l  f l a m e s  a s  atom r e s e r v o i r s .  Flames are com- 

monly used t o  d e s o l v a t e  and a tomize  samples  f o r  spec t romet ry .  In 
a d d i t i o n ,  t hey  p rov ide  e f f e c t i v e  c o l l i s i o n a l  ce l l s  f o r  LEI. How- 

e v e r ,  s p e c t r o s c o p i c  t e c h n i q u e s  t h a t  employ f l a m e s  can  be l i m i t e d  

by i n t e r f e r e n c e s  a s s o c i a t e d  w i t h  flame a t o m i z a t i o n  and ion iza -  
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t i o n .  T h i s  i s  most e v i d e n t  i n  l a s e r - i n d u c e d  i o n i z a t i o n  t e c h n i q u e s  

where g r o u p  IA and I I A  e l e m e n t s  i n t e r f e r e  w i t h  s i g n a l  ( i . e . ,  i o n )  

c o l l e c t i o n .  These e l e m e n t s  are e a s i l y  i o n i z e d  i n  t h e  f l ame ,  

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

t h e  c a t h o d e  and ,  c o n s e q u e n t l y ,  s u p p r e s s e s  t h e  a n a l y t e  i o n i z a t i o n  

s i g n a l .  T h i s  problem h a s  been e f f e c t i v e l y  a d d r e s s e d  f o r  L E I  i n  

a i r l a c e t y l e n e  f l a m e s  by t h e  u s e  of  t h e  immersed c a t h o d e  which 

p e r m i t s  laser enhancement w i t h i n  t h e  c o l l e c t i n g  f i e l d . ’  Use of 

t h e  immersed c a t h o d e  h a s  a l lowed  comple t e  LEI s i g n a l  r e c o v e r y  from 

samples  c o n t a i n i n g  h i g h  sodium c o n c e n t r a t i o n s .  

The most s i g n i f i c a n t  L E I  improvements  have r e s u l t e d  from 

c h a n g e s  i n  e l e c t r o d e  d e s i g n ,  access t o  UV w a v e l e n g t h s  t h r o u g h  t h e  

use  o f  advanced laser t e c h n o l o g y ,  l o  and sample p r e t r e a t m e n t  f o r  

removal of  i n t e r f e r e n t s .  l 1  Only r e c e n t l y  have a l t e r n a t i v e  atom 

r e s e r v o i r s  f o r  LEI r e c e i v e d  a t t e n t i o n .  Turk and Watters” 

r e p o r t e d  t h e  use  o f  an  a rgon  i n d u c t i v e l y  coupled plasma f o r  L E I  

s p e c t r o m e t r y .  The a u t h o r s  a t t r i b u t e d  a l a c k  of  s e n s i t i v i t y  t o  a 

low atom p o p u l a t i o n  i n  t h e  plasma t a i l  f lame where t h e  LEI 

measurements  were c a r r i e d  o u t .  

More r e c e n t l y ,  Magnusson e t  a1.,* and Axner and Kubensztein-  

Dunlop3 have r e p o r t e d  LEI d e t e c t i o n  of trace e l e m e n t s  i n  a 

g r a p h i t e  f u r n a c e .  Both one and two-step e x c i t a t i o n  schemes were 

r e p o r t e d .  The two-step e x c i t a t i o n  scheme a l lowed  background 

c ~ r r e c t i o n . ~  The a u t h o r s  s u g g e s t e d  t h a t  a change i n  f u r n a c e  purge 

g a s  from a r g o n  t o  n i t r o g e n ,  o r  a m i x t u r e  of a r g o n  and methane 

might  create a b e t t e r  c o l l i s i o n a l  environment  i n  t h e  f u r n a c e .  

T h i s  c o u l d  l e a d  t o  f u r t h e r  enhancements  i n  i o n i z a t i o n  and ,  t h u s ,  

h i g h e r  s e n s i t i v i t y  . 
Niemczyk and Na13 have reviewed t h e  f u n d a m e n t a l s  and a p p l i c a -  

t i o n s  of  t h e  microwave-induced a c t i v e  n i t r o g e n  plasma which has 

been  demons t r a t ed  t o  be an  e f f i c i e n t  s o u r c e  f o r  a t o m i c  e m i s s i o n  

spec t romet ry .  Microwave-induced plasmas (MIPS) u s i n g  a v a r i e t y  o f  
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6 04 SELTZER AND GREEN 

g a s e s  and g a s  mixtures ,  have been w e l l  c h a r a c t e r i z e d  in t h e  

l i t e r a t u r e .  14, l 5  In an a c t i v e  n i t r o g e n  plasma, non-thermal 

energy t r a n s f e r  of up t o  s e v e r a l  e l e c t r o n  v o l t s  i s  p o s s i b l e  

through very e f f i c i e n t  c o l l i s i o n s  of a n a l y t e  atoms wi th  plasma 

s p e c i e s . I 3  T h i s  is i n  c o n t r a s t  t o  t h e  a i r l a c e t y l e n e  flame i n  

which t h e  n i t r o g e n  molecule wi th  a Boltzmann energy of around 

0.2 e V  is t h e  major c o l l i s i o n a l  p a r t n e r  i n  t h e  L E I  process .  l 2  

Hood and Nlemczyk l 6  have r e c e n t l y  repor ted  e x c i t a t i o n  tempera- 

t u r e s ,  measured i n  a low-pressure a c t i v e  n i t r o g e n  plasma, t h a t  a r e  

h igher  t h a n  i n  most flames. Act ive  n i t r o g e n  is r e l a t i v e l y  easy  

t o  g e n e r a t e  in a microwave d i s c h a r g e  and h a s  t h e  p o t e n t i a l  f o r  

e x c i t a t i o n  and i o n i z a t i o n  of a l a r g e  n m b e r  of elements.17 Thus, 

t h e  a c t i v e  n i t r o g e n  plasma should present  a comparable, i f  not  

s u p e r i o r ,  c o l l i s i o n a l  environment f o r  L E I .  

Most of t h e  publ ished r e s e a r c h  involv ing  t h e  use of a c t i v e  

n i t r o g e n  f o r  a tomic emission was c a r r i e d  out a t  p r e s s u r e s  below 

atmospheric  using low microwave power (< lo0  W). Low power 

microwave-induced plasmas are very e f f i c i e n t  e x c i t a t i o n  sources ,  

b u t  lack  t h e  thermal  energy requi red  t o  vapor ize  samples. I n  t h e  

p a s t ,  convent iona l  sample i n t r o d u c t i o n  i n t o  MIPS presented many 

d i f f i c u l t i e s  inc luding  t h e  plasma’s  i n t o l e r a n c e  f o r  sample 

so lvent .  l 4  Successfu l  l i q u i d  a e r o s o l  sample i n t r o d u c t i o n  i n t o  a 

low power MIP h a s  r e c e n t l y  been r e p o r t e d  however. 

In t h e  p r e s e n t  s tudy ,  a microarc  a tomizer  was used t o  i n t r o -  

duce d i s c r e t e  samples i n t o  a microwave-induced, a tmospheric  

pressure  a c t i v e  n i t r o g e n  plasma. Deutsch and H i e f t j e ”  used a 

microarc  a tomizer  t o  i n t r o d u c e  samples i n t o  a microwave-induced 

n i t r o g e n  plasma f o r  a tomic emission s t u d i e s .  The microarc  

a tomizer  s e p a r a t e s  sample d e s o l v a t i o n  and a tomiza t ion  s teps .  It 

employs both s p u t t e r i n g  and thermal  d e s o r p t i o n  t o  e f f i c i e n t l y  

a tomize ma l l  samples.20 The microarc  a tomizer  h a s  more r e c e n t l y  

been explored a s  a n  atomic emission source21  and as  an atom reser- 

v o i r  f o r  L E I  and DLI .22  
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NITROGEN PLASMA RESERVOIR FOR LEI AND DLI SPECTROMETRY 605 

The p r e l i m i n a r y  r e s u l t s  p re sen ted  h e r e  demons t r a t e  t h e  

f e a s i b i l i t y  of using a n  a c t i v e  n i t r o g e n  plasma atom r e s e r v o i r  f o r  

bo th  LEI and DLI spec t romet ry .  LEI h a s  also been observed in a n  

MIP by L y s a k ~ w s k i . ' ~  I n  t h e  p r e s e n t  work, a comparison of LEI and 

DLI s i g n a l s  f o r  i n d i m  i n d i c a t e s  t h a t  DLI p h o t o i o n i z a t i o n  enhance- 

ment' of t h e  LEI  s i g n a l  is mall .  These results sugges t  t h a t  t h e  

rate of c o l l i s i o n a l  i o n i z a t i o n  i n  t h e  a c t i v e  n i t r o g e n  plasma may 

be  comparable  t o  t y p i c a l  a n a l y t i c a l  f lames.  

EXPERIMENTAL SECTION 

A schematic  diagram of t h e  i n s t r u m e n t a t i o n  used i n  t h i s  s tudy  

is g i v e n  i n  F i g u r e  1. A l i n e a r  f l a sh lamrpumped  dye laser 

(CMX-4, Chromatix) ,  w i t h  a 0.8 p s  p u l s e l e n g t h  and frequency 

doub l ing  c a p a b i l i t y ,  was used as  t h e  e x c i t a t i o n  source  f o r  a l l  

expe r imen t s .  The laser was ope ra t ed  w i t h  rhodamine 590 a t  a 

r e p e t i t i o n  rate of  30 Hz. A UV-transmit t ing,  v i s i b l e  abso rb ing  

f i l t e r  was used t o  block t h e  laser fundamental  o u t p u t  d u r i n g  t h e  

L E I  experiments .  The laser wavelength was opt imized p r i o r  t o  each  

experiment  by o b s e r v i n g  t h e  o p t o g a l v a n i c  e f f e c t  i n  a hollow 

c a t h o d e  lamp. A s t a n d a r d  LEI d e t e c t i o n  system was used,  i n c l u d i n g  

a p r e a m p l i f i e r 2 4  and a boxcar s i g n a l  a v e r a g e r ,  f o r  s i g n a l  procee-  

s ing .  A s t r i p  c h a r t  r e c o r d e r  provided t h e  s i g n a l  r eadou t .  

A c t i v e  Ni t rogen  P l a a u a  

An a c t i v e  n i t r o g e n  plasma was g e n e r a t e d  us ing  a l a b o r a t o r y -  

c o n s t r u c t e d  Beenakker type  microwave c a v i t y .  2 5  The microwave 

power o s c i l l a t o r  (Micro-Now, Skokie ,  IL) was used t o  d e l i v e r  

powers between 50 and 150 W. The microwave c a v i t y  w a s  c a r e f u l l y  

des igned  so t h a t  r e f l e c t e d  power was a lways  less t h a n  10% of t h e  

forward power v a l u e ,  and i n  some cases, was too  = a l l  t o  measure 

a c c u r a t e l y .  The a c t i v e  n i t r o g e n  plasma plume was g e n e r a t e d  a t  

a tmosphe r i c  p r e s s u r e  by e x c i t i n g  a m i x t u r e  of argon (1.2 L/min) 
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B e  enakke r 
Cavity 

Ar * N~ 

L e n s  I r i s  + 

M i c r o a r c  
A t o m i z e r  

Boxcar 
U,&'Lr=' 

C h r r t  
Rooordor 

O s c i l l a t o r  

FIG. 1. Schematic diagram of ins t rumenta t ion .  Diode-array 

spec t rometer  i s  omi t ted .  

and n i t r o g e n  (10-50 mL/min). The n i t r o g e n  w a s  ob ta ined  from 

l i q u i d  n i t r o g e n  boil-of f .  The atmospheric  p r e s s u r e  plaana was 

chosen over a low-pressure plasma ( < l o  Torr)  t o  f a c i l i t a t e  sample 

i n t r o d u c t i o n  and e l i m i n a t e  t h e  need f o r  a vacuum system. An 8-mm 

I .D. x 150-mm long q u a r t z  t u b e  was used t o  d i r e c t  t h e  g a s  mixture  

through t h e  microwave c a v i t y .  The tube  extended about  100 mm 

beyond t h e  cover  p l a t e  of t h e  microwave c a v i t y .  The a c t i v e  n i t r o -  

gen p l a w a  plume extended about  50 t o  60 mm beyond t h e  end of t h e  

q u a r t z  tube.  The plasma plume e x h i b i t e d  t h e  a c t i v e  n i t r o g e n  

a f t e r g l o w ;  t h e  c h a r a c t e r i s t i c  yel low emission was monitored using 

a diode-array spec t rometer  (Tracor-Northern,  Middleton, WI) . The 

most s t a b l e  p l a w a  c o n d i t i o n s  were obta ined  w i t h  appl ied  microwave 

powers in t h e  range of b0 t o  70 W and n i t r o g e n  flow rates between 

30 and 40 mL/min. 
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S i g n a l  C o l l e c t i o n  

The laser beam w a s  d i r e c t e d  along t h e  l o n g i t u d i n a l  axis of 

t h e  plasma plume. Ion c o l l e c t i o n  e l e c t r o d e s  (12 x 60 mm) were 

p o s i t i o n e d  on e i t h e r  s i d e  of t h e  plasma plume and were sepa ra t ed  

by a d i s t a n c e  of 10 t o  12 nun. The e l e c t r o d e s  were ope ra t ed  a t  a 

p o t e n t i a l  of -1500 V. A t  p o t e n t i a l s  h i g h e r  t han  t h i s ,  a r c i n g  

th rough  t h e  plasma plume o c c u r r e d .  The plasma plume, ion c o l l e c -  

t i o n  e l e c t r o d e s ,  and p r e a m p l i f i e r  were s h i e l d e d  by a copper  s c r e e n  

and p l e x i g l a s s  e n c l o s u r e  t o  minimize pickup of RF i n t e r f e r e n c e  

from t h e  laser ,  e l i m i n a t e  d r a f t s ,  and t o  f a c i l i t a t e  t h e  e x h a u s t i n g  

of  ozone. 

Mic roa rc  Atomizer 

A l a b o r a t o r y - c o n s t r u c t e d  mic roa rc  a tomize r  was p o s i t i o n e d  a t  

t h e  rear of t h e  Beenakker c a v i t y  i n  d i r e c t  l i n e  w i t h  t h e  g a s  f low 

t o  t h e  plasma. T h i s  arrangement  was found t o  f a c i l i t a t e  sample 

t r a n s p o r t  t o  t h e  plasma. The g a s  f low th rough  t h e  mic roa rc  and 

Beenakker c a v i t y  w a s  h i g h e r  t h a n  t h e  flow rate normally used i n  a 

m i c r o a r c  a tomize r  but  c l o s e  t o  t h e  minimm flow rate r e q u i r e d  t o  

s u s t a i n  t h e  microwave plasma. T h e r e f o r e ,  t h e  g a s  flow r a t e  used 

was a compromise between a s t a b l e  plasma and optimum o p e r a t i o n  of  

t h e  mic roa rc .  A t u n g s t e n  rod w a s  used a s  a n  anode and a nichrome 

wi re  l o o p  w a s  used a s  t h e  ca thode .  The sample was d e s o l v a t e d  by 

r e s i s t i v e  h e a t i n g  of t h e  w i r e .  When a 1-uL sample d r o p l e t  was 

placed on t h e  c a t h o d e ,  a v i s i b l e  change i n  t h e  a c t i v e  n i t r o g e n  

e m i s s i o n  spectrum was observed.  The p resence  of water i n  t h e  

plasma r e s u l t e d  i n  a momentary quenching of t h e  n i t r o g e n  a f t e r -  

glow. The comple t ion  of sample d e s o l v a t i o n  was i n d i c a t e d  by t h e  

r eappea rance  of t h e  yel low n i t r o g e n  a f t e r g l o w  i n  t h e  plasma 

plume. The m i c r o a r c  power supply i s  d e s c r i b e d  i n  Refs. 21 and 

22. 
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SELTZER AND GREEN 

L E I  Measurement s 

Indiun  was chosen a s  a test element fo r  t h e  i n i t i a l  exper i -  

ments  because of t h e  proximity of one of i t s  resonance l i n e s  t o  a 

peak in t h e  frequency-doubled tun ing  curve of rhodamine 590. 

E x c i t a t i o n  a t  t h e  indium resonance l i n e  a t  303.9 nm r e s u l t e d  in 

promotion t o  a l e v e l  t h a t  w a s  w i t h i n  1.70 eV of t h e  5.78 eV ioni- 

z a t i o n  p o t e n t i a l  of indium. E n e r g e t i c a l l y ,  t h e s e  a r e  favorable  

c o n d i t i o n s  f o r  a good L E I  y i e l d  in a c o l l i s i o n a l  environment. L E I  

measurements f o r  10-ng samples of indium were made w h i l e  a d j u s t i n g  

t h e  plasma parameters  of a p p l i e d  microwave power and n i t r o g e n  g a s  

flow. These parameters  d i r e c t l y  a f f e c t e d  the c o n c e n t r a t i o n  of 

plasma s p e c i e s  and, hence,  t h e  c o l l i s i o n a l  e f f i c a c y  of t h e  

p l a w a .  

An experiment was c a r r i e d  out  t o  de te rmine  whether t h e  reso- 

nant  t r a n s i t i o n  a t  303.9 w was o p t i c a l l y  s a t u r a t e d .  The laser 

beam w a s  a t t e n u a t e d  w i t h  c a l i b r a t e d  n e u t r a l  d e n s i t y  f i l t e r s  and 

t h e  corresponding LEI s i g n a l s  f o r  r e p l i c a t e  10 ng samples of 

i n d i m  were recorded.  A p l o t  of L E I  s i g n a l  vs. laser power 

revealed a non-l inear  dependence of L E I  s i g n a l  a t  t h e  higher  laser 

powers. O p t i c a l  s a t u r a t i o n  of t h i s  t r a n s i t i o n  helped minimize t h e  

e f f e c t  of pulse-to-pulse ampli tude d i f f e r e n c e s  in laser output  on 
t h e  outcome of t h e  indium L E I  experiments .  

D L I  Measurement s 

DLI s t u d i e s  u s u a l l y  r e q u i r e  t h e  a d d i t i o n  of a second laser t o  

photo ionize  l a s e r - e x c i t e d  a n a l y t e  atoms. In t h i s  case, a DLI 

e x c i t a t i o n  scheme for i n d i u n  w a s  convenient ly  arranged using a 

s i n g l e  dye laser w i t h  both  frequency-doubled and fundamental out- 

put beams.22 The fundamental laser wavelength of 607.8 nm w a s  

frequency doubled t o  produce t h e  second harmonic a t  303.9 nm. The 

303.9 nm beam w a s  used, a s  in t h e  L E I  experiments ,  f o r  t h e  e x c i t a -  

t i o n  s tep.  The 607.8 nm fundamental o u t p u t  was used f o r  t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



NITROGEN PLASMA RESERVOIR FOR LEI AND DLI SPECTROMETRY 609 

p h o t o i o n i z a t i o n  s t e p .  The a d d i t i o n  of t h e  2.04 e V  i o n i z i n g  photon 

r e s u l t e d  i n  a 0.34 e V  energy ove r shoo t  beyond t h e  i o n i z a t i o n  

p o t e n t i a l  of i n d i m .  T h i s  ove r shoo t  was r e l a t i v e l y  small  and ,  

t h e r e f o r e ,  n e a r  o p t i m a l  f o r  obse rv ing  a DLI enhancement ove r  LEI.' 

In DLI s t u d i e s ,  t h e  d e g r e e  of o v e r l a p  of t h e  e x c i t a t i o n  and 

i o n i z a t i o n  laser beams i n  t h e  atom r e s e r v o i r  is c r i t i c a l . '  The 

t u n a b l e  dye laser used i n  t h e  p r e s e n t  s tudy  produced a second 

harmonic beam t h a t  w a s  d i s p l a c e d  v e r t i c a l l y  above t h e  fundamental  

o u t p u t  beam. The c ross - sec t iona l  o v e r l a p  between t h e s e  beams was 

a b o u t  30%, c r e a t i n g  a non-optimum c o n d i t i o n  f o r  DLI enhancement. 

To c i r cumven t  t h i s  problem, t h e  laser o u t p u t  beam was expanded and 

a 2-mm i r i s  was p o s i t i o n e d  in t h e  r e g i o n  where t h e  fundamental  and 

second harmonic ove r l apped .  T h i s  approach al lowed t h e  plasma 

plume t o  be i r r a d i a t e d  by a composi te  beam w i t h  n e a r l y  100% over- 

l a p  between t h e  fundamental  and second harmonic.  The r e sonance  

t r a n s i t i o n  of indium was s t i l l  o p t i c a l l y  s a t u r a t e d  d e s p i t e  l o s s e s  

i n  laser i n t e n s i t y  due t o  expansion and s p a t i a l  f i l t e r i n g  of t h e  

beam. Comparative DLI/LEI expe r imen t s  were run under t h e  same 

c o n d i t i o n s  of i l l u m i n a t i o n .  An a p p l i e d  microwave power of 60 W 

and a n i t r o g e n  flow r a t e  of 30 mL/min were used f o r  t h e  DLI 
measurements. These c o n d i t i o n s  provided less t h a n  optimum LEI 
y i e l d s  ( s e e  Figs. 2 ,  3) but promoted t h e  most s t a b l e  plasma. 

RESULTS AND DISCUSSION 

Laser-enhanced i o n i z a t i o n  s i g n a l s  were d e t e c t e d  f o r  indium 

e x c i t e d  under o p t i c a l  s a t u r a t i o n  c o n d i t i o n s .  With t h e  e x c i t a t i o n  

s t e p  s a t u r a t e d ,  t h e  ampl i tude  of t h e  i o n i z a t i o n  s i g n a l  was 

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

e x c i t e d - s t a t e  a n a l y t e  atoms w i t h  plasma spec ie s .  The concentra-  

t i o n  of a c t i v e  n i t r o g e n  i n  t h e  plasma w a s  c o n t r o l l e d  by va ry ing  

t h e  n i t r o g e n  flow rate o r  t h e  microwave power. The a c t i v e  n i t r o -  

gen c o n c e n t r a t i o n  i n  t h e  plasma plume could be i n c r e a s e d  by 
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0 1 0  20 3 0  40 50 6 0  7 0  8 0  

N i t r o g e n  Flow R a t e  ( m L / m i n )  

FIG. 2 .  E f f e c t  of n i t r o g e n  flow rate on LEI s i g n a l  f o r  10 ng 

indium samples.  E r r o r  b a r s  r e p r e s e n t  95% c o n f i d e n c e  i n t e r v a l .  

i n c r e a s i n g  e i t h e r  of t h e s e  two v a r i a b l e s .  The n i t r o g e n  f low rate  

w a s  t h e  predominant i n f l u e n c e  a s  i n d i c a t e d  by t h e  emis s ion  i n t e n -  

s i t y  of t h e  n i t r o g e n  a f t e r g l o w  which was monitored w i t h  t h e  

d iode -a r r ay  spec t romete r .  F i g u r e  2 i l l u s t r a t e s  t h e  e f f e c t  of t h e  

n i t r o g e n  f low rate on t h e  LEI s i g n a l .  The n i t r o g e n  flow rate was 

v a r i e d  between 7 mL/min and 75 mL/min and L E I  measurements were 

made f o r  10 ng aqueous samples  of indium. The a p p l i e d  microwave 

power w a s  f i x e d  a t  60 W. The n i t r o g e n  flow rate  was m a l l  i n  

comparison w i t h  t h e  a rgon  flow rate ,  which was ma in ta ined  a t  

1.2 Llmin i n  o r d e r  t o  keep t h e  ra te  of sample t r a n s p o r t  through 

t h e  system c o n s t a n t .  The L E I  s i g n a l s  were maximwi a t  a f low ra te  
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0 25 50 75 100 1 2 5  150 

M i c r o w a v e  Power  ( W )  

FIG. 3. E f f e c t  of microwave power on LEI s i g n a l  f o r  10 ng indium 

samples. E r r o r  bars r e p r e s e n t  95% conf idence  i n t e r v a l .  

of 7 mL/min and decreased  by a f a c t o r  of f o u r  as  t h e  flow r a t e  was 

i n c r e a s e d  t o  75 mL/min. A t  n i t r o g e n  flow rates  lower than  7 mL/ 

min, t h e  plaana became u n s t a b l e  and began t o  pulsa te .  When t h e  

n i t r o g e n  flow w a s  reduced t o  zero ,  t h e  remaining argon plasma 

r e t r e a t e d  back i n t o  t h e  Beenakker c a v i t y  and L E I  s i g n a l s  were t o o  

small t o  d e t e c t  a t  t h e  same g a i n  s e t t i n g  of t h e  boxcar. The 

observed d e c r e a s e  in L E I  s i g n a l  s i z e  wi th  i n c r e a s i n g  a c t i v e  n i t r o -  

gen c o n c e n t r a t i o n  may have been t h e  result of d e p l e t i o n  i n  t h e  

popula t ion  of ground s t a t e  a n a l y t e  atoms due t o  e f f e c t i v e  e x c i t a -  

tion and i o n i z a t i o n  of t h e  a n a l y t e  by the  plasma i t ~ e 1 f . I ~  The 

reduced s e n s i t i v i t y  f o r  a tomic f luorescence  a s  compared t o  atomic 
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6 12 SELTZER AND GREEN 

emission measurements made i n  a c t i v e  n i t r o g e n  plasmas, 2 6  provides  

f u r t h e r  evidence f o r  t h e  d e p l e t i o n  of ground s ta te  a n a l y t e  atom 

popula t ions .  

F igure  3 i l l u s t r a t e s  t h e  e f f e c t  of appl ied  microwave power on 

t h e  LEI s i g n a l .  The microwave power was v a r i e d  between 50 and 

150 W and L E I  measurements were made f o r  10-ng samples of indium. 

The argon and n i t r o g e n  flow ra tes  were f i x e d  a t  1.2 Lfmin and 

1 2  mL/min, r e s p e c t i v e l y .  Measurements were not a t tempted below 

50 W appl ied  power because t h e  plasma became u n s t a b l e  below t h i s  

power l e v e l .  The L E I  s i g n a l  was inaximum a t  50 W and decreased 

g r a d u a l l y  wi th  i n c r e a s i n g  microwave power and t h e  subsequent 

i n c r e a s e  i n  a c t i v e  n i t r o g e n  c o n c e n t r a t i o n .  

DLI  Enhancement of t h e  L E I  S i g n a l  

A comparative s tudy of DLI and L E I  was c a r r i e d  out  i n  t h e  

a c t i v e  n i t r o g e n  plasma. I n  both  c a s e s ,  indium w a s  e x c i t e d  a t  

303.9 nm. Measurements € o r  repl icate  10 ng samples of indium were 
made wi th  and without  t h e  a d d i t i o n  of a photo ioniz ing  beam. The 

a d d i t i o n  of t h e  photo ioniz ing  laser beam r e s u l t e d  i n  DLI s i g n a l  

enhancements of up t o  a f a c t o r  of two r e l a t i v e  t o  LEI measurements 

made under t h e  same c o n d i t i o n s .  S ince  s a t u r a t i o n  of t h e  e x c i t a -  

t i o n  s t e p  a t  303.9 nm was maintained throughout  a l l  experiments ,  

it was assumed t h a t  laser i n t e n s i t y  l o s s e s  due t o  r e f l e c t i o n  o f f  

t h e  W t r a n s n i t t i n g - v i s i b l e  absorbing f i l t e r ,  d id  not  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t h e  d i f f e r e n c e  between t h e  L E I  and DLI s i g n a l  

ampli tude 6. 

A D L I  d e t e c t i o n  l i m i t  based on a s ignal- to-noise  r a t i o  of  

t h r e e  was es t imated  f o r  i n d i m .  For q u a n t i t a t i o n  purposes ,  t h e  

char t - recorded peak h e i g h t s  of t h e  t r a n s i e n t  i o n i z a t i o n  s i g n a l s  

were measured. The n o i s e  w a s  taken as  o n e - f i f t h  t h e  peak-to-peak 

n o i s e  on t h e  b a s e l i n e .  A d e t e c t i o n  l i m i t  of 20 pg was e s t i m a t e d  

by e x t r a p o l a t i o n  from signal- to-noise  r a t i o s  of measurements made 
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NITROGEN PLASMA RESERVOIR FOR L E I  AND DLI SPECTROMETRY 613 

FIG. 4. Cha r t  r e c o r d e r  t r a c i n g s  of c o n s e c u t i v e  DLI s i g n a l s  f o r  

1 ng i n d i u n  samples.  

w i t h  1-ng samples of indium. The r e p r o d u c i b i l i t y  a t  t h i s  l e v e l  

was approx ima te ly  15% r e l a t i v e  s t anda rd  d e v i a t i o n .  F i g u r e  4 shows 

s i g n a l s  recorded f o r  c o n s e c u t i v e  1 ng i n d i u n  samples. The b e s t  

DLI d e t e c t i o n  limits f o r  indium were comparable t o  t h e  b e s t  

o b t a i n e d  f o r  L E I  ( u s i n g  f u l l  i l l u m i n a t i o n ) .  The DLI enhancement 

f a c t o r  o f f s e t  t h e  l o s s  of LEI s i g n a l  t h a t  was a result of reduced 

beam volume due t o  s p a t i a l  f i l t e r i n g  i n  t h e  D L I / L E I  comparison 

experiment .  

Background I o n i z a t i o n  and L i m i t i n g  Noise 

Measurements made i n  t h e  a c t i v e  n i t r o g e n  plasma w i t h  t h e  

mic roa rc  a tomize r  t u rned  o f f  and no a n a l y t e  p r e s e n t  i n d i c a t e d  t h e  
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6 14 SELTZER A N D  GREEN 

p resence  of low l e v e l  l a se r - induced  background i o n i z a t i o n .  Sig- 

n a l s  were observed w i t h  l a s e r  e x c i t a t i o n  b o t h  on and o f f  t h e  

303.9-nm l i n e .  The s i g n a l s  d i s a p p e a r e d  when t h e  laser beam was 

blocked,  l e a v i n g  a b a s e l i n e  s i g n a l  t h a t  r e s u l t e d  p r i m a r i l y  from 

p ickup  of RF i n t e r f e r e n c e  from t h e  laser. The combinat ion of 

l a se r - induced  plasma i o n i z a t i o n  and p i ckup  of RF i n t e r f e r e n c e  may 

p r e s e n t  a fundamental  l i m i t  on t h e  s e n s i t i v i t y  of t h i s  t echn ique .  

An o p t i m i z a t i o n  of t h e  plasma, i n  a d d i t i o n  t o  improvements i n  

e lectr ical  s h i e l d i n g  and g round ing ,  may h e l p  r educe  t h e  magnitude 

o f  t h e s e  background s i g n a l s  and,  hence,  t h e i r  c o n t r i b u t i o n  t o  t h e  

t o t a l  n o i s e .  

CONCLUSION 

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

a c t i v e  n i t r o g e n  p l a sna  atom r e s e r v o i r  f o r  l a se r - induced  i o n i z a t i o n  

spec t romet ry .  Picogram l e v e l  s e n s i t i v i t y  f o r  d i s c r e t e  samples  of  

indium was o b t a i n e d  by bo th  L E I  and DLI t echn iques .  

DLI enhancements of up t o  1000 have been o b t a i n e d  f o r  some 

e l e m e n t s  by using e x c i t a t i o n  schemes w i t h  r e l a t i v e l y  m a l l  energy 

ove r shoo t s .*  The DLI enhancement observed f o r  i n d i m  i n  t h e  

p r e s e n t  s t u l y  w a s  approx ima te ly  t h e  same a s  r e p o r t e d  f o r  indium i n  

Ref. 8 ,  bu t  t h e  ene rgy  ove r shoo t  was less t h a n  h a l f  as  l a r g e .  

Thus, a l a r g e r  DLI enhancement would have been expected i n  t h e  

p r e s e n t  case, p rov id ing  t h e  atom r e s e r v o i r s  had similar c o l l i -  

s i o n a l  p r o p e r t i e s .  Although s e v e r a l  e x p e r i m e n t a l  d i f f e r e n c e s  

p reven t  a d i r e c t  comparison between t h e  p r e v i o u s  r e s u l t s  and t h e  

p r e s e n t  work, t h e  absence  of a l a r g e r  DLI enhancement f o r  indium 

in t h e  p r e s e n t  work s u g g e s t s  t h a t  a h i g h e r  ra te  of c o l l i s i o n a l  

i o n i z a t i o n  ex is t s  i n  t h e  a c t i v e  n i t r o g e n  plasma r e l a t i v e  t o  t h e  

hydrogen-oxygen-argon flame used in Ref. 8 .  The c o l l i s i o n a l  p r o p  

ert ies of t h e  a c t i v e  n i t r o g e n  plasma may more c l o s e l y  approach t h e  

a i r l a c e t y l e n e  flame. 
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Low ground s ta te  a n a l y t e  atom p o p u l a t i o n s  i n  t h e  a c t i v e  

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

a n a l y t e  atom e x c i t e d  s ta tes  are rnore h i g h l y  popu la t ed  i n  t h e  

plasma. T h i s  i s  e x e m p l i f i e d  by t h e  h igh  s e n s i t i v i t y  o b t a i n e d  f o r  

a t o m i c  e m i s s i o n  i n  t h e  a c t i v e  n i t r o g e n  plasma.13 T h i s  b e i n g  t h e  

case, non-resonant  LEI e x c i t a t i o n  of a n a l y t e  a toms  i n  t h e  a c t i v e  

n i t r o g e n  plasma should d e m o n s t r a t e  improved s e n s i t i v i t y  o v e r  

similar e x c i t a t i o n  schemes i n  f l ames .  

The m i c r o a r c  a t o m i z e r  i s  c u r r e n t l y  b e i n g  op t imized  t o  improve 

t h e  r e p r o d u c i b i l i t y  of a t o m i z a t i o n  and,  hence,  t h e  p r e c i s i o n .  

S y n c h r o n i z a t i o n  of  t h e  laser  f i r i n g  t o  t h e  t r a n s i t  of t h e  a n a l y t e  

"plug" th rough  t h e  r e g i o n  of t h e  plasma sampled by t h e  L E I  elec- 

t r o d e s  would improve b o t h  p r e c i s i o n  and s e n s i t i v i t y .  

Expe r imen t s  are be ing  planned t o  i n v e s t i g a t e  L E I  and D L I  f o r  

a series of o t h e r  e l e m e n t s  t o  f u r t h e r  c h a r a c t e r i z e  t h e  r o l e  of  t h e  

a c t i v e  n i t r o g e n  plasma. I n i t i a l  i n v e s t i g a t i o n s  of  t h e  e f f e c t  of 

e a s i l y - i o n i z e d  e l e m e n t s  on t h e  a n a l y t e  i o n i z a t i o n  s i g n a l  i n d i c a t e  

t h a t  t h e  e lec t r ica l  i n t e r f e r e n c e s  may be similar t o  t h o s e  i n  

f l ames .  High v o l t a g e  i n t e r f e r e n t  removal schemes27 may be  more 

e f f e c t i v e  i n  a c t i v e  n i t r o g e n  plasmas t h a n  f lames.  The former 

should more e f f i c i e n t l y  i o n i z e  IA and IIA e l e m e n t s ,  l e a d i n g  t o  a 

more q u a n t i t a t i v e  removal .  
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