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SPECTROSCOPY LETTERS, 14(10) ,  665-674 (1981) 

EFFECTS OF CENTRAL ARGON FLOW RATE ON CHARACTERISTICS 

O F  INDUCTIVELY COUPLED PLASMA 

KEY WORDS: emis s ion ,  i n d u c t i v e l y  coupled  plasma,  c e n t r a l  

a rgon  f low rate ,  e x c i t a t i o n  t empera tu re ,  

i n t e r e l e m e n t  e f f e c t  

H i r o s h i  UCHIDA 

I n d u s t r i a l  Research I n s t i t u t e  of Kanagawa P r e f e c t u r e  

3173, Showa-machi, Kanazawa-ku, Yokohama 236, Japan  

I n t r o d u c t i o n  

I n  an i n d u c t i v e l y  coupled  plasma [IcP], t h e  f low 

rate  o f  carrier g a s  i s  one o f  t h e  m o s t  s i g n i f i c a n t  

pa rame te r s ,  w h i l e  t h o s e  of coolant and plasma less 

a f f e c t  t h e  a n a l y t i c a l  s e n s i t i v i t y .  A sample s o l u t i o n  

n e b u l i z e d  and t r a n s p o r t e d  w i t h  t h e  c a r r i e r  gas  p a s s e s  

through t h e  h o l e ,  which p o s s e s s e s  a lower  t empera tu re  

t h a n  t h e  su r round ing  plasma doughnut’ *. 
o f  the n e b u l i z i n g  g a s  f low r a t e  p r o v i d e s  more sample 

i n t r o d u c t i o n  amounts, b u t  t h e  r e s i d e n c e  t i m e  of a n a l y t e  

The i n c r e a s e  
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666 UCHIDA 

atoms i n  t h e  plasma becomes s h o r t ,  which  c a u s e s  t h e  

decrease of t h e  a n a l y t i c a l  s e n s i t i v i t y .  

I n  t h i s  p a p e r ,  t h e  e f f e c t s  of t h e  c e n t r a l  (carr ier)  

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

i n t e n s i t y  and  i n t e r e l e m e n t  e f fec t  a re  i n v e s t i g a t e d  u n d e r  

t h e  c o n d i t i o n  o f  c o n s t a n t  i n t r o d u c t i o n  amounts  of water  

m i s t s  and  a n a l y t e  atoms. 

EXPERIMENTAL 

An ICP s o u r c e  (Model ICAP-1 from Nippon J a r r e l l - A s h  

Co .  1 w a s  u s e d  u n d e r  t h e  c o n d i t i o n s  of 1 . 4  kW RF power 

and  1 4 . 0  1 min and  1 . 0  1 m i n - l  f l o w  rates as c o o l a n t  

and p lasma a r g o n  g a s e s .  F i g .  1 shows a c r o s s - s e c t i o n a l  

view of t h e  c r o s s - f l o w  n e b u l i z e r  a n d  t h e  n e b u l i z a t i o n  

-1 

torch 

sample solution 

F i g .  1 C r o s s - s e c t i o n a l  view of n e b u l i z e r  

and  n e b u l i z a t i o n  chamber 
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INDUCTIVELY COUPLED PLASMA 667 

chamber. An a u x i l i a r y  c e n t r a l  argon i n l e t  w a s  s e t  i n  

o r d e r  to  observe t h e  e f f e c t  of t h e  c e n t r a l  argon, which 

passes  through t h e  plasma, w i thou t  t h e  i n f l u e n c e  of  t h e  

sample nebu l i za t ion .  Sample a s p i r a t i n g  rate was 0 . 4 3  

m l  min-’ a t  t h e  n e b u l i z i n g  argon flow r a t e  of  0 . 5 1  

1 min . -1 

A monochromator (Model JE-50 from Nippon Ja r r e l l -Ash  

1 

Co.) was an Ebert-type ( f o c a l  l eng th  0 . 5  m)  w i th  a 

g r a t i n g  ( 1 2 0 0  grooves mm-’) b lazed a t  300 nm ( l i n e a r  

d i s p e r s i o n  1 . 6  nm nun-’). 

and e x i t  were both 1 0  pm. Observation h e i g h t  was 15 mm 

above t h e  induc t ion  c o i l .  Abel i n v e r s i o n  was no t  

The s l i t  widths  of en t r ance  

c a r r i e d  o u t .  

I ron  500 ug ml-1  s o l u t i o n  was used f o r  t h e  

measurements of e x c i t a t i o n  temperature ,  and calcium 30 

p g  m 1 - l  and z i n c  1 0 0  ug ml -1  s o l u t i o n s  were of r e l a t i v e  

emission i n t e n s i t i e s  of each atomic and i o n i c  l i n e s .  

The l a t t e r  two s o l u t i o n s  with and wi thou t  t h e  presence 

of 1 0  mg m 1 - l  of potassium were a l s o  used f o r  t h e  

i n v e s t i g a t i o n  o f  i n t e re l emen t  e f f e c t s .  

RESULTS AND DISCUSSION 

I r o n  e x c i t a t i o n  temDerature 

The e x c i t a t i o n  temperature  i s  t h e  most important  

p rope r ty  of plasma as  an e x c i t a t i o n  source ,  and many 

measurements have been c a r r i e d  o u t  t o  c h a r a c t e r i z e  t h e  
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668 UCHIDA 

I C P ~ - ~ .  

t h e  a n a l y t e  species f o r  t h e  d i s c u s s i o n s  o f  t h e  a n a l y t i c a l  

s e n s i t i v i t y  and  i n t e r e l e m e n t  e f f e ~ t ~ - ~ .  

t h r e e  l i n e  s l o p  c a l ~ u l a t i o n ~ ' ~  w a s  c a r r i e d  o u t  u s i n g  i r o n  

atomic l i n e s ,  which are summarized i n  Table 1 t o g e t h e r  

w i t h  e x c i t a t i o n  e n e r g i e s ,  s t a t i s t i c a l  w e i g h t s  and 

r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s .  

I t  is s u i t a b l e  t o  o b t a i n  t h e  t e m p e r a t u r e  from 

I n  t h i s  s t u d y ,  

F ig .  2 shows t h e  e f f e c t  o f  t h e  c e n t r a l  a rgon  f low 

rate on t h e  e x c i t a t i o n  t e m p e r a t u r e  a t  15 .0  mm h e i g h t  

above t h e  i n d u c t i o n  c o i l .  I n  t h i s  e x p e r i m e n t ,  a u x i l i a r y  

a rgon  g a s  w a s  f e d  i n s t e a d  o f  t h e  sample  n e b u l i z i n g  g a s  

t o  p r e v e n t  t h e  i n f l u e n c e  o f  water m i s t s  i n t r o d u c e d  t o  

t h e  plasma.  The t e m p e r a t u r e  remarkably  d e c r e a s e s ,  when 

t h e  f low r a t e  i s  i n c r e a s e d .  

t h a t  5650 O K  and 4200 OK of  t h e  e x c i t a t i o n  t e m p e r a t u r e s  

w e r e  o b t a i n e d  a t  carr ier  g a s  f low rates o f  1 . 0  1 min-' 

and 1 . 3  1 rnin-l, r e s p e c t i v e l y ,  unde r  t h e  c o n d i t i o n s  o f  

Kaln icky  e t  a16 r e p o r t e d  

Table 1 

Wavelengths  and O p t i c a l  Data  f o r  Fe L i n e s  

Wavelength E x c i t a t i o n  ene rgy  g-va lue  Relative t r a n s i t i o n  * 
(nm) ( C m - l )  p r o b a b i l i t y  

382.043 33096 9 4.02 

382.444 26140 7 0.179 

382.588 33507 7 3.74 

* R e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  no rma l i zed  t o  t h e  

Fe I 371.994 nm l i n e  by B a n f i e l d  and Huber [ 7 ] .  
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INDUCTIVELY COUPLED PLASMA 669 
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Fig. 2 E f f e c t  of t h e  c e n t r a l  argon f l o w  
r a t e  on t h e  e x c i t a t i o n  temperature 

1 . 0  kW R F  power and 1 5  mm observa t ion  he ight .  

account of  t h e  d i f f e r e n c e  i n  t h e  power, t h e  found va lues  

a r e  reasonable.  About 3000 O K  decrease i n d i c a t e s  t h a t  

some changes might occur  i n  t h e  plasma c h a r a c t e r i s t i c s .  

Rela t ive  emission i n t e n s i t i e s  of calcium and z i n c  

Taking 

The e f f e c t  of t h e  flow sate on r e l a t i v e  emiss ion  

i n t e n s i t i e s  a t  Ca 1 4 2 2 . 7  nm, Ca 11 393.3 nm, Zn 1 2 1 - 1  9 

nm and Zn I1 206.2 nm are shown i n  Fig.  3.  The amourt 

of calcium and z i n c  introduced to  t h e  plasma w e r e  kep 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



670 

100 

5 0 -  
)r 

u) c 
Q) 

c .- 
c .- = 0 -  

UCHIDA 

-0 =9 
\\ Ca 1422.7 '\ (E.P. 2.93) 

8 
\:, (I.P. 6. I I )  

C a H  393.3 - W O  -0  (E.P. 3.15) \.-. 

( I .P.  9.39) 

(E.P. 6.01) 

0.5 I .o I .s 2.0 
FIOW rate ( I min-' 

Fig. 3 Effects of the central argon flow rate on the 
emission intensities of atomic and ionic lines 

E.P. : excitation potential (eV) 
I.P. : ionization potential (ev) 
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INDUCTIVELY COUPLED PLASMA 671 

c o n s t a n t  when t h e  a u x i l i a r y  argon flow rate  w a s  i nc reased  

up t o  1.43 1 min . Emission i n t e n s i t i e s  of every l i n e s  

were decreased with t h e  i n c r e a s e  of t h e  central  argon 

flow r a t e ,  which seems t o  be due t o  t h e  dec rease  of  

energy t r a n s f e r  from ho t  argon t o  t h e  a n a l y t e .  The 

lowering of  t h e  i n t e n s i t y  s l i g h t l y  depends on t h e  kinds 

of l i n e s  (atomic and i o n i c )  and t h e  va lues  of i o n i z a t i o n  

and e x c i t a t i o n  p o t e n t i a l s .  For example, t h e  emission 

i n t e n s i t y  a t  Zn I1 206 .2  nm dec reases  a t  t h e  flow rate  

o f  0 . 7  1 min , while  those  of  o t h e r  l i n e s  a r e  almost 

cons t an t .  Fu r the r ,  t h e  i n t e n s i t y  a t  C a  I 4 2 2 . 7  nm t ends  

t o  less dec rease  than t h e  o t h e r s .  These phenomena show 

t h a t  t h e  i o n i z a t i o n  equ i l ib r ium might be a l i t t l e  s h i f t e d  

t o  t h e  atomic s ta te  when t h e  flow rate  i s  inc reased .  

- In t e re l emen t  e f f e c t  with t h e  presence of potassium 

-1 

-1 

Fig. 4 a l s o  i n d i c a t e s  t h e  e f f e c t s  on t h e  r a t i o s  of 

emission i n t e n s i t i e s  of t h e  l i n e s  of i n t e r e s t  with 

and wi thou t  1 0  mg m 1 - I  potassium. 

l i n e s  are almost kep t  c o n s t a n t  up t o  0.93 1 min-l of 

c e n t r a l  argon flow ra te ,  and i t s  va lue  of  0.87 means t h e  

dec rease  of i n t r o d u c t i o n  amounts of calcium o r  z i n c  

caused by t h e  presence of l a r g e  amounts of potassium. 

A l l  t h e  l i n e  i n t e n s i t i e s  are enhanced i n  t h e  presence of 
-1 potassium above 1 . 0  1 min of t h e  c e n t r a l  flow rate .  

Kalnicky e t  a16 a l s o  r e p o r t e d  t h a t  t h e  i n t e n s i t y  a t  

Fe I 382.043 nm w a s  f a i r l y  enhanced i n  t h e  presence of 

6 . 9  mg ml-1 of sodium a t  t h e  carr ier  gas  flow r a t e  of  

The r a t i o s  f o r  every 
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Fig .  4 E f f e c t s  o f  t h e  c e n t r a l  a rgon  f low ra te  on  

t h e  ra t ios  o f  t h e  e m i s s i o n  i n t e n s i t i e s  obse rved  
w i t h  and w i t h o u t  t h e  p r e s e n c e  of po ta s s ium 
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INDUCTIVELY COUPLED PLASMA 673 

1.3 1 min-l .  

t h e  i o n i z a t i o n  i n t e r f e r e n c e ,  because  i o n i c  l i n e s  are 

enhanced.  Both t h e  atomic and t h e  i o n i c  l i n e s  o f  

ca l c ium w e r e  more enhanced t h a n  t h o s e  o f  z i n c .  A maximum 

i n t e n s i t y  r a t i o  i s  obse rved  a t  1 .63  1 min-l  f low r a t e  i n  

t h e  case of ca l c ium atomic l i n e ,  f o r  which t h e  r e a s o n s  

are n o t  e l u c i d a t e d  a t  present .  These enhancements  i n  t h e  

p r e s e n c e  o f  po ta s s ium under  h i g h  f l o w  r a t e  i s  s i m i l a r  

t o  t h e  i n t e r e l e m e n t  e f f e c t  obse rved  i n  c a p a c i t i v e l y  

coupled  microwave plasma [CMP] o p e r a t e d  a t  2450  MHz. 

Conclus ion  and f u r t h e r  d i s c u s s i o n  

These enhancement e f f e c t  are n o t  due  t o  

L e s s  t h a n  1.0 1 min-’ carrier g a s  f low r a t e  i s  

recommended f o r  p r a c t i c a l  a n a l y s e s ,  where h igh  a n a l y t i c a l  

s e n s i t i v i t i e s  can  be o b t a i n e d  w i t h o u t  t h e  i n t e r e l e m e n t  

e f f e c t  i n  t h e  p r e s e n c e  o f  po tass ium.  

Recen t ly ,  t h e  ICP h a s  n o t  been c o n s i d e r e d  t o  b e  a 

local thermodynamic e q u i l i b r i u m  [LTE] plasma by  v a r i o u s  

a u t h o r s .  Boumans and d e  B o e r  s u g g e s t e d  t h a t  d e p a r t u r e s  

from LTE r e s u l t e d  from t h e  i n j e c t i o n  o f  carrier g a s  . 
I n v e s t i g a t i o n s  u s i n g  t h i s  a u x i l i a r y  a rgon  f low method 

seem t o  be u s e f u l  f o r  t h e  d i s c u s s i o n s  o f  plasma 

d i a g n o s t i c s ,  which a r e  now i n  p r o g r e s s .  

8 
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