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STATISTICAL MODEL FOR ASSESSING THE OPTICAL DENSITY 
OF LASER-PRODUCED MICROPLASMA 
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ABSTRACT 

The space and time change of the optical 
density of laser-produced microplasma is studied. A 
statistical model is proposed which allows its 
utilization for assessing plasma optical density at a 

constant, as well as at a changing laser radiation 
intensity. 

INTRODUCTION 

It is very important to know the exact 
laser energy balance - absorbed and reflected by both 
the studied sample and the plasma torch - for the aims 
of laser microspectral In the present 
study a statistical assessment of the optical density 
of the laser-produced torch is made. The sensitivity o f  
laser microspectral analysis varies within broad limits 
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9 2 4  KALEV, ZHELEVA, AND DIMITROV 

and i s  dependent on s e v e r a l  c o n d i t i o n s :  a p p a r a t u s  
used ,  e x c i t a t i o n  c o n d i t i o n s  e t c .  That is why t h e  use  
of  lasers i n  spec t roscopy  g i v e s  rise t o  many problems 
t h a t  i nvo lve  t h e  enhancement o f  element d e t e c t i o n  
l i m i t s .  Th i s  is i n  c l o s e  connec t ion  w i t h  t h e  opt imiza-  
t i o n  o f  t h e  c o n d i t i o n s  under  which t h e  laser r a d i a t i o n  
energy  is b e t t e r  u t i l i z e d  f o r  evapora t ion  and e x c i t a t i o n  
o f  t h e  material. 

An improvement i n  t h e  d e t e c t i o n  l i m i t s  and 
c o n c e n t r a t i o n  s e n s i t i v i t y  o f  laser m i c r o s p e c t r a l  
a n a l y s i s  is a t t a i n e d  by  i n c l i n i n g  t h e  sample i n  rela- 
t i o n  t o  t h e  laser beam d i r e c t i o n  ( 4 ) .  The laser 
r a d i a t i o n  o p t i c a l  p a t h  is  t h u s  s h o r t e n e d ,  d e c r e a s i n g  
t h e  e j e c t e d  subs t ance  energy  abso rp t ion .  

EXPERIMENTAL AND METHOD 

The exper iments  are c a r r i e d  o u t  w i t h  a 
laser microanalyser  LMA - I (Carl Zeiss  - J e n a )  o p e r a t i n g  
i n  a f r e e - g e n e r a t i o n  mode a t  a wavelength of  1060 nm. 
The p u l s e  d u r a t i o n  is 300 /us and t h e  i n i t i a l  energy  
of the laser w a s  0.5 - 1 J. The g e n e r a l  diagram o f  t h e  

experiment  s e t -up  is  p r e s e n t e d  i n  F ig .  1 .  

The p rob ing  o f  t h e  LMA - 1 plasma t o r c h  i s  
c a r r i e d  o u t  by a n  a t tachement  (2)  for d i v e r t i n g  p a r t  
of t h e  laser beam, p l a c e d  between t h e  laser s o u r c e  ( 1 )  

and t h e  microscope. Thus it  i s  p o s s i b l e  i n  t h e  c o u r s e  
of  a s i n g l e  gene ra t ed  p u l s e  t o  c rea te  a plasma t o r c h  
( 8 )  from t h e  laser beam d i r e c t l y  impinging on t h e  
sample (7). Simul taneous ly  t h i s  same t o r c h  can  be probed 
i n  a t r a n s v e r s e  d i r e c t i o n .  

The plasma a b s o r p t i o n  c a p a c i t y  i s  s t u d i e d  
by means o f  t h e  a c t i o n  o f  a focused  laser beam on 
d i f f e r e n t  samples  o f  aluminium, ca rbon ,  brass, i r o n  
and ga lena .  The plasma t o r c h  is probed a t  e l even  p o i n t s  
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LASER-PRODUCED MICROPLASMA 925 

FIG. 1 

General diagram of t h e  experiment set-up 

a t  every ha l f  a millimeter - from 0.5 mm t o  5.5 mm 
above t h e  sample su r face .  The plasma t o r c h  o p t i c a l  
d e n s i t y  w a s  followed a t  a cons t an t  he igh t  of t h e  probing 
beam f o r  a du ra t ion  of  300 /-cs from t h e  start of laser 
g e n e r a t i o n ,  a t  an i n t e r v a l  of 25 p s  (13 p o i n t s  i n  a l l ) .  

STATISTICAL MODEL AND EXPERIMENTAL CHECK 

The plasma t o r c h  o p t i c a l  d e n s i t y  is 
determined from t h e  r a t i o  of t h e  i n t e n s i t i e s  of  t h e  
inc iden t  ( I:) and t h e  t r a n s m i t t e d  laser r a d i a t i o n  
through t h e  t o r c h  ( I m ) .  It i s  obtained by comparing t h e  
ampli tudes of t h e  same gene ra t ion  peaks from t h e  two 
channels of  t h e  dual-beam s t o r a g e  osc i l l o scope .  The 
connection between t h e  two i n t e n s i t i e s  is expressed 
by t h e  Bouguer - Lambert law: .  

I = Ioexp(-ael) (1) 

The Im and Im va lues  are not  t h e  same i n  
0 

t h e  case  when t h e r e  is no plasma torch.  A t  f i x e d  
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926 KALEV, ZHELEVA, AND DIMITROV 

intervals after the laser pulse starts the difference 
dI 
peaks. 

The following statistical model may be 
treated. Let us denote the registered by the apparatus 
intensity values of the incident radiation with I:, 
the transmitted through the torch laser radiation with 
Im, and the difference between the two magnitudes in 
the absence of plasma at a torch optical density of 
k = 1 (dIm = 1: - Im). 

hypothesis of noise additivity with a zero mathematical 
expectation to be accepted, i.e. 

m m 
= I. - Im is registered for identical generation 

The experimental conditions allow the 

Y 

1: = I. + I. = I! j E ( a )  = 0 

Im = I + - A 1  = IN -AI; E(T) = 0 

N N I and I are the corresponding intensities of the 
noise-corrupted laser radiation. 

0 

AI = AIoe- ael = AIok 

m0 corresponds to the laser beam losses occuring 

A 1  is the magnitude which would be measured if a laser 
between the point of the I. measurement and the plasma. 

beam corresponding to 
plasma. 

Since 

d Im 

the losses, passes through the 

E(dIm)= E( AIo>. (3) 

At a constant generated laser radiation, 
I = const, the following assessment of the plasma torch 
density is obtained: 
0 
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LASER-PRODUCED MICROPLASMA 927 

E ( I m )  = E ( k I o )  - E ( k n I o ) .  

Taking i n t o  accoun t  eq.  (3) and s i n c e  
m E ( I o )  = Io, i t  f o l l o w s  t h a t :  

E(I")  
k =  ( 4 )  

E(I:) - E ( d I m )  

I n  t h e  c a s e s  when I. = c o n s t  can  n o t  b e  
g u a r a n t e e d ,  a s t a t i s t i ca l  a s ses smen t  of  t h e  plasma 
a b s o r b i n g  c a p a c i t y  k can  be made. Le t  u s  d e n o t e  t h e  e r ro r  
of  t h e  measured and t h e  de t e rmined  by e q . ( l )  i n t e n s i t y  
of  t h e  t r a n s m i t t e d  th rough  t h e  t o r c h  laser r a d i a t i o n  
w i t h  E =  I - k'1:. 

ma themat i ca l  e x p e c t a t i o n  of  t h e  s q u a r e  o f  t h e  e r r o r  
E(E2) = min,  f o r  k '  is o b t a i n e d :  

N 

According t o  t h e  c r i t e r i o n  of  minimum 

k '  = E ( I N I i )  

The d I m  and It v a l u e s  are o b t a i n e d  from 

independent  expe r imen t s  and t h e  h y p o t h e s i s  f o r  t h e  
random magni tudes  Im a n d n I o  independency c a n  be  
accep ted .  

0 

Taking i n t o  accoun t  e q . ( 2 )  t h e  f o l l o w i n g  
is  d e r i v e d :  

k '  I E(ImIE)  + E(1: A I )  ( 5 )  

E( (I:)2) 

S o l v i n g  e q . ( 5 )  for k ' ,  t h e  f o l l o w i n g  i s  o b t a i n e d :  

E(ImI:) 
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928 KALEV, ZHELEVA, AND DIMITROV 

In a s s e s s i n g  k ' ,  i n  t h e  case when I = c o n s t ,  
0 

t h e  e r r o r  can  be  de te rmined  by  t h e  formula  ( 6 ) .  We 
a c c e p t  t h e  h y p o t h e s i s  o f  yo and *f independency ( t h e  
e r r o r s  of t h e  two independent  measurements c h a n n e l s ) .  
It f o l l o w s  : 

,.J - 2  0 

E (Io + Io) 

where : 

2 2 
I0 I0 

The v a r i a t i o n  c o e f f i c i e n t  V ( V c c 1 )  i s  a magnitude 
s p e c i f i c  for t h e  expe r imen ta l  c o n d i t i o n s .  Then k ' w k ,  
o r  a t  a known k '  

(8) 
2 

The v a r i a t i o n  c o e f f i c i e n t  c a n  be de termined  from t h e  

fo l lowing  e q u a t i o n  

k = K'(1 + V ) 

An assessment  f o r  t h e  maximum v a r i a t i o n  c o e f f i c i e n t  due 
t o  a measurement e r r o r  can  b e  o b t a i n e d :  

where is  t h e  r e l a t i v e  i n s t r u m e n t a l  error. 

1: - E(1:) 
A =  
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LASER-PRODUCED MICROPLASMA 929 

Thus, in addition to an assessment of the plasma 
optical density, a statistical criterion for the genera- 
ted laser beam intensity constancy is obtained. 

2 In the case when Amax -= V 2 ,  the error 
due to the laser beam intensity inconstancy adds to the 
error due to the experiment setting and k is calculated 
from eq.(6). In the opposite case, even if a 
correction is made with eq.(8), the difference will 
be insignificant (Table l), i.e. it is advisable eq.(6) 
to be employed in both cases. This equation yields 
reliable results in both cases (Io = const,I # const). 
With its aid the plasma optical density can be 
assessed without controlling the laser radiation 
constancy. 

0 

TABLE 1 

Comparison of the optical density values 
calculated according to eq. (6)  and eq. (8) 

Sample Brass A 1 um in i urn Galena 
Conditions eq.(6) eq.(8) eq.(6) eq.(8) eq. ( 6 )  eq. (8) 

h = 0.5 mm 0.364 0.367 1.428 1.490 1.754 1.784 
Z = 5 0 ~ ~  

h = 1.0 mm 0,703 0.707 1.057 1.064 1.069 1.111 

z = l o o p s  

h = 2.0 mm 0.669 0.717 0.660 0.666 0.709 0 .711 

Z = 1 5 0 , ~ ~  

h = 3.0 mm 0.265 0.286 0.370 0.381 0.583 0.596 

r = 2 0 0 p s  
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930 KALEV, ZHELEVA, AND DIMITROV 

F ig .  2 p r e s e n t s  t h e  plasma t o r c h  o p t i c a l  
d e n s i t y  change w i t h  time f o r  a b r a s s  sample fo l lowed at 
i n t e r v a l s  o f  2 5 p s  a t  f i x e d  p rob ing  h e i g h t s .  Each 
p o i n t  on t h e  p l o t  is ob ta ined  as an  ave rage  of  at least  
f i v e  measurement. The t o r c h  o p t i c a l  d e n s i t y  v a r i e s  
between t h e  v a l u e s  of  0.5 and 2. The r e s u l t s  ob ta ined  
by means o f  t h e  d e s c r i b e d  method are computer p rocessed .  

t o r c h  o p t i c a l  d e n s i t y  a t  t h e  start o f  t h e  g e n e r a t e d  
p u l s e  i n d i c a t e s  a s t r o n g  s c r e e n i n g  a c t i o n  o f  t h e  plasma 
i n  t h e  i n i t i a l  moments of laser g e n e r a t i o n .  A t  power 
d e n s i t i e s  o f  about  0.1~10 

The p resence  of  a maximum i n  t h e  plasma 

6 W/cm2 non- l inea r  e f f e c t s  

81 

1.5 

1.0 

0.5 

0 
1 2 3 4 5 6 h,mm 

FIG. 2 
Torch o p t i c a l  d e n s i t y  
change w i t h  p rob ing  
h e i g h t  a t  f i x e d  moments Z. 
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LASER-PRODUCED MICROPLASMA 931 

are not to be expected. The most likely explanation 
for the maximum values of the optical density during 
the initial moments of generation is the fractionation 
of the erosion products - a consecutive introduction of 
vapours, lighter particles and finally of  heavier 
particles. 

Fig. 3 shows the change in plasma optical density with 
the probing height at fixed moments after the 
beginning of the laser pulse. The maximum value for 
brass 1.57 is at a probing height of 1.5 mm. The 
assessments of the optical densities are guaranteed with 
a relative standard deviation of 0.06 - 0 . 3 5 .  

1 50 100 150 200 250 300'cd's 

FIG. 3 
Torch optical density 
change with time at 
fixed probing heights h.  
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932 KALEV, ZHELEVA, AND DIMITROV 

Although t h e  d a t a  i n  Table I show a rela- 
t i v e l y  s a t i s f a c t o r y  constancy of t h e  laser energy,  t h e  
r e l a t i v e  s t anda rd  d e v i a t i o n  v a r i e s  i n  a broad i n t e r v a l .  
T h i s  could be due t o  the  s i g n i f i c a n t  space and time 
plasma he te rogen i ty .  

CONCLUSION 

The s t a t i s t i c a l  model a l lows t h e  
assessment of t h e  generated laser beam i n t e n s i t y  
constancy. The der ived formula (6)  f o r  t h e  assessment 
of t h e  plasma t o r c h  absorbing c a p a c i t y  is not s e n s i t i v e  
towards t h e  changes i n  t h e  generated l a s e r  beam, i.e. 
i t  can be employed f o r  a s s e s s i n g  t h e  o p t i c a l  d e n s i t y  
a t  a cons t an t  and changing laser beam i n t e n s i t y .  

The change i n  t h e  plasma t o r c h  o p t i c a l  
d e n s i t y  with t h e  he igh t  of t h e  s t u d i e d  zone above t h e  
sample s u r f a c e  fol lows a c e r t a i n  r e g u l a r i t y .  I n  t h e  
f i r s t  moments of  t h e  generated p u l s e  t h e  o p t i c a l  
d e n s i t y  passes  through a maximum, which i s  d i f f e r e n t  
f o r  each material. 
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