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We have demonstrated that the laser-enhanced ionization (LEI) tech- 
nique can be used to determine the efficiency of atomization of metal 
elements in an atmospheric acetylene/air flame. We have derived a useful 
relation between the time-integrated LEI signal and the total free atom 
number density in a flame. We determine the efficiency of atomization 
of ~0.13-0.37 for the lithium element and of ~1.0  for the sodium ele- 
ment. Our results agree well with AA measurements reported previously. 

Index Headings: Atomic absorption spectroscopy; Flame spectroscopy. 

INTRODUCTION 

For analytical flame atomic spectrometry, various 
measurements of physical quantities are based on the 
free atom number density of an element in a flame. Thus 
the atomization efficiency 1-8 (or the degree of atomiza- 
tion) of elements being analyzed is one of the crucial 
factors which govern the limit of detection. Previous 
measurements on the atomization efficiency of elements 
in flames have been performed only by using the atomic 
absorption method 2-7 or by using the atomic emission 
method. 8 

However, during the last decade the laser-enhanced 
ionization (LED technique has been developed as a pow- 
erful tool for detecting trace metals on a sub-pg/mL scale 
with extremely high sensitivity and selectivity. 9-1~ The 
LEI technique has also been successfully used as an al- 
ternative detector for liquid chromatography 10,17 and gas 
chromatography. TM On the basis of the Einstein relation, 
Lin e t  al. ~9 have applied the LEI technique to estimate 
the flame temperature after a quite involved procedure. 
Very recently, S u e t  a/. 20 have derived, alternatively, a 
more elaborate model for the LEI process which has been 
shown to be a more handy and precise method for de- 
termining the temperature of an atmospheric acetylene/ 
air flame. 

In this paper, we have derived another useful scheme 
to apply the LEI technique for determining the efficiency 
of atomization of metal elements in a flame. In this 
scheme, rate equations for population densities at rele- 
vant atomic energy levels and the relevant ionic state of 
an atom have been solved. This approach results in a 
useful relation between the time-integrated LEI signal 
and the total number density of free atoms in a flame. 
We have applied this relation for determining the at- 
omization efficiency of lithium and sodium in an acety- 
lene/air flame. In the following, the theoretical treatment 
is first described, followed by a brief description of the 
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experiments performed. Finally, the results obtained are 
presented and discussed. 

THEORY 

The atomization efficiency e. is defined as 1 

~. = n . / n ,  (1) 

where n. is the number density of free atoms of an ele- 
ment present in the flame, and nt is the total number 
density of the same element actually nebulized. In the 
following discussion, we show that  the number density 
n. can be determined via the LEI measurement. 

The Free Atom Number Density n .  from the LEI Mea- 
surement. To deal with laser-enhanced ionization of at- 
oms in a flame, one should consider both atomic (1 -~ 2) 
transitions and subsequent (2 -. i) ionization process- 
es2 ,13,2o.2~ The schematic diagram for the atomic levels 
and ionic state needed in this work is shown in Fig. 1. 
This system may be described in terms of rate equations 23 

dnl 
dt = rt2(B21P" -}- A21 -P K21) 

- nl(B12P. + K12 + K u )  + n~Ka (2) 

_n____22d = n1(B12p. + K12) 
dt 

- n2(B2,p. + A21 + K21 + K2,) + niK~2 (3) 

d n  i 
- -  = n l K , i  + n2K2, - n i ( K a  + Ki2) (4) 
d t  

where nl, n2, and ni represent the number density at level 
1, level 2, and the ionic state, respectively; Azm and B~m 
the Einstein A and B coefficients; p. the laser spectral 
energy density; and Kr.  the collision rate coefficients. 
These rate equations can be approximated as 2o-23 

dnl 
- -  = n2(B21p~ + A21 + K21) - n1B12p. (5) 
dt 

d n  2 

dt 
- -  = nlB12P. - n2(B21P. + A21 + K21 + K2i) (6) 

dni 
d---[ = n2K2i (7) 

where the collisional ionization (n lK l i )  and collisional 
excitation (n1K12) terms, having a smaller magnitude, 
and the recombination (n iKi l  and niKi2) term, occurring 
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on a longer time scale, H are individually neglected. These 
three coupled differential equations (5, 6, and 7) can be 
solved via the Laplace transform method. The results 
are 

1 
nl( t )  n~h[(x -- a -- c)e  -xt 

x - - y  

+ (a + c - y)e-Y']  (8) 

b 
n2(t) ntlh[--e -=t + e -yt] (9) 

x - -  y 

1 
ni(t) = - - n [ h [ x ( 1  - e -yt) 

x - - y  

- y ( 1  - e - ' 0 ]  (10) 

where a = B21p, + A21 + K21, b = B12p,, c = K2i, x = {a 
+ b + c + [(a + b + c) 2 -  4bc]'/~}/2, y =  {a + b + c 
- [(a + b + c) 2 - 4bc]'/~}/2; and n th is the thermal 
population density of the level 1. Note that  Eqs. 9 and 
10 are respectively consistent with equations 9 and 8 of 
Omenetto et  al. 22 The experimental LEI current signal 
is related to the time derivative of the ion number density 
n~(t) by the relation 22 

1 f o "  V ( t ) a t  = f " ( d n ~ ( t ) ~  
Geaf~7 Jo \ - - ~ ]  d t  

1 
- n~h{x[1 - exp(-y~l)] 

x - - y  

- y[1 - exp(-xr~)]} (11) 

where G is the gain of the current amplifier; e the electron 
charge; a the cross section between the laser beam and 
the flame; ~ the probing length, 7 the collection efficiency; 
r the integration time interval; V ( t )  the amplified voltage 
pulse of the time-resolved LEI signal; and z~ the laser 
pulse duration. Note that  this equation is the same as 
equation 11 of Omenetto et  al. 22 However, we will use 
the entire expression in this work without the approxi- 
mation used previously. If the Boltzmann distribution 
law is locally obeyed in the flame, then the number den- 
sity no of free atoms and the number density n[ h would 
follow the relation 

n~ ~ gl = n , - - e  -~EJ~T) (12) 
Q, 

where g~ is the degeneracy of the atomic level 1; Q, the 
atomic electronic partition function; E~ the energy of the 
atomic level 1; k Boltzmann's constant; and T the flame 
temperature. Note that  this relation may not be signif- 
icant for atoms with level separation much larger than 
kT ;  however, it would be very important for atoms, such 
as Ga, whose ground state is a fine-structure level. 2° By 
combining the above two equations, one can determine 
the free atom number density n, from the time-inte- 
grated LEI signal by the working relation 

n ,  = - ~ e ~ - ~ L - ~ e  (s'/"n v ( t )  d t  (13) 

where z = {x[1 - exp(-y~)]  - y[1 - exp(-x~)]}. 

i iL 
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Schematics for the three-level model for the LEI experiment. 

The Total Number Density n,. The total number den- 
sity nt of the element in the flame is evaluated by the 
relation s 

Cce 
n t = 2.98 x 1021 (14) 

( n~/n2,s) T f 

where C is the concentration (M) of the analyte solution; 
the aspiration rate (cc/min); e the sample introduction 

efficiency; T the flame temperature; f the flow rate (cc/ 
s) of unburnt gases at room temperature (298 K) and 
atmospheric pressure; n29s the number of moles of species 
at room temperature; and nr the number of moles of 
combustion products at temperature T. 

Thus it is obvious that, if the Einstein A and B coef- 
ficients are available from the literature 24 and the rele- 
vant rate coefficients are also given or can be properly 
estimated, one can determine the atomization efficiency 
of an element in a flame from the time-integrated LEI 
measurements via Eqs. 1, 13, and 14. 

EXPERIMENTAL 

The experimental setup for the LEI experiment is 
shown in Fig. 2. As was previously detailed, 2° we used a 
commercial burner assembly (Perkin-Elmer) with a 100- 
mm × 0.5-mm slot burner head, coupled with an inter- 
locked gas control system by which acetylene (0.5 L/rain) 
and air (12.5 L/rain) were premixed prior to reaching the 
burner head. With the use of the formula of Chester et  
al., 25 the term (nr/n29s) in Eq. 14 was calculated to be 
0.98, corresponding to a complete reaction between acet- 
ylene and oxygen, as the lower limit for the case with an 
acetylene/air ratio of 1:25 and a flame temperature of 
2500 K. 2° De Galan and Samaey 5 obtained a value of 1.03 
for the acetylene/air ratio of 1:9.83. Thus the real (nT/  
n29s) value should lie between 0.98 and 1.03. We use the 
middle value 1.00 for simplicity. Aqueous solutions of 
each analyte were prepared at several concentrations. 
The aspiration rate was fixed at 4.5 cc/min. The sample 
introduction efficiency e was measured to be 0.088 + 
0.005. Using Eq. 14, we obtained the total number density 
nt of (3.14 _+ 0.08) × 1012, (1.57 _+ 0.04) x 1012, and (3.14 
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Experimental setup for the time-integrated LEI measurement. 

_+ 0.08) x 10 '1 cm -3 for l i thium solutions of 10, 5, and 1 
ppm,  respectively, and of (4.74 + 0.12) × 1011 cm -s for 
a sodium solution of 5 ppm. 

A tunable  dye laser (Quanta  Ray PDL-2)  pumped  by 
a 10-Hz f requency-doubled  Nd:YAG laser (DCR-2A) was 
used. The  dye laser had a pulse width of 5-8 ns and a 
l inewidth of ~ 1 cm -1. I t  was opera ted  at a pulse energy, 
between 30 and 50 #J, which was moni tored  by a surface 
absorbing disk calorimeter  (Scientech 36-0001). Th e  la- 

=. 

g 

0 

5O 

100' 

20 ' 40 

~ m e ( u e e c )  
FIG. 3. One measured LEI voltage pulse due to the Li 22S,~ ~ 32Pj 
excitation. 

ser wavelength was precisely tuned  to the line center  of 
each applicable atomic t ransi t ion through an LEI  exci- 
ta t ion spec t rum scan. 2° Th e  laser beam was directed lon- 
gi tudinal ly through the flame at  7.5 m m  above the burner  
head,  and the beam size actually used was varied with 
an adjustable aper ture .  We will p resent  the results ob- 
ta ined with a 2 -mm-diameter  laser beam. 

Th e  LEI  cur rent  signal was probed ei ther  by a pair  of 
20-mm-long 1 .5-mm-diameter  stainless rod electrodes or 
by a pair of 20-mm x 16.5-mm x 0.5-mm stainless plate 
electrodes,  along the laser beam. Th e  probing volume is 
a~ = 0.0628 cm 3. Th e  two electrodes were separa ted  12 
mm apar t  and biased at  a voltage of 500 V. The  de tec ted  
signal was first amplif ied by a cur ren t  amplifier (Kei thley 
427) with a cal ibrated gain factor  G = (5.0 _ 0.2) x 104 
V/A. Th e  resu l tan t  voltage pulse was then  recorded by 
a digital oscilloscope (LeCroy 9400) and stored on PC 
disket tes  for later  da ta  t rea tment .  One of the measured  
LEI  voltage pulses due to the Li 22S,/2 --* 32Pj  t ransi t ion 
is shown in Fig. 3. 

Th e  ion collection efficiency ~/ was de te rmined  in a 
least-squares manne r  by fitting the t ime- in tegra ted  L E I  
signal as a funct ion of the distance of the collection elec- 
t rode from the center  of the laser beam, where a uni ty  
ion collection efficiency was assumed. Th e  fi t ted plots 
for the case done with a 5-ppm sodium solution are pre- 
sented in Fig. 4, in which the rod resul t  was l inearly fi t ted 
and the plate resul t  could only be quadrat ical ly  fitted. 
Th e  reason for this discrepancy remains to be clarified. 
However,  it is obvious tha t  the LEI  signal measured  with 
the plate electrodes can increase more significantly than  
tha t  with the rod electrodes,  as the collector moves closer 
to the laser beam. Th e  de te rmined  ion collection effi- 
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Plots  for the  in tegra ted  LEI  signal as a leas t -squares- f i t  func-  
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t ion of the  d is tance  of the  collection electrode from the  center  of  the  
laser beam:  (a) for the  resul t  de tec ted  with the  rod electrodes,  and  (b) 
for the  resul t  de tec ted  wi th  the  plate  electrodes.  

ciencies are 0.48 ± 0.03 (0.16 ± 0.03) for a 10-ppm lith- 
ium solution, and 0.50 ± 0.03 (0.13 ± 0.02) for a 5-ppm 
sodium solution, where the first numbers are the results 
obtained with the rod electrodes and the parenthesized 
numbers are the results obtained with the plate elec- 
trodes. 

RESULTS AND DISCUSSION 

After integrating each measured LEI voltage pulse (see 
Fig. 3) over the time interval from 0 to 50 #s, and com- 
bining with the known electron charge, the amplifier gain 
factor, the probing volume, and the determined collec- 
tion efficiencies, one can then determine the free atom 
number density n, using the relation in Eq. 13. The in- 
volved atomic transitions, the Einstein A coefficients, the 
energy and degeneracy of the level 1, and the derived 
values of electronic partition functions of both Li and 
Na atoms are listed in Table I. All relevant collision rate 
coefficients, listed in Table II, are described below. 

For the collision quenching rate coefficients K2], we 
take into account only the quenching cross section due 

T A B L E  I. The  involved atomic transitions and Einste in  coefficients of 
both Li and Na atoms, and parameters related to their electronic partition 
functions at T = 2500 K. 

A tom Li Na  

Trans i t i on  2=S,/. ~32Pj  32Sv~ ~42P~ 
X(nm) 323.26 330.24 
A21(106 s ') 1.17 ~ 2.90 b 
E , ( cm- ' )  ~ 0.0 0.0 
g, 2 2 
Q~ 2.0011 2.0003 
Q~ 1.00055 1.00015 
- -  exp (E1/kT) 
gl 

F rom W. L. Wiese,  M. W. Smi th ,  and  B. M. Glennon,  in Atomic 
Transition Probabilities, Vol. I, N S R D S - N B S  4 (1966). Th e  uncer-  
t a in ty  of the  A value  is 10%. 

b F rom W. L. Wiese,  M. W. Smi th ,  and  B. M. Miles, in Atomic Tran- 
sition Probabilities, Vol. II, N S R D S - N B S  22 (1969). T h e  unce r t a in ty  
of the  A value is 25%. 
All energies  are relative to the  g round  level. 

to the dominant collision with N2. For the Li 32pj state, 
we directly use the cross section of 21 /~2, obtained by 
Jenkins 26 for the Li 22pj state, to calculate its quenching 
rate coefficient K21. For the Na 42p~ state, we use the 
cross section of 43/~2, obtained by Gallagher e t  al. ,  27 to 
evaluate its quenching rate coefficient K21. 

For the collision ionization rate coefficients K2i, we also 
consider only the dominant contribution from N2. Al- 
though no previous data are available, we may still rea- 
sonably estimate their values via the Hollander argu- 
ment, 2s,29 which states that  in a flame the collision 
ionization rate of an atom at its energy level Ej is pro- 
portional to both its statistical weight g~ and its ionization 
probability, exp[ - (Eion - E j ) / k T ] ,  where Eio n is the ion- 
ization energy of the atom. Smyth e t  al. 2s have applied 
this argument to the Na d states. 

For the Li 32pj state, we estimate its K2~ value to be 
3.34 x 10 s s -1 by using the K3~ value of 3.55 x l0 s s -1 for 
the nearby 4d states, reported recently by Smith e t  a l 2  ° 
in a saturated LEI measurement. This also assumes that  
the degeneracy of the 3p level is 6, and the degeneracy 
of the 4d state is 24, and that  there is the rapid mixing 
between the 4d and 4/states21 With this estimated K2i, 
we determine an n~ value of (3.25 ± 0.42) x 1011 cm -3 
of the Li free atom number density from the 10-ppm 
lithium analyte solution. This result is consistent, at least 
within an order of magnitude, with the absorption result 
nab = 6.34 x 1011 cm -2 of Smith e t  al. ,  3° although a direct 
quantitative comparison is not possible since the laser 

T A B L E  II. Some derived rate coefficients (s-l) relevant for determining 
the free atom number density.  The  relations B21 = (M/8,rhc)An and 
Bj2 = (g2/gl)B21 are used to evaluate B2, and B,=. 

A tom Li Na  

B2,p.(10 s) 3.88 a 12.0 b 
B,2p.(109) 1.16 2.39 
K21(107) 3.92 264.1 
K2i(106) 3.34 12.41 
x(109) 1.59 6.24 
y(106) 2.44 4.76 
z(107) 2.26 18.53 

a T h e  average laser pulse  energy a t  323.26 n m  is 30 ± 1 #J, correspond-  
ing to a spectral  energy dens i ty  p. = 1.63 (±0.06) × 10 -16 J c m  -3 Hz- ' .  

h T h e  average laser pulse  energy a t  330.24 n m  is 35 ± 1/uJ, correspond-  
ing to a spectral  energy dens i ty  p~ = 1.90 (±0.04) x 10 -18 J cm  3 Hz- ' .  
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T A B L E  III. Compar i son  between the atomization efficiencies ~. determined by the time-integrated LEI measurement and those reported by the 
AA method for the Li and Na  elements  in an atmospheric acetylene/air flame. C is the concentration (in ppm) of the analyte solution, F/A denotes 
the flow rates (in L/min) of fuel and air, T represents  the flame temperature (in K). 

A tom ea C F/A T Ref. b 

Li 0.13 ± 0.02 (0.25 ± 0.06) ~ 10 0.5/12.5 2500 T h i s  work 
0.14 ± 0.02 (0.29 ± 0.07) 5 
0.16 ± 0.02 (0.37 ± 0.09) 1 

0.21 • .. 0.7/7.56 2480 1 
0.20 32 1/5.6 2450 2 
0.12 16.7 0.96/9.44 2450 3* 

Na  1.0 _+ 0.1 (1.0 ± 0.2) 5 0.5/12.5 2500 Th i s  work 

1.00 . . .  0.7/7.56 2480 1 
0.50 0.1 1/5.6 2450 2 
0.52 16 1/5.6 2450 2 
1.00 0.05 1/5.6 2450 2* 
1.04 0.015 0.96/9.44 2450 3* 

a T h e  pa ren thes ized  values  are the  resul ts  f rom the  plate  electrodes. 
(1) F rom Ref. 32. (2) F rom Ref. 7 [(*) m e a s u r e m e n t  with 500 p p m  Cs added].  (3) F rom Ref. 5 [(*) m e a s u r e m e n t  with 1006 p p m  Cs added] .  

interaction length b was not given for the circular-shape 
flame they used. The na values for 5-ppm and 1-ppm 
solutions are separately (1.77 ± 0.23) x 1011 cm -a and 
(3.91 ± 0.51) x 101° cm -3. 

For the Na 42p~ (g = 6) state, using the Na 3d (g = 
10) global ionization rate constant K~o. value of 2.1 x 10 s 
s -1 derived by Smyth e t  al . ,  2s and also correcting the 
temperature to 2500 K, following the same procedure we 
obtain a K2i value of 1.24 x 107 s -1 for the Na 42p~ state. 
With this derived K2i value, we determine an n, value of 
(3.80 ± 0.40) x 1011 cm -3 for the Na free atom number 
density from the 5-ppm sodium analyte solution. 

Finally, we use Eq. 1 to determine the atomization 
efficiency of both lithium and sodium. The results are 
summarized in Table III, in which some previously re- 
ported values in an actylene/air flame, analyte concen- 
trations, flow rates of fuel and air, and flame tempera- 
tures are also included for comparison. For the lithium 
atom case, the LEI results from the rod electrodes are 
quite consistent with those obtained by the atomic ab- 
sorption spectroscopy, but the results from the plate elec- 
trodes are slightly higher. Note that, although the se- 
lected Li solutions are in the linear LEI response regime, 
the atomization efficiencies obtained with the solutions 
of lower Li concentrations (e.g., 1 ppm) appear to be 
slightly higher than those obtained with the 10-ppm Li 
solution, especially for the plate electrode case. We may 
attribute such a discrepancy to the fact that  the as- 
sumption of uniform ion collection efficiency for all dif- 
ferent concentrations of Li solutions may not be valid if 
there is an interference from the space charge effect. This 
interference could cause the collection efficiency deter- 
mined at 10 ppm Li to be slightly smaller than its true 
value, and in turn cause the atomization efficiencies de- 
termined for the Li solutions of lower concentrations to 
be slightly higher. 

For the sodium atom case, both the LEI result from 
the rod electrodes and that  from the plate electrodes 
agree well with each other, and they are in excellent 
agreement with the AA value of Hinnov and Kohn (HK),32 
and those AA values, determined with Cs added as a 
matrix element, of de Galan and Winefordner (DGW) 7 
and de Galan and Samaey. 5 However our results are twice 
as high as those DGW AA values determined without Cs 

added. This significant discrepancy deserves some fur- 
ther discussion, although a full explanation is impossible 
at present. Previous studies have revealed that  the flame 
temperature, 5 the matrix element added, 7 and the fuel/ 
oxidant ratio 5 play important roles with regard to the 
degree of atomization of a salt solution. As shown in 
Table III, since there is just 50 K difference between the 
flame temperature of 2500 K in this work and the DGW 
value of 2450 K, the above discrepancy is not likely to 
be attributed to the temperature factor. Given the flow 
rates of two flame gases, and the aspiration rate and the 
introduction efficiency of the analyte solution of this work, 
the use of the Saha equation 33 provides an estimate of 
the number density of sodium ion (Na ÷) that  is only 

10 % of that  of free atoms of sodium. Thus it is possible 
that, in our case, most of sodium element may exist in 
the form of free atoms and, in the DGW case, one-half 
of the sodium element would exist in forms of ions and 
compounds. This argument is reasonable if we consider 
the difference between the acetylene/air ratio of 1:25 in 
this work and that  of 1:5.6 in the DGW case. The DGW 
flame is a fuel-rich flame in which an extra amount of 
carbon-containing radicals can exist, affecting the at- 
omization of sodium 5 and further explaining why the Cs- 
matrix effect comes to play an important role. Note that  
de Galan and Winefordner 7 did also point out that  the 
ea values changed little with the variation of the fuel/ 
oxidant ratio, but it is not clear to what extent the au- 
thors varied the fuel/oxidant ratio. On the other hand, 
our eo value is in excellent agreement with that  of the 
HK case without matrix element added, where the acet- 
ylene/air ratio of 1:10.8 is only about one-half that  of the 
DGW case. The above considerations seem to indicate 
that  the discrepancy is most likely related to the differ- 
ence in flame composition. However, to fully understand 
the detailed mechanism behind this discrepancy, more 
studies are definitely desirable. From the above results 
for both lithium and sodium, one can finally conclude 
that  our LEI measurements agree well with those AA 
measurements, that  our estimates on both collision 
quenching and collision ionization rate coefficients are 
quite appropriate, and that  the LEI technique can indeed 
be used to determine the efficiency of the atomization of 
metal elements in a flame. 
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I n  s u m m a r y ,  we have  d e m o n s t r a t e d  b o t h  theore t i ca l ly  
a n d  e x p e r i m e n t a l l y  t h a t  the  L E I  t e c h n i q u e  can  be u sed  
to d e t e r m i n e  the  efficiency of the  a t o m i z a t i o n  of an  el- 
e m e n t  in  an  ace ty l ene / a i r  f lame p r o v i d e d  t h a t  the  cr i t ica l  
col l is ion q u e n c h i n g  a n d  i on i za t i on  ra te  coefficients  are 
k n o w n  or can  be p rope r ly  e s t ima ted .  We  have  der ived  a 
usefu l  r e l a t ion  b e t w e e n  the  t i m e - i n t e g r a t e d  L E I  s ignal  
a n d  the  to ta l  free a t o m  n u m b e r  d e n s i t y  in  a flame. We  
have  used  the  Li a n d  N a  a n a l y t e s  for the  L E I  test ,  a n d  
the  r e su l t i ng  a t o m i z a t i o n  efficiencies agree well  wi th  pre-  
v ious ly  r e p o r t e d  AA values .  
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