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Abstract 

An investigation of the 2fwavelength modulation (WM) technique for detection of atoms under optically thin as well as thick 
conditions is presented. A program that simulates the entire process of laser light modulation, atomic absorption and signal 
demodtllation has been constructed. The dependence of the 2fWM signal upon frequency amplitude modulation and detuning 
for a variety of atomic masses (i.e. optical densities) is investigated in detail. It is shown, among other things, that the 2f-WM 
(S2t_~) signal strength is either a dual- or a quadrupled-valued function of optical density. Despite this, it shown that the 2f-WM 
technique can be used, by suitable choices of the frequency amplitude modulation and detuning, for detection of atoms also 
under optically thick conditions. © 1997 Elsevier Science B.V. 
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1. Introduct ion 

It is well-known that the detection ability of  trace 
species in gas phase by laser-based spectroscopic 
techniques often can be significantly improved by 
the use of various modulation techniques [1,2]. The 
general approach comprises of  modulating the fre- 
quency (or the wavelength) of  the laser light prior to 
interaction with the species to be detected. The experi- 
mental signal (e,g. in the case of  absorption: the cur- 
rent from a photodiode) is then extracted from the 
modulated signal by a suitable homodyne technique 
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(most often processed by a lock-in amplifier). This 
process significantly reduces noise and drifts (e.g. 
from the laser or the atomizer, changes of  index of 
refraction from the surrounding atmosphere, etc) by 
shifting the detection to higher frequencies were drifts 
are less significant. It also removes baseline off-sets, 
slopes or even some curvature of  the background 
(depending on the mode of  operation, see further 
discussion below). 

Wavelength Modulation (WM) spectroscopy is the 
most commonly used technique for improving trace 
species detection in absorption mode [1 ]. There are 
several different means of  utilizing WM-techniques. 
The most commonly is to use 2f-detection (i.e. to 
modulate the wavelength of  the laser source at one 
frequency, f,,, and then detect the absorption by the 
use of  a lock-in amplifier whose reference signal has a 
frequency of  twice this frequency, 2fm, see further 
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discussion below) [ 3 ]. Sensitivities around 10-4-10 -~ 
(fractional absorbances) have repeatedly been 
observed [2,4-9]. Even lower sensitivities have 
been obtained from WM-techniques in combination 
with extensions of this technique (e.g. modulation of 
also the atomizer) [10]. 

It has been tacitly assumed that the 2f-output signal 
from the lock-in amplifier is directly proportional to 
the number of traces species in the interaction region. 
This is, however, only valid for optically thin media. It 
is important to detect atoms not only under optically 
thin conditions. 

it is not a problem, in general, to detect traces under 
(or close to) optically thick conditions in flames of 
furnaces. The two most commonly used means to 
handle samples with higher concentrations are either 
to dilute the sample or to use alternative transitions 
(with a lower sensitivity). Sample dilution can, how- 
ever, involve quite an elaborate procedure if a set of 
samples with unknown and largely varying concentra- 
tions of traces is to be analyzed. In addition, all 
sample pretreatment procedures infer an increased 
risk for contamination. It is, therefore, a strive in the 
development of analytical instrumentation to reduce 
sample pretreatment procedures as much as possible. 
Moreover, the use of less sensitive transitions for 
detection of elements is not trivial for diode-laser 
based techniques since it requires access to a large 
variety of diode lasers (since less sensitive transitions 
only occasionally can be found within the working 
range of diode laser used for detection on a strong 
transition). 

We have therefore, in this paper, studied the applic- 
ability of the 2f  WM-technique to more general con- 
ditions (i.e. both optically thin and thick conditions). 
This has been done by a numerical simulation of the 
entire modulation-interaction-and-detection process. 
Hence, this paper is concerned with an investigation 
of the possibilities to use the 23" WM-technique for 
detection of atoms under both optically thin and 
thick (steady-state) conditions. This paper is the first 
in a series that investigate the properties of the 2f 
WM-technique for detection of atoms under such 
conditions. 

A second paper in this series is concerned with an 
investigation of the influence of hyperfine as well as 
isotope structure of  the atoms (exemplified with Rb) 
on the 2/' WM-technique [ 111. 

The third paper is concerned with extension of the 
dynamic range of the 2f  WM-technique (the WM- 
LDAS-GF technique) to detection of atoms under 
optically thick non-steady state conditions (e.g. in 
graphite furnaces in which there is not even a constant 
temperature by necessity) [12]. In addition, the fact 
that the 2f  WM-technique detects the 'curvature'  of 
the absorption profile (rather then the absorption 
profile itself) makes it potentially vulnerably to 
changes in the temperature (since the combined 
Voigt profile consists of a Gaussian and a Lorentzian 
function whose temperature dependencies are inverse 
to each other). The temperature dependence of the 2f- 
WM technique is therefore also investigated in the 
accompanying paper [12]. 

The present paper is structured as follows. First, a 
general but quite thorough description of the wave- 
length modulation technique is given (in which the 2f  
WM-technique is scrutinized in more detail). This is 
followed by simulations of 2f-detection of atoms 
under optically thin as well as thick conditions for a 
variety of conditions. It is shown that the technique is 
capable of detecting species under both optically thin 
and thick conditions. This property thus vouches for 
an eminently large dynamic range of the 2f  WM- 
technique [ 12]. 

2. General description of wavelength modulation 
techniques 

2.1. General principles and procedures o f  wavelength 
modulation techniques 

2.1.1. Wavelength modulation 
Wavelength modulation techniques is build upon a 

modulation of the laser light wavelength, X, by a sinu- 
soidal modulation frequency, fm 

k(t) = X, + )Xm,,d sin (27rf,,t) ( 1 ) 

where X, is the center wavelength and Xm,,d is the 
wavelength modulation amplitude, For diode laser 
spectroscopy, which is the most commonly used area 
for the WM spectrometric techniques, this implies a 
corresponding sinusoidal modulation of the injection 
current. 

Since it is more customary to work wi th  broadening 
and distribution functions in frequency space than in 
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wavelength space, the modulation can more con- 
veniently be written in terms of frequency (i.e. in 
units of Hz): 

v(t) = v, + v,,,, d sin(27rf,,,t) (2) 

where v, is the center frequency and v,,,,,l is the fre- 
quency modulation amplitude. 

We have here adopted the convention that the 
modulation frequency (which is of  electrical origin) 
is written with Arabic, italic font, i.e. f, while light 
frequencies appear in Greek, italic font, i .e.v.  

2.1.2. Time-dependent absorption signals 
For absorption techniques, it is also well-known 

that the absorption of narrowbanded light (e.g. from 
a hollow cathode lamp or a diode laser), A, defined as 
the relative decrease of the intensity of  the diode laser 
light of tile absorption profile, can be written as 

A -  I ° - 1 -  1 - e  -pL~ (3) 
I0 

where Io and 1 are the laser light intensities prior to 
and alter the interaction region, respectively, p is the 
density of species to be detected, L the interaction 
length, and o the absorption cross-section (normally 
at the peak of the absorption profile). 

When wavelength modulated techniques are 
employed, or when the absorption profile is measured 
by diode laser spectroscopy, also the shape of the line 
profile is of importance for evaluation of atomic 
densities from the signal. This can most conveniently 
be accounted for by assigning a profile shape to the 
absorption cross-section, e.g. as follows: 

x(v) 
o(v) = o 0 (4) 

X0 

where o0 represents the absorption cross-section at the 
peak of the profile, i.e. o(v0), X(v) the line-shape func- 
tion for the species to be detected and Xo the (peak) 
value of the line-shape function, i.e. X(vo). It is well- 
known that the line-shape function, X(v), in general, 
constitutes of  a Voigt profile, below referred specifi- 
cally to as V(v) [which in turn originates from a com- 
bination of a homogeneous broadening of Lorentzian 
type, L(v), and an inhomogeneous broadening of 
Gaussian type, G(v)]. Thus, we have in this presenta- 
tion chosen to explicitly show that the absorption 
cross-section has a frequency dependence. 

In addition, since the shapes of the line profile are 
of  importance for evaluation of atomic densities from 
the 2f -WM signals, it is also plausible that the tech- 
nique also has a certain temperature dependence 
(since the Lorentz and a Gaussian profiles have 
weak but different temperature dependencies, with 
widths roughly scaling as T" and T-", respectively, 
with n most often in the interval [0, 0.5])• This concept 
can therefore be of  importance when atoms are to be 
detected under non-steady state temperature condi- 
tions, e.g. in the leading part of  the atomization 
curve in a graphite furnace. This concept is, however, 
investigated in more detail in a separate paper [12]. 
We have therefore in this paper restricted the analysis 
to temperature steady-state conditions. 

The instantaneous absorption (when the incident 
light is modulated around a center frequency v,, 
according to Eq. (2)) from a distribution of atoms 
(an atomic density of  P distributed over an interaction 
length of L) is then given by 

X(p,. + V,nod sin (27rf,,t)) 
A(t)= 1 - e x p l - p L o o  (5) 

X0 

where the appropriate line-shape function is to be 
inserted into the expressions above for X(v). As an 
example, for the case of  a pure Lorentzian broadening, 

1 (Ave) 2 
L(v) = 271"AI"L (/~0- V) 2 + (AVL) 2 (6) 

the time dependent line-shape function looks like 

X(v(t)) = L(v, + Vmod sin(27rf, t)) 

1 (Arc) 2 
• ~ 2 27r&vL (vo -- v, ,-  v,.,,a sm(27rfmt)) ~ + (Arc) 

(7) 

(where Ave is the Half-Width-Half-Maximum of the 
Lorentzian profile for the pertinent experimental con- 
ditions and v0 the atomic transition frequency), with 
similar expressions for the pure Gaussian or the com- 
bined Voigt profile• 

This implies that the instantaneous detector signal, 
Sa.,~. (v,,t), can be written 

S,ts.(v,., t) = K[I -A(t)]/0 

K loexp [ -pLoo  
L 

X(Pc + Pmod_ sin(27rf,,t))] 
/ 

X(~ J 
(8) 
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where J¢ is an instrumentation constant (including a 
photodiode response and an amplification function) 
that relates the measured signal (in Volt) to the light 
intensity impinging upon the photodiode (W). 

2.1.3. Harmonic processing 
Finally, by multiplying the modulated detector 

signal with another sinusoidal function, Sr~j(t), (often 
referred to as a reference signal or a read-out signal) 
whose frequency is an integer multiple, n, of the 
modulation signal, i.e. 

Sref(t ) = sin(27r nfmt ) (9) 

and taking the average over a suitable number of 
periods (which very conveniently can be done by a 
lock-in amplifier), here represented by an integration 
over a suitable amount of time, r, the final n f - W M  
signal, Shy, results: 

~nr(VC)= 1 &ef(t).Sd~..(vc t)dt. (10) 
T 

One has the choice of selecting any (suitable) phase 
relation between the modulated detector signal and 
the reference signal. It is often convenient to chose 
this phase factor equal to an integer multiple of a-/2 
(i.e. 0, r /2,  7r, etc.). The terms ' in-phase'  and 'out-of- 
phase'  signals, or x- and y-components, are often used 
for the cases when the phase angles are chosen as 0 
and 7r/2, respectively: 

1 sin(27rnfmt) 
~ ' n s - x ( v ~ )  = r o 

x Sa.,.(vo + Vmoa sin(2rrfmt))dt (11) 

1 sin(27rnfmt + 7r/2) 

XSd.s.(Pc+Pmo d sin(27rfmt))dt (12) 

It is also possible to express the resulting signal in 
complex form, i.e. with an amplitude and a phase- 
angle. The amplitude, which normally is termed the 
' r -component ' ,  can thus be created simply as the 
square root of the sum of the squares of the 'x- '  and 
'y-components, '  i.e. 

Snl - r(lJc) = ¢ (Sn f  - x ( P c ) )  2 + (Snf - y ( l "c) )  2 ( 1 3 )  

Arndt [13] has shown that the signal strength of the 

nth harmonic can be expressed in terms of an integral 
a s  

S,¢(v,)  = ( - 1 )"(2 - 6n0 ) 
71" 

J v,,<,a Tn(v'/Vmod) x S (u , . -u ' )  -dv' (14) 
-um<,u ¢ ( P m o d ) 2  -- ( p ' ) 2  

where 8n0 is the Kronecker delta (i.e. 6,,o = 1 if n = 0, 
6no = 0 otherwise) and T, is the Chebyshev polynomial 
of  degree n. 

2.1.4. Scanning procedure 
In order to scan across a peak (so as to study the 

shape of the profile), the laser output frequency 
needs to be modulated not only by the sinusoidal 
wavelength modulation function (which normally is 
in the kHz range), but also by a linear ramp (consider- 
ably slower, often in the Hz range). One can see this as 
if the center frequency, around which the rapid sinu- 
soidal wavelength modulation takes place, is slowly 
shifted, e.g. 

t 
Uc(t) = Gtarr + (UemS -- Pstart) f o r  0 <-- t < tramp 

Tramp 

(15) 

where Tramp represents the period of the ramp (i.e. the 
inverse of the ramp frequency), (vena - u~t~,-,) the ramp 
length (in units of GHz) and where (u~na - u,,~,)/rr,mp 
represents the ramp rate (GHz/s). 

It this customary to choose this ramping period 
sufficiently long with respect to the smoothing period, 
r (since otherwise a significant part of the structural 
information, i.e. the line profile, will be smoothened 
out). 

In the limit of small frequency modulation ampli- 
tudes (i.e. small Vm<,d), the line shape of the nth 
harmonic is proportional to the nth derivative of  the 
line shape (hence the use of the term 'second order 
derivative spectroscopy' of  the technique when the 2f  
harmonic is being processed). 

2.2. Second harmonic modulation 

It is possible to perform wavelength modulation by 
measuring, in principle, any harmonic of  the modu- 
lated signal. For example, Arndt calculated line 
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shapes (analytically) for the 1st and 2nd harmonic 
(i.e. n = 1 and 2) for a pure Lorentzian profile [13], 
Cassidy and Reid calculated relative peak heights for 
the 2nd, 4th, 6th, and 8th harmonic of a pure 
Lorentzian profile [4], Wilson used numerical 
integration to obtain the three first harmonics of 
both Gaussian and Lorentzian profiles [14], while 
Silver determined the optimum values of the modu- 
lation index (m) for both Gaussian and Lorentzian 
profiles for the 1st, 2nd, 4th, and 6th harmonic 
[l ], where the modulation index, m, is defined as the 
ratio of the amplitude of the modulation amplitude, 
Vmod, to the Half-Width-Half-Maximum (HWHM) 
of the unmodulated line profile function, in our 
case Avs,l,i~mod=O I. Silver found that the optimum 
modulation index was 1.6 and 2.0 for first har- 
monic detection of pure Gaussian and Lorentzian 
profiles, respectively. The corresponding modula- 
tion indices for second, forth and sixth harmonic 
detection were (2.1 and 2.2), (3.6 and 3.9), and (5.2 
and 7.4) (for pure Gaussian and Lorentzian profiles, 
respectively). 

It has been quite commonplace, however, to detect 
the second harmonic output (the 2f-signal). One 
reason for this is that the 2f-output eliminates (or 
reduces significantly) both constant or linearly sloping 
baselines (since the signal strength is more or less 
proportional to the second derivative of the profile). 
Another is that the signal (under optically thin con- 
ditions) peaks at the absorption line center for pure 
Lorentzian, Gaussian, and Voigt profiles. 

2f-detection has been scrutinized in more detail by 
Arndt [13] as well as Reid and Labrie [3]. Their cal- 
culations of the line shapes for the second harmonic 
output for a pure Lorentzian absorption profile under 
low optical density conditions (i.e. when pLo < l) 
revealed that the second harmonic signal strength 
(S~r_y(u<)) can be written 

<~,!r-~ (u<,) = KIo[I - H~(x, m)] (16) 

where 

where 

M = 1 - -x2+m 2 (18) 

and x is the half-width-normalized-detuning 

Pc -- PO 
x= - -  (19) 

Ag L 

In the limit of small modulation index (i.e. small m), 
the expression above reduces to 

m 2 6x 2 - 2 
H~(x, m--~ O)= 4 ( ~ + ~ p  {-O(m4) (20) 

which clearly is proportional to the second order deri- 
vative of the Lorentz function (Eq. (6)), which reads 

02L(u) _ 1 6x 2 - 2 
Ov 2 27rAuL (1 +X2) 3 (21) 

The second harmonic signal strength for pure 
Gaussian and Voigt profiles (given in terms of an 
integral) have been calculated by Reid and Labrie 
[3]. The same authors also calculated peak heights 
as functions of the modulation index m for pure 
Lorentzian, Gaussian as well as Voigt profiles for 
2f-detection. 

In order to be able to predict the 2f-signal response 
(the shape as well as the signal strengths of the 2f- 
profiles) not only for optically thin conditions (which 
seems not to have been done before), so as to assess 
the full applicability of the technique for detection of 
atomic species in both low and high optical densities, 
the signal generation and detection system has been 
simulated along the lines described by the full Eqs. 
(2)-(13) above. 

3. Results 

3.1. A program simulating the signal generation and 
processing 

A computer program has been written in the 
numerical script language MATLAB to simulate the 

H~(x,m)= D [ 1 - ( M  + 1 -  x2)V/x/M22 x/2x/~+4x2 +M++ 4x V/x/M 2 4 x  2 + 4x2 - M - (17) 
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Table 1 
Parameters employed to simulate the wavelength modulated signals 

Parameter Value 

Atomic mass, M,,.m, (u) 85.5 
Buffer gas mass, Mbulli. ,, (u) 39.9 
Temperature, 7", (K) 2500 
Pressure, P, (Pa) 1.01 × 10 ~ 
Peak absorption cross-section, a0, (m") 100 x 10--'" 
Interaction length, L, (m) 0. I 
Wavelength, X. (rim) 780 
Collisional cross-section, at,,., (m 2) " 250 x 10 2~ 
Ramp frequency (Hz) 1 
Ramp length (GHz) 25 
Modulation frequency, fm (Hz) h I 0/1000 

The collisional cross-section is taken from p. 745 in Ref. [ 151 and 
represents the effective collisional cross-section for line broadening 
for the 780 nm transition of Rb atoms in an air/acetylene flame. 

The modulation frequency is 10 Hz for the curves presented in 
Figs 3, 4(a), (b), 5(a), (b), 6(a), (bl, and 7, while it is I kHz for the 
others• 

signal, according to Eq. (2), producing a detector 
signal, following Eq. (8). The 2f-harmonic signals 
are calculated according to Eqs. (11)-(13) utilizing 
a smoothing procedure consisting of a 5th order 
Butterworth filter. The values of  the parameters that 
are common for all the simulations of  the 2f-signals 
are shown in Table 1. Typical values for temperature, 
pressure, absorption cross-section, and collisional 
broadening for atoms in a high temperature atomizer 
(e.g. a flame or a furnace) are used [15]. The simula- 
tion is general in the respect that it can represent any 
transition, although it has made use of some para- 
meters (e.g. wavelength) of the 780 nm transition in 
Rb (5s2S~/2 - 5p2P3/2). The program treats, however, 
only one single transition (with no hyperfine- or iso- 
tope splitting). The influence of hyperfine or isotope 
splitting is studied in more detail in a subsequent 
p a p e r  [ 1 1 ]. 

absorption profiles and the wavelength modulated 
signals under a variety of conditions. Since both colli- 
sion and Doppler broadening can be present, the pro- 
gram calculates a Voigt absorption profiles (as a 
convolution of a Lorentzian and a Gaussian profile) 
for a given temperature and collision surrounding of 
the atoms. The laser is modulated by a sinusoidal 

0.7 
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o 
0 0.3 

o 

0.2 
o 
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3.2. Unmodulated absorption profiles 

Fig. l shows the typical line profiles for pure 
Lorentzian, Gaussian, and Voigt shapes as a function 
of frequency, as simulated by the computer program 
for conditions given in Table 1. The actual expres- 
sions used for estimates of the Lorentzian and 
Gaussian widths (and hence the Voigt profile) are 

I r ~ , r I i , , , I i i , , I ' ' ~ r 4 ' 

; ,  I . . . . . . .  ~" a 

! f 
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J * : i C 
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: I ! : 
: i : ! : 

i i : 

I i : 

I ! ' - 
I [ i 
! I 

i I i 

: i I 
I i 
, ,, 
I 
I , i , %  I 
! • I 

- I 0  -5 0 5 10 

Frequency (GHz) 

Fig. 1. Typical line shapes for pure Lorentzian, Gaussian, and Voigt distributions (curves a, b, and c, respectively) calculated from expressions 
given in Appendix A, using parameter values from Table I. The widths (HWHM) of the three distributions are 0.75, 1.6, and 1.9 GHz, 
respectively, representing a typical case for atoms in a hot gas surrounding, e.g. a flame or a graphite furnace. 
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Fig. 2. Absorption profiles (according to Eqs (3) and (4), with X(V) being a pure Voigt line-shape function, following Eqs. (A6)-(A8) in 
Appendix A) for atoms in a variety of optical densities. The nine curves refer to (from top to bottom) optical densities of 100, 30, 10, 3, 1,0.3, 
0.1, 0.01 and 0.001, respectively. The maximum absorption for an optical density of 1 is thus 0.63. 

g iven  in Append ix  A. As can be seen f rom this figure, 

the col l is ional  broadening width (the Lorentz ian 

width) is smal ler  than the Gauss ian  width,  descr ibing 

a typical situation o f  a tomizat ion  in a graphite furnace 

in a noble  gas a tmosphere.  The  general  behaviour  o f  

the 2f -wavelength  modula t ion  signals presented 

be low is, however ,  not cri t ical ly dependent  upon the 

actual choice  o f  broadening.  

Fig. 2 presents the absorpt ion profiles (according to 

Eqs. (3) and (4) with a pure Voig t  profile as l ine-shape 
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Fig. 3. Instantaneous wavelength (frequency) modulation schemes for the laser light. Curve a displays a situation with a frequency modulation 
amplitude of 1 GHz, while curve b shows the corresponding situation with a frequency modulation amplitude of 4 GHz. The modulation 
frequency is 10 Hz while the ramping rate of the center frequency is 25 GHz s t The FWHM of two typical absorption profiles (for low optical 
densities and for an optical density of 10 from Fig. 2) are indicated by the greek letters r/and ~, respectively. 
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function) as a function of laser light frequency 
(expressed as the difference between the frequency 
of the laser light, u,, and the center absorption fre- 
quency of the atom, Uo). The nine curves refer (from 
top to bottom) to optical densities ranging from 100 
down to 0.001 (with the one with an optical density of 
1 as the fifth curve, drawn by a solid line). It is 

well-known from ordinary atomic absorption 
measurements (e.g. using light produced by hollow 
cathode lamps) that detection of elements under con- 
ditions of  optical densities above 1 results in poor 
precision and accuracy. Measurements in situations 
with optical densities above 3 is almost impossible 
to perform. We will below display the ability of the 
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Fig. 4. Instantaneous absorption as a function of time (also expressed as the laser light center frequency, defined as the difference between the 

center frequency of the sinusoidally modulated laser light, u,., and the center absorption frequency of the atom, u0 at the top of the figure) under 

optically thin conditions (O.D. = 0.001 ). (a) and (b) correspond to the same modulation conditions as for curves a and b in Fig. 3, respectively, 
while (c) represents the case with ~',,,,,t = 4 GHz and f,,, = 1 kHz. 

2f-WM technique to detect atoms also under condi- 
tions of high optical densities. 

3.3. Time-dependent absorption signals 

Fig. 3 shows a blow-up of two different wavelength 
(frequency) modulation schemes that can be obtained 
by a combination of Eqs. (2) and (15). For reasons of 
clarity, the modulation frequency is very low (10 Hz). 
Curve a corresponds to a case when the modulation 
amplitude is 1 GHz, while curve b represents a situa- 
tion when it is 4 GHz. In all curves, the laser light 
center frequency is swept over a 25 GHz interval 
(i.e. the ramp length) during a period of 1 second. 
Hence, the ramp rate is 25 GHz/s. 

The effects of these modulations of the laser wave- 
length (frequency) on systems with different optical 
densities are shown in Figs 4 -6 .  The three figures 
correspond to systems with optical densities of  
0.001, 10 and 100, respectively (i.e. the ninth, third 
and first curves in Fig. 2, respectively). 

Each figure consists of  three curves. The uppermost 
curves (i.e. Fig. 4(a), Fig. 5(a) and Fig. 6(a)) display 

the instantaneous absorption (according to Eq. (5)) 
following modulation of the laser light according to 
curve a in Fig. 3. One can clearly see that the absorp- 
tion is affected by the wavelength modulation of the 
laser light, resulting in three almost similarly high 
peaks (close to the center frequency) for the case of  
low optical density (Fig. 4(a)), and a more flattened 
profile (around the center frequency) but modulated 
absorption on the flanks for the two other cases 
(Fig. 5(a) and Fig. 6(a)) corresponding to higher 
optical densities. 

The shape of Fig. 4a can be understood by a com- 
parison of the wavelength (frequency) modulation 
scheme displayed as curve a in Fig. 3 with the atomic 
absorption profile for an optically thin media (O.D. = 
0.001). The FWHM of an atomic absorption profile 
under optical thin conditions has been indicated by the 
double arrow marked r/in Fig. 3. One can (from curve 
a in Fig. 3) thus understand the origin of  the three 
uppermost peaks in the spectrum displayed as Fig. 4a 
(curve a in Fig. 3 crosses the 0 level at three instances, 
at 0.46, 0.50, and 0.54 s, respectively). It is also clear 
that the two peaks at approximately half the maximum 
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height in Fig. 4(a) originates from the local maximum 
and minimum at 0.38 and 0.62 s in curve a in Fig. 3. 

The situation shown as curve a in Fig. 3 (corre- 
sponding to the three uppermost curves in Figs 4 -6 )  
is, however, normally not typical for real experi- 
mental conditions but serves merely as an illustrative 
examples of the signal processing and behaviour in 

the 2 f - W M  modulation technique. A somewhat more 
realistic situation is shown by curve b in Fig. 3, in 
which the modulation amplitude has been increased 
to 4 GHz (i.e. Um,,J = 4 GHz). The three middle curves 
in the Figs 4 - 6  (i.e. (b) for each) correspond to the 
three systems of  atoms (i.e. with optical densities of 
0.001, 10 and 100, respectively) exposed to laser light 
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Fig. 5. Instantaneous absorption as a function of  time under optically thick conditions (O.D. = 10). The three curves refer to the same modulation 
conditions as those in Fig. 4. 

modulated according to curve b in Fig. 3. Since the 
HWHM of the Voigt profile is around 2.4 GHz in 
these simulations, this modulation amplitude is closer 
to that for which the signal takes its maximum value 
(which is m ~ 2.1-2.2 according to Silver [1]). One 
can in these three middle curves in Figs 4 - 6  still 
perceive the general absorption profile although the 
form of the curves are more complex. A close scrutiny 
of the curve in Fig. 4(b) shows that it consists of  7 
peaks of  virtually the same amplitude. Again referring 
to the wavelength (frequency) modulation scheme 
displayed as the curve b in Fig. 3, one can get an 
explanation for their origin (the laser frequency mod- 
ulation curve crosses the 0 level 7 times). Also the 
other modulation periods of  the curve b in Fig. 3 have 
parts that are within the FWHM of the absorption 
profile (which is marked by the letter ~ in Fig. 3). 
The other peaks (three on each side) in curve 4b 

thus originate from the 'close encounters'  in curve b 
in Fig. 3 (e.g. at 0.72, 0.82 and 0.92 s). 

It is also interesting to note that while the signal is 
fairly flat around the center frequency for an optical 
density of  10 for a small modulation amplitude (Fig. 
5(a)). a structure starts to be evident when the 

frequency modulation amplitude is larger (Fig. 5(b)). 
The modulation amplitude is, however, not sufficient 
to eliminate the flatness of  the case with highest opti- 
cal density (O.D. = 100), as can be seen in Fig. 6(b). 

In addition, in order to benefit the most from the 
wavelength modulation technique, the modulation 
frequency should be significantly higher than 10 Hz. 
Such a situation is displayed in the three lowermost 
curves (Fig. 4(c), Fig. 5(c) and Fig. 6(c)) which all 
refer to a situation in which modulation frequency has 
been increased to 1 kHz, still with a modulation 
amplitude of 4 GHz (i.e. f , ,  = 1 kHz and l',,oa = 

4 GHz). In this case, the time-dependent absorption 
signals are quite complex. From the case with low 
optical density, i.e. Fig. 4(c), it is difficult to appre- 
hend that this feature is due to one single transition 
(which however is somewhat clearer from the case 
with the higher optical densities, Fig. 5(c) and Fig. 
6(c)). 

3.4. The read-out process  

Fig. 7 shows the absorption profiles for both 
optically thin as well as thick conditions (i.e. optical 
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densities of 0.001, 10 and 100) for a frequency mod- 
ulation situation displayed as curve b in Fig. 3 
together with a 2f-reference signal (the upper curve 
in each figure) for illustrative purposes. Fig. 8 shows 
the Szf_x, g2f'_), and $2/- ,  signals (see Eqs. (11)-  
(13)) that result from a time integration of the product 
of the measured signal and the reference signal 

(corresponding to the output signals from the lock- 
in). The phase of the reference signals displayed in 
Fig. 7 has been chosen so that the integrated outputs 
correspond to the $2/-~, signals (according to Eq. 
(12)). As can be seen from Fig. 8, the $2f-3, signals 
are symmetrical around the peak of the absorption line 
and have (under low optical density conditions) their 
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Fig. 6. Instantaneous absorption as a function of time under optically thick conditions (O.D. = 100). The three curves refer to the same 
modulation conditions as those in Fig. 4. 

maximum values at the peak of the absorption profile 
while the S2f-x is virtually equal to zero for all times, 
whereby the S2f_~_signal ends up being equal to the 
absolute value of S2f_3.. 

It is now possible, from the curves in Fig. 7, to 
obtain an qualitative understanding of why the S2f-s 
signal from a single optical transition (e.g. that dis- 
played in Fig. 1) is composed of a positive peak 
flanked by two negative peaks under optically thin 
conditions. As can be seen by a comparison of the 
signal curve with the 2f-reference curve in Fig. 7(a), 
the signal curve and the reference signal are fully 
in-phase around the center frequency, giving rise to a 
positive S2y-~. signal, while they are fully out-of- 
phase a few GHz away (e.g. after 0.72 s), giving 
rise to a negative S2f-y signal. The S2f-r signal is 
often the practically preferred choice (in comparison 
with the $21_y signal) since it is independent of  any 
uncontrolled phase shift between the detector and 
reference signals. 

From an inspection of the two lowermost figures in 
Figs 7 and 8, it is clear why the 2f-signals decrease to 
zero close to the resonance frequency under optically 
thick conditions (the optical density of  the atom cloud 

is so high that no modulation of the signal is obtained 
at or around the center frequency). But, in the same 
way, it becomes clear that there is still a possibility to 
detect (and quantify) the density of  atoms by studying 
the signal shapes at the wings of the absorption 
profiles (despite an optical density of 100). One can 
also see (from Fig. 8(b)) that the S2f-r signal in fact 
consists of  four peaks, all symmetrically placed with 
respect to the center wavelength. The same is, of  
course, valid for the case represented in Fig. 8(c), 
although the two outermost peaks are placed outside 
the shown interval. This concept is investigated in 
more detail in a coming paper [12]. 

3.5. 2f-wavelength modulated signals 

3.5.1. The 2f-signals for various optical thicknesses 
Fig. 9 compares the second harmonic wavelength 

modulated outputs (the S2f-r signals) from absorption 
signals for a variety of  optical densities (from 0.1 to 
30). It is from this figure possible to study how the 
S2r-r signal transforms from a three peaked spectrum 
(for the lowest optical densities) to a four peaked 
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spectrum (for higher optical densities). One can also 
notice that the side maxima are moving outwards, the 
higher the optical density. Despite from the fact 
that it makes the spectra more complex, this can 
be used to quantify and characterize high optical 
density media. Hence, it vouches for a possibility 
to expand the dynamic range of the wavelength modu- 
lated laser-diode absorption technique towards detec- 
tion of higher atomic densities. An application of 
this process (applied to detection of ng amounts of 
atoms in graphite furnaces which give rise to very 

high concentrations of atoms under short time inter- 
vals) is considered in a separate paper [12]. 

3.5.2. The effects qf the modulation amplitude upon 
the 2f-signals 

As could be concluded from the examples shown in 
Figs 4-6,  the frequency modulation amplitude (index) 
plays an important role in the signal generation pro- 
cess. It is therefore of interest also to investigate the 
influence of the frequency modulation index upon 
various signals. 
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Fig. 7. Instantaneous absorption as a function of time for atoms under three different optical densities (0.001. l0 and 100 for (a). (b) and (c). 
respectively). The modulation conditions are those of curve b in Fig. 3. The upper curves in each figure are the 2f-reference signals (whose phase 
has been chosen as ~r/2, implying that the integrated output signals will correspond to the '~2t -, signals). 

Fig. l0 shows a number of 2f-signals ('~2f-r) for 
optical densities equal to 0.001, and l0 in Figs. 
10(a) and (b), respectively, for a variety of modulation 
amplitudes. 

From Fig. lO(a), which shows the case for optically 
thin conditions (O.D. = 0.001 ), one can see that the 2f- 
WM signal (S2f-r) first increases and then decreases 
(at the center frequency) as the frequency modulation 
amplitude is being increased (as previously has been 
pointed out in the literature by Silver [1]), with a 
maximum of the S2f-r signal for curve c which has 
a frequency modulation amplitude (4 GHz) corre- 
sponding to a modulation index of  m ~ 2.1 (which 
is in accordance with predictions [1]). It can also be 
observed that the signal becomes broader and more 
distorted as the frequency modulation amplitude 
becomes larger. In addition, for large frequency mod- 
ulation amplitudes (e.g. above 10 GHz), one finds that 
the maximum of the signal no longer is at the center 
frequency, but rather at the two satellite peaks, as can 
be seen from curve d. 

Similarly, Fig. 10(b) shows that for an optical 
density equal to 10, the maximum value of the S2f_r 
signal at the center wavelength is obtained for 
modulation amplitudes around 14 GHz. The latter 
amplitude also corresponds to a modulation index of  

about 2.1 (since the absorption profile for a distri- 
bution of atoms with an optical density equal to 10 
has a HWHM of about 6.6 GHz). This time, however, 
it should be observed that the profile consists of  
four peaks (and thus a minimum at the center fre- 
quency) for the lowest modulation amplitudes while 
it has a three-peak structure at higher modulation 
amplitudes. 

3.5.3. Curve-of-growth for 2f-wavelength modulated 
signals 

Fig. 11 presents the 2f-WM signal strengths (S2f_,.) 
as a function of optical density for a variety of detun- 
ings for three different frequency modulation ampli- 
tudes (Vm,,J = 4, 10 and 14 GHz, displayed as (a), (b) 
and (c), respectively). The six curves in each figure 
correspond to detunings of  the center frequency of the 
laser from that of the atomic species of 0, 2.5, 5.0, 7.5, 
10 and 12.5 GHz. 

The frequency modulation amplitude used in 
Fig. 1 l(a) gives the maximum signal at low optical 
densities (i.e. v,,,,d = 4 GHz and m = 2.1), while those 
in Fig. l l(b) and (c) (Um,d = 10 and 14 GHz, respec- 
tively) give maximum signals for higher optical 
densities (e.g. 14 GHz gives a maximum signals for 
O.D. = 10). 
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It can be observed from the figures that all the 
signals first increase with optical density, up to a max- 
imum value (whose position depends on the choice of 
detuning), after which they again decrease. Some of 
the curves (the ones for highest detunings for each 
frequency modulation amplitude) will experience 
yet another increase-and-decrease-cycle as a function 

of optical density. Hence, the curve-of-growth is far 
from a single-valued function as a function of optical 
density. This might at first be seen as an incon- 
venience but can be used to determine optical thick- 
nesses with high accuracy also for optical densities far 
above unit (as is discussed in more detail in the 
accompanying paper [12]). One can also notice that 
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Fig. 8. Second harmonic wavelength modulated outputs, i.e. 2f-WM signals (S2f- ~, Sat ,., a n d  S2f-r) (i.e. those that correspond to the 2f-output 
from a lock-in amplifier) that result from the modulation process involving the measured modulated absorption and the 2f-reference signals for 
cases similar to those displayed in Fig. 7 (with the only difference being that they have been modulated by a I kHz frequency, as those in Fig. 
4(c), Fig. 5(c) and Fig. 6(c)). For all curves, the $2! ~ signal is always equal to zero, whereas the 821' r signals are equal to the absolute value of 

the S2t ~' signal. 

0.150 

0.125 

0.100 

i 0.075 

o .o5o  

0,025 

0.000 

Center Frequency (GHz) 
-10 -5 0 5 10 

i i ! i ! 

i i i :: i - - - . - - e  

. . . . . . .  .... q 

0 0 .2  0 .4  0 .6  0 .8  1 

Time (s) 

Fig. 9.2f-WM (321 r) signals for a variety of optical densities. The eight profiles correspond to the following optical densities: curve a, O.D. = 
0.1 ; curve b, O.D. = 0.3; curve c, O.D. = 1 ; curve d, O.D. = 3; curve e, O.D. = 10; and curve f, O.D. = 30. The frequency modulation amplitude is 
4 GHz in all curves. 



1680 D. Rojas et al./Spectrochimica Acta Part B 52 (1997) 1663-1686 

C e n t e r  F r e q u e n c y  ( G H z )  

-10 -5 0 5 10 

0.00025 ~ ! ! 

a : . . . . . .  " ' - a  

i b  

0.00020 i .... ' " ' - ~ " C  ! 

"~ 0.00015 ' i : . .  . .  : .. : : : 
i , ¢ ' r  " ~ , . C  " C  " i 

/ " ,  / %  : i / . , ~ - " ' - . ~ . ~ . :  , ,  . " .  

," v : "  ?P"f d - I ~  , ' : ' , ;  ;'. 
0 . 0 0 0 1 0  ." , '  : : ; / ' ~ ; ' !  I | ;~('~.~ , : , ; ~. 

C',,I t a : I / . I l l  : I | '1 ' ,  • I " ' i " 

• : J - I : J : l  ~: 
," , : ' , I : , "  ; ~  I ' ~ I ' ,  ~ . \ ,  :, ,: ,4 

..... " i I / /:'.... ..... I / '., ".,',L, ..... " ..... ? 0.00005 ,: :~, : : t : ,  
a i'm : i : ' ~ ' ~  

0.00000 
0 0.2 0.4 0.6 0.S I 

Time (s) 

Center Frequency (GHz) 

-10 -5 0 5 10 

0 . 2 5  L ' ' I 1 . ' I ' ~ ' ' ' q ' 

b : i : . . . . . .  " ' - a  

0.20 i ' : " . ~ . = -  " ! ! --~-:=- 

-~ 0.15 
" -  : : : . , '  i "  i ~, , .  i : 

= _ .... ,." ,.., / \ : '... ,:,,, 
0.10 

t'N 
_ ~ ¢ " ' ~ o  : ,' / \ , : ~ . ~ "  _ 

:,.% I -'. ',/.i. 0.05/::' , ,  ~ F "  ....... "';'., , ' :~  
i i /  ,; 

0 . 0 0  

0 0.2 0.4 0.6 0.e I 

T i m e  (s)  

Fig. 1 0 . 2 f - W M  (3"~! ,.) signals for  a var ie ty  o f  modula t ion  ampl i tudes  for optical densit ies equal  to 0 .00 l  (a) and 10 (b). The  var ious  cu rves  in 

the two  figures co r respond  to the fo l lowing  modula t ion  ampl i tudes  (with  modula t ion  index within  parentheses) :  (a) cu rve  a, ~,,,,~ = 1 G H z  

(m = 0.5); curve  b. ~,,,,~ = 4 G H z  (m = 2.1 ): curve  c, ,,,,~ = 8 G H z  (m = 4.2); curve  d, ~,,,,,,/= 10 G H z  (m = 5.2); (b) curve  a, e,,,,~t = 4 G H z  (m = 0.6); 
cu rve  b, v,, ,a = 8 G H z  (m = 1.2); cu rve  c, p,,,,,,/= 14 G H z  (m = 2.1 ); cu rve  d, ~,,,,,,~ = 18 G H z  (m = 2.7). 



D. Rojas et al./Spectrochimica Acta Part B 52 (1997) 1663-1686 1681 

the curve-of-growth increases and decreases most 
rapidly for the resonant case (i.e. for the curves a in 
each figure). 

The origin of  the dual-valued functionality of  the 
lowest detuning curves can be understood by an 
inspection of Fig. 9. At the center frequency, one 
can clearly see that the signal first increases with opti- 
cal density (up to a maximum which for Fig. 9 is 
represented by curve d, i.e. an O.D. of  3) after 
which it decreases again. The reason for the decrease 
is, of  course, that the absorption profile is broadened 
to such an extent that its curvature (at the atomic 
transition frequency) starts to decrease. The same 
argument holds for curve b in Fig. l l(a), i.e. for a 
frequency modulation amplitude of 4 GHz and a 
detuning of 2.5 GHz. 

The fact that the other curves c - f in  Fig. 11 (a) show 
yet another increase-and-decrease-cycle as a function 
of optical density can also be understood from a com- 
parison with Fig. 9. Taking curve c in Fig. 1 l(a) as an 
example (with a detuning of 5 GHz) one can from 
Fig. 9 see that the first increase-and-decrease-cycle 
has the same origin as those of  the curves a and b. 
As the optical density increases, however, the width of 
the absorption profiles increases (as is illustrated in 
Fig. 2) whereby the zero point of  the S2f-,, signal 
(which is the point at which the S2f-y signal crosses 
the x-axis, i.e. changes sign) will move 'outwards '  
(i.e. towards larger optical densities). As the optical 
density increases, this S2f-r zero point position will 
eventually take the value of the detuning, after which 
it will continue 'outwards' .  This thus explains the 
extra minimum in the S2f-r signal-vs-optical density 
curves for the cases with highest detunings in Fig. 11. 
One can also conclude that dual increase-and- 
decrease-cycles will appear whenever the detuning 
is larger than the HWBL (Half Width at the Base 
Line) of the S2f-r signal at low optical densities. 

This also explains the finding that the onset of dual 
increase-and-decrease-cycles takes place for higher 
detunings for larger frequency modulation amplitudes 
(Fig. 10 clearly shows that the HWBL of the S2f-r 
signal increases with increasing modulation amplitude). 
Fig. 11 (b) shows that the 5 GHz detuning produces only 
a single increase-and-decrease-cycle for a frequency 
modulation amplitude of 10GHz,  while Fig. l l(c), 
shows that the same is valid for a 7.5 GHz detuning 
for a frequency modulation amplitude of 14 GHz. 

Fig. 12 shows the 2f-WM signal strengths (3"2f-r) as 
a function of optical density for a variety of  frequency 
modulation amplitudes (i.e. Umod) for four different 
detunings (u,. = u0, uc = Uo + 2.5, u,. = p0 + 5, and 
u,, = Uo + 12.5 GHz, displayed as (a)-(d),  respectively). 

Fig. 12 shows a similar behaviour to that in Fig. 11. 
The signals first increase with optical density to a 
maximum value (whose position depends upon the 
modulation index as well as the center frequency) 
after which they start to decrease again. As for Fig. 
11, the curves with largest detuning (i.e. preferably 
those in Fig. 12(d)) show an additional increase-and- 
decrease-cycle (i.e. they have an extra minimum). 

A close analysis of  the low optical density region 
indicates that the 2 f W M  signal strength increases 
linearly with mass up to an optical density of  0.10. 
The reason for this is that the width of the effective 
absorption profile increases only by 3.5% for optical 
densities between 0.001 and 0.1. This implies that 
there will be a negligible variation on the effective 
modulation index for a given frequency modulation 
amplitude. This is the limiting case where the 
exponential in the expression for absorption Eq. (3), 
i,e. exp( - x), can be approximated by 1 - x, wherefore 
the signal, both the pure absorption signal and the 2f- 
WM (S2f-r) signal, will have a linear dependence 
with mass, which makes the second harmonic tech- 
nique so useful for detection of ultra-trace amounts of 
analyte. 

For the curves with no extra minimum the position 
of the maximum moves to higher optical densities the 
larger the frequency modulation amplitude. Again, a 
comparison with Fig. 9 explains why. 

The extra minimum for some of the curves have 
the same origin as the minima in Fig. 11, i.e. the 
fact that the curves a and b in Fig. 12(c) have an 
extra minimum is that they refer to situations in 
which the frequency modulation amplitudes are so 
low that the HWBL in Fig. 10(a)is smaller than the 
detuning (in this case 5 GHz). The minima in Fig. 10 
will move 'outwards '  with increasing optical density 
(as can be seen from a comparison of Fig. 10(a) 
and (b)) thus resulting in the minima in Fig. 12(c). 
This also explains why all curves displayed in 
Fig. 12(d) (for which the detuning is significantly 
larger, 12.5GHz) have an extra minimum (all 
curves in Fig. 10(a) have their minimum within 
12.5 GHz). 
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4 .  Conclusion 

We have in this paper investigated the use of the 2)"- 
Wavelength Modulation (WM) technique for detec- 
tion of atoms under optically thin as well as optically 
thick conditions so as to assess the possibilities to 
utilize the technique also for detection of higher 
concentrations of species, i.e. for enlarging the 
dynamic range of the technique. Since no closed solu- 
tions exist for the signals strength of the 2 f - W M  signal 
for non-thin optical conditions, the entire process of 

laser light modulation, the atomic absorption and 
signal convolution has been simulated by the use of 
a computer program. 

We have described, in detail, the origin of the 
ordinary three-peak structure of the 2 f - W M  (S2f-r)  
signal (for a tuning of the center frequency of the 
laser light, around which it is rapidly modulated). 
The simulations clearly show that this three-peak 
structure transposes into a four-peak structure (with 
a local minimum at the center frequency) when higher 
masses are detected (i.e. for higher optical densities). 
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Fig. 1 l. 2j':WM signal strengths (,~2! r) as a function of optical density for a variety of detunings for three different frequency modulation 
amplitudes (v,,,,a = 4, 10 and 14 GHz for (a), (b) and (c), respectively). The six curves in each figure correspond to detunings of the laser center 
frequency from that of  the atomic species of 0, 2.5, 5.0, 7.5, 10 and 12.5 GHz (marked with a, b, c, d, e, and f, respectively). 

If the modulation index is optimized for the limit 
of low optical densities, as for trace element ana- 
lysis, the 2f-WM ('~2r-r) signal at resonance is a 
linear function of mass for low optical densities. For 
higher masses, however, a deviation from linearity 
results as a consequence of the broadening of the 
absorption profile. This effect will eventually result 
in a decrease of the signals with increasing mass 
(for sufficiently high optical densities, the 2f-WM 
(S2f-r) signal strength at the center frequency will 
even decrease to zero). It is explicitly shown that 
the 2f-WM (S2f-~) signal strength is not a single 
valued function as a function of optical density 
(since it has a maximum value). 

A dual-valued function always appears whenever 
the detuning is sufficiently small, i.e. smaller than 
HWBL (Half Width at the Base Line) of the 2f-WM 
('~2r-~) signal under optical thin conditions. For larger 
detunings, the 2f-WM (S2f-r) signal strength is still a 
dual-valued function for high enough frequency 
modulation amplitudes. For larger detunings in com- 
bination with low frequency modulation amplitudes, 
the 2f-WM (S2f-r) signal strength is a quadrupled- 
valued function of optical density. 

This behavior, which first might look awkward, can 
however, be used to enlarge the dynamic range of the 

2f-WM (rS2r_r) technique. The details of this, 
however, is studied in a separate paper [12]. 

Despite this, we have shown that it is possible to 
utilize the 2f-WM technique for detection of atoms 
under condition of high optical densities either by 
detuning the laser center frequency (around which 
the frequency is rapidly modulated) or by using 
increased frequency modulation amplitudes. If an 
increased frequency modulation amplitude is used, 
however, (thus optimized for a high optical density) 
a lower sensitivity will be obtained in the low optical 
density region. 

In conclusions, we have shown, which is of highest 
importance, that the 2f-WM ($2r-2) technique allows 
the detection of atoms also under optically thick con- 
ditions that cannot be handled by direct measurements 
of the absorption at the central wavelength. 
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Appendix A: Calculations of the Voigt profiles 

The Doppler width (HWHM), AUD, is given by the 
expression 

AUD-----t~'3.58 10_ 7 T (A1) 
m..,,,, 

where t, is the frequency of the light (in Hz, i.e. c /h) ,  T 

is the temperature (in K) and the M,, ,m is the mass (in 
units of u) of the atom (Eq. 3.11.14 in Ref. [16]). The 
specific values of the various entities are given in the 
Table. 

The collisionally induced width (HWHM), At, L, is 
given by (Eq. 3.9.11 in Ref. [16]) 

kcoll 
Av:. - (A2) 

27r 

where k,,t: is the total collision rate (in Hz), given by 
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Fig. 12 .2 fWM signal strengths (Szl ,) as a function of optical density for five different frequency modulation amplitudes (U,,,,d = 2, 4, 10, 14 
and 18 GHz for the curves a. b, c, d. and e, respectively) for four different detunings, 0, 2.5, 5. and 12.5 GHz (for (a), (b), (c), and (d), 
respectively). 

( E q .  3 . 1 0 . 5  in R e f .  [ 16 ] )  

k,.oll = Phu#O~O,.oll U~el ( A 3 )  

w h e r e ,  in t u r n ,  Pb,¢~r is t h e  d e n s i t y  o f  b u f f e r  g a s  

s p e c i e s  ( m - 3 ) ,  g i v e n  b y  

P 
Phdf~r = ~ ,  ( A 4 )  

o,.,,u t h e  c o l l i s i o n a l  c r o s s - s e c t i o n  ( m 2 ) ,  a n d  u m  t h e  

r e l a t i v e  v e l o c i t y  b e t w e e n  t h e  a t o m s  a n d  the  b u f f e r  

g a s  s p e c i e s ,  

_ / 8 R T (  1 1 

Vre I -- V ~ -  Matom + - -  ( A 5 )  M b d m  ) 

T h e  v a l u e  o f  t h e  c o l l i s i o n a l  c r o s s - s e c t i o n  h a s  b e e n  t a k e n  

as  2 5 0  10 20 m 2, w h i c h  c o r r e s p o n d s  f a i r l y  w e l l  to  

p u b l i s h e d  v a l u e s  f o r  R b  in f l a m e s  (p.  7 4 5  in R e f  [15] ) .  



1686 D. Rojas et al./Spectrochimica Acta Part 

In the equations above, P is the pressure of the 
buffer gas species, k Boltzmann's constant (1.38 × 
10-23j/K), and R the molar gas constant (8314J/ 
(K kmol)). 

The combined Voigt function can then be 
expressed (Eqs. 3.12.3-3.12.5 in Ref. [16]) as an 
integral as 

1 b 2 f~ e -y2 

V(u) - 7r,~/2 ~-ut, J-:~/(a(~) +y)2 +bzdy (A6) 

where a(v) and b are given by 

a(p)=/V~n2 ~, °~-u (A7) 
/XUD 

and 

b--/v'~n2 A~DL. (A8) 
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