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Abstract-An explicit expression for the intensity of atomic resonance fluorescence as a function 
of atomic concentration in a flame is derived under certain idealized conditions. The expression 
is generally valid for a pure Doppler absorption line profile as well as for a combined Doppler 
and collisional broadened profile (Voigt profile) of the absorption line in the entire range of 

concentration values. 
The expression derived was used to calculate analytical curves for a number of different 

values of the ratio of collisional line width to Doppler width. The calculations were carried out 
for a single resonance line in the extreme cases of a very narrow exciting line source and a 
continuum radiation source, respectively. 

Furthermore, a method is given to determine the so called damping parameter “a” and the 
fluorescence yield factor p from the asymptotic behaviour of the analytical curves if the actual 
atomic flame content at the intersection point of the initial and final asymptote is calibrated. 

IN flame fluorescence spectrometry, the intensity of fluorescent emission is measured 
when the ground state metal atoms in the flame are excited by the absorption of 
radiation of the proper frequency emitted by an external background source. The 
intensity of this re-emission may be used as a measure of the atomic content in the 
flame. 

WINEITORDNER et al. [1, 21 have shown that atomic fluorescence flame spectrom- 
etry can be successfully used for the determination of several metals in the part- 
per-billion range. Recent investigations by VEILLON et al. [3] have demonstrated, 
that not only line sources, but also continuum sources are useful in this method of 
flame spectrometric analysis. 

In order to determine the influence of different absorption parameters on the 
shape and the relative positions of the analytical curves (i.e. curves in which the 
fluorescence intensity is plotted vs. metal salt concentration), a detailed theoretical 
treatment is necessary. WINEFORDNER et al. [4] have made an initial attempt to 
derive a general expression for the shape of these analytical curves. However, their 
formula’s do not express the intensity of atomic fluorescence in relevant absorption 
parameters for the case of a mixed absorption line profile, where collisional broaden- 
ing is not negligible with respect to Doppler broadening, and no calculated analytical 
curves are shown in their paper. 

[lj J.D.WINEFORDNER ~~~T.J.VICPERS, AnaLChem. 36,161 (1964). 
[2] J. D. WINEFORDNER and T. J. VICKERS, Anal. Chem. 36, 1939 (1964). 
[3] C. VEILLON, J.M. MAHSFIELD, H. L. PARSOXS and J. D. WINEFORDSER, AnaLChem. 33, 

204 (1966). 
[4] J.D. WINEFORDNER, H.L. PARSOSS,J.M.MANSFIELD andW..J.M~C~~~~~,Spectrochim 

Acta 23B, 37 (1967). 
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In this paper, however, a general explicit expression has been derived under 
idealized conditions for the integrated resonance fluorescence intensity, that is 
emitted through a small solid angle dw in the direction perpendicular to both the 
existing light beam and the flame axis (see Fig. l), as a function of atomic concen- 
tration in the flame. From this expression, which is valid for a pure Doppler line 
profile as well as for mixed line profiles, analytical curves were calculated (see Fig. 2) 
for a number of different values of the so-called* “u-parameter”. For simplicity 
these calculations are carried out only for a single absorption line (hyper-fine 
structure is not taken into account) in the limiting cases of a very narrow background 
line source and a continuum source, respectively. 

The exciting line is supposed to traverse the flame as a parallel homogeneous 
beam with rectangular cross section u = 21 x 21’, which intersects the flame axis 
at right angles (see Fig. 1). The dimension 21 of this cross-section is indicated in 
Fig. 1, whereas 21’ represents the dimension of (T measured along the direction 
perpendicular to the plane of drawing. Furthermore, it is assumed that there is a 
uniform distribution of ground-state atoms throughout the square cross-section of 
the coloured inner flame. This coloured flame part is supposed to be surrounded by a 
metal-free burning mantle flame in order to guarantee a uniform temperature 
distribution in the inner flame. For brevity we will indicate in the following the 
coloured inner flame by “the flame”. Moreover, re-emission of self-absorbed 
fluorescence radiation will be disregarded. 

1. GENERAL EXPRESSION FOR RESONANCE FLUORESCENCE INTENSITY 

Under the conditions mentioned in the Introduction, the integrated energy 
absorbed per second by the layer of absorbing atoms in the element of volume 
21’ du dx (see black spot in Fig. 1) can be written as 

s 

m 
21’ du dx Iv’% exp ( - “9) dv, (1) 

0 

where I, is the radiation flux of the exciting light beam expressed as energy per unit 
time at frequency v per unit area and per unit frequency interval; K, dx = #?J, dx 
is the fraction of energy absorbed at frequency v when the exciting light beam 
travels over a distance dx in the flame; No is the ground-state atom concentration 
in cm-3 and K, is the absorption coefficient (in cm-i) at frequency v. The intensity 
of the observed fluorescence radiation dE, emitted by this layer in a direction per- 
pendicular to the direction of the exciting light beam through a small (see discussion) 
solid angle dw is equal to 

dE, =~[21’dudz~m~~dvK,e-‘YZ][~*p~~.exp{--x,.(~ -Z+u))]dv’, (2) 

where exp {-K,@ - I + u)} accounts for the loss in fluorescence intensity due to 

* The damping parameter “a” is proportional to the ratio of collisional line width to Doppler 
width [5]. 

[5] C. G. MITCHELL and M. W. ZEMANSXY, Resonance Rad. and Ex. Atoms, 2nd Edition. 
Cambridge University Press (1961). 
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self absorption in the flame; p is the fluorescence yield factor (see Refs. [S-S]) i.e. 
the fractional probability that an excited atom loses its energy by radiation of a 
photon before it suffers a quenching collision ; a,, dv’ is the probability of a re- 
emitted photon having a frequency- between v’ and v’ -/- dv’- (ur, represents the 

0 --Ax 

Flame 

AX u 

dw 

observed fluorescence radtotlon 

Fig. 1. Part of square flame cross section, as seen from above. The co-ordinate 2, 
varying between 0 and 2L, measures the distance (in cm) from the flame border 
(x = 0) to the considered element of volume 21’ du dx (indicated with a black spot 
in the figure) along the direction of the exciting beam. 21’ is the beam dimension 
perpendicular to the plane of drawing. The variable u, varying between the 
integration limits 0 and 21, fixes the position of the element of volume in the 

direction of the observed fluorescence radiation. 

normalized shape of the spectral line when not distorted by self absorption, i.e. 

s 

00 
CC,, dv’ = 1) and L is half the flame thickness. According to the classical theory, 

$e have (5) 

9 = f+L !3-!- 
lo2 g1 AN, Kv’7 

where go and g, are the statistical weights of the ground (0) and upper (1) energy 
levels involved in the absorption transition, respectively; A is the transition 
probability in s-l for the transition under consideration, 1, is the central wavelength 
of the emitted fluorescence radiation. The validity of this relation can safely be 
assumed in atmospheric flames since ORTHMANN and PRINGSHEIM [9] have shown 
that even under conditions of lower total gas pressure, the frequency distribution of 
resonance radiation emitted at right angles to the direction of the exciting beam is 
independent of the spectral shape of the exciting line. 

[6] H. P. HOOYMAYERS and C. TH. J. ALKEMADE, J. Quant. Spectry Radiative Transfer 6, 510 
(1966). 

[7] H. P. HOOYMAYERS and C. TH. J. ALKEMADE, J. Quant. Spectry Radiative Transfer 6, 847 
(1966). 

[S] H. P. HOOYMAYERS, Thesis, Utrecht (1966). 
[9] W. ORTHMANN and P. PRINGSHEIM, 2. Phys. 35, 626 (1926). 
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Making use of equation (3) and performing the integration over x and u between 
the limits 0 and 2~5, and 0 and 21, respectively, we obtain for the total outgoing 
radiant flux of the fluorescent radiation observed* 

35. 90 O” EF = g 21’~ ~ - 
s NJJo2gi 0 

rV(1 - e- x~2z) d,Sum eXp [-K& - E)] 

- exp [ -Kv@ + Z)] dv’. (4) 

We now introduce the dimensionless variable 5 = K& ( = const N,,L) ; Kg is the 
maximum value of the absorption coefficient, K,, when Doppler broadening at 
flame temperature alone is present. We then arrive at the following relation 

du, Ll O” 
E, = 4n ap Av~(?T In 2)-lj2 7 r 

s 
o QY)@ - exp (-POE)) dy 

X~~[l-e~~(-P(y’)S(1+~))-(l-exp(--P(y’)E(l-~)])]dy’, (5) 

where y stands for the dimensionless frequency difference 2(v - vo) 
A% 

(In 2)1/2; 

It should be realised, that changing the integration variable v into y, the integration 
limits will change from (0, co) into (-co, co). In this paper however, we have 
maintained the integration limits (0, co) for the variable y by adding a factor 4 to 
the right hand side of equation (5). In equation (5), v. is the central frequency of the 

spectral line considered. Ay, =d(yln2)l’l is the Doppler half-intensity 

breadth at flame temperature T, and m is the mass of the absorbing atoms in the 
flame. cr = 21 x 21’ is the cross section of the exciting beam. The value of Kg is 
given by 

22/(ln 2) Jo2 
-AN,:, and P(y) =~=~ 

s 

co eAa dt 

Ko = Av&rr 8~ 7r 0 u2 + (y - ty ’ 

where? 

a = 2 (In 2)lj2 
D 

* This general intensity expression for resonance fluorescence differs from the expression 
reported by WINEFORDNER et al. [4]. The expression for their factor f, essentially differs from 
our latter integral in equation (4) for & Voigt profile of the absorption line, though this integral 
just as f, accounts for the loss in intensity of the fluorescence radiation, when this radiation 
travels in the flame on its way out. Moreover, it should be noted, that the factorf, introduced by 
Winefordner et al. is not given in a closed form but as a series expansion, so that even in the case 
of a pure Doppler line profile, the behaviour of this factor for high metal densities can hardly be 
investigated, because of the increasingly large number of terms that has to be considered. 

t In the definition of the a parameter we have neglected the term (l/p)@/%), which makes 
allowance for the broadening effect due to quenching collisions, in comparison to Av, (see Refs. 

[5, 71). 
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and Av, is the Lorentz half-intensity breadth (see Refs. [5] and [lo]). P(y) describes 

the normalized spectral shape of an isolated resonance line in an infinitesimal slab 
of vapour, due to both Lorentz broadening and Doppler broadening. In the case 
where the absorption line breadth is of the same order as the breadth of the exciting 
line, the evaluation of E, is difficult and requires detailed information about the 
frequency distribution of the exciting line, too. However, for the limiting cases of a 
very narrow line source and for continuum sources such as xenon arcs in combination 
with a monochromator (see VEILLON et al. [3]), the exact profile of the exciting line 
is not important for the evaluation of E, as a function of E and the damping param- 
eter a. 

3.1 CASE OF CONTINUUM SOURCE (source line half-width is large 

compared to absorption line half-width) 

For a continuum background source, I(y) in equation (5) is virtually constant for 
all relevant frequences and may be replaced by I,,, where I(y) = I, for the central 
frequency of the absorption line in the flame. Then equation (5) may be written as 

EF g.IO~AvDi(&)p) =~~~~m{l -exp[--2tP(y)]}dy 

xirn[l -exp(-P(y’)t(l -k)) - (1 -exp(-P(yr)6(1 -$])]dy’. (6) 

The double-logarithmic plot of 

E, 
I 

as a function of E = const. N,,L represents the theoretical analytical curve. The 
analytical curve, defined as the double-logarithmic plot of the meter deflection 
corresponding to the re-emitted fluorescence radiation versus metal concentration 
in the sprayed solution, can be obtained from the corresponding theoretical curve 
by a shift of this curve parallel to the axes of plotting, excluding ionization and other 
causes of bending. 

In the numerical evaluation of the right hand side of equation (6) we used the 
tabulated results of curve of growth calculations, which were carried out by VAN 
TRIGT et al. [lo] with the aid of an electronic binary computer. They have tabulated 
accurate values (relative error less than O-1 per cent) of the integral 

s 
m{I - exp [-K&‘(Y)I) dy 

0 

in the range N,,fL(ln 2)‘J2/7r Av, = 2, . . . , 9600 s cm-2 for a series of a-parameter 
values ranging from 0.0 to 5.0. Here f (which is related to A (Ref. [5]) represents the 
oscillator strength of the spectral line considered. Using the equality 

N,fL(ln 2)l12/7r Av, = 10.636 (7) 

[lo] C. VAN TRIGT, TJ. HOLLANDER and C. TH. J. ALKEMADE, J. Quant. Spectry Radiative 
Transfer 5, 813 (1965). 



572 H. P. HOOYMAYERS 

which relates the abscissa values used by van Trigt to the quantity t = const. N,, 
as introduced in this paper, the theoretical analytical curves are easily computed 
from van Trigt’s results with a relative error of about O-5 per cent for 0 Q l/L < 1, 
for 
0.1 

all u-parameter values used in their calculations, and for 5 ranging from about 
to 103. As an example, in Fig. 2 the theoretical analytical curves are plotted for 

01 1 10 lo* 

Fig. 2. some theoretic81 8mdytical curves for 8 single spectral line in the c8se of & 
continuum bmkground source. The value of Z/L is equal to 0.26 rend the a-par&m- 
eter values 8re 0, 0.4, 1-O and 5.0 respectively (8s indicated in the figure). The 
f&d asymptotes 8re calculated from equation (11). The ordinate values in this 
figure am proportional to the meter deflections corresponding to the fluorescence 
radia.tion power while the abscissa values are proportional to the metal concen- 

tration No in the fl8me. 

four different a-values and for S/L = 0.25. The corresponding doublet curves are 
easily computed from these singlet curves, when no overlap occurs between the 
doublet components [lo]. 

From the plots in Fig. 2 we learn that E, becomes independent of metal con- 
centration in the high density case, i.e. the analytical curves should reach a horizontal 
asymptote for an exciting light source with continuum spectrum. This result agrees 
with the shape of the experimental analytical curves of zinc and cadmium for high 
atomic densities, as obtained by VEILLON et al. [3] with a 150 W Xenon arc continuum 
exciting source. 

Low density mse 

In the low density limit (small 5 values) 
s 
Oa{l - exp [-25P(y)]} dy can be 

m 
approximated by 25 P(y) dy, while the same type of approximation can be used 
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for the self-adsorption term in equation (6). Furthermore we generally have 

s m Kdv=!!?~Ay =: 
0 y 8ngo lo 2 

Ko AQ-,, 

whatever physical processes are responsible for the frequency distribution of the 

s 

m 
absorption line, so that P(y) dy = d77/2. In the low density limit equation (6) 

0 

may thus be replaced by 

E, 
I 

(8) 

From equation (8) it can be concluded that in the low density limit, E, should vary 
linearly with atomic concentration and consequently, under certain conditions 
(Ref. [lo]) linearly with the solution concentration of metal salt introduced into the 
flame. The latter conclusion agrees with the results of experiments on resonance 
fluorescence performed by WINEFORDNER et al. [2]. 

High density case 

In the high density limit (large values of 5) we may use the well-known 
approximation 

s Om (1 - exp [25RdJ} dy - ~/(2&~/n). (9) 

When inserting this approximation in equation (6) for the absorption term and the 
same type of approximation for the self-absorption term, equation (6) may be 
replaced by 

E, 
I 

2 I,p CJ Au, d( z/in 2) N aJ(;Jij(l +&J(1 - ;)I. (IO) 

From equation (10) it can be seen, that when 5 tends to infinity, the theoretical 
analytical curves reach a horizontal asymptote, the ordinate of which is represented 
by the right hand side of this equation. This outcome agrees with the results of the 
numerical calculations for l/L = 0.25, presented in Fig. 2. In the limiting case of 
l/L = 1 (i.e. the total flame is irradiated by the excit,ing lamp), the right hand side of 
equation (10) may be replaced by Ba/dn. 

Using the series expansion d/(1 + X) = 1 + ix - x2/2 . 4 + . . . which is valid 
for x2 < 1, the ordinate value of the final asymptote can be expanded as 

+ ::;:“s:;o(;)4+...]. (11) 

The leading term of the series expansion approximates the left-hand side of equation 
(11) with an error tending towards zero when l/L decreases. It should be noted, that 

2 
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from this series expansion to l/L one may expect that the theoretical curves for l/L .G 
O-5 agree with the curves drawn in Fig. 2 (l/L = O-25) within a relative error of at 
most 2%. As a check we found that, when the right hand side of equation 6 was 
calculated for l/L = O-1 and 0.5 respectively, the agreement with the curves plotted 
in Fig. 2 was indeed within 2% in the whole range of [ values considered. Moreover 
it appears, that for l/L G 4 the ordinate value of the final asymptote can in good 
approximation be represented by a4(2/4 (the relative error is less than 1.5%). 

From this asymptotic value and equation (8) it simply follows that* 5, = a4(2/7~), 
where 5‘, is the abscissa value of the intersection point of the final and initial 
asymptote of the theoretical analytical curves [see Fig. 21. 

The determination of a and p 

The relation 5, = ad(2/n) enables us to find the a-parameter value, if the actual 
atomic flame content No at the intersection point of the asymptotes, Avg, and f 
[see equation (7)] are known or calibrated. 

Once the a-value has been determined, the value of the fluorescence yield factor 
p can be found from the ratio of the meter deflection corresponding to the re-emitted 
radiation power for large atomic densities and the meter deflection (under identical 
experimental conditions) attained when the phototube is illuminated directly by the 
exciting light source within monochromator band width of unit frequency interval 
[see equation (lo)]. This procedure for the determination of a and p from the 
analytical curves is especially suitable when we are interested in a and p values for 
different resonance lines of the same metal atom in a flame, because then only a single 
measurement of absolute atomic flame content N, is needed. For the determination 
of actual atomic flame content N, for a given metal concentration in the sprayed 
solution it is of advantage to use “the combinatory method” developed by VAN 

TRIGT et al. [lo]. This method, which is a combination of HINNOV’S [l l] curve of 
growth? method and the duplication curve? method followed by ALKEMADE [12], 

yields both the a-value and the actual atomic flame content. 

Asymptotic behaviour for a = 0 

For a = 0, i.e. in the case of a pure Doppler profile of the absorption line, P(y) 
changes into e-u’. When we use in that case the approximation (Ref. [13]) 

s 
m (1 - exp [- 2te+“]) dy N d(hr 24 (12) 

0 

which is valid for large &values, equation (6) in fhst approximation may be written 

* It should be noted that this relation deviates from the equation (Z&-A) reported in Ref. [4]. 
7 The “curve of growth” is the (usually double-logarithmic) plot of emission intensity against 

metal concentration. The “duplication curve” is the (usually double-logarithmic) plot of the 
“duplication factor” vs. metal concentration; the duplication factor is defined, apart from a 
normalization factor, as the relative increase in flame emission when a mirror is placed behind the 
flame. 
[Ill E. HINNOV ad H. KOHN, J. Opt. Soo. Am. 47, 151, 156 (1957). 
[IZ] C. TH. J. ALKEMADE, Thesis, Utrecht (1954). 
[13] A. UNB~LD, Phyaik der Stemmtmqtirm. Springer (1955). 
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as 

E, 
I 
2 do Av, + z)] -/[In E( 1 

In equation (13), 

can be replaced by 

z/On il(J[l + lni:.,“i] 

575 

1 _.. 
)I L . 

(13) 

which, in turn, may be approximated for large 6 by 

Inserting this expression in equation (13) and using the first two terms of the series 
expansion of In (1 * Z/L) we finally find that the right hand side of equation (13) 

can be reasonably approximated by 

(T5)-$1 + p& (?Py. (14) 

The relative error in this approximation being less than 5% for l/L < 0.25 and 
E > 1000. In other words for a = 0 the analytical curve behaves asymptotically as 
l/E where 5 is, again, proportional to the density of groundstate atoms. 

2.2 CASE OF NARROW LINE SOURCE (source line half-width is narrow 
compared to absorption line half-width) 

For an exciting line, the half-width of which is small compared to the absorption 

line half width, the integral 
s 

mIV(l - exp [- q2_L]} dv occurring in the general 
0 

expression for the intensity of resonance fluorescence [see equation (5)] may be 
replaced by the approximate expression : 

1 . (1 - exp [ --P,2&]). (15) 
co 

Here I = 
s 

I, dv stands for the integrated (over all frequencies) radiation flux of the 
0 

homogeneous exciting light beam expressed in energy per unit time and per unit 
area. Furthermore we have (see Ref. [14]) 

p E ~(v = 0) a s m e-g* 
dy =L s co 

0 
=- e-az--z2’4 dz = &( 1 _ erf a), 

KO 71 --ma2+y2 4 97 0 

[la] S. S. PENNER and R. W. KAVANAGH,J. Opt.Soc.Am.43, 385 (1953). 



576 H. P. HCIOYMAYERS 

where P, is the normalized peak absorption coefficient and erf a = 2/l/77 
s 

e-tZ dt is 
0 

the well known error function. Substitution of expression (15) in equation (5) yields: 

EF I do 
Xp21 _22/?t[ 1 

-l!g(l - exp [-P02S])/oa[l - exp (-P(y)6(1 + -.$) 

- (1 -exp(--P(?ot(l -t)))] dy. (16) 

Using the data tabulated by VAN TRIGT et al. [lo] we also have calculated some 
theoretical analytical curves in this case of a narrow exciting line source. The 
calculations were performed for Z/L 7 0.25 and for a = 0 ; 1.0 and 5.0 respectively, 
and are plotted in Fig. 3. 

1 L 7 

/ / 
/ 

- ~=~,Ld3nst.N~L 

oa- , IS 1111 I 
0-l 1 10 102 

Fig. 3. Some theoretical analytical curves for a single spectral line in the case of a 
narrow line source. The value of Z/L is equal to 0.25 and the a-parameter values are 
0, 1.0 and 5.0 (as indicated in the figure). The initial and final asymptotes are 
computed from equation (17) and (19), respectively. The ordinate values are 
proportional to the meter deflections corresponding to the fluorescence radiation 
power while the abscissa values are proportional to the metal concentration N, 

in the flame. 

Law density case 

As low-density asymptote we obtain, considering only the first two terms of the 
series expansion of exp (x) : 

E d F 
I 

f up21 = 6 . PO = tee”“(l - erf a). (17) ?r 
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It should be noted, that e” (1 - erf a) may be approximated by 1 for small a-values 
(a G 0.1) and by l/az/r for large values of the a-parameter (a > 5) (see Ref. [Sj). 
Equation (17) shows that in the low density case also for a narrow exciting line the 
intensity of atomic resonance fluorescence will be proportional to the metal con- 
centration in the flame. Furthermore, it appears that for a small but fixed E-value, 
the fluorescence intensity decreases with increasing values of the a-parameter. This 
outcome can be expected, because large a-values are associated with broad absorption 
lines and consequently with small values of the normalized peak absorption co- 
efllcient P,. The latter conclusion follows from the well-known fact that the 

integrated absorption 
s 

a~, dv is independent of the profile of K, [5]. 

0 

High density case 

In order to obtain the high-density asymptote we use the asymptotic approxi- 
mation given by equation (9) for the self-absorption portion of equation (16). This 
leads to the following expression 

1 (W)2 =- 
2 JC I( 

-& 1$-T+... _f_ 
1 2/l 

For l/L G $ this equation may be approximated (relative error less than 1% 

(18) 

by 

(19) 

ion of Realizing that 6 = const. No and that with narrow line sources, the absorp 
exciting radiation approaches lOOo/o and thus becomes independent of No, we can 
see from the result that for a constant amount of absorbed energy, the outgoing 
resonance fluorescence intensity behaves for a # 0 as 1 /z/No for No tending to infinity.* 
For the limiting case of l/L = 1, equation (18) changes into 

E d 
I 

co 

FG 
op2I = (20) 

Combination of the expressions for the initial and final asymptote [see equations (17) 
and (19)] yields a relation between the abscissa value 5, of the intersection point of 
the asymptotes and the a-parameter according toJr 

E,3/2 = ~!I($2)e-uz(l - erf a)-l. (21) 

For large a-values (a 3 5) we may use the approximation E, = ($)2/3arr1/6. For small 
values of the a-parameter the dependence of E, on a is rather weak (5, CC a’/“). It can 

* The asymptotic behaviour of the theoretical analytical curves for a continuum source and 
a # 0 can now easily be understood. For in that case, the absorbed primary energy increases for 
high metal densities with ~LV, according to the 1/N law, implying that the net intensity of the 
re-emitted fluorescence radiation becomes independent of 5 (i.e. of metal concentration) as has 
already been found (see Fig. 2). 

t It should be noted that this expression deviates from equation (26b) of Ref. [3]. 

[I51 W. FL~~CGE, !Cables of Transcendental Functions. Pergamon Press (1954). 
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be read from equation (21) that just as with a continuum source, accurate experimental 
determination of the mutual position of the asymptotes of the analytical curves will 
yield the relevant a-parameter, if the actual atomic flame content N, is known and 
vice versa. 

Asymptotic behuviour for a = 0 

In order to understand the asymptotic behaviour of the theoretical analytical 
curve in the high density case for a = 0, we once more apply equation (12). This 
leads for l/L G $ and 5 2 10s to the following asymptotic expression (relative error 

G 5%) 

From this equation it can be seen that in the case of high metal densities ER varies 

as 1/[52/(ln 611 h’ h w lc is nearly similar to the asymptotic behaviour of the analytical 
curve for a = 0 in the case of a continuum exciting source [see equation (lb)], 
since l/(ln t) varies very slowly with E. 

DISCUSSION 

It should be noted, that we used in our calculations the assumption that the 
profile of the emission coefficient a, is identical to the profile of the absorption 
coefficient K,. This is only true when the frequency at which a photon is absorbed 
and the frequency at which it may be re-emitted are uncorrelated. One may expect 
that this condition is fuElled when an excited atom suffers many perturbing adiabatic 
collisions during the actual radiative lifetime. From our earlier fluorescence experi- 
ments we know that the average number of such collisions per actual radiative 
lifetime lies between 15 and 120 for usual flames under atmospheric pressure [5, 71. 

From these results we learn that the assumption concerning the profile of a, and 
K, can safely be made. 

Consideration of the restrictions as to solid angle do 

In our calculations of the analytical curves for a continuum source and a narrow 
line source, we have made the assumption, that the fluorescence radiation is emitted 
thr0ugh.a small solid angle dw in the direction of the detector. In order to check 
whether this assumption is crucial or not, we consider a hypothetical experimental 
situation where the solid angle under which the detector views the flame is not 
actually small. 

Assume, for instance, that l/L --t 0 and that the angle between the extreme rays 
entering the detection lens, is about 30 degrees. Then these extreme rays will travel 
over a distance l-03 L in the flame before leaving the flame. In the high-density case 
this will result in values for EF for these extreme rays, which are about 1.5% less 
than those presented in Figs. 2 and 3 for rays parallel to optical axis. The deviation 
between the actual and plotted EF values tends towards zero when No decreases. 
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