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We present a detailed study of the curve of growth for the resonance 
transition of ground state atomic tin Sn(6s(3Pg + 5p2@,,)) at X = 286.3 nm. 
An experimental curve of growth is reported from resonance absorption 
measurements for the X = 286.3 nm transition on atomic tin vapour in equil- 
ibrium with solid tin in the temperature range T = 943 - 1238 K obtained 
using the method of phase sensitive detection. Expressing the extent of reso- 
nance absorption by the modified Beer-Lambert law 

Itr = 10exp{-tz(cZ)Y) 

or 

I* = 10exp(-ecr)r 

the logarithmic form of the experimental curve of growth yields y = 0.65 + 
0.02. This is found to be in good agreement with previously determined 
empirical calibrations for this transition derived from time-resolved reso- 
nance absorption measurements (7 = 0.64 + O-09 and 7 = 0.66 * 0.03). Curve 
of growth calculations, including the effects of nuclear hyperfine interaction, 
using the three-layer model are found to be unable to generate departures 
of this magnitude from the standard Beer-Lambert law employing sensible 
parameters in the model. This is entirely in accord with previous results of 
similar measurements on the resonance transition Pb( 7s(*z) + 6p2(!Pe)) at 
X = 283.3 nm. 

1. Introduction 

The relation between the extent of atomic resonance absorption and 
particle density is both of fundamental interest and of practical concern in 
kinetic measurements employing time-resolved attenuation of atomic 



resonance radiation. Departures from the Beer-Lambert law are generally 
expressed in one of two forms [ 11, namely 

or 

4r = Ioexp{-(EcZ)~) 

to take account of effects such as differing line shapes in the spectroscopic 
source and in the reaction system being investigated. From the kinetic view- 
point, a knowledge of 7 is required for analysis of first order rate measure- 
ments where the slope of a plot of ln{ln(1,#..)), against time is given by 
-yk’, where k ’ is the appropriate first order decay coefficient for atomic 
decay. 7 can be seen to be the instantaneous value of the slope of ln{ln(I,/ 
4,)) versus In c, where c is the atomic concentration, whether derived from 
an experimental calibration or from a calculated curve of growth [2] . In 
the absence of convenient absolute calibrations of atomic particle densities, 
such as in the N + NO titration [3] , a constant value of 7, which is deter- 
mined by empirical calibration [l] , is employed in time-resolved measure- 
ments. This is derived from a plot of ln{ln(&&)}(t = 0) for the particular 
resonance transition against the logarithm of the initial particle density of 
the photochemical precursor [ 4 - 7 ] . We have recently described [8] such 
empirical measurements for the resonance transition of atomic lead at X = 
283.3 nm (Pb(7s(3Pp) + 6p2(?P0))) [ 9, 10 J . The empirical procedure [ l] 
yielded 7 = 0.41 * 0.04 [8]. Phase sensitive detection measurements of 
J-,& at X = 283.3 nm as a function of the absolute atomic concentration of 
lead in equilibrium with solid lead [ll] yielded 7 = 0.54 * 0.01 181, clearly 
substantiating the conclusion that 7 is considerably less than unity. In this 
report we extend the investigations to measurements on resonance absorp- 
tion by atomic tin at X = 286.3 nm (Sn(6s(sPp) * 5p2(3P0)),gA = 5.3 X 10s 
s-l [9, lo] )_ Empirical and absolute calibrations of -y for the transition are 
compared with the results of curve of growth calculations which include the 
effects of nuclear hyperfine interaction. 

2. Experimental 

A detailed description of the experimental arrangement for measure- 
ment of the curve of growth for a resonance transition by an atomic vapour 
in equilibrium with the solid at high temperatures using the method of 
phase sensitive detection has been given for the measurements on atomic 
lead [8] . Two minor modifications should be noted. Obviously, a tin hollow 
cathode lamp was employed as the spectroscopic source (Pye Wnicam Sn 
lamp No. 61150, current 8 mA, voltage, 1100 V). In view of the lower 
vapour pressures of atomic tin in equilibrium with solid tin relative to those 
for lead [ 111 at a given temperature, the furnace windings around the 
absorption cell [8] were reconstructed for operation across the range T = 
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943 - 1238 K. Mass spectrometric measurements [12] clearly show that the 
concentrations of Snz can be neglected in the present investigation. 

3. Results and discussion 

3.1. Experimental measurement of y 
The empirical measurement of 7 [l] from time-resolved resonance 

absorption experiments on Sn(SaPe) following the pulsed irradiation of a 
molecule such as tin tetramethyl (SnMe4) requires the assumption of a linear 
relation between [Sn(5?P,,)] (t = 0) and an experimentally variable para- 
meter. Two independent measurements of 7 in different laboratories, involv- 
ing different assumptions, have been described for the region of optical 
densities typically encountered in single-shot time-resolved measurements 
and have yielded 7 values for the A = 286.3 nm transition which are in good 
agreement. Foo et al. [13] (Cornell University, Ithaca, U.S.A.) employed 
the assumption of a linear relation between [Sn(5?P,)] (t = 0) and 
[SnMeJ (initial) f or a given pulse energy and obtained 7 = 0.64 f 0.09 [13] . 

Chowdhury and Husain 1141 (Cambridge University, England) assumed a 
linear relation between [Sn(6aPo)] (t = 0) and pulse energy E for a fixed 
concentration of SnMe, and obtained 7 = 0.66 f 0.03 [X4]. Both sets of 
measurements employed microwave-powered spectroscopic lamps as sources 
of the resonance radiation. 

The detailed procedure for measuring 7 by resonance absorption 
measurements on an atomic vapour in equilibrium with the solid has been 
given elsewhere [S] . We must emphasize that these measurements were 
carried out with considerable care. Special attention was paid to thermal 
equilibration and temperature measurement at various points in the heated 
absorption cell, especially to ensure that the temperature in the main body 
of the cell on which the absorption measurements are carried out was about 
40 K higher than in the region of the solid in a side arm so that there was no 
deposition on the end windows. The vapour pressure employed was, of 
course, that commensurate with the lower temperature. The constancy of 
I0 at A = 286.3 nm from the hollow cathode source for the period of the 
experiment was carefully checked. As with the experiments on lead (81, the 
resonance absorption measurements on tin were carried out by making 
observations when the cell was both heated and subsequently cooled, and by 
taking measurements on different days. Hence, a plot of ln{ln(Z&&)) (X = 
286.3 nm) against ln [Sn(53Pc)] was constructed as shown in Fig. 1. This 
yields 7 = 0.65 + 0.02, demonstrating, by absolute calibration, that 7 is 
not unity and substantiating the empirically measured values of 7 [ 13,141. 
The agreement between the present measurement and the empirical 
measurements using microwave-powered lamps [ 13,141 indicates the 
relative independence of the result on the detailed nature of the resonance 
source. 
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Fig. 1. Experimental curve of growth for the absorption of resonance radiation at A = 
286.3 nm (Sn(Gs(%T) c SP’(~P~))) by tin atomic vapour in equilibrium with solid tin in 
the temperature range T = 943 - 1238 K. 

3.2. Curve of growth calculations 
We describe curve of growth calculations [Z] , i.e. the calculated 

relation between &,/II, and the atomic concentration c, which are presented 
here in logarithmic form for the purpose of comparison with the experi- 
mental curve of growth (Fig. 1). As with the analogous calculations on the 
resonance transition of Pb(6?P,,) [8] , we employ the three-layer model 1151, 
restricting the line shapes to Doppler profiles [8,16, 171 as the effect of 
Lorentzian broadening [16] will be very minor at the pressures employed 
in these experiments [8,18]. 

The line shape of the ~s(~PY) + 5p2(3p0)) transition includes the effect 
of nuclear magnetic dipole hyperfine interaction for the principal isotopes 
of tin with nuclear spin I. The isotopic abundances of this atom are taken to 
be as follows 1191: (I = 0) fl%n (0.9%), l14Sn (0.61%), l16Sn (14.07%), 
1f8Sn (23.98%), lmSn (33.03%), 12sn (4.78%) and ‘=Sn (6.11%); (I = $) 
‘15Sn (0.35%), ll’Sn (7.54%) and ‘lgSn (8.62%). The 3P0 ground state is 
unsplit (F = i) [20] . We neglect nuclear hyperfine structure in the minor 
isotope ll’Sn. To the best of our knowledge, the nuclear magnetic dipole 
hyperfine interaction constants A have not been reported for the isotopes 
in the 3Py state, although the ratio A( 117Sn(sP~))/A(11gSn(3P~)) = 0.9555 f 
0.0003 has been measured by level crossing spectroscopy [21]. For simpli- 
city in the calculation, we assumed equality between these constants and 
parameterized the system by a variable interaction constant A ascribed to 
an isotope of effective mass 118 and mean abundance 16.2% for the purpose 
of calculating a Doppler width. Similarly, for the remaining isotopes (83.8%) 
we employed a mean weighted mass of Sn(119.1). Various line Shapes were 
generated using for A(Sn(!PT)) the value measured for A(Pb(79T)) (8813 
MHz) [22,23] and values smaller and greater than this. However, the main 
component of the Sn(3Py + 3P0) transition is unsplit by nuclear hyperfine 
interaction. The isotopes characterized by I = 1 in this parameterized model 

3 give rise to two components, F(-, i 
tion of the standard +ection ru!e A.F = 0, + 

’ ) and “($,@O~$e Fz; ;gezp;za; 

then calculated from the weighted summation of the Doppler profiles for 
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Fig. 2. Examples of corn uter simulation of model line shapes for the atomic transition 
at k = 286.3 nm (Sn(6s( 4 T) 4 SPY)) for tin atom emission derived from a hollow 
cathode source showing separate Doppler profiles associated with individual nuclear 
hyperfine components_ The Doppler width was calculated for the mean atomic mass. 
The components were messured in Doppler widths at T= 600 K (by = 1686 MHZ) for 
the line centre taken exactly as at A= 286.333 nm. (A), (C), (E) Unreversed sources (J$ = 

0). (B), (D), (F) Partially reversed sources: Tx - 600 K; A$- 1686 MHz; 2’~ = 466 K; 

L%ZJg = 1376.6 MHz; & = Lx = 1 cm; nx = nx = 10” Sn atoms cm-‘. A(11?*%n(6s(%~))) 

(GHz): (A), (B) 4.406; (C), (D) 8.813; (E), (F) 44.06. 

the various nuclear hyperfine components contributing to the overall transi- 
tion. 

For the purpose of presentation, we need to note the nomenclature 
associated with the parameters described in the emitting (E) and filter layers 
(F) in the two-layer hollow cathode source (temperatures TE and Tv (TF < 
TE ), effective lengths & = &. and particle densities nE = nv [8] ) and in the 
absorbing medium (Tc, & and c), which have been described elsewhere 
[S, 16,17,18], The line centre v. is taken exactly at X = 286.333 nm [9, 
IO] which is sufficiently accurate for the sensitivity of the curve of growth 
to this parameter. All the integrations were carried out using the procedure 
of Gaussian quadrature [24,25] on the University of Cambridge IBM 370 
computer. 

Figure 2 shows some computer simulations of the total line shape for 
the Sn(%y + ?I?*) transition, for var%ous values of A(Sn(!E’T)), for unreversed 
and partially reversed spectroscopic sources using the chosen lamp para- 
meters (TE, Tv, nE = nv and & = Lv ). The abscissa is presented in units 
of Doppler widths for the mean atomic mass at 2’ = 600 K. The ordinate 
F(V) is the standard normalized intensity distribution function 16, 81 for 
the emission from the source, weighted according to isotopic abundance. 
The relative intensities of the hyperfine components are taken from the 
standard angular momentum relations given by Condon and Shortley [26]. 
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Fig. 3. Examples of calculated curves of growth for the tin atom at k = 286.3 nm 
(Sn(6s(3P7) + SP~(~P~))) . d In icating the effect of temperature in the absorption cell 

%.1I9 
= 15.5 cm) and the effect of nuclear hyperfine interaction in U7.UgSn(6s(3P:)). 

A( Sni3Py))) (GHz): (A), (B) 4.406; (C), (D) 44.06; (A), (C) unreversed sources; 
(B), (D) partially reversed sources, TE = 600 K, TF = 400 K, LE = LF = 1 cm, IIE = nF = 
10” Sn atoms cmB3. T K (absorption cell): n 943; l 1238. 

Figure 3 gives example of the curves of growth in logarithmic form for 
some of the lamp parameters given in Fig. 2 for the two extremes of tempe- 
rature used in the experimental curve of growth calibration (Fig. 1). As we 
have emphasized previously [8] , as with all such measurements on atomic 
vapours in equilibrium with solids, Fig. 1 is not strictly a curve of growth in 
view of the variation of temperature which should ideally be held constant. 
However, the effect of the Doppler width resulting from the limited 
temperature change on the curve of growth is seen to be negligible (Fig. 3). 
Similar curves of growth were obtained for the other lamp parameters given 
in Fig. 2, and further sensible variation in the parameters in Fig. 2 had no 
dramatic effect on the curves of growth. 

As with previous calculations of this type [8,17,18] , the slopes of plots 
of the type given in Fig. 3 are unity at low optical density in the linear 
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region and only become significantly less than unity, reaching values of 
about 0.5 and lower, at higher optical densities. Only unrealistic sets of 
spectroscopic lamp parameters will generate a slope of about 0.5 or lower in 
the low optical density region. Hence the three-layer model is too idealistic 
for generating a curve of growth in accord with the absolute atomic calibra- 
tion curve, as seen both for the Pb(69po) atom [S] and for the Sn(58P,) 
atom considered here (Fig. 1). Given the sensible agreement between the 
absolute curve of growth calibrations and the empirically determined y 
values both for the transitions involving Pb(6?Po) [S] and Sn(58P,) (refs. 13 
and 14 and this work), the three-layer model, by the same token, is not suffi- 
ciently realistic to describe kinetic systems designed for time-resolved 
resonance absorption spectroscopy. This conclusion, therefore, is not in 
accord with recent three-layer model calculations designed to consider colli- 
sional rate data for 0(21D2) 1171 derived from attenuation of atomic 
resonance radiation. 
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