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Summary 

The kinetic study of ground state bismuth atoms, Bi(64S$,2), has been 
investigated by time-resolved atomic resonance fluorescence at X = 306.77 
nm (Bi( 7 4P1 ,2)-Bi(6 4S$,z)) in the ‘(single-shot” mode following pulsed 
irradiation. Bi(64Sg,1) was generated by the flash photolysis of Bi(CH& in 
the presence of excess helium buffer gas and monitored as a function of time 
with various added bromine-containing molecules as reactants. Absolute 
second-order rate constants ka, (cm3 molecule-l s-l) (7 = 300 K; errors, 20) 
are reported for the removal of Bi(G”S$,,) by the following molecules: Brz, 
(5.3 + 1.8) X 10-13; CH,Bra, (9.0 f 1.3) X 10-15; CHaBr, (1.3 + 0.4) X lo-“; 
C2H5Br, (4.1 f 0.7) X 1O-i5; n-C3H,Br, (1.2 f 0.1) X 10-14. These results are 
compared with analogous rate data for the reaction of ground state lead 
atoms, Pb(63P,). We also present detailed calculations of radiation trapping 
using various models including the diffusion theory of radiation involving a 
characteristic mean free path of an emitted photon and a more generalized 
transport theory for the (Bi(74P,,2)-Bi(64SQ,2)) transition, including the 
effect of nuclear hyperfine interaction. Consideration is given in the present 
paper to radiation trapping calculations for atomic densities where the 
simplifying approximations resulting from the use of “low equivalent opaci- 
ties” break down. The results of these calculations are presented for various 
models which lead to relations describing the variation in the effective mean 
radiative lifetime with atomic density and the functional relationship be- 
tween fluorescence intensity and particle density. 

1. Introduction 

We have recently described an experimental arrangement for the kinetic 
study of ground state atomic bismuth, Bi(64S$2), generated by pulsed 
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irradiation and monitored by time-resolved atomic resonance fluorescence at 
X = 306.77 nm (Bi(74P,,2)-Bi(64Sg,2)) [ 11. This was employed for various 
kinetic measurements including the rates of the third-order reactions be- 
tween Bi + C2H, + He, Bi + O2 + M and Bi + NO + M (M = He, Nz and CF4), 
that of the second-order reaction between Bi and N20 and of the fluores- 
cence quenching cross sections of Bi(74P,,2) by the molecules employed in 
the kinetic measurements [l, Z]. These investigations followed earlier 
developments of this time-resolved technique when applied to Bi(64S$!,2) 
[33. The technique has also been modified in various forms for kinetic 
studies of the ground states of the other group V elements, Sb(54S$,2) [4], 
As(~~S$,~) [5], P(34S!,,) [6] and N(24S$,,) [7, 81. Connor et al. [9] have 
reported fluorescence quenching cross sections using integrated plate inten- 
sity measurements following the flash photolysis of bismuth trimethyl, 
Bi(CH&. However, to the best of our knowledge, the above time-resolved 
resonance fluorescence measurements and that reported by Husain and 
Slater [lo] using resonance absorption for the kinetic study of Bi + &Hz, 
CzH4 + M and reaction with NO, O2 and NzO constitute the summary of 
absolute rate measurements for ground state bismuth atoms. 

In this paper we describe a kinetic study of the collisional removal of 
Bi(64S&2) with the molecules Brz , CH3Br, CH2Br2, C2HSBr and n-CsHTBr 
using time-resolved atomic resonance fluorescence following pulsed irradia- 
tion. Absolute second-order rate constants are reported for the reactions and 
these are compared, where possible, with analogous rate data for the heavy 
group IV element, Pb(6 3P0), obtained by time-resolved resonance absorption 
measurements [ 111. We also present detailed calculations on radiation 
trapping [12] for the transition at h = 306.77 nm using various models 
including those pertinent to high atomic densities. The results of such 
calculations are used to estimate an effective mean radiative lifetime for the 
resonance transition in order to correct previous measurements that we have 
reported for collision cross sections describing fluorescence quenching of 
Bi(74P1,2) [ 1, 21 which were based on the use of the natural radiative 
lifetime (7, = 5.9 ns) [ 131 in the Stern-Volmer analyses. 

2. Experimental details 

The experimental arrangement for the kinetic study of Bi(64S!j,2), 
generated by pulsed irradiation of low pressures of Bi(CH3)3 in the presence 
of excess helium buffer gas and monitored by time-resolved resonance 
fluorescence in the “single-shot” mode at A = 306.77 nm (Bi(74P,,2)- 
Bi(64S!j,z), r, = 5.9 ns [13]), was essentially that described in detail previ- 
ously [ 1, 21 with some modification to the flash-lamp photolysis source. The 
flash-lamp was shortened by removing the metallic cylinder comprising the 
buffer volume between the pulsed discharge region and the Pyrex tubing for 
physical coupling to the metallic reaction vessel, with optical coupling via an 
LiF window. The reaction vessel itself, with the Cassegrain mirror for greater 
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light gathering power of the fluorescence signals, was unchanged. This closer 
optical coupling permitted concentrations of Bi(CHs)s at least one-tenth of 
those used hitherto [ 1, 21 to generate atomic densities of Bi(64SQ,2) suffi- 
ciently high for time-resolved atomic resonance fluorescence in the single- 
shot mode. Following the pulsed generation of Bi(64S$,2), the ground state 
bismuth atoms were optically excited to the Bi(74P,,2) state by means of the 
high intensity microwave-powered source (75 W; microwave generator, EMS 
Mircotron 200 mark 2; 2450 MHz) adapted [ l] to the design of Beenakker 
and Boumans [ 14 - 161 operating in the TMolo mode and employing sub- 
limed BiIs in a sealed quartz capsule as the source of the atomic resonance 
transition. The orthogonal arrangement for the flash-lamp, the spectroscopic 
source and the photoelectric detection system (EM1 photomultiplier tube 
9635QB; voltage, about 750 V) has been described previously. The reso- 
nance fluorescence signal was optically isolated with an interference filter 
(Oriel Corporation, U.S.A.; type 521-3130; transmission at h = 306.77 nm, 
about 8%). The resulting photoelectric signals representing the decay of 
resonance fluorescence were amplified without distortion [ 173, captured 
and stored in digital form in a transient recorder (Data Laboratories DL 905) 
and punched onto paper tape in ASCII code (Datadynamics punch 1133) for 
subsequent analysis in the University of Cambridge IBM 3081 computer. 
With the exception of n-C&H,Br (AnalaR), which was subjected to several 
freeze-pump-thaw cycles at liquid nitrogen temperature and finally frac- 
tionally distilled to this temperature, all materials (Bi(CH&, BiIs, He, Kr 
(for the flash-lamp), Br2, CHsBr, CH,Br* and CrH,Br) were essentially 
prepared as described in previous publications [ 1,2,11]. 

3. Results and discussion 

3.1. Photolysis of Bi(CH,), and alkyl bromides RBr 
As we indicated in previous papers [l, 21 the degree of photolysis of 

Bi(CH& can be estimated, in principle, by the integrated attenuation of 
actinic radiation from the flash-lamp by Bi(CHs)s: 

I abs = s 1, exp{-e(X)cl’)[l - exp{-e(X)cr)] dX (1) 

where I’ is the path length from the LiF window of the flash-lamp to the face 
of the (unit) reaction cell and 2 is the (unit) path length of the reaction cell. 
The reaction cell is that volume within the reaction vessel which is formed 
by the overlap of the solid angles of light from the flash-lamp and resonance 
source and the geometrical coupling to the detector including the effect of 
the Cassegrain mirror. If the light output of the flash-lamp can be approxi- 
mated as a black body radiator at a temperature of 6500 “C [18] then 
the standard Planck distribution, U(X, Z’), may by substituted for 1~ in 
eqn. (1): 
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Fig. 1. Attenuation of the calculated black body output for T = 6500 “C from the flash 
photolysis lamp by the UV spectrum of Bi(CHs)s: (a) [Bi(CH&] x I = 1Of3 - 1016 mole- 
cules cm-‘; (b) [Bi(CH&] x I = (0 - 2) x 1014 molecules cm-* (curve 1, present flash 
photolysis lamp; curve 2, flash photolysis lamp following ref. 1). 

U(X, T = 6773 K) = !E! F/{exp&-) - 11 

where IT2 is a term to account for the area of incident radiation. In addition, 
from UV absorption measurements of Bi(CH&, E(X) (f,,,(base e) = 1.2 X 
105 M-’ cm-l) may be approximated by 

e(X) = Emax expCc(X f LX)1 (3) 
from X = 145 nm to h = 270 nm (A,,, = 208 nm). Figure l(a) shows the 
result of such a calculation for the present flash-lamp and reaction vessel 
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(i’ = 6 cm). Figure l(b) shows that Iabs p er unit area of the reaction cell 
uerszis [Bi(CH,),] X 1 over the range of [Bi(CH,),] used in this and previous 
studies is virtually linear; thus, we may expect that the rate of destruction of 
Bi(CH& is directly proportional to the concentration of Bi(CH& added. 
The slope of Fig. l(b), curve 1, is 1.9 MeV s-l and that of Fig. l(b), curve 2, 
is 1.0 MeV s-l. Hence 

[Bi(64S$,,)] (atoms cm-‘) < ~~~~ X slope X [si(y3)3’ (4) 

where D is the minimum energy necessary to decompose Bi(CH& com- 
pletely to produce ground state bismuth atoms, 7FL is the duration of the 
actinic irradiation and Q, is the quantum yield. Substitution of “reasonable” 
values for the parameters in eqn. (4) (D’(Bi-CHJ) = 1.48 eV [19]) yields 
concentrations of Bi(64S$,2) which are high (see later). 

The apparent second-order rate constant for the removal of Bi(64S&2) 
by Bi(CH3)3 itself, namely that derived from the slope of the first-order 
coefficient k’ for the decay of Bi(64S$,2) (see later), vers’sus fBi(CH,),],,, 
yields a value of k2 = (3.0 + 0.2) X lo-l3 cm3 molecule-’ s-l (T- 300 K; 
error, 2~). This value is sensibly invariant with [Bi(CH3)3]initipl (Fig. 2). This 
may be compared with that for k(Sb(54S&2) + Sb(CH,),) derived from time- 
resolved resonance absorption measurements to yield (2.3 4 0.2) X lo-l1 
cm3 molecule+ s-l (300 K; error, lo) [ 20 1. If, in fact, the apparent second- 
qrder rate constant for Bi(64S$,z) + Bi(CH& reflected the magnitude of the 
concentration of the photochemical precursor remaining after irradiation 
and the true rate constant were similar to that for Sb(5‘@,,) + Sb(CH3)3, 
the comparison would imply a decomposition to Bi(CH3)2, BiCH3 and 
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Fig. 2. Variation in the second-order rate constant k2 for the collisional removal of 
Bi(64S3,2) as a function of the concentration of Bi(CH& obtained by time-resolved 
atomic resonance fluorescence at x = 306.8 nm (Bi(74P1,2) + Bi(64S3,Z)) following 
pulsed irradiation_ 
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Bi(64S$,2) of about 99%. It will be shown later that the majority of these 
photolysis fragments appear to be the first two species, rather than the 
desired free ground state bismuth atom. 

Alkyl bromides and bromine molecules also absorb in the near-IN region 
[21, 221 but more weakly than Bi(CH,), (c,,x(Bi(CH3)3)/e,,,(CHsBr) = 230 
and e ,,,(Bi(CHs)#,,, (13rz) = 310). Calculations using eqns. (1) - (4) for 
RBr E CH,Br show that given the present geometrical arrangement and unit 
reaction cell with CH,Br alone 

[Brl = [Cl&I G (2.7 keV s-l) [CH3Br] x DO(CH 
3- 

Br) 

assuming that CH3 -Br is the only bond undergoing photodissociation [23, 
241 and [CHsBr] < 1 X 10” molecules cmm3. For D”(CH3-Br) = 2.97 eV 
[25] and 7rL@ = 3 ps, the degree of photolysis is less than 0.3%. 

The preceding discussion indicates that in experimental terms the 
method used for this study relies on some measure of filtration of the 
actinic radiation to prevent photolysis of RBr, In resonance absorption 
measurements on the rate processes undergone by Pb(63P,), this was pro- 
vided for by means of a double-walled reaction vessel containing the alkyl 
bromide itself [ 113, In addition to the unwanted destruction of RBr, how- 
ever, there are two other sources of systematic experimental, error: (I) 
reaction of RBr with the precursor itself and (2) a screening effect by 
absorption of light from the flash-lamp by RBr leading to a lower production 
of ground state bismuth atoms from Bi(CH3)3. 

3.2. Kinetics of Bi(64Sg,z) 
The improvement in the optical coupling between the source of actinic 

radiation and the reactor resulting from the modification to the flash-lamp 
(see Section 2) can clearly be seen in Fig. 3(a) which gives an example of the 
time variation of the resonance fluorescence signal (1, versus t) at X = 306.77 
nm (Bi(74P1,,)-Bi(64SQ,2)) indicating the decay of ground state bismuth 
atoms generated by the pulsed irradiation of Bi(CH3)3 at a concentration 
considerably lower than that employed in earlier investigations [l, 21. 
Figure 3(b) gives an example of an analogous plot illustrating the greater 
decay rate for Bi(64Sf,2) with the addition of C2H5Br. We have demonstrated 
hitherto [l - 31 that the time-dependent resonance fluorescence signal is 
given by the form 

IFtt) = 
@[Bi(64S$,2)]t=,, exp(--k’t) 

1 + bJQl/&f 
(5) 

where k’ is the overall first-order coefficient for the decay of Bi(64Sg,z) and 
is the primary object of kinetic interest. k, is the absolute second-order rate 
constant for the fluorescence quenching of Bi(74P1 ,*) by the gas Q and is 
also of interest in this paper. The term gkr is the effective fluorescence decay 
rate with no quenching gas present. Without radiation trapping gkf = l/7, 
and with radiation trapping gkr < l/7,. Account is taken of the steady light 
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Fig. 3. Digitized time variation in the light intensity Ix at h = 306.8 nm (Bi(74P1,a) + 
Bi(6‘&,2)) indicating the decay of resonance fluorescence due to ground state bismuth 
atoms for (a) [CzHsBr ] = 0 and (b) [ I&HsBr] = 1.1 X 101’ molecules cm-3 ([Bi(CH&] = 
1.9 X 1014 molecules cmm3; [He ] = 6.9 x 10” atoms cmm3; E = 320 J): X, data points; 
- computerized curve fitting to the form 1~ = e1 + 82 exp(-k’t). , 

signal at X = 306.77 nm from the resonance source as seen from inspection 
of Fig. 3, where Iv(t) clearly approaches a finite value at infinite time. Hence, 
IF is employed in the form 

IF = @I + f3Z exp(-k’t) (6) 
which is fitted to the digitized data points [l, 261. The full curves in Fig. 3 
indicate the resulting fit by computer of the data to the form of eqn. (6) and 
Fig. 4 shows the analogous first-order kinetic plots (ln(Ir - 8 J versus t) for 
the data shown in Fig. 3. Figure 5 shows examples of fitting by computer of 
the digitized output of the atomic decays to the form (1, - 8,) uersus t for 
different concentrations of &H,Br (Fig. 5(a)) and Br2 (Fig. 5(b)). 

The values of k’ resulting from the data analyses can be expressed in the 
form 

P k’=K’+- + (1 - 6)k’RzJRBrJ j (7) 
PHe 

where 6 represents the fraction of RBr removed (by photolysis and reaction 
with Bi(CH&) before the reaction Bi + RBr + BiBr + R takes place. Thus, it 
is necessary to carry out these experiments with lower pressures of RBr 
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Fig. 4. Computerized output of the digitized first-order kinetic plots derived from time- 
resolved atomic resonance fluorescence measurements at h = 306.8 nm (Bi(74P1,z) + 
Bi(64Ss,2)) due to the kinetic removal of ground state bismuth atoms for (a) [CzHsBr] = 
0 and (b) [CzHsBr] = 1.1 X 10” molecules cmm3 ([Bi(CH&] = 1.9 x lOI molecules 
cme3; [He] = 6.9 X 1O1’ atoms cmp3; E = 320 J): 0, data points; -, computerized 
fitting to the form ln(lF - 0,) us. t. 

(6 + 0 as [RBr] + 0) than the expected rate constant [ 111 would ideally 
demand. (Nevertheless, [RBr] % [Bi(64S&,)].) The term PIpHe in eqn. (7) 
represents the first-order decay coefficient for the loss of Bi(64S$,2) by 
diffusion 1273. K’ principally represents first-order loss of Bi(64S&a) by 
Bi(CH& The role of diffusion at different total pressures with helium 
buffer gas can be seen in Fig. 6 which is a plot of k’ versus l/p,, in accord 
with eqn. (7), for the decay of Bi(64SQ,z) in the presence of Br,. It is im- 
portant to note here that although it might be expected that increasing [He] 
would increase the number of recombined bromine molecules within 50 ms 
after photolysis and thus cause a (non-linear) trend downwards of k’ versus 
l/pHe @qn- (7)h no such trend was observed at low [Br,] (Fig. 6). For 
measurements of k’ at a fixed total pressure, eqn. (7) can be written as 

k’ = K + ka,[RBr] (8) 



237 

0 

(b) 
0 10 20 30 40 so 

The / ms 

Fig. 5. Computerized curve fitting of the experimental intensity profiles for the decay of 
Bi(64S3,2) obtained by time-resolved atomic resonance fluorescence at A = 306.8 nm 
(Bi(74P~~2) + Bi(64Ss/2)) ((IF - 8 ,) us. t) in the presence of C&Br and Br2 (E = 3 20 J): 
(a) CzHsBr ([Bi(CH3)3] = 1 .O X 1O’j molecules cm-a; [He] = 3.2 x 101’ atoms cmm3) (curve 
1, [&HsBr] = 0; curve 2, [GHSBr] = 4.6 X 1015 molecules cmv3; curve 3, [C2H,Br] = 
8.0 X 10ls molecules cmm3; curve 4, [CzHSBr] = 9.0 x 10” molecules cmw3); (b) Brz 
([Bi(CHs)s] = 2.9 X 1013moleculescm-3;[He] = 7.2 x 1017atomscm-3)(curve1, [Brz] = 
1.9 X 1014 molecules cme3; curve 2, fBr2] = 2.6 x lOl4 molecules cmw3; curve 3, [Brp] = 
3.5 X 1014 molecules cmm3). 

and hence kRB can be derived from the slope of (k’ - K) versus [RBr], K 
hating been determined in the absence of RBr. 

Figure 7 shows the variation in the first-order decay coefficient k’ for 
the removal of Bi(64S$2) relative to the term K for removal in the absence 
of RBr (eqn. (8)), with [CHarI, [&H,Br] and [n-C&Br]. The decay of 
Bi(64S$,z) in the presence of CH2Br, as in the presence of Br2 demonstrated 
kinetic behaviour similar to that reported for Pb(63P,) in the presence of 
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Fig. 6. Variation in the pseudo-first-order rate coefficient k’ for the decay of Bi(64S3,2) 
in the presence of Br2 and He (k’ us. l/p& indicating the effects of diffusion and second- 
order kinetics ([Bi(CH3)J] = 2.3 X lOI molecules cmh3; [Brz] = 9.3 x 1013 molecules 
cmm3; E = 320 J). 

CH&HBr, [ 111. Thus, the variation in k’ with [CH2Br2] and [BrJ showed 
strong curvature at high concentrations of CH2Br2 and Brz (Figs. 8 and 9), 
presumably reflecting the effect of complex kinetics with a back reaction 
regenerating ground state atomic bismuth, We employ here the empirical 
procedure of Cross and Husain [ 111 by using the equation 

k’-_K= a[RBr] 

1 + y[RBr] 
(9) 

rather than taking the initial slope. Equation (9) uses all the data when 
plotted in the form [RBr]/(Fz’ -K) uersus [RBr] to yield l/a from the 
intercepts, as show9 in Figs. 8(b) and 9(b) for CHzBrz and Br2 respectively. 
The present measurements with Br, may be contrasted with those attempted 
for the analogous process for Pb(63P0) where reaction between the photo- 
chemical precursor, Pb(C2H5)4, and Br, prevented any measurement of the 
absolute rate constant. The absolute secondsrder rate constants for the 
reaction of Bi(64S$,2) with the alkyl bromides and Br2 are presented in 
Table 1 together with analogous data for Pb(63P,). 

The thermochemistry of bromine atom abstraction for the various 
reactions investigated here naturally rests on the bond dissociation energy of 
Bi-Br for which we take the value of D*(Bi-Br) = 2.74 + 0.01 eV follow- 
ing Gaydon [ 281. This is based on Gaydon’s conclusion that a linear Birge- 
Sponer extrapolation of the A(O+)-X(0+) system of BiBr yields dissociation 
products correlating with Br(4 2P3,2) rather than with Br(42P,,2) [ 29, 301 
which would yield a lower value of D*(Bi-Br) = 2.28 eV. Huber and 
Herzberg [31] do not quote a value for D*(Bi-Br). The contrast with 
D*(Pb-Br) = 2.5 f 0.4 eV [32, 331 is noteworthy in the present context 
involving the comparison of rate data for bromine atom abstraction by 
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1Ol3 molecules cmb3; [He] = 5.3 X 10” atoms 
[CH2Br2]/k’ us. [CH2Br2]. 

presence of CHzBq ([Bi(CH&] = 1.6 x 
cmm3; E = 320 J): (a) k’ us. [C!&Br2]; 

Bi(64S&) and Pb(63P0) (Table 1) as the thermochemistry for a number of 
such processes is close to thermoneutral. Cross and Husain [ 111 have con- 
sidered the bond energies of various alkyl bromides in some detail [34 - 451 
and the conclusions are employed here together with Do@-C3H,Br) = 3.2 f 
0.3 eV [46, 471. Thus, the thermochemistry of the reactions investigated 
here is estimated as follows: 

Bi(64S$,2) + Brz + BiBr + Br AH = -17.8 + 0.1 kcal 

Bi(64S&z) + CHzBr, - BiBr + CHzBr AH = 3.8 f 5 kcal 

Bi(64S!j,z) + CH,Br + BiBr + CH, AH = 6.8 + 1.2 kcal 
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TABLE 1 

Absolute second-order constants kR* (cm3 molecule-1 s-l) (T = 300 K; errors, 20) for 
the reaction of Bi(64S&,) and Pb(63Pe) with some bromine-containing molecules 

RBr Bi(tY%Q,,)= Pb(G3P0) [ 111 

CzHsBr 
n-C&Br 
CH2Br2 
CHsCHBr2 

(5.3 f 1.8) x lo-‘3 - 
(1.8 * 0.4) x lo-‘5 (3.7 f 1.0) x lo-1s 
(4.1 r 0.7) x 10-1s (5.0 f 1.0) x lo-+ 
(1.2 f 0.1) x 10-14 
(9.0 + 1.3) x lo-‘5 (1.4 f 0.4) x lo-‘3 
- (6.0 * 1.0) x lo-r3 

aThis work. 
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Bi(64S$,2) + C2HSBr - BiBr + C2H5 AH = 4.6 + 2 kcal 

Bi(64Sz,2) + n-CsH,Br - BiBr + n&H, AH = 10.7 + 7 kcal 

Simply on the basis of thermochemistry, a major variation in kRBr would not 
be expected for reactions of Bi(64Sg,z) with the alkyl bromides and this is 
borne out by experiment (Table 1). For CH,Br and &HsBr, the IzaBr values 
for Bi(64SQ,2) and Pb(6 3P,) are similar in magnitude whereas the reaction 
of Pb(63P,-J with CH,Br* is clearly much more rapid. The relatively rapid 
reaction rate between Bi(64Sg,2) and Br2 is in accord with both the favour- 
able thermochemistry and the correlations in (J, s2) coupling (2E, ,2) [48] 
connecting ground state reactants and products. 

3.3. Radiation trapping 
In earlier investigations of time-resolved resonance fluorescence at 

h = 306.77 nm, Husain et al. [3] employed the diffusion theory of radiation 
[ 121 to deduce the effects of radiation trapping for the Bi(74P,,,)-Bi(64Sg,2) 
transition, restricting calculations to the use of “low equivalent opacities” 
[49] when applied to the “infinite slab” theory of Milne [50] and the 
modifications described by Samson [ 511. Solutions of the diffusion equa- 
tions for radiation [ 523 

(10) 

were taken from Blickensderfer et al. [52] where n* is the stationary state 
concentration of Bi(74P1,2), r is the natural radiative lifetime and k is the 
atomic absorption coefficient. This approach employs the approximation 
that at a single equivalent opacity &R 

exp(-ER) = gF(w) exp{-kORF(w)} dw 
/ 

SF(U) dw (11) 
-m -m 

for the spectral distribution of the imprisoned radiation and the line shape 
F(w) of the resonance transition, which may be defined in terms of the 
Doppler width ADo for a Doppler profile or defined in terms of the Doppler 
width and the sum of the dispersion-type widths (in this case, the Lorentz 
width ADL and the Heisenberg width AVN ) for a Voigt profile [ 121: 

2(a - PO) 
w= 

Ai?n 
(ln 2)l’* 

cX= 
AP, + Aa, 

APo 
(In 2)1’2 

(12) 

(13) 

k 
0 

= 9.964 X 10-14[Bi(64S$2)] 
APo 04) 
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In this paper we extend these calculations in a number of ways. Firstly, 
we explore the effect of radiation trapping to calculate theoretical effective 
radiative lifetimes and to determine the relationship between fluorescence 
intensity and [Bi(64S&Z) ] as a function of the Voigt profile itself or, alter- 
natively, we may also take account of nuclear hyperfine splitting (NHFS) 
and, employ a line shape for the summation of the Voigt profiles of each 
NHFS component: 

F(w) = (W 

where EA?i = 1, based on relative intensities (see later). It will be shown that, 
when NHFS is considered, the parameter CY, which reflects the extent of 
collision broadening, has only a slight effect on the extent of radiation 
trapping over the range of overall pressures used in this and previous [l] 
studies. 

Secondly, the effects of radiation trapping at “intermediate” densities 
of Bi(64S$,z), where the Samson-Milne-Blickensderfer model breaks down 
and where NHFS is lot considered, may be further developed in terms of an 
equivalent opacity based on the theory of Kenty 153 - 561. Kenty’s calcula- 
tions employ a maxwellian distribution in both the emitting and the absorb- 
ing atoms rather than simply using excitation by isotropic monochromatic 
radiation. Kenty’s form of the equivalent opacity may be used to estimate 
the trapping times at intermediate to high atomic densities by means of 
Mime’s solution [ 121: 

for an “infinite” slab of width R. (In general, the width of this infinite slab 
is identified with the radius of an “infinite” cylinder when the boundary 
conditions are set up for the solution of eqn. (10) [52].) 

Finally, the effects of radiation trapping for Bi(74P1,2)-Bi(64S!j,2) are 
calculated according to the solutions of Holstein [ 57, 681 as modified by 
Walsh [59] for intermediate to high atomic densities, with and without 
consideration of NHFS for the boundary conditions of an infinite cylinder 
of radius R. This approach dispenses with the approximation of the charac- 
teristic mean free path of an emitted photon because of the strong frequency 
dependence of the absorption coefficient of an atomic gas. The optical 
properties of the system are calculated as a general transport problem by 
solving a Boltzmann-type integrodifferential equation in terms of a trans- 
mission coefficient T(p) which is the probability of a resonance quantum 
travelling a distance p without being absorbed [ 571. This is expressed in the 
form 

(17) 
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over the NHFS components (EjPn(B) dp = I), where p is the radius of an 
infinite cylinder. This transmission coefficient implies a simple form for the 
trapping time: 

r* 1 -=- (18) 
T T(R ) 

Walsh derived a general solution for l/T(R) considering Doppler broad- 
ening T,-, and collision broadening T,, using a collision parameter Q (=:(x of 
the Voigt profile (eqn. (13)) and collision-Doppler interference (T,,). These 
may be applied over the NHFS components (as suggested by Holstein) thus: 

1.6 
T,, = - c l 

koR i (r ln(Nika)}“* 

1.115 l/2 

T, = ~ 
711’2 

L = exp(-4s)bD + erf(sj/T. 
T(R ) 

(19) 

(21) 

(22) 

where ZNi = 1, as before, and T(R) + TD as a --t 0. 
Apart from the fundamental interest in radiation trapping in this 

system, the results obtained here are applied to the present experimental 
measurements in two contexts. Firstly, they are related to the functional 
relationship between the fluorescence intensity IF and [Bi(64Sg,2)] and, 
secondly, the calculated effective radiative lifetime is employed in the Stern- 
Volmer analysis yielding fluorescence quenching data for Bi( 7 4P1 ,2). 

Figure 10 gives examples of the Voigt profile (k,/ko = F(w), eqn. (15)) 
for the resonance transition centred at X = 306.77 nm treated as a single 
atomic line (i.e. no NHFS) for two values of cy when the Lorentz cross 
section oL2(Bi-He) = 6.53 A2. The Lorentz cross sections were calculated by 
taking the mean of the atomic or molecular radius of the buffer gas (M = He, 
N2 and CF4) [60] and that of Bi (interpolated from the van der Waal’s radii 
of group V atoms) [61]. This calculation probably underestimates the true 
cross sections [ 121. Integrals for the,Yoigt profile were computed according 
to the appropriate fast subroutine of Sundius [62], and the overall integrals 
for the equivalent opacity given both by Kenty and by Samson and Milne were 
solved numerically by the Gaussian-Quadrature method described by 
Patterson [63]. Figure 11 shows the Voigt profile where the NHFS data 
were taken from the high resolution optical spectroscopic measurements of 
Magnante and Stroke [64] who also calculated the relative intensities for 



245 

. 

i. 2 
0.8 r 1: 

.: 

; : 

0.6 - 
x0 
2 

0.4 - 

0.2 - 

0 
-2 -1 0 1 2 

(A - ?p10-3 liin 

Fig. 10. Example of the computerized simulation of the Voigt profile for a single line 
atomic transition excluding NHFS for 3i(74P1,2) + Bi(64&,2) at A = 306.77 nm (7, = 
5.9 ns; T = 298 K; k,/ko va. h (nm)): curve 1, IY = 0.5 (pus * 25 kN mm2); curve 2, Q = 
0.1165 (pan = 4.7 kN mm*). 

each NHFS component. This profile can be compared with the earlier line 
shape by Husain et al. [ 3 ] where a smoother function was the result of 
amplification of the Lorentz width (larger cu). The value for cy in Fig. 11 is 
closer to the experimental conditions, however, on the assumption that the 
above-stated Lorentz cross section is correct. Furthermore, the present line 
shape (and all subsequent calculations using F(w) and Ft,) use the more 
recent radiative lifetime reported by Cunningham and Link [ 131 of 5.9 ns 
compared with the earlier value of 0.71 ns following CorIiss and Bozmann 
W51. 

Figure 12 shows the effect on the trapping times 7*/~ of increasing 
opacity (R is the radius of an “infinite” cylinder or width of an “infinite” 
slab). 

(1) Without considering NHFS, T*/T is increased by at least one order 
of magnitude for [Bi(64S$,,)] X R > 10” atoms cmm2. 

(2) Where the Holstein-Walsh and the Samson-Milne-Blickensderfer 
curves intersect indicates the change from “low” to “intermediate” opac- 
ities. 

(3) Given that the Holstein-Walsh calculations are easier to perform 
than those of Kenty (which assume small collisional broadening of a single 
atomic line, in any case), the Holstein-Walsh approach is far preferable for 
intermediate to high opacities ( [Bi(64S!&2)] X R > 5 X 1013 atoms cmm2). 

The kinetic measurements on Bi(64Sz,2) of the type presented in Fig. 3, 
analysed by means of eqns. (5) and (6), depend on effective linearity of IF 
on Bi(64S$2). For the ideal axial model, the intensity of fluorescence is 
directly proportional to the incident (continuum) intensity from the reso- 
nance source and the total absorption factor: 
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Fig. 11. Example of the computer simulation of the atomic transition at A = 306.77 nm 
(BU4Pl/z) + Bi(6%,2)) indicating the summation of the Voigt profiles over the transi- 
tions associated with the individual nuclear hyperfine components (7, = 5.9 ns; T = 
298 K; a = 0.1171; pHe = 4.75 kN mM2) (hyperfine interaction constant for Bi(7 4P1,2), 
A = 164.18 X 10e3 cm- ‘; hyperfine interaction constants for Bi(64S3,z), A = -14.909 X 
10e3 cm-l, B = -10.149 x 1O-3 cm-‘). Tlie components were measured from a line 
centre taken as exactly h = 306.77 nm. 

Position ( X10p3 cm-‘) Relative intensity 

-570 0.175 
-517 0.165 
-444 0.110 

304 0.061 
376 0.165 
472 0.3 24 

00 

rF a ILLI J [ 1 - exp{-k,@(w))] dw 
--09 

(231 

where the symbols retain their previous meaning. Figure 13(a) shows the 
result of such a calculation for the same experimental conditions as in 
Figs. IO - 12, and I is the unit path length (designated R in the diagram) and 
is the diameter of the infinite cylinder for calculations of trapping times. (It 
should be noted that when plotted on a linear scale along the x axis, the 
curvature of I* is downwards.) More realistic to the present experimental 
situation, however, is to consider reabsorption of the fluorescence signal as 
it travels radially from the axis of the resonance source [66]: 

IF = 
I 
(constant X J'(d) dw’ sI,[1 - 

t 
exp{-k,W(w)}] do X 

-_ 

X p [l - exp(-kOZ’F(w’))] do’ (24) 
--m 
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Fig. 12. Plots of apparent relative radiative lifetimes for the transition Bi(74P1,z) --f 
Bi(64S$,z) (A = 306.77 nm) as a function of ground state atomic bismuth concentration 
for radiation trapping calculations (a) including NHFS (curve 1, Samson-Milne-Blickens- 
derfer (infinite ‘slab geometry); curve 2, Samson-Milne-Blickensderfer (cylindrical geome- 
try); curve 3, Holstein-Walsh (cylindrical geometry)) and (b) without NHFS (R, unit path 
length) (curve 1, Samson-Milne-Blickensderfer (infinite slab geometry); curve 2, Samson- 
Milne-Blickeusderfer (cylindrical geometry); curve 3, Holstein-Walsh; curve 4, Kenty). 

where, for our unit cell, 2 = I’ = Z”, w = w’ and I, = constant. For a con- 
tinuum source 

2 

[ 1 - exp{--k#(w ))] dw (25) 
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Fig. 13. Variation in the fluorescence intensity IF of Bi(74Pr,2) + Bi(64Sw2) (A = 306.77 
nm) with ground state atomic bismuth concentration for (a) axial observation and {b) 
radial observation (R, unit path length): curve 1, induding NHFS; curve 2, without 
NHFS. 

and again I is twice the radius of an infinite cell (but designated R in Fig. 
13(b)) and kO CC [Bi(64SQ,2)]. Hence, it is possible to calibrate [Bi(64S$,2)] X 
I of this unit cell against the density of the photochemical precursor, 
Bi(CH&, under the appropriate experimental conditions, and thence to 
deduce the opacity for the trapping time calculations (Fig. 12, [Bi(64S$,z)] X 
1 = 2[Bi(64Sz,2)] X R). This is shown in Figs. 14 and 15. This calculation 
implies a production of Bi(64SQ,2) from Bi(CHs)s of only 1%; however, I may 
be less than unity, and the production of ground state bismuth atoms from 
Bi(CH& is presumably a multiquantum process so that even though the 
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Fig. 14. Comparison of the relationship between the fluorescence intensity IF at x = 
306.77 nm (Bi(74Pr,+Bi(64S3,2)) and the atomic density of Bi(64S3,2) (R, unit path 
length): - calculated for radiation trapping including NHFS with radial observation; 
A, data point; from time-resolved atomic resonance fluorescence measurements (via 02) 
on Bi(64Sa,2) in the presence of N2, corrected for fluorescence quenching. 

0.8 

0.6 

0.4 

0.2 

0 
0 2 4 6 a lo 12 

[Bi(cti3)J /1014 molecules cme3 

Fig. 15. Comparison of the relationship between [Bi(64S3,z)] X 2R (R, unit path length) 
derived from radiation trapping calculations including NHFS for radial observation and 
[Bi(CHs)s] resulting from the relationship between IF and Bi(CHa)s: curve 1, flash 
photolysis lamp following ref. 1; A, data points using N2 as added gas; curve 2, calculation 
for present flash photolysis lamp. 

photolysis of Bi(CH& may be complete (see Section 3.1) the photofrag- 
ments could exist largely in the form of BiCHB and Bi(CH&. One further 
comment is necessary concerning the uncertain value of the Lorentz cross 
sections (and therefore Ly, eqn. (13)) used in the radiation trapping calcula- 
tions. Calculations show that although curves of IF versus [Bi(64S$,2)] X I 
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Fig. 16. Variation in the fluorescence intensity IF of Bi(74P1,z) + Bi(64S3~2) (h = 306.77 
nm) with ground state atomic bismuth concentration for radial observation with different 
Voigt profiles including NHFS: curve 1, QL = 0.1; curve 2, a! = 0.5; curve 3, (Y = 1.5; curve 
4, (31= 3;curve 5,a = 5. 

(Fig. 16) become steeper with increasing IY (AI+, fixed), the values of X = 
[Bi(64S30,2) ] X I corresponding to IFmaX are not shifted greatly: X(IF”““)((~ = 
O.l):(cr = O.~):(CY = 1.5)) = 1:1.75:2.75. Also, at fixed [Bi(64Sg,,)] X R (5 X 
1012 atoms cmB2), ~*/T(((Y = O.l):(cr = O.S):((;ll = 1.5)) = 1:0.8:0.5. For the 
present type of measurements realistic values of (Y lie in the range 0 < (Y < 
0.75. 

3.4. Fluorescence quenching of Bi(74P,,2) 
We have shown that the combination of eqns. (5) and (6) can be used 

to determine fluorescence quenching data for Bi(7 4P, ,2) [ 11. Thus, for a 
single quenching species Q the ratio of the slope to the intercept of a plot of 
l/o2 versus [Q] (Stern-Volmer plot) yields k,/gk,. Alternatively, for a 
mixture of gases with [Qi] (fixed) and [Q2] (varied), the ratio of the slope 
to the intercept of the plot of l/d2 uersus [Q2] is given by ke,/(ke,[Q1] + 
gkf). In most cases, the excess helium buffer gas is the only further species 
(Qr) present in any significant quantity and is characterized by a negligible 
quenching rate constant. We have also stressed that the error in 02 is in- 
herently larger than that for k’ because of fluctuations in output of both the 
flash-lamp and the resonance source. 

Data for k, that we have reported previously [ 11 have been adjusted 
to allow for radiation trapping as indicated. The cross sections are calculated 
according to k, = (&TRZ’/~)~‘~O~. Table 2 presents the corrected cross 
sections (error, about 30%) and the estimated trapping times (r*/~ = l/g, 
eqn. (5)). In comparison with the cross sections reported by Connor at al. 
[9, 133 our value for a2(02) is high, even when Connor’s limits (for experi- 
mental error and possible radiation trapping) are considered: 0.08 < o2 
(A2) < 143 compared with our limits of 400 < o2 (a2) < 676. The effect of 
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TABLE 2 

Quenching cross sections, experimental conditions and calculated ratios of lifetimes with 
radiation trapping (r*) and without radiation trapping (T = 5.9 ns) for quenching of 
Bi(74P1,2) by gas Q (A = 306.77 nm; Bi(74P1,2)--Bi(64SQ,2); T = 298 K; AP, = 27.9 x 
10m3 cm-l; AP, = 0.9 x low3 cm-‘) 

Q [Bi(64S$,2) x 2R] 
(x10” atoms cmm2) 

APL 7*/r a 
(X10-” cm-‘) 

cr2 
( X1O-‘6 cm2 molecule-‘) 

N2 
02 
C2H2 
N20 
NO 

ZFR;Br 
CzHsBr 
n-C&,Br 

14b 
3.lb 

18b 
24b 
16b 
15b 

4.5d 
6.0d 
1.4d 

3.02 1.33 2.gc 
1.79 1.09 520c 
2.74 1.43 69’ 
2.51 1.60 1lOC 
4.84 1.35 126c 
2.08 1.41 11= 
1.27 1.12 < 590e 
4.95 1.13 < 370e 
0.83 1.04 < 140e 

‘Cylindrical geometry. 
bSee Fig. 15, curve 1. 
‘Corrected data from ref. 1. 
dSee Fig. 15, curve 2. 
=This work (upper limits, see text). 

even slight depletion of the precursor, Bi(CH&, before photoly@s and, in 
the case where Q = RBr, screening by RBr of the actinic radiation will 
significantly affect any Stem-Volmer plot leading to systematic overestima- 
tion of 12 Q; this was found to be particularly true in the cases of Q 4 Brz and 
CH2Br, which are omitted from the data presented (Table 2). Thus although 
the Stem-Volmer plots for the present work (Fig. 17) demonstrate a varia- 

0 1 2 3 4 

(a) [CH3Br] 1l@ molecules cni3 

Fig. 17 (continued). 
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Fig. 17. Stern-Volmer plots (l/8, us. [Q]) for the collisional quenching of Bi(74P1,z) by 
(a) CHsBr and (b) C2H5Br obtained by time-resolved atomic resonance fluorescence at 
x = 306.8 nm (74P1,2-64S3,2) following the flash photolysis of Bi(CH& (E = 320 J): (a) 
CHar ([Bi(CHs)s] = 3.6 x 10 l3 molecules cmp3; [He] = 4.8 x 101’ atoms cme3); (b) 
CzHSBr ([Bi{CH3)3] = 4.8 x lOI molecules cme3; [He] = 18.7 x 1O*7 atoms cmw3). 

tion in O3 (which is a function of ka[Q] and [Bi(64S$,2)]t=O) similar to those 
hitherto .[l] for gases sensibly unaffected by screening, the cross sections 
presented for RBr in Table 2 must be regarded as upper limits. 
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