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Abstract

We present a kinctic investigation of radiation trapping for the transition Sr{5sSp(°P,)) = Sr{55%('Sy)] +hv at A=689.3 nm
following the pulsed dye-laser generation of Sr{5sSp(*P,)] at clevated temperature following excitation of ground state atomic
strontium, Sr[5s*('S,)), at the resonance wavelength. Sr{Ss5p(°P))], 1.807 ¢V above the 'S, ground state, was produced following
laser photolysis to the °P, state in a slow flow system, kinetically equivalent to a static system, in the presence of helium
buffer gas and at temperatures in the range 670-900 K. Following rapid Boltzmann equilibration within the Sr(5sSp(°Py, )]
spin-orbit manifold, time-resolved emission profiles at A=689.3 nm were recorded using signal averaging and computerised
analysis techniques under a range of conditions of temperature and pressure, emission from the *Py.2 levels being negligible,
these being so-called “reservoir states”. First-order decay coefficients (k'(°Py)) were characterized for the emission at the
resonance wavelength as well as integrated atomic fluorescence emission intensities using a sensitivity calibration of the total
optical detection system. The resulting mean radiative lifetime for the transition (7, =20.7 us) was found to be in accord with
the results of previous investigations, and the variation of the integrated atomic fluorescence emission intensitics with the
pressure of helium in accord with considerations of pressure broadening. Furthermore, the absolute second-order rate constant
for the quenching of Sr(5°P)) by He (ko=(2.9+0.2)x10™' cm® atoms ™' s~ T=840 K) was found to be in accord with the
previous upper limit reported for this quantity by time-resolved emission investigations and the value reported from phase-
shift techniques. The experimental curve of &’(*P,) versus temperature and hence Sr(5'S,) density was constructed and compared
with the results for radiation trapping according to the theory of (a) Milne, employing the diffusion theory of radiation for
low “equivalent opacity” and infinite slab geometry of a thickness comparable with that of the laser beam and (b) Holstein,
calculated as a gencral transport problem by solving a Boltzmann-type integro-differential equation in terms of a transmission
coefficicnt. The results are found to be in accord with the calculations using the theory of Milne. This approach extends the
previous empirical corrections that have been made for this effect with Sr(5°P,). In more general terms it establishes from
fundamentals the importance of radiation trapping for this transition at A =689.3 nm, which, whilst characterised by a relatively
large mean radiative lifetime by comparison with that for a fully allowed clectric-dipole atomic cmission, is, nevertheless,
subject to radiation trapping at the densities typically employed with time-resolved measurements following pulsed dye-laser
excitation,
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1. Introduction tally in terms of the variation of the mean radiative
lifetime with the particle density of the lower state,
usually the ground state, and in terms of the relationship

Radiation trapping in atomic emission, namely, the - ! k ot
between fluorescence intensity and particle density in

consecutive processes of emission and re-absorption of

emitte: resonance photons, is a long established physical
phenomenon which has been investigated experimen-
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Stern-Volmer measurements [1]. Particular emphasis
has been placed on experimental and theoretical con-
siderations of the mean radiative lifetime itself as the
basis for investigating fundamentally this phenomenon
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including the “escape factor”, g, related the effective
(%) and natural (r.) radiative lifetime (g= Teal7) [2-4)
Clearly, modern electronic methods of data capture
are now available for investigating the mean radiative
in real time following the optical generation of the
excited state. Various theories have been developed to
predict this escape factor [2,3,5,6]. Diffusion theories
of radiation can essentially be used when the “char-
acteristic mean free path” of a photon, conveniently
defined by Deech and Bayliss [7], is significantly greater
than the wavelength of the photon itself. For regions
of “low equivalent opacities” (Refs. [1,8,9]), Michael
and Ych [8) have demonstrated that the infinite slab
diffusion theory of Milne [5], as modified by Samson
[10), may be applied from solutions of the appropriate
diffusion equation of radiation [5,9], solutions of which
have been given in useful form by Blickensderfer ct
al. [9]. Understandably, extensive attention, for example,
has been directed towards radiation trapping in emission
from atomic sodium both on account of its fundamental
interest, its study in Stern-Volmer fluorescence quench-
ing and, presumably, its use in commercial light sources
[4,11-13).

The simplified Samson-Milne-Blickensderfer model
will break down at intermediate atomic densitics for
strongly allowed atomic transitions such as the sodium
D-lines when the equivalent opacity becomes reasonably
large [14]). One development of this simplified model
is that of Kenty [15-18) who employs a Maxwellian
distribution in both the absorbing and emitting states.
In more general terms, radiation trapping is developed
by Holstein [2,3] and modified by Walsh {19] {or in-
termediate to high atomic densities by dispensing with
the approximation of the characteristic mean free path
of the emitted photon and treating the system as a
general transport problem by solving a Boltzmunn-type
integro-differential equation in terms of a transmission
coefficient which is the probability of a photon travelling
a given distance without being absorbed. Both the
Samson--Milne-Blickensderfer and the Hoistein modeis
are explored in this paper to examine radiation trapping
for St[5sSp(°P,)] = St|55*(*Sy)] +hv (A=689.3 nm).

Normally, detailed consideration of radiation trapping
is limited to atomic transitions characterised by short
mean radiative lifetimes where the absorption cross
section of the emitted photon is large and where this
effect will be greatest. However, it has already been
demonstrated empirically from some reduction in the
mean radiative lifetime with temperature and hence
ground state atomic density that such an effect is
significant in time-resolved measurements on
St[5s5p(°P, )] = St[55*("Sy)] + hv (A=689.3 nm) [20,21]
following pulsed dye-laser excitation. Husain and Schi-
fino [20] have extensively reviewed the earlier literature
up to 1984 on the mean radiative lifetime (7.) for this
transition and, from their time-resolved measurements,

report a value of 7.=20.1 ps. Subsequently, Husain
and Roberts [21] reported 7.=19.6 us and, more re-
cently, Kelley et al. [22] reported 7.=22 ps. Whilst
such a transition is relatively long-lived, radiation trap-
ping is significant in time-resolved measurements where
the Sr[5sSp(°P,)] state is generated by pulsed dye-laser
excitation at the resonance wavelength from relatively
high equilibrium vapour densities of the Sr[5s’(*So)]
ground state which are employed. This may be con-
trasted with the analogous states of the lighter alkaline
carth elements such as Mg[3s3p(°P,)] (e.g., 7.=3.9 ms
[23]) and with comparable earlier values from time-
resolved emission methods [24,25]. Chan and Gelbwachs
[26] report 7, for Ca[ds4p(°P,)] - Ca[4s*('So)] =408 us
compared with 331 us given by Husain and Roberts
[27] and 340 us by Husain and Schifino [28] by time-
resolved emission following pulsed dye-laser excitation.
Radiation trapping for thesc longer lived states will
clearly be smaller. In this paper, radiation trapping for
the transition Sr[5s5p(*P,)] = Sr[55*('Sy)] is studied in
detail by time-resolved atomic fluorescent emission
across the temperature range 670-900 K. The mean
radiative lifetime is further examined and found to be
in accord with the results of previous time-resolved
emission investigations [27,28), and the variation of the
integrated atomic fluorescence emission intensities with
the pressure of helium in accord with considerations
of pressure broadening. The absolute second-order rate
constant for the collisional quenching of Sr(5°P,) by
He has been measured and found to be in accord with
the previous upper limit reported for this quantity by
time-resolved emission investigations and the value
reported from phase-shift techniques. The experimental
curve of the first-order rate constant for the decay of
St(5°P;) versus temperature (and hence, density) was
constructed and compared with the results for radiation
trapping according to the theories of both Milne and
Holstein and found to be accord with that of Milne.
This approach extends the previous empirical correc-
tions that have been made for this effect with Sr(5°P,).
In more general terms it establishes from fundamentals
the importance of radiation trapping for this transition
at the densities typically employed with time-resolved
measucements following pulsed dye-laser excitation.

2. Experimental details

The experimental arrangements for monitoring atomic
resonance fluorescence, Sr[5sSp(*P,)]—» Sr[5s*(*So)] +
hv (A=6803 nm) in the time-domain were similar to
those described in our recent investigations on chemical
reactions of Sr(5°P;) [29,30] with modifications in anal-
ysis for data capture of the time-dependent emission
profiles. Thus, Sr[5s5p(°P,)] was thus generated, as
hitherto, by the Nd:YAG pumped pulsed dye-laser
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excitation (10 Hz) (J.K. Lasers, System 2000) of stron-
tium vapour at elevated temperatures [31-33] at
A=689.3 nm (Sr[5sSp(°P,)] « Sr[55*(*Sy)]) in the pres-
ence of excess helium buffer gas in a slow system,
kinetically equivalent to a static system. In contrast to
previous methods for data capture of the emission
profile [21], the present method employed digitized
data capture of complete profiles as opposed to the
earlier use of boxcar integration. The decay profiles
for Sr(5°P,) were recorded using two sets of slits (150
and 600 zm) on the small monochromator (Minichrom,
MC1-02, 10288 [29,30]) used for the optimum com-
bination of light gathering power and resolution. The
larger slits were normally ¢mployed for kinetic mea-
surements: the smaller slits were vsed to establish the
role of slit width and the width of the laser beam,
geometrical factors in influencing the boundary con-
ditions of the diffusion equation for radiation. The
emission profiles were captured with a “digital storage
adapter” (Thurlby DSA 524) interfaced to a computer.
255 decay profiles were captured and averaged as were
255 background profiles before subtraction and transfer
for computerised analysis. Measurements of the inte-
grated atomic intensities using the recorded decay
profiles required calibration of the response of the
optical system. Measurements were made using different
photomultiplier voltages for the various atomic profiles.
This aspect of the response of the detection system
employed the published response characteristic for the
gain (G) for the p.m. tube (E.M.1., 9797B, S20 response)
which can sensibly be fitted to the form In(G/arb.
units) =8.7 In(V/Volts) —54.4 [34]. Further, the wave-
length response of the photomultiplier-grating com-
bination using the Minichrom monochromator was cal-
ibrated against a quartz-halogen lamp, one of which
had previously been calibrated against a spectral ra-
diometer (International Light Inc., USA. 1L.783). This
yiclded two maxima in the sensitivity, one at ca. 440
nm and the other at ca. 510 nm, representing the
expected combination of the blaze of the grating for
the former and the maximum of photomultiplier tube
response (E.M.1. 9797B, S20 response) for the latter
[29,30]. All materials (Sr, He) were essentially as em-
ployed hitherto [21).

3. Results and discussion
3.1. Intensity and integrated atomic emission profiles

Fig. 1 gives an example of the digitised output in-
dicating the decay of the time-resolved emission
A=689.3 nm (Sr(5s5p(°P,)) — Sr(55%(’Sy)) + hv) follow-
ing laser excitation at the resonance wavelength as a
function of temperature, and hence density of Sr(5'S),
in the presence of excess helium buffer gas. It may be
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Fig. 1. Examples of the digitised vutpul showing the decay of the
time-resolved atomic fluorescence emission, I(f), at A=0689.3 nm
{Sr{5s5p(*P,) - Sr[555p(*Py)}} following the pulsed dye-laser excitation
of strontium vapour at the resonance wavelength in the presence
of helium buffer gas (pye = 30 Torr, 3.4 X 10" atoms ¢m ~*) ot elevated
temperatures. T(K): (a) 860; (b) 800; (c) 740; (d) 660.
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stressed that the gain of the photomultiplier tube is
adjusted via the voltage [34] for the lower emission
intensity at lower temperatures (e.g., Fig. 1(d) and that
the scale is arbitrary. We may see later that this
dependence of p.m. gain on voltage (see Section 2) is
included in the determination of the integrated atomic
emission intensity profiles using the appropriate cali-
brations. Fig. 2 gives the computerised fitting of the
digitised output in Fig. 1 indicating the first-order
decay of the time-resolved emission A=689.3 nm
(St[5s5p(°P,)} = Sr[5s*('So)] + hv) after an initial period
of ca, 20-50 us for the decays. One may readily show
from approximate calculations of the laser line width
and energy output at the resonance wavelength together
with estimates of the line shape at A=689.3 nm that
itis possible in these measurements to generate densities
of Sr(5°P,) which are significant compared with those
of the Sr(5'S,) ground state. This thus yields a kinetic
term for the removal of St(5°P,) involving [St(5°P,))?
which is significant and causes departures from lincarity
in the first-order kinetic plots at earlier times particularly
at high laser working voltages. For this rcason, the
working of the Nd: YAG laser is set in the range 830-850
V. Further, Kelley et al. [35] have characterised the
rate constant for sclf-annihilation between Sr(5°P,)
which is seen to be large, of the order of the collision
number. Thus for this reason, together with the switching
of the p.m. gating circuit, there is an initial period
before which first-order decay of St(5°P;) is established.
Under these conditions we may then write

[St(5*Ps)), = [St(5*P,))r 0" exp(—K'1) )

The overall first-order decay coefficient, &', may then
be expressed in the form [20,36}:

k' E"fem + WPHv + EkQ[Ql (2)

where &, represents first-order loss due to radiative
decay from Sr(5°P,), where the *P, and *P, states are
“reservoir states” from which emission may be neglected
[37,38). The slopes of these first-order plos may then
be recast in the form in the standard form [20,36):

k. mAnml(l + IIK! +K2) + ﬂ/pﬂe + EkO{Q] (3)

and thus yield the appropriate decay coefficients in the
presence of He alone. X, and K, represent the equi-
librium constants connecting the spin-orbit states within
Sl‘(SaP,) (SPQ““P" Kl; SPl ﬁapzi Kz) which mpidly
reach Boltzmann equilibrium on the time-scales of the
present measurements. Emission is observed only from
Sr(5°P,) and the term, B/p,., represents diffusional loss
of Sr(5°P;). The function F=(1+ /K, +K;), calculated
by statistical thermodynamics, takes the value of 2.307
at T=840 K, for example, and reaches a limiting value
of 3 at infinite temperature, being determined solely
by statistical weights with Sr(5°P;). 3ko[Q] r2presents
collisional quenching of St(5°P,) by He and Sr(5'S,).
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Fig. 2. Examples of the computerised fitting of the digitised output
indicating the first-order decay of the time-resolved atomic fluor-
escence emission, I(2), at A=689.3 nm {Sr{SsSp(*P,) - Sr[5sSp(*Py)]}
following the pulsed dye-laser excitation of strontium vapour at the
resonance wavelength in the presence of helium buffer gas (py. =30
Torr, 3.4X%10" atoms cm™3) at elevated temperatures. 7(K): (a)
860; (b) 800; (c) 740; (d) 660.
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In fact, Eq. (3) must be modified to allow for radiation
trapping via the term A4, (=1/7.) which is seen to be
significant this system. The detailed time scale by which
the Boltzmann equilibrium has been reached within
the spin-orbit components for Sr(5°P,) in helium alone
is a matter of some controversy. The application in
various publications of such rapid equilibration and the
standard use of the 5°P, and 5°P, states as “reservoir
states” leads to a mean radiative lifetime of
7.=19.6"%%_ys us [21). Rapid establishment of this
equilibrium is consistent with spectrophotographic mea-
surements made directly on the spin-orbit equilibration
on Ca(4°P,,;) by Mcllrath and Carlsten [39] and,
recently, using dye-laser induced fluorescence mea-
surements on the individual spin-orbit states within a
40 ns time scale [40]. Kelley et al. [22), describe time-
resolved measurements on the Sr(5°P,,.) spin-orbit
states using atomic resonance absorption spectroscopic
monitoring by means of a hollow cathode source. That
work [22] concludes that spin-orbit mixing is a slower
process for the heavier noble gases than considered
hitherto [22], however, collisionally-induced mixing
within Sr(5°P;) by He is relatively rapid and the resulting
mean radiative lifetime for Sr(5°P,) of 7,=22+0.5 us
[22] is not largely different to that reported hitherto
and will not significantly affect the present analysis,
including the effect of radiation trapping.

Fig. 3 shows the variation of the pseudo first-order
rate coefficient, k', for the decay of Sr(5°P,) generated
by the pulsed dye-laser excitation of strontium vapour
at the resonance wavelength (A=689.3 nm,
Sr[5s5p(*P,)] « Sr[55%('Sy)]) at elevated temperature
(T=840 K) in the presence of helium gas at different
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Fig. 3. Variation of the pseudo first-order rate coeflicient, k', for
the decay of Sr(5°P;) generated by the pulsed dye-laser excitation
of strontium vapour at the resonance wavelength (A=689.3 nm,
St[5s5p(*P,)} « St[555p(°Py)]) at eclevated temperature (T=840 K)
in the presence of helium gas at different concentrations.

concentrations. This yields a collisional quenchi -~ rate
constant of ko(Sr(*P,) +He, T=840 K)=(2.9+0.1) x
107" cm® atoms~! s~! which may be compared with
the upper limit of k<2.6X10~* c¢m® atoms™! s~!
reported by Husain and Roberts [21] by time-resolved
emission measurements at A=689.3 nm and the value
of kq=257X10""° c¢m® atoms™* s~! determined by
Malins et al. [41] from phase shift measurements. Care
must be taken with the quantitative use of this rate
constant as it dependent on the purity of the helium
employed. The impurity of the present He is stated as
10 ppm, principally N, gas. Collisional quenching of
Sr(5°P,) by N, has been measured by Husain and Schifino
[42] as kq(Sr(5°P,)+N;)=(3.2+0.2)x10"" cm?
molecule™! s~ (T=950 K) which is not sufficiently
large to account for the observed result. The curvature
in Fig. 4 which shows the variation of the integrated
atomic emission intensity at A=689.3 nm
{St[5s5p(*P,)] = Sr[5s*('S)]} following the pulsed dye-
laser excitation of strontium vapour at the resonance
wavelength at clevated temperature (7'=840 K) in the
presence of helium gas at different pressure using the
optical calibrations and electronic calibrations described
in the experimental section indicates the role of pressure
broadening. The measured intensities, J(f)nc.s, can read-
ily related to the real intensities, I(t),., by the rela-
tionship:

I(t)mcns = GAGRSASRI(t)rcnI (4)

where G, is the absolute gain of the photomultiplier
tube and at a given working voltage (see Section 2)
and Gy, is a relative gain, normalised to unity. Similarly,
Sa is the absolute optical response of the optical
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Fig. 4. Variation of the integrated atomic emission intensity at A = 689.3
nm {Sr(5s5p(*P;)} -+ Sr[587Sy)]} following the pulsed dyc-laser exci-
tation of strontium vapour at the resonance wavelength at elevated
temperature (7'=840 K) in the presence of helium gas at different
pressure. (N:YAG Laser Working Voltage =840 V).



94 D. Husain, J. Lei / J. Photochem. Photobiol. A: Chem. 87 (1995) 89-97

detection system at the peak of the response curve
(see Section 2) and Sg, the response normalised to
unity. The absolute intensities are not known in the
present measurements but the calibrations described
enable the relative intensities, and the integrated in-
tensities to be determined. Considerations of the Dop-
pler width for the transition at A=689.3 nm from the
foregoing values of 7, indicate that the atomic line
width is ca. 0.03 cm~". This can be compared with the
line width of the laser, 0.1 cm~?, approximately three
times that of the line width, Hence, pressure broadening
will increase the yield of excitation to St[SsSp(°P,)] as
indicated in Fig. 4. Further, we may readily estimate
the optimum working temperature for maximum laser
excitation to yield Sr(5°P;). Using 7,=19.6 us (see
carlier) as a guide, and the average atomic weight from
the isotopic constitution [43] of St of m =87.62 we may
average over the Doppler line profile and, in turn,
estimate an average absorption cross section of
(o) =1.46x%10~'* cm? This is in sensible accord with
Crane et al. [44]. Let us suppose that the laser beam
travels ca. 3 cm to the region of excitation for subsequent
observation within Sr(5'S,) in the vapour phase and
that the resulting attenuation satisfies the standard
Beer-Lambert law. Further, suppose then that the
subsequent excitation with this attenuated beam di-
rected to generate Sr(5°P,) in the small region of
observation then satisfies the weak light absorption
(namely /,,,=1Iocol) where I, is the attenuated beam
from the laser initially at a higher value than this J,,
maximization of these two effects with respect to the
Sr(5'S,) concentration, ¢, then yields c=1/ol, (/,=3
cm)=ca. 2,2X 10" atoms cm ™3, This corresponds ap-
proximately to the vapour pressure of strontium in the
region 7~800 K and should be close to the optimum
vapour pressure for maximum atomic emission intensity
in these measurements. Fig. 5 shows the variation of
the integrated atomic emission intensity at A=689.3
nm {St[5s5p(*P,)] - St{5s*('S,)]} following the pulsed
dye-laser excitation of strontium vapour at the resonance
wavelength in the presence of helium gas (py.=30
Torr, 3.4 10" atoms cm ~?) at different temperatures,
yielding a maximum in sensible accord with these ap-
proximate considerations.

3.2. Radiation trapping

The present emphasis on radiation trapping is directed
towards the “escape factor”, g=1r /v, [2-4), as this is
dominant effect in this work, rather than the presen-
tation of standard diffusion equations and integrations
over line shapes, such as Doppler line shapes for which
results will simply be quoted. This escape factor can
be incorporated into the measured first-order decay
coefficient, k', on the basis of the theory of Milne [5),
modifying equation (3), namely,

5000 7
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Fig. 5. Variation of the intcgrated atomic emission intensity at A = 689.3
nm {Sr[5s5p(*P,)] - Sr[55%S,)}} following the pulsed dye-laser exci-
tation of strontium vapour at the resonance wavelength in the presence
of helium gas (puo=30 Torr, 3.4X%10' atoms cm~Y) at different
temperatures. (Nd:YAG Laser Working Voltage =830 V),

k' =gAon/F + Blpuc + ko[He] + ks [Sr(5'So)) ®)

where the symbols have their usual meaning, ko and
kg, being the absolute second-order rate constants for
the collisional quenching of St(5°P,). In order to predict
the escape factor, various theories have been developed
using various simplifying approximations [2,3,5,6]. It is
convenient, initially, to consider the theory of Holstein
[2,3] who provides a general solution to the radiative
diffusion equation in terms of an eigenmode expansion
of the following form:

nc(r» t ) = 2cl“l(r ) exp( - Bl‘) (6)

where ny(r,t) is the excited atom density at position
r and at time ¢. n(r) form a complete set of spacial
eigenmodes which is a solution to the diffusion equation
corresponding to a pure exponential decay, exp(— Bit),
c; is the amplitude and B, the decay rate of the ith
mode. The fundamental mode, i=1, is the slowest
decaying mode (B, <pB,i#1). In general, the spatial
distribution of the excited atom will not decay as a
single exponential but will evolve in time towards the
fundamental mode distribution, n,(r), by which time
By =1/7.a=1/g7.. We may note that, except for the
fundamental mode, the spatial modes are non-physical
since n(r) can he negative for i+ 1. The total excited
atom density, n.(r, ¢), must, of course, be positive every-
where [12].

Holstein [2,3] has employed the limiting approxi-
mation for high optical depth, ko/>> 1, where k, is the
line-centre absorption coefficient and / is a geometric
factor. This yields the escape factors of the fundamental
mode for Doppler broadening and collision broadening,
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respectively, for an infinite slab of thickness, /, [3]:
g==1.875/{kol[m log(ko])]'*} ™
8=1.150/(wrkol)'? 8)

Here we will restrict our considerations to the Doppler
broadening which is the dominant effect. For the line-
centre absorption coefficient of Sr at A=689.3 nm at
T=850 K, for example, we may calculate k,=9.32 cm™?
using the average isotopic mass m =87.62 and neglecting
small effects due to nuclear hyperfine structure in
87Sr(I=9/2) (6.96%) [43). Taking the laser beam di-
ameter in these measurements as ca. 0.3 cm, we obtain
anoptical depth for 7= 850 K at the wavelength A = 689.3
nm of kyl=2.8. In the working temperature range of
these measurements (7'~ 660-890 K), on this basis, &,/
changes from 0.03 to 7.6, essentially in the range for
this quantity appropriate for Milne’s theory [5]. On
this basis, we may thus calculate g for any temperature.
An average value for 7, is taken from literature values
[20-22,36,45-47] (7,=2142 us) and the average ab-
sorption cross section and absorption coefficient were
calculated using the standard expressions for the Ein-
stein coefficients with the average Doppler profile at
a given temperature. From previous and past mea-
surements on the decay of Sr(5°P;) in He, the diffusion
terms B=1500 Torr~* s~ {20,21], it being recognised
that diffusional loss is very small in this system compared
with spontaneous emission and, indeed, difficult to
detect [20,21). We employ ko=(2.9+0.1)X 10~ cm®
molecule™! s~! following this work (Fig. 3) and
ks, =4.7X10" " cm® atom ™' s~ [21]. It must be stressed
that the heavily dominant term in equation (5) is the
term in gA4,./F.

Fig. 6 shows the comparison of the effects of radiation
trapping from the experimental viewpoint expressed in
terms of k'(*°P,) and the temperature, and hence the
density of Sr(5'S,), and calculations on the basis of
the theory of Milne [5] and subsequent modifications
(see Section 1). Milne [5] employed a single mean free
path for the photons in the vapour (P(/) = exp(—(k)!))
and solved the diffusion equation of radiation for an
infinite slab of thickness /. This yields the following
expression for the fundamental mode escape factor:

g=1{1+ ((k)IN)} ®

where (k) is an average absorption coefficient. A; is
the first root of the cquation

A tan(A) = (k) (10)

and varies from ({k))¥? to — /2 as k! varies from 0
to 20 which is the region across which the theory of
Milne [5] may be applied. Fig. 6(a) and (b) include
experimental data taken with different slit widths (600
and 150 um) demonstrating that the results are de-
termined by the laser width and not the slit width in
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Fig. 6. Results of experimental and theoretical analyses of the effect
of radiation trapping on the first-order rate coefficient (k') for the
decay of Sr(5°P;) A = 689.3 nm {Sr[Ss5p(*P,) — Sr[5s5p(*P,)]} following
the pulsed dye-laser excitation of strontium vapour at the resonance
wavelength in the presence of helium buffer gas (pye=30 Torr,
3.4x10" atoms cm™*) at clevated temperatures. Monachromator
slit widths (a) 600 pm, (b) 150 um.

S-shaped curves from right to left corresponding to the calculation
of k' according to the diffusion theory of Milne using different
thicknesses (/) of the “infinite slab”. 1 (cm): 0.03, 0.12, 0.30, 1.50,
3.00, 5.00. Upper dashed line: k'/s~'=A,n/F. Stars and crossed
circles: experimental data.

terms of the boundary conditions of the difiusion equa-
tion. Clearly, emission intensity measurements at
A=689.3 nm can be taken at lower temperatures using
a wider slit on account of light gathering power but
the variation of k' vs. T remains essentially unchanged
with slit width. The geometric factor is principally
governed by the width of the laser beam. Thus the
theory of Milne supports the present results and in
accord with previous work on atomic sodium emission
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Fig. 7. Results of experimontal and theoretical analyses of the effect
of radiation trapping on the first-order rate cocfficient (k') for the
decay of Sr(5°P;) A= 689.3 nm {St{585p(*Py) = St{585p(*Py)]} following
the pulsed dye-laser excitation of strontium vapour at the resonance
wavelength in the presence of helium buffer gas (pu,=230 Torr,
3.4% 10" atoms cm™?) at elevated temperatures using the radiation
trapping theories of Milne (dashed curve) and Holstein (full curve).
Geometric factor=0.12 cm, Stars and crossed circles: experimental
data. (Monochromator Slit Widths 600 um).

at low optical depth [48] as P({) is then necarly ex-
ponential, This becomes a noor approximation at high
optical depth where more cmission cscapes via the
optically thin wings of the line and the assumption
of a single mecan free path for the photon becomes
less accurate. The extrapolated value for 7, for
St[5sSp(°P,)] = Sr[5s*(*S”)) + h» (A =689.3 nm) of 20.7
M8 is in accord with previous measurements [20-22].

Fig. 7 gives a comparison of the application of the
Milne [5] and Holstein theories [2,3] where the latter
is based on Egs. (7) and (8) for a defined geometric
factor. This is to be expected as the Holstein theory
breaks down for low values of k,/ as seen particularly
from Eq. (7) for a Doppler-broadened line and as has
been observed hitherto for atomic sodium mutatis mu-
tandis [4,11-13). Thus, in conclusion, radiation trapping
is significant in Sr(5°P,) under the conditions of pulsed
laser excitation for kinetic studies and the phenomenon
is in accord with the diffusion theory of radiation as
presented by Milne [5] using a single mean free path
of the emitted phuton.
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