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Abstract

We present a kinetic study of Sr{5s6s('S,)] generated by energy pooling arising from self-annihilation of Sr[5s5p( 3P,)]. Sr{5s5p(°Py) ]
was produced by pulsed dye-laser excitation at A= 689.3 nm ( Sr{5s5p(°P,;)] « Sr{5s*('Sy)]) of strontium vapour at elevated temperatures
- 750-890 K)) in the presence of excess helium buffer gas. Following rapid Boltzmann equilibration within the 5s5p(*P,) spin—orbit manifold,
ime-resolved emission was monitored at A =1124.1 nm (Sr[5s6s('Sy)] — Sr[5s5p('P,)}) using signal averaging methods. To our knowl-
>dge, this constitutes the first direct observation of this time-resolved emission, which has become feasible through the commercial development

Hamamatsu) of a new long-wavelength photomultiplier tube (350-1200 nm) based on an Ag—O-Cs photocathode, whose operation
ind application in the present system are described in some detail. Subsequent time-resolved emission at A=460.7 nm

Sr[3s5p('P,)] = Sr[5s%('Sy) 1) is thus seen to result from ‘‘cascading fluorescence’” as originally proposed by Gallagher and coworkers.
Zirst-order decay coefficients, characterized across the above temperature range for Stf5s6s('Sp) ], Sr[5s5p('P,)] and Sr[5s5p(°P,) ], are
.;hown to be in the ratio of 2:2:1 in accord with self-annihilation, energy pooling emission and cascading fluorescence. Integrated atomic
:mission intensity profiles for the transitions at A=1124.1 nm and 460.7 nm, coupled with optical and electronic sensitivity calibrations, yield
an estimate of the Einstein coefficient for the A=1124.1 nm transition based on the above mechanism. Finally, the present optical system,
nising the new photomultiplier tube with the associated optics and gating circuitry, is seen to provide a basis for studying low-lying electronically
~xcited states above the ground state (more than approximately 1.03 eV), particularly Ba[6s5d(°D; ;)1 and Ba[6s5d('D,)] by time-
‘esolved emission.

i’eywords: Energy pooling; Time-resolved atomic emission; Pulsed dye-laser excitation

|. Introduction kinetic investigations. Energy pooling investigations from
electronically excited atomic strontium alone in the presence

Energy pooling of electronically excited alkaline earth of a noble gas have been limited. Kelley et al. [6] have
ztoms in low-lying metastable states has been widely studied observed emission from Sr[5s6s(3S,)] (3.600 eV [7]) and
following laser excitation of ground state ns*('S,) atomic Sr[5s5p('P,) 1 (2.690 eV [7]) following laser excitation of
vapours of these metals. These excited states are sufficiently Sr(5°P,), and have characterized the absolute rate constants
retastable to be investigated conveniently in the time domain into the energy pooled 6S, and 6'S, states following pulsed
| 1-4] and under single-collision conditions [ 5], but are char- dye-laser generation of Sr(5°P,) and Sr(5°P,) +Sr(5°P,)
acterized by Einstein coefficients of such magnitude to yield self-annihilation [8]. Husain and Roberts [9] h:we presenté d
r:latively high densities on laser excitation. Emission from a detailed kinetic study of energy pooling from both the low-
higher lying atomic states may be observed following the lying, optically metastable ftatzs ofg atomic _strontium

rimolecul Ilisi bet th tastabl
imolecular collision processes between these metastable Sr[5s5p(*P))] and Sr[Ss4d('D,)], 1.807 and 2261 €V

s:ates. These ‘‘energy pooled states’’ are often characterized vel he Ss2(! i
r+ short radiative lifotimes and may be investigated by time. respectively above the 5s°(Sy) ground state [7]. For exci-

resolved emission. The time profiles of both the energy t.ation of SF(SBPJ)’ emission from pooled states was essen-
“store’’ and ‘‘pool’’ states are then characterized in the tially restricted to Sr(6°S,) and Sr(5'P,). Emission from
B Sr[5s4d('D,)] was very weak and subject to overlapping

* Corresponding author. from neighbouring transitions [9]. Very recently, we have
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reported time-resolved emission for a larger number of
energy pooled states, namely Sr[5s5p('P,) 1, Sr[5s6s(®S,) 1,
St[4dSp(°Fy4)),  Sr{4dSp('Dy)].  Sr[5s6p(’Py,)],
Sr[5s5d(°D,)] and  Sr[5p*(°P,)], derived from
Sr[5s5p(°P,)] following pulsed dye-laser generation of
Sr[5s5p(°P,)] from the ground state atomic vapour [10].
Many of these states lie significantly higher in energy above
two Sr(5°P,) atoms, namely 3.614 eV, the highest being
Sr[5p*(°P,)] (4.423 eV [7,10]). Quantitative characteri-
zation of integrated atomic emission intensities has estab-
lished that the energy pooled states arise from bimolecular
self-annihilation of Sr(5°P,) and that the relative yields into
the pooled states are consistent with the Boltzmann popula-
tion into those states where the pooling processes are endo-
thermic.

An important aspect of energy pooling from Sr(5°P,), not
experimentally accessible by direct spectroscopic investiga-
tion hitherto, has been the proposal of Kelley et al. [8] that
emission at A=460.7 nm (Sr[5s5p('P;)] = Sr[5s*(!Sy) 1)
is not direct energy pooling fluorescence but ‘‘cascading
fluorescence’’. These workers suggest that the 5s5p('P,)
state is populated by the long-wavelength emission
St[5s6s('Sy)] = Sr[5s5p('P,) ] +Av (A=1124.1 nm) and
that the 5s6s('S,) state is, in fact, the pooled state [8]. Pro-
duction of this pooled state is endothermic to the extent of
approximately 1500 cm ™! from two Sr(5°P,) atoms [7]. On
this basis, we have employed the integrated emission at
A=460.7 nm to calculate the relative yield into
Sr[5s6s('S,)] [ 10]. However, it must be stressed that time-
resolved emission at A=1124.1 nm has not been observed
hitherto for the technical reason that even long-wavelength
photomultiplier tubes are not normally sensitive at this wave-
length. In this paper, we describe the observation of this
emission from Sr[5s6s('S,) ] in the time domain from energy
pooling from Sr(5°P;). This has become feasible using a new
photomultiplier tube that has recently become available. The
circuitry, gating system, optical sensitivity calibration and
operation of this device with a new monochromator—grating
combination are described in this paper. Time profiles for
emission from Sr{5s5p(°P;)], Sr[5s5p('P,)] and
Sr[5s6s('Sy) ] are reported, the latter being shown to arise
kinetically from Sr(5°P,) + Sr(5°P,) self-annihilation, sup-
porting the proposal of Kelley et al. [8]. The characterization
of integrated atomic emission profiles, including that at
A=1124.1 nm, is used to estimate the Einstein coefficient for
this long-wavelength emission. Finally, the implications
for studying time-resolved emission for low- lying atomic
states using this new photomultiplier system, including
Ba[6s5d(°D, ;1) ] and Ba[6s5d('D,) ] within the context of
electronically excited alkaline earth atoms, are briefly con-
sidered.

2. Experimental details

The general experimental arrangement for monitoring
atomic resonance fluorescence, energy pooling emission and
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Fig. 1. Calibration of the optical response of the monochromator (GM 100),
grating (GM 100-5) and long-wavelength response photomultiplier tube
(R632, Hamamatsu, S1 response) ((a) direct output; (b) logarithmic dis-
play) employed in the investigation of the energy pooling of Sr(5°P,)
generated by the pulsed dye-laser excitation of strontium vapour at A = 689.3
nm (Sr[5s5p(P,) ] « Sr[5s%('Se) 1) at elevated temperatures: *, no filter;
@ clear glass; @ orange filter.

cascading emission in the time domain was similar to that
described in recent investigations on chemical reactions of
Sr(5°P,) [11,12], but with significant modification to the
optical detection system. Sr[5s5p(°P;)] was thus generated
by the Nd: Y AG-pumped pulsed dye-laser excitation (10 Hz)
(J.K. Lasers, System 2000) of strontium vapour at elevated
temperatures [13] at A=689.3 nm (Sr[5s5p(°P,)] «
Sr[5s%('Sp)]) in the presence of excess helium buffer gas in
a slow flow system, kinetically equivalent to a static system.
In contrast with our previous system employed for studies of
the chemical reaction of Sr(5°P,) [11,12] and energy pool-
ing [10], a further high-throughput compact monochromator
(Spiers Robertson GM 100; aperture ratio f 4.7; fixed slits,
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0.5 mm) was used. This included a grating with optical sen-
sitivity at long wavelength (Spiers Robertson GM 100-5;
range, 350-1100 nm; 590 grooves mm ~'; blaze, 500 nm).
The further effect of the blaze wavelength will be noted pres-
ently.

The specifications of the new IR-sensitive photomultiplier
tube employed in this investigation (Hamamatsu R632 - S1
response) are given in the commercial literature, but appro-
priate aspects that particularly affect the present measure-
ments are presented here. This is a 12-dynode device with a
photocathode material of Ag—O-Cs and a sensitivity range
of approximately 400-1200 nm, although the commercial
response curve is only presented up to 1100 nm. The wave-
length response shows a bimodal distribution, with maxima
at about 310 and 800 nm and a trough at 450 nm. The overall
sensitivity is relatively low, the quantum efficiency being
little more than 1% at 310 nm and 0.1% at 1000 nm. Never-
theless, the operational wavelength range is large, permitting
optical measurements in this range with constant light gath-
ering power. The gain (G) of the tube can sensibly be
described by the form InG=8.48InV(V)—-47.28 (y=
).998) from the commercial gain characteristic. The photo-
multiplier gating circuitry to eliminate the effect of scattered
light from the laser initiation pulse was similar to that
employed in previous investigations on Sr(5°P,) [10-12].
In this case, a reverse pulse of 100 V of varied duration was
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applied across the fifth and seventh dynodes of the photo-
multiplier chain, during which the laser pulse was applied,
yielding an attenuation of approximately 100 : 1.

The wavelength response of the photomultiplier—grating
combination was calibrated using a quartz halogen lamp and
a spectral radiometer (International Light Inc., USA, IL783)
as employed on earlier optical systems for studying Sr(5°P,)
[10-12]. The resulting calibration curve is shown in Fig.
1(a). Hence the double maxima in the wavelength response
of the photomultiplier tube coupled with the blaze of the
grating (see earlier) yields a curve with a single maximum.
The caption in Fig. 1 indicates the use of standard filters
employed as part of the spectral radiometer. The response at,
for example, A=1100 nm is not zero but about 0.3 on the
arbitrary scale given in Fig. 1 and the response is approxi-
mately flat at this value to A=1200 nm. The logarithmic
display given in Fig. 1(b) emphasizes the optical response
at long wavelength. Small variations in the region of 1100
nm (approximately 0.2-0.3) are, of course, exaggerated.
This low long-wavelength response is offset in the measure-
ments by the increase in gain of the photomultiplier tube with
voltage (see earlier) which, necessarily involving scatter
from noise in the tube, is significantly reduced by signal
averaging (see later, this section).

Following the earlier procedure [10-12], digitized data
capture of complete profiles was employed in contrast with
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Fig. 2. Examples of the digitized output showing the decay of the time-resolved atomic fluorescence emission /(z) at A=689.3 nm
1 Sr[5s6s(%S;) 1 — Sr[5s5p(°Py) 1) following the pulsed dye-laser excitation of strontium vapour at the resonance wavelength in the presence of helium buffer
as (pue=80 Torr, 9.1 X 10'7 atoms cm > at 850 K) at elevated temperatures. 7 (K): (a) 850; (b) 830; (c) 790; (d) 750.



4 S. Antrobus et al. / Journal of Photochemistry and Photobiology A: Chemistry 90 (1995) 1-9

the earlier use of boxcar integration. Thus decay profiles were
captured with a double-channel transient digitizer (Digital
Storage Adapter, Thurlby DSA 524) interfaced to a com-
puter. Decay profiles (255) were captured and averaged as
were 255 background profiles before transfer and subtraction
for computerized analysis. Measurements of the integrated
atomic intensities were calculated from the recorded decay
profiles coupled with calibration of the response of the optical
system and the photomultiplier gain characteristic. The mate-
rials (Sr, He) were employed essentially as described in the
previous investigations on energy pooling on atomic stron-
tium [9,10].

3. Results and discussion

Fig. 2 gives examples of the digitized output, indicating
the decay of the time-resolved emission A=689.3 nm
(Sr[5s5p(°P;)] = Sr[5s%('S,y) ] + Av) following laser exci-
tation at this resonance wavelength at different temperatures.
The kinetic study of energy pooling, of course, requires the
quantitative characterization of the kinetic behaviour of the
3P, store state as well as the pooled states. The range of
temperatures given in Fig. 2 is employed here in order to
obtain a variation in the first-order decay coefficient &’ for
the decay of Sr(5°P,) via the subsequent variation in the
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‘‘escape factor’’ (g), studied in radiation trapping in this type
of system [14], for different atomic densities of Sr(5'S,)
and different ambient temperatures (see later). Fig. 3 gives
the computerized fitting of the digitized output in Fig. 2,
indicating the first-order decay of the time-resolved emission
A=689.3 nm (Sr[5s5p(°P,)] = Sr[5s*('Sy)] +hv) at
times greater than approximately 50 us for all the decays.
We may readily show from approximate calculations of the
laser linewidth and energy output at the resonance wave-
length, together with estimates of the lineshape at A =689.3
nm, that it is 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 yields a kinetic term
for the removal of Sr(5°P,) involving [Sr(5°P,) ] which is
significant at earlier times and causes departures from linear-
ity in the first-order kinetic plots as shown in Fig. 3.
Under the first-order conditions we may write

[St(5°Py)1,= [St(5°Py) 1,=g exp(—K't) (D

The overall first-order decay coefficient &' may then be
expressed in the form [ 10-13]

k' =kem+ B/ pre + Lko[ Q] (2)

where k., represents the first-order loss due to radiative decay
from Sr(5°P,), where the *P, and 3P, states are ‘‘reservoir’’
states from which emission may be neglected [15,16]. The
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Fig. 3. Examples of the computerized fitting of the digitized output, indicating the first-order decay of the time-resolved atomic fluorescence emission [(7) at
A=689.3 nm (Sr[5s6p(°P,) ] — Sr[55?(°S,) 1) following the pulsed dye-laser excitation of strontium vapour at the resonance wavelength in the presence of
helium buffer gas (py. =80 Torr, 9.1 X 10" atoms cm ™3 at 850 K) at elevated temperatures. 7 (K): (a) 850; (b) 830; (c) 790; (d) 750.
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Fig. 4. Examples of the time variation of the digitized output, showing the decay of the time-resolved atomic emission /(¢) at A=1124.1 nm
:Sr{5s6s('Sy)] — Sr[5s5p('P;) 1), indicating energy pooling following the pulsed dye-laser excitation of strontium vapour at A=689.3 nm
Sr{5s5p(*P;)] « Sr[5s%('Sy)1) in the presence of helium buffer gas (py. =80 Torr, 9.1 X 107 atoms cm > at 850 K) at elevated temperatures. T (K): (a)

350; (b) 830; (c) 790; (d) 750.

slopes of these first-order plots may then be recast in the
standard form [15,16]

;-ngAnm/F*_ﬁ/pHc (3)
vhere
F=1+1/K,+K, (4)

neglecting collisional quenching by He and Sr(5'Sy)

Lko[Q1), and this yields the appropriate decay coefficients
in the presence of He alone. g is the “‘escape factor’’ resulting
from solutions of the diffusion equation for radiation which
has been demonstrated as appropriate for radiation trapping
(n this type of system for the transition at A=689.3 nm [ 14].
Its quantitative characterization is not required in the present
neasurements, but the variation in g yields the main variation
:n k' for the various atomic states which is necessary in this
:nvestigation. K| and K, represent the equilibrium constants
« onnecting the spin—orbit states within Sr(5°P,) (°P,=>P,,
iy; 3P, =22P,, K,) which rapidly reach Boltzmann equilib-
rium on the time scales of the present measurements. Emis-
vion is observed only from Sr(5°P;) and the term B/py,
represents the diffusional loss of Sr(5°P;). The function F,
calculated by statistical thermodynamics, takes the value of
2.311 at T=2850 K, for example. The detailed time scale by
which the Boltzmann equilibrium has been reached for

Sr(5°P,) in helium alone is a matter of some controversy.
The application in various publications of such rapid equili-
bration and the standard use of the 5°P, and 5°P, states as
“‘reservoir states’’ leads to a mean radiative lifetime of
T,=19.6_05"%% us [9]. Kelley et al. [6] describe time-
resolved measurements on all the Sr(5°P,,,) spin—orbit
states and conclude a mean radiative lifetime for Sr(5°P,) of
T.=22+ 0.5 us which is not very different from that reported
hitherto [9]. This will not significantly affect the present
analysis where radiation trapping and the ‘‘escape factor”’
will be more important in determining the effective value of
A, or .. All measurements were carried out at constant total
pressure, with the accompanying small contribution to atomic
loss by diffusion (Eq. (3) ), which is only mildly temperature
dependent across the limited temperature range employed
here [9].

Fig. 4 gives examples of the digitized time variation of
the emission at A=1124.1 nm (Sr[Ss6s('Sy)] —
Sr[5s5p('P;)]) under identical chemical conditions to those
indicated in Fig. 2, demonstrating the production of the
5s6s('S,) state by energy pooling. The profiles are scattered,
as expected for the low sensitivity of the photomultiplier tube
at this wavelength; nevertheless, the pooling emission has
now been observed, recorded and quantitatively character-
ized from the kinetic viewpoint. Fig. 4 was recorded with a
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Fig. 5. Examples of the time variation of the computerized fitting of the digitized output, indicating the first-order decay of the time-resolved atomic emission
I(t) at A=1124.1 nm (Sr{5s6s('Sq)] — Sr[5s5p('P,)1) resulting from energy pooling following the pulsed dye-laser excitation of strontium vapour at
A=689.3 nm (Sr[5s5p(*P;)] « Sr[55%('Sp) 1) in the presence of helium buffer gas (py. =80 Torr, 9.1 X 107 atoms cm™> at 850 K) at elevated temperatures.

T (K): (a) 850; (b) 830; (c) 790; (d) 750.

photomultiplier voltage of 1200 V, in contrast with the use
of 600 V in Fig. 2 for the atomic resonance transition where
the gain in the photomultiplier tube has thus been increased
by a factor of 357 (see Section 2) to offset the lower optical
sensitivity. Fig. 5 shows the first-order plots constructed from
the data in Fig. 4 and yields the first-order decay coefficients
for the 5s6s(’S,) state. Fig. 6 gives examples of the digitized
decay profiles for the cascading fluorescence at A=460.7 nm
(Sr[5s5p(*P,)] = Sr[5s%(!S,) 1) under identical chemical
conditions to those given in Figs. 2 and 4. Here a photomul-
tiplier voltage of 800 V was employed, indicating an increase
in photomultiplier gain of 11.5 to that employed for the
atomic resonance transition. The first-order decay profiles
constructed for Sr[ 5s5p('P,) ] for the datain Fig. 6 are given
in Fig. 7.

Comparison of the first-order decay coefficients for the
energy pooled state Sr{5s6s('S,)], obtained from plots of
the type given in Fig. 5, with those for the store state
Sr[5s5p(®P,)] (Fig. 3) is given in Fig. 8(a). This yields a
slope of 2.04, a factor of two within experimental error. Not-
withstanding the quality of the plot, placed through the origin
as this is a physically realistic point, we ascribe a 1o error of
approximately 10% in view of the scatter in the raw data. The
analogous comparison of the first-order decay coefficients for
the pooled state with the 5s5p('P,) cascading state is given

in Fig. 8(b) with a slope of 0.994, unity within experimental
error, and a comparable 1o error of 10%. Figs. 8(a) and 8(b)
demonstrate the variation in the values of the first-order coef-
ficients, arising initially from those for Sr[5sS5p(°P,)],
obtained principally through the radiation trapping ‘‘escape
factor’’ g.

The mechanism for the 5s6s('S,) energy pooled states
observed in this investigation following pulsed generation of
Sr(5°P,) is thus consistent with the simple mechanism of
self-annihilation with strongly allowed emission at
A=1124.1 nm. Thus the production of Sr[5s6s('S,)] with
subsequent emission at A=1124.1 nm (Sr[5s6s('Sg)] —
Sr[5s5p(*P,)] +Av, A,m(2)) may be written

Sr(5°P;) +Sr(5°P;) —>
Sr[5s6s('Sp) ] +Sr[5s2('Sy) ] k,

Sr[5s6s('Sg) ] —

Sr(5s5p('P,) 1 +Av(A=1124.1 nm)  A,.(2)

The rate constant k, has been characterized by Kelley et al.
[8] for T=673 K, namely k;=(1.1+0.4) X107 '° cm?
atom™! s™', The endothermicity for the pooling process
depends on the spin—orbit Boltzmann averaged energy for
the °P; state. Kelley et al. [8] ascribe an endothermicity (AE)
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+ Sr[5s5p('P,) ] - Sr[5s('Sy) 1), indicating cascading fluorescence from energy pooling following the pulsed dye-laser excitation of strontium vapour at
+=689.3 nm (Sr[5s5p(*P,)] « Sr[55%('Sy) 1) in the presence of helium buffer gas ( py. =80 Torr, 9.1 X 10'7 atoms cm ™3 at 850 K) at elevated temperatures.

T (K): (a) 850; (b) 830; (c) 790; (d) 750.

of +1583 cm~?, which would correspond to a Boltzmann
factor (exp( — AE/kT)) of 3.3 X 10~ 2, The collision number
for the process described by k; must therefore be approxi-
rately 3.3 107 cm® atom ~' s ! which is large. The con-
centration of Sr[5s6s('S,) ] is placed in steady state and the
<mission intensity at A= 1124.1 nm is thus given by

1.m(1124.1 nm) = GSk,[Sr(5s5p(PPy) 1,0 exp( —k't)  (5)

f sllowing Eq. (1). Hence the first-order decay coefficient for
the pooled state is double that of the Sr(5°P,) store state. G
i+ the gain of the photomultiplier, which is a function of
voltage, and § is the sensitivity of the optical system as a
runction of wavelength, the calibration of which have been
given in Section 2. Mechanistically, the emission at A =460.7
nm from Sr[5s5p('P;)] (Sr[5s5p('Py)] —Sr[5s*('Sy) ]
~hv, Apm(3) =2.01 X 108 s7! [16-19]) demonstrates the
same time-dependent behaviour.

The optical calibration may be coupled with the atomic
¢ nission intensities at A =460.7 nm (Fig. 6) and A=1124.1
nm (Fig. 4) using the photomultiplier gain characteristic (see
Section 2) to estimate the Einstein A coefficient for the latter.
This may be determined, for example, from the measurement
o’ the ratio of the integrated intensities from the profiles of
Figs. 4(a) and 6(a). Such measurements for suitable com-
h:nations of intensities taken under identical conditions were

repeated across the range of temperature employed here. The
result, of course, depends on the value employed for A,,,,(3)
for emission from the 5s5p('P,) state and assuming that all
the emission at A=460.7 nm is cascading fluorescence
and originates from Sr[5s6s('Sy)] via energy pooling.
Using A,n(3)=2.01X10° s~' [19], the results yield
Am(2)(A=1124.1 nm) =7.2X 10® s~ . Using the earlier
value of A,,(3)=283X10" s~! [15], we obtain
Apm(2) =1.01X 10%s™'. Whilst we may confidently employ
the time profiles in Fig. 4, and hence Fig. 5, to characterize
the first-order decay coefficients for Sr{5s6s('S,) ] with rea-
sonable accuracy, the intensity measurements are subject to
large errors both on account of the low sensitivity at the long
wavelength and the response of the grating in the mono-
chromator (Fig. 1). Accordingly, we conclude that
Apn(2)(A=1124.1 nm) =10® s~ ', further justifying the
steady state mechanism for Sr[5s6s('S,) ] leadingto Eq. (5).

Finally, we may note the feasibility of further applications
of the novel optical detection system to studies of emission
from low-lying electronically excited states of various atoms
(or molecules). A long-wavelength limit of approximately
1200 nm indicates that studies of time-resolved emission
from electronically excited atoms at energies greater than
about 1.03 eV above the ground state are, in principle, acces-
sible. In the present context of electronically excited alkaline
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Fig. 7. Examples of the time variation of the computerized fitting of the digitized output, indicating the first-order decay of the time-resolved atomic emission
I(t) at A=460.7 nm (Sr[5s5p('P,)] — Sr[5s%('Sy) 1) for the cascading fluorescence from energy pooling following the pulsed dye-laser excitation of strontium
vapour at A =689.3 nm (Sr[5s5p(°P,)] <« Sr[55%('Sy) ]) in the presence of helium buffer gas (py, =80 Torr, 9.1 X 10'7 atoms cm ™ > at 850 K) at elevated

temperatures. T (K): (a) 850; (b) 830; (c) 790; (d) 750.

earth atoms, direct studies on Ba[6s5d(°D,,5)] (1.120,
1.143 and 1.190 eV respectively) and Ba[6s5d('D,)]
(1.413 eV) [7] in emission should be feasible. Estimates of
the mean radiative lifetimes of such states [4] indicate that
they are sufficiently metastable to be investigated in the pres-
ent system [20-22]. Eversole and Djeu [22] have studied
the time-dependent behaviour of Ba[6s5d('D,)] by atomic
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resonance absorption to the 5d6p('P,°) state at A =582.6 nm.
Time-resolved emission from the optically metastable states
generally enjoys the advantage that the emission itself con-
stitutes its own spectroscopic marker with standard electronic
methods, without a second optical source for absorption or
fluorescence monitoring, and permits accompanying emis-
sion studies for other states to be carried out at constant light
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Fig. 8. (a) Comparison of the first-order rate coefficients k' derived from the intensity profiles for the emission of the energy pooled state
(Sr[5s6s('Sp)1 — Sr{5s5p('P;) 1) at A =1124.1 nm with that for the atomic emission at A = 689.3 nm (Sr[5s5p(®Py)1 = Sr[55%('Sp) 1) (slope =2.04). (b)
Analogous comparison of the first-order decay coefficients for the pooled state (St[5s6s('Sy)] — Sr[5s5p('P,)1) at A =1124.1 nm with the cascading emission
(Sr[5s5p('P;) ]~ Sr[5s*('Sp) 1) at A=460.7 nm (slope=0.994). (Following pulsed dye-laser excitation of strontium vapour at the resonance wavelength
in the presence of excess helium buffer gas at elevated temperatures (7="750-890K).)
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gathering power of the optical system as in the present inves-
tigation on atomic strontium.
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