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Abstract

The collisional behaviour of Ba[6s5d(D;)], 1.151 eV above the 6s*('Sy) electronic ground state, in the presence of atomic strontium, has
been investigated in the ‘long-time domain’ (ca. 100 us—1 ms) following the pulsed dye-laser excitation of barium vapour at elevated
temperature at A = 553.5nm (Ba[6s6p('P;)] < Ba[6s*(!Sg)]. Ba(®Dy) is subsequently produced from the short-lived 'P; state
(Te = 8.37 £ 0.38 ns) by a number of radiative and collisional processes. It may then be monitored in the ‘long-time domain’ by
atomic spectroscopic marker methods involving either collisional activation of Ba(*Dy) by Ba(!S) and He buffer gas to yield Ba[6s6p(*P;)]
with subsequent emission from the 3P, state (7, = 1.2 4 0.1 us): Ba[6s6p(’P;)] — Ba[6s%(!So)] + v (A = 791.1 nm). Alternatively,
emission from Ba('P;) may be monitored at long times following the generation of this short-lived state by energy pooling following self-
annihilation of Ba(*Dy) + Ba(*Dy) from Ba[6s6p('P;)] — Ba[6s*("Sg)] + Av (A = 553.5 nm). The generation of Ba(*Dy) in the presence of
atomic strontium yields emission in the long-time domain from Sr[5s5p(*P;)] (7. = 19.6 us): Sr[5s5p(*P;)] — St[55%(*Sp)] + hv
(A = 689.3 nm). Whilst the decay profiles at short times are complex in form, at long times all these atomic profiles show first-order kinetic
removal with the decay coefficients for A = 791.1 nm, 689.3 nm and 553.5 nm emissions in the ratio 1 : 2 : 2, consistent with overall third-
order activation of the form: Ba(*Dy) + Ba(®*Dy) + Sr('Sy) — Sr(’Py) 4 2Ba('Sy). The mechanism is modelled in detail, including
measurement of integrated emission intensities, yielding kinetic data for fundamental collisional processes. The overall rate constant for the
third-order collisional activation of Sr[5s5p(3PJ]) from 2Ba[6s5d(°Dy)] + Sr[Ssz(ISO)] takes the upper limit of 5.8 x 102" cm® atom 2 ¢!
(T = 900 K). The rate constant for the two body collisional quenching of Ba[6s5d(*Dj)] by ground state atomic strontium, Sr[5s%(1Sp)], is
found to be (2.0 £ 0.1) x 1072 cm® atom ™' s (T =900 K). © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Energy transfer processes between atomic states of dif-
ferent metallic species, especially those involving optically
metastable states of alkaline-earth metal atoms, have been
the objects of considerable attention in recent years [1-10].
This has arisen both for fundamental reasons and on account
of the possibility of constructing high-power laser systems
based on such processes [4,6,8,9]. The use of the time-
domain for quantitative characterisation of processes in
equilibrium-coupled systems involving Mg[3s3p(°*Py)],
Ca[4s4p(®Py)], Ca[4s3d('D»)] and Sr[5s5p(°Py)] has been
described in detail by Husain and Roberts [2,4-6]. These
authors have demonstrated the rapid establishment of equi-
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librium between Ca[4s4p(*P;)] and Sr[5s5p(°*P;)] following
the pulsed dye-laser excitation of calcium vapour at
A =657.3 nm {Ca[4s4p(3P]) — 4s2(ISO)]} in the presence
of strontium vapour, indicating coupling between Ca[4s4p-
CPy)] + Sr[5s%(*Sp)] and Sr[5s5p(*Py)] + Ca[4s*('Sy)] via
near-resonant electronic exchange processes. Similarly,
rapid electronic energy equilibrium between Ca[4s3d('D,)]
and Mg[3s3p(3PJ)] was demonstrated following pulsed laser
excitation of mixtures of calcium and magnesium vapours
either at A\ =457.1 nm {Mg[3s3p(°P;)] — Mg[3s*("So)]}
or at A =457.5nm {Ca[4s3d('D,)] — Ca[4s>(*Sp)]} via
the near- resonant electronic energy exchange processes
coupling Ca[4s3d('D,)] + Mg[3SZ(IS())] and Mg[3s3p(*P))]
+ Ca[4sz(1SO)]. The equilibria were demonstrated by the
equality in the measured first-order decay coefficients for
removal of these excited atoms under a wide range of
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conditions including the presence of helium buffer gas and
also gases which quench the excited states with high colli-
sional efficiency.

Benard and co-workers have observed that electronic
energy transfer takes place from Mg[3s3p(°Py)] to
Ca[4sz(1SO)] in a flow-discharge system [10] and that energy
transfer from Ca[4s4p(PPy)] to Sr{5s*('Sy)] takes place
following optical generation of Ca[4s4p(3PJ)] in a mixture
of Ca and Sr atoms [3]. These authors have also reported the
observation of electronic energy transfer processes from
Mg[3s3p(3PJ)] to yield Ca[4s4d('D,)] and excited Bi atoms
[8] following laser generation of Mg[3s3p(°P;) at
A = 457.1 nm following rapid equilibration within the 3Py
spin-orbit manifold of atomic magnesium. Energy transfer
from Mg[3s3p(°Py)] to atomic Sm has been studied by
Stanfill et al. [9] following laser generation of
Mg[3s3p(°*P;)] in a Mg/Sm mixed system and report a rate
constant for this electronic energy transfer process of
k=(1.6 £0.5) x 10~° cm® atoms ™! s~ !. Kallenbach et al.
[1] have reported the study of energy transfer from atomic
barium to strontium following the initial laser generation
of Ba[6s6p(1P1)] at A =553.5nm {Ba[6s6p(1P1)] «— Ba-
[6s2(ISO)] in strontium-barium vapour mixtures. The cross
sections for the collisional population of the D and P levels
in Sr from Ba[6s6p(1P1)] have been estimated to be about
1.5and 3 x 107" m? respectively, though no further details
about these processes have yet been published to the best
of our knowledge.

In the present paper, measurements have been attempted
to observe energy transfer from Sr[5s5p(°Pj)] to atomic
barium following laser excitation of Sr[555p(3P1)] at
A =689.3nm {Sr[5s5p(°P;)] « St[5s%(!Sp)]} in Sr-Ba
mixed vapours at A = 689.3. No emission was observed
from electronically excited barium atoms and hence one can
conclude that the energy transfer process via the exothermic
routes initially yielding Ba[6s5d(*Dj)] and Ba[6s5d('D,)]
are too inefficient to be observed in this system. On the other
hand, we have observed emission from Sr[555p(3P1)] in the
time-resolved mode following the pulsed dye-laser excita-
tion of Ba/Sr mixed vapour at the barium resonance line
A =553.5 nm. We describe the investigation of collisional
energy transfer processes from Ba[6s5d(°Dy)] to yield
Sr[5s5p(*P;)] by monitoring the atomic emissions from
Ba[6s6p('P;)], Ba[6s6p(®*P;)] and Sr[5s5p(*P;)] in the
time-domain. Quantitative characterisation of these time
profiles coupled with their comparison under a range of
experimental conditions and measurement of integrated
emission intensities, suitably calibrated for optical response,
are employed for determining a mechanism for the main
transfer processes and for quantifying appropriate funda-
mental collisional rate data.

2. Experimental

The experimental arrangement for the study of time-
resolved atomic emission from Ba[6s6p(1P1)], Ba[6s6p(3P1)]

and Sr[5s5p(P})] essentially follows that described in pre-
vious papers employed to study kinetic processes in barium
vapours with noble gases and reactions of Ba[6s5d(°Dy)]
with methyl halides [11-16]. Ba[6s5d(’D))] may be gener-
ated by the combination of radiative and collisional transfer
processes following the initial pulsed dye-laser excitation of
atomic barium via the allowed transition at A = 553.5 nm
{Ba[6s6p('P;)] — Ba[6s2(ISO)]} at a elevated temperature
(T>900K) [14-16]. Ba[6s6p(1P1)] was thus produced
using the second harmonic (532 nm) of a Nd: YAG primary
laser (10 Hz) (J.K. Lasers, System 2000) to pump a dye-laser
(Rhodamine chloride 590, typically 1.0 x 10~* M in metha-
nol, Exciton) operating at A = 553.55 nm. The population of
the low lying Ba[6s5d(°Dj)] atoms then was monitored
using the time-resolved spectroscopic markers at A =
791.1 nm {Ba[656p(3P1)] — Ba[652(150)]} following colli-
sional excitation of Ba(*Dy) by Ba and He atoms, and at
A=5535nm  {Ba[6s6p('P)] — Ba[6s*('Sp)]}  from
energy pooling emission arising from self-annihilation of
two Ba[6s5d(®Dy)] atoms. The population of Sr[555p(3PJ)]
was measured directly by time-resolved atomic emission
from Sr(*P;) at A = 689.3 nm {Sr[5s5p(*P;)] — Sr[55%(*So)1}.
These three atomic emissions are monitored as a function
of temperature, that is, as functions of [Ba] and [Sr].

Two monochromator—photomultiplier detection systems
were employed as in various previous measurements. (A)
The first involved a photomultiplier tube with an S20
response (E.M.I., 9797B) whose gain (G) can sensibly be
fitted to the form In G (G in arb. units) =8.71In V (V in
volts)—54.4 [14,15]. This was combined with a small high
throughput ‘Minichrom’ monochromator (MC1-02-10288,
Fastie—Ebert mounting; f/4; focal length 74 mm, range 200—
800 nm). The wavelength response of the photomultiplier—
grating combination (pm—grating) was calibrated against a
quartz-halogen lamp which had previously been calibrated
against a spectral radiometer (International Light Inc., USA,
IL783). (B) The second monochromator—photomultiplier
system employed an infra-red sensitive photomultiplier tube
(Hamamatsu R632-S1 response). This is a 12-dynode device
with a photocathode material of Ag—O-Cs and a sensitivity
range of ca. 400-1200 nm. The gain (G) of the tube can
sensibly be described by the form In(G) = 8.48 In V (V in
volts)—47.28 (v = 0.998) from the commercial gain char-
acteristic. This was combined with a further high through-
put compact monochromator (Speirs Robertson GM 100;
aperture ratio f=4.7; fixed slits 0.5 mm) that included a
grating with optical sensitivity at long wavelength (Speirs
Robertson GM 100-5; range 350-1100 nm; 590 grooves/
mm; blaze 500 nm). The wavelength response of this pm—
grating combination was again calibrated using a quartz
halogen lamp and the above spectral radiometer. The com-
bination of the wavelength response of the p.m.—grating
systems and the gain characteristics of the p.m. tubes with
voltage are employed in determining integrated atomic
intensities from decay profiles on a common intensity scale.
The forms of the decay profiles themselves are, of course,
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independent of these -calibrations. The population of
Sr[5s5p(*P;)] was measured directly time-resolved atomic
emission at A = 689.3 nm. The emissions at A = 553.5 nm
and 689.3 nm were measured with detector system A; that at
A =791.1 nm employed system B. A mixture of chips of Ba
and Sr was prepared to yield a mixture of the vapours of
these two atomic gases at elevated temperatures. These three
atomic emissions are monitored as a function of tempera-
ture, that is, as functions of [Ba] and [Sr]. One should note
that, for the purpose of kinetic analysis, the atomic con-
centration of Sr is typically higher than that of Ba at a given
temperature on the basis of vapour pressure data for pure
barium or strontium vapours. All materials (Ba, Sr and He)
were prepared as described in previous publications.

3. Results and discussion

Following pulsed dye-laser excitation of a mixture of Ba
and Sr vapours in the presence of excess helium buffer gas at
the barium resonance wavelength at A =553.5nm
{Ba[6s6p('P})] Ba[6s2(lso)]}, strong atomic emission
from both electronically excited barium and strontium was
observed. Figs. 1 and 2 show examples of the digitised
output indicating the exponential decay profiles of the
time-resolved barium atomic emissions from the energy
transfer excited marker state at A =791.1 nm from
Ba(®*P;), and from the energy pooled state at A = 553.5 nm
from Ba('P;) following the laser excitation at 553.5 nm in
the temperature region from 860 to 1000 K. In this tem-
perature range, [Ba] varies from 2.3 x 10"* ecm ™ to 5.1 x
10" cm ™3, and [Sr] from 4.9 x 10" to 8.8 x 10 cm™3
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Fig. 1. Examples of the digitised output of the time-resolved emission in
the long-time domain from atomic barium at A=791.1 nm
Ba[6s6p(*P))] — Ba[6s%(!Sy)] following the pulsed dye-laser excitation
of atomic barium at A = 553.5 nm {Ba[6s6p('P;)] « Ba[6s("Sp)]} in the
presence of strontium vapour and excess helium buffer gas (py. = 80 Torr)
at various temperatures. 7 (K): (a) 880 (b) 920 (c) 960 (d) 1000.
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Fig. 2. Examples of the digitised output of the time-resolved emission in
the long-time domain from atomic barium at A=553.5nm
{Ba[6s6p('P))] — Ba[6s2(ISO)]} following the pulsed dye-laser excitation
of atomic barium at the resonance wavelength {Ba[6s6p('P;)] « Ba-
[65%('So)]} in the presence of strontium vapour and excess helium buffer
gas (pye = 80 Torr) at various temperatures. 7 (K): (a) 880 (b) 920 (c) 960
(d) 1000.

[17]. We may immediately note the long-time domain of
these emissions in the context of the short radiative life-
times of these excited states of Ba, 7.(6'P))=8.37+
0.38 ns, 7.(°P;) =1.2pus, and of Sr(*P;) (19.6 us). The
associated computerised first-order profiles constructed
from Figs. 1 and 2 are shown in Figs. 3 and 4, respectively.
Examples indicating the decays of the time-resolved atomic
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Fig. 3. Examples of the first-order decay profiles constructed from the
digitised output of the time-resolved emission in the long-time domain
from atomic barium at A\ =791.1 nm Ba[656p(3P1)] —>Ba[6sz(lso)]
following the pulsed dye-laser excitation of atomic barium at
A =553.5nm {Ba[6s6p('P)] — Ba[6s%('So)]} in the presence of stron-
tium vapour and excess helium buffer gas (py. = 80 Torr) at various
temperatures. 7 (K): (a) 880 (b) 920 (c) 960 (d) 1000.
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Fig. 4. Examples of the first-order decay profiles constructed from the
digitised output of the time-resolved emission in the long-time domain
from atomic barium at A =553.5nm {Ba[6s6p('P;)] — Ba[6sz('So)]}
following the pulsed dye-laser excitation of atomic barium at the
resonance wavelength {Ba[6s6p('P;)] eBa[6sz(ISO)]} in the presence
of strontium vapour and excess helium buffer gas (py. =80 Torr) at
various temperatures. 7' (K): (a) 880 (b) 920 (c) 960 (d) 1000.

emissions at A =689.3 nm from Sr(’P;) for the same
experimental conditions as in Figs. 1 and 2 are given in
Fig. 5. Fig. 6 shows the first-order decay profiles con-
structed from the digitised outputs of Fig. 5. All the three
atomic decay profiles display good first-order behaviour and
the corresponding decay coefficients can be derived from the
linear fittings of these first-order plots.
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Fig. 5. Examples of the digitised output of the time-resolved emission in
the long-time domain from atomic strontium at A =689.3 nm
{Sr[555p(3P1)] — Sr[5s2(‘SU)]} following the pulsed dye-laser excitation
of atomic barium at A = 553.5 nm {Ba[6s6p('P;)] < Ba[6s>(! So)1} in the
presence of strontium vapour and excess helium buffer gas (py. = 80 Torr)
at various temperatures. 7 (K): (a) 880 (b) 920 (c) 960 (d) 1000.
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Fig. 6. Examples of the first-order decay profiles constructed from the
digitised output of the time-resolved emission in the long-time domain
from atomic strontium at A = 689.3 nm {Sr[5s5p(*P;)] — St[55%('So)1}
following the pulsed dye-laser excitation of atomic barium at
A =553.5nm {Ba[6s6p('P)] « Ba[6sz(ISO)]} in the presence of stron-
tium vapour and excess helium buffer gas (pye = 80 Torr) at various
temperatures. 7' (K): (a) 880 (b) 920 (c) 960 (d) 1000.

The increase of the decay coefficients with temperature
reflects the increasing role of collisional quenching of the
long-lived, excitation transfer precursor, Ba[6s5d(Dy)], by
ground state atomic barium and strontium. The variations of
decay coefficients for the three atomic emissions with
temperature are shown in Fig. 7. The decay coefficients
of excited strontium at A = 689.3 nm are similar to those of
excited barium at A = 553.5 nm in the lower temperature
region (ca. 840-930 K). These become marginally smaller at
higher temperature on account of the effects of radiation
trapping of the strontium 689.3 nm emission and the colli-
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Fig. 7. Variation of the first-order decay coefficients (k') for the time-
resolved atomic emission from atomic barium and strontium in the long-
time domain {\ = 791.1 nm Ba[6s6p(°*P;)] — Ba[6s%('Sp)]; A = 553.5 nm
{Ba[6s6p('P)] — Ba[65>('Sp)1}; A=689.3nm Sr[5s5p(°P))] —
Sl‘[552(150)]} following the pulsed dye-laser excitation of atomic barium
at A=553.5nm {Ba[6s6p('P,)] — Ba[6s*('Sp)]} in the presence of
strontium vapour and excess helium buffer gas (py. = 80 Torr) at various
temperatures. * k¥’ (791.1 nm); @ k' (553.5 nm); & k' (689.3 nm).
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Fig. 8. Comparison of the first-order decay coefficients (k') for the time-
resolved atomic emission from atomic barium and strontium in the long-
time domain {\ = 791.1 nm, Ba[6s6p(*P;)] — Ba[652('SO)]; A =553.5 nm,
Ba[6s6p('P;)] — Ba[6s%('Sp)]; A=689.3nm Sr[5s5p(°P))] —
Sr[Ssz(‘SU)]} following the pulsed dye-laser excitation of atomic barium
at A =553.5nm, {Ba[6s6p('P|)] < Ba[6sz('S0)]} in the presence of
strontium vapour and excess helium buffer gas (py. = 80 Torr) in the
temperature range 840-920 K; The slopes are (a) k'ss3.5/k'791.1 = 2.02;
(b) K'680.3/k'791.1 = 2.09;K' 680 3/k'553.5 = 1.06.

sional quenching of Ba(®Dy) at high barium and strontium
concentrations on these two emission profiles but these do
not influence the collisional transfer processes (vide infra).
Nevertheless, the first-order decay coefficients of the SrC’P))
emission can be compared with that from Ba('P;) and from
Ba(®P;) in the lower temperature region. These results are
displayed in Fig. 8, together with a comparison of the decay
coefficients of the atomic barium emissions at A = 553.5
and 791.1 nm. The comparisons of the decay coefficients for
atomic emissions from Sr(’P;) at A = 689.3 nm, from
Ba('P;) at A = 553.5 nm and from Ba(*P;) at A = 791.1 nm
are essentially in the ratio of 2:2 : 1 within experimental
€rror (:I:S%) (k,553/k,791 = 202, kl689/kl791 = 209, klﬁgg/
K'ss3 = 1.06 where k' are the measured first-order decay
coefficients. This indicates, given the established mechan-
ism of the two spectroscopic markers for Ba(*Dy), that the
collisional transfer involves two Ba(*Dj) atoms in the over-
all production of Sr(*Py) in this region of high strontium
atomic density.

3.1. Kinetic processes and rate equations

From the above measurements, one can conclude that
Sr[555p(3Pj)] results from an overall three-body mechanism
involving two Ba[6s5d(°Dy)] atoms and one and ground
state Sr[SSz(1 So)] following the laser excitation of a mixture
of Ba—Sr vapour at A = 553.5 nm in the presence of excess

He buffer gas. Thus, in the case of high strontium atomic
density, this can be written kinetically as

2Ba[6s5d(°Dy)] + Sr[Ss2('So)] % St[5sSp(*Py)]
+ 2Ba[6s%('So)] (1)

The contribution from an overall endothermic two-body
collisional transfer process

Ba[6s5d(*Dy)] +Sr[5s2('So)] 2% St[5s5p(*Py)]+Ba[6s*('So)]
(2)

should be included initially, although its efficiency is low on
energetic grounds. The overall mechanism can be simply
presented by Fig. 9.

The rate equations to describe the variation of [Ba(*Dy)]
and [Sr(*Py)] in the ‘long-time domain’ following Egs. (1)
and (2) for the collisional processes also including sponta-
neous emission can hence be formally written as:

3 34012
BB By s B DT
d[SrT(;PJ) = ksps[Ba(’Dy)*[Sr]/2 + kaps[Ba(’Dy)][St]

— s:[St(*Py)] )

The rate equations for describing the time evolution of the
energy transfer excited state marker, Ba[6s6p(3PJ)], and the
energy pooled marker state, Ba[6s6p('P;)], from the long-

Ba(6s6p 'Py) +Ba!3DJ!

—r
' Sr(5s5p °Py)
i Ba(6s5d *Py) +Sr 2
—_— |
' 2 |+Ba,He,Sr| —8—0
LI — :
B i Ba(6s5d 'D;) +Ba,}ile,Sr - Ba(’Dy) +Sr I
| I ' : | |
| . ! :
BE ] X Ba(6s5d °Dy) |
. ! ;
A I —: :
' I . =T 1 I
B : ! : :
' | ' | |
B I : I ! .
P ! ' ! [
553.7 877.4 791.1 1106.9 689.3
i | : ! |
| ; ! : :
o | | ' I
] ) .
vy Y i Y
Ba( 6s%) 'Sy Sr( 5s%) 'S,

Fig. 9. Schematic diagram of the kinetic processes taking place following
the pulsed dye-laser excitation of atomic barium at A =553.5 nm
{Ba[6s6p('P;)] « Ba[652(150)]}, in the presence of strontium vapour
and excess helium buffer gas at elevated temperature.
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lived precursor state Ba[6s5d(°Dy)], are given in references
[14—-16] and described mechanistically in the experimental
section. The effective overall decay coefficients (v) for
Ba[6s5d(*Dy)] and Sr[SsSp(3PJ)] can be written as follows:

_ gBaABa,nm ﬂBa

= k H
TBa FBa +pHe * Ba,qu[ e}
+ kBa,qBa[Ba] + kBa.qu [SI’] (5)
rAsrnm 5 T
Ysr = gSF—:r + p}S{e + ksrqe[He]
+ KanBa[Ba] + kSI_,qST[Sr} (6)

This notation appears complex but simply takes account
of the differing rate constants for energy transfer (k), coeffi-
cients for spontaneous emission (A,,), radiation trapping
(g), equilibrium constants connecting specific spin—orbit
states (F), collisional quenching constants (k;) and diffu-
sional loss () for specific atomic states involved here and is
clear on inspection in any given case. Hence, here the states
Ba[6s5d(°Dy)] and Sr[5s5p(*P;)] are labelled by Ba and Sr.
Thus, for example, the term kg, 4s,[Sr] represents the colli-
sional quenching of Ba[6sSd(3DJ)] by strontium atoms
which involves the two-body collision transfer process to
the Sr[SsSp(3PJ)] state. With the exception of the term
ksrqealBa]  representing  collisional —quenching  of
St[5s5p(*Py)] by ground state atomic barium, the rate con-
stant for which is unknown, the other terms in Eq. (6), e.g.,
8sr Asr, nm» Bsr> kst qre and Kg; 46 can be found in references
[18-25]. Hence the effective lifetime of St[5s5p(Py)], 1/7sy,
can be calculated to be of the order of 10 us at a temperature
T=850K.

For the present experimental conditions, it is always the
case that [Ba3D] < [Ba] and [Sr3P] <& [Sr]. Suppose the
overall three-body collisional transfer constitutes only a
small part of the removal of Ba[6s5d(°Dy)], i.e.,
ksps[PDy12[S1]/2 < vgal’Dy] and, at time t = 0, [Sr*Py] = 0
0 and Ba[*Dj] = Ng,, We may obtain the solution for the
rate equation Eq. (3):

[Ba(*Dy)] = Ngao exp(—7pa 1) %)

On this basis, the decay profiles of Ba[6s5d(°Dy)] are
characterised by single exponential forms. It can be obtained
from the solution of the rate Eq. (4) that the decay profiles of
Sr[5s5p(*P;)], generated by the overall three-body and two-
body collisional mechanisms from Ba[6s5d(°Dy)], are deter-
mined by three exponential parameters: vg,, 277, and s,
The experimental observation demonstrated that the con-
tribution from the two-body collisional mechanism for
excitation of Sr(*Py) is negligible and hence the appropriate
terms can be neglected. At lower temperatures in the region
of T'< 900 K, the decay of Sr[555p(3PJ)] is dominated by the
radiative decay of Sr(*P;) which is characterised by a
radiative lifetime of 19.6 us, modified by the function Fg;
describing the equilibrium connection between the states in
the 3P; spin-orbit manifold. Further, the decay of

Ba[6s5d(°D;)] dominated by the collisional quenching
Ba('Sy) [14,15] and Sr(!Sy) (vide infra) with effective life-
times of the order of hundreds of microseconds. Hence, it
can be concluded that s, > v, and the solution for SrCPy)
can be simply written as:

[Sr(Py)] = {M

2('}/Sr - 2’YBa) }CXP(—z’VBa t) (8)

Thus the decay rate of Sr[5s5p(*P;)] emission
(A =689.3 nm) = 2vg, as is that of the of energy pooling
emission from Ba[6s6p('P1)] (A =1553.5nm) and double
that of the spectroscopic marker for BaDy) at A = 791.1 nm
due to energy transfer excitation to Ba[6s6p(*P;)] for lower
temperatures, i.e., lower atomic densities of Ba and Sr.
Alternatively, the emission at A\ = 689.3 nm reflects the rate
of production of Sr[5s5p(*Py)] from two Ba(*Dy) atoms in
the presence of Sr('Sy). This is consistent with the experi-
mental observations shown in Fig. 9. However, at higher
temperatures, emission from Sr[5s5p(*P;)] at A = 689.3 nm
is subject to significant radiation trapping [18] causing a
reduction in its decay rate. Of course, the collisional quench-
ing of Ba[6s5d(*Dy)] by the higher densities of Ba and Sr
atoms will cause this metastable state to decay more rapidly.
Eventually, the decay rate of Ba[6s5d(*Dj)] will become
larger than that of Sr[5s5p(*Py)], i.e., Vs < Yga. For example,
at T=970 K, (1/ys;) ~ 250 ps and (1/yg,) ~ 60 us. In this
case, the decay the emission at A = 689.3 nm will be
dominated by the decay coefficient, ~s. This will become
smaller than that for the energy pooling emission at
A = 553.5 nm, consistent with the experimental observation
(Fig. 7).

The rate constant for the collisional quenching of
Ba[6s5d(*°D;)] by Sr(!Sy) strontium atoms can be derived
from the decay profiles of the atomic marker emissions for
Ba(®Dj) at A =791.1 nm (y79;) and A = 553.5 nm (7ss3).
For a fixed pressure of helium buffer gas, following Eq. (5),
we have [14-16]:

Y791 — kBa,qBa[Ba} =C+ kBaA,qu[Sr] 9
Y553 — 2kBa,qBa [Ba} = 2{C + kBa.qu [SI’]}

where Cis a constant. Thus, a plot of {791 — kgaqBa[Bal]} or
{7553 — 2kgaqsalBal}/2 against the concentration of atomic
strontium yields the rate constant for the collisional quench-
ing Ba(®Dj) by ground state strontium atoms, kgaqse[ST].
The constant kg, qg, has been reported earlier work for this
temperature regime [14-16], namely, kg, qa = 2.4 X 10711
cm® atom ™' s

Fig. 10 shows the variation of {779; — kgaqsalBal} and
{7553 — 2kpaqBalBal} against density of atomic strontium,
[Sr]. For the former (791.1 nm), this yields kgy gsr = 1.98 X
1072 ¢cm® atom™' s™' and for the latter (553.5 nm), this
yields kgy gsr = 2.05 X 1072 cm?® atom ™" s™! for the tem-
perature range employed here. Hence we conclude that the
rate constant for the collisional quenching of Ba[6s5d(*Dj)]
by Sr('Sy) is characterised by kgagsr = (2.0 £ 0.1) x
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Fig. 10. Variations of (a) {k'79; — kqpa[Bal} and (b) {K'ss3 — 2kq pa[Bal}
as a function of the concentration of atomic strontium following the pulsed
dye-laser excitation of atomic barium at A = 553.5 nm {Ba[6s6p('P;] —
Ba[6sz(]S0)]} in the presence of strontium vapour and excess helium
buffer gas (py. = 80 Torr) at elevated temperatures.

10" cm® atom™! sfl, constituting the first measurement of
this quantity to the best of our knowledge. This can be
compared with analogous measurement of Malins and
Benard [26] describing the collision quenching
Ca[4s4p(3PJ)] by Mg[3sz('SO)] characterised by
kqmg = 9.0 x 107" cm? atom™'s™'. It must be empha-
sised that the above measurement of kg, qsr Was based on
the calculated vapour pressure data using reference [17] for
the pure elements, Ba or Sr, at equilibrium at a given
temperature. Although these will be close to those of a
Ba-Sr mixed vapour in a static system, the real values of the
Ba and Sr atomic densities in the mixed Ba—Sr vapour are
difficult to characterise [4,5] accurately. Hence, the true
error in the above value is difficult to quantify and the
reported accuracy of the value of kg, s, may be considered
with some caution.

The integrated intensity of emission from atomic stron-
tium at A =689.3 nm may be calculated following the
solution of the rate Eq. (4):

T A T,
Isr 680 = (gSF¢> / [Sr(*Py)] dt
Sr

o <gSr ASr,nm> k3gs[St] [NBa,o]2 kops[St](NBao)
= +
FSr 4 YSr'YBa

(11)

As indicated earlier, in the present measurements, overall
two body collisional activation of Sr[5s5p(*P;)] may be
neglected. Hence the integrated intensity of the emission
from Sr[5s5p(*Py)] at A = 689.3 nm is directly proportional
to the atomic density of Sr(’P;) and to [Ba3DJ]2. Fig. 11
shows the temperature variations of the integrated intensities
of the emission from atomic barium at A = 791.1 nm and
A = 553.5 nm, and from atomic strontium at A = 689.3 nm
derived from the decay profiles suitably calibrated for
optical response. They all decrease with increasing tem-
perature, i.e., with increasing [Ba(ISO)] and [Sr(ISO)], thus
arising mainly from the collisional quenching of
Ba[6s5d(°D))] by atomic barium and strontium. The similar
variations of the integrated intensities of I, ss3 and Ig; 639
are shown in Fig. 11, differing from that of Ig,79;, and
reflecting the activation in the long-time regime of

40 —
30 ¢

20 |

Integral Intensities/a.u.

T/K

Fig. 11. Temperature variation of the integrated atomic emission
intensities (I791.553.680) at A =791.1 nm [Ba(*P; — 'Sg)], A = 553.5nm
[Ba('P; —! Sp)] and A = 689.3 nm [Sr(*P; —! Sp)] following the pulsed
dye-laser excitation of atomic barium at A = 553.5 nm {Ba[6s6p(1P1)] —
Ba[6s2(150)]} in the presence of strontium vapour and excess helium
buffer gas (py. = 80 Torr) at elevated temperatures. A I791; @ Iss3; @ Isgo

[Ba6s6p(1P1)] and Sr[5s5p(3PJ)] by two Ba[6s5d(°Dy)]
atoms.

If we suppose that the three body collision dominates the
production of Sr[5s5p(3PJ)] and that the emission
A = 553.5 nm dominates the decay of [Ba6s6p('P;)], the
integrated intensities Ig, 553 and Is; g9 are related as follows:

Isr 689 (gSr ASr.nm) <k3135> (k3B8>
8 _ ) (238 ) (5] = Cs (228 ) st (12)
Iga 553 Fsiyse kep St S kep &

Iseony (’ﬂ) St (13)

Iga553Cs; kep

where kg, is the rate constant for energy pooling between
two [Ba’Dj] atoms to yield Ba'Py. Cs, = 8srAsrnm/FsrYsr 18
a parameter concerned with the decay of Sr[5s5p(*Py)],
monitored by the emission at A = 689.3 nm, and whose
decay coefficient is determined by spontaneous emission,
diffusion, collisional quenching, radiation trapping and the
intermultiplet equilibrium conditions within Sr(’Py), and
which can be calculated overall from the appropriate rate
constants [18-25]. Egs. (12) and (13) indicate that this ratio,
Is;.689/IBa 553, should be in direct proportion to the concen-
tration of atomic strontium. The experimentally measured
variation for this ratio is shown in Fig. 12. This plot empha-
sises the dominant role of overall three body collisional
activation of Sr[SsSp(3PJ)] following laser excitation of the
Ba/Sr mixture at A = 553.5 nm. At the same time, the slope
of this linear plot yields the value of k3gs/kgp,. The value of
kgp for the rate constant for the energy pooling between two
Ba[6s5d(°D;)] atoms has been reported by Gallagher et al.
[27] to be given by kg, > 8.1 X 1072 cm?® atom ! 7!
(T =860 K). This, in turn, yields an upper limit for the
three body rate constant for the overall process described in
Eq. (1) to yield Sr[5s5p(*Py)] from 2Ba[6s5d(°Dy)] and
ground state atomic strontium as k3gg < 5.83 X 10?7 cm®
atom 2s ' Again, it should be stressed here as hitherto that
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Fig. 12. Variation of the function lgg9 /(Is53Cs,) as a function of the
concentration of atomic strontium following the pulsed dye-laser
excitation of atomic barium at A = 553.5 nm {Ba[656p(1P1)] — Ba[6s*-
('Sy)1} in the presence of strontium vapour and excess helium buffer gas
(pue = 80 Torr) at elevated temperatures.

the atomic density of strontium was calculated for the pure
metal following reference [17].

In broad conclusion, the present measurements have
demonstrated that, in contrast to electronic energy transfer
processes for excited states of other alkaline earth metal
atoms, where transfer processes proceeded by two body
collisions amongst different metal atoms [2-11,26], the
principal transfer process involved here overall is three body
in nature, involving two Ba[6s5d(°D;)] atoms and
Sr[5s%(*Sp)]. Two body transfer between Ba[6s5d(*Dy)]
atoms and SI‘[SSz(lS())] to yield Sr[SsSp(3PJ)] is relatively
small and the resulting emission is weak, only observed at
low density of atomic strontium. Process (2) is, indeed
endothermic (AH = 5292 cm™ "), where the energy defect
from translation at these temperatures can only be provided
by ca. 1 in 5000 collisions. The energy defect for the three-
body process (2) (AH = —3990 cm ') is taken up by trans-
lational energy in the separated atoms.

A standard combination of two-body processes may be
proposed in this case for the overall three body excitation
mechanism involving a dimer of Ba; formed from the
collision of two Ba[6s5d(*°Dy)] atoms, analogous to the
dimer of Mgj involved in energy pooling between two
Mg[3s3p(°*P;)] [28], and finally stabilised by Sr('Sp),
namely,

Ba[6s5d(°Dy)] + Ba[6s5d(°Dy)] & Baj (14)

k-1
Baj + St[5s2("So)] 2 2Ba[6s2('S)] + St[5s5p(°Py)]  (15)

In the standard third-order limit when k_; > k,[Sr], then
kzps = 2k1ko/k_;. In the strong collision approximation, k;
and k, may be estimated as collision frequencies using hard-
sphere models [29-31] vyielding k; ~ 2.6 x 10~'° cm?®
atoms~ ! s~ ! and ko, =~ 6.1 x 1079 ¢m® atoms ™' s, Hence,

from the measured value of k3gg < 5.83 1027 cm® atoms 2

s~ ! above, this yields 7(Ba}) = 1/k_; ~2 x 10" ¥ s.
An alternative standard mechanism may be suggested
involving the dimer BaSr':

Ba|6s5d(°Dy)] + Sr[5s%('So)] 2 BaSr* (16)

BaSt* + Ba[6s5d(*Dy)] 2 2Ba[6s%('So)] + St[Ss5p(Py)]
(17)

The absorption spectra of the analogous dimers, CaMg,
SrMg and SrCa, have been reported by Miller et al. [32]. A
similar argument to that above for the interpretation of the
measured overall three body rate constant using the strong
collision approximation with this mechanism yields
7(BaSr') ~ 2 x 10 %s.
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