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Abstract

We present a kinetic study of Ba[6s5d(°D;) |, 1.151 eV above the 6s*('S,) ground state (J=1,1.120,J=2,1.143,J=3,1.190 eV). This
was generated indirectly following the initial pulsed dye-laser excitation of atomic barium vapour at eievated temperature at A=1353.5 nm
{Ba[6s6p('P;) ] « Ba[6s2('Sy) ]} in the presence of helium buffer gas in a slow flow system kinetically equivalent to a static system. The
3D, state was subsequently populated by various emission and collisional process from Ba( 'P,), including cascading via Ba[6s6p(°P,)]
which is generated in this system. Direct monitoring via emission in the time-domain from Ba[6s5d(°D,)] —»Ba[6s°('Sy) ] +hv
(A=1106.9 nm) using an interference filter and a new long wavelength response tube (S21) operating in this wavelength region did not
prove sufficiently sensitive. Time-resolved emission measurements in the long-time regime .(ca. 3ms) at A=79L.1nm
{Ba[6s6p(°P,)] —Ba[6s°('Sy)]} and A=877.4 nm {Ba[6s5d('D,)]—Ba[6s’(‘S,)]} were made following coilisional excitation of
Ba(°D,) to the P, and 'D, state by He and Ba and, in turn, used to monitor the decay of the *D; state itself. Further, the long-time emission
(ca. 1.5 ms) at A=553.5 nm {Ba[6s6p('P;)] — Ba[6s*('Sy) ]} (7.=8.37+0.38 ns) resulting from excitation at this wavelength was also
employed to monitor Ba(*D,) following energy pooling to this state accompanying the Ba(’D,) + Ba(’D,) self-annihilation. The detailed
mechanism for this system was considered quantitatively in terms of the optical and collisional processes for populating the emitting staies
employing both the form of time profiles and integrated atomic emission intensities. The results are shown to be quantitatively in accord with
the proposed mechanisms for population and excitation and indicate that these time-resolved emission measurements from states resulting
from energy transfer and energy pooling act as spectroscopic markers for Ba( D,). © 1997 Elsevier Science S.A. All rights reserved.

Kevwerds: Excited barium atoms; Ba(*D): Laser excitation; Energy transfer; Energy pooling: Spectroscopic markers

1. Introduction and Sr have been and are directly accessible for kinetic studies
by direct excitation into the long-lived states [ 1-4]. By con-
trast, the metastable states of barium, namely,
Ba[6s5d('D, 23)] (1.120, 1.143 and 1.190 eV, respectively
[5]) and Ba[6s5d('D,)] (1.413 eV [5]) have normally
been populated by processes such as cascading fluorescence,
stimulated emission, stimulated Raman scattering and colli-

sional quenching processes following initial laser excitation

Considerable emphasis on the experimental and theoretical
investigation of the collisional behaviour of electronically
excited alkaline earth atoms, a subject which has been regu-
larly reviewed on account of the range of studies carried out
both using molecular beams and the time-domain following
laser excitation [ 1-4], has been directed towards optically

metastable states where collisional removal can compete sig-
nificantly with spontaneous emission at normal pressures. As
far as measurements in the time-domain using pulsed laser
investigations are concerned, such low lying states of Mg, Ca
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via a strongly allowed transition to a higher lying state. Sim-
ilarly, the reported and quoted radiative lifetimes of these
states vary considerably in the literature, for example, earlier
values include 7.{Ba[6s5d(°D;)]}=from ca. 100 us to
>1ms [6,7] and 7.[Ba[6s5d('D,)]1} <31.3 us [89]. It
may immediately be seen that collisional processes under-
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gone by Ba[6s5d(°D,)] will take place on a completely
different time scale to those which follow the initial produc-
tion of Ba[ 6s6p( 'P,) ], employed in this system for the even-
wal production of the °D; state, where the mean radiative
lifetime is much shorter ( 7.=8.37 £0.38 ns [ 10] ). The pres-
ent paper thus describes energy transfer and energy pooling
processes in the long time-domain resulting from
Ba[6s5d(°D,) ], generated initially via the laser production
of Ba[6s6p('P,) ], where the time-resolved emission from
the states higher lying than the D, state and resulting from
these collisional processes are used as spectroscopic markers
for the Ba(°D,) state itself.

The generation of Ba[6s5d(°D,)] and Ba[6s5d('D,]
following pulsed laser generation of Ba[6s6p('P,)] from
barium vapour at A=535.5nm {Ba[6s6p('P,)] <«
Ba[6s%('S,) 1} is well established. A range of detailed meas-
urements have been reported on branching ratios into
Ba('D,) and Ba(®D,) following laser excitation at
A=535.5 nm including emission and collisional processes
[11-17]. Emission from Ba[6s6p('P,)] and
Ba[6s6p(°P,)] to Ba[5s5d(°D,) ] populates the /=1 and 2
levels on the basis of an electric dipole-allowed transition
(AJ=0, £+ 1) for (j,j) coupling though there will, of course,
be subsequent collisional mixing with the D, spin-orbitman-
ifold. This can be seen in considerable detail from the meas-
urements of Ehrlacher and Huennekens [ 18] who describe
rapid spin—orbit mixing in Ba(®D, , ;) by collisions with Ar,
N, and Ba itself following stimulated emission or stimulated
Raman scattering in Ba(’D, ,) subsequent to the generation
of Ba[6s6p(°P,) ] by direct laser excitation from the ground
statt at A=79L1nm. Collisional quenching of
Ba[6s6p('P,)] by rare gases has been shown to yield exclu-
sively Ba[6s6p(°P,)] [19,20] in ‘pump-and-probe’ meas-
urements and molecular beams, with no production of
Ba('D,) or Ba(’D,) though some evidence for the produc-
tion of Ba[6s6p(°P,)] has been reported from molecular
beam measurements [21] with subsequent rapid emission
into the 3D, manifold [22]. The overall mean radiative life-
times of the individual spin-orbit states of Ba[ 6s6p(°Py, ») ]
are short (*Py, 2.4 us [23); 3P, 1.2+0.1 us [23-25]; °P,
1.3 us [23]) and thus, within such lifetimes, the system has
relaxed either to the 'S, ground state or to the mestastable D
states for monitoring in the long-time regime. The mean radi-
ative lifetime of Ba(6s5d('D,)] is <31.3 us [8,9] and,
indeed, the 'D, state has been generated initially via laser
excitation initially to the 6p’ ('P,) state at A=350.1 nm and
monitored by atomic absorption spectroscopy to this state at
A =>582.6 nm on time-scales of this magnitude and, of course,
considerably shorter (>2.5 us) for characterising colli-
sional quenching data of Ba('D,) with N,, CO, H, and D,
{8]. Light-induced drift measurements on this metastable
state following initial laser excitation to Ba[6s6p('P,)] at
A=553.5 nm has also been reported [26].

The average mean radiative lifetime of Ba[6s5d(°D,)] is
much longer than the 'D, state (ca. 100 us [6], > 1 ms [7])
and hence the precursor to emission from a higher lying state

in the long-time regime can be ascribed as originating on a
collisional basis from the D state, which is the content of
this paper. Whitkop and Wiesenfeld [27] have monitored
Ba(®D, , ;) by time-resolved atomic absorption spectroscopy
following initiation excitation to the 6pSs('P,) state at
A=3553.5 nm in order to characterise collisional quenching
rate data particularly by Ba itself. Solarz and Johnson [6]
have monitored the chemical products of the reaction of
Ba(®D,) following initial excitation to Ba[6s6p(°P,)] at
A=791.4 nm by laser-induced fluorescence in a beam sys-
tem. Chemiluminescence from diatomic products of various
atomic abstraction reactions of Ba(’D;) in beam-gas meas-
urements, including specificity in the spin—orbit components
using optical excitation, have employed the initial generation
of the D state by low voltage discharge [28,29]. Energy
pooling to higher lying atomic states arising from the self-
annihilation between Ba(®D,) + Ba(?D;) has been reported
hitherto [30] and this, together with emission from higher
lying states of atomic barium resulting from energy transfer,
will be described in this paper and quantitatively demon-
strated as spectroscopic markers for the °D, state. Time-
resolved emissions, including quantitative measurements of
integrated atomic intensities, are described, and compared in
detail for the energy transfer and energy pooled states includ-
ing a detailed consideration of the excitation and transfer
processes. Overall, emissions from these higher lying states
are shown to provide a quantitative basis for studying
Ba(’D,) in the time-domain.

2. Experimental

The general experimental arrangement for monitoring
atomic resonance fluorescence, energy pooling and energy
transfer emission from atomic barium in the time-domain
following pulsed dye-laser excitation was similar to that
described in our recent investigations on chemical reactions
of Sr(5°P,) [31] and energy pooling on Sr(5°P,) [32,33]
with a number of modifications to the isolation and detection
systems for the various transitions of atomic barium.
Ba[6s6p('P,)] was generated using the second harmonic
(532 nm) of aNd:YAG primary laser (10 Hz) (J.K. Lasers,
System 2000) to pump a dye-laser (Rhodamine chloride 590,
typically 1.0X107*M in methanol, Exciton) operating at
A=553.55nm (Ba[6s6p('P,)] < Ba[6s%('S,)]. Barium
vapour at various elevated temperatures [34] was thus
excited to the 'P, state at the resonance wavelength in the
presence of excess helium buffer gas. The foliowing atomic
transitions were monitored as a function of time both in the
‘short-time region’ and the ‘long-time regime’ (see later):
Ba[6s6p('P,)] = Ba[6s*('Sy)], A=553.5 nm; Ba[6s6p-
(*P))]1—>Ba[6s*('Sy)], A=791.1; Ba[6s5d('D,)]—
Ba[6s('Sp)], A=877.4 nm). This involved the previous
systems we have described including both optical isolation
using monochromators [31-33] and also, here, interference
filters for greater light throughput. Two monochromator—
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photomultiplier systems were employed. (i) The first
invoived a photomultiplier tube with an S20 response
(E.M.1, 9797B) wbose gain (G) can sensibly be fitted to
the form In(G/arb. units) =8.7 In(V/V) —54.4 [35]. 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; grating mm
square; 1800 lines per mm). The wavelength response of the
photomultiplier—grating combination was calibrated against
a quartz-halogen lamp which had previously been calibrated
against a spectral radiometer (International Light Inc., USA,
1L.783). This yielded two maxima in the sensitivity response
curve, one at ca. 440 nm and the other at ca. 510 nm, repre-
senting the expected combination of the blaze of the grating
for the former and the maximum of the photomultiplier tube
response for the latter. (ii) The second monochromator—
photomultiplier system employed the new infrared sensitive
photomultiplier tube (Hamamatsu R632-S1 response) that
we have described previously in our investigations at long
wavelength on atomic strontium at A=1124.1 nm
{Sr[5s6s('Sp) ] = Sr{5sSp('P;)]} [33]. This is a 12-
dynode device with a photocathode material of Ag-O-Cs and
a sensitivity range of ca. 400-1200 nm. The wavelength
response shows a bimodal distribution, with maxima at ca.
310 and 800 nm, and a trough at 450 nm. Whilst the overall
sensitivity is relatively low, the quantum efficiency being
little more than 1% at 310 nm and 0.1% at 1000 nm, the
operational wavelength range is large. The gain (G) of the
tube can sensibly described by the form In G=8.48 In(V/
V) —47.28 (y=0.998) from the commercial gain character-
istic. This was combined with a further high throughput com-
pact 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 per mm; blaze
500 nm). The wavelength response of this photomultiplier—
grating combination was again calibrated using a quartz hal-
ogen lamp and the above spectral radiometer. The double
maxima in the wavelength response of the p.m. tube coupled
with the blaze of the grating subsequently yields a curve with
a single maximum at A =ca. 700 nm (arbitrary value 100).
The response at, say, A = 1100 nm is not zero but ca. 0.3 on
this arbitrary scale and the response is approximately flat at
this value to A = 1200 nm. This can be offset by the increase
in gain of the p.m. tube with voltage (see earlier) which,
whilst necessarily involving scatter from noise in the tube, is
significantly reduced by signal averaging. The combination
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. The forms of the decay profiles themselves
are, of course, independent of these calibrations.
Measurements on the long wavelength emissions
associated with emission from the 'D, and °D,
states (Ba[6s5d(‘D,)] —=>Ba[6s’('Sg)], A=877.4 nm;
Ba[[6s5¢(°D;) — Ba[6s°('Sg) ], A=1106.9 nm) were also

investigatec nsing interference filters in order to improve light
collection. As will be seen later, in the latter case, the meas-
urements were not successful on account of the low sensitivity
of the R632-S1 tube, coupled with the density of Ba(’D;,).
The two interference filters were centred at A=877.5 nm
(Speirs Robertson, FWHM 17 nm, max. trans. 58%) and
A=1111 nm (Speirs Robertson, FWHM 10 nm, max. trans.
56%). For the parity forbidden transition at 877.4 nm, this is
clearly close to the maximum transmission of the interference
877.5 nm filter; the longer wavelength filter was used at
1106.9 nm where the transmission is ca. 40%. The former
filter was used with the S20 p.m. tube (E.M.L., 9797B) and
the latter, with the S21 tube (R632). Similar photomultiplier
gating circuitry was used to eliminate the effect of scattered
light from the laser initiation pulse with all detection systems
described here and follows that reported in previous investi-
gations [31-33]. Typically, a reverse pulse of 100 V of var-
ied duration was applied across the 5th and 7th dynodes of
the photomultiplier chain, during which the laser pulse was
applied, and yielding an attenuation of ca. 100:1 for both p.m.
tubes.

Digitised data capture of complete profiles was employed
in contrast to the earlier use of boxcar integration. The decay
profiles were thus captured with a double-channel transient
digitiser (‘Digital Storage Adapter’, Thurlby DSA 524)
interfaced to a computer. 255 decay profiles were captured
and averaged as were 255 background profiles before transfer
and subtraction for computerised analysis. Measurements of
the integrated atomic intensities were calculated from the
recorded decay profiles coupled with calibration of the
response of the optical systems and the photomultiplier gain
characteristics. The materials (Ba (Aldrich Chemicals), He)
were employed essentially as described in the previous inves-
tigations on analogous measurements on atomic strontium
{31-33].

3. Results and discussion

Fig. 1(a) gives an example of the digitised output indicat-
ing the decay of the time-resolved atomic emission at
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Fig. 1. Examples of the digitised output showing the decay of the time-
resolved atomic emission at (a) A=553.5 nm {Ba[6s6p('P,)]—
Ba[6s%('S,)] T=880 K and (b), A=8774 nm {Ba[6s5d('D;)]1 —
Ba[65%("So) ] T=900 K following the pulsed dye-laser excitation of atomic
barium at A =553.5 nm {Ba[6s6p('P,)] < Ba[6s7('S;)]} in the presence
of helium buffer gas (Py.= 80 Torr).



4 S. Antrobus et al. / Journal of Photochemistry and Photobiology A: Chemistry 103 (1997) 1-9

A=553.5nm {Ba[6s6p('P,)] = Ba[6s°('Sy)]} following
the resonance excitation of ground state atomic barium at
elevated temperatures in the presence of excess helium buffer
gas. This employed the ‘Minichrom system’ with the p.m.
tube of the S20 response (E.M.I. 9797B). The emission is
seen to comprise two components, a short component which
arises from fluorescence (7.(6'P;)=8.37+0.38ns [10])
and !aser scattering, and a long-time, much weaker compo-
nent which arises from energy pooling (see later) between
two Ba[6s5d(°D,)] atoms. The actual lifetime of the short-
time component at this wavelength results principally from
the RC component in the fast-settling operational amplifier
employed in the current-to-voltage converter [ 36] to amplify
the photoelectric signals. Fig. 1(b) shows the parity for-
bidden emission at A=877.4nm {Ba[6s5d('D,)]—
Ba[6s%('Sy) ]} following excitation at A =553.5 nm. This
study of this emission employed the interference filter for this
wavelength (A =877.5 nm) coupled with the R632 p.m. tube
(Hamamatsu S1 response) for greater light gathering power
of this weak emission. It was difficult to detect using even a
small monochromator though it was observed by that method
of optical isolation but not strongly enough for constructing
decay profiles. The short wavelength component may reflect
the estimates of 7.('D,) (<31.3 us [4,8,9]) and the RC
response of the electronic detection system [36]. The long-
time component may be seen to arise from energy transfer
between Ba(’D,) + He and Ba. The rate of this collisional
excitation process may be seen from the data reported for the
reverse collisional relaxation processes:

Ba[6s5d('D,)] +He = Ba[6s5d(*D,)] +He & (1)
Ba[6s5d('D,)] + Ba—Ba[6s5d(°D,)] +Ba kB 2)

The average collision cross sections for these deactivation
processes have been characterised by Kallenbach and Koch
[16,17] for which we may calculate rate constants of
k(900 K) =2.2% 10~ "> cm® atom ™" s~ ! and k8*(900 K)
=1.7%10""cm® atom ™' s~ '. We may thus apply the prin-
cipal of detailed balance for the reverse excitation processes
and calculate £, (900K)=22%10""cm® atom~'s"'
and k%%(900K)=1.7X10""cm® atom~'s~'. Hence
using py. =80 Torr (1 Torr=133.3 N m~?) and the vapour
density [Ba] =3.8X 10" atoms cm~3 [34] at T=880 K
with the appropriate T'/? adjustment to mean velocities for
rate constant calculations, we may calculate the mean time
for °D-'D collisional excitation=1/{¥", [He] + KB,
[Ba]}=49.7 us. This may be compared with the time scale
of the 'D, decay in Fig. 1(b) (>2 ms) which provides an
atomic marker for Ba(°D;). Unfortunately, it was not possi-
ble to observe the °D,~'S, emissionat A= 1106.9 nm directly
using the long wavelength interference filter (A=1111 nm)
and the R632 p.m. tube. This may be contrasted with previous
measurements we have reported on the emission from
Sr[5s6s('Sy)] — Sr[SsSp('P)) 1 +hv (A=1124.1 nm) in
the time-domain following energy pooling between
Sr{5s5p(*P;) 1 +Sr[5s5p(°P,) | using this p.m., tube where
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Fig. 2. Examples of the digitised output showing the decay of the time-
resolved atomic emission at A=791.1 nm {Ba[6s6p(°P,)] -
Ba[6s('S,) 1} following the pulsed dye-laser excitation of barium atoms
at A=553.5 nm {Ba[6s6p('P,)} « Ba[65°('Sy)]} in the presence of
helium buffer gas (Py. =80 Torr) at various lower elevated temperatures.
T/K: (a) 800; (b) 810: (c) 820; (d) 840.

its sensitivity is low {33]. In that case, the transition was
fully allowed (A,,=10%s""') [33] unlike the forbidden
nature of the emission involved in this instance, weaker by
approximately five orders of magnitude. Fast decay profiles
(us) were observed in this system following laser excitation
at A=553.5 nm at A=1130.3 nm ('P,—>D,) (A, see later)
where the emission is reasonably strong A,,,=1.2X 105!
[10,22,37]) and demonstrating that the detection system is
operational in this long wavelength region.

Fig.2 shows examples of the digitised output at
A=T91.1 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[6s2('S,) ] } atdifferent
temperatures and hence, varying densities of Ba(6'S,).
Again there are two components in terms of time regime. The
short-time  component  follows rapid  emission
(%.C’P)) =1.2 us [23-25]) following fast collisional trans-
fer via the processes [ 19,20]:

Ba[6s5p('P,) ] +He — Ba[6s6p(°P,) ] + He ke 3)
Ba[6s6p('P,)] +Ba— Ba[6s6p(°P.,)] +Ba &5 4)

and collisional spin—orbit mixing with Ba(*P,) [17]. Breck-
enridge and Merrow [ 19] have characterised the collisional
cross section for process (3), and Kallenbach and Koch [ 17],
the cross sections for both (3) and (4) whose data we follow
as both processes were characterised by the latter workers
and noting sensible agreement between both sets of measugz-
ments [17,19]. We may readily calculate from the average
cross section data of Kailenbach and Koch [17] that, for
example, k{°(840K)=8.54%10""" cm® atom 's-! and
ki*(840K)=5.07X10"%cm® atom~'s~'. Hence for
Puc=80 Torr and the vapour density of Ba[!S,] at this tem-
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Fig. 3. Examples of the computerised fitting of the normalised digitised
output indicating the first-order decay of the time-resolved atomic emission
in the long time regime: (a) A=791.1 nm {Ba[6s6p(‘P,}]—
Baf6s('S,)1} T/K: (1) 820 (2) 860 (3) 900 (4) 960: (b} A=877.4 nm
{Ba[6s5d('D,)] - Ba[6s('Sy) 1} T/K: (1) 840 (2) 860 (3) 900 (4) 940;
(c) A=553.5nm {Ba[6s6p('P,)] —Ba[65°('Sy)1}. T/K: (1) 820, (2)
860, (3) 900, (4) 960; following the pulsed dye-laser excitation of barium
atoms at A=>553.5 nm {Ba[6s6p('P,) ]}« Ba[6s%('Sy)1} in the presence
of helium buffer gas ( Py, =80 Torr).

Time/us

perature (1.31% 10" atoms cm ™3 [34]) we may calculate
the collisional relaxation of Ba('P,) to Ba(’P,)=1/
{k°[He] +k3*[Ba]}=1.3X10"%*s, namely, instantane-
ously. Thus, the long wavelength component (Fig. 2) for
emission at A=791.1 nm thus monitors a long-lived precur-
sor, namely, Ba(’D,). Following the analogous calculation
given above for Ba('D,), namely, employing the cross sec-
tional data for collisional relaxation of Ba(*P,) by He and
Ba('S,) to Ba(®D,) given by Kallenbach and Koch [17],
we may calculate rate constants for the excitation processes:

Ba[6s5d(°D,)] + He = Ba[6s6p(°’P,)] +He K (5)
Ba[6s5d(°D,)] +Ba—Bal 656p(3PJ)} +Ba k5% (6)

using detailed balance, namely, K%(900 K) =1.7x 107"
cm® atoms™' s”! and k%%(900 K)=10.0x10"" cm®
atoms ' s~ '. Hence, for this temperature and py. = 80 Torr,
1/{k*s[He] + kB%[Ba]} = 132 us. The increasing role of
[Ba] can be seen from the increase in the long-time compo-
nent of the emission at A=791.1 nm with temperature
(Fig. 2).

Fig. 3 shows the first-order decay profiles constructed from
the normalised digitised output for the long-time emissions
at A=791.i nm {Ba[6s6p(°P,)] —>Ba[6s*('Sp)1}, A=
877.4 nm {Ba[6s5d('D,)] —~Ba[6s*('S,) 1} and A=553.5
nm {Ba[6s6p('P;)] —Ba[6s°('S,) ]} following excitation
at A=553.5 nm at different temperature. All decay profiles
show good first-order behaviour, the former two emissions
providing spectroscopic markers for Ba(*D;) via collisional
excitation to the emitting states, and the third, energy pooling
between Ba(>D;,) +Ba(®D;,). The increase in the first-order

decay coefficients with temperature reflects the increasing
role of collisional quenching of Ba(®D,) by Ba('S;) itself
wl.ose density varies from 7.42 X 10" atoms cm ~ 2 (820 K)
tc 2.34 X 10" atoms cm ~3 (560 K) [34]. This matter of the
vapour pressure data of barium is critical to consideration of
the rate data that have been reported for the quenching of
Ba(®D,) by Ba('S,).

Whitkop and Wiesenfeld [27] report the rate constant for
the collisional quenching of Ba(®D,) by Ba('S,) as
k(Ba’D,+Ba, T=730K) = (1.94+0.2) X 102 cm?atom !
s~'. This large quenching constant reflects the use of the
early vapour pressure for Ba data employed at that time [27].
More recent vapour pressure data [ 38] gives values for [ Ba]
greater by a factor of ca. 15 in the range employed by Whitkop
and Wiesenfeld [27] and would increase their rate constant
tok(Ba’D,;+Ba, T=730K) =1.3X 10" cm3atom's~ .
Carlsten [39] has studied the decay coefficient of Ba(®D,)
versus [Ba] for the temperature range 900-1150 K using a
flash lamp absorption technique following laser excitation.
The gradient of the plot as given in the paper [39] would
yield an average value of k(Ba’D,+Ba) =1.7x 10~ '’ cm®
atom ' s~ ! for that temperature range. That work employed
the vapour pressure data of Hinnov and Ohlendorf [40]. If
these data [ 39] were modified using the later vapour pressure
data [38], this would yield k(Ba’D,+Ba}=39x10""
cm? atom ™' s7'. The recent value reported by Vlada et al.
[41] is given by k(Ba’D,+Ba, T=850 K)=5.1x10""
cm? atom ™' s7'. We may estimate k(Ba’D,+ Ba, T=900
K)=2%X10"" cm?® atom ™' s~ from the combined data in
Fig. 3.

The form of Fig. 3 coupled with the calculations on colli-
sional excitation mechanisms indicate that the emissioninten-
sities at A=791.1 nm {Ba[6s6p(’P,)] — Ba[6s>('Sy)]}
and A=8774nm {Ba[6s5d('D,)]—Ba[6s?('S,)]} are
spectroscopic markers for Ba[6s5d(°D;) ] which follow the
exponential decay:

Ba[6s5d(°D))],= Ba[655d(3D.I)]r=() exp( —k't) (i)

where the first-order decay coefficient for Ba(®D;) can be
written as

k'=k'em+B/pHc+sz[Q] (")

where k'.,, will be dominated by electric dipole-allowed
emission from Ba[6sSd(°D;)] in (jj) coupling. Rapid
Boltzmann equilibration between the *D; levuis will be estab-
lished in the present system in the long-time regime [18}
where we may describe the equilibrium constants connecting
these as °D,=2°D, (Ae=182cm™' [5,18]) K,, and
3p,=3D; (Ae=381cm™') K,. Assuming emission from
this state is then dominated by the electric dipole-allowed
transition D, = 'Sy (Asm), We may readily show that k' cy, is
given by

kem=Am/(1+K, +K,K;) (iii)

where F= (1+K, + K, K,) may be readily calculated by sta-
tistical thermodynamics taking the values of 3.05 at 800 K,
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3.32 at 1000 K and 5 at infinite temperature where it is solely
dependent on statistical weights of the spin—orbit compo-
nents. We may note immediately that the weak emission at
A=877.4 nm {Ba[6s5d('D,)] — Ba[6s%('S,) ]} and which
required the use of an interference filter is not electric-dipole
allowed (AJ=2) and only magnetic-dipole allowed in (j)
coupling and is presumably strengthened by collision induced
emission. Both the 3P, and 'D, states have been shown to act
as spectroscopic markers of Ba(*D;). The term in B/puc
describes diffusional loss and Lko[Q], collisional losses of
Ba(’D,), including excitation to higher states. The diffu-
sional loss term is relatively small and differences in effective
boundary conditions to the diffusion equation from the use
of a moncchromator system at wide slit width
(A=791.1 nm) and an interference filter (A=2877.4 nm)
will not be large (see later). The emission intensity for states
arising from collisional excitation from Ba( 3D,) such as
Ba[6s6p(°P,)] will take the form:

L.(791.1 nm) = GS{k"%[He]
+k%%[Ba] }Ba[6s5d(°D;,)1,-o exp( —&'t) (iv)

where G is the gain of the appropriate photomultiplier which
is a function of voltage and § is the sensitivity of the optical
system. All emission intensities can, of course, be normalised
to acommon relative scale. Similar considerations will apply
to I.,(877.4 nm).

The emission intensity at A=553.5 nm {Ba[6s6p-
('P,)] = Ba[6s%('S,) 1} in the long-time regime following
initial excitation at A =553.5 nm arises from energy pooling:

Ba[6s5d(°D,)] +Ba[6s5d(°D,)]
—Ba[6s%('S,) ] +Ba[6s6p('P\)] &, (7)

for which A £=654 cm~'. This energy pooling process has
been studied in detail by Gallagher and co-workers [30] who
report a branching ratio of 0.9966 for this collision and a rate
constant of k,(860 K) >8.1 X 10" '>cm®atom ' s ', Thus,
the intensity of the emission at A =553.5 nm arising from this
energy pooling will follow the form:

1.(553.5 nm) = GSk;Ba[6s5d(°D,) 12_ o exp( — 2k't)

(v)

where G and S take the appropriate values for the conditions
of p.m. voltage and the wavelength employed.

Fig. 4 shows the variation of the integrated atomic inten-
sities with temperature at A = 553.5 nm and 791.1 nm. Whilst
the former arises from energy pooling with two Ba(’D;)
atoms and the lattcr from energy transfer from Ba(*D;), both
originate from initial excitation to Ba('P,), however, they
reflect the effective initial yields of Ba(*D;) after the optical
and collisional relaxation processes that have been presented
earlier. This is to be contrasted with an initial yield of
Ba('P,). Simple considerations of attenuation of the dye-
laser beam at A =553.5 nm by Ba('S,) in the reactor would
indicate an optimum concentration given by c=1/{c')! to

2 e} £ 150

:

o 40 S 100

8 <

S 20 S s

3 ® 7 ®

%a0" 880 980 %80 860 980

T/K T/K

Fig. 4. Variation of the integrated atomic emission intensities with temper-
ature at (a) A=553.5nm {Ba[6s6p('P,)]—Ba[6s*('Sy)]1} and (b)
A=791.1 nm {Ba[6s6p(*P,)] — Ba[6s?('S,) 1} following the pulsed dye-
laser excitation of barium atoms at A=553.5nm {Ba[6s6p('P,)]«
Ba[65%('S,)]} in the presence of helium buffer gas ¢ F;;. =80 Torr).

yield Ba('P,) where [ is the effective distance from the
entrance window into the centre of the reactor (ca. 3 cm).
{o) is an effective absorption cross section based on a
Doppler line shape for the transition Ba[6s6p('P))]1—
Ba[6s%('Sp) ], 7.=(8.37+0.38 ns [10]). This would cor-
respond to a low vapour density of Ba('S,) for a temperature
of ca. 600 K. This is clearly not the case here (Fig. 4), partly
on account of the large effect of radiation trapping for a
transition of this short lifetime. The maxima demonstrate the
overall transfer efficiency from Ba('P,) to Ba(®D,) for the
long-time integrated atomic emission intensities. The decline
at higher temperature reflects collisional quenching of
Ba(®D;) by the ground stats.

Ba[6s5d(°D,) 1+ Ba[6s%('S,) ]

—’233[652(150) 1 ks (8)

The data of Kallenbach and Koch [17] for the quenching of
Ba(*P) to Ba(®D), coupled with the principle of detailed
balance, may be used to calculate the rate data for the exci-
tation processes (see earlier)

Ba[6s5d(°D,) 1+ Ba[6s%('S,)]

->Ba[686p(3P,)]+Ba[682('SO)] k, (9)
Ba[6s5d(°D;,)] +Ba[6s%('S;) ]

->Ba[6s5d('D,)] +Ba[6s('Sg)] ki (10)

where  ky(900K)=9.98%x10""cm® atom~'s~! and
ki o(900K)=1.73%x10"" cm® atom~!s57! where
(ko+kyp) =2.7%x10" " cm® atom~'s~'. This calculation
and the quenching data reported here and hitherto [27,39,41]
supports, in the main, the removal of Ba(*D) by Ba('S,)
collisional excitation to the higher lying 3P and 'D states.
Fig. 5 shows the variation of the integrated atomic emis-
sion intensitics with laser energy at A=>553.5nm (Ba-
[6s6p('P,)] =»Ba[6s*('Sg)]1}, A=791.1nm (Ba[6s6p-
(°P))1—»Ba[6s('Sy)]1} and A=8774nm {Ba[6s5d-
('D,;)]1 = Ba[6s%('Sy)]}  following  excitation  at
A=553.5 nm. The integrated intensity arising from energy
pooling (A=>553.5 nm) depending on the integrated form of
Eq. (v) and dependent on Ba[6s5d(3D;) ]2, shou!d at least
demonstrate an upward curvature with laser energy; those
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Fig. 5. Variation of the integrated atomic emission intensities with laser
energy at (a) A=553.5nm {Ba[6s6p('P,)]—Ba[6s’('Sp)]1}, (b)
A=791.1 nm {Ba[6s6p(*P;)] = Ba[6s('Sp)]} and (c) A=877.4nm
{Ba[6s5d('D.)] — Ba[6s('Sy) ] following the pulsed dye-laser excitation
of barium atoms at A=553.5 nm {Ba[6s6p('P,)] < Ba[6s('Sy)1} in the
presence of helium buffer gas (Py,.= 80 Torr, 8.6 X 10'7 atoms cm™?) at
elevated temperature (7'=900 K).

K'(553.5 nm)/10° s
s
k'(877.4 nm)/103 sl

() 8.0 | (b)

.
L

4.0

2.0

Slope=2.05 Slope=0.97

0.0 20 40 6.0

K'(791.1 nm)/103s™! k'(791.1 nm)/103s?

Fig. 6. Comparison of the first-order rate coefficients, &', derived from the
intensity profiles for the decay at (a) A=553.5 nm {Ba[6s6p( Pl
Ba[6s%('Sg)1} and (b) A=877.4nm {Ba[6s5d('D,)] —Ba[6s°('Sy)]
with that at A="791.1 nm {Ba[6s6p(*P,)] —Ba[6s('S,) ]} following the
pulsed dye-laser excitation of barium atoms at A= 553.5nm
{Ba[6s6p(‘P,)] « Ba[6s*('S,)1] in the presence of helium buffer gas in
the presence of helium buffer gas (Py. =80 Torr) at elevated temperature
(T=2800-980 X).

0 2 4 6 8 10

dependent on collisional excitation of Ba( D)) (A=791.1,
3p,; A=877.4 nm, 'D,) should ideally be linear with laser
energy and do, at least, show curvature in the opposite sense
to that for energy pooling.

Fig. 6 is consistent with Egs. (iv) and (V) with the com-
parison of the first-order decay coefficients for emission from
Ba('P,) (A=553.5nm), Ba(’P;) (A=791.1 nm) and
Ba('D;) (877.4 nm) being in the ratio of 2:1:1 within exper-
imental error (+5%). The linearity in the plot of
k'(877.4 nm) versus k'(791.1 nm) demonstrates the small
difference in diffusional loss using an interference filter for
optical separation for the former and a monochromator with
wide slits (600 um typically) for the latter (see earlier). A
similar comparison can be made with a comparison of inte-
grated atomic emission intensities. Given that Ba('P,) arises

7
B o8 a0
w 0.4 ~ . % Tagn e
B * 10
= (@ | = (v
0.2 0
200 300 400 03 08 08 12
I791.1/rel. units Energy (mJ/pulse)

Fig. 7. Variations of the ratios of the integrated atomic emission intensities
(I) for (a) A=553.5 nm {Ba[6s6p('P;)] —Ba[6s°('Sp)]}/A=791.1 nm
{Ba[6s6p{’P;)] — Ba[6s*('S;) 1} and (b) A=877.4 nm {Ba[6s5d('D>)]

»Ba[6s°('Sp)1/A=791.1 nm {Ba[6s6p(°P,)] = Ba[6s2('Sp)]} with
1aser energy following the pulsed dye-laser excitation of barium atoms at
A=553.5 nm {Ba[6s6p('P,)] < Bal6s°('Sy)]} in the presence of helium
buffer gas (Py. =80 Torr, 8.6 X 10'7 atoms cm~*) at elevated temperature
(T=900 K).

from bimolecular energy pooling between two Ba(’D,)
atoms -vhereas Ba(®P,) and Ba('D,) involve a linear
dependence on [Ba(®D,) ], the ratio of the integrated atomic
intensities Iss3 s nm/ Fr91.1 am Should be linearly dependent on
L3911 om s secn (Fig. 7(a)) and the ratio Ig77.4 nm/[791.1 am
should independent of laser energy (Fig. 7(b)) as excitation
to the emitting states is linear in [ Ba(3’D,) ]in both cases (see
earlier).

Fig. 8 summarises the conclusions of this investigation.
Resonance fluorescence is seen in the short-time domain fol-
lowing direct laser excitation Ba[6s6p('P,)] at A=
553.5 nm with subsequent weak emission from this state in
the long-time regime and arising from energy pooling. The
details of various aspects of the collisional mechanisms that
lead to the long-lived states are described in this paper. Inev-
itably, the main initial sink of the initial electronic excitation
before the long decay processes proceed is the *D; state.
Various transitions are listed in Fig. 8. It is clear that
Ba[6s5d(°D,)] cannot be excited directly but the indirect
routes are seen to be relatively efficient given the efficient
initial pumping at A =553.5 nm. Thus, the yield of Ba(’D,)
by emission from Ba('P,) [10,22]

Ba[6s6p('P,)] »Ba[6s5d(°D,)] +hv
(A=11303nm, A, =12%10°s7")
Ba[6s6p('P,)] —Ba[6s5d(°D,)] +hv
(A=1107.6 nm, A, =12%X10*s™")

will be relatively high by this route alone apart from colli-
sional processes. Radiative transfer into Ba(’D,) following
collisional quenching of Ba[ 6s6p('P;) ] into Ba[ 6s6p( 3Py
[19,20] is also relatively efficient as seen from inspection of
the Einstein coefficients for emission from Ba( 3p,) into
Ba(®D, ;) as well as those for Ba('P,) into Ba(®D, )
(10,22]. The combination of the Einstein coefficients for
excitation into Ba('P;) coupled with collisional and optical
and collisional relaxation into Ba(®D;) is thus efficient by
comparison with direct optical excitation into the low lying
states of Ma, Ca and Sr [3,4]. The present work has shown
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Fig. 8. Excitation and transfer processeses undergone by atomic barium
following the pulsed dye-laser excitation of ground state barium atoms at
A=553.5 nm {Ba{6s6p('P,}] « Ba[6s3('Sy)1} in the presence of helium
buffer gas at elevated temperature. A, =553.5 nm, A,=553.5 nm, A;=
8874 nm, A;=791.1 nm, A;=11069 nm, A,=1500.0 nm, A,=
1130.3 nm, Ag=1107.6 nm, Ag=4717.1 nm, A,,=2551.5 nm, A,;=2325.4
nm, A,>=2231.2 nm.

that time-resolved emission using both the decay profiles and
the integrated atomic emission intensities from
Ba[6s6p(°P,) ] and Ba[6s5d('D,)] in the long time-domain
resulting from collisional excitation, and that from
Ba[6s6p('P,) 1, resulting from energy pooling, may be all
used as spectroscopic markers for Ba[6s5d(*D,) ] which is
not directly accessible by lase: < «citation.
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