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Rate coefficients for energy-pooling collisions between low-lying excited states of Ba have been mea-
sured. The 6s6p(°P,) level in Ba is pumped by a cw diode laser, and radiative decay and collisions with
buffer-gas atoms also populate the 5d6s('D) and 5d6s (D) metastable levels. The densities of these
low-lying excited states are measured by the absorption of lines from a Ba hollow-cathode lamp, and the
states populated by energy-pooling collisions are studied by comparing their fluorescence intensity to
that of the laser-excited level. The rate coefficients are on the order of gas-kinetic rates, and they are not

strongly dependent on energy defect, spin changes, or angular-momentum changes.

PACS number(s): 34.30.+h, 34.50.—s

I. INTRODUCTION

Energy pooling refers to the transfer of electronic ener-
gy when two excited atoms collide to produce one highly
excited atom and one ground-state atom. Energy pooling
(EP) provides a particularly useful tool for studying
energy-transfer collisions, and it is of interest since it may
lead to an increased understanding of interatomic in-
teractions and collision dynamics. Since both collision
partners are optically excited, EP offers a unique possibil-
ity to control such collision parameters as polarization
and spin. It has also been proposed that EP can be used
to create population inversions and to populate high-
lying levels that would be difficult to excite directly. Al-
though EP has been studied extensively in alkali-metal
atoms [1-3], alkaline earth metals [4-6], group II B ele-
ments [7], and heteronuclear systems [8], EP in barium
has not yet been reported.

In the present experiment, the 791-nm barium inter-
combination line is excited by a grating-cavity tuned cw
diode laser. The laser-excited 6s6p(°P,) level (henceforth
referred to as the 6P level) and the collisionally and radia-
tively produced lower-lying metastable 6s5d(*°*'D,)
levels (abbreviated as the 5D levels) contribute to energy
pooling, and the following processes have been observed:

Ba*(6°P,)+Ba*(6°P,)—Ba(6'S,)

+Ba**(n SVIL)TAE, (1)
Ba*(5'D,)+Ba*(5'D,)—Ba(6'S,)

+Ba**(n STIL)XAE , (2
Ba*(5°D,)+Ba*(5°D,)—Ba(6'S,)

+Ba**(n STL)XAE , (3

*Also at Quantum Physics Division, National Institute of Stan-
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where Ba* represents the 6P and 5D levels, and Ba**
signifies the levels produced by the energy-pooling col-
lisions of the Ba* atoms. Although other EP collisions
may occur, they have not been isolated. We will ignore
the different J levels of the 53D, state, with Ba*(5°D;)
referring to the J sum over an equilibrium J distribution.
The relevant Ba energy levels and the Ba* pair energies
are included on the energy-level diagram in Fig. 1.

The rate equation for EP is examined first, since the
analysis of this equation establishes the measurements
necessary for a determination of an EP rate coefficient.
Then, a description of the experimental apparatus is
presented. Since it is necessary to resolve the contribu-
tion to energy pooling from several different Ba* states,
the ratios of the different Ba* densities are varied, allow-
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FIG. 1. Barium energy-level diagram with relevant pair ener-
gies. The dashed lines indicate observed EP fluorescence.
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ing processes (1), (2), and (3) to be isolated. Thus, the
production, losses, spatial distribution, and buffer gas
dependence of the different Ba* levels are discussed next.
Finally, the fluorescence intensity from the levels popu-
lated by EP is correlated to collisions between isolated
Ba* levels, and rate coefficients are determined.

II. RATE EQUATION

A solution to the rate equations for excited-state densi-
ties determines which variables must be measured to
yield a rate coefficient for EP. Since the excitation is cw,
a steady-state solution to the rate equations yields the
desired rate coefficients. The EP rate coefficient must be
defined carefully. This work follows the convention es-
tablished by Kelly, Harris, and Gallagher [4]. Ordinari-
ly, the rate coefficient k for collisions between two atoms
in states 1 and 2 (with densities n, and n,) is defined by

R =k12n1n2 5

where R is the collisional rate per volume. For collisions
in a cell, a factor of J is included to prevent double

counting each colliding pair of identical atoms:
R=1kyn}.

We will consider the simplified case of only one type of
Ba* state and a Ba** state that is produced only by ener-
gy pooling and lost only by radiative decay. Assuming
no other collisional or radiative populating and depopu-
lating processes or diffusive losses to the walls, an ap-
propriate rate equation is

fn V)dav k

Tt

L [nesviav=-

f n*¥Vydv
4)
with the steady-state solution of
5 [rn**mav

k= (5)
™t [n2vidv

Here, k is the rate coefficient for the collisional produc-
tion of highly excited Ba** atoms (with density n** and
radiative lifetime 7**) from the collision of Ba* atoms
(with density n*). Integrals of the density over the cell
volume (V) are used because different Ba*and Ba** states
have dramatically different spatial distributions within
the cell. In particular, the metastable 5D states are dis-
tributed over much of the cell while the 6P states are
confined mostly to the laser volume.

A determination of absolute rate coefficients requires
the knowledge of n*, which is obtained from absorption
of light from a barium hollow-cathode lamp. Since n**
created by EP is too low (about 1073 of n*) to be easily
determined in this fashion, n** is obtained by compar-
ing the Ba** fluorescence intensity to the fluorescence
intensity from the 791-nm intercombination line
[65%('Sy)—6s6p (*P)]. The 6s6p(°P,) and Ba** atoms
are confined to a small volume in the center of the cell,
whereas the fluorescence from these atoms can be reab-
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sorbed throughout the cell. Thus, the transmission (T') of
fluorescence intensity through the barium vapor cannot
be omitted. Since the detection system images an area
that is small compared to the dimensions of the fluores-
cence, the atomic density is constant over the area corre-
sponding to the detected region, and the fluorescence sig-
nal can be written as

S*tocf

where x is the direction perpendicular to the detection
plane, o is the cross section for photoabsorption, and
transitions from Ba** atoms with density » ** terminate
on atoms with density n*. For fluorescence that is
confined to a small region at the center of the cell, so that
the lower limit in the x' integral in Eq. (6) can be re-
placed by 0, this relation is simplified considerably,

st*ar [ nttdx @)

**( f on*(x") d (6)

X

where T is the transmission of the fluorescence from the
center to the end of the cell. In this experiment, Egs. (6)
and (7) typically yield results that differ by <1%. The
ratios of the measured signals (in watts) from the Ba**
and 6P atoms can be written as

crx Ape* AT [n**(¥)dV
= = R (8)
Sp A**ep ApTp [ np(V)dV

where the subscript P indicates the 6P, level, and the
superscript * % refers to the Ba** levels. € is the
efficiency per watt of the monochromator and photomul-
tiplier tube (PMT) at a selected wavelength, and A4 is the
atomic transition probability. Combining Egs. (5) and (8),
the energy-pooling rate coefficient will be determined
from the data, without the knowledge of n**, using

25**A**ep ApTp [ np(V)AV

k= , 9)
B**SPA,PG**T**Y!*Z( V)dV

where B** is the fraction of Ba* radiatively branching
into the detected transition.

III. APPARATUS

A description of the experimental apparatus is neces-
sary for an understanding of the measurements that yield
the EP rate coefficients. The experimental arrangement
is shown in Fig. 2(a). The pump laser is a cw diode laser
tuned to the 791-nm intercombination line of barium.
After the laser beam is expanded, it is sent through a 3-
mm-diameter aperture, and 3 mW is incident on the bari-
um vapor. The laser diode is tuned using a grating-
terminated cavity and its linewidth is less than 10 MHz.
In order to excite a larger fraction of the atoms within
the 700-MHz Doppler distribution to the 6P level, the
laser injection current is modulated to sweep the laser
frequency rapidly back and forth over the Doppler
profile, with a sweep amplitude of 100 MHz and at a rate
of 2 MHz. At buffer gas pressures (Pj) above =~ 1000 Pa,
this laser modulation has a negligible effect, since the
pressure broadening then gives each atom an absorption
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FIG. 2. Experimental arrangement. (a) gives a cross section
of top view, where only the cross-shaped cell is drawn to scale.
(b) shows the heated region of a cell, seen from the direction of
the laser. The cross-hatched area is the region imaged by the
monochromator when the entrance slit is imaged at the height y
above the center of the cell. (c) illustrates the heated region of
the cell, seen perpendicular to the laser.
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width on the order of the width of the modulated laser
[9].

Fluorescence emission and light from the barium
hollow-cathode lamp are imaged with a PMT attached to
a 3 meter monochromator. The light from the hollow-
cathode lamp is spread to fill the whole region that can be
imaged by the monochromator. The vertical spatial dis-
tribution of the fluorescence intensity and the metastable
density can be determined by imaging a narrow, horizon-
tal monochromator slit (0.2-mm width, 0.2-cm length)
into different regions of the cell [Fig. 2(b)].

A buffer gas confines the barium atoms in a heated,
cross-shaped cell with cold windows on each of the four
arms [Fig. 2{a)]. The cell is heated only in the center, and
the buffer gas serves to prevent Ba atoms from reaching
the cold windows. In the direction of the laser, copper
tubes that make a thermal contact with the cold regions
of the cell are inserted into the arms to reduce the
amount of Ba vapor in these two cell arms, where fluores-
cence cannot be detected. Furthermore, stainless-steel
heat shields are placed in the cell in order to define a 2-
cm length of heated Ba vapor [Fig. 2(c)]. The heated re-
gion of the cell is illustrated from a perspective perpen-
dicular to the laser [Fig. 2(b)] and in the direction of the
laser [Fig. 2(c)].

Energy pooling was examined in several buffer gases
and over pressures ranging from 13 to 13000 Pa, as mea-
sured by a capacitance manometer. Although EP was ex-
amined in Kr, He, and Ne, the differences were small,
and all measurements reported here were made with a Ne
buffer gas. The experiment was carried out at 860 K,
where the Ba density was ~ 10'?/cm® and the low-power
laser absorption was 50%. Since there was a constant
flux of barium atoms out to the cell walls, the barium va-
por pressure was expected to be below the equilibrium
value by a factor of 2-4. Our measurements were con-
sistent with other studies [9,10] that found the barium va-
por pressures reported in the Nesmayanov tables [11] to
be approximately an order of magnitude too large. From
500 to 900 K, we measured Ba vapor pressures to be a
factor of 2.5 lower than the equilibrium vapor pressure of
Hinnov and Ohlendorf’s [10].

IV. Ba* MEASUREMENTS

Rate equations for EP are determined from the mea-
sured values of n* and from EP to intercombination line
(S**/Sp) fluorescence intensity ratios, using Eq. (8). To
separate the contribution to energy pooling from different
Ba* states ('D, ’D, and 3P), these three densities and the
6s6p (P, ) fluorescence intensity were measured both as a
function of position and as a function of buffer gas pres-
sure. A study of n* for the three Ba* levels is presented
first, where Ba*(3D) is the sum over J of Ba*(*D,).

Absorption of lines from the hollow-cathode lamp that
terminate on the 6P and 5D levels were used to determine
the Ba* density as a function of buffer-gas pressure and
position. As shown in Fig. 2(b), hollow-cathode lamp
light is perpendicular to the laser in the x direction and
measures density as a function of the height y above or
below the laser beam. In the present case of a low-power
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lamp, the path integral of the density could be deter-
mined as

[transmission fraction (y)]

L
—q(w) n(x,y)dx
fdw[o(w)e I%

[Iyw)do

,  (10)

where g(w) is the frequency-dependent absorption cross
section for the Ba* atoms. The hollow-cathode lamp em-
its light with 300-K Doppler line shapes [5], and at low
Py, the atoms have a 860-K Doppler distribution. Equa-
tion (10) was evaluated for the absorption of a 300-K
Doppler line shape I(w) by atoms with a 860-K Doppler
line shape, as done by Mitchell and Zemansky [12].

While the Ba* density was nearly constant along the
2-cm laser path, its spatial distribution in the radial direc-
tion (perpendicular to the laser) was not constant. Ab-
sorption of lines from the barium hollow-cathode lamp
was measured as a function of height (y) above the laser
beam, as shown in Fig. 2(b). Since the laser beam excited
a cylinder of atoms in the cell, and most EP (proportional
to n*?) occurs near the center of the cell, the distribution
of n* is close to cylindrically symmetric in the significant
region. Thus, Eq. (10) was used to obtain n*(y)
= f n*(x,y)dx, and an Abel inversion [13] was used to
find the radial distribution n *(7) from n *(y).

A. 3P; levels

The 6s6p(*P,) level is populated by laser excitation
from the ground state, and it is depleted primarily
through radiative decay to the ground state and to the 5D
level. Typical 6P densities were 2X 10! cm 3, the diame-
ter of the region of excited atoms was approximately 0.3
cm, and absorption cross sections for lines terminating on
the 6P level were approximately 5X 10712 cm?. Thus, the
lamp absorption for lines terminating on the 6s6p (*P,)
level was only a few percent.

Hollow-cathode lamp lines were also used to search for

absorption from the 6s6p (°P,, ,) levels resulting from in-
tramultiplet collisional mixing, but the detection sensi-
tivity precluded a careful study of intramultiplet mixing.
Although the thermal equilibrium ratio of 6s6p(°P,, , ,) is
(0.39):1:(0.62), less than 1% absorption of lines from the
hollow-cathode lamp was found from these levels. Using
lifetimes derived from oscillator strengths calculated by
Bauschlicher et al. [14] of 2.4 us for 3P, and 1.3 us for
3P,, an upper limit of 10~ ! cm3s™! is estimated for the
rate coefficient for neon collisional mixing from the P,
to the 3Po,2 levels. This lack of significant collisional
mixing between the 6s6p (°P;) levels is consistent with
the lack of evidence for intramultiplet mixing in the
Ba(®P,) levels found by Breckenridge and Merrow [15]
and the small rate coefficient (typically 4 orders of magni-
tude below gas kinetic rates) found for intramultiplet
mixing in the 5P, levels in Sr [16].

Since the radiative decay rate for the 6°P, level
(0.82X10% s™! [17]) was faster than the experimental
diffusion rate, the 6P atoms are confined primarily to the
laser volume, as seen in Fig. 3(a). As shown in Fig. 4,

n*(6P) is nearly constant for Py <100 Pa, but it de-
creases for higher Pp. This decrease above 100 Pa is
caused by the depletion of the ground state within the
laser beam, due to metastable production. Once the
ground state is depleted, the number of atoms that can be
excited to the 6P levels is reduced, and the 6P density de-
creases. This is discussed in greater depth below, in the
analysis of the 5D levels.
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53D; excited barium atoms for three different values of Pj.
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B. 5'D, level

The 5'D, level is produced primarily by collisional
transfer from the 6P level. Evidence for this is found at
lower buffer gas pressures, where n *(6P) is constant, and
n*(5'D) is proportional to buffer gas pressure. Because
the 5D level is calculated to have a 0.25-s radiative life-
time [18], diffusion to the walls [19] and collisional
quenching are its primary losses. Since the 5'D level is
found confined mostly to the laser volume [Fig. 3(b)], this
indicates that collisional quenching of 5'D is more rapid
than that of 5°D. If this quenching were not present,
5D would be detected over the whole cell, similar to the
5°D state at 1000 Pa in Fig. 3(c).

For 300 Pa< Py <10000 Pa, n*(5'D) decreases (Fig.
4). This occurs because the 5'D level is produced by col-
lisional transfer from the 6P level, and the latter de-
creases above Py =100 Pa (Fig. 4).

Although all the mechanisms for the production and
destruction of the 5 'D level have not been quantitatively
characterized, the spatial distribution and buffer-gas
dependence of n*(5'D) are known and are unique. The
5!D and 6P levels are confined mostly to the laser
volume, whereas the 5°D levels are spread throughout
the cell.

C. 5°D; levels

The metastable 5 3D172 are produced primarily by
fluorescence from the 6P level, and are lost primarily by
diffusion to the walls. Radiative lifetimes of these levels
are on the order of minutes [18]. As buffer-gas pressure
increases, diffusional losses decrease, and consequently
there is an increase in the 5°D; density. At Py > 100 Pa,
a majority of the atoms are loaded into the metastable
levels, and less than 10% of the atoms are left in the
ground state in the laser volume. These findings agree
with the findings of Ehrlacher and Huennekens [9], who
found over half of the atoms in the 5D levels, and
Carlsten [20], who found the ground state 80% depleted.
However, in the present experiment, we discovered that
only half of the depleted atoms reside in the 6P and 5D
levels. It is thought that atoms are also loaded into the
5d*(’F;) and 5d*(!G,) metastable levels [21] by EP, al-

though no such populations were detected since we were
unable to examine these levels in the current experiment.

The 53D metastables can also be quenched by col-
lisions with ground state Ba atoms [22], and at higher
buffer-gas pressures, this is seen to be the dominant loss
mechanism for the 53D levels. This occurs mostly out-
side the laser excited region, where the ground state is
not depleted. This explains the more confined spatial dis-
tribution of the 53D atoms at high buffer-gas pressure
seen in Fig. 3(c): Metastables are not quenched as rapidly
inside the laser volume, where the ground state (n) is
depleted, as they are outside of this volume, where
n>n*.

The 5°D levels display a unique buffer-gas dependence
and spatial distribution. At lower buffer-gas pressures
they diffuse over much of the cell, whereas they become
more confined to the laser volume at higher buffer-gas
pressures [Fig. 3(c)]. Furthermore, their density increases
monotonically as buffer-gas pressure increases (Fig. 4).
EP from 6P and 5 'D levels has a different spatial charac-
ter than that from 5°D, and they can be separated on
that basis. The EP from 6P versus that from 5 'D can be
separated by their different n* dependence on buffer-gas
pressure. Using an infinite cylinder diffusion equation
and including collisions, a computer model of the 6S, 6P,
5!D, and 53D densities revealed the same type of spatial
and buffer-gas dependence that has been measured here.

V. EP FLUORESCENCE INTENSITY

Ba** fluorescence intensity was also measured as a
function of position in the cell and buffer-gas pressure
(Fig. 5). By comparing the buffer-gas dependence and
spatial distributions of the EP fluorescence intensity with
(n*)? of various pairs of Ba* states, it is possible to iso-
late the EP contributions from each of three Ba* pairs.
Although there are six possible Ba* pairs (when the 5°D,
levels are summed and treated as one state), rate
coefficients for only three Ba* pairs were determined.
The rate coefficients for EP from 5'D+5°D and
51D +6P collisions could only be assigned upper limits,
while rate coefficients for collisions between two Ba*
atoms in the same state were clearly isolated.

The relative spectral sensitivity of the monochromator
and PMT are calibrated as in previous experiments [5].
Since the metastable atom density can be large and
diffuses throughout the cell, and most of the detected
Ba** lines terminate on the metastable levels, the EP
fluorescence can be significantly attenuated [T** <1 in
Eq. (9)]. The distance from the center of the cell to the
monochromator is half the full length of the cell, and
Ba** populates a small region in the center of the cell.
Since T** e 7" where o is the absorption cross sec-
tion and / is the length over which the light is absorbed,
the transmission of the hollow-cathode lamp lines from
the center of the cell to the monochromator is the square
root of the transmission through the full length of the
cell. The transmission of EP fluorescence can then be
determined by correcting the 300-K lamp transmission
for the 860-K Doppler line shapes of the atomic emitters
and absorbers, as done by Mitchell and Zemansky [12].
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Tp in Eq. (9) is determined for laser absorption. General-
ly, the experimental conditions produced T**>0.8 and
Tp>0.55, so uncertainties in these factors are relatively
minor. Radiative branching ratios for the Ba** levels
and the atomic transition probability for the intercom-
bination line are required for a determination of absolute
rate coefficients, and atomic transition probabilities for
transitions which connect with the metastables must be
used to determine the density of metastable atoms. These
values have been obtained from published research
[23-26].

We will first correlate the Ba** fluorescence from the
5dép (3P2’1,0) and 5d6p(!F;) levels to collisions of a pair
of 6P atoms, as shown in Fig. 5(a). For Pz <100 Pa,
both (n*)? for the 6P state and the Ba** fluorescence in-
tensity from these four levels are nearly constant, while
(n*)? for the metastables increases by more than a factor
of 10 [Figs. 5(b) and 5(d)]. A more careful examination
reveals that for Py from 13 to 100 Pa, the fluorescence
from the 5d6p(*P, | o) and 5d6p ('F;) levels increases by
20%, while n*(5'D)? increases by 2500%. From this
analysis alone, the 5D EP contribution to 5d 6p(°P, 1)
fluorescence is shown to be <1%. Similar arguments
eliminate the possibility of significant contributions to
these states at low Py from 6P+5D or 5D+5D
collisions. At Pyp>100 Pa, the n*(6P)*> and the

5d6p(*P;,'Fy) fluorescence decrease together, while
n*(5D)? are again different. Additionally, both the EP
fluorescence intensity and n*(6P) are confined to the
laser volume, while the 5°D metastables are diffused over
much of the cell. Consequently, the following reactions
are detected:

Ba*(6°P,)+Ba*(6°P,;)
—Ba**(5d6p[’P,,'F;])+Ba(6!S,)+AE . (11)

Rate coefficients for these reactions are listed in Table I.
The volume integrals in Eq. (9) that are used to obtain
these rate coefficients use the spatial distribution of n*
data shown in Fig. 3(a). It is interesting to note that no
fluorescence intensity was observed from the 6s6p(3S,)
level, such that an upper limit of 107 !! cm®*s™! can be
put on the rate coefficient for EP to these states. The ra-
diative branching of the 6s6p(3S,) level and the de-
creased sensitivity oof our PMT for these infrared transi-
tions (7195-7906 A) hampered our ability to better
determine this upper limit.

Next, we will consider the EP fluorescence from the
5d6p(°D,,'D,,F 3,4) levels. Using arguments similar to
those presented above, these levels are shown to be pro-
duced by collisions between 5 'D atoms. As seen in Figs.
5(b) and 5(c), fluorescence from these three sets of levels
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TABLE I. Energy-pooling rate coefficients k (107'" cm®s™') at 860 K to the Ba** level from col-
lisions between pairs of 6P atoms, where twice the 6P energy is 25273 cm ™.

Ba** Energy defect Wavelength Branching k

level (cm™ 1) (A) ratio k(eSE/k/g** (em’s™h)
5dép 'F, + 1540 6483 0.85 1.9 1.0
5d6p *P, +680 6111 0.72 1.2 2.0
5d6p *P, +430 6063 0.63 1.5 22
5d6p *P, +370 6019 1 1.3 0.70

TABLE II. Energy-pooling rate coefficients k (10~ ' cm®s™!) at 860 K to the Ba** level from col-
lisions between pairs of 5 'D atoms, where twice the 5'D energy is 22791 cm ™.

Ba** Energy defect Wavelength Branching k (cm’s™h

level (cm™") (A) ratio k (eAE/k) g**
5d6p *D; +2190 6499 0.50 55 10
5d6p °D, +1740 6527 0.54 31 8.5
5d6p °D, + 1400 6595 0.64 28 8.0
5d6p °F, +970 7060 ] 7.8 14
5d6p °F, +160 7280 0.81 3.7 20
5d6p 'D, +280 7120 0.34 3.8 12

TABLE III. Energy-pooling rate coefficients k (10~'' cm®s™"') at 860 K to the Ba** level from un-
separated 6P+ 6P or 6P +5 1D collisions. The rate coefficients represent an upper limit from the as-
sumed Ba* collision pair.

Ba** Assumed Energy defect Wavelength Branching k (cm®s™!)
level Ba* pair (cm™") (A) ratio Upper limit
5d6p *Ds 6P +6P —290 6499 0.50 19
5d6p D, 5'D+6P +950 20
5d6p D, 6P +6P —740 6527 0.54 8.0
5d6p*D, 5'D+6P +500 8.6
5d6p D, 6P +6P — 1080 6595 0.64 7.5
5d6p D, 5'D+6P +160 8.1

TABLE IV. Energy-pooling rate coefficients k (10~!' cm®s™') at 860 K to the Ba** level from un-
separated 5°D +5°D, 5'D+5'D, or 5'D +5°D collisions. The rate coefficients represent an upper lim-
it from the assumed Ba* collision pair.

Ba** Assumed Energy defect Wavelength Branching k (cm3s™!)

level Ba* pair (cm™") (A) ratio Upper limit
5d6p °D; 5°D+5°D +6270 6499 0.50 0.014
5d6p >D; 5'D+5°D +4230 0.37
5d6p D, 5°D+53D +5820 6527 0.54 0.018
5d6p 3D, 5'D+5°D +3780 0.48
5d6p D, 5:D+5°D +5480 6595 0.64 0.021
5d6p D, 5'D+5°D +3440 0.54
5dép °F, 5°D+5°D +5050 7060 1 0.040
5dé6p ’F, 5'D+5°D +3010 1.0
5d6p 3F, 53D+53D +4240 7280 0.81 0.080
5d6p °F, 5'D+5°D +2200 2.1
5d6p °F, 5°D+53D +3350 7672 0.50 0.67
5dé6p °F, 5'D+5%D +1310 1.7
5d6p °F, 5'D+5'D —730 34
5dép 'D, 5D+5°D +4360 7120 0.34 0.043

5d6p 'D, 5'D+5°D +2320 1.1
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TABLE V. Energy-pooling coefficients k (107! cm3s™') at 860 K to the Ba** level from collisions

between pairs of 5D atoms, where twice the 5°D energy is 18714 cm ™.

1

Ba** Energy defect Wavelength Branching k
level (cm™!) (A) ratio (cm3s™1)
6s6p, P, +654 5536 0.9966 >0.81

nearly matches the Py dependence of n*(5'D )% and no
other Ba* pair in the 100 Pa < Pz <1000 Pa region where
n*(5'D) is largest. Furthermore, these emissions are
confined to the laser volume, as is n*(5'D). Using this
100 Pa < Py <1000 Pa data, we have determined the rate
coefficients for these reactions shown in Table II. At
Py <100 Pa, n*(5'D)? decreases faster than the Ba** in-
tensities in Fig. 5(b). Since n*(6P) is largest at low Pp,
this suggests additional contributions to EP from either
6P +6P or 6P+5'D collisions. However, these two pos-
sibilities could not be separated due to an insufficient Py
range, and because the 6P and 5 'D atoms have indistin-
guishable spatial characteristics (they are confined to the
laser volume). We can give upper limits for EP rate
coefficients to these states from 6P+5'D collisions or
from 6P+ 6P collisions (Table III), recognizing that one
or the other is probably equal to this upper limit. At
Py >1000 Pa, n*(5 1D )? again decreases faster than the
Ba** intensities, suggesting additional contributions to
EP from either 53D +53D or 53D +5 D collisons, since
the 53D metastables predominate at higher Py. Again,
they cannot be clearly separated, and upper limits for EP
rate coefficients from 53D +53D or 5'D +5°D collisions
are given in Table IV.

Just as the square of the 53D metastable density in-
creases as Py increases, so does the fluorescence intensity
from the 6s6p('P,) level [Fig. 5(d)]. Additionally, the
spatial distribution of the 6s6p('P,) fluorescence
matched n*(53D)* They were both spread over the
whole cell at lower Pg, and they became more confined to
the center at higher Pp. Thus, the production of
6s6p (1P,) from a pair of D levels was clearly observed.
However, the resonance line is severely trapped (optical
depth of about 200), and the geometry of the cross-
shaped cell is not simple, so the fluorescence is expected
to escape in a highly anisotropic manner. In addition,
three different D, sublevels were present, and each
level’s contribution to EP could not be isolated. Thus, a
rate coefficient for the energy pooling to 6s6p ('P,) from
a pair of 3D levels could not be determined. As a conse-
quence of the longer Ba-filled distance between cell center
and spectrometer, we expect less than an isotropic aver-
age of Ba*(6 1P,) emission to be detected. Thus, if one
assumes the light escapes isotropically and uses the sum
of the *D; densities in (n*)% a minimum for the energy-
pooling rate coefficient can be determined (Table V).
Similarly, fluorescence intensity was observed from the
5d6p(°F,) level, but its buffer-gas dependence indicated
that it resulted from a combination of 5'D+5!D,
5'D+5°D, and 5°D+5°D collisions, and the contribu-
tion from each pair could not be isolated. Upper limits
for EP rate coefficients to the 5d6p(°F,) level from

5'D+53D, 53D +53D or 5'D +5'D collisions are given
in Table IV. In each case, either one or a combination of
rate coefficients must be near this limit.

Several other energy levels were likely to have been
populated by energy-pooling collisions, but their infrared
fluorescence wavelengths were inaccessible with this
detection system. In particular, the 5d*(*P,,'D,,’F,,'G,)
states have energy defects of only a few hundred cm™!
from a pair of !D, levels.

VI. CONCLUSION

Uncertainties in the Ba* density are significant, since
the rate coefficient for EP is proportional to (Ba*)?. Un-
certainties can arise from an improper determination of
the path length of absorption and from hollow-cathode
line shapes that differ from the assumed 300-K Doppler
distribution. Resulting uncertainties in Ba* densities are
estimated to be ~10%. The intercombination line atomic
transition probability is given by Parkinson and Tomkins
[26] to 22%, and the branching ratios are known to about
10% [23-25]. Other small experimental errors arise
from measuring the ratios of the fluorescence intensities.
While contributions to rate coefficients from different Ba*
atoms has been largely isolated, the resolution may not be
complete, and some small background contribution from
other unresolved colliding pairs of Ba* atoms may lead to
inaccuracies in the determination of the rate coefficients.
Overall, the uncertainties in the rate coefficients for ener-
gy pooling are estimated to be 50%.

Most of the EP rate coefficients measured here are
within a factor of 10 of gas-kinetic collision rates. Other
reported EP rate coefficients for Sr [3,4] and Na [1,2]
have similar magnitudes. Energy-pooling rate coefficients
are examined below as functions of total angular momen-
tum L, total spin S, energy defect AE, and electron
configuration.

In contrast to normal electronic energy transfer, the
measured EP rate coefficients are remarkably indepen-
dent of the energy defect. In this experiment, rate
coefficients have been measured only for endothermic
processes. Rate coefficients do not vary systematically
for energy defects ranging from +156 cm™! to +2200
cm™! for pooling from a pair of 5D atoms (Table II).
Similarly, there is little difference in the rate coefficients
for pooling to the several 5d6p(®P,,'F,) levels from a
pair of 6P atoms (Table I), despite energy defects ranging
from 370 cm ™! to 1540 cm™!. Yet, for energy defects
over +1500 cm ! and a thermal energy of ~600 cm ™!,
only a small fraction of the atoms have enough kinetic
energy to support these reactions. However, these
energy-defect dependencies are somewhat biased because



1300

the states with the greatest energy defects had the largest
statistical weights. In spite of these relatively small rate
coefficient differences from one Ba* pair, the rate
coefficient from a 5 'D pair are typically 10 times larger
than from a 6P pair.

There was no discernible spin dependency to the ener-
gy pooling, since pairs of 6°P, atoms and pairs of 5'D,
atoms produced both triplet and singlet states in compa-
rable amounts. If total spin were conserved, it would be
impossible for a pair of singlet states to produce a triplet
state. These spin-changing collisions, which have been
previously observed for other alkaline earth pairs [5,6],
are connected with the breakdown of LS coupling, which
is severe for Ba. S and L are not good isolated-atom
quantum numbers, and spin selection rules are not appli-
cable in collisions.
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Since a pair of 6P atoms produced a 'F state but not a
'S state, and a pair of 5D atoms were found to strongly
produce F and D states but not P states, there is an indi-
cation that EP increases with L. However, this trend is
tenuous in this experiment, since differing energy defects
and statistical weights may have accounted for the ap-
parent trend in L. Overall, no clearcut trends are dis-
cernable and no simple explanations of these results are
apparent.
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