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Excitation transfer among, and quenching of, the barium 6s Sd Dz metastable levels tine to collisions
with argon, nitrogen, anti barium perturbers
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(Received 29 November 1993)

We describe a set of experiments that investigate excitation transfer among the barium 6s5d DJ meta-

stable levels due to collisions with argon perturber atoms, and quenching of atoms in these levels by ni-

trogen perturber molecules. The metastable levels were populated through optical pumping of the
6s 'S0~6s6p 'P& intercombination transition with a pulsed laser, followed by stimulated emission or
stimulated Raman scattering into the 6s5d D& z levels. Collisional mixing then distributed population
throughout the 'DJ levels. Time-dependent absorption coefficients were obtained by measuring the
transmission of a weak cw probe laser beam (after the pulsed laser fired) at several perturber number
densities. Argon bufFer gas was used to investigate fine-structure mixing, and nitrogen was used to study

quenching. The time-dependent absorption coefficients were fitted to appropriate fitting functions, ob-
tained by solving the set of coupled rate equations used to model the time evolution of the metastable
level populations. The buildup rates of the initially unpopulated 'D3 and underpopulated 'D

&
levels were

used to determine the collisional mixing rates, while the measured decay rates of the DJ level popula-
tions yielded the quenching rates. From plots of buildup rates versus argon number density for the Di 3

states, we were able to determine four of the six fine-structure mixing rate coefficients k;, The results
are keg=(1 ~ 71+0.18) k2& =(1.39+0.13) k&3=(1~ 42+0. 13) and k32=(1.92+0. 16)X10 " cm's
The experiment is not sensitive to the values of k» and k». Estimated rate coefficients for excitation
transfer among the 'DJ levels due to collisions with barium atoms are kp& =1.3X10 ' cm s ' and
k f3 5 ~ 8 X 10 ' cm s '

~ A plot of the population decay rates versus N2 number density for each of the
three metastable levels yielded the average nitrogen quenching rate coefficient kq =(3.14+0.19)X10
cm's '.

PACS number(s): 32.50.+d

I. INTRODUCTION

The lowest excited energy states of barium are the
6s51 iD& levels which are metastable due to the absence
of dipole allowed radiative transitions (see Fig. 1). Be-
cause of their long lifetimes, these levels are of interest as
an energy storage medium and for use in narrow-band
atomic line filters [1]. Recently, we have also begun a
study of the effects of these metastable levels on the non-
linear optical response of barium. In our efforts to
characterize these states, we have carried out studies of
the broadening, due to collisions with argon and helium

perturbers, of various transitions whose lower levels are
one of the metastable DJ states [2]. The results of these
studies have given us an accurate means of determining
populations in each of the D& fine-structure levels over a
wide range of conditions.

In the present report, we describe a series of time-
resolved measurements which were carried out to study
the population and depopulation mechanisms of these
metastable levels. In particular, we present measured
rate coefficients for excitation transfer among the meta-
stable fine-structure levels (fine-structure mixing) due to
collisions with argon atoms,

Ba( DJ)+Ar('Sv) Ba( Dz)+Ar('So),

and for quenching of the metastables by collisions with

diatomic nitrogen molecules,

Ba(3DJ )+Nz(v =0)-Ba(iso)+N2(v'), (2)

where Nz(v') represents a vibrationally excited nitrogen
molecule. We are also able to estimate the rate of fine-
structure mixing, and put an upper limit on the rate for
quenching, due to collisions with ground-state barium
atoms. Section II of this paper presents a rate equation
model which shows how time-dependent populations are
related to the various rate coefficients of interest. Section
III then presents a brief description of the experiment,
and Sec. IV presents the results. A brief discussion of the
results and our conclusions are given in Sec. V.

II. THEORY

Collisional mixing and quenching of barium atoms in
the metastable DJ levels are modeled using the standard
technique of solving coupled rate equations for the popu-
lations. In our experiments, we use a short pulse laser to
excite the 6s6p P; state (see Fig. 1). The D, z levels are
then populated rapidly by stimulated emission (due to the
population inversion created between the P; and D, 2

levels) and by stimulated Raman scattering of the laser
light. Since this population mechanism is very rapid
(occurring within the 6-ns duration of the laser pulse), we
consider the metastable levels to be an isolated three-level
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where g =2j+1 is the degeneracy and E is the energy
of level j. The mixing and quenching rate coeScients k;
and k' are related to the mixing and quenching rates by

R, -=k; n

and

Q, =k'n

~here nz is the perturber atom or molecule density.
The general solution to Eqs. (4) is a triple exponential

decay for each of the three coupled levels. The exponen-
tial decay constants are related to the mixing and quench-
ing rates. However, the relationships are complicated,
and it is useful to make further simplifications in order to
apply this model in the limits we wish to examine.

A. Excitation transfer among the Dz sublevels

through collisions with argon perturbers

ASER

FIG. 1. Atomic energy-level diagram showing the levels of
barium used in this work. The heavy solid arrow represents the

pump laser, while the thin solid arrows represent the stimulated
emission channels which populate the 6s5d'D& 2 levels. The
dashed lines denote the three probe laser transitions used in
these experiments. Note that the level splittings for the
6s6p Po» and 6s5d 'D& 2 3 multiplets are exaggerated for clar-
ity.

system with the following initial conditions for the level
number densities:

n, (0)=N, , n2(0) =N, , n3(0}=0 . (3)

Here the subscripts 1, 2, and 3 refer to the D& 2 3 states,
respectively. Using these initial conditions, we can
neglect processes involving the ground ('So) and P;
states and write the following coupled rate equations to
describe the time evolution of the metastable state num-
ber densities:

n3 R 13n 1 +R23n2 (R3) +R32+Q3 )n3

ri2 =R &2n&
—(R2&+R23+Q2)n2+R32n3,

ri, = (R,2+R,3+Q, )n—, +R2, n2+R3, n3 .

(4a)

(4b)

(4c)

Here Q; is the quenching rate out of level i, and R; is the
excitation transfer term (collisional mixing rate} from lev-
el i to level j. Although Eqs. (4) contain three quenching
rates and six mixing rates, the latter can be reduced to
three by applying the principle of detailed balance:

Rjj gj —(E —E ))lkT
e =4K,~Rj; g;

Experimentally we find that argon is very ineffective at
quenching barium atoms in the 6ssd DJ sublevels. Over
a time period of at least several hundred microseconds,
no evidence of quenching of these atoms by argon has
been observed. In fact, the quenching by argon is so slow
that the dominant decay mechanism for the metastable
atoms in an argon bufFer gas is diffusion of the metasta-
bles out of the excitation region.

In this situation, quenching can be neglected in Eqs.
(4), and the general solution to the coupled rate equations
can be written as

a)~= —,'(e+b)k —,'+(e b) +4ad—,

with

(9)

a =R2, —R3, , b =R,2+R,3+R3, , d =R,2
—R32

(10)
e =R2)+R23+R3q .

The slightly more complicated initial conditions used in
the present work do not change the decay rates given by
Eq. (9). However, the amplitudes A, , B;, and C; are
much more complicated than those given in Ref. [3].
Since the amplitudes are not used in our analysis to
derive information about the mixing rates, they are not
presented here.

B. Quenching of barium 6s5d 3' metastable atoms

by N2 perturbers

To determine the quenching rates of the metastable
barium atoms by N2 perturbers, we make the assumption

n;(t)= A, +B,e +C,e

Coupled rate equations of the form of Eqs. (4) (with all
the Q, 's equal to zero) for the 4s4p Pz levels of calcium
have been solved by Beitia et al. [3] with the initial con-
ditions n, (0)=n2(0)=0 and n3(0)=No. The complete
solution from this reference [which can also be obtained
directly by solving Eqs. (4)] is too long to be reproduced
here. However, the exponential buildup and decay rates
are given by
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ri, = —
Q, n, ,

which has the solution

n;(t) =n;(0)e (12)

This result presents us with the misleading idea that we
can measure an independent quenching rate for each DJ
level. However, as the system evolves, the populations
remain in statistical equilibrium due to fine-structure
mixing:

of complete fine-structure mixing; i.e., we assume that the
6s5d DJ levels are populated in a ratio given by their
statistical weights multiplied by a Boltzmann factor.
This assumption is reasonable since our data show that
the buildup of population in the initially unpopulated D3
state is fast compared to the decay (quenching) rates for
a11 N2 pressures. Under this assumption, all the 8; terms
in Eqs. (4) cancel, and we are left with three equations of
the form
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HEAT PPE OVEN

FIG. 2. Experimental setup used for both the quenching and

mixing experiments. The probe and pump laser beam paths are
represented by long and short dashed lines, respectively. Ar-
rows denote electrical connections. PMT and ND denote pho-
tomultiplier tube and neutral density filters, respectively.

Thus if one level is quenched faster than the others, col-
lisional mixing would quickly restore statistical equilibri-
um. In this limit, the best we can hope to achieve is to
measure a statistically weighted average of the individual
level quenching rates. Under these conditions, it can be
shown that all three metastable level populations decay
with the same rate

Q ff ) 1Q1+1 2Q2+3 3Q3

=0.316Q i +0.391Q2+0.293Q3, (14)

where in the last step we have evaluated the y, 's for the
typical oven temperature of 875 K that was used in the
quenching measurements.

III. THE EXPERIMENT

Barium metal is contained in a five-arm cross heat-pipe
oven [4] (see Fig. 2). During the experiment, the oven
was filled with a variable amount of either argon
(prepurified grade) or nitrogen gas. The gas was continu-
ously admitted to the oven and slowly pumped so that its
pressure could be monitored continuously, and so that
impurities baking o8' the oven walls would not accumu-
late. Gas pressures were measured with a thermocouple
gauge and a capacitance manometer with ranges of
0—2000 m Torr and 0—100 Torr, respectively. (A
Wallace-Tiernan gauge with range. 0—800 Torr was also
available. ) Typical operating pressure ranges were 2 —50
Torr for argon and 0.5 —10 Torr for nitrogen. The oven
was heated using resistance heaters to a temperature of
857 K in the mixing experiments, and 875 K for the
quenching measurements. Thus the barium vapor densi-
ty was approximately 1 m Torr, and the oven was clearly

not operating in the "heat-pipe mode. "
Barium was pumped into the metastable 'DJ levels in

the following manner. A pulsed Nd: YAG (yttrium
aluminum garnet) laser-pumped dye laser was tuned to
the 6s 'So —+6s6p P& intercombination line at 791.13
nm. Stimulated processes then populated the D2 and to
a lesser extent the D, metastable levels. Time-dependent
densities in the three DJ levels were then probed using a
counterpropagating single-mode cw ring dye 1aser. The
ring laser frequency was tuned into resonance with either
the 6s51 D&~5d6p 'D2, the 6s5d D2~5d6p I'3, or
the 6s5d D3~5d6p F& transition, at 712.0, 728.0, and
706.0 nrn, respectively. Since we had previously mea-
sured the absorption cross sections cr „=k„/n (where k,
is the absorption coefficient and n is the density of atoms
in the lower level of the transition), as a function of fre-

quency for each of these transitions, we could determine
the density of atoms in a selected metastable level by
monitoring the absorption coefficient k at any selected
detuning about the appropriate transition. For quench-

ing measurements with N2 gas, all three transitions were
monitored at line center. For fine-structure mixing ex-
periments with argon, the 6s 5d D, ~5d 6p 'D

2 and
6s5d D3 ~5d6p F4 transitions were monitored, but
with a detuning of approximately 2 —4 GHz from line
center. In this case, if the laser was tuned too close to
line center, the probe laser transmission was near1y zero
for all times following the pulsed laser firing. However,
we have verified that data recorded using di8'erent detun-
ings on both sides of a transition are consistent. Experi-
mentally, the transmitted ring laser intensity was detect-
ed by a gated photomultiplier (PMT in Fig. 2), and the
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signal was recorded on a transient digitizer (Tektronix
model 7912 HB}which averaged data over 64 shots of the
pulsed laser. The PMT gating circuit pulsed the pho-
tomultiplier on for up to 200 psec. Digitizer traces were
sent to a computer for analysis. Figure 3 shows a series
of typical digitizer traces obtained in the N2 quenching
experiment. Note that the digitizer was pretriggered us-
ing a pulse generator with variable delay, so that the
pulsed laser fired at approximately 4.5 @sec on these
traces. From the data of Fig. 3, it is easy to construct a
plot of absorption coefficient versus time using the ex-—k„L
pression I,(L )=I,(0}e " . Here I,(0) and I„(L)are
the incident and transmitted probe laser intensities at fre-
quency v, and L is the path length through the vapor. By
normalizing the transmission data to the signal recorded
before the pulsed laser fired (when the lower state of the
transition under investigation was unpopulated), these
data directly yield the ratio I„(L)/I„(0).Taking the nat-
ural log of these curves then yields —k,I.. This could be
further reduced using the frequency-dependent absorp-
tion cross sections to yield the density of the metastable
level of interest as a function of time. However, since
only relative densities are relevant to the rest of the
analysis, this last step was not carried out.

In the N2 quenching experiment, probe laser absorp-
tion traces were recorded for several N2 gas pressures
(and no argon buffer gas) up to about 10 Torr. Nz is such
an efficient quencher that pressures above 10 Torr pro-
duce decay rates which are affected by the limited time
resolution of the electronics. In the argon fine-structure
mixing experiments, argon pressures up to 50 Torr were
used. In this case, each trace was recorded on two time
scales (5 and 20 psec/div). This was done so that we
could obtain sufficient resolution of the buildup times on
the shorter time scale, and observe both buildup and de-
cay information on the longer time scale. We have
verified that data recorded on different time scales are
consistent.

IV. RESULTS

A. Excitation transfer among the 3D& sublevels

&0 2

n3 (r, t)= exp
~L r +4Dt r +4Dt

(15)

Here No is the total number of atoms initially excited to
the metastable levels, D is the diffusion coefficient, L is
the length of the vapor column, and ro is the initial ra-
dius of the distribution of excited atoms. On axis, the
metastable state density decays as n 3 (r, t )

D

~[ro+4Dt] '. Thus we can remove the effects of

(a)
0.06-

0.04-
v

0.02

According to Eq. (8), we expect to see a double ex-
ponential time dependence for the population in each
metastable level in the absence of quenching. When ar-
gon is used as the buffer gas, we observe that quenching
of the barium Dz levels is negligible. However, on the
time scales with which we are interested, we must con-
cern ourselves with diffusion of the metastable atoms out
of the probe beam.

We have recently completed a study of diffusion of
barium DJ atoms through argon [5]. There we have
shown that, under the conditions of the present experi-
ment, the number density of atoms in the D states at po-
sition r and time t obeys [5]
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FIG. 4. (a) Time dependence of the number density in the
6s5d D3 level for three different Ar buffer gas pressures. (b)
The same curves after the diffusion contribution has been re-
moved.
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diffusion by multiplying our measured absorption
coefficients by [ro+4Dt ], using the values of ro and D re-
ported in Ref. [5]. We note that the value of the diffusion
cross section (from which D is determined) reported in
Ref. [5] is in good agreement with the previously report-
ed results of Ref. [6]. Figure 4(a) shows the measured
buildup and decay curves (k„versus time) for the
6ssd D3 level for three different argon pressures, while
Fig. 4(b) shows the same data with the difFusion contribu-
tion removed. Note that in Fig. 4(b), the corrected num-
ber density reaches equilibrium in the late time, after
complete mixing has occurred, which is as expected since
there is no radiative decay from the metastable levels
over this time scale.

Once the diffusion contribution is removed from the
signals, they are expected to obey the double exponential
form given by Eq. (8). Plots of the logarithm of the popu-
lation buildup versus time should therefore show two
linear regions: one with slope co+ and the other with
slope ~ . However, we observe a single linear depen-
dence on these semilog plots at all buffer gas pressures,
indicating that the density buildup of the metastable lev-
els can be fit with a single exponential [7]. The popula-
tion buildups (corrected for diffusion) were therefore fit

by a function of the form

O
Q)
V)

C)

(&)
0.3—

0.2

0.1

0
0

(b)
0.3-

0.2—

0
0

n;(t) =n, ( ~ )+ [n;(0)—n;( ~ ) ]e (16) n (10 cm)
where n;(0) and n, (00 ) are the initial and final number
densities (or populations) in level i. All of the data could
be fit well by this function. Values of co+ from these fits
are plotted in Fig. 5, which shows the population buildup
rates for the D, and Di levels (as monitored by the
6s5d Di~5d6p 'Di and 6s5d D&~5d6p F4 transi-
tions, respectively) as a function of argon pressure. Mix-
ing rate coefficients k+ for each set of data points were
determined from the slopes of the least-squares straight-
line fits to

firing of the pulsed laser, the solution of Eq. (19) is

n&(&) =n2(0)R23t (20)

FIG. 5. Plot of the buildup rate m+ vs Ar number density for
(a) the 6s5d'Dl~5d6p 'D2, and (b) the 6s5d'D3~5d6p'I'4
transitions. The least-squares straight line fits, from which k+
is determined, are also shown in the figure.

6)+ =k + pip (17)
The normalized slope of the early time data shown in Fig.
4(b) is therefore given by

The values k+ = (4.76+0.30) X 10 ' and
(5.04+0.32) X 10 'i cm s ' are obtained from the build-
up rates for the D& and D3 levels, respectively, and
their weighted average yields the value

k+ =(4.90%0.21)X10 ' cm s (18)

In order to determine the individual values of k2, and

k~3, we need to look at the early time buildup of the pop-
ulations in the D& 3 levels. We can approximate the ear-
ly time buildup rates by the individual mixing rates R2&
and R23 since, in this limit, we can neglect back transfer
because n2))n, 3. (We have determined from our data
that approximately 95% of the atoms are initially in the
D2 level, with the other 5' in D, .) Using this approxi-

mation, the rate equation in the very early time for the
D 3 level density can be written as

A[ni(t)/ni( oo )] n2(0)R23 R23
=co+, (21)

ht n&( ~ ) 0.289

where the ratio n~(ao )/nz(0) =n~( ~ )/n =0.289 is
determined from the statistical population ratios at
T =857 K [see Eq. (13)] after complete mixing has oc-
curred. The final step of Eq. (21) was obtained by ex-
panding the exponential solution [Eq. (16)] in the early
time. Thus we find that R z3 =0.289co+ and

k23 =0.289k+.
k2& is determined from the early time build up of the

D, level density in a similar manner, except in this case
we need to account for the initial (small) population in
the D, level [n&(0)=0.05n], and only the relevant re-
sults are summarized below. The normalized early time
slope is

n3=Rz3n2 . (19)

Assuming that the Dz level density is approximately
constant [n (2t) =nz(0) =n ] for times right after the

b, [n, (t)/n, ( ~ ) ]
ht

n n i(0) Ri&
R2~ =

ni( oo ) n, ( 00 )
' 0.336

(22)
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Here ( n, ( oo ) /n )=0.319 and

n, (0)/n
(n, (0)/n, ( ~ ))=

ni( oo )/n
=0.157

0.05

at T =857 K. The slope determined by expanding the
exponential solution [Eq. (16)] for small t is

b, [n, (t)/n, ( ~ )]
At

n, (0)
co+ =0.843co+ . (23)

ni oo

TABLE I. Rate coefBcients for excitation transfer among the
barium 6ssd DJ levels due to collisions with argon perturbers
(units of 10 ' cm s ')

kl2
k21

k23

k3q

1.71+0.18
1.39+0.13
1.42+0.13
1.92+0.16

Finally, combining Eqs. (22) and (23), we obtain

R&i =0.336 XO. 843co+ =0.283co+, and k2i =0.283k+.
k, i and k32 are obtained from the principle of detailed

balance [Eq. (5)]. The present experiment does not pro-
vide enough information to obtain meaningful values of
k» and k». Table I lists the four rate coefficients for
fine-structure mixing in the barium 6s5d Ds metastable
levels due to collisions with argon that we have deter-
mined.

The principal sources of uncertainty in the values of
the k; s include statistical uncertainty in the fits of the
buildup rates (Fig. 4) and in the least-squares fits of the
slopes (Fig. 5), uncertainty in the argon pressure (-0.2
Torr), and errors arising from our treatinent of diffusion.
The major source of uncertainty in modeling and remov-
ing the effects of diffusion comes from determining the in-
itial width of the metastable atom spatial distribution, ro.
Since D ~p

' and R; ~p, the mixing becomes faster and
the diffusion slower as the buffer gas pressure p increases.
At srn. a11 p, the buildup rate is more sensitive to the
diffusion correction, and is therefore more sensitive to the
value of ro Our ex.perimental uncertainty in ro of 25%
causes an uncertainty in the fitted buildup rates of 40 and
30% for 2 and 5 Torr of buffer gas, respectively. Howev-
er, at 35 and 50 Torr, the uncertainties in the measured
buildup rates are down to approximately 3% due to this
source. The various sources of uncertainty discussed
here are reflected in the error bars of Fig. 5 and in the
values of the k,j's listed in Table I.

We can also make an order of magnitude estimate of
the fine-structure mixing of the metastable atoms due to
collisions with other barium atoms (those in either the
ground or a metastable level) from the nonzero y inter-
cepts in Fig. 5. Using the intercept values of 4.5X10
and 2.0X 10 s ', for Di and D3 (each with an approxi-
mate uncertainty of 50%), and assuming a barium num-
ber density of 1.0 X 10' cm, we determine rate
coefficients of k2,'=1.3X10 ' and k23 =5.8X10
cm s '. The uncertainty in these numbers is perhaps as
large as 60 or 70% when the uncertainty in the barium
density is taken into account.

It should be noted in this context that the heat-pipe
oven, operated with an overpressure of buffer gas as in
the present experiment, is not an equilibrium environ-
ment. The barium density varies spatially along the axis
and such variations may change with buffer gas pressure.
This effect also contributes to the uncertainty in the
barium-barium mixing rate coefficients. However, as can
be seen from Fig. 5, the relative contribution to the total
excitation transfer rate from barium-barium collisions is
small for most perturber pressures used in this work.
Thus the "correction to the correction" represented by
variations in the barium density and spatial distribution
with changes in the buffer gas pressure can be neglected.
The same argument also applies to the nitrogen quench-
ing experiment.

B. Quenching of the 'Dq sublevels

As stated earlier, excitation transfer between the Dz
levels is rapid when Nz is used as the buffer gas (see Fig.
3). Consequently, we assume that these levels are popu-
lated in their equilibrium ratios given by Eq. (13). Thus
for each of the three transitions of interest
(6s5d Di —+516p 'Dz, 6s5d Dz~5d6p F&, and
6s51 D3 ~516p F~), and each buffer gas pressure, we fit

the time-dependent absorption coefficients to a function
of the form

k, (t)= Ae (24)

in order to determine the decay rate co . For each transi-
tion, the decay rates are plotted as a function of Ni num-
ber density in order to determine the average metastable
quenching rate coefficient, k ( DJ) (see Fig. 6). The
values of k obtained from a least-squares fit to
co =kqn~, where n is the perturber (in this case molecu-
lar nitrogen) density, for each of the three DJ levels stud-
ied are also shown in Fig. 6. Notice that the agreement
between these three values is excellent, as expected. Us-
ing the average of these values, we report our best value
for the barium metastable quenching rate coefficient due
to collisions with Ni.

k ( DJ)=(3.14+0.19)X10 " cm s ' . (25)

One of the main sources of uncertainty in these mea-
surements is the uncertainty in measuring the gas pres-
sure. Nitrogen is such an efficient quencher that we had
to work at pressures in the range 0.5 to 10 Torr. Due to
limitations of the vacuum/gas handling system (which
was designed to work primarily in the range 2—500 Torr),
there is a slight problem with calibration of the pressure
gauges at very low pressures. With the heat-pipe oven
cold, and the valve to the roughing pump fully open, our
most accurate pressure gauge (a capacitance inanometer
calibrated for 0—100 Torr) reads -0.2 Torr. To compen-
sate for this systematic error in the absolute pressure
determination, we subtracted 0.2 Torr from all pressure
readings and included a statistical error of the same size
in each point used in the least-squares fits. These are
reflected in the error bars shown in Fig. 6. While the rel-
ative pressure uncertainty is largest for the lower pres-
sure points, the total statistical uncertainty is greatest for
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through zero would be unacceptable. Quenching of the
metastables by ground- or excited-state barium atoms or
by ground-state Baz molecules (assuming these latter ex-
ist) should, therefore, be considered.

Whitkop and Wiesenfeld [g] report a measured rate
coefficient of (1.9+0.2) X 10 cm s ' for quenching of
the rnetastable DJ levels by ground-state barium atoms
at 730 K. If we assume that our barium density at
T =875 K is 1.0X 10' cm, we obtain a quenching rate
due to ground-state barium of -2X10 s '. From Fig.
6, it is evident that such a small barium quenching rate
would be undetectable in the range of decay rates pro-
duced by nitrogen quenching in our experiment. Similar
arguments can be made for quenching by excited barium
atoms and ground-state barium molecules since the
quenching rate coeScients cannot be too much larger
than that reported for the ground-state atoms.

V. DISCUSSION AND CONCLUSIONS

4
(c)

12

0
0 12

N2 number density (10's cm s)

FIG. 6. Plot of the decay rate co vs Nz number density for
(a) the 6s5d'D&~5d6p 'D2, (b) the 6s5d'D&~5d6p 'F3, and
(c) the 6s Sd 'D3 ~5d 6p 'F4 transitions. The least-squares
straight line fits are also shown in the figure, as well as the
values of k, determined from the slopes of the fitted lines.

the highest pressure points where the decay rates are fas-
ter, and therefore less data points are included in the
fitted exponential.

Because the uncertainty in the N2 pressure is actually
systematic, there is some question as to whether it would
be better to fit the data of Fig. 6 through zero, or to use
an independent y-axis intercept as a second free parame-
ter. Since the largest effect of the systematic 0.2 Torr
offset was already taken into account, and any residual
effect was incorporated into the error bars, we decided to
fit the data through zero. However, use of a two-
parameter fit (with an intercept) had little efFect on the
measured slope (less than 3%). This uncertainty in the
fitting procedure is also included in our final value for k .
However, one should note that if some other quenching
mechanism were present, which was not a function of
perturber gas density, then we would expect to see some
positive y intercept in our data, and forcing the fit

We are aware of only one previous measurement of
cross sections for excitation transfer among the Ba( Dz )

fine-structure levels due to collisions with noble gases.
Kallenbach and Kock [9,10] report cross sections
0'p] =2.7 X 10 ' cm and 0.32=4.0 X 10 ' cm for mix-
ing among the DJ levels due to argon at T =1100 K.
These values can be converted into rate coefficients (using
k,"=rr; U ) at T =857 K (for comparison with the present
results and assuming no temperature dependence of the
cross sections) of k2t =2.1X10 ' cm s ' and
k3z=3. 1X10 ' cm s ', respectively, with a reported
uncertainty of 40%. As can be seen from Table I, these
values of Kallenbach and Kock are greater than those
presented here by more than an order of magnitude. At
present, we do not know the origin of this discrepancy.
One possibility is that there is a significant temperature
dependence to the mixing cross section, or that an un-
known impurity could have raised the effective mixing
rate in the earlier work. Also, the purpose of the work
carried out by Kallenbach and Kock was to model the
very complicated kinetic system produced by pumping
the resonance transition 6s 'S&~6s6p 'Pt (using a 300-
ns laser pulse with incident pulse energy of -3 m J). The
model involves the simultaneous fit of populations in 13
atomic levels, atomic and molecular ion densities, and
electron densities and temperatures. The large uncertain-
ties reported in that work resulted from the need to fit so
many unknown (and possibly correlated) parameters
simultaneously. While this must be done in order to ob-
tain a global model of this complicated system, it is obvi-
ous that individual rate coefBcients derived from the
model may have substantial errors. In particular, the
Kallenbach and Kock experiment was carried out at
much higher barium densities than the present work, and
with their high-power, long-pulse laser pumping, ioniza-
tion processes were significant. Studying the ionization
processes was one of the primary goals of Kallenbach and
Kock. However, in the present context one must consid-
er the possibility that electron collisions could cause an
increase in the apparent mixing among the fine-structure
levels in that work. The experiment we describe here was
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designed specifically to measure these fine-structure mix-
ing rates due to argon perturbers, and was relatively
unencumbered by competing processes.

Kallenbach and Kock [9,10] also obtained cross sec-
tions for mixing among the D& levels due to collisions
with ground-state barium atoms. These values,
0 2&

=3.3 X 10 ' cm and o.&2=5.0X 10 ' cm, also
measured at T=1100 K, correspond to rate coeScients
at T =857 K of k2& =17X10 cm s ' and
k&2=2. 6X10 cm s ', respectively, with reported un-

certainties of 60%%uo. These values are also an order of
magnitude greater than our present results.

Although a large body of literature exists describing
theoretical calculations of cross sections for excitation
transfer among atomic fine-structure levels (see Refs.
[11—15] for some representative examples), all methods
require knowledge of the interatomic potentials which
asymptotically correlate with the individual fine-structure
levels. Unfortunately, to the best of our knowledge no
theoretical or experimental potentials are available which
describe this Ba( DJ)+Ar('Sc) system, although calcu-
lated Ba(6s5d 'Dz) + rare gas and Ba(6s6p 'P, ) +
rare-gas potentials are reported in Ref. [16]. Thus it is
diScult to make quantitative estimates of the excitation
transfer rates. However, data such as those presented
here can be used to test theoretical potentials when they
become available. Reference [17] presents a detailed ex-

ample of the use of measured fine-structure mixing cross
sections to test various theoretical potentials in the case
of K(4')+Ar. Discussions of the excitation transfer
process Ba(6s6p 'P&)+ rare gas ~Ba(6s6p P2)+ rare
gas in terms of potential-energy curve crossings can be
found in Refs. [18—20).

To the best of our knowledge, no previous measure-
ments of the quenching of barium Dz metastable atoms
by nitrogen have been carried out. Eversole and Djeu
[21] measured a rate coefiicient of k~('D 2) =1.17X 10
cmob s ' for quenching of barium 6s5d 'D2 by molecular
nitrogen. This appears to be consistent with the value re-
ported here for the DJ levels. Whitkop and Wiesenfeld
[8] measured a rate coefficient of
ks'( D J)=(1.9+ 02) X10 cm s ' for quenching of
Dz by barium perturbers. As mentioned in Sec. IV, this

value is consistent with the absence of nonzero y-axis in-
tercepts of the data of Fig. 6.
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