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E. Ehrlacher and J. Huennekens
Department of Physics, Building 16, Lehigh University, Bethlehem, Pennsylvania 18015
(Received 13 March 1992; revised manuscript received 3 June 1992)

The collisional-broadening rate coefficients, for both helium and argon buffer gases, have been mea-
sured for transitions from the metastable 6s5d *D; levels in barium. A weak cw diode laser was used to
populate the *D; manifold through optical pumping of the 65> 'S, — 6s6p *P, transition, followed by ra-
diative decay into the *D, | states. The absorption coefficient for the transition of interest was then mea-
sured by monitoring the transmission of a very weak cw probe laser beam as its frequency was scanned
over the line shape. Such scans were carried out for several diode (pump) laser powers, and using the
standard line-shape normalization integral, we were able to construct density-independent line shapes.
Each spectral line shape consists of many hyperfine components due to the presence of five barium iso-
topes (including two with nonzero nuclear spin). Each component is affected by Doppler, pressure, and
natural broadening and, therefore, can be represented by a Voigt function. Thus, the measured line
shapes (recorded with 50, 100, 200, and 500 Torr of either He or Ar buffer gas) were fitted with a sum of
Voigt functions in which the only free parameter was the pressure-broadening rate. Using a least-
squares fit of the broadening rates versus buffer-gas number density, the broadening-rate coefficients ky,
were found. In addition, collisional line shifts for these transitions were measured, and shift rate
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coeflicients kg, were determined.

PACS number(s): 32.70.Jz

I. INTRODUCTION

Line-shape studies have been of considerable interest in
atomic physics because they provide information on fun-
damental long-range interactions between atoms. Line-
shape studies of neutral barium have mainly concentrated
on the 6s21S,—6s6p P, resonance transition at 553.5
nm [1-5]. Collisional-broadening rate coefficients (or, al-
ternatively, cross sections) for the 652 'S, —6s6p P, res-
onance transition broadened by helium and argon per-
turbers were reported by Kuchta and co-workers in Ref.
[5] and Penkin and Shabanova in Ref. [1]. Unfortunate-
ly, these numbers disagree by almost an order of magni-
tude.

The lowest metastable 6s5d 3D, levels in barium (see
Fig. 1) also present an interesting area of study. Carlsten
[6] has proposed that almost 80% of barium ground-state
atoms can be optically pumped, through the 6s6p 3P, lev-
el, into these lowest metastable >D; states. Since these
levels are about 3000 cm™! lower in energy than the
nearest P levels (6s6p 3P;) and radiative transitions back
to the ground state are dipole forbidden, the lifetimes of
atoms in these states are expected to be very long. Exper-
imental evidence of this was provided by Schmelling [7],
who determined a lower limit of 1 ms for the radiative
lifetime of the metastable states from an atomic-beam
magnetic-resonance experiment. In addition, Whitkop
and Wiesenfeld [8], while studying quenching of the
6s5d *D; levels, found significant population in the *D,
level up to 2 ms after firing their pulsed pump laser.
Theoretical calculations by Migdalek and Baylis [9] have
determined the lifetime of the 3D, state to be ~60 sec.
These are all consistent with observations made in our
laboratory, where we have observed population in the
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metastable levels for at least a few hundred microseconds
{this being a lower limit due to our detection system elec-
tronics) after the firing of a pulsed pump laser. In
isotope-separation experiments, Bernhardt [10] has
shown that, when pumping the 6s6p P, state, the 6s% 1S,
(ground) state for the '**Ba isotope was 97% depleted,
with population presumably accumulating in the
6s5d lD;_,m,e‘tas,table state. Klimovskii and co-workers
[11] have measured the lifetime of the 'D, state to be 125
ms, while a recent calculation in Ref. [9] obtained a life-
time of 242 ms.

We are currently engaged in a series of experiments
designed to study population and depopulation mecha-
nisms of these metastable states using a variety of tech-
niques. In this paper we report the results of an experi-
ment to study collisions between excited barium atoms in
the metastable >D; levels and rare-gas (either helium or
argon) perturbers. In particular, we have mapped out the
line shapes and measured the collisional-broadening rate
coefficients for the 6s5d°D,—5d6p D3, 65s5d°D,
~5d6p *F;, and 6s5d 3Dy—»5d6p °F, transitions using
both He and Ar perturbers. Using a weak cw diode laser
to pump the 6s%'S,—6s6p >P; transition (which popu-
lates the 3D1,2 levels by spontaneous emission), we are
able to produce a combined metastable-state density that
is an appreciable fraction of the total barium number
density. However, uncertainty in the determination of
the ground-state number density does not allow us to
make an accurate estimate of the fraction at this time.
This uncertainty should be removed through a separate
measurement which is currently under way in our labora-

_ tory.

The organization of the paper is as follows. In Sec. II
we explain the experimental techniques used to measure
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FIG. 1. Energy-level diagram of the lowest atomic levels in
barium. The heavy solid arrow represents the pump laser, while
the thin solid arrows represent the spontaneous emission chan-
nels which populate the metastable *D; levels. The dashed lines
denote the three probe laser transitions for which line shapes
were measured in this experiment. Note that the level splittings
for 3D and 3P are exaggerated for clarity.

the line shapes. A discussion of the method of data
analysis is presented in Sec. III, including comments on
hyperfine structure and isotope shifts. Also in Sec. III,
the collisional-broadening rate coefficients are reported,
along with a brief presentation of the line-shift data. Fi-
nally, in Sec. IV we present a discussion of sources of er-
ror in both the experiment and the analysis, followed by a
few words regarding the relationship of this work to fu-
ture experiments.

II. EXPERIMENTAL METHODS

Figure 2 shows the experimental arrangement used in
this investigation. Barium metal is contained in a 5-arm
cross heat-pipe oven [12], which is typically heated to
about 865 K. This results in a Ba vapor pressure of ap-
proximately 1 mTorr [13]. The oven also contains
50-500 Torr of either helium or argon as a buffer gas.
Thus, the heat pipe is not operating in the true heat-pipe
mode [14].

Barium ground-state atoms are optically pumped into
the metastable 6s5d °D; levels with a 20-mW,
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temperature- and current-tuned, Al,_, Ga, As diode laser
tuned to the 6s2'Sy— 6s6p >P} intercombination line at
791.1 nm (see Fig. 1). Due to mirror losses, only about 15
mW of the laser power is incident on the barium vapor.
The metastable 3D, and 3D, levels are populated by spon-
taneous emission from the 6s6p *P level. Once atoms
reach the ®D; manifold, collisional mixing quickly redis-
tributes population statistically over the °D ,, levels.
The populations of these metastable states are then
probed in absorption using an argon-ion-laser-pumped,
scanning, single-mode, ring-dye laser tuned to the follow-
ing transitions (see Fig. 1):

6s5d °D,—5d6p D5 (712.03 nm) , (1a)
655d *D,—5d6p 3F; (728.03 nm), (1b)
6s5d *D;—5d6p °F, (705.99 nm) . (1c)

These transitions were chosen because they all lie within
the tuning curve of a single laser dye (pyridine-2 for our
dye laser system), and the hyperfine structure of these
transitions has been previously mapped out by others
[7,15,16]. In order to avoid saturation and hyperfine
pumping effects, the dye-laser beam is highly attenuated
(a hundred nanowatts is typical for the power at the en-
trance to the heat-pipe oven). The dye-laser beam is
chopped, and the transmitted dye-laser power is detected
with a photomultiplier tube using lock-in detection. The
diode- (pump) and dye- (probe) laser beams are counter-
propagating and spatially overlapped in the heat-pipe
oven. The diode-laser beam is collimated to an oval with
approximate dimensions 5X2 mm?. The dye-laser beam
is unfocused and has a spot size of ~1 mm. Thus, the re-
gion probed by the dye-laser beam is completely within
the zone where the excited atoms are produced.

The diode-laser wavelength is tuned to the intercom-
bination line by adjusting both the diode case tempera-
ture and the injection current, while simultaneously mon-
itoring the dye-laser-beam absorption (with the dye-laser
wavelength set to line center on one of the above transi-
tions). To study the line-center region of the probe (dye-
laser) transition, the diode-laser intensity is reduced, us-
ing neutral density filters, until the probe beam is ~50%
absorbed at line center. In other words, the metastable
level populations are decreased, by reducing the pump in-
tensity, to a point where the probe absorption is near
50%. The probe laser is then scanned over the transition
while transmitted intensity as a function of frequency is
recorded. It is important that this scan extend far enough
into the line wings that an accurate baseline can be deter-
mined. Next, the dye laser is set to the frequency at
which the absorption is about 20%. The diode- (pump)
laser power is then increased (by removing neutral densi-
ty filters) until the dye-laser beam (still tuned to the same
frequency) is approximately 80% absorbed. The dye
laser is once again scanned over the probe transition.
With this procedure, a wide overlap region between these
(or any) two consecutive scans is provided. This process
of changing the diode power and scanning the probe laser
frequency is repeated until the final scan is taken with full
diode-laser-power incident on the barium vapor. Thus,
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~ FIG. 2. Experimental setup.
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FIG. 3. Measured line shape for the 6s5d D, —5d6p 'D3
transition with 200 Torr of He buffer gas and an oven tempera-
ture of 873 K: (a) Probe-laser absorption scans for varying
pump-laser power [15.5 mW ({), 2.8 mW (A), 0.60 mW (OJ),
0.12 mW (0)]. Note that these traces have already been con-
verted into k,=—(1/L)n[I(L)/I (0)], with only the
10-90 % absorption regions shown in the figure. (b) Density-
independent, fully normalized line-shape function produced
from the data in (a).

buffer gas in the heat pipe. It should be noted that the
ground-state density was measured before and after each
series of scans representing a given transition, buffer gas,
and pressure. The 6s%1S,—6s6p ' P absorption at 553.5
nm was monitored using a white-light source and mono-
chromator (see Fig. 2), and the ground-state atom density
was then determined from the equivalent width method
[17,18].

III. ANALYSIS AND RESULTS

For a given set of ring-laser scans, corresponding to a

- particular transition with a particular buffer-gas species

and pressure [as shown in Fig. 3(a)], a single composite
line-shape function can be mapped [Fig. 3(b)]. These line
shapes are then fitted to a Voigt function from which the
barium-noble-gas  collisional-broadening rate coeffi-
cients k,, are determined.

To produce a composite line shape, the following pro-
cedure is used. First, the ring-laser absorption scans,
which measure the probe laser intensity transmitted
through the vapor as a function of frequency
H(L)=I,(0)e ", where I,(0) and I,(L) are the in-
cident intensity and the intensity transmitted through a
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length L of the vapor (at a frequency v), respectively], are
converted to curves of k, versus Av. Here, Av is the
probe laser detuning from line center. In order for the
absorption coefficient k, to be measured accurately in
any region of the line, it is necessary for the total probe
laser absorption in that part of the line to lie in the range
10—-90 %. In the limit where self-broadening effects can
be neglected, the absorption coefficient at all frequencies
is proportional to the density of atoms in the lower state
of the transition. Since in our experiment the lower state
(*D,) density is controlled by the pump (diode-) laser in-
tensity, we can guarantee that the probe laser absorption
in any region of the line is in the 10—-90 % range by sim-
ply varying the diode-laser intensity. Thus, by increasing
the diode-laser intensity, the regions of the line shape
which lie progressively farther in the line wings can be
studied. Moreover, since the only thing that changes be-
tween members of a set of scans of this type is the diode-
laser intensity and therefore, the lower (*D;) state density
(which is proportional to k,), it is easy to find a scaling
factor between two successive scans i and j, i.e., we find
the average value of (k,); /(k,); (denoted by { ),) in the
regions where the two scans overlap with reasonable
signal-to-noise ratios:

(kv)j )

(nsDJ )j

- -2
av (n3DJ); @

Here, ns, is the number density in the particular D 7
J

level being probed. [Note that the metastable popula-

tions should increase linearly with pump laser power, in

the low-power limit. For the conditions of our experi-
ment, we indeed find the scaling factors obtained from
Eq. (2) are in good agreement with the ratios of the in-
cident diode-laser powers for each pair of scans.] Al-
though we are able to obtain the relative lower-state den-
sities between two scans in this fashion, we do not know
the absolute ®D; level number densities for any of the
scans at this point. Nevertheless, we can use the scaling
factors fj; to create a single plot of (k,);/fy (which is
equivalent to kv/ngDJ in relative units) for the full line

shape.
Integration of this composite curve allows us to apply
the well-known normalization condition [18]

k, 2
f =L g2 l‘nat (3)

dv —
nSDJ 817 gl

to place the full line-shape function (k,/n;;, ) on an ab-
J

solute scale. Here, A is the transition wavelength; g, and
g, are the lower- and upper-state statistical weights, re-
spectively; and I',,, is the spontaneous emission rate of
the transition. An example of such a curve constructed
from the data in Fig. 3(a) is shown in Fig. 3(b). Note that
once this final curve is constructed, the density of the
lower state of the transition can be found for any pump
laser intensity by comparing a measured k, value with
the constructed &, /n; p, Curve.

In order to extract information on the collisional
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broadening of the transition, the composite line shape is
then fitted to a Voigt function [19], which is a numerical
convolution of a Gaussian and a Lorentzian function:

k, A2 8 Tt a fw e_-"2

= ——dy , 4
ns, 872 g, Vo AY—w (x —p)+a? 4 @
with
_¥Y™%
xX=—0 (5a)
rp
a—m y (Sb)
Avp
A=— R 5
2V In2 (5e)
and
2v, [ 202yt |
(] n
A —_— — ————

Here, a is the dimensionless Voigt parameter and I'; is
the Lorentzian component full width at half maximum
(FWHM) in angular frequency units. The Lorentzian
FWHM is related to the collisional-broadening rate I'y,
by ', =D, +T . A is proportional to the Doppler
(Gaussian) width Avy [Eq. (5d)], where v, is the transi-
tion frequency and T and M are the temperature and
barium atomic mass, respectively [18,19]. The normali-
zation of the Voigt function is given by Eq. (3) and since
the Doppler width is fixed by the temperature (which was
not varied in the experiment), the only parameter which
must be fitted is the Voigt parameter a, which is propor-
tional to the Lorentzian width.

The situation described above is complicated some-
what by the hyperfine structure (hfs) of the transition un-
der consideration. In particular, barium has five natural-
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FIG. 4. Experimental line shape (0O) for the

6s5d *D3— 5d6p °F, transition, at 864 K, with 50 Torr of Ar
buffer gas, showing the hyperfine structure. The solid line is the
fitted line shape (composed of eight Voigt components).
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FIG. 5. Plot of T\, vs perturber density n, for the

6s5d *D, —5d6p °F; transition with He (®) and Ar ({) per-
turbers. The solid and dashed straight lines are the least-
squares fits for He and Ar buffer gas, respectively. Slopes of
these lines yield k.

N Ta

ly occurring isotopes with abundances . "%, The
even atomic number isotopes of barium (- .. con-
stitute approximately 82% of the natural abundance with
13882 as the major contributor at 71.7%. The even iso-
topes all have nuclear spin I =0 and, therefore, no level
splitting (although there is still a small isotope shift). The
odd isotopes (*"!**Ba), which contribute 17.8% to the
total abundance, have nuclear spin 1 =3 and, thus a four-
fold splitting of all levels of interest (threefold splitting
for levels with J =1) in addition to isotope shifts. While
the inclusion of the hfs of the transition is not required to
fit the line wings which contain most of the information
on the collisional broadening, it is required to fit the core.

Detuning (GHz)

FIG. 6. Comparison of experimental 6s5d 3D,—5d6p 3F,
transition line shapes (data points) at various Ar pressures with
full line shapes that were recalculated using the “best value” ky,
(solid lines). Line shifts have been suppressed in the figure.

rameter a as the only free parameter. The number of
Voigt functions used in the fit depended on the transition,
with components lying within 50 MHz being combined
into single components. (Components contributing
<0.5% of the total line strength were neglected.)

From the best fit of the composite Voigt function to
the experimental line-shape function k., /n; D,’ we obtain

a'best value of T'y, for a particular transition, noble-gas
species, and pressure. Finally, we use the fact that

I-\br=np kbr ’ (6)

where n,, is the noble-gas (perturber) number density, to
determine k,, for each transition (for both He and Ar

For data taken at 200 and 500 Torr, hfs structure is not
noticeable because the pressure broadening is larger than
the hyperfine splittings. But at the lower pressures,
hyperfine structure is clearly evident, particularly for the
6s5d 3D3—5d6p 3F, line shape which exhibits the larg-
est level splittings (see Fig. 4). Thus, in order to obtain a
better fit in both the line core and line wings, we decided
to fit the experimental line shapes with a sum of Voigt
functions representing the hyperfine structure and isotope
shifts. We took hfs constants from Refs. [7,15,16]. Iso-
tope shifts for each of the three transitions of interest
were also reported in Ref. [16]. The line shapes were
then fit to a sum of Voigt functions with the Voigt pa-

perturbers). Using a least-squares fit, ky, is found from
the slope of Iy, versus noble-gas number density (see Fig.
5). Note that in Eq. (6) above we have neglected contri-
butions to I'y,, from collisions of Ba(*D;,) atoms with ei-
ther ground-state or other excited-state barium atoms,
since the noble-gas number density is approximately five
orders of magnitude larger than the barium number den-
sity. The straight-line dependence of I, on the noble-gas
number density seen in Fig. 5 demonstrates that this is a
good approximation. The collisional-broadening rate
coefficients for all three transitions, and for both buffer
gases, are given in Table I. These “best value” broaden-
ing coefficients were then used to recalculate full compos-

TABLE I. Collisional-broadening and -shift rate coefficients (in units of 10~° cm®sec™!), measured at T =865 K, for barium tran-

sitions involving the. metastable @g;de, levels. Note: K =27Avgia/n,, With Avg the line-center shift in Hz.
_ Helium el . omme e Argon
Transition ~ ky,  kain ko lkgin . ke kg Ko /K opine
6s5d *D,—5d6p 'D3 3.86+0.32 0.96+0.16 +4.0£1.0 3.30+0.24 —1.4810.15 ~2.240.4
6s5d *D,—5d6p °F, 3.79£0.33 0.74+0.15 +5.1%1.5 3.39+0.28 —1.55+0.14 —2.2+0.4
6s5d°Dy;—5d6p’F, ____3.8310.35 0.74+0.14 = +52+15 ... 3643030 —1.34+0.15 —2.740.5
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FIG. 7. Plot of line shift vs perturber density n, for the
6s5d *D;—>5d6p °F, transition with He (@) and Ar (O) per-
turbers. The solid and dashed straight lines are the least-
squares fits for He and Ar buffer gas, respectively. Slopes of
these lines yields kpip .

ite Voigt line shapes, which were compared to the mea-
sured line shapes, in order to show that the broadening
rates are reasonable (see Fig. 6). We note that a T3 tem-
perature dependence of the rate coefficient k. is predict-
ed for van der Waals broadening, while other types of in-
teractions produce different temperature dependences
[17]. Since temperature was not varied in our experi-
ment, the values reported in Table I should be considered
as valid for 7"=865 K.

We also measured the line-center shifts Avg, of the
transitions due to collisions of the barium with different
perturber gas species. Figure 7 shows the measured shifts
for the 6s5d D, —5d6p *F, transition, as a function of
buffer-gas density, for both He and Ar perturbers.
Least-squares straight-line fits of the shift versus per-
turber number density yield the collisional-shift rate
coefficients kg, which are also given in Table I. For all
the transitions studied, helium perturbers were observed
to cause a blueshift, while argon perturbers were found to
produce a redshift. For a pure van der Waals interaction,
it can be shown that the ratio of the collisional-
broadening-to-shift rate coefficients is —2.8 (see Ref. [21]
for an excellent recent example of an analysis of
broadening-to-shift ratios in terms of different interac-
tions). Table I gives the values of this broadening-to-shift
ratio derived from our data. It can be seen that while the
ratios for argon perturbers are reasonably close to the
theoretical value predicted for van der Waals broadening,
the helium data clearly cannot be described by a pure
1/R % interaction. This is similar to the recent results of
Ref. [21] for the resonance lines of lead.

IV. DISCUSSION

Several sources of error are present in the analysis and
will be discussed below. One source of error is the initial
conversion of the ring-laser absorption profile into the ab-

* their values.
~Refs. [22,23] are <20%.)
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sorption coefficient k.. The error here is associated with
the uncertainty in the baseline, which may be at most a
few percent. In addition, the uncertainty in the vapor
length L (~20% for the nonequilibrium heat-pipe oven)
contributes to the uncertainty in determination of both
ground- and excited-state atom number densities, but not
in the determination of the broadening rates. The same is
true of the uncertainty in the line-shape normalization
procedure [see Eq. (3)], due to the uncertainty in T,

_ We took our values of T',, from Niggli and Huber [22]

and Garcfa and Campos [23]. These transition probabili-

“ties are lower by 30-50% than the values reported by

Miles and Wiese [24], who estimate a 50% uncertainty in
(Uncertainties in the values reported in
However, the uncertainty in
the I',,,, values affects our reported values of k. and k g;q
by only ~ 1% since the line shape remains essentially un-
changed by variations of T',, (I',,>>T,). On the other
hand, the uncertainty in these I',,, values directly affects
the uncertainty in the excited-state atom number densi-
ties, derived from these measurements, since n; b, is in-

versely proportional to ', [see Eq. (3)].

The main sources of error in the determination of ky,
arise from the >D; density scaling process and the extrac-
tion of Iy, from the experimental line shapes. While the
uncertainty in scaling the relative densities of any two
scans is roughly 10-15 %, the f;; scaling factors are mul-
tiplied together when scaling from the lowest
metastable-state density curve to the highest. Thus, the
scaling uncertainties increase with movement farther into
the line wings, with a cumulative scaling uncertainty of
20-35% possible depending on the number of scans
needed to construct the line shape. This is most dramatic
in the lower-pressure data where typically five or even six
scans were needed to map the line shape, as opposed to
only three or four at higher buffer-gas pressure. (This
effect can be seen in Fig. 6, where the fit in the far wings
of the low-pressure curve is clearly worse than that for
higher pressures.) Also, pressure broadening has a larger
effect in the high-pressure scans where even the line core
becomes Lorentzian. As a result, the more accurate line-
core data contribute to the determination of Ty, for
higher pressures. Thus, the uncertainty in I’y for the
higher-pressure data is much reduced due to the elimina-
tion of the scaling-factor uncertainties.

The mapping of the density-independent line shape is
relevant to a variety of planned experiments. In the limit
of weak pumping, we can measure k, at a single frequen-
cy and use our constructed absolute curves of k., /n3 o, to

determine the corresponding metastable-level density.
We have also used a pulsed dye laser to pump the
652 1S, — 656p 3PS transition. Under these conditions, we
can study the time-dependent populations in the metasta-
ble 6s5d >D; levels by recording time-resolved cw probe
laser transmission. (Details of this technique are planned

~ to be presented in a forthcoming publication [25].) With

these pulsed data, we can compare the line shapes mea-
sured in the low-power (cw) case (presented here) with
those measured in the high-power (pulsed) case to test for
intensity-dependent changes in the line shape (for exam-
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ple, due to Stark broadening caused by multiphoton ion-
ization). Preliminary comparisons of this type indicate
that the line shape mapped with the pulsed pump laser
can be fitted very well by a Voigt function using the ap-
propriate value of k. measured in this work. Analysis of
the pulsed line shapes is proceeding, and is planned to be
presented soon.

Finally, we wish to comment on the 3D, level popula-
tions that were measured in this work. Typical ground-

state number densities in this experiment were on the or- _

der of 10" cm™>. However, as was mentioned previous-
ly, the order-of-magnitude uncertainty in the noble-gas
broadening rate coefficients do not allow us to determine
an accurate ground-state number density using the
equivalent width method. For each of the metastable 3D,
states, the number density obtained through the line-
shape normalization was typically > 102 cm 3, when full
power of the weak cw diode laser was incident on the
barium vapor, although large uncertainties (discussed
previously in this section) prevent us from determining a
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more accurate value. Thus, while it seems apparent that
an appreciable fraction of the ground-state atoms are, in
fact, being optically pumped into {and presumably
trapped in) these metastable levels, an accurate estimate
of the total barium population that is residing in these
levels is not possible at the present time. Still, the barium
3D, levels represent an interesting energy-storage system.
Further experiments on the population and depopulation
mechanisms of these levels are in progress in our labora-

. tory.
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