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Diffusion of barium atoms in the 6s5d 3D, metastable levels and the §* 'S, ground state
through noble-gas perturbers
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We describe a set of experiments that investigate diffusion of barigfd 8D ; metastable level and
652 180 ground-state atoms through the noble gases: He, Ne, Ar, Kr, and Xe. The barium metastable levels
were populated through optical pumping of th& 6S,— 6s6p 3P intercombination transition with a pulsed
laser, followed by spontaneous or stimulated emission into ﬂﬁazléDlyz levels. Collisional mixing then
distributed population throughout the®d 3D levels. A weak narrow-band cw laser was tuned to appropriate
transitions to probe the spatial distribution of metastable level atoms, as well as the hole created in the
ground-state spatial distribution, by the pulsed laser. Time-dependent absorption coefficients were obtained by
measuring the transmission of the probe laser at several different pump-probe spatial separations. From these
absorption data, spatial number density profiles were mapped out for various times following the firing of the
pump laser. These density profiles were used to determine the diffusion coefficient for each state at a particular
buffer-gas pressure and temperature. From these pressure- and temperature-dependent diffusion doefficients
we determined the thermally averaged diffusion cross sectigii§s5d 3D ;) andop(6s? 1S,) for the meta-
stable and ground-state atoms diffusing through the noble gases, respectively. We also report values for the
scaled standard diffusion coefficierilg. Our experimental values of the thermally averaged diffusion cross
sectionsop(6s5d 2D ;) andop(6s? 1S,) for the barium-helium system are compared with values calculated
from published, theoretical barium-helium potentials and the agreement is exdSEd$0-294{@6)07706-2

PACS numbsg(s): 34.20.Cf, 51.20td

I. INTRODUCTION diffusion coefficientsD are determined. Finally, from these
diffusion coefficients, the thermally averaged diffusion cross
We describe a set of experiments in which we measursectionso, are found. Conversely, the ground-state atom
the thermally averaged velocity-changing collisi¢diffu-  spatial distribution has a “hole” in it due to depletion by the
sion) cross sectionsy, for barium (&5d D) and barium pump laser pulse. By tuning our probe laser to the
(6s? 1S)—nable-gas collisions. The measurements are madés? 'S,— 6s6p 3P ¢ transition, we can investigate the diffu-
using a pulsed-pump—cw-probe technique, which allows usion of ground-state atoms back into the depleted region in
to follow the evolution of the spatial distribution of atoms in the same manner as described above for the metastable atom
time. The pulsed Ilaser pumps the  bariumdiffusion.
6s° 1S,—6s6p 3P ¢ transition. Excited atoms then radiate  The results forop(6s5d 3D ;) are compared to previous
back to the ground state or down to the56l D levels. measurements,4]. However, to the best of our knowledge,
Once in the 85d °D; states, the atoms are essentiallymeasurements ofp(6s® 1S,) have not been made previ-
trapped(see Fig. 1 The 65d °D; states are metastable, ously. Experimental measurement of these cross sections
with lifetimes greater than 1 s¢&,2]. Using noble gases as provides a test of theoretical barium—noble-gas molecular
the buffer gas, quenching collisions prove to be negligible potential curves. Recently, calculated molecular potential
Thus the main loss mechanism a5l °D state atoms out curves for Ba(8? 'S,)-He and Ba(85d °D,)-He have be-
of the detection region is diffusion. The initial spatial distri- come availablg¢5]. We use these to calculate theoretical col-
bution of these trapped atoms reflects the spatial intensitiision cross sections in order to compare them to our experi-
distribution of the pump laser. By probing out of the mental results. The agreement between the experimental and
6s5d 3D, states at different spatial positions in the vapor,theoretical collision cross sections is very good.
we can follow the diffusion of the metastable atoms through The organization of this paper is as follows. Section Il
the buffer gas and construct spatial number density profilepresents a model of the experimental ground and excited
at various times after the pump laser fires. From the spatiadtom spatial density profiles based upon solution of the dif-
density profiles, the temperature- and pressure-dependefuision equation under the conditions of our experiment. The
experimental methods are discussed in Sec. lll, including a
detailed presentation of the measurement of the time-
*Present address: AT&T Microelectronics, 9333 S. John Youngdependent spatial density profiles with the pulsed-pump—cw-

Parkway, Orlando, FL 32819. probe laser technique. Our results are presented and dis-
"Present address: Department of Physics, Drew University, Madicussed in Sec. IV. In Sec. V we present calculated cross
son, NJ 07940. sections, based upon recent Ba-He potential cufGgsfor

*Present address: Lockheed Martin Management and Data Syground and metastable barium atoms diffusing through he-
tems, Computer Service Engineering, Valley Forge, PA 19841. lium. These theoretical results are compared with those ob-
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6575’8 infinite cylinder geometry with no angular dependefice.,

' we assume that the distribution depends only on the radial

5dép 'K, coordinatg¢. We also assume that the walls of the heat-pipe

5d6p °F oven are very far away; i.e., we can let the oven radius ap-

sdép °F proach infinity in the theoretical treatment. Over the time
frame of this experiment, only a very small fraction of the
excited atoms diffuse to the walls, so this assumption is
valid. Finally, we assume that the initial radial distribution of
metastable atoms is well approximated by a Gaussian func-
tion. (Note that even if this is not the case, it can be shown
that any initial distribution will eventually evolve into a
Gaussian if wall effects can be neglecjdd.Sec. IV we will
show that the measured distributions are indeed well fit by
Gaussians. With these assumptions, the solution to the diffu-
sion equation is found to be

2
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Here L is the vapor column IengtHRg is a constant that
defines the width of the initial metastable level distribution
just after the pulsed laser fires, anff=n;(r,t=x) is the
uniform equilibrium density of atoms in state(nis equal
to zero for the 85d 3D levels and is equal to the equilib-
rium vapor density at temperatufie for the ground statg.
The solution is normalized over all space so tNgf (where
No1s=—Np3p) is the total number of additional state at-
_ _ _ _ oms(in excess ohY created in the nonuniform distribution

FIG. 1. Atomic barium energy-level diagram showing the levels 51+ — 0 From Eq.(2), we can see that the spatial dependence
involved in this work. The heavy dashed arrow indicates the tranyf the atoms will remain Gaussian at all times. with the
sition pumped by the pulsed dye laser. The probe transitiops square of the width given bﬂ2+4D-t). Thus with i,ncreas-
ward, solid arrows are labeled with their respective wavelengths. ing time, the Gaussian Widthpincreilases while the amplitude
The unlabeled, QOyvnward, solid arrows represent stimulated ancreasés Figure 2 shows two examples of the spatial and
spontaneous emission down to thgb@ 3D1'2 levels. tem | d. d A .

poral dependence af(r,t) using Eq.(2).

tained from the experiment. Conclusions are given in Secpat?llfcf)lﬁlhoen(;isffﬁs[?rrlzcztsc?n:zattr:veeﬁﬁ\%dtsh?gugﬁt?h?(\e/;(;z?sn free
VI is related to the pressuge of the buffer gas through which
the atoms moveand the mean relative velocity of the col-
liding atoms(which depends on the temperatufeof the

Since we operate with a barium density that is severa¥apoy. Kinetic theory[7] predicts
orders of magnitude lower than the buffer gas density, we ™ 3
can ignore Ba-Ba collisions for the most part. In addition, the _3 ( ™ ) 1 (kT) 3

op P

Il. DIFFUSION MODEL

guenching and radiative rates out of the metastable manifold 8

are assumed to be negligible over the time period of the

measurementéhis will be discussed in more detail in Sec. Here u is the reduced mass of the atom-perturber sygtam

IV). Thus the diffusion of atoms through the heat-pipe overour case the barium—noble-gas systeknis Boltzmann's

is described by the diffusion equation constant, andrp is a thermally averaged velocity-changing
collision (momentum transfercross section. Thus the value

S of the measured diffusion coefficielt is dependent upon

=DiVni(r.1), @D the temperature and buffer-gas pressure. Solving(Bdor

op, We obtain

whereD; is the thermally averaged diffusion coefficient for
atoms in staté andn;(r,t) is the number density of atoms in
statei at positionr and timet. There are several different
ways to solve the diffusion equation, depending on the initial
conditions and geometryincluding boundary conditions  Thus the diffusion cross sectiar, , which is related to the

and these can be found in most upper-level textbooks ointeratomic barium—noble-gas potentigB], can be deter-
mathematical methods of physi¢6]. Experimentally, we mined by measurements of the diffusion coefficient. Such
use a pulsed pump laser to create excited-state diffusing atreasurements can serve as a test of theoretical potentials as
oms. Thus our source of diffusing atoms approximates athey become availabléRecently, theoretical barium-helium

2
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FIG. 2. Theoretical spatial dependence of the number densit?tUdy the diffusion of the ground- and metastable-state barium at-

ni(r,t) at several different timeffrom Eq. (2)] for (2) metastable ~©MS- This drawing is not to scale.
states andb) the ground state.

position (r)

This allows the probe beartounterpropagating with the
e Pump beamto be directed through the heat-pipe oven, with
, (variable parallel displacement between it and the pump
Fig. 3b)]. This arrangement allows us to probe either the
metastable- or ground-state densities both on and off axis
is related toD [using Eq.(3)] by and thus to measure their spatial distributions as a function
of time following the pump pulse.
p\(To m\Y2 1 (kTy)%? Barium is contained in a five-arm cross heat-pipe oven
DoED(—)<T 2—> — (5  [10]. During the experiment, the heat-pipe oven was filled
Po #) 9o Po with a variable amount of one of the noble gagkelium,

HereT, andp, are standard conditions, taken to hg=273  Nneon, argon, krypton, or xenprior the diffusion of barium
K and p,=760 Torr. ThusD, is nominally the diffusion atoms through helium and argon, the noble gas was continu-
coefficient at STP. The validity of Eq5) depends on the ously flowed into, and pumped out of, the heat pipe so that
assumption that, is independent of velocity, which may or impurities that baked off the oven walls would not accumu-
may not be the caséln Sec. V, we show thatp, is not late. However, this procedure was not followed for neon,
independent of velocity for the Ba-He case according to oukrypton, and xenon due to the cost of these gases. Instead a
calculations based on the potentials of H&f.) We report ~ closed system was used in these cases. To prevent the accu-
D, for comparison purposes only and note that the experitulation of impurities, the closed system was prepared in the
ments were done in a small range of temperatures. Therefoféllowing manner(here neon will be used as an example
the important value reported heredg which should only be ~ While the oven was heated, helium was flowed and pumped
considered valid for temperatures near 850 K. at a pressure of 3—4 Torr to protect the windows of the oven.
During this time, impurities outgassing from the walls could
be pumped out. The oven was heated using resistance heat-
ers. Once the heat-pipe oven reached the operating tempera-
The experimental setup for the diffusion coefficient mea-ture, the system was pumped down to about 0.5 Torr. Then
surements, shown in Fig. 3, is almost identical to that use@bout 25 Torr of neon was admitted and again the system
for the mixing and quenching measurements described iwas pumped down to about 0.5 Torr. Finally, neon was ad-
Ref. [9]. In the interest of brevity, the reader is referred tomitted to the system at the desired pressure and the system
Ref.[9] for details. One notable addition, however, is that awas closed to the pump. The closed system includes a ca-
mirror mounted on a translation stage was added to the setupacitance manometer to monitor the pressure during the

potentials have been reported in the literafiie These ar
discussed in Sec. V and a comparison is made to our expe
mental results.

We also report a standard diffusion coeffici€y, which

32 3
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measurements. Three to seven different pressures were stutdm focal length lens. The probe beam was attenuated to
ied for each noble gas. For the closed system measurements80 uW and apertured or focused to a diameter~dd.5

after each set the system was pumped down to about 0.5 Tomm. Two-dimensional charge coupled devi@&CD) photo-

and fresh gas admitted to the system. Measurements wegéode array(SpectraSource Instruments model LYNXX PC
made starting with the highest pressure of interest and endirignages of the beam profile were recorded to ensure that the
with the lowest. A set of measurements at a given nob|e_gaBr0be beam diameter remained constant over the Iength of
pressure took about half an hour and no systematic increadge vapor. In addition, the pump beam energy was reduced to
of the pressure was observed over that time pefiied, any 2 few pJ/pulse for the metastable state measurements and to

accumulation of impurities did not cause a measurable in few hundregud/pulse for the ground-state measurements to
crease of the pressure inside the heat pipe pecause of reduce saturation effects that would otherwise cause the ini-

the procedure used, these closed system measurements | populatlon distribution o be non-(._‘aaUSSIa_(We found_ .
neon, krypton, and xenon were always contaminated b at using apump beam that was too |_ntense caused s_|gn|f|-
some small admixture of helium. However, we believe that2nt off-axis metastable productidrelative to the on-axis
the procedure described above kept this contamination to %qpulanon that is saturat}:dp_resuma}bly due to the §pa§|al
negligible level. Operating pressures ranged from 3 to 9 ails of the pump laser unssuan radial intensity Q|str|bu1|on.
Torr, depending on the noble gas. The temperature was ke ote that the result of this pump laser attenuation was that
constant at a fixed value in the range 795-892 K during eac e [threshold ~ for stimulated emission on the

3po 3 e
set of measurements. These temperatures correspond to s6p P1—-6s5d "D, , transitions was not always reached

barium vapor pressure of no more than a few mTorr. Thuéin contrast to the mixing and quenching experiments re-

the buffer-gas pressure was always much greater than t%orted in Refs[9] and[14]). At the reduced pump energies

barium vapor pressure and the oven was not operating in thlésed’ we also found the initial population distribution to be

heat-pipe moddi.e., the noble gas was thoroughly mixed vv_e_II represented by a Gaussian. Also, un_d_er these pump con-
with the barium ' ditions, the metastable level probe transitions were not opti-

Barium atoms were pumped into thesdi 3D levels cally thick at line center, so the frequency of the highly at-
J

using a pulsed Nd:YAG(where YAG denotes yttrium tenuated probe beam was tuned to line center of each

. transition of interestt On the other hand, the
aluminum garnét laser (Quanta Ray, DCRJ1 pumped, P 3m0 " ) . .
dye laser (Lumonics HyperDYE-30p tuned to the 6s° Sy—6s6p °P7 transition remained optically thick at

652 1S,—6s6p 3P ¢ intercombination line at 791.3 nm. The line center, even following the firing of the pulsed pump
power of the pump dye laser, before being reduced WitHaser. Thus, for probl_ng.the. Gaussian hole created in the
neutral density filters, is typically about 50 mJ/pulse with agroun_d—state spatial d|s§r|but|on, the probe Iager was detuned
linewidth of about 0_’3 et and a pulse duration of 6-8 from line center to a point where the attenuation wagb—

nsec. While about 40% of thes6p 3P 2 atoms decay back 85% before the pump Iasgr fired. Due to dep!etion of the
to the ground state, the rest decay into the metastable marg_round state,_ the transm|35|o_n_ of the probe typically rose to
fold via the &6p *P%—6s5d 3D, , transitions[11-13. ~50% on axis just after the fmng of the pump laser.
Collisional mixing then transfers population among the The transmntgd_ probe laser intensity wa§ detec_ted.by a
6s5d D, levels. This pumping scheme not only producedgatecj photomultiplier tubgHamamatsu R.2368’.PMT In F|g.
population in the 85d 3D levels along the heat pipe axis, it 3). The PMT was chosen for the spatial uniformity of its

also created a hole in the spatial distribution of ground-stat&athoOle response. Th(’f‘ gating circuit turned on the PMT for
atoms. Time-dependent densities within the threBBD up to 350usec, protecting it from overload from continuous

levels or the ground state were then probed using a counteP—.rObe laser illumination. The signal was recorded on a tran-

. K | Eor th f _ ent digitizer (Tektronix model 7912 HB or HR which
Sirfcf)gggﬁtlr\;\?e, L\?lsee% éi\;\;{glz?riro d eorc\tN eTﬁizgp%irgr&g- Sta%lveraged data over 64 shots of the pulsed laser. The averaged

herent 899-28 which could be tuned over the signal from the digitizer was stored on a computer.
652 1S,—6s6p 3P¢ transition. For the metastable-state dif- The time evolution of the spatial density profiles was

fusion, we used a single-mode, cw, ring dye la&@oherent mapped pointwise i_n the fo[lowing manner. The probe laser
699-29, which could be tuned into resonance with either theVas set to_ a specific spatial offset from the pump _beam.
6s5d °D,—5d6p DS, the &5d °D,—5d6p 3F 3, or the Ther), the tlme_dependence of the probe beam absorption was
6s5d 3D, —5d6p 3F2,transition at 712.0 728.0, or 706.0 obtained. Typical signals from the digitizer for bo_th t_he
nm, respectively. All three transitions out of the metastabl round state af“?‘ _the metasta_ble state are shOV\_/n in Fig. 4.
levels were studied under identical conditions using argo ote that the digitizer and gating circuit are preiriggered so

buffer gas. The collisional mixing between thea5al °D, that data before the pulsed laser fires can be recdtudre

levels couples the diffusion of atoms in these three le\@ls the pulsed Iaser_flres thgre_ IS no 239“'6‘“0” in t88°D,
Therefore, under these conditions, the separate diffusion cd€Vels and a uniform distribution, _ in the ground staje
efficients cannot be measured. But instead we determine arhese datgwhich we will refer to as t<0 data” because
average diffusion rate forgd 3D, atoms. Results from the we taket=0 as the time the pulsed laser fiyese used to
barium-argon metastable state measurements confirm thabrmalize the data taken after the laser pulse. This normal-
the same diffusion coefficient is obtained from all threeization corrects for small changes in the cathode sensitivity
probe transition$14]. For helium, neon, krypton, and xenon with position and small drifts in the probe laser power or
only the 6s5d 3D,—5d6p 3F § transition was probed. frequency. Measurements of the probe transmission vs time
The pump beam was typically apertured to a diameter ofvere repeated for many parallel displacements of the probe
1-3 mm and collimated through the heat-pipe oven using deam relative to the pump, over the diameter of the heat-pipe
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— . . I ments was repeated. At the end, each measurement was

' i scaled using an interpolation between the “before” and “af-
1 B @ g p

ter” center measurements. These procedures all but elimi-
nated systematic effects due to pump laser drift. Zero base-
line traces with all lasers blocked were recorded periodically
in all sets of measurements.

IV. RESULTS AND DISCUSSION

The digitized transmission vs time tracgsg. 4) contain
all information concerning the full temporal and spatial evo-
lution of the number density in a particular level following
the firing of the pump laser. At each positionthe normal-
ized transmission vs time trace was converted to a time-
(b dependent absorption coefficidnf(r,t) using

0 50 100 150

o5

Transmission

I(r,t)=1lo(r) exp[—k,(r,t)L]. (6)

Herely(r) is the incident probe beam intensity at position
and I (r,t) is the time-dependent probe beam transmission
through a lengthL of vapor, measured at time after the
pump laser fired. This expression can be solvedkfér,t)L.
0 N P R 150 The same expression for valuestef0 yields the absorption
coefficient [k,L], associated with the equilibrium popula-
time (usec) tion in the probed level. Thus we find

FIG. 4. On-axis(r=0) probe laser transmissiorexp(—k,L)]
versus time when the probe laser was tuned (@ the K,(r,t)L—[k,L]eg=—In
6s5d 3D,—5d6p 3F 3 transition andb) the 6% 1S,—6s6p 3P a
transition. The oven temperature was 795 K and the argon pressure
was 5 Torr for both measurements. Note that the pulsed pump laser =In
fired att=0. Zero transmission was obtained by blocking the probe
beam. Note also that the probe laser beam was partially absorbed

before the pump laser fired in the ground-state measurements. Th.@(perimentally we determinek[,L]eq as the average opacity

is due to the equilibrium ground-state population. The average ab- . . T
sorption coefficient measured during the time interval before the:ﬁggg;%éo{e tgFEStL<0’.S[ kVeLr]oe‘zgé(gg ste< ?r?le_-eFo':'btrhem
pulsed laser fires ik, (r,t<0) (see the text vel,KyL]eq IS Z u quritbriu

population in &5d 3D]- is zerg; however, this is not true for

oven. The probe transmission was observed to change wifff€ ground-state measuremelqi(r,t) is proportional to the
time after the firing of the pump laser due to diffusion of the "umber densityi(r,t) at a particular spatial positian Thus
atoms and redistribution of population among the states. ThEK,(T,t)L—K,(r,t<0)]L is proportional ton;(r,t)—n{.
step size for moving the probe beam was 080813 mm We do not need to know this proportionality constant, be-
in all cases. The sequence of Spatia| offsets was chosen ragause we obtain the diffusion coefficient from the widths of
domly, with the exception of the barium ¢6d D) -argon  then;(r,t) —n curves[see Eq(2)]. However, it could eas-
diffusion measurement. The sequence of measurements ty be obtained from our previous line-shape studis, 16.
6s5d 3D atom diffusion through argofwhich was the first Relative values oh;(r,t) —n%are simply given by values of
set of measurements carried pwas made by systematically In[1(r,t<0)/I(r,t)]. Note also that we do not divide out the
stepping the probe beam across the central region of the headpor lengthL, since we are interested in relative changes in
pipe from one extreme where the probe absorption was inthe signal, and_ is a constant. Dividing by, which has a
distinguishable from zero to the other opposite extr¢hdg. large uncertainty, would simply introduce additional uncer-
Since this procedure is subject to systematic errors due ttainty into our results.

pump laser drift, for which we must compensate, we Figures %a)—5(d) and §a)—6(d) show the spatial density
switched to a random sequence of spatial offsets plus a scgprofiles obtained by probing thes6 'S,—6s6p *P$ and

ing procedure for all other measurements. After probe transés5d °D,—5d6p 3F $ transitions, respectively, at different
mission vs time traces at three or four random spatial positimes after the firing of the pump laser and at different noble-
tions were recorded, the probe laser was moved back to thgas pressures. The error bars in the data reflect the noise in
center position to check for pump laser drift. If the drift was the digitized signal.

small, the pump laser was readjusted to maximize the In order to determine the diffusion coefficiebt for the
metastable-state excitation and we continued with the meaground and metastable levels at each pressure and for each
surements. If the drift was large=10%), the pump laser was noble gas, a Levenberg-Marquardt mettad] was used to
readjusted and that set of probe transmission trace measuffit-the experimental data to a Gaussian function of the form

I(r,t)}JrI {I(r,t<0)}
FRIEEG
I(r,t<0)}

I(r,t) @)
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FIG. 5. (a)—(d) Ground-state §° 1S, spatial density profiles, measured from absorption on 8fe'6,— 6s6p 3P transition at several
different times(listed in the figure boxafter the firing of the pulsed laser for Kr buffer-gas pressure®o8, (b) 5.9, (c) 8, and(d) 17.65
Torr. The oven temperature was 866 K. The solid lines show the least-squares fits(8). Eg)—(h) Plots of the corresponding Gaussian
width squared 3+ 4Dt vs time. Note that the vertical scales are not the same for the plots used to present data taken at different pressures.
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(d) 18.1 Torr. The oven temperature was 864 K. The solid lines show the least-squares fitg8n E9-(h) Plots of the corresponding
Gaussian width squaredj+ 4Dt vs time. Note that the vertical scales are not the same for the plots used to present data taken at different
pressures.
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TABLE I. Pump and probe beam width®, andr,, respec-
tively) and the initial width of the Gaussian spatial density profiles
for the barium-krypton datar §°=(R3+r2)"2 r§* is the t=0 5
intercept of the experimental width squared vs time curves.

(a)

Pressure R, M rgde  pgxet

3
Level probed (Torr) (mm mm (mm)  (mm) i
2
652 15, 18.1 165 0.37 169  2.05
8.0 2.01 1
5.9 1.90 2
2 0
4.0 1.98 0 5 10 15 20 25
3.05 2.00 &
g
6s5d 3D, 17.65 165 037 169  1.00 o
8.0 1.03 w8
5.9 0.98 5 5 ®)
3.0 0.87
6
5
[(r,t<0) (r—b)? 4
) —n&Y%« — = +
ni(r,t)—n;y"< In 0 } xp( d 3 .
(8 2
1
[see Eq(2)]. HereA is the time-dependent amplitude aad 0
is the Gaussian width squared. The offset parantetdiows 0 5 10 15 20 s
us to account for any small mismatch of the pump and probe p" (10*Pa’)

beam zero positions or shift of the distribution caused by a 15 .
drift in the pump beam power and/or frequency. The param- /G- 7. Plots ofDT™*> vs p™" for (a) ground-state andb)
eterd allows for a nonzero base line, which can be due tometastable-state barium atoms diffusing _through Kr at a tempera-
noise in the signal and/or drift of the digitizer base line. With :Erelm( atbom 865 Kt‘TD. ahrlo:.DO are deéermé”ed ér%m the slopes of
increasing time after the pulsed laser fires, the signal ampli- € least-squares straight line fitee Eqs(3) and (5)]
tudes decreadesee Figs. &8)—5(d) and Ga)—6(d)]. A small
error in the assumed base litend therefore a small change Note that diffraction tends to round the beam shape such that
in the fitted amplituded) can lead to a large change in the the net excitation is fairly well described spatially by a
fitted Gaussian width parametar, especially when the Gaussian function. Table | shows the experimental values for
Gaussian is short and wide as in the late time. Therefore for, andR;, as well as values af, calculated from these val-
some sets this fitting paramei@mwas neededNote that the  ues(r 8""‘). Table | also lists the square root of the intercepts
fitted base lined never fell outside of the experimental error of the plots shown in Figs.(B)—5(h) and Ge)—6(h) (r §¥PY,
bars of data points in the wings of the Gaussian spatial der-53° falls between the values of °(6s® 'S;) and
sity profiles[see Figs. &)—5(d) and §a)—6(d)].) In orderto  r§®{6s5d D). The differences between these values can
decide if the base line should or should not be a free parante explained. Before the aperture, there is a 2-m focal length
eter, the fitting was carried out both ways, and the redyéed lens, gently focusing the pump beam to a point well past the
of the Gaussian fits was used to determine which fit wadieat pipe. Thus we expect a slight overestimationydfased
preferable[18]. If a reducedy?=2 occurred, the data were on the value calculated using the diameter of the aperture.
not used in calculating the diffusion coefficient. This is in fact the case for€sd *D; measurements where
Once the Gaussian fit was determined, the width squarethe pump beam energy was on the ordedfpulse(small
c was plotted vs timdsee Figs. &&)—5(h) and Ge)—6(h)]. enough to avoid saturation effegtdHowever, in order to
Our signal is determined by a convolution of the atom num-have a substantial sign@gainst the nonzero backgroynd
ber density and the probe beam intensity. It can be showthe ground-state diffusion measurements, the energy of the
that the measured signal is of the same form as(Bgbut  pump beam was increased by a factor of about 50 for those
with R3 replaced withr 3=r 3+ R3, whereR, andr, are the  measurements. Saturation in the central region of the beam
Gaussian widths of the pump and probe beams, respectivelgauses the excitation in the Gaussian wings of the beam to be
Therefore,c=r 2+4D;t [see Eq.(2)] and the temperature- similar to that on the beam axis, thus creating a wider excited
and pressure-dependent diffusion coefficiBptcan be ex- atom spatial profiléor wider ground-state depletion regjon
tracted from the slope of a straight-line fit of the data. The OnceD has been measured for all pressures and tempera-
intercept of this plot ig 3, which is the measured width of tures of interest, the diffusion cross sectieg and standard
the initial distribution(including effects of the probe beam diffusion coefficientD, can both be determined from the
spatial resolutiopatt=0. r , was determined from measure- slope of the straight line obtained by plottimgr ~2vs p~*
ment of the probe laser beam spatial profile using the two¢see Fig. 7. Clearly, from Eq(3) or (4), the slope of this line
dimensional CCD arrayR,, is taken to be the diameter of the is given by 2\ml2u(k®% o). This can be inverted to yield
aperture used to shape ttreughly collimated pump beam. the diffusion cross section, arig}, can be obtained from Eq.
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TABLE II. Experimental velocity-averaged cross sectians and diffusion coefficients at STB, for
ground-state and metastable-state barium atoms diffusing through noble gases. The cross sections obtained in
this work should be considered to be valid for the temperature range 795-892 K. Also presented for
comparison are the previously measured valuesgofind D, for diffusion of metastable $5d 3D atoms
through the noble gases.

Temperature Pressure range Dy op
Noble gas (K) (Torn (crPised (A3
Ground state
helium 868 20-9¢ 0.364 +0.03% 36.7+3.12
neon 87% 4-2C¢ 0.181 +0.01¢ 34.8-3.6%
argon 798 5-5@¢ 0.118 +0.022 40.2+7.6%
krypton 866 3-18 0.0839-0.0078 43.5+4.12
xenon 87% 3-22 0.0593+0.0077 54.2+7.C°
Metastable states
helium 886 14-9¢ 0.466 +0.04% 28.7+2.8
725-800 10-500 0.56 =0.08’ 25+3°
neon 867 5-2¢ 0.259 +0.01¢ 24.3+1.8
725-800 10-500 0.201 +0.01€ 32+3
750-906 0.215 +0.01Z 29.3r1.6°
argon 800-873 5-5@¢ 0.139 +0.01G 34.0£2.4
725-800 10-500 0.143 +0.017 343
750-906 0.141 +0.028 33.5+6.F
krypton 864 3-1¢ 0.117 +0.008 31.1+2.12
750-906 0.088 +0.01T 42+5°
xenon 880 3-2F 0.0783£0.0053 41.1+2.8
725-800 10-500 0.084 +0.008 40+4P
750-906 0.073 +£0.008 44.1+4.&
&This work.

bwalker, Bonin, and Happdi].
°Brust and Gallaghef4]. (Note that, in addition to the statistical error given above, the authors estimate a
systematical error of 15% from the determination of the beam diameter in their expejyiment.

(5). The error bars shown in Fig. 7 represent the statisticafusing through argon we observed that some data sets ex-
uncertainty from the fitted slopes of the width squared vshibited a slight drift of the entire metastable spatial profile
time curves, along with an estimated uncertainty of 0.02 Torfrom the center position as a function of time. We attributed
in the noble-gas pressure determinatidh this to a slow drift in the pump laser power and/or frequency.
Our results are presented in Table Il for both theSince in these early measurements we scanned from one ex-
metastable- and ground-state diffusion cross sections, alorigeme of probe displacemefriegative offsefsthrough zero
with error bars of=7-19 %, which represent both statistical displacementoverlapping beamso the opposite maximum
(~2-15 9% and systematic uncertainties. The latter includespump-probe separation, a systematic drop in the pump laser
a 3% systematic uncertainty in the temperature, which ipower or a drift of the laser away from the transition fre-
measured by a thermocouple suspended in the vapor. In faciuency would produce an apparent skewing of the initial
the temperature is known to vary slightly along the length ofdistribution of the metastable-state densities. Numerical
the heat-pipe oven heated zone. Other systematic effects asenulations showed that this effect would appear as an ap-
discussed below. Our reported results are compared in Tabfgarent drift of the centers of the fitted Gaussians with time.
Il with the results of the previous metastable-state measurddowever, these simulations also showed that the error in the
ments of Walker, Bonin, and HappE&B8] and of Brust and computed diffusion coefficient is less than 5% due to this
Gallagher[4]. We note that all the measurements of theeffect, even for the unrealistically large drift assumed in the
metastable collision cross sections agree within error bargimulations. Thus these measurements of metastable barium
except for the case of neon. It is also important to note thatliffusing through argon were not repeated. However, we
the error in the ground-state measurement is larger than thewitched to a random sequence of spatial positions plus a
error in the metastable-state measurement. The increased scaling procedurédescribed in Sec. )ifor all subsequent
ror is due to the nonzero background ground-state populatiomeasurements.
and the possible quenching of excited-state atoms during the A second effect observed in the metastable-state, argon—
time period of our measurements. The latter effect is disbuffer-gas measurements was the very long buildup times of
cussed later in this section. the metastable level populations. Because we used low pump
In our first set of measurementmetastable barium dif- laser power in these experiment® achieve a Gaussian
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FIG. 8. Levels used in the four-level rate equation model with

the nonzero population transfer mechanisms labeled. Values for thfd

transfer rate coefficients are given in Table Ill. Here levels 1, 2, 3
and 4 represent thes8's,, 6s6p 3P$, 6s5d 'D,, and 65d 3D,
levels of barium, respectively.

metastable level spatial distributiprthe metastable levels
were populated by spontaneous emission in this qhbate
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trapping on both the &Bp3PJ—6s°'S, and
6s6p *P 9—6s5d °D, , transitions, which lengthens the ef-
fective lifetime of the 86p 2P level. The second possibil-
ity is excitation transfer within the®p 3P $ manifold. This
leads to population of thesBp 3P and 66p 3P levels,
which are forbidden from radiating to the ground state. The
third mechanism is collisional(Ba—noble-gas transfer
among the excited levels: s6d °D;2w«6s5d ‘D,
—6s6p 3P?. Atoms transferred early on to thes®d 1D,
level can act as a delayed source 66f 3P ¢ and &5d °D,
atoms.

The radiation trapping explanation is consistent with the
fact that lower buffer-gas pressures yield longer lifetimes
[19]. This particular system presents a very interesting trap-
ping problem(see Refs[19-21] for more detailed discus-
sions of radiation trapping Since there is a large time-
dependent population not only in the ground state but in the
metastable levels as well, we can have trapping on all radia-
tive channels out of the p 3P state. Right after the
pump pulse, we have a central region of high metastable
level population that is relatively depleted of ground-state
toms. Outside the pump beam most of the atoms are in the
ground state. Both radiation trapping and atom diffusion
cause these distributions to evolve in time. Thus, in different
regions of the oven and at different times, the
6s6p *P{—6s? 'Sy and &6p *P$—6s5d °D,, photons
are trapped by different amounts.

In order to study the second mechaniollisional mix-

that for other buffer gases, the metastable levels were popiAd among the 86p °PJ levels, we directly probed the
lated by spontaneous emission, stimulated emission, d¥#s6p °Pg ; ,levels by monitoring the cw ring dye laser ab-
both). Thus the metastable-state densities take some time gorption when its frequency was tuned to the various

build up. The natural lifetime of thesBp 3P ¢ level (which
feeds the metastable levels about 1.2usec[4,11-13.
According to the results from R€i9], equilibrium within the
6s5d 3D ; manifold should be achievedo within 90% by
argon—buffer-gas collisions in approximately 18 angdseéc,

6s6p 3P 9—6s7s 33, transitions(see Fig. 1 In this experi-
ment, we saw no evidence of population in either?tlf?(g,2
levels (similar observations are reported in Refd] and
[22]), but the &6p 3P? level exhibited decay times that
were comparable to the metastable level buildup times we

for pressures of 20 and 50 Torr, respectively. However, webserved in the diffusion measurements. Thus it appears that
observe the §5d °D, level populations are still building up cgJlisional mixing from &6p 2P into 6s6p 3P , is slow

after these times for these argon—buffer-gas pressures.

on this time scale.

We systematically studied this question of density buildup  The third mechanism, collisional transfer among the

by considering the total number of metastable atoms in th%s6p 3p2 6s5d !D,, and 65d 3D,

oven as a function of time, i.e.,

f n(x,y,t)dx dy dz:27-rLf n(r,t)r dr=N(t), (9)

whereL is the vapor column length and(t) is the total
6s5d 3D state density. Due to thlr factor, the integral in
Eq. (9) is not proportional to the area under the curves show
in Figs. §a)—5(d) and &a)—6(d), which represent a slice
across the oven diameter. By calculatiMt) for each set of
profiles (using argon as a buffer gaswe found that the
metastable-state buildup time for all three levels was great
than 10usec at the three pressures of interest and was lon
est at the lowest pressure. Metastable-state densities in

levels, was studied us-
ing a four-level rate equation model. In this model, the levels
6s2 1s,, 6s6p 3P, 6s5d 'D,, and &5d °D; are labeled

1, 2, 3, and 4, respectively. Thes®d °D levels are treated
as one level. In relation to the diffusion measurements, this is
not a concern as long as the 3D levels diffuse with
comparable ratesi.e., if the diffusion cross sections of
6s5d 3D,, 6s5d °D,, and &5d D, are approximately

gqual and/or if the mixing within the<bd 3D, manifold is

rapid compared to diffusion and transfer out of the manijfold
Figure 8 shows these model levels, with the relevant transfer
mechanisms labeled, and Table lll lists the values of all col-

éisional and radiative rates used. The collisional transfer rate

oefficients have been recently measured by Brust and Gal-
gher[4] and Vadlaet al. [23]. The rate equations, valid

cases were found to stabilize to at least 90% of the finafite" the pump laser pulse has terminated, are

equilibrium value by 5Qusec after the pulsed laser fired.

Three sources of delayed population of the metastable

levels suggest themselves. The first mechanism is radiation

N1= (T 1+ K3Nga) No+KSiNgans + Kathean,, (108
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TABLE lll. Collisional rate coefficients and radiative rates used in the four-level rate equation modeling
described in Sec. IV. In the model, we UBe880 K. Casda): Total 6s5d D, and 6s5d 3D ; depopulation
rates due to Ba-Ba collisions are assumed to represent quenching to the ground staté):Chsel
6s5d D, and 6s5d 3D, depopulation rates due to Ba-Ba collisions are assumed to represent mixing of
population between thes6d D, and 65d 3D levels.

Barium—noble-gas collision rate coefficiefit§ (102 cm®se

helium neon argon krypton xenon
khS 77 40 43 22.9 5.9
kNS 115 3.51 0.29 0.10 3.28

kYS=0.078&)$
kiS=0.011%5¢

NG _ | NG_ | NG_ | NG_ |, NG_
I(21 _k24 _k3l _k4l _k42 =0

Barium-barium collision rate coefficienfg3] (cm*/sed

Case(a) Case(b)

5=k = KB =BTk B5=k5=0 =3 = KBk BTk =k =k3=0
k82=5.1x10"° k58=5.1x10"°

kBa=5.1x10"1* kBa=5.1x10"1*

Radiative rate$4] (sec’?)

I',=2.99x10°
F23:O
[,,=4.41X10°

o= — (T a1t K3ingat ot K3Ingat KiSnye+ I ogt kBing,  €Nergy pooling effects as a single depopulation rate out of
each excited level, which is proportional to the total barium
+ ks Nna) N2+ (KNgat Kas M) N density. For consistency of the model, we assume that all
B NG such collisions populate the ground state, since levels above
T (Keggat Kap Nve)Nas (10b) 6s6p 3P 9 are not considered. Quenching of6p 3P,
6s5d 1D,, and &5d 3D, atoms to the ground state in col-
lisions with noble-gas atoms is known to be negligible
+ KB gat KCnye)na+ (KBnga+ KNSnye)n,, (109  [4,23. A Runge-Kutta method was employéii7] to carry
out the integration of the rate equations.

o B NG B B NG
N3= (I 23+ K53Ngat ko3 Nng) N2 — (K3iNeat K3sNeat Kz N

Na= (T 24+ Koangat Kda M) No+ (K5aNgat+ Kas Nne) N3 We considered in the model all buffer gasésle
5 8 NG 5 NG (p=14, 90 Tory, Ne (p=3, 20 Torpy, Ar (p=>5, 50 Torp, Kr
— (kaingat Kggngat Kap Mgt Kagngat Kaz Nng) Na- (p=3, 20 Tor), and Xe(p=3, 25 Tor)] and two different

(109  sets of initial conditions(i) all excited-state population start-
ing in the 6&5d 3DJ state(i.e., we assume that stimulated

Here ng;=ny+n,+ns+n,, I} is the radiative rate from emission on the §p 3P $—6s5d D, , transitions dumps
level i to level j, and k”G and kﬁa are the collisional rate all population to the lower states during the laser putsel
coefficients for transfer of population from levieto level (i) all excited-state population starting in thesép 3P ¢
due to Ba—noble-gas collisions and to Ba-Ba collisions, restate. In both cases, the population in the ground state was
spectively. It is assumed that the primary effects of Ba-Baaken to be 1.X10™ cm 3, similar to the experimental num-
collisions are quenching of excited atoms to the groundber density, and the excited-state population was taken to be
state; ie., Ba(65d °D;)+Ba(6s? 'S))—Ba(6s’>'S,)  1x10' cm 3 For the case of argon buffer ggs=5 Torr,
+Ba(6s? 1S,), excited-state—excited-state energy poolingour model shows a buildup time of close to &8ec; for
collisions [24] and transfer of population between the argon,p=50 Torr, the buildup time is about 2bsec(i.e.,
6s5d 1D, and 65d °D; levels. The rate of transfer of the buildup time is longer for lower pressuyegherefore the
population between thtD, and>D levels due to collisions delayed population of the metastable levels observed experi-
with ground-state barium atoms is generally comparable tenentally with argon buffer gas could also be due to the col-
or smaller than that due to collisions with noble-gas atomdisional backtransfer mechanism. The model calculation re-
[23] and these terms are directly included in the rate equasults also show that in the worst cagasgon buffer gas, low
tions. On the other hand, we model the Ba-Ba quenching angressure, and krypton buffer gas, all pressutasldup of
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TABLE IV. Thermally averaged diffusion cross sections for the weighing factor Q in Eq. (11 is

barium-helium collisions. The values are reported in units 6f A Ro(tz—t1)/2=[n4(t1) —n4(t2)]/[2n4(14]). The values ofQ

The theoretical values were calculated using the theoretical bariumyere determined from the four-level rate equation model in

helium interatomic potentials of Czucheq al. [5]. two limits based upon different assumptions for the rate co-
: efficients. Vadlaet al. [23] measured total depopulation
Experiment Theory Theory cross sections for Bagsd 'D,) and Ba(&5d °D;) due to
(T=868,886 K  (T=880K (T=273K) collisions with ground-state barium atoms. The associated
(652 1Sy) 36.7+3.1 36.4 53.2 dggopulaéi;)n rate coefficients clearly provide upper limits for
o(6s5d °D;) 28.7+2.8 26.2 45.4 k3% andkgzr. However, Vadleet al. state that these depopu-

lation rates are probably dominated by mutual collisional
mixing between 65d 'D, and 6s5d °D;. Thus we carried
population in the 85d °D; states takes close to 5@sec. out the model calculations in two caséa} k3T andkg} are
Therefore, in the analysis, we did not use data recorded be&qual to the total depopulation rate coefficients of 28],
fore t=50 usec. while k32=k%2=0, and(b) k52 and k52 equal the total de-
This model also answers another important question. Ifopulation rate coefficients of Re23], while Kgfl:k?fzo-
consideration of the collisional mixing among the Case(@) gives the largest values f@ that fall in the range
6s6p P2, 6s5d 1D2, and 65d 3[)J levels, we must ask 0.06—0.13 for different gases at various pressures. Since we
whether the measured metastable level diffusion cross sebave measured the values @f6s5d 3?DJ), we can, there-
tion is actually some kind of average cross section for diffu-fore, estimate the worst case errors in our measured ground-
sion of 6s6p *P ¢, 6s5d 'D,, and &5d 3D, level atoms. state diffusion cross sections by solving E(L1) for
The model results show that, over the experimental timerp(6s” 'Sp). These systematic corrections amount to less
range of t=50-250 usec, the total population of the than 4%. In cas€b), which is considered to be closer to the
6s6p 3P ¢ and &5d D, levels never exceeded 2% of the actual situation, the corrections are much smdhet%) and
6s5d 3D population. Therefore, we believe that, to within thus these effects were not included in the final ground-state
the accuracy of the experiment, the measured quantity i€ross sections reported in Table Il. However, the reported
op(6s5d D) rather than an average over the6p 3P, error bars include the worst case error described above.
6s5d 'D,, and &5d °D; levels.

From the results of Brust and GallagHdf, Vadlaet al. V. CALCULATED CROSS SECTIONS
[23], and our rate equation modeling, we have found two o )
possible channels forssd 3D, atoms to “quench” to the The diffusion or momentum transfer cross sections can be

ground state: Ba-Ba  collisions [Ba(6s5d D)  calculated from theoretical Ba—noble-gas potentif.
+Ba(6s? 1S,)Ba(6s? 1S,)+Ba(6s? 1S,)] and collisional  Thus we have used the recent barium-helium potentials of
backtransfer to §6p P9 (6s5d °D,—6s5d D,  Czuchajet al.[5] to calculate both ground- and metastable-

—6s6p 3P9) followed by radiative decay to the ground State diffusion cross sections. These calculations provide an
state. In either case, these atoms diffuse for some amount 8fteresting comparison with our experimental results, as well
time while in the &5d D state before joining the ground- as providing a test of the quality of the theoretical curves.
state distribution, which has been diffusing at a very differ- For our calculations, we treat each electronic state of the
ent rate. This means that our measured value of the grounda—noble-gas system separately. Then the standard partial-
state diffusion cross section is actually slightly contaminatedvave expansiori25] can be used to determine quantum-

by the excited-state diffusion: mechanical phase shifts and from them the appropriate cross
sections. For each electronic statand for several energies
o652 1S)=(1—Q)op(6s? 1Sy) + Qop(6s5d °Dj). E, the set of phase shiftg|(E) was determined by solving

(1)  the radial Schrdinger equation numerically using the loga-
rithm derivative algorithm. The momentum transfer cross

Q is derived in the following manner. According §° Our sectiono),; is defined in terms of the differential scattering
model calculations, the loss of atoms out of th&b@ °D;  ross sectiono'/dé as

levels (which eventually end up in the ground statan be
described as an exponential decay

Na(ta) =nya(ty)exg —Ro(ta—tq)], (12

wheren,(t) is the population in the €6d 3D levels at time  and can be expressed in terms of the phase shifts as
t. Rp is the net decayguenching rate. Since the observation

time in the experiment,tg—t;) =200 usec, is small com- i ) i :

pared to 1R, we can approximate the exponential as oMT= Z (1+1)sirf( 71,1 — 7)), (15

. 7 do
0'IM-|—=27TJ’O d—(;(l—cosa)sinade (14)

Ny(t
atz) exf —Ro(t;—ty)]=1—Ro(t,—t;). (13 wherex?=2uE/%? andu is the reduced mass. The thermally
Ny(ty) averaged diffusion cross section is defii@é—29§ as

The fraction that is quenched in the intervgl{ t,) is there- 1 .
fore Ro(t,—t;). On average, these quenched atoms spend o= f E2o (E)exo —E/KT)JE. (16
half their time diffusing while in the metastable states. Thus 7072k )0 ur(E)exp ) 18
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o5 was evaluated fof =273 and 880 K. The results are noble-gas perturber atoms. Our metastable-state diffusion
reported in Table IV, where they are compared with ourcross sections are in good agreement with previously pub-
experimental results. The agreement is quite good and cottished resultd3,4], while to the best of our knowledge, no
firms the fact that the ground-state diffusion cross section iprevious experimental results for the ground-state diffusion
indeed larger than the metastable-state cross section, @ross sections have appeared in the literature. We have also
agreement with our experiments 5 (T=273 K) was cal- been able to compare our experimental diffusion cross sec-
culated to test the validity of scaling the diffusion coefficient tions for barium-helium with results from theoretical barium-
to standard temperature and pressure in order to répart helium potential$5]. These results agree very well with each
The results show that the collision cross section is dependether and support the quality of these theoretical potential
on the temperature of the vap@r average collision energly curves, especially in the region of internuclear separations
and therefore scaling the diffusion coefficient as in &jis  such thatE(R) —E(«)~kT. We are confident that the ex-
incorrect, at least for Ba-He. We rep@t, only for purposes perimental technique described here can be applied to other
of comparison to other published results, which are usuallyatom-perturber systems as a useful tool in studying the dif-
presented in this form. fusion process.

VI. CONCLUSIONS
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