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Measurement of weak branching out of the (near-) two-level system Ba 6s 6p 'I', = =6s
' 'So
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%'eak branching out of the 6s '50~6s6p 'P& two-level system to the metastable 6s5d "D states
has been measured for ' Ba using cw-resonance ionization mass spectrometry on an optically
pumped atomic beam. A branching ratio (inverse branching fraction) of 440 40 was obtained.

INTRODUCTION

Two-level atomic systems are important in fundamen-
tal photophysical studies such as the slowing and trap-
ping of atoms' and the preparation of magnetically
aligned and oriented atomic beams. They are also im-
portant in ultratrace analysis with photon-burst detec-
tion, isotope separation, and isotope enrichment by
photode6ection. The degree of success in these experi-
ments depends upon the number of times that an atom
can be cycled through the two-level system by optical ex-
citation. Alkaline-earth metals form relatively good
two-level systems between the 'So ground state and the
first 'P, state, but are limited (except in Be and Mg) by
branching to intermediate 'D2 and D2 metastable states.
Despite the importance of these weak transitions, existing
measurements of their strengths in barium are in substan-
tial disagreement and values for the branching ratio
range from 24 to & 700. ' Only two of these
values" ' were determined by direct measurement while
the others were deduced from indirect measurements or
theoretical calculations. Niggli and Huber' have recent-
ly made a critical evaluation of these reported values and
selected as most probable a value of 290+40.

Figure 1 shows the pertinent energy levels in barium
and the excitation scheme we used for measuring the
branching to the ' D metastable states. Illumination of
an atomic beam of barium with 553.7-nm radiation over a
well-de6ned interaction region causes repeated excitation
of the 6s 'S0~6s6p 'P& transition. For a small fraction
of the excitations the 'P& excited state decays to the ' D
states rather than the ground state, and these atoms are
not available for further cycling. %'e measure the popu-
lation remaining in the 'So~'P& two-level system by
photoionization of the 'P, state downstream of the pump
region.

Two complementary pump-probe experiments have
been used to investigate the branching ratio. In one set of
experiments the dye-laser frequency is locked at the

S,~'P, resonance and the degree of
pumping is measured as a function of the pump path
length. As the path length is increased, population
trapped in the D states increases, and a decay in the two-
level system population is observed. The decay is nearly
exponential but shows slight curvature due to varying in-
teraction times of the velocity distribution and to recoil
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FIG. 1. Energy-level diagram for the low-lying states in bari-
um used in determining the branching ratio A{'Pl~'So)/
X A('P&~D) for barium.

Doppler shifting. ' Recoil shifting is due to changes in
an atom's velocity from repeated absorption of photons.
Each photon's absorption or emission carries h /A,

momentum with it. While all momentum gained from
absorption (from the laser) is in one direction, spontane-
ous emission is symmetric and its momentum transfer
averages to zero over a number of excitation cycles. The
net effect is to push atoms in the direction of laser propa-
gation. The resulting Doppler shift may either push the
atom into resonance if the laser is tuned to the high-
energy side of the rest frequency, or push it (further) out
of resonance when the laser frequency is less than or
equal to the rest frequency.

In the second type of experiment the pump path length
is held constant while the dye-laser frequency is scanned
across the 'So~'P& resonance. This yields spectra with
distorted line shapes due to optical pumping. Since
pumping to the D states is strongest on line center, this
can result in dips or inversions in the spectra, particularly
when there is some saturation in the probe region. For
simplicity we refer to the two types of experiments as
"decay" and "inversion" measurements. Both experi-
ments were run at a variety of pump-and-probe laser in-

37 1502 Qc 1988 The American Physical Society



37 MEASUREMENT OF VfEAK BRANCHING OUT OF THE (NEAR-). . . 1503

tensities and spectra were 6t to a modelling equation
which includes residual Doppler broadening due to beam
divergence, the axial velocity distribution of the atomic
beam, pump-and-probe laser intensities and spatial distri-
butions, and recoil shifts.

KXPKRIMENTAI.

Figure 2 shows the experimental arrangement used for
the measurements. The collimated (15 mrad full angle)
atomic beam of barium (natural abundances) is generated
by heating solid barium metal with an oven to typically
500'C. This results in a beam density of 10'-106
atoms/cm in the interaction regions. A fringe-ofFset
locking technique which has been described previously'
stabilizes a single-frequency dye laser (Coherent 599-21}
by referencing to a single-frequency He-Ne laser (Labora-
tory for Science model 200). This computer-controlled
feedback system allows either scanning or holding at a
fixed frequency with drift stability of 0.5 MHz/h. Most
of the dye-laser output is spatially filtered and expanded
( -50&( }. The central portion is masked and compressed
along the atomic beam axis by a cyhndrical telescope into
a spatially uniform (to within +10%) 1.0X0.3-cmi rec-
tangular pump beam. A motor-driven knife edge is
translated across the beam to control the actual illumina-
tion path length. Laser powers were measured with two
NBS traceable power meters (agreement within 5'f/o) and
intensity distributions were determined by translating a
pinhole or slit across the beams with photodiode detec-
tion. During the experiments, the integrated pump beam
intensity was monitored with a monochromator and pho-
tomultiplier after leaving the vacuum chamber.

Part of the same dye-laser output is used to form the
probe beam, which enters the crossed-beam ionizer head
of a quadrupole mass spectrometer and perpendicularly
intersects the atomic beam. The probe beam overlaps the

focused ultraviolet output (75 pm full width at half max-
imum, 2 W typical) of an argon-ion laser (Coherent 1-100)
which ionizes atoms in the 'Pj state, but which has
insufhcient photon energy to ionize atoms trapped in the
D states. Special care is taken to minimize optical pump-
ing in the probe region by using a knife edge to trim the
probe beam such that its upstream edge coincides with
the uv beam.

Parallel alignment of the pump and probe beams is
critical. Misalignment introduces a Doppler effect that
can shift the position of the dip observed in hne inversion
spectra, as has been observed IIreviously in experiments
on hyper6ne optical pumping. To avoid this complica-
tion, the two beams were aligned to within 1 mrad, corre-
sponding to a relative Doppler shift of less than 1 MHz.

MODEL CAX.CUI,ATIONS

Modelling of the observed ion-detection rate E. for the
decay and inversion measurements allows for changes in
the experimental variables of laser frequency and pump
path length according to

R(v, l)= f I N(x)N(u)

y g [P(n, a(u, x))L(n)g(n, v, x)]dudx.
n=0

The component terms, which will be discussed below, in-
clude N (x}dx and N ( v)du which are, respectively, the
spatial and axial velocity distributions for the atomic
beam, P(n, a (u, x})which is the distribution of the num-
ber of excitations for a particular space-velocity group,
I. (n) which describes the losses to the metastable states,
and g(n, u, x) which is the probe beam detector function.
The average number of excitations a (U, x) and the probe
detector function g(n, u, x) are implicitly functions of the
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laser frequency, intensity and path length. Holding laser
frequency v constant and evaluating Eq. (1}for different
interaction path lengths l corresponds to the 6xed fre-
quency decay experiments and holding l constant and
evaluating for diFerent v corresponds to the line inver-
sion experiments.

N(x)dx is the spatial distribution of atoms along the
axis of laser propagation and is due to the divergence of
the atomic beam and 6nite beam apertures. This distri-
bution (with x=O at the center of the atomic beam) will
determine the initial Doppler shift of an atom,
50=vv(xu/dc), where vo is the rest frequency of the tran-
sition, x is the transverse position of the atom, u is the
atomic velocity, d is the distance from the atomic beam
source, and c is the speed of light. With our particular
geometry, N(x)dx is constant over r to—r, where r is the
radius of the 6nal atomic beam aperture.

The distribution of atomic velocities for a collimated
atomic beam is given by '

N(u)du =2a v exp( —v /a2)du, (2)

where a=(2kT/m)', k is Boltzmann's constant, T is
the temperature in K, and m is the atomic mass.

P(n, a (u, x }}is the probability that an atom will experi-
ence exactly n excitations if an ensemble of atoms (of the
same u and x) experiences an average of a excitations.
For resonance excitation of a two-level atom this distri-
bution may deviate slightly from PoissonianP however,
for the experiments described here, where the number of
excitation cycles is large, the distribution about the aver-
age a is narrow and the average could be used instead of
the distribution. Using the average rather than integrat-
ing over the distribution enhanced computational speed
yet introduced errors of less than 0.5%. Calculation of
the number of excitations is complicated by the recoil
shift which causes the excitation rate to vary continuous-
ly as the atom traverses the pump region. However, with
constant pump laser intensity, the recoil velocity may be
found in closed form by solving the cubic equation for
the final transverse velocity U&,

Uf —Uv+3A5(uf —Uv}13k, (b, +5 )(vf —Uo)

—(3b Ahz/rnru, )fu=0, (3)

where Uo is the initial transverse velocity, A. the wave-
length of the transition, 5 the laser detuning from the rest
frequency, t}, the power broadened linewidth [half width
at half maximum (HWHM)] given by b = I'( 1+2I /
I,)', where 1 is the natural linewidth, ~ the lifetime of
the upper state, z the illuminated path length, and U, the
velocity along the atomic beam axis. The fraction of time
an atom spends in the upper state on line center is given
by fv (2+I, /I) ', where I——is the laser intensity and I,
the saturation intensity, which we de6ne as the point
where the rates of spontaneous and stimulated emission
are equal. For the studied transition I, =29.3 mW/cm .
The number of excitations is the total momentum impart-
ed nt (UI —uv) divided by the momentum imparted per
photon absorption (Ii /A, ),

n = ( ni 1,/6 )( UI —U 0 ) .

f =(2+I, /Id )
' 1+

2 —1
vo —( v+ 50+5„)

, (7)
d

where the first term is the fraction of time the atom
would spend in the 'P, state without any frequency
shifts, and the second term gives the reduction in this
fraction due to laser detuning, initial Doppler shift 50,
and recoil shift 5„. The power-broadened linewidth
(HWHM) for the probe laser is hz.

Because of the relatively low intensity of the ultraviolet
laser (-4&(10 W/cmi) and the short transverse path
length, the probability for ionization is low. Thus, in Eq.
(6) the product oIft &~1 and the first expansion term,
g =eo Ift, is a valid approximation. A value of
oIft —10 at the mean velocity is consistent with a
cross section of o =10 ' cm and experimentally mea-
sured detection eSciencies. The linearity is also experi-
mentally verified by the lack of saturation effects when
the intensity of the ionization laser is varied.

RESULTS AND DISCUSSION

Initial experiments were conducted with comparable
pump and probe laser intensities. %ith laser intensities
close to saturation and a 6xed pump path length l, the
dye laser was scanned over the resonant frequency result-
ing in line inversion pro6les. Figure 3 shows two sets of
experimental spectra with diFerent pump and probe pa-
rameters and these are compared to curves generated by
numerical integration of Eq. (1) at diFerent branching ra-
tios. Experimental branching ratios were determined by
X minimization between the experimental data (normal-
ized to a spectrum taken with the pump beam blocked),
and the theoretical spectra calculated at the experimental
intensities. Error estimates for individual measurements
were found by reevaluating Eq. (1) holding the branching

The losses to the D states depend upon the actual num-
ber of excitation cycles which the atom experiences and is
given by

T

I. (n) =exp n—+A ('P, ~D)/A ('P, ~'Sv ), (5)

where A ('P, ~'Sv)/gA('P, ~D), the Einstein spon-
taneous emission coeScient for the two-level transition
divided by the sum of all coeScients for transitions which
result in trapping, is de6ned as the branching ratio. The
final term in Eq. (1) is the probe beam detection function
which describes the probability for ionizing atoms which
enter the probe region in the ground state,

g(n, u, x)=@[1—exp( o Ift—)],
where e represents the detector and transmission
eSciency of the mass spectrometer, cr is the cross section
for photoionization from the 'P, state by the ultraviolet
laser with intensity I,f is the fraction of time spent in the
'P& state, and t is the time the atom takes to traverse the
ionization region. The fraction of time spent in the upper
state, f, depends upon the intensity and frequency of the
probe dye laser as well as the initial and pump-induced
Doppler shifts,
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FIG. 3. Experimental spectra taken at {a) moderate pump
and probe laser intensities (Ip p

26 m%/cm and Ip t„20
mW/cm~) over a 1.025-cm path length and (b) high pump inten-

sity and low probe intensity (I~„„=162 mW/cm' and

Ip„b,=4.4 m%'/cm2) over a 0.44-cm path length. The solid
curves are model calculations with branching ratios of 400, 450,
and 500 (bottom to top). Upper point spectra recorded with
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ratio constant at the determined value and varying pump
and probe laser intensities in the calculations. Table I
shows the results obtained at a variety of pump and probe
intensities and pump path lengths.

The observed asymmetry in Fig. 3(a} and the shift in
3(b) are due to recoil shift. Atoms which make it through
the pump region without being trapped experience, on
the average, more excitation cycles than those that are
trapped, and thus the dip (due to the trapped atoms) is
shifted less than the rest of the line pro6le. The degree of
bimodal behavior depends on relative saturated band-
widths of the pump and probe lasers. %'hen Ip p
&I~„b, the lobes are most pronounced. When the
effective pump bandwidth is greater than the probe [Fig.
3(b)] the low-frequency lobe is suppressed. The case
where I~„~-I~„b,-I~, [Fig. 3(a)] provided the best test
of the model as line shapes (asymmetry and spacing of
the two lobes, depth of inversion, etc }were m. ost sensi-
tive to all experimental parameters in this region. Mea-
surements performed using a high pump intensity and a
weak probe removed, to 6rst order, dependency on pump
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FIG. 4. Decay of the two-level population due to increased

pump (I=26 m%'/cm') path length with laser frequency 6xed
on line center. Points are the experimental data and solid lines
the model calculation with branching ratios of 400, 450, and 500
(bottom to top. )

intensity and spatial distribution.
Figure 4 shows a typical result for decay experiments.

The curvature away from simple exponential decay is due
primarily to the velocity distribution, but there is also
some contribution from the recoil shift which reduces the
effective excitation rate with increasing pump path
length. Again, X minimization between decay curves
calculated using Eq. (1) and the experimental data was
used to determine branching ratios. The results agree
well with the frequency scan measurements. However,
they are somewhat less precise with branching ratio

TABLE I. Experimental parameters and branching determinations.

Data
set
no.

Pump
path length

(cm)

1.025
1.025
1.025
0.44
0.44
0.44
0.248

Pump laser
intensity

(mW/cm )

26
26
26

162
162
162

10.1

Probe laser
intensity

(m%/cm~)

20
20
20
4.4

13.3
4.4
1.36

Branching
ratio

433+40
454+40
452+40
442+25
413+25
453+27
411+50

Average for all measurements 437+19
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values ranging from 400 to 510. The precision is reduced
because these measurements are sensitive to spatial varia-
tions in the pump beam intensity whereas the frequency
scans are sensitive (to first order) only to the integrated
pump intensity. The sharp initial drop in Fig. 4, due to
an uncompensated di6raction fringe from the pump beam
mask, is the most pronounced example of this intensity
dependence. This also adds a degree of freedom in 6tting
of calculated curves to the experimental data since the
starting channel for exposure is not precisely de6ned. Be-
cause of these limitations, branching ratios obtained from
6tting the 6xed frequency decay curves are used only as
confirmation of the quantitative results given in Table I.

Although the standard deviation for branching ratios
given in Table I is %19, we allow another 5% for other
possible systematic errors such as the uncertainty in the
value used for the lifetime of the 'P, state and the abso-
lute calibration of power meters. Thus we give as a final
result for the determined branching ratio a value of
440+40. While this value is greater than those recently
determined to be around 300,"' ' it is less than the
value of 550 recalculated' from data of Ref. 7 and the
value of 600 from theoretical calculations. ' lt is in

reasonable agreement with other theoretical values of 380
and 430 given in Ref. 14. It is diScult to assess a "best"
value for the branching ratio, especially since the litera-
ture abounds with references to unpublished work,
private communications, and the recalculation of others'
data. However, we are conMent of our measurements
for a number of reasons: The structure of line inversion
spectra [Fig. 3(a)] provides an excellent test of the model
with high sensitivity towards all experimental parame-
ters, uncertainties due to pump power can be reduced by
saturation, results are in excellent agreement over a wide
range of experimental conditions, and they are in agree-
ment with the Sxed frequency decay measurements.
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