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Spin-resolved elastic scattering of electrons from sodium
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Angle-resolved ratios of the separate triplet and singlet spin channel cross sections have been
measured for elastic scattering of spin-polarized electrons from optically pumped spin-polarized
sodium atoms. The triplet-to-singlet ratios are reported at incident energies of 4.1, 10.0, and 20.0
eV for scattering angles from 20° to 140°. The data demonstrate that spin-exchange scattering
plays an important role in the description of electron scattering from sodium at these energies.
Comparisons are made with the results of several close-coupling theoretical calculations.

PACS number(s): 34.80.Nz, 34.80.Bm

I. INTRODUCTION

Interactions between electrons and atoms play an im-
portant role in many complex physical processes of inter-
est, for example, in stellar plasmas, upper atmosphere
chemistry, gas lasers, and semiconductor devices. To
understand and model these processes with anything
more than an empirical approach requires detailed knowl-
edge of the underlying electron-atom scattering behav-
ior. Scattering parameters, which characterize the inter-
actions in terms of readily measurable quantities (typ-
ically electron-atom collision cross sections), are there-
fore needed for a large and diverse variety of systems,
and for many of these it has been necessary to rely on
theoretical predictions. These predictions are founded on
approximations which have been tested by comparison of
theoretical and experimental results from several key col-
lision systems. The comparisons have been made using
total and differential cross sections, or at a greater level
of detail using scattering parameters which describe the
alignment and orientation of the atom after the collision
[1-3]. Ultimately, theoretical calculations can be consid-
ered reliable only if they successfully predict all quantum
observables, including the electron spin [4].

Technological advances in the past two decades now en-
able the production of spin-polarized electron and atom
beams, which provide the means to experimentally study
the role of spin in electron-atom scattering. Investiga-
tions of spin-orbit effects at high energy, or equivalently
using high-Z targets, have probed relativistic aspects
of the collision problem [5]. Scattering of low-energy
spin-polarized electrons from spin-polarized low-Z, one-
electron target atoms has allowed direct measurement of
spin exchange by providing the means to differentiate be-
tween triplet and singlet scattering cross sections [6-11].

While hydrogen would seem to be the ideal proto-
typical target, experimental difficulties have limited its
use to a few spin-resolved investigations [8]. Alkali met-
als, on the other hand, have been the focus of consider-
able theoretical and experimental effort in electron-atom
scattering. Alkali metals are attractive from a theoreti-
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cal perspective, with their relatively simple hydrogenlike
electronic structure. They are also good candidates for
close-coupling calculations due to their strong coupling
between the ground and first excited states. In sodium,
for example, these states alone account for 99% of the
static dipole polarizability [12]. Sodium is also a light
atom, and therefore spin-orbit effects can be neglected
for low scattering energies. Experimentally, sodium is
convenient due to both the moderate oven temperatures
required for producing beams, and the ease of optical
pumping since the 3S-3P transition closely coincides
with the peak wavelength of the robust laser dye Rho-
damine 6G.

Previous spin-resolved investigations of elastic
electron—alkali-metal scattering have investigated a num-
ber of different alkali-metal species. Collins, Bederson,
and Goldstein [6] reported results for potassium using
the recoil method at incident energies of 0.5-1.2 eV with
unpolarized electrons on polarized atoms, measuring the
polarization of the potassium after scattering. Hils et al.
[7] studied potassium employing a crossed-beam method,
measuring the atomic polarization after scattering un-
polarized electrons from polarized atoms at an incident
energy of 3.3eV, and scattering angles from 20° to 120°.

Several experiments have also been carried out with
both incident electrons and target atoms spin polarized.
Fletcher et al. [8] made measurements on hydrogen at
several incident energies from 4 to 30 eV at the fixed
scattering angle of 90°. In lithium, Baum et al. [9] re-
ported results at three fixed angles for incident energies
from 1 to 30eV. Results for sodium have been reported
in McClelland, Kelley, and Celotta [10] at incident ener-
gies of 54.4eV and more recently [11] at 4.1 and 12.1eV
for the angular range 20° to 135°. In Lorentz et al. [13]
results for energies of 1.0 and 1.6eV (i.e., below the first-
excited-state threshold) are provided for a similar range
of angles.

In this paper we report the measurement of angle-
resolved spin channel ratios for elastic electron-sodium
scattering at 4.1, 10, and 20 eV. Data are presented over a
wide angular range from 20° to 140° at 5° intervals. The
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energies were chosen to correspond to existing [14, 15]
spin-resolved superelastic (3P-35) results at the equiva-
lent incident energies of 2.0, 7.9, and 17.9 eV. The mea-
surements provide data for comparison with theoretical
calculations both above and below the ionization poten-
tial of sodium at 5.14eV.

II. EXPERIMENT

Figure 1 is a schematic of the experimental arrange-
ment, showing the four main components: polarized elec-
tron source, electron detector, sodium oven, and laser.
The scattering plane is defined by the incident and scat-
tered electron trajectories. The electrons are spin polar-
ized with spins aligned up or down in the laboratory ref-
erence frame and perpendicular to the scattering plane.
The atoms are also spin polarized up or down, parallel to
the optical pumping laser which is again perpendicular
to the plane.

Electrons that scatter from the atoms through a given
scattering angle 5.,y are detected with a channel elec-
tron multiplier after passing through a retarding field
analyzer to discriminate against inelastic events. The
post-collisional electron and atom spins are not resolved.

. At each energy and scattering angle, four spin-
dependent intensities are recorded: with initial electron
and atom spins parallel up I'T, parallel down I!!, an-
tiparallel up I™, and antiparallel down I!T. The first
arrow indicates electron spin and the second the atomic
spin. The intensities are then combined to form the spin
exchange asymmetry

1 (ITi + IlT) - (]TT + Ill)

Aex =B B, (T4 IV 5 (1T + I10) 1
_ s -Irp
T ISE 3T’ (2)

where P, and P, are the polarizations of the electron and
atom beams, respectively, and S and T are the singlet
and triplet complex scattering amplitudes. The exchange
asymmetry can range from +1 in the case of pure singlet
scattering to —1/3 for pure triplet scattering.

Note that the parallel intensities ¢! and I'T are aver-
aged, as are the antiparallel intensities It and Ii7. In
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FIG. 1. Experimental configuration, showing polarized

electron source, electron detector, oven, laser, and fluores-
cence monitor.

the absence of relativistic effects such as spin-orbit inter-
actions there is symmetry with respect to reflection in
the scattering plane, and this averaging serves to elim-
inate any possible systematic asymmetry between “up”
and “down” in the laboratory reference frame. Spin-orbit
effects can also be extracted from the same four intensi-
ties [16], but these were found to be negligible for sodium
at the collision energies measured.

The experimental results are presented here as the ra-
tio of triplet to singlet cross sections r = |T'|2/|$|2, which
can be expressed in terms of the exchange asymmetry of
Eq. (2) as

1_Aex

v 3)

III. APPARATUS

The major components of the apparatus depicted in
Fig. 1 have been described in an earlier paper [14], so
only those aspects specific to the current experiments
deserve further elaboration. In particular, the optical
pumping arrangement has been enhanced with the ad-
dition of an acousto-optic modulator to enable simulta-
neous pumping of two transitions [17], and is therefore
discussed separately in Sec. IV.

The electron beam was produced by photoemission
from a negative electron affinity GaAs crystal [18] at
currents ranging from 1.0 to 2.5 pA as the energy was
varied from 4.1 to 20eV. The electron beam energy cal-
ibration and width were determined by measuring the
helium 1s2s? 23 resonance at 19.36 eV [19]. The scat-
tering chamber was filled with helium to a pressure of
1.6 x 1075 Pa (1.2 x 10~7 Torr), and elastically scattered
electrons were detected at 90° while the electron energy
was ramped from 19 to 20eV. This measurement pro-
vides both an absolute scale for the electron energy, and
the energy width of the electron beam (250 %+ 50 meV full
width at half maximum).

The electron energy calibration was further tested by
measuring the optical excitation function of the 35-3P
transition in sodium. A photomultiplier was used to de-
tect fluorescence resulting from electronic excitations at
the electron/sodium interaction region as the energy of
the electron beam was swept from 1.5 to 2.5eV. The ac-
quired optical excitation function allows a determination
of the energy calibration and width of the electron beam
at 2.1eV, the first excited state of sodium. The results
thus obtained proved consistent with those of the helium
resonance measurement at 19.36eV.

The polarization of the electron beam P, was measured
to be 0.32 + 0.02 using a 100 keV cylindrical Mott ana-
lyzer [20]. The uncertainty in the electron polarization
is due primarily to the inherent calibration uncertainties
associated with Mott polarimetry measurements (21, 22].

IV. OPTICAL PUMPING

The atomic beam was polarized to 0.987+0.007 by op-
tically pumping the 35,2 — 3P3/, (D2) transition using
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a single-mode stabilized ring dye laser. An acousto-optic
modulator was used to generate a second, frequency-
shifted beam so that both ground-state hyperfine lev-
els are involved in the pumping process. The pumping
scheme relies on circularly polarized light to excite tran-
sitions with AMpr = £1 (Fig. 2). Repeated cycles of
excitation followed by decay through spontaneous emis-
sion result in a net migration of the population of the
sublevels towards higher Mg for ot or lower Mg for o~
pumping.

If all the atoms are allowed to decay to the ground
state, the atomic polarization with quantization axis par-
allel to the pumping laser beam, Pg4, is given by

1 1 1 1
Py = \pzm+ EPﬁ“il’ﬁ_Pz—_z] + [gpﬁ—gpﬁ]’

(4)

where pppr is the normalized population of the FMp
sublevel. Initially, the atoms are in thermal equilibrium,
with all Mp substates equally populated. Thus 5/8 of
the atoms are in the F' = 2 state, and 3/8 in F = 1, and
PA = 0. . _

Assuming single-frequency pumping at the F' = 2 —
F = 3 transition, and o polarization, the F = 2 atoms
ideally all reach the F = 2, Mr = 2 ground state and F =
3, Mp = 3 excited state levels from which they cannot
escape. The F = 1 states are separated from the F = 2
states by about 1.7 GHz and are therefore inaccessible to
the pumping process. Hence only 5/8 of the initial atoms
are pumped, and the atomic polarization has a maximum
value of 5/8 or 62.5%.

With single-frequency pumping, several factors can re-
duce the atomic polarization below the expected 62.5%.
The finite natural linewidth of 10 MHz, and more sig-
nificantly the saturated linewidth [23], result in some

MF= -3 -2 -1 0 +1 +2 43

-~ F=3
59.6 MHz oo 2
35.5 MHz . p . Fo1 3 P32
16.5 MHz ™ F=0
Vi2 Va3
s
589.0nm
Mg= -2 -t 0 +1 +2 B
F=2
1772 MHz / 3281/2
F=1
FIG. 2. Sodium energy levels showing pumping lines vy3

and vi2 = v23 + 1712 MHz. By common convention, ground
states are distinguished from excited states by an overbar, for

example, F.
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overlap of the desired F = 2 — F = 3 and undesired
F =2 — F = 2 transitions. Atoms excited to the F = 2
state can decay to the unpumped F = 1 ground-state hy-
perfine level. These atoms are then trapped and do not
experience the polarizing effect of the optical pumping
process [24].

Further depolarization can be caused by stray mag-
netic fields. The spin of a sodium atom with a velocity of
1000 m s~! along a magnetic field will precess through an
angle of approximately 10°nT~!m™=! (10° mG~lcm™1),
which corresponds to a loss of approximately 1.5% of the
atomic polarization for a 0.1 T (1 mG) field over a dis-
tance of 1 cm. This was minimized by enclosing the scat-
tering chamber in a triple-layer magnetic shield which at-
tenuated the ambient magnetic field to less than 0.1 uT.
The effects of precession were also reduced by pumping
close to the interaction region, while still providing suffi-
cient distance for the majority of atoms to decay to the
ground state. A separation of 2mm has been used so
that depolarization is less than 0.1% while still allowing
120 lifetimes for the atoms to decay.

In order to increase the atomic polarization it is neces-
sary to access those atoms in the F = 1 state. This can
be accomplished by pumping with two frequencies corre-
sponding to both the “normal” F = 2 — F = 3 tran-
sition and to the otherwise unpumped F =1 — F = 2
transition. This requires either two lasers [25], or a single
laser with an electro-optic modulator [26] or an acousto-
optic modulator (AOM) [17].

The AOM has several advantages, including commer-
cial availability at the desired F = 1 to 2 modulation
frequency of 1712 MHz, and spatial separation of the fun-
damental and frequency-shifted components. This sepa-
ration necessitates additional optics which must be care-
fully aligned to ensure optimum pumping at both fre-
quencies, but permits use of either component as a sep-
arate “probe” beam which can be used to analyze the
atomic polarization outside the main pumping region.

The dye laser output at the F = 2 — F = 3 frequency
(v23) was focused into the AO crystal and collimated af-
terwards with f = 50 mm antireflection-coated spherical
lenses. The frequency-shifted ¥ = 1 — F = 2 compo-
nent (vy2) was diffracted by about 5°. This beam was
reflected from a mirror placed close to the AOM and
collimated with the same lens as that used for the fun-
damental, and then reflected with a mirror after the lens
so as to converge with the fundamental at the pumping
region approximately 5m away. This arrangement was
chosen to minimize the separation angle (0.06°) between
the.two beams, ensuring that they are both incident on
the atom beam at close to the ideal 90°. Total through-
put of better than 50% was obtained with approximately
equal intensities, typically 150-200 mW, in each beam.

The atomic polarization was determined by measur-
ing and analyzing the fluorescence induced by a low-
intensity probe beam incident perpendicular to the scat-
tering plane. The fluorescence was detected using a lens,
linear polarizer, and photomultiplier located in the scat-
tering plane. A gap of approximately 2 mm separated the
probe, centered on the interaction region, and the pump
region upstream (i.e., towards the oven), to allow com-
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plete decay of the excited atoms. The measured atomic
polarization was therefore that relevant to the scatter-
ing process. Investigation of residual magnetic fields was
also possible by moving the probe beam and measuring
depolarization of the fluorescence with distance from the
pump region.

The atomic polarization depends on the magnetic sub-
level population distribution of both the F = 1 and
F= - 2 states. Using the two-frequency pumping scheme,
the F' = 1 population should be only a small fraction of
the total. This was verified by measuring the fluorescence
Fi1z of a weak probe beam tuned to the vy, transition
with the pump beams on and off, so that

_ 3 F12 (pump on)
PF=1 = 8 Fi12 (pump off)’

(%)

In practice, when pumping with two frequencies the F' =
1 population was never larger than 0.4%, and this effect
on the final atomic polarization has been ignored.

The atomic polarization can then be determined from
the population distribution among the ¥ = 2 magnetic
sublevels. While it is possible to measure the separate
magnetic sublevel populations definitively, using mag-
netic fields to Zeeman split the magnetic sublevels, these
magnetic fields cause difficulties with low-energy electron
scattering experiments and also lead to precession of the
atomic spin. Instead, we have used an analysis of the
polarization of the fluorescence, detected at 90° to a cir-
cularly polarized probe tuned to the v»3 transition fre-
quency, together with optimistic and pessimistic models
of the pumping behavior.

For a ot circularly polarized probe, the detected linear
polarization Py, is related to the ground-state populations
by (see Appendix)

_ 9pz=z + 36pz—1 + 54p35 — 225p53
23p5—3 + 72p5=—1 + 138p55 + 200057 + 225055 ’
(6)

P,

Note that Pr, will be negative for circular pumping.

Clearly from Egs. (6) and (4) it is not possible to ab-
solutely determine the atomic polarization simply from
a measurement of Pr. Instead, two models of the ex-
pected magnetic sublevel distribution have been used to
relate the fluorescence polarization to an atomic polariza-
tion. First there is the optimistic model, which presumes
that all those atoms not in the desired pz5 state will be
in its neighbor psy state (Fig. 3, upper inset). That is,
P53 = pa—T = P35 = 0; pa1 = € and p33 = 1 — €. This
presumes that the o+ pumping tends to push the atoms
to higher Mp. Given this, using Egs. (4) and (6) the
atomic polarization would be

1 4 Pp

Py=~— )
ATo 79,

(7

The second model is far more pessimistic, and assumes
that those atoms not in the desired pz3 state are evenly
distributed among the ¥ = 2,Mr = —2,—1,0, and 1
sublevels (Fig. 3, lower inset). That is, pg—5 = ps=—y =
Psg = par = €/4 and pzz = 1 — €. The pessimistic predic-
tion then gives an atomic polarization of
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FIG. 3. Atomic polarization P4 vs fluorescence polariza-
tion P, for the optimistic and pessimistic models. The insets
show the magnetic sublevel population distributions for the

F = 2 ground state assumed by the two models.
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Figure 3 shows the results for P4 vs Pp for the
two models. Given a typical pump laser intensity of
50 mW cm~? in each pump beam, the measured fluores-
cence polarization was —0.990 or better, indicating an
atomic polarization perpendicular to the scattering plane
of P4 = 0.987+0.007. This value is the average between
the optimistic and pessimistic models, with uncertainty
taken as the limits of these two models.

V. EXPERIMENTAL PROCEDURE

The four scattering intensities ITT, 14, I™, and I} were
obtained by counting scattered electrons as the spins of
the target atoms and the incident electrons were modu-
lated. The electron spin polarization was flipped at 100
Hz by application of a high voltage square wave to a
Pockels cell reversing the helicity of the light inducing
photoemission from the GaAs. The atom spin polariza-
tion was reversed every 1-5 sec by switching the helic-
ity of the optical pumping light. This was accomplished
by mechanically rotating a zero-order quarter-wave plate
which was mounted following a Glan-Thompson linear
polarizer. In order to measure the background electron
count rate, the sodium beam was shuttered every 1-5
sec by moving a paddle to block the exit aperture of the
sodium oven. The data reported here are the result of
one to four hours of total collection time per point.

The error bars shown in the figures were derived from
the propagation of the uncertainty due to counting statis-
tics through the expression for the ratio, and are plotted
only where larger than the symbols used to represent the
data points. The systematic uncertainties in the atom
and electron polarizations P, and P, are not included,
since these polarizations remain essentially constant from
one scattering angle to another, and therefore the uncer-
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tainty in the combined polarization P = P,P,4 affects
only the scale of the ratio axis. For absolute compar-
isons with theory and with other experimental results,
this uncertainty in scale can be calculated from a scaling
factor given by

6+ 4r +3rb

I=@vsrany ®)

where § = dP/P is the uncertainty in polarization; in
our case P = 0.316 and § = £0.07. The upper and
lower systematic limits of a given data point r are then
given by fr, where f depends on r and 6, and on the
sign of 6. The total uncertainty on the data point would
be the quadrature sum of the systematic and statistical
uncertainties. The systematic uncertainty is separated in
this way because, once a given value of 6 is chosen so as
to bring theory and experiment into agreement, at one
energy and angle, that same value of § must be used at
all energies and angles. The relative uncertainty between
data points is statistical only.

VI. RESULTS AND DISCUSSION

Figures 4-6 show the triplet-to-singlet ratio r plotted
on a log scale, for incident energies of 4.1, 10, and 20eV.
The 4.1 and 10 eV measurements show a pronounced sin-
glet dominance, around 90° and 60°, respectively. The
relative importance of triplet and singlet channels varies
dramatically, in fact by three orders of magnitude at
10eV where triplet accounts for 80% of the cross section
at 45° and only 1% at 60°.

The effects of spin are much less apparent at 20eV,
and previous measurements at 54.4 eV [10] support the
trend towards smaller exchange effects at higher energies.
This is expected since exchange is essentially the result
of the Pauli exclusion principle acting between the in-
cident and bound electrons; as the energy increases the
de Broglie wavelength of the incident electron becomes
smaller, and thus the overlap of the incident and bound
electronic wave functions is reduced. This model is overly
simplistic, but provides some indication of the energy-
dependent behavior.

Figures 4-6 also show the results of several theoreti-
cal calculations based on the close-coupling approxima-
tion. The close-coupling approach should be successful
for sodium even if only a few low-lying states are included
since the excitation to the 3P state accounts for approx-
imately 99% of the ground-state static dipolarizability.

Moores and Norcross {12] and Zhou, Whitten, and Nor-
cross [27] have solved the close-coupling equations with
four- and ten-state expansions, respectively, although
solutions were restricted to low energies. Mitroy, Mc-
Carthy, and Stelbovics [28] used four states at higher en-
ergies, including 10 and 20eV. Bray and McCarthy [29]
have recently extended the close-coupling method to fif-
teen states, including coupling through higher discrete
states and the continuum for the first six states using an
optical potential.

At 4.1 eV all three calculations predict the general fea-
tures of the triplet-to-singlet ratio against scattering an-
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FIG. 4. Triplet-to-singlet ratio r for elastic electron—

sodium scattering vs scattering angle at 4.1 eV incident en-

ergy. e, present results; —, Bray and McCarthy [29]; ——-,
Moores and Norcross [12]; — --—, Zhou, Whitten, and Norcross
[27].

gle. The ten-state close coupling (10CC) results of Zhou,
Whitten, and Norcross and the fifteen-state (15CCOB6)
results of Bray and McCarthy are almost identical, both
showing exceptional agreement with the experimental
values. The Moores-Norcross calculation, which only in-
cludes four states, is less successful near the maximum
at about 60° and again at larger angles beyond the min-
imum at 90°. The sophistication required, that is, the
large number of states which must be treated explicitly
in the close-coupling expansion, is surprising given the
very strong coupling between the ground and first ex-
cited states in sodium. Bray and McCarthy note that
fifteen states were necessary for convergence at 4.1eV.
A comparatively large number of states are also ben-
eficial at higher energies. The four-state close-coupling
(4CC) results of Mitroy, McCarthy, and Stelbovics pre-
dict the general behavior observed at 10eV but again
the 15CCO6 calculation more accurately reproduces

10.00F 7 7 T T B T E
1.000 <~ ﬂ E
. [ ]
.0
% 0.100¢ E:
o E 3
0.0105— 3
[ 10.0eV . ]
0.001 . N 1 . . i i L
0 30 60 90 120 150
Scattering Angle {deg)
FIG. 5. Triplet-to-singlet ratio r for elastic electron—

sodium scattering vs scattering angle at 10 eV incident en-
ergy. e, present results; —, Bray and McCarthy [29]; - - -
Mitroy, McCarthy, and Stelbovics [28].
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FIG. 6. Triplet-to-singlet ratio r for elastic electron—

sodium scattering vs scattering angle at 20 eV incident en-
ergy. e, present results; —, Bray and McCarthy [29]; - - -
Mitroy, McCarthy, and Stelbovics [28].

the measured triplet-to-singlet scattering ratio. The
15CCO6 theory is also very successful at 20eV, espe-
cially when compared to the earlier 4CC model. While
the strong coupling in sodium led Mitroy, McCarthy, and
Stelbovics to conclude that an optical potential was un-
necessary, comparison based on these spin-resolved ex-
periments, which probe theory in considerable detail,
clearly justifies the extended calculations of Bray and
McCarthy.

VII. CONCLUSIONS

The data given here complete an extensive series
of spin-resolved electron scattering measurements from
sodium. Triplet-to-singlet scattering channel ratios have
been measured at 4.1, 10, and 20 eV, that is, above and
below the 5.14 eV ionization potential of sodium. In con-
junction with previous elastic measurements at 1.0, 1.6,
12.1, and 54.4 €V [10, 11, 13] and inelastic 35-3 P studies
at 4.1, 10, 20, and 40 eV [14, 15] they provide a solid
basis for comparison with various theoretical approaches
to calculation of electron-atom scattering phenomena.

Theoreticians have traditionally relied on cross-section
measurements to test their results, but unfortunately
such parameters average two or more calculated scatter-
ing amplitudes. It has been possible to find apparent
agreement between theory and experimental measure-
ments which later experiments having greater specificity
show to be coincidental. The ratio of triplet-to-singlet
scattering amplitudes is fundamental, and has the ad-
ditional advantage of being a relative measurement and
therefore insensitive to many experimental factors which
are difficult to control. Hence accurate prediction of ex-
perimental ratios is a stringent test of theoretical models.

The latest theoretical results show excellent agreement
with the experimental values given here, at all energies
measured. Predictions of exchange effects have in the
past been less successful at energies of 20eV and above,
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but the increased number of coupled states and the in-
clusion of an optical potential to account for the target
continuum in the theory of Bray and McCarthy have ap-
parently resolved these problems.
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APPENDIX

The linear polarization of fluorescence from a circu-
larly polarized probe beam was used to estimate the
ground-state magnetic sublevel population distribution
and thereby the atomic polarization. This fluorescence
polarization is defined as

__.7:“—.7'1

- Al
PR (A1

where F| and F are the fluorescence intensities detected
at 90° to the probe beam and with polarization parallel
and perpendicular to the plane defined by the probe and
detector axes respectively.

Writing pram,. as the normalized population of the
FMp excited-state sublevel and Azgz,pps, 2s the tran-
sition rate for decay from the FFMp excited state to the
FMp ground state, the relative fluorescence intensities
are given by

+3
.7:“ = Z AZMSM P3M (AM =0 decay), (AQ)
M=-3

1 +3

Fi=3 > Asr-1yam pam
M=-3

AM=-1

1 +3

+t3 > Asarsnyzmpsa,
M=-3

(A3)

AM=+1

where the factor of 1/2 in the F, term comes from the
different spatial dipole radiation distribution patterns for
circular versus linear transitions [30].

The excited-state populations psas,. can be written in
terms of equivalent ground-state populations pzz7., as-
suming a weak purely circularly polarized probe beam:

pP3m = Baar+1)sM P(aren) (A4)
for oF probes. This assumes that the probe beam has suf-
ficiently low intensity that optical pumping effects of the
probe can be neglected. The transition rates for sodium,
in which decay to two ground states with different angu-
lar momenta is possible, are given by
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AWFFMF=—}(2F+1)(2F+1)(2J+1)(27+1)(2L+1) (E F 1)2{7 F I}z{f J S}zy

3\

B_FMF FMp = ZEA_F‘_MF FMp)

Mp——Mpq F J 1 J L 1

where ¢ is the polarization (¢ = Mr — MF), I = 3/2 is the nuclear moment, J =3/2 and J =1/2, L =0 and L =1,
S = 1/2, and 7 is the lifetime. Given these transition rates it is then straightforward to substitute Egs. (A2) and

(A3) into Eq. (Al) to arrive at Eq. (6).
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