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We report the selective population of Rb or Cs np QP% (n = 5,6; F = 4,5) hyperfine states

by the photodissociation of a transient, alkali-rare gas diatomic molecule. Circularly-polarized

(07), amplified spontaneous emission (ASE) on the D2 line of Rb or Cs (780.0 and 852.1 nm,

respectively) is generated when Rb-Xe or Cs-Xe ground state collision pairs are photoexcited by a

oT-polarized optical field having a wavelength within the Dy blue satellite continuum, associated

with the B?ST «+— X ?%7 (free«—free) transition of the diatomic molecule. The degree of spin
2

2
polarization of Cs (szP%)7 specifically, is found to be dependent on the interatomic distance (R)
at which the excited complex is born, a result attributed to the structure of the BQZE state. For

2
Cs-Xe atomic pairs, tuning the wavelength of the optical field from 843 nm to 848 nm varies the
degree of circular polarization of the ASE from 63% to almost unity because of the perturbation, in
the 5 < R < 6 A interval, of the 221 potential by a do molecular orbital associated with a higher 2A
2

electronic state. Monitoring only the Cs 6p 2P 3 spin polarization reveals a previously unobserved
interaction of CsXe (B ?XT) with the lowest vibrational levels of a *A state derived from Cs (5d)+Xe.

2
By inserting a molecular intermediate into the alkali atom excitation mechanism, these experiments
realize electronic spin polarization through populating no more than two np QP% hyperfine states,

and demonstrate a sensitive spectroscopic probe of R-dependent state-state interactions and their

impact on interatomic potentials.

PACS numbers:

Spin polarization of atoms with circularly-polarized

optical fields [I] has proven to be a powerful tool for
magnetometry [2, 3], optical field-matter interactions [4],
astrophysics [5], and generating hyperpolarized nuclei by

spin exchange [6, 7]. Several decades following the ini-
tial experiments of Hanle [8] in which the depolarization
of Hg 253.7 nm resonance radiation was observed, spin
polarization of Na in a rare gas background was stud-
ied [0] and the production of polarized *He nuclei from
optically-pumped Rb atoms was reported [6]. Since that
time, spin polarization of the alkali atoms by photoex-
citing the Dy or Dy atomic resonance transitions with
circularly-polarized radiation has become the basis for
biomedical imaging with hyperpolarized '?°Xe or 3He
nuclei realized by spin-exchange with Rb or Cs [L0-12].
Typically, spin polarization in the alkalis has been es-
tablished in the TlSZS% ground state (n = 4 — 6 for K,
Rb, and Cs, respectively) by depopulation optical pump-
ing [1, 10] in which the population of a specific ground
state hyperfine level is selectively depleted by circularly-
polarized optical excitation of the D; atomic transition
(np QP% — ns 2S%). Aside from pumping the alkali ex-
cited states directly from ground, virtually all previous
experiments have required the imposition of an external
magnetic field, and the degree of spin polarization could
not be determined from atomic fluorescence.

We report here the electronic spin polarization of Rb

and Cs np?Ps atoms by the photoexcitation and subse-
quent dissociation of a transient diatomic molecule. Am-
plified spontaneous emission (ASE) is observed on the
anP% — nsQS% (D) line of the alkali atom (780.0
nm and 852.1 nm for Rb and Cs, respectively) when ther-
mal Rb-Xe or Cs-Xe ground state pairs are photoassoci-
ated with circularly-polarized (o) laser radiation having
a wavelength lying within the Dy blue satellite contin-
uum (~ 840.3 — 850.0 nm for Cs-Xe). Also circularly-
polarized, the Dy line ASE demonstrates that the subse-
quent dissociation of the B 2T alkali-rare gas diatomic

2
complex populates preferentially the F' = 4,5 (mjy = %,
%; I =7/2) hyperfine sublevels of the Cs 6p2P% state,
for example. Thus, electronic spin polarization is pro-
duced in the alkali np 2P 3 excited state (as opposed to
ground) and the degree of polarization is monitored di-
rectly through the ASE generated. Virtually all of the
nsz% population resides in two hyperfine states, owing
primarily to the choice of a 2%t potential as the ter-
minal molecular state for the photoexcitation of alkali-
rare gas atomic pairs. Because the spin vector S for
the B2XT potential is decoupled from the internuclear
axis, the (z)ptical pumping approach reported here is not
only capable of realizing circular polarization of the al-
kali Dy line ASE approaching 100% with a broadband
optical field, but slight deviations in the local molecu-
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FIG. 1: Partial energy level diagram for the Cs-Xe diatomic
complex, illustrating the photoassociation of ground state Cs-
Xe collision pairs with a LHCP (o) optical field, thereby
forming a transient molecule in the B?X7 state. Subsequent

2
dissociation of the excited complex yields a spin-polarized,
alkali atomic fragment. For clarity, the bound AQH% and

Al 3 molecular states are not shown, but an expanded view
of the hyperfine structure of the Cs 6 23% and 6 QP% states is

given at right (not to scale). The X and B interatomic po-
tentials shown are those calculated on the basis of absorption
spectra (Ref. [14])

lar orbital composition of the B state from 2% charac-
ter are readily detectable. In the present experiments,
photoassociating Cs-Xe pairs, for example, through the
B2¥7T +— X 2¥7 continuum yields Cs 6 *P3 spin polar-
izations varying czontinuously between 63% and > 95% as
the pump laser is tuned from ~ 843 nm to 848 nm. Doing
so scans the Franck-Condon region in which the atomic
collision pairs are photoexcited. The partial depolariza-
tion of the Dy line ASE in the 5 < R < 6 A interval
is attributed to the localized influence of a do molecu-
lar orbital (originating from a higher energy molecular
state) on the B2X7 potential. Predicted by Pascale and
2

Vandeplanque [13] in 1974, the state-state perturbation
reported here has not been observed previously.

Figure 1 is a partial energy level diagram of the CsXe
diatomic molecule, illustrating two electronic states cor-
related with Cs(6s,6p)+Xe(5p°1Sp) in the separated
atom limit [13, 14]. As discussed below, ASE is ob-
served on the Ds transition of Cs and Rb when pho-
toexcitation of alkali-rare gas collision pairs is driven
by a ot optical field. Thermal Cs (6sSy) and Xe

(5p%1Sp) atoms approach each other along the X 2%7T

2
ground state potential, and photoassociating these col-

lision pairs with a left-hand, circularly-polarized optical
field (LHCP, o) having a wavelength in the alkali Dy

FIG. 2: Schematic diagram of the experimental arrangement
with which the energies of the horizontal and vertical compo-
nents of the backward wave ASE are measured.

blue satellite populates the dissociative B2%7 state of

the diatomic molecule. Such free«—free transitions of
the alkali-rare gas complex occur in a Franck-Condon re-
gion determined by the wavelength (\) of the pump ra-
diation and the B — X difference potential [15-17]. From
a semiclassical perspective, the photoassociation of ther-
mal atomic pairs occurs predominantly in regions of in-
teratomic separation (R) in which ¢ = €”, where ¢’ and
¢” are the translational energies of the outgoing Cs(6p)-
Xe and incoming Cs(6s)-Xe pairs, respectively, relative
to the BQZT and XQEJ{ separated atom limits. Pre-

suming the difference potentlal Ve(R) — Vx(R), to be
a single-valued function of R, then the photoassociation
wavelength A = he [Vp(R) — Vx (R)] ™! uniquely specifies
the position of the Franck-Condon region centered at R
[16-18]. In the case of the Cs-Xe complex, the B — X
difference potential is a single-valued function of inter-
atomic separation for R = 5.2 A.

A schematic diagram of the experimental arrangement
is presented in Fig. 2. A dye laser, having a linewidth of
~ 0.05 cm™! and pumped by the second harmonic (532
nm) of a Nd:YAG laser system, produces 8 ns (FWHM),
linearly-polarized pulses (as indicated by the red dots in
the figure) at a pulse repetition frequency of 10 Hz. Af-
ter the pump laser pulse energy was sampled with detec-
tor 1, the pump beam propagated through a 50:50 non-
polarizing beam splitter (NPBS), followed by a quarter-
wave plate, and entered a borosilicate glass cell situated
in an oven and containing a mixture of an alkali vapor
and research grade Xe. Depending on the orientation of
the \/4 plate, the pump polarization was either unaltered
or converted to circular polarization. Separate cells were
fabricated and filled for each alkali/Xe pressure combi-
nation but the length and diameter of the optical cell
were fixed at 10 cm and 2.5 cm, respectively. Through-
out the experiments, the Xe number density was set at
either 1.9 x 10! em™3 or 2.6 x 10* ecm™—2 which corre-
spond (respectively) to gas pressures of 600 and 800 Torr
at 300 K.



ASE is produced on the Dy transition of Cs and Rb by
the interaction of linearly or circularly-polarized pump
pulses with the alkali vapor/Xe mixture. The backward-
propagating ASE wave passes through the A/4 plate and
is partially reflected (50%) by the NPBS. A polariz-
ing beam splitter (PBS) subsequently decomposes the
ASE pulse into two orthogonal, linearly-polarized com-
ponents. Calibrated detectors 2 and 3 measure, respec-
tively, the absolute energies of the p-polarized and s-
polarized pulses. The reliability and calibration of both
detectors was verified by reversing their positions and
confirming that the same results were obtained. If the
incoming pulse is randomly polarized, detectors 2 and 3
measure the same pulse energy. Isolation of detectors 2
and 3 from scattered pump radiation was accomplished
through optical layout and the insertion of Dy line inter-
ference filters into the beam path.

Figure 3 presents excitation spectra obtained by pho-
toassociating Cs-Xe thermal pairs with linearly-polarized
laser pulses and recording the absolute energy of the ASE
generated at 852.1 nm (Cs Dy line) as the laser wave-
length is scanned. Tuning the dye (pump) laser over the
838-850 nm region encompasses the Cs Dy blue satellite
(B?YT «+— X 2%7T transition of CsXe) which peaks at

842.7 121m. Througlzlout these experiments, the Cs and Xe
number densities were fixed at 1.8 x 105 cm=3 (T=473
K) and 2.6 x 1012 cm~3, respectively, and the pump pulse
energy was held constant at 1.6 mJ over the entire wave-
length scan. Measurements of the ASE pulse energies,
recorded by both detector 2 and detector 3, yield two
spectra that are, as expected, identical because the inci-
dent optical field is linearly-polarized and the backward
propagating ASE is randomly polarized. During this set
of experiments, the /4 plate of Fig. 2 was oriented such
that its fast axis was parallel to the pump polarization.
Therefore, the A/4 plate alters neither the linear polar-
ization of the optical pump nor the random polarization
of the generated ASE. Note, too, the absence of Dy line
ASE at (for example) 850 nm and 840 nm in Fig. 3, thus
confirming effective rejection of scattered pump radiation
by the measures described earlier.

If, however, the pump field is now circularly-polarized
(o), the spectra acquired with detectors 2 and 3 differ
significantly, as shown in Fig. 4. Recorded under experi-
mental conditions identical to those of Fig. 3 (except for
the A/4 plate orientation, discussed below), the excita-
tion spectra of Fig. 4 demonstrate that the preponder-
ance of the backward-propagating ASE generated by the
o™ optical pump is also circularly-polarized but is polar-
ized o~ (i.e., opposite to that of the pump field). For ex-
ample, the pulse energy recorded by detector 2 near the
peak of the blue satellite (842.7 nm) constitutes more
than 75% of the total ASE energy. An unexpected re-
sult is the difference between the spectral profiles of Fig.
4, which is particularly evident in the long wavelength
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FIG. 3: Photoexcitation spectra recorded for Cs-Xe when the
linearly-polarized pump is tuned over the B 227; — X 221
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band of the diatomic complex (i.e., the D2 blue satellite).
Spectra acquired by monitoring the energy of detector 2 (red
points) or detector 3 (blue) are identical.
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FIG. 4: Excitation spectra similar to those of Fig. 3 but
recorded when the pump is circularly-polarized (¢1). The
inset compares the normalized profiles of both spectra.

portion of the blue satellite. To clarify this distinction,
the inset to the figure compares the two spectra by scal-
ing them such that their amplitudes match at the blue
satellite peak. The spectral profile comparison of Fig. 4,
resulting from multiple scans over the 843-850 nm wave-
length region with a fixed pump laser energy, reveals a
rapid decline in the production of unpolarized ASE (rel-
ative to the generation of o~ radiation) when \ 2 843.8
nm. The difference between the two normalized spectra
of Fig. 4 reaches maximum at ~ 845 nm. Before leaving
this subject, a few comments regarding the role of the \/4
plate are warranted. In these circularly-polarized pump
experiments, the A\/4 plate was positioned with a preci-
sion stage such that its fast axis was rotated by 45° with
respect to the pump polarization. Thus, the linearly-



polarized pump is, indeed, converted to ot polariza-
tion. Because the backward-propagating ASE is predom-
inantly polarized o, this radiation is transformed by the
A/4 plate into linearly-polarized light, orthogonal to the
polarization of the pump optical field, and is received by
detector 2. The remaining, randomly-polarized, radia-
tion is split equally between detectors 2 and 3.

The contribution of circularly-polarized radiation to
the total ASE pulse energy cannot be calculated directly
from the data of Fig. 4. Accordingly, a linear polarizer
was inserted into the optical beam path of Fig. 2, im-
mediately above the PBS. Monitoring the pulse energies
recorded by detectors 2 and 3, as the linear polarizer
was rotated in the plane transverse to the optical axis by
a computer-controlled stage, yielded data such as those
shown in Fig. 5(b) for A = 842.7 nm. Measurements of
the horizontally-polarized portion of the pulse energy as
0, the angle of the polarizer with respect to the verti-
cal axis, was varied yields the data denoted by the red
symbols. Corresponding measurements for the vertical
polarization are illustrated in black. The data of Fig.
5(b) were analyzed by the matrix formalism of Jones [19]
which allows for the polarization of the stimulated emis-
sion to be determined unambiguously. Representing the
NPBS/linear polarizer/PBS combination by a 2 x 2 ma-
trix results in the solid curves of Fig. 5(b) which repre-
sent the fit of the analysis of Ref. [19] to the data when
circular polarization accounts for 65% of the ASE pulse
energy. The remaining 35% of the ASE energy is ran-
domly polarized. Data similar to those of Fig. 5(b), but
acquired for different values of A, yield the curve P(\) in
panel (a) of Fig. 5 which illustrates the variation with A
of the relative contribution of o~ -polarized ASE to the
total pulse energy. It is immediately evident that polar-
izations approaching unity are observed at both the red
and blue edges of the satellite spectrum (Fig. 5(a)) but
the ASE is depolarized, relative to the pump, by almost
40% when the driving optical field wavelength is near the
peak of the Dy satellite.

We interpret the experimental results of Figs. 3-5 as
demonstrating the spin polarization of Cs 6p 2P 3 atoms
by the dissociation of a transient diatomic molecule.
Photoassociating alkali-rare gas atomic pairs through
the free«—free, B2YXT «+— X2%7T transition with a

2 2
circularly-polarized optical field excites the diatomic to
the B state in a range of interatomic separation deter-
mined by . Subsequent dissociation of the B 2%} com-

plex preferentially populates no more than two hyi)erﬁne
levels of the Cs 6p2P3s state (F = 4,5). This conclu-
sion is supported by Imeasurements comparing the Do
line (852.1 nm) ASE pulse energy generated when the
pump field polarization is circular or linear. Specifically,
the threshold pump pulse energy for the appearance of
o~ -polarized ASE is 0.30 £ 0.03 mJ/pulse for Cs-Xe, or
approximately 2/3 of that for the production of unpolar-
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FIG. 5: (a) (Black) P(XA): Dependence on pump wavelength
of the contribution of ¢~ polarized ASE (at 852.1 nm) to
the total energy of the backward-propagating pulse; (Red)
Derivative of P(A) with respect to A in the 842-850 nm interval
which corresponds to 5.3 < R < 6.2 A. (b) Polarization data
obtained for A = 842.7 nm by detectors 2 (horizontal) and 3
(vertical).

ized ASE (0.45 + 0.03 mJ/pulse). This measured ratio
for threshold pump energies is consistent with the re-
duction in the effective degeneracy g of the Cs 6p2Ps
state resulting from populating only the F' = 4,5 hyperz-
fine sublevels (with a ot-polarized pump), as opposed to
populating all four hyperfine levels (F = 2 — 5) with a
linearly-polarized pump. If the thermalized populations
of the Cs 6528% (F = 3,4) states are preserved during
the dissociation of CsXe(B), then the normalized, rela-
tive populations of the Cs GpQP% F = 4 and 5 hyperfine
levels can be presumed to be ~ 45% and ~ 55%, respec-
tively. It should also be noted that radiation trapping of
the alkali D5 line ASE is not expected to influence the
data significantly, owing to saturation of the alkali-rare
gas B «— X transition by the pump optical field.

As noted earlier, the B QEg potential of the alkali-rare

gas diatomics is best described by Hund’s case (b) cou-
pling in which the spin vector S is orthogonal to the
internuclear axis. In addition, the electronic orbital an-
gular momentum precesses at 90° to the internuclear axis
and, therefore, a magnetic moment ji, also oriented at a
right angle to the axis [20], is established. It appears that
the unique structural characteristics of the 22%‘ state (in-

deed, all 2% states) are responsible for the high degree
of spin polarization of the Cs fragment of the CsXe(B)
dissociation process, despite the absence of an external
magnetic field. Any explanation for the experimental re-



sults of Figs. 3-5, however, must account for the clear
difference between the spectral profiles associated with
circularly-polarized and unpolarized ASE. Specifically,
the partial depolarization of the ASE in Fig. 4, most
pronounced in the A = 841 — 846 nm region, appears to
arise from a localized modification in the molecular or-
bital structure of the B2XT state. Calculations of the

B and X potentials on the ﬁasis of experimental absorp-
tion spectra [14] are in agreement with previous theoret-
ical work [21, 22] in predicting the difference potential,
Ve(R) — Vx(R), to be single-valued for R 2 5.2 A and
the peak of the barrier in the B 2X " potential (Fig. 1) to
lie at approximately 5.3 A. Consequently, the photoexci-
tation of Cs-Xe ground state pairs in the 841 — 846 nm
pump wavelength interval (i.e., in the vicinity of the blue
satellite peak) corresponds to the formation of CsXe(B)
molecules directly atop the barrier and along its outer
wall (to R ~ 6 A). In 1974, Pascale and Vandeplanque
[13] predicted the existence of the B 22; barrier (at ~ 4.5

A). They attributed the potential “hump” to coupling of
the B state of the Cs-rare gas diatomics with 2 = % po-
tentials derived from Cs(5d)+Rg(*Sp). Although Nakat-
suji and Ehara [21] subsequently affirmed (from calcula-
tions) the existence of a barrier in the CsXe B2%* state
and observed configuration mixing involving the 5d po-
tentials, no experimental verification of this interaction
has been reported.

We interpret the partial depolarization of the Dy line
ASE in Fig. 5(a) as arising from the interaction of the 6pc
antibonding molecular orbital (MO) of the B2%7] state

2

with a 5do MO in the R ~ 5—6 A region. An unexpected

result from these experiments is that the perturbation of

the B2XT potential is sufficient to significantly reduce
2

the degree of Cs 6 2P s spin polarization. A spectroscopic
probe of R-dependent perturbations of a molecular state
has been realized by combining circularly-polarized pho-
toexcitation of a transient diatomic with analysis of the
polarization of the resulting ASE. Recently, the detection
of diatomic potential energy barriers only a few cm ™! in
height was reported [15] but weak state-state interactions
can now be probed in a collisional environment by anal-
ysis of electronic spin polarization. Further evidence for
this interpretation of the experimental data is provided
by the lower of the two spectra in Fig. 5(a). If P()\)
(black trace) can be understood as a relative measure of
the strength of the 6po —5do interaction, then the deriva-
tive dP(A)/dA (red profile, Fig. 5(a)) shows the pertur-
bation magnitude in this region of R to oscillate with a
periodicity of 35 +2 cm~! which is quite close to the vi-
brational frequencies calculated in Ref. [22] for the 5dII
and A states of CsXe. It is reasonable to conclude that
the dependence of Cs 6p 2P spin polarization on photoas-
sociation wavelength provides a spectroscopic diagnostic
of the alteration of 22%‘ structure brought about by an

interaction with the lowest vibrational levels of a 5d 2A 1
(A =1 or 2) state.

In summary, electronic spin polarization of Cs 6p2Ps
atoms has been demonstrated in the absence of an exter-
nal magnetic field by photoexciting a transient diatomic
molecule with a circularly-polarized optical field. As op-
posed to the polarization of the ns2S1 alkali ground state
by the prevalent depopulation metﬁod, polarization is
produced in an alkali atomic excited state, and mon-
itored by ASE. Forming Cs-rare gas excited diatomic
molecules at or near the peak of the B2XT barrier by

photoassociation controls the degree of Cs(26p) spin po-
larization, an observation attributed to the influence on
the B state 6po antibonding MO by a 5do MO associ-
ated with a higher-lying electronic state correlated with
Cs(5d)+Xe. Consequently, weak electronic interactions
influencing a dissociative interatomic potential are capa-
ble of profoundly impacting the spin polarization of the
alkali photofragment. These results provide the basis for
a laser spectroscopic technique able to probe state-state
interactions with interatomic separation (R) resolution.
From an applied perspective, the ability to vary, on a
continuous basis, the degree of spin polarization through
the wavelength of the optical field offers a tool for surface
physics and MRI imaging studies. Furthermore, since
Xe is a participant in the excited alkali atom generation
process, experiments similar to those reported here with
129X e may demonstrate an increased rate for producing
hyperpolarized '2Xe atoms relative to the conventional
approach of photoexciting the alkali directly.
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