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Polarization spectroscopy of an excited state transition
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We demonstrate polarization spectroscopy of an excited state transition in room temperature cesium vapor.

An anisotropy induced by a circularly polarized pump beam on the D2 transition is observed using a weak

probe on the 6P3/2 → 7S1/2 transition. When the D2 transition is saturated, a sub-natural linewidth feature

is observed which theoretical modeling shows is enhanced by Doppler averaging. Polarization spectroscopy

provides a simple modulation–free signal suitable for laser frequency stabilization to excited state transitions.

c© 2011 Optical Society of America
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Polarization spectroscopy [1] is a widely used Doppler-
free technique that can provide a robust and modulation-
free signal to which a laser can be frequency stabi-
lized [2]. The technique has predominantly been used
on strong optical transitions from the ground state of
atomic vapors [3] where optical pumping induces bire-
fringence in the medium or where birefringence is due to
saturation effects [4]. In addition to ground state tran-
sitions, excited state spectroscopy is of growing interest
for applications such as the search for stable frequency
references [5], Rydberg gases [6] and their application
to electro-optics [7] and non-linear optics [8], state life-
time measurement [9], optical filtering [10], multi-photon
laser cooling [11], frequency up-conversion [12] and fre-
quency stabilization [13]. In this work we extend the use
of polarization spectroscopy to excited state transitions.
By probing an infrared excited state transition with a
large dipole moment we observe significant absorption
and spectra with a signal to noise ratio of over 2 × 103.
A schematic of the experimental setup is shown in

Fig. 1 (a). A circularly polarized 852 nm pump beam
stabilized to the 6S1/2, F=4 → 6P3/2, F

′=5 transition,
passes through a Cs room temperature vapor cell. A
counter-propagating linearly polarized 1470 nm probe
beam is scanned across the 6P3/2, F

′= 5 →7S1/2, F
′′=4

transition. The scan is calibrated using a wavemeter. The
relevant atomic level structure is shown in Fig 1 (b).
The circularly polarized pump drives σ+ transitions and
transfers population towards the |F ′,mF = F ′〉 state,
inducing an anisotropy in the medium. On the excited
state transition, the component of the linearly polarized
probe which drives σ− transitions is preferentially ab-
sorbed because there are no σ+ allowed transitions from
the |F ′,mF = F ′〉 state, resulting in a change in polar-
ization of the probe. The electric field of the probe after
the cell is [14]
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+ E0 exp

(

ik−L− α−L

2

)

exp(iφ)

2
(x̂− iŷ), (1)
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Fig. 1. (color online) (a) Experimental setup. The 852 nm
pump (1.6 mm 1/e2 radius) and 1470 nm probe (1.2 mm
1/e2 radius) beams counter-propagate through a 5 cm
vapor cell. Probe rotation is measured by a polarimeter.
(b) Energy level diagram. The circularly polarized pump
drives σ+ transitions and induces an anisotropy in the
medium. The medium is probed with a linearly polarized
laser on the excited state transition.

where the wavevectors k± = ω
c n±, n± are the refractive

indices of the vapor for the circular polarized components
which drive σ± transitions and α± are the corresponding
absorption coefficients. We also define ∆n = n+−n− and
∆α = α+ − α−.
A polarizing beam splitting cube (PBS) oriented at

angle φ = 45◦ to the polarization vector of the probe re-
solves the probe electric field into orthogonal linear com-
ponents which are detected using two Ge photodiodes.
The resolved components S1 and S2 are proportional
to | ~E|2 and are normalized so that the off-resonance
transmission is one. Thus, (S1 + S2)/2 ∝ ∆α and the
anisotropy (S1 − S2)/2 ∝ ∆n. Fig. 2 shows spectra ob-
tained for a moderate pump power of 500 µW and probe
power of 10 µW. Fig. 2 (a) shows the individual spectra
S1 and S2 recorded at the two photodiodes as a function
of probe detuning while Fig. 2 (b) shows (S1 + S2)/2
which is a Lorentzian profile with FWHM Γ which can
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Fig. 2. (color online) Experimental spectra with theoret-
ical fitting (dashed lines). (a) Individual signals S1 (red
line) and S2 (blue line) recorded at the two photodiodes.
(b) (S1+S2)/2 is a Lorentzian absorption profile and (c)
(S1 − S2)/2 is a dispersive shaped profile for the excited
state transition. (d) The residual of the fit to the data
shown in (c).

be written as,

∆α =
∆α0

1 + (2∆probe/Γ)2
, (2)

where ∆probe is the detuning of the probe laser from res-
onance and ∆α0 is the maximum difference in absorp-
tion at the line center. Fig. 2 (c) shows the polarization
spectrum (S1 − S2)/2. This signal is proportional to the
dispersion described by,

∆n = ∆α0

2c

ω0Γ

∆probe

1 + (2∆probe/Γ)2
. (3)

The experimental data for S1 and S2 are fit using a com-
bination of equations (2) and (3) yielding the linewidth
Γ of the feature. Fig. 2 (d) shows the residual to the fit of
the data in Fig. 2 (c), the largest discrepancy (less than
0.1%) arises from short-term fluctuations of the probe
frequency at the two-photon resonance.
Fig. 3 shows the development of the polarization spec-

trum as a function of pump power. As the pump inten-
sity is increased, the magnitude of the feature increases
until the pump transition is saturated. The linewidth
also increases with power broadening and eventually dis-
plays an Autler-Townes splitting [15]. The resultant sub-
feature at the centre of the main lineshape has the oppo-
site gradient to the main signal and its magnitude and
width also increase with pump intensity. Under these
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Fig. 3. (color online) Experimental data. Evolution of
the polarization spectra with increasing pump power.

conditions of Autler-Townes splitting, it is no longer pos-
sible to model the data using a single Lorentzian and its
concomitant dispersion, however an excellent fit is ob-
tained using a pair of absorption/dispersion lineshapes.
The evolution of the on-resonance gradient and width

of the features with pump power are shown in Fig. 4
(a) and (b) respectively. The on-resonance gradient in-
creases with pump power before decreasing and chang-
ing sign with the appearance of the sub-feature at ap-
proximately 4.1 mW. Fig. 4 (b) shows the linewidth of
the main and sub-features. At low pump powers, the
main feature gives an excited state transition linewidth
of 5.7 MHz. This linewidth increases with the square root
of the pump power as expected. The linewidth of the sub-
feature increases from zero also according to the square
root of the pump power. Significantly, the linewidth of
the sub-feature can be less than the natural linewidth of
the 6P3/2 (5.2 MHz) and 7S1/2 (3.3 MHz) states.
To elucidate the origin of the sub-natural linewidth

feature we solve the optical Bloch equations for the tem-
poral evolution of the system including the component of
the thermal velocity of the room-temperature atoms in
the direction of the beams. The density matrix approach
provides a simplified description of the three-level sys-
tem with the diagonal elements ρ11, ρ22 and ρ33 being
the populations of the 6S1/2, 6P3/2 and 7S1/2 states re-
spectively. The off-diagonal elements are the coherences
between the states where the decay rates of the 7S1/2 and
6P3/2 states are 48.2 ns and 29.5 ns respectively [16]. We
consider the real part of the coherence between the inter-
mediate and excited state Re(ρ23) as it is proportional to
the probe dispersion and thus our experimental signal.
Fig. 5 shows the solution of the optical Bloch equa-

tions for Re(ρ23) using Rabi frequencies Ωpump/2π =
12.2 MHz and Ωprobe/2π = 3.3 MHz to match the av-
erage Rabi frequencies experienced by the atoms across
the cell in the experiment. This simple model shows good
qualitative agreement with the experimental data but
quantitative agreement requires a full integration over
the intensity profile of the beams as they are absorbed
across the cell. An atom at rest has a dispersive fea-
ture with a positive gradient on resonance (red line).
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Fig. 4. (color online) Analysis of dispersive lineshapes.
(a) Measured gradient of the signal at ∆probe = 0 for
varying pump power normalized to the maximum gra-
dient. The solid line is a guide to the eye. The dot-
ted vertical line indicates zero gradient. (b) Measured
linewidth of the main feature and sub-feature with

√
P

scaling (solid lines). The dashed line indicates the natu-
ral linewidth of the excited state transition.

However, when velocity contributions are included (grey
lines), the Doppler–averaged dispersive signal (blue line)
has a sub-feature which is significantly narrower than the
main feature. Thus the model shows that the onset of the
narrow sub-feature is enhanced by the contributions of
non-zero velocity classes and occurs at lower pump pow-
ers in thermal atoms than would be the case for cold
atoms. Similar narrowing effects of thermal averaging
have been observed in other systems [17, 18].
The dispersive shaped feature from excited state po-

larization spectroscopy provides a convenient discrimi-
nant for laser frequency stabilization. In future work we
will apply this technique to the intermediate step of a
three-photon excitation scheme [19] for use in Rydberg
atom experiments [8] and in the creation of ultra-cold
ion and electron beams from laser-cooled atoms. [20,21]
We thank Ifan Hughes for discussions and acknowledge
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