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Abstract

We report on a method for measuring ac Stark shifts observed in stored light experiments
while simultaneously determining the energetic splitting between the electronic ground states
involved in the two-photon transition. To this end, we make use of the frequency matching
effect in light storage spectroscopy. We find a linear dependence on the intensity of the control
field applied during the retrieval phase of the experiment. At the same time, we observe that the
light shift is insensitive to the intensity of the signal field which is in contrast to continuously
operated electromagnetically induced transparency (EIT) or coherent population trapping
(CPT) experiments, where the light shifts induced by all participating optical fields have to be

taken into account. Our results may be of importance for future precision measurements in
addition to or in combination with current EIT and CPT-type devices which are largely
compatible with our approach and could benefit from the inherent robustness regarding
operational conditions, shape of the resonances or intensity fluctuations in the signal field.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The coherent interaction of optical fields with multilevel sys-
tems gives rise to interesting phenomena such as coherent pop-
ulation trapping (CPT) [1, 2] and electromagnetically induced
transparency (EIT) [3, 4]. These closely related effects arise
from the emergence of non-interacting states comprised of
coherent superpositions of electronic ground states which in
the ideal case have no contribution of the excited state. Such
dark states are responsible for the occurrence of narrow trans-
mission peaks (EIT) [5] in otherwise opaque media and the
associated drastically reduced group velocities known as slow
light [6—8]. These phenomena have fostered applications in
magnetometry [9-11] and atomic clocks [11] where the ac
Stark shift induced by all optical fields on the energy levels
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of the interacting media is a major concern met with contin-
uously developed elaborate measurement schemes to mitigate
its impact [11-18]. With this progress, CPT-based clocks now
reach a stability on the order of one part in 10", but a method
providing inherent insensitivity to light field-induced shifts
and other detrimental effects such as line-shape-asymmetry-
induced (LAI) shifts [19] would be advantageous.

Such experiments typically involve the coupling of two res-
onant optical fields, a strong control field, and a weaker signal
field, to effective A-type three-level atomic systems. Dynamic
manipulation of the properties of the light fields allows for a
reduction of the associated group velocity to zero and sub-
sequent reversal of this process at a later time, a procedure
referred to as light storage [20—22]. It was shown that upon
retrieval of a previously stored light pulse, the difference fre-
quency between the signal and control fields matches the
energy splitting of the ground states in the probed three-level
system [23]. This effect known as frequency matching which
can be understood within the framework of the polariton pic-
ture of EIT occurs regardless of the initial two-photon detuning

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. (a) Simplified level scheme of the 8’Rb D1 line. The
electronic states comprising the idealized three-level A system are
addressed by two optical fields, a circularly polarized (o) control
field with an optical frequency of wc and a Rabi frequency €2, and
a o T -polarized signal field with a frequency of ws. The two-photon
Raman detuning is denoted as dg. (b) Schematic of the experimental
setup. The rubidium buffer gas cell is centered within a solenoid and
enclosed in magnetic shielding (not shown). The polarizing beam
splitter and a quarter-wave plate are denoted as PBS and \/4,
respectively.

and does not directly depend on the width of the transmission
peaks making it potentially interesting as an alternative method
for measuring magnetic fields.

Here, we demonstrate a method for measuring the energy
splitting between two electronic ground states in a three-
level system, including the energy shift stemming from the
interaction with the optical fields. We achieve this by utiliz-
ing the effect of frequency matching in light storage spec-
troscopy. While measurement methods exploiting the narrow
two-photon resonances arising from EIT and CPT are sensi-
tive to intensity fluctuations of all involved optical fields, we
show that the observed light shift in our method is determined
by the properties of the control field only. That is, we demon-
strate that the retrieved optical field does not cause any addi-
tional light shifts. This has implications for light storage-based
sensing schemes and quantum memories since the evolution
of the underlying spin coherence during the storage period is
decoupled from any intensity fluctuations of the input pulses.

2. Methods

The setup used for our experiments is similar to a previ-
ously described apparatus [23-27]. We use a 50 mm long
rubidium cell containing 20 torr neon acting as a buffer gas.
The temperature of the buffer gas cell is actively stabilized
to approximately 7 ~ 90°C with a relative uncertainty of
AT = £0.02 K. The cell is positioned in the center of a
solenoid (length: L ~ 0.34 m; radius: R ~ 0.05 m) providing
an approximately homogeneous magnetic bias field By aligned
with the propagation direction of the optical fields to control

the splitting of the ground state Zeeman sublevels denoted as
|g—) and |g) in figure 1(a). The solenoid is enclosed in three
layers of p-metal shielding in order to isolate the experiment
from ambient and stray magnetic fields. An external cavity
diode laser serves as a source for both the control and signal
field. Its optical frequency is stabilized tothe F =2 — F =1
transition of the rubidium D1 line near 795 nm by means of
Doppler-free spectroscopy. A PBS divides the laser beam into
two fields, the control and signal field, which then pass inde-
pendent acousto-optic modulators to allow for precise control
over their respective intensity and frequency. Subsequently,
they are spatially overlapped at a second PBS and sent through
a polarization maintaining single-mode optical fiber, ensur-
ing spatial mode matching of the two fields. After exiting the
fiber both fields are collimated to a beam diameter of 0.9 mm,
pass through a \/4-plate and enter the cell with opposite cir-
cular polarisations. After traversing the buffer gas cell, the
light fields’ polarizations are again converted to linear by using
another \/4-plate. This allows us to remove the control field
on a PBS and to detect the signal field intensity on a photo-
diode. Adjustment of this \/4-plate in combination with the
PBS allows for controlling the mixture of control and signal
light reaching the photodetector.

3. Results and discussion

In initial experiments, we investigate dark resonances and
the storage of light. Figure 2(a) shows the transmission of
the signal beam as a function of the two-photon detuning
2mor = ws — we — 2gpupB/hadjusted by controlling the fre-
quency of the signal field at a fixed control field frequency
and magnetic bias field, here chosen to be B = By ~ 0.49 G.
ws,wc, g, g and i denote the angular frequencies of the
optical signal and control fields, the Landé g factor, the
Bohr magneton, and the reduced Planck constant, respectively.
With typical beam intensities (powers) of the control and
the signal beam of Ic ~ 89 mW cm 2 (Pc ~ 300 W) and
Is ~ 30 mW cm? (Ps ~ 100 W), respectively, we observe
a transmission window of approximately 20 kHz. In this mea-
surement, og = 0 denotes the detuning where the observed
transmission is maximal.

As illustrated in figure 2(b), the rubidium ensemble is irra-
diated with a sequence of control and signal field pulses.
Firstly, the atoms are exposed to the control field only in order
to prepare the population in the state |g_) by means of opti-
cal pumping. Subsequently, a signal field pulse with a typi-
cal duration of approximately 1 ms is sent into the prepared
medium, with its falling edge coinciding with that of the con-
trol field. After a storage period of 7 = 5 us, the control beam
is turned on again to initiate the retrieval of the signal field.
Figure 2(c) shows an example of such an experiment (with
50 us long signal pulses chosen to illustrate the timescale for
reaching the steady-state) with the rapid oscillations seen both
in the input and the retrieved parts of the signal being due
to the optical beating with the control beam. To this end, the
quarter-wave plate behind the rubidium apparatus is slightly
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Figure 2. (a) Experimental transmission spectrum of a dark resonance with a width of approximately 20 kHz (full width at half maximum).
The transmission of the signal field as a function of J at a fixed magnetic bias field By shows a resonance at g = 0. (b) Pulse sequence for
light storage experiments. We start the sequence by illuminating the rubidium atoms with a control field of a chosen intensity /¢ to prepare
the ensemble in the state |g_). The signal field with a duration of ~ 50 us and the control field are switched off simultaneously. In later
measurements, the settling time varies with /¢ and /s, and we use 1 ms pulses to ensure that the steady-state is reached. After a storage period
T ~ 5 ps, the control field is turned on again, triggering the retrieval of the signal field. (c) Light storage experiment recorded with a photodiode
(average over 10 consecutive realizations). The rapid oscillations arise from beating of the input (for r < 55 ps) and the retrieved signal pulses
(t > 60 ps) with the control field. In both cases, the corresponding beating frequency fg is extracted by fitting a sinusoidally modulated function
to the data. (d) Typical result of a light storage spectroscopy experiment. At fixed By, dr is varied within the EIT window. The extracted values
of fg for the input signal and control fields (blue hollow squares) as well as the retrieved signal and readout control fields (black circles) are
shown with linear fits to the data (blue dashed line for input pulses; black solid line for readout/retrieved pulses). The beat frequency of the
pulses after retrieval shows the characteristic frequency matching, i.e. fg is constant within experimental uncertainties. The beatnotes of the
input and the readout fields intersect at or = df,c Which we attribute to a differential ac Stark shift between the states |F = 2, mp = —2) and
|F =2, mp=0) (|g-) and |g) in figure 1(a)) induced by the control field. Here, g = 0 was obtained by using reduced pulse intensities

and varying Jgr to maximize the retrieved beat signal. It agrees with the value in (a) within experimental uncertainties.

rotated to allow leakage of the control beam onto the photodi-
ode. The oscillation frequency fp of the beating signal is then
determined by fitting a sinusoidally modulated function to the
recorded data [23].

Under EIT conditions, at a fixed magnetic bias field, the
storage experiment is repeated for different values of §g within
the transmission window shown in figure 2(a). Figure 2(d)
shows the extracted beat frequencies fg of the control and
input as well as retrieved signal fields, as a function of Jg.
While for the input pulse, fp is determined by the difference
between the control and signal fields’ optical frequencies, the
beat frequency of the retrieved signal remains constant within
our experimental uncertainties, in agreement with the findings
reported in [23, 25, 27]. This locking to the atomic resonance
within the EIT window therefore acts as a spectroscopic tool
for determining the two-photon resonance frequency even if
the resonance condition is violated, that is for dg # 0. It should
be noted that despite the insensitivity to dr the atomic transi-
tion itself can be shifted by the interaction with light fields.
To investigate this effect, we use the observed shift df,. of the
intersection point away from dg = O (illustrated by the verti-
cal shaded area) as a measure for the light shift caused by the

control field. In order to obtain the approximate position of
the bare atomic resonance used for calculating §f,., we ini-
tially perform this experiment with strongly reduced optical
field intensities, and determine the detuning where the ampli-
tude of the retrieved beat signal is maximal. We note that
since the observed beating originates directly from the atomic
coherence probed exclusively during the retrieval phase, the
accuracy with which the spectral position of the Raman reso-
nance can be determined does not directly depend on either the
width or the shape of the EIT resonance, highlighting a major
advantage of our measurement scheme. Dark resonances are
in general asymmetric as shown exemplarily in figure 2(a) and
can exhibit other significant deviations, e.g. from Lorentzian
profiles in a non-trivial fashion which have to be taken into
account when measuring the splitting between the ground
states. Recently demonstrated methods for suppressing LAI
shifts rely on the consecutive application of phase jumps dur-
ing the probing period [19]. We note that in our case, the
required prolonged interrogation, additional electronic stabi-
lization as well as residual shifts due to finite ground state
decoherence can be avoided, since the frequency matching is
an intrinsic property of light storage itself.
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Figure 3. Light shifts measured using frequency matching in light
storage experiments carried out for different intensities /¢ of the
control field (here normalized to the saturation intensity /).
Considering og = 0 from figure 2(d), the observed ac Stark shift
Ofac (blue data points) shows good agreement with a linear
dependence on /¢ as indicated by a fit with a linear function (red
line). The depicted uncertainties are attributed to fluctuations of /¢
and standard errors of the beating frequencies fg (shown on the
right) calculated by the fitting routine for individual values of /c.

We now investigate the dependence of the observed shift on
the intensity of the control field /. To this end, we repeat the
series of light storage experiments as depicted in figure 2(d)
for different values of /¢ while keeping the magnetic bias field
and the signal beam intensities constant. Figure 3 shows the
result of such measurements for a signal beam intensity of
Is = 30 mW cm~2. We find that the ac Stark shifts observed
in our experiment follow the expected linear dependence on
Ic [28-31], here normalized to the effective far-detuned sat-
uration intensity /g ~ 4.5 mW cm~2. We confirm this by fit-
ting a linear function to our data, assuming that of,. = 0 for
zero control field intensity. A fit with the intercept as a free
parameter yields a shift consistent with zero at Ic = 0, con-
firming that the two-photon detuning corresponding to the bare
atomic resonance is in agreement with the previously deter-
mined approximate value for g = 0. We note that, using the
measured beat frequencies, the extracted intercept corresponds
to the atomic transition frequency. Thus, the latter can be deter-
mined without prior knowledge of the two-photon resonance’s
location. The obtained results are in good agreement with
the light shifts calculated assuming our simplified multi-level
system and additional coupling of the control field (with an
intensity averaged over the radial Gaussian beam profile) to
the 5%P, 2, =2 state. However, predicting the exact shift
for our thermal ensembles requires more precise knowledge
of numerous relevant experimental parameters [11, 28, 32].
For example, the temperature at the location of the atoms, the
pressure shift, inhomogeneity of the magnetic field, impuri-
ties of the polarizations, alignment of k-vectors with the mag-
netic field, and the exact distribution of population between
the Zeeman sublevels are known to have a direct impact on the
expected light shift and have to be taken into account [32—-34].
We note that in the current implementation of our scheme, no
measures are taken to ensure optimal pulse shaping for light
storage or retrieval [35]. In particular, due to the rectangular
shape of the pulses used in our experiments, the adiabatic-
ity condition is not necessarily fulfilled such that the popula-
tion distribution in the Zeeman manifold of the 58}, F = 2
state can significantly differ from the equilibrium distribution
established under continuous EIT conditions.

Notwithstanding, our method provides a means for measur-
ing the effective differential shift between the two ground states
experienced by the atoms, including all experimental imper-
fections, which can be instrumental in characterizing the inter-
action of atomic ensembles with optical fields. As an example,
in the general case of non-collinear signal and control fields
intersecting at an angle « the frequency pulling is determined
by the relation

5(r) = Or(1 — cos(a))cos*(O)
[23], where O is the mixing angle given by
tan(®) = g\/ﬁ/Qc,

with g being the coupling strength of the signal field, N the
atomic density, and ¢ the Rabi frequency of the control field.
Therefore, a comparison of the obtained shift with a theo-
retically predicted value for the collinear configuration, i.e.
« = 0, can be used to determine « at the location of the atomic
ensemble.

Another advantage of using light storage spectroscopy for
measuring light shifts is the expected insensitivity of the beat
frequency with respect to the intensity of the signal field as
well as its fluctuations. In the case of co-propagating sig-
nal and control fields, where complete frequency matching is
expected, this can be understood intuitively in the dark state-
polariton picture, where the propagation of signal field pulses
is described by the quantum field [20]

¥ = cos(©)Es + sin(©)VNs’ .

Here, Es denotes the creation operator for a photon in the sig-
nal field and 6”7 | the spin operator representing the change
of the state of the jth atom from |g_) to |g ), respectively.
As a fundamental consequence of the light storage process,
no external signal fields are present during the storage period
(© = 7/2), and all subsequently retrieved photons in the sig-
nal beam mode are created by the interaction of the control
(read-out) field with the prepared atomic spin-wave compo-
nent of the polariton.

We now test the prediction that the total light shift is insen-
sitive to the intensity of the signal field by performing light
storage experiments as discussed in the context of figure 3,
but for different signal field intensities while the control field
intensity is kept constant at Ic = 89 mW cm 2. Figure 4 shows
such beat frequency measurements carried out again at a fixed
magnetic bias field. In the case of signal field intensities com-
parable to values used in the previous measurement, we obtain
Ofac/(2m) = 7 kHz, in agreement with the result shown in
figure 3. However, for varied /s, we now observe that fpg
remains constant within our experimental uncertainty. That is,
a linear fit to the data yields a slope comparable to the corre-
sponding standard error and approximately 30 times smaller
than the value obtained for the case of varied control field
intensity after accounting for the different Clebsch—Gordan
coefficients of the respective optical transitions. Moreover, for
signal field intensities below the point where the approxima-
tion of weak signal fields breaks down, i.e. Is ~ I¢, as indi-
cated by the shaded area, our analysis reveals a slope consistent
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Figure 4. Light shift as a function of the normalized input signal
field intensity. For a fixed magnetic bias field and control field
intensity, the storage experiment is performed for different /5. A
linear fit to all extracted frequency shifts (red solid line) and to the
data within the grey shaded area indicating the range Is < Ic (grey
dashed line), yields a slope comparable to the corresponding
standard error and a slope that is consistent with zero, respectively.

with zero. In the regime where /g exceeds /¢, a residual non-
vanishing slope could be the result of non-trivial population
dynamics in the ground state manifold occurring during the
preparation phase, leading to a distribution encountered upon
readout that is no longer confined to the magnetic quantum
numbers mr = —2 and my = 0 as assumed for the idealized A
system. In addition, due to strongly enhanced four-wave mix-
ing observed in EIT media [7, 36], additional optical fields
can be generated during the propagation of the signal field
pulses, which in turn would manifest themselves as sidebands
in the beating signal. Since our current analysis only takes into
account a single spectral component of the beatnote, the pres-
ence of such sidebands can lead to systematic deviations that
become more pronounced with increasing signal field inten-
sity. Nonetheless, this finding is in clear contrast to the demon-
strated statistically significant linear dependence of the light
shift with respect to the intensity of the control field, confirm-
ing that the energetic shift in our light-storage scheme is pre-
dominantly or solely caused by the control field. Consequently,
extending light-storage spectroscopy to tripod-type systems
comprising four electronic levels coupled by two signal fields
and one control field may allow to measure the energetic split-
ting between the outer electronic ground states [25] while
effectively avoiding the impact of light shifts. This is a conse-
quence of the signal being derived from the beat note between
the two signal fields whose respective one-photon detunings,
upon retrieval initiated by a common control field, are shifted
by the same amount. Along similar lines, if the signal fields
are chosen to couple magnetically sensitive ground states, e.g.
different Zeeman sublevels within a hyperfine manifold, the
same methods could be applied to measure either magnetic
fields [25] or magnetic field gradients [26] with improved
precision.

4. Conclusion

To summarize, we have shown that light-storage spectroscopy
can be used to measure control field-induced differential light
shifts between electronic ground states while at the same

time measuring their energetic splitting. The method is readily
applicable to all conventional CPT-based light shift measure-
ment schemes using continuous exposure to signal and con-
trol fields, even for strongly asymmetric transmission profiles,
since it only requires minor modifications regarding the capa-
bility to operate the optical fields in a pulsed fashion. Lastly, we
show that the light shift is independent of the intensity of the
signal field within our experimental uncertainties, potentially
allowing to improve the precision of clocks, magnetometers or
magnetogradiometers exploiting CPT or EIT in suitable three-
level systems. To this end, one might exploit the technical com-
patibility of our LSS method with most CPT-based schemes
routinely employing modulation of optical intensities, fre-
quencies or phases, such that many of the established methods
for mitigating the light shifts [14—18] can be applied during the
readout (retrieval) phase in our measurements. In the described
three-level system, this should lead to a similar suppression of
the residual control field-induced light shifts, while the impact
of the signal fields, whose intensities are typically of the same
order of magnitude, as well as, e.g. LAI shifts are intrinsi-
cally suppressed without the otherwise required overhead in
terms of sequence complexity, prolonged interrogation times
and electronic stabilization [19]. Lastly, we discuss how the
influence of ac Stark shifts in such precision measurements
might be suppressed by using previously demonstrated exten-
sions to tripod-type four-level configurations. It will be inter-
esting to test these predictions in future experiments featuring
a more refined control of the system, ideally carried out with
ultracold atomic ensembles allowing for drastically improved
magnetic field homogeneity and eliminating buffer gas shifts,
and where many relevant parameters can be determined with
very high precision. For instance, ion Coulomb crystals are
a system holding great promise for improving the coherence
time and light storage efficiency required for precision mea-
surements [37] owing to favourable properties such as intrinsi-
cally suppressed collisional decoherence, while potential detri-
mental effects stemming from the presence of micromotion
[12, 38] might be avoided by using optical trapping techniques
[39-43].
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