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Abstract
Quantum emitters with a Λ-type level structure enable numerous protocols and applications in
quantum science and technology. Understanding and controlling their dynamics is, therefore,
one of the central research topics in quantum optics. Here, we drive two-photon Rabi
oscillations between the two ground states of cesium atoms and observe the associated
oscillatory Raman gain and absorption that stems from the atom-mediated coherent photon
exchange between the two drive fields. The atoms are efficiently and homogeneously coupled
with the probe field by means of a nanofiber-based optical interface. We study the dependence
of the two-photon Rabi frequency on the system parameters and observe Autler–Townes
splitting in the probe transmission spectrum. Beyond shedding light on the fundamental
processes underlying two-photon Rabi oscillations, our method could also be used to
investigate (quantum) correlations between the two drive fields as well as the dynamical
establishment of electromagnetically induced transparency.
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1. Introduction

Quantum emitters with a Λ-type level structure play a central
role in quantum optics. Suitably driving the two allowed opti-
cal transitions, ground-state coherences and populations can
be controlled and manipulated. This enables, e.g., stimulated
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Raman adiabatic passages [1, 2] and coherent population
trapping [3]. Moreover, the optical response of an ensem-
ble of Λ-type emitters can be tailored, leading to, e.g.,
electromagnetically-induced transparency (EIT) [4], as well as
slow and stored light [5, 6]. In all these examples, the driven
ensemble closely follows its steady state. The transient dynam-
ics is nevertheless relevant, e.g., to the ultimate efficiency and
fidelity of these coherent processes and protocols.

Two-photon Rabi oscillations between the two ground
states of Λ-type emitters are a prime example of such transient
dynamics [7]. In order to observe them, one typically exposes
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the emitters to a two-photon Rabi pulse with varying dura-
tion, followed by a read-out of the ground-state populations
[8, 9]. This method does, however, not give access to the
concomitant coherent dynamics of the driving light fields.
Their atom-mediated coherent photon exchange manifests as
oscillatory Raman gain and absorption, where gain of one field
is accompanied by absorption of the other.

In order to observe this coherent gain and absorption
dynamics, one has to maximize the atom number as well as
the atom–light coupling strength. Moreover, the two-photon
Rabi frequency has to be well defined, meaning that each atom
has to be exposed to the same light intensity. In a typical
experimental situation, where an atomic ensemble couples to
free-space laser beams, these requirements are challenging to
meet simultaneously. To our knowledge, an oscillatory Raman
gain associated with two-photon Rabi oscillations has there-
fore not yet been observed. In this context, coupling atoms
to guided light fields in nanophotonic structures may turn
out advantageous as it allows for efficient and homogeneous
coupling of atomic ensembles [10].

Such a waveguide quantum electrodynamics platform can,
for example, be implemented with laser-cooled atoms cou-
pled to optical nanofibers [11–13]. In spite of the close
vicinity of the nanofiber surface, ground-state decoherence
times on the order of milliseconds have been experimen-
tally demonstrated for nanofiber-coupled atoms [14]. Exper-
iments employing a Λ-type level structure in this setting
include, e.g., EIT-based light storage [15, 16], Raman cooling
[17, 18], generation of single collective excitations [19], prob-
ing of the in-trap atomic motion [20], and non-reciprocal
Raman amplification [21].

Here, we observe an Autler–Townes splitting in the trans-
mission spectrum of the guided probe field, allowing us
to calibrate the Rabi frequency of the coupling laser field.
We then drive two-photon Rabi oscillations of a nanofiber-
coupled ensemble of atoms using a nanofiber-guided probe
field and a free-space coupling field. We observe an oscilla-
tory Raman gain of the probe, which accompanies the two-
photon Rabi oscillations. Finally, we experimentally confirm
that the two-photon Rabi frequency scales as expected with
the probe power and the two-photon detuning. This allows us
to infer the atomic coupling strength to the nanofiber-guided
mode.

2. Method and experimental setup

Figure 1(a) schematically shows the core elements of our
experimental setup. We optically trap and interface cesium
(Cs) atoms using the evanescent field of an optical nanofiber
(500 nm nominal diameter) that is implemented as the waist of
a tapered optical fiber. We use two nanofiber-guided trapping
laser fields to form two diametral arrays of trapping sites along
the nanofiber [22]. The blue-detuned running wave trapping
field has a wavelength of 760 nm and a power of 20.5 mW. The
red-detuned, standing wave trapping field has a wavelength of
1064 nm and a total power of 2.4 mW. Both trapping fields
are far off resonance with respect to all atomic transitions. The

Figure 1. (a) Schematic of the experimental setup. Cs atoms (yellow
spheres) are optically trapped and interfaced using the evanescent
field of the nanofiber waist of a tapered optical fiber. A nanofiber-
guided probe laser field and a free-space coupling laser field drive
the atoms. We detect the transmitted probe power using two
single-photon counting modules (not shown). A magnetic offset
field is applied along the +z-direction. (b) The relevant Cs energy
levels form a Λ system with two ground states, |a〉 and |b〉, and an
excited state |e〉. The coupling- and probe laser fields with
frequencies ωc and ωp are detuned by Δc and Δp from the excited
state, respectively. (c) Intensity distribution in the x–z plane of the
coupling laser beam in the vicinity of the nanofiber. At large
distances from the nanofiber, the coupling light can be approximated
as a plane wave with intensity I0, a linear polarization along z, and a
wave vector pointing into the +x-direction. (d) Intensity along the
white dashed line shown in panel (c). In front of the nanofiber
(left half of the panel), the scattered field features a standing wave
pattern due to the reflection off the nanofiber. Behind the nanofiber
(right half of the panel), the light is focused, and its intensity is
enhanced by a factor of about 1.7 at the position of the atoms,
indicated by the black vertical line.

minima of the resulting trapping potential are located about
230 nm from the nanofiber surface.

We probabilistically load Cs atoms into the trapping poten-
tial from a magneto-optical trap using an optical molasses
stage [22]. Due to the collisional blockade effect, there is
at most one atom per trapping site [23]. The atoms on one
side of the nanofiber are then further cooled by degenerate
Raman cooling using a nanofiber-guided laser field that is
near-resonant with the Cs D2 cycling transition [18]. Simul-
taneously, the atoms on the other side are subject to degen-
erate Raman heating and are thus expelled from the trap.
After these steps, we switch off all cooling laser fields and
are left with a one-dimensional array of a few 100 atoms in
the |a〉 = |6S1/2, F = 4, mF = −4〉 state, marking the initial
setting for all experiments described below. Each sequence
takes about 2 s, where most of the time is spent load-
ing the MOT and transferring atoms to the optical dipole
trap.

In each run, we determine the optical depth of the trapped
ensemble by scanning the fiber-guided probe field over the
D2 cycling transition and fitting the resulting transmission
spectrum to a saturated Lorentzian absorption profile. We
can illuminate the atoms with a free-space coupling laser
field propagating in the +x-direction. In order to estimate the
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coupling laser intensity at the position of the atoms, we assume
an incident plane wave with intensity I0 that propagates in the
+x-direction and is linearly polarized along z. We analytically
compute the intensity distribution of the scattered field around
the nanofiber, see figure 1(c) [24, 25]. Figure 1(d) shows a cut
through the intensity distribution along x for z = 0. The black
dashed line indicates the location of the trapped atoms. Behind
the fiber (right half of panel (d)), the intensity of the diffracted
coupling laser beam has a maximum close to the position of the
trapped atoms. Thus, the latter are exposed to an approximately
constant coupling laser intensity even when considering the
thermal motion of the atoms in the trap (FWHM of about
100 nm for a temperature of 30 μK). Due to the focusing effect
of the nanofiber, the atoms are exposed to an intensity that is
about 1.7 times larger than I0 at the position of the trap minima,
according to our calculation.

In order to stabilize the atomic population in |a〉 and
suppress spin flips due to spin-motion coupling [26], we apply
a magnetic offset field in the +z-direction. The relevant energy
levels form a Λ system, see figure 1(b). The coupling laser
field drives the transition between ground state |a〉 and excited
state |e〉 = |6P3/2, F′ = 4, mF′ = −4〉, whereas the guided
probe field couples the same excited state with the ground state
|b〉 = |6S1/2, F = 3, mF = −3〉. The coupling field is
π-polarized, has a Rabi frequency Ωc, and is detuned by
Δc = ωc − ωae from the |a〉 → |e〉 transition. Here, ωc

denotes the coupling laser frequency and ωae the transition
frequency, where the latter includes all light shifts induced by
the far off-resonant trapping laser fields. We note that we have
attached a glossary containing the definitions and descriptions
of all quantities in the supplementary material. The probe field
with Rabi frequencyΩp is phase-locked to the coupling field. It
is detuned byΔp = ωp − ωbe from the |b〉 → |e〉 transition and
predominantly σ−-polarized at the position of the atoms [25].
As for the coupling transition, ωp and ωbe denote the probe
laser frequency and the transition frequency, respectively.
Both |a〉 → |e〉 and the |b〉 → |e〉 are transitions of the Cs D2
line at 852 nm (ωae ≈ ωbe ≈ 2π × 352 THz). However, the
hyperfine splitting of ωbe − ωae ≈ 2π × 9.2 GHz is much
larger than the detunings Δp and Δc, as well as the natural
linewidth of the transitions, such that cross-coupling can be
neglected. The excited state |e〉 has a natural decay rate of
Γ = 2π × 5.2 MHz and decays to |a〉 and |b〉 with branching
ratios of 7/15 and 5/12, respectively. With a probability
of 7/60 ≈ 0.1, |e〉 decays to |6S1/2, F = 4, mF = −3〉, such
that the three-level system is not closed. However, this does
not substantially affect the dynamics on the short timescale
we are interested in, which is why we neglect it in the
following.

3. Results and discussion

3.1. Autler–Townes splitting

We now turn on the freely propagating coupling field
with a Gaussian intensity profile and a peak intensity of
I0 ≈ 25 mW cm−2 such that almost all atoms are transferred to
|b〉. After 0.1 ms, we additionally turn on a weak, fiber-guided

Figure 2. Probe transmission spectra for different coupling laser
detunings. Two resonances are clearly visible in each spectrum,
showing an avoided crossing. By fitting the frequency difference of
the two resonances using the prediction based on the
Autler–Townes effect (solid gray lines), we find a coupling laser
Rabi frequency of Ωc = 16.1(1) MHz. Each spectrum for a given
Δc is averaged over 500 frequency scans of Δp.

probe field (saturation parameter of about 0.1) and scan its
detuningΔp over 60 MHz in about 700 μs. This yields a trans-
mission spectrum for a given detuning, Δc, of the coupling
laser field. Then, we repeat the measurement for various Δc.
The resulting transmission spectrum as a function of Δp and
Δc is plotted as a colormap in figure 2.

We observe an avoided crossing of two resonances which
can be explained by the Autler–Townes effect [27–29]: the
strong driving of the atoms by the coupling laser field on the
|a〉 → |e〉 transition mixes the bare states so that new eigen-
states are formed. The energies of those states are split and
shifted from |e〉 by [4]

δ±AT =
1
2

(
Δc ±

√
Ω2

c +Δ2
c

)
. (1)

We fit the measured spectra to a double Lorentzian line shape
and extract the splitting between the two resonance centers
for each Δc. We then fit the splitting as a function of Δc

using equation (1), yielding a coupling laser Rabi frequency
of Ωc = 2π × 16.1(1) MHz. This is in reasonable agreement
with the expected 2π × 15.4 MHz estimated from the power
and diameter of the coupling laser beam used in the experiment
and the calculated intensity pattern around the nanofiber. The
location of the two resonances assuming the fitted Ωc is in
excellent agreement with the data and displayed as the solid
gray lines in figure 2. For large Δc, one of the resonances
converges to Δp � Δc. In the following, we will denote the
probe detuning from this light-shifted two-photon resonance
as δ̃ = Δp − δ+AT.

3.2. Effective two-level system

If one chooses large detunings Δp and Δc, and two-photon
detunings δ̃ ≈ 0, such that state |e〉 is almost unpopulated,
then the excited state can be adiabatically eliminated and the
Λ system can effectively be described by a two-level system
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[4, 30]. These effective two-level atoms can then undergo
coherent two-photon Rabi oscillations between the two ground
states |a〉 and |b〉, where the two-photon Rabi frequency is
given by

Ω̃ =
ΩpΩc

2Δc
. (2)

The incoherent one-photon scattering of the coupling field that
gives rise to a residual population of the excited state and a
subsequent decay can be described by introducing an effective
decay rate Γ̃ for the effective two-level system from |a〉 to |b〉

Γ̃ =
1
8
|Ωc|2
Δ2

c

Γ. (3)

The one-photon scattering of the probe field would correspond
to a decay from |b〉 to |a〉 in the effective two-level model.
However, the one-photon scattering rate of the probe field
is small compared to the one-photon scattering rate of the
coupling field for our settings, Ω2

p/Ω
2
c ≈ 0.05, which is why

we only take into account the latter in our model. A more
detailed description of the adiabatic elimination can be found
in the supplementary material. In order to maximize the mod-
ulation of the probe transmission caused by Raman gain and
absorption, the probe power, and hence, its Rabi frequency
should be as small as possible. However, in the absence of tech-
nical dephasing, a necessary requirement to see oscillations is
Ω̃ > Γ̃. Using equations (2) and (3), this condition translates
to a requirement for the probe Rabi frequency:

Ωp >
ΩcΓ

4Δc
. (4)

The single-atom dynamics for resonant driving can be
described analytically [31] using the parameters Rabi fre-
quency Ω̃, decay rate Γ̃ and decoherence rate γ = Γ̃, see
supplementary material. In principle, fluctuations of the Rabi
frequencies due to the thermal motion of the atoms would lead
to dephasing, which we neglect here. This approximation is
justified a posterior by the agreement of our model with the
experimental data. Another dephasing mechanism arises from
the change of the probe power along the atomic ensemble,
which can be accurately modeled by consecutively solving
the Lindblad master equation and computing the transmis-
sion coefficient of each three-level atom [21]. We numeri-
cally checked that our approach captures the dynamics well
in the parameter regime studied here. Therefore, we sim-
plify the description by assuming that the entire ensemble
evolves according to the single-atom dynamics such that the
transmission of the probe beam is given by

Tprobe(t) = exp

[
−ÕD

Γ̃

Ω̃
v(t)

]
. (5)

Here, ÕD is the optical depth for the probe field on the light-
shifted two-photon resonance, and v(t) = 2I(ρba), where ρba

is the off-diagonal element of the density matrix and I(. . .)
denotes the imaginary part. We find that v(t) is given by

v(t) =
Γ̃Ω̃

Γ̃2 + Ω̃2

[
1−e−Γ̃t

(
cos Ω̃t+

2Γ̃2+Ω̃2

Ω̃Γ̃
sin Ω̃t

)]
. (6)

3.3. Observation of oscillatory Raman gain and absorption

For the following measurements, we increase the coupling
laser detuning to Δc ≈ 2π × 32.5(3) MHz and set Ωc ≈ 2π ×
28.2 MHz. The probe Rabi frequency can be expressed in
terms of the so-called beta factor. It is defined as β = Γg/Γ,
i.e., the ratio between the atomic emission rate into the guided
probe mode Γg and the total emission rate Γ of the atom [32].
With that, the probe Rabi frequency is

Ωp =

√
5

12
4βΓPp

h̄ωp
, (7)

where Pp is the input probe power. In order to increase the cou-
pling strength of the atoms to the guided mode, β, we increase
the red trapping power to 2.8 mW during the probing. This
shifts the trapping minima closer toward the nanofiber surface
and results in a coupling strength of β ≈ 0.015. The probe
power of ≈ 480 pW then corresponds to a Rabi frequency
of Ωp = 2π × 6.5 MHz. The corresponding intensity at the
position of the atoms is 8.2 mW cm−2.

We plot the measured time-dependent probe transmission
for these parameters and ≈ 700 atoms in figure 3. During
the first 200 μs (not shown here), only the probe field is on,
and we observe unity transmission. This is expected since
the probe field does not couple to atoms in the initial state
|a〉. We then turn on the coupling field at time t = 0 μs for
1 ms. Since the initial state corresponds to full inversion of
the effective two-level system, the transmission of the probe
field first experiences Raman gain, and we observe a trans-
mission coefficient of up to ≈2. However, during the follow-
ing coherent dynamics, the transmission oscillates between
Raman gain and Raman absorption. After about two full oscil-
lations, the system reaches a steady state. We fit the exper-
imental data in figure 3 using equation (5) with Ω̃, Γ̃, and
ÕD as free fit parameters. The fit (orange solid line) agrees
very well with the data for an effective Rabi frequency of
Ω̃ = 2π × 2.63(3) MHz, in reasonable agreement with the
estimated Ω̃ = 2π × 2.83 MHz, based on independently cal-
ibrated parameters. The fit result Γ̃ = 2π × 516(21) kHz
is in good agreement with the expected value accord-
ing to equation (3), Γ̃ = 2π × 490 kHz. By assuming that
Γ̃ = Γρee, we can infer an average excited state popula-
tion of ρee = 0.100(1). For the optical density, we obtain
ÕD = 5.6(2). Using these fit results, we also calculate the
dynamics of the population in state |a〉, given by ρaa (dashed
red line in figure 3). The population dynamics exhibits an
oscillation that is 90◦ out of phase with the probe transmission
and that reaches a steady-state value of 0.481(4). The 90◦-
phase difference stems from the fact that Tprobe is determined
by the imaginary part of ρba, which oscillates 90◦ out of phase
with ρaa.
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Figure 3. Dynamics of the probe transmission coefficient. At time
t = 0 μs, we turn on the coupling laser. The ensemble then
undergoes two-photon Rabi oscillations, evident by the oscillatory
Raman gain of the probe (purple dots). The error bars are calculated
assuming Poissonian counting statistics. We fit the data using
equation (5) (solid orange line), yielding a two-photon Rabi
frequency of 2π × 2.63(3) MHz, in agreement with an estimate
based on independent calibration measurements. Using the fit
results, we also infer the average population in |a〉 (dashed red line).
The shown data is averaged over 2300 experimental runs.

Figure 4. Scaling of the two-photon Rabi frequency Ω̃. (a) For a
two-photon detuning |δ̃| > 0, we observe an increase of the
oscillation frequency according to the generalized Rabi frequency
Ω̃g = (Ω̃2 + δ̃2)1/2 (orange diamonds). A fit (orange line) yields
Ω̃ = 2π × 2.13(4) MHz. We average over 1000 experimental runs
for each δ̃. (b) Measured values of Ω̃ as a function of probe power
(purple dots) and fit using a square root function (purple line). We
average over 2000 experimental runs for each probe power.

3.4. Scaling of the two-photon Rabi frequency

To gain more insight into the underlying physics of the two-
photon Rabi oscillations observed in figure 3, we repeat the
above measurement for different δ̃ and plot the resulting fitted
two-photon Rabi frequency in figure 4(a). These extracted
Rabi frequencies can be very well described with the gener-
alized two-photon Rabi frequency, Ω̃g = (Ω̃2 + δ̃2)1/2. A fit
(orange line) then yields an on-resonance two-photon Rabi
frequency Ω̃ = 2π × 2.12(4) MHz for this set of measure-
ments. This is in reasonable agreement with the calculated
2π × 2.0 MHz for a probe power of ≈240 pW used in this
measurement.

In figure 4(b), we show the results of our experimental
investigation of the dependence of Ω̃ on the probe power. We
observe that the two-photon Rabi frequency increases with

Pp, and we fit the data with a square root function, A
√

Pp,
yielding A = 2π× 138(3) kHz/

√
pW. The fit curve (purple

line) agrees very well with the data, as expected, given the
square root dependence of the Rabi frequency on the power.
Using our independent calibrations for Ωc and Δc, we extract
β = 0.0171(8) from the value of A, in reasonable agreement
with our expectation.

4. Conclusion and outlook

In summary, our system features an efficient and homogeneous
coupling of the nanofiber-trapped atoms to the guided probe
field. In conjunction with a large optical depth of the atomic
ensemble on the two-photon resonance, this allowed us to
study the oscillatory Raman gain and absorption associated
with two-photon Rabi oscillations. In the present work, only
the probe field was nanofiber-guided, giving us access to
the gain and absorption dynamics of the latter. Launching
both probe and coupling field through the nanofiber, as, for
example, has been done in [15, 17], would yield the pos-
sibility to also measure the correlations between the probe
and coupling fields, possibly even with single-photon reso-
lution. Beyond shedding light on the fundamental processes
underlying two-photon Rabi oscillations, our method could
also be used to investigate the dynamical establishment of
electromagnetically induced transparency.
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