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Coupling a Single Trapped Atom to a Whispering-Gallery-Mode Microresonator
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We demonstrate trapping of a single #Rb atom at a distance of about 200 nm from the surface of a
whispering-gallery-mode bottle microresonator. The atom is trapped in an optical potential, which is
created by retroreflecting a red-detuned focused laser beam from the resonator surface. We counteract the
trap-induced light shift of the atomic transition frequency by superposing a second laser beam. This allows
us to observe a vacuum Rabi splitting in the excitation spectrum of the coupled atom-resonator system. This
first demonstration of stable and controlled interaction of a single atom with a whispering-gallery mode in
the strong coupling regime opens up the route toward the implementation of quantum protocols and
applications that harvest the chiral atom-light coupling present in this class of resonators.
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In free space, the interaction between single atoms and
single photons is weak. However, by strongly confining the
photons inside a microresonator with high quality factor Q,
and by coupling the atoms to the resonator mode, atom-light
interaction can be significantly enhanced. This approach lies
at the heart of cavity quantum electrodynamics (CQED)
[1-3]. Over the past decades, ultrahigh finesse Fabry-Perot
microresonators have been instrumental in advancing this
field. In these traditional resonators, single atoms have been
trapped inside the resonator mode [4,5], which has led to
many ground-breaking experiments [6].

More recently, other resonator types have successfully
been employed in single-atom CQED, such as optical
fiber-based Fabry-Perot cavities [7-10], photonic crystal
cavities [11,12], optical nanofiber-based cavities [13,14],
and whispering-gallery-mode (WGM) microresonators
[15-17]. Out of those, WGM resonators distinguish
themselves by offering chiral, i.e., propagation-direction-
dependent, light-matter interaction [16,18], which enables
novel protocols and functionalities for processing light on
the quantum level [17,19-21]. However, so far, only free-
falling atoms have been coupled to WGM resonators,
resulting in probabilistic operation, a limited interaction
time, and a position-dependent coupling strength, which
reduces process fidelities. Gaining the ability to trap atoms
inside the resonator field is the crucial prerequisite for
overcoming the current limitations and harnessing the full
potential of this class of resonators for future applications.
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Here, we demonstrate strong coupling of a single trapped
rubidium atom to a WGM bottle microresonator with
ultrahigh quality factor Q [22]. We achieve this by over-
coming two crucial experimental challenges. First, efficient
coupling to the evanescent field of the WGM requires the
atom to be trapped at a small distance from the resonator
surface where van der Waals forces and Casimir-Polder
forces have to be counteracted. To achieve this, we employ
a deep standing-wave optical dipole trap, created by
retroreflecting a focused trapping light field from the
resonator surface [11]. Second, the intense light field of
the trap induces a substantial light shift, which leads to a
position-dependent detuning of the atomic resonance from
the resonator mode. We counteract this light shift of the
atomic transition by means of a second, detuned compen-
sation light field that shifts the excited state back into
resonance [23]. As a result, we observe a resonant vacuum
Rabi splitting in the excitation spectrum of the trapped
atom-resonator system, indicating strong coupling.

The core elements of the experimental setup are shown
in Fig. 1(a). The WGM bottle microresonator features
a quality factor of Q~5x 10" and is stabilized to
the resonance of the unperturbed (58, F =3) —
(5P3),, F' = 4) transition of ®Rb with angular frequency
@y. To couple light into and out of the resonator, it is
interfaced with a tapered fiber coupler. The system is set to
critical coupling such that, in the absence of a coupled
atom, the transmission of resonant light through the
coupling fiber vanishes. This occurs when the fiber-
resonator coupling rate k. equals the intrinsic resonator
field decay rate k. The total resonator field decay rate is
then given by x = ky + ke & 27 X 10 MHz

The optical dipole trap is created by retroreflecting a
focused laser beam (waist radius: wy,, = 3.5 £ 0.3 pum)
from the bottle resonator surface. The wavelength of the
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FIG. 1. (a) Experimental setup for detecting and trapping a
single #Rb atom close to a bottle microresonator in a standing-
wave optical dipole trap. The optics for the dipole trap is also
used to focus a laser beam onto the atom for fluorescence
detection, as well as a laser beam for light shift compensation (see
main text). The resonator is tilted by 6~ 17°. Therefore, we
define a resonator-centered coordinate system (x,y,z) and a
laboratory-centered coordinate system (x',y" =y,7'). (b) Trap
potential (bottom panel) and expected coupling strength, g (top
panel), along the x direction. The steep drop of the potential
toward the resonator surface is caused by attractive surface forces.
(c) Measurement of the probability for finding a given detected
single atom in the trap as a function of the waiting time 7. The red
line is an exponential fit, yielding a trap lifetime of 7 ~ 2 ms.

trapping light (A, = 783.68 nm) is red detuned with
respect to the 58, — 5P3), transition, see Fig. 2. The
interference between the incident beam and its reflection
forms a partially modulated standing-wave pattern along
the x axis. Figure 1(b) shows the trap potential and the
expected atom-light coupling strength as a function of the
distance d of the atom from the resonator surface in
the x direction. We trap a single atom in the potential
minimum closest to the resonator, which is located at
Aap/ (4 €08 @) =205 nm. For this position, we expect an
atom-light coupling strength of g~ 2z x 10 MHz which
puts the system at the onset of strong coupling, i.e.,
g > (x,7), where y =27z x 3 MHz is the atomic dipole
decay rate.

The trap is loaded from a 1-cm diameter cloud of about
5 x 107 laser-cooled ®Rb atoms that is delivered to the
resonator by an atomic fountain and has a temperature of
about 7 uK. In order to detect the presence of a single atom
in the resonator mode in real time, we send resonant
detection light through the coupling fiber and monitor the
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FIG. 2. Principle of the light shift compensation. The left box
shows the energy level structure of 3°Rb relevant for the
compensation scheme and illustrates the trap-induced light shifts
of the (58,5, F = 3) = (5P5),, F' = 4) atomic transition, for a
fixed power Py, The right box qualitatively shows how the
F' =4 Zeeman levels are tuned across resonance, when the
compensation laser power P, is increased in the presence of the
trap light. A quantitative treatment of the compensation mecha-
nism is shown in Fig. 3(a).

transmitted power using a single-photon counting module
(SPCM). The atom-resonator interaction leads to a trans-
mission increase, to which we react using a field program-
mable gate array—based detection and control system [16].
Upon detection of an atom, the detection light is switched
off using an electro-optical modulator, and the dipole trap is
switched on using an acousto-optical modulator. The
overall delay between detection and trapping is about
250 ns. As this duration is much shorter than the average
transit time of an atom through the evanescent field of the
resonator mode, it allows us to catch a detected atom if it is
located inside the trapping volume.

In order to verify that the trap loading succeeded, we use
a fluorescence detection scheme. We launch a 20 ps-long
detection light pulse through the trap optics onto the atom,
which has a center frequency of @, and a peak intensity of
about 100 /,. Here, I is the saturation intensity of the
(5812, F = 3) = (5P3),, F' = 4) transition. A fraction of
the scattered fluorescence photons is coupled into
the resonator mode and detected with the SPCM, see
Fig. 1(a). This allows us to detect the presence of a
resonator-coupled atom in the dipole trap despite the large
trap-induced atom-resonator detuning, see below. By vary-
ing the timing of the detection light pulse, we measure the
probability for finding a single atom at a waiting time ¢ after
switching on the trap, see Fig. 1(c). Fitting an exponential
function (red solid line) to the measured probabilities,
n(t) = noexp(—t/z), yields a probability for trapping a
given detected single atom of 775 &~ 0.7% and a trap lifetime
of 7~ 2 ms. This trapping probability matches our expect-
ation considering the finite overlap of the trap volume with
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the resonator mode, the initial kinetic energy of the atom
and the time delay between atom detection and switching
on the trap.

In the moment of detection, the free-falling atoms have a
mean Kkinetic energy corresponding to E/kg ~ 0.5 mK.
Consequently, trapping an atom requires an optical potential
with significant depth. We use a linearly polarized dipole
trap beam with a power of Py, = 19 mW. For the trap light
field polarized along the y axis (7' axis), the trap depth
amounts to Uy/kpz~2.7 mK (Uy/kg~1.9 mK) with
the corresponding axial and transverse trap frequencies
{oy,, .} =27 x{1.00 MHz,71 kHz} ({o,, ®, } = 27x
{0.86 MHz, 68 kHz}).

The trap light field induces a scalar light shift &, of the
58, ground state and a scalar as well as tensor light shifts,
8,(F',mp), of the 5P3/, excited state, see Fig. 2. The
resulting shifts of the 55, , — 5P;, transition frequencies,
which depend both on the Zeeman state and the position of
the atom in the trap, reach up to about 250 MHz. The
corresponding effective broadening of the atomic transition
exceeds by far the atomic and the resonator linewidths.

In order to efficiently interface the trapped atom with the
resonator in the presence of this light shift, we have to
compensate for the latter. For this purpose, we expose the
atom to an additional light field—the so-called compensa-
tion field. Its polarization is aligned with the linear
polarization of the trap field and its frequency is offset
locked with a red detuning of A, =~ 27 x 930 MHz to the
5P3/, — 5Ds), transition using absorption spectroscopy
[24], see Fig. 2 and Supplemental Material [25]. The
compensation field induces a scalar and tensor light shift
on the 5P;/, excited state while its effect on the ground
state is negligible.

For optimal compensation of the position-dependent
trap-induced light shift of the 5S,,, — 5P3), transition,
the intensity distribution of the compensation field should
match that of the trapping field. This is approximately
realized in our case, as the two light fields have similar
wavelengths (g, = 783.68 nm and 4. = 775.98 nm). In
our setup, we simultaneously send the two fields through
the same fiber-coupled focusing optics, such that the
positions of their foci, their waist radii, and their stand-
ing-wave patterns near the resonator closely match upon
reflection off the resonator. This allows us to cancel the
trap-induced scalar light shift of the transition in the entire
trapping volume, when the power of the compensation field
P. is adequately chosen.

Figure 3(a) shows the calculated detunings of the
two-color light-shifted transition frequencies between the
581/, F =3 ground state and the 5P;,, excited state
manifold as a function of P, see Supplemental Material
[25]. Here, we take the frequency of the F =3 — F' =4
cycling transition in the absence of light shifts, wy, as the
reference, and we assume that the atom is located in the trap
center. With increasing power of the compensation field,
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FIG. 3. (a) Calculation of the detunings of the two-color light-
shifted transition frequencies between the 5S,/,, F = 3 ground
state and the 5P3, excited state manifold with respect to ay, as a
function of the compensation laser power P, for y-polarized light.
For 7/-polarized light, the light shifts are about 10% smaller. The
calculation is performed for the trap and compensation laser
parameters given in the text and for an atom located at the trap
center. The gray dotted lines are the detunings for the lower lying
F’ levels. (b) Measurement of the mean number of detected
fluorescence photons in the presence of the trap and compensa-
tion lasers, as a function of the compensation laser power P..

both the scalar and tensor light shifts of the transition
frequencies decrease. Within the range P, = 0.250 mW to
0.276 mW, the detunings of the transitions to the
(F' =4, |mp| < 3) excited states sequentially cross zero,
see green shaded area. The detuning of the transitions to the
(F' =4, |mp| =4) levels vanishes at ~0.197 mW. For
these powers, the light shifts of the ground state and the
respective excited states are equal, see Fig. 2.

In order to experimentally find the point of optimal
compensation we measure the fluorescence of a single
trapped atom as a function of the compensation laser power.
For this purpose, we send probe light resonant with the
unperturbed F =3 — F' = 4 transition through the trap
optics for 100 us and measure the number of photons
scattered into the resonator mode. In this measurement, the
probe laser intensity was about 2 I, at the center of the
trap. The linear polarizations of the trap, the compensation,
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and the probe light fields were aligned along the y axis.
Figure 3(b) shows the mean number of fluorescence
photons detected via the coupling fiber. Comparing this
result with the calculation in Fig. 3(a) (green shaded area),
reveals a shift of the expected resonance toward higher
compensation laser powers. This is most likely caused by
chromatic aberrations of our trap optics, which displace the
foci of the trap and compensation laser beams with respect
to each other along the beam axis. This results in a
mismatch of their beam radii at the position of the atom.
The blue solid line is a theoretical fit where we average
fluorescence spectra for transitions between all Zeeman
levels of the F =3 and F’ =4 manifolds. Here, we
consider the position dependence of the two-color light
shifts and, additionally, the occurrence of vector light shifts
to take into account residual circular polarization compo-
nents in the trap and compensation light fields. We average
the calculated spectra over the position distribution of the
atoms in the trap, which we estimate from an independent
temperature measurement, see Supplemental Material [25].
We fit this average spectrum to the data using as fit
parameters the beam radius mismatch, the maximum mean
number of detected photons and the polarization ellipticity.
This fit yields a ratio of the beam radii of w./wy,, = 1.5
and a reduced overlap with linear polarization of about
96%. We obtain a maximum scattering rate at a compen-
sation laser power of P = 500 &+ 50 uW. These results
lie within the expectations for our experimental setup, and
the theoretical fit agrees well with the experimental data.

We now investigate the atom-resonator interaction in the
presence and absence of light shift compensation by
measuring transmission spectra of the atom-resonator
system. For this purpose, we align the linear polarizations
of the dipole trap and the compensation light along the
7 axis. With respect to this axis, the transverse-magnetic
WGMs are approximately o' or ¢~ polarized. The initial
atom detection prepares the atom in the outermost Zeeman
level F = 3, mp = 3. Thus, when probing the ¢ " -polarized
WGM, the atom behaves approximately as a two-level
system, where the (F =3, mp =3) - (F =4, mp = 4)
cycling transition interacts exclusively with the probed
resonator mode [16]. The cycling transition features a
smaller light shift compared to the transitions to the other
Zeeman levels of the F’ = 4 excited state. Thus, we expect
resonant atom-resonator interaction for a compensation
laser power of ~0.8P1*, see Fig. 3(a).

We measure the transmission spectra of the coupled
atom-resonator system by launching probe light through
the coupling fiber into the ¢"-polarized resonator mode.
We vary the probe-resonator detuning A® = @pyohe — @
and for each value we record the transmission, which is
averaged over 400 us. For a compensation laser power of
PP =330+30 yuW we measure a spectrum with an
almost symmetric vacuum Rabi splitting, see Fig. 4(a).
The solid line is the theoretical prediction for the symmetric
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FIG. 4. Normalized transmission spectra of the atom-resonator
system (a) in presence (P, = 330 4+ 30 W) and (b) absence of
the compensation laser. Each plot shows the average spectrum of
single trapped atoms (blue and purple, respectively), as well as
the empty resonator spectrum when no atom was trapped (gray).
The error bars of the gray data points are smaller than the point
size. The solid line in (a) is a theoretical prediction (see details in
the text). The solid line in (b) is a fit of a Lorentzian function to
the data, excluding the six rightmost data points, as a guide to the
eye. The dashed lines are fitted Lorentzians with a HWHM of
about 11 MHz. The inset in (b) illustrates the propagation
directions of the light fields, and the polarization direction of
the trap and compensation fields.

vacuum Rabi spectrum, obtained for a compensation laser
power of PP =400 yuW. The 17% discrepancy between
PZ® and P we mostly attribute to the error in determining
P from Fig. 3(b). The predicted spectrum was calculated
by averaging vacuum Rabi spectra over the position-
dependent atom-photon coupling strengths and light shifts
for the same position distribution and beam radius mis-
match as the ones used for analyzing Fig. 3(b). The model
agrees well with the measurement and yields an average
coupling strength of ¢g/2z = 9.3 MHz with a standard
deviation of a;h /27 = 6.1 MHz, in good agreement with
our expectations. This result demonstrates, for the first
time, strong coupling of a single trapped atom to a WGM
resonator. We note that the light shift compensation not
only compensates the mean light shift of the atomic
transition, but also reduces the substantial broadening of
the latter and the concurrent blurring of the Rabi splitting
due to the atomic motion in the trap. Figure 4(b) shows the
transmission spectrum in the absence of light shift com-
pensation. In this case, due to the large atom-resonator
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detunings, we only observe a small dispersive and dis-
sipative effect of the atom.

In summary, we optically trapped a single atom at a
distance of about 200 nm from the surface of a WGM
microresonator and compensated the position-dependent
trap-induced light shift of the atomic transition using a two-
color magic wavelength scheme. This allowed us to
demonstrate stable and controlled interaction of a single
atom with a whispering-gallery mode in the strong cou-
pling regime, thereby overcoming a long-standing chal-
lenge of optical cavity quantum electrodynamics. The
demonstrated method can also be applied to WGM and
ring resonators on integrated optical chips. This lays the
pathway toward realizing more complex quantum-
controlled photonic circuits, which may in particular profit
from the chiral nature of atom-light coupling in this setting.
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