Single atoms coupled to a near-concentric cavity
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Concentric cavities can lead to strong photon-atom coupling without a need for high finesse or

small physical-cavity volume.

In this proof-of-principle experiment we demonstrate coupling of

single Rb atoms to a 11 mm long near-concentric cavity with a finesse F' = 138(2). Operating the
cavity 1.7(1) um shorter than the critical length, we observe an atom-cavity coupling constant go =
27 x 5.0(2) MHz which exceeds the natural dipole decay rate v by a factor go/vy = 1.7(1).

PACS numbers: 32.90.+a, 37.30.+i, 42.50.Ct

Introduction. Optical cavities are widely used in a
range of modern technologies (e.g. lasers and optical
clocks) and are essential for mediating interaction of light
with other physical systems in many quantum technolo-
gies. In particular, by coupling atoms (or other quantum
emitters) resonantly to a cavity, strongly interacting hy-
brid systems of light and matter can be realized [I]. This
enhanced light-matter interaction is applied in quantum
networks [2, B] and quantum metrology [4} [5].

In cavity quantum electrodynamics (cavity QED) the
conventional wisdom to realize a strongly coupled atom-
cavity system employs short cavities with high finesse.
The small mode volume V of these cavities results in a
large coupling go o< 1/v/V between a single atom and
a single cavity photon. In this situation gy exceeds the
cavity field decay rate k and the dipole decay rate of the
atom -y, and the light-atom interaction is dominated by
the coupling to the cavity mode. Unfortunately, these
systems are experimentally demanding due to the need
of ultra-high-reflectivity coatings and sophisticated tech-
niques to trap single atoms in these short cavities. How-
ever, the notion that short cavities with high finesse are
inevitable has been challenged by efforts to use a partic-
ular cavity geometry, a (near-)concentric cavity, to im-
plement cavity QED with long cavities of low finesse [6-
13]. A cavity is concentric when the cavity length lc.y
matches twice the radius of curvature of the mirrors R¢.
The mode function u(x) (normalized to one at the field
maximum) is tightly focused in the center of the cavity,
leading to a small effective mode volume V' = [ dx |u(x)|?
while the physical size of the cavity is large [I1}, [13]. In
addition, the cavity decay rate k o 1/l.q, is reduced
by the increased length of the cavity, which significantly
eases the requirements for the mirror coatings. The re-
sulting large coupling gy and low cavity decay rate x make
strong coupling between single atoms and single photons
feasible even with low finesse cavities.

A second intriguing aspect of concentric cavities is that
the frequencies of the higher-order transversal modes be-
come degenerate. This could allow the realization of mul-
timode cavity QED in the strong coupling regime [14].
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FIG. 1: Optical setup. A near resonant probe field at 780 nm
impinges on the cavity to characterize the light-atom inter-
action. The transmitted and the reflected light is coupled
into single mode fibers connected to avalanche photodetec-
tors. The cavity length is stabilized close to the concentric
length by a Pound-Drever-Hall lock to a frequency stabilized
810nm laser. The intra-cavity field at 810 nm provides also
a far-off-resonant standing-wave dipole trap for the atoms.
BS: beam splitter with 70% reflectivity, DM: dichroic mir-
ror, PZT: 3D-piezo actuator stack, PD: photodiode, MOT:
magneto-optical trap, D;(2): avalanche photodetectors.

Different cavity modes could then effectively interact via
a commonly coupled atom — constituting a novel plat-
form for quantum information processing [15]. In this
work we experimentally implement the idea of concentric
cavity QED by trapping single 3’Rb atoms in a 11 mm
long near-concentric cavity.

Cavity geometry. The cavity is composed of two nom-
inally identical mirrors with a radius of curvature Rgc =
5.500(6) mm. To form a stable optical cavity, the stabil-
ity parameter

g=1- lcaV/RC (1)

needs to satisfy 0 < g2 < 1 [16]. Thus, a concentric
cavity with l.., = 2R¢ is a limiting case at which the
cavity is only marginally stable; the mode diameter at the
position of the mirrors becomes infinite and the cavity
highly susceptible to misalignment. However, we show
that in practice the cavity can still be reliably operated
extremely close to the concentric length.

We stabilize the cavity length by a Pound-Drever-Hall
lock to a frequency-stabilized laser at a wavelength of



810nm (Fig.[1) [I7]. To accurately determine the cavity
length ..y, we analyze the frequency spacing of the trans-
verse cavity modes by tuning the frequency of a probe
field with a wavelength around 780nm. We find a fre-
quency spacing Avgrans = 109(2) MHz between the fun-
damental and first adjacent transverse mode. For a near-
concentric cavity Avgans is related to the cavity length

via
c 1- cos ™! q (2)
2lcay m ’

where ¢ is the speed of light [I6]. The measured mode
spacing indicates a cavity length l.., = 2Rc —1.7(1) pm,
and a cavity parameter ¢ = —0.99969(2). At this
length, the beam waist of cavity mode is expected to
be wo = v/ Meav/(27) [(1+ 9)/(1 — g)]"/* = 4.1 ym [16].
Cavity finesse and losses. We further characterize the
cavity by the transmission and reflection of the 780 nm
probe field (Fig. . To achieve good mode matching be-
tween the fundamental mode of the cavity and the exter-
nal probe field with Gaussian profile, we implement a so-
called anaclastic lens design [I8, 19]: The non-reflective
back end of the mirrors have an ellipsoidal shape to act
as an aspheric surface, converting the plane wavefront of
a collimated Gaussian input beam to a converging spher-
ical wavefront [13].

Tuning the probe frequency, we record the re-
flection and transmission spectrum, which we fit to
Lorentzian profiles. We obtain a full-width-at-half-
maximum (FWHM) of 95(3) MHz and 99(1) MHz, re-
spectively (Fig. —b). Conservatively, we attribute the
transmission linewidth to the fundamental mode of the
cavity, 2k = 2w x 99(1) MHz, corresponding to a cavity
finesse F' = mc¢/(26lcay) = 138(2) [16]. Originally, the
finesse of the cavity was higher F' > 500 but dropped
after bake-out of the vacuum chamber and operating the
Rubidium dispenser. From the finesse and the nomi-
nal transmission T' = 0.5% of the mirrors, we deduce a
round-trip absorption loss L, the maximum in-coupling
efficiency 7, and resonant transmission Ty,.x in the usual
way [20] via

AVtrams =

L =2r/F — 2T = 3.6(1)%, (3)
n=1-L?/(2T + L)* = 39(1)%, (4)
Tax = 472/ (2T + L) = 4.7(2)%. (5)

In a direct measurement, we observe a cavity in-coupling
efficiency of n = 41.7(5)%, which agrees with Eq. {4 and
demonstrates that the anaclastic design provides excel-
lent mode matching between the probe field and the fun-
damental cavity mode (Fig. [2h). The resonant transmis-
sion Thax = 4.6(2)%, measured directly after the cavity,
is also in good agreement with Eq. |5} The transmission
shown in Fig. 2b is lower because the transmitted light
is coupled into a single mode fiber before detection.
Cavity stability. Approaching the concentric
length ..y — 2R¢, the cavity becomes only marginally
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FIG. 2: a) Reflection and b) transmission of a 780 nm probe
field measured after mode cleaning with the single-mode fiber.
Solid lines are Lorentzian fits. ¢) Normalized cavity transmis-
sion as one mirror is transversally displaced. Throughout the
experiment, the cavity length is actively stabilized to be res-
onant with the probe field.

stable, and consequently is highly sensitive to small mis-
alignments. Therefore, one of cavity mirrors is placed on
a 3D-piezo actuator stack which allows us to move the
mirror 5um in each direction. Figure 2 shows the reso-
nant transmission of the 780 nm probe field as we tune the
transversal position of one mirror; the transmission shows
a FWHM of 59(3) nm along both transverse directions.
This high sensitivity to the transversal alignment requires
active stabilization to compensate drifts caused, for ex-
ample, by temperature fluctuations. Every 15 minutes an
automatized alignment algorithm optimizes the transver-
sal mirror position using the transmission of the 780 nm
and 810 nm light as feedback signals; this procedure takes
between 1-10 seconds and thus does not significantly re-
duce the experimental duty cycle.

Determining the atom-cavity interaction. To probe
the light-atom interaction, we prepare a cold ensemble
of 8 Rb atoms in a magneto-optical trap (MOT). The
large physical separation of the two mirrors allows us
to form the MOT inside the cavity. Atoms from the
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FIG. 3: a) Typical trace of detection events at detector D;

with an atomic cloud in the MOT inside the cavity. The cool-
ing light is 10 MHz red-detuned from the natural 55 /o, F'=2
to 5P3/2, F'=3 transition frequency. The sudden increase of
fluorescence indicates the entering of an atom into the FORT.
At 1s an atom is loaded into a side of the intra-cavity optical
lattice which does not couple strongly to the cavity mode. We
choose a high threshold value to select only strongly coupled
atoms. b) Lifetime of single atoms in FORT without cooling
light for a time 7. The solid line represents an exponential fit
with a 1/e-lifetime to = 230(30) ms.

MOT are probabilistically loaded into the far off-resonant
dipole trap (FORT) created by the intra-cavity field of
the 810nm light used to stabilize the cavity length. To
account for the light shift induced by the FORT, the
cavity length is set so that the resonance frequency is
22 MHz higher than the 55 5, F=2to 5P3/3, F'=3 tran-
sition. While operating the MOT, we detect the coupling
of individual atoms to the fundamental cavity mode by
the sudden increase of fluorescence at detector D; [21I-
23]. By choosing a high threshold value, we select atoms
which couple strongly to the cavity mode. Figure[3|shows
a typical fluorescent trace during the loading process, ex-
hibiting a telegraph signal characteristic for single atom
loading. The average duration between loadings events is
typically 3-4 seconds. Thus, the low loading rate makes
the simultaneous loading of two atoms in the center re-
gion of the cavity negligible. The lifetime of an atom
in the trap is determined by switching off the cooling
beams after a loading event for different waiting times 7.
The survival probability p(7) decays exponentially with a
characteristic 1/e lifetime of 230(30) ms determined from
a fit (Fig. [3b).

The single atom—cavity coupling gg can be determined
from the cavity transmission and reflection [24] 25]. For a
weak coherent beam, the coefficients for intensity trans-
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FIG. 4: Onset of the normal-mode splitting in the a) reflec-
tion and b) transmission spectrum when an atom is trapped in
the FORT. Error bars are smaller than symbol size (one stan-
dard deviation). Red solid lines are fits based on Eq. @ For
comparison the empty cavity reflection/transmission (Fig. [2h)
is shown in gray.

mission T'(w) and reflection R(w) are given by

2

_ kT (iAa + 7)
T = |Ga v m dat ) T 5| ©
|y 2671 (i1Ag + 7) 2
Rlw) = '1 sy syt B

with a cavity field decay rate through each mirror kK =
T'rc/leay, and the detuning A; q) = w — we (q) of the
driving laser with respect to the cavity (atomic transi-
tion) frequency we (4), respectively [I]. Once an atom
is loaded, we use an experimental sequence that alter-
nates between 1ms of probing the cavity transmission,
and 1ms of laser cooling by the MOT beams. The de-
tected photoevents during the cooling cycle are used to
check whether the atom is still present.

The atom-light interaction is revealed in the reflection—
and transmission spectrum obtained by tuning the fre-
quency of the probe laser. When an atom is present,
the spectra show the onset of the normal-mode split-
ting (Fig. [4] red circles). From a least-squares fit of the
transmission spectrum to Eq. [6] with two free parameters,
we obtain an interaction strength go = 27 x 5.0(2) MHz
and a frequency offset wor = we — wg = 27 x 3.4(3) MHz
between cavity and atomic resonance. The amplitude of
the fit function T'(w) is set to the independently deter-
mined maximum transmission of the empty cavity. From
go, the cavity linewidth 2x = 27 x 99(1) MHz, and the
natural transition linewidth 2y = 27 x 6.07MHz, we
obtain the single atom cooperativity Cy = g¢2/(2xk7) =
0.084(4).

The reflection spectrum is analyzed in a similar way
by fitting to Eq. [} For this, we use three fit parame-
ters, go = 2m x 4.6(4) MHz, the frequency offset wog =
27 x 4.4(7) MHz, and the reflected power far away from



the atom/cavity resonance. The fits of Eq. to the
transmission and reflection reproduce the observed val-
ues very well (Fig. 4 solid lines), and lead to similar
values for the atom-cavity coupling constant gy and the
frequency offset wo.

The experimentally obtained value for gq is lower than
expected for a two-level atom from the cavity geome-
try go = /3\2c¢y/(47V) = 27 x 12.1 MHz where V =
%w%lca\, = 3 x 10°)\% is the effective mode volume in
paraxial approximation [I]. We attribute this partly to
the fact that in this experiment, the atom is prepared by
the MOT beams in a random spin state mp of the 55 /5,
F=2 manifold before the transmission is probed with a
linearly polarized probe field. Averaging over the corre-
sponding Clebsch-Gordan coefficients, we estimate that
the atom-cavity coupling should be a factor v/2 larger for
a circularly polarized probe field driving an atom pre-
pared in the 55,5, F=2, mp=2 on a transition to the
5P3/9, =3, mp=3 state.

Discussion and conclusion. Our experiment demon-
strates the prospects and challenges of concentric cavity
QED. The realization of atom-cavity coupling exceeding
the natural dipole decay rate by a factor go/v = 1.7(1)
could stimulate further efforts employing concentric cav-
ities. The coupling observed in this proof-of-principle
experiment is already similar to many state-of-the-art
experiments in the strong coupling regime, but with a
cavity two orders of magnitude shorter [1]. Only in very
short fiber cavities, significantly larger values of go/v
have been demonstrated [26]. Going closer to the con-
centric length .., — 2R¢ should increase the interaction
strength even further. We estimate that a ratio go/vy > 4

can be achieved for l.,, =~ 2Rc — 100nm. When sta-
bilizing the cavity near this point, we currently observe
that the cavity finesse and transmission drop, possibly
due to deviations of the mirror from an ideal spherical
surface, and stronger coupling of the probe field to other
higher-order transversal cavity modes.

Even without operating closer to the concentric length,
we expect that a single atom cooperativity above unity
can be reached by modestly increasing the finesse to
F = 1000 and performing the probing on a cyclic tran-
sition. A medium cavity finesse of F' > 4500 would put
this system into the single atom-single photon strong cou-
pling regime. We note that although we operate the cav-
ity only 1.7(1) pm shorter than the critical length, the
expected intracavity diffraction losses are negligibly low
as the mode radius on the mirror is an order of magni-
tude smaller than the aperture of the mirror [I3]. While
our experiments are performed with single neutral atoms,
concentric cavities are also interesting for other quantum
systems: examples are trapped ions [27] and Rydberg
atoms [28], [29], which both are experimentally difficult to
hold within short cavities due to the electric field noise
near dielectric mirrors.
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