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Strong coupling between an atom and an electromagnetic resonator is an important condition in cavity
quantum electrodynamics. While strong coupling in various physical systems has been achieved so far, it
remained elusive for single atomic ions. Here, we achieve a coupling strength of 2z x (12.3 +0.1) MHz
between a single “°Ca™ ion and an optical cavity, exceeding both atomic and cavity decay rates which are
2z x 11.5 and 27z x (4.1 £0.1) MHz, respectively. We use cavity assisted Raman spectroscopy to
precisely characterize the ion-cavity coupling strength and observe a spectrum featuring the normal
mode splitting in the cavity transmission due to the ion-cavity interaction. Our work paves the way towards
new applications of cavity quantum electrodynamics utilizing single trapped ions in the strong coupling

regime for quantum optics and quantum technologies.
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Coupling between atoms and electromagnetic fields is a
ubiquitous physical process that underlies a plenitude of
electromagnetic phenomena. In cavity quantum electrody-
namics (CQED), this interaction is studied in its simplest
form where a single atomic emitter is coupled to well-
defined electromagnetic modes of a resonator [1,2]. In
many applications of CQED, the coherent atom-photon
interaction rate needs to exceed the decoherence rates of the
system. This so-called strong coupling regime has been
attained in many physical systems including neutral atoms
[3.4], solid state systems [5—-8], and an ensemble of trapped
ions [9]. Strongly coupled light-matter systems resulted in
remarkable applications such as a one-atom optical switch
[10] and a quantum optical circulator [11]. However,
despite decade-long attempts [9,12-20] strong coupling
has remained elusive for single trapped ions until now.

Because of their outstanding properties such as long
coherence times [21] and high-fidelity quantum controls
[22], trapped ions are a leading system for optical atomic
clocks [23,24], quantum metrology [25,26], and quantum
computation [27,28]. The setting of CQED brings about
exciting possibilities to connect individual quantum devices
by providing efficient quantum interfaces with optical
photons [29]. Compared to single ions in free space
[30,31], the entanglement generation efficiency of remote
ions based on strongly coupled ion-cavity systems is
enhanced by orders of magnitude [32]. This enables the
distributed architecture for large-scale quantum informa-
tion processing using photonic networks [33]. Here, by
coupling a single ion to an optical cavity in the strong
coupling regime for the first time, we demonstrate a key
milestone for this enabling technology.

In the past, Fabry-Perot cavities with macroscopic mirrors
were successfully combined with ion traps [14,17,18].
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In these experiments, however, the ion-cavity coupling
was in the weak coupling regime. Since the emitter-cavity
coupling scales as « 1/+/V,, where V,, is the cavity’s mode
volume, it is essential to reduce V,, to achieve strong
coupling. The main challenge in ion-cavity systems is to
achieve small mode volume without disturbing the trapping
field when incorporating dielectric mirrors near the trapping
region. Employing laser machined fiber-based Fabry-Perot
cavities (FFPCs) has proven to be a viable solution for this
purpose and resulted in several successful implementations
recently [19,20,34]. However, none of these experiments
achieved a coupling strength which exceeds the atomic and
cavity decay rates simultaneously. Based on the ion trap with
an integrated FFPC presented in [34] and the technique to
precisely position the ion in the cavity field [35], in this work
we achieve a coherent ion-cavity coupling of g = 27 x
(12.3 £ 0.1) MHz greater than both the atomic decay rate of
the P/, state of y =2z x 11.5 MHz [36] and the cavity
decay rate of k = 2z x (4.1 & 0.1) MHz [32]. This gives us
a cooperativity (=g*/yx) of 3.2, on a par with the highest
value achieved for an ion-cavity system [17] but with a
considerably higher photon extraction rate.

Our experimental apparatus is an endcap-style Paul trap
for “)Ca™ ions with an integrated FFPC [see Fig. 1(a) and
[32,34,35] for more details]. The FFPC is coupled to the
electronic transition between the P/, and D3/, states at
866 nm [see Fig. 1(b)]. The cavity field decay rate x is
measured to be 2z x (4.1 £0.1) MHz [32]. Two radial
electrodes (RE3 and RE4) are used to displace the rf
potential minimum by applying signals synchronous and in
phase to the main drive [35] (RE1 and RE2 are used for
micromotion compensation). In this way the ion is trans-
lated radially without incurring excess micromotion. Using
a trapped ion as a probe for the cavity field [35], we
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FIG. 1. (a) A schematic of the experimental setup. BF, bandpass

filter; BS, beam splitter; DM, dichroic mirror; HWP, half-wave
plate; MMF, multimode fiber; PD, photodiode; QWP, quarter-
wave plate; RE, radial electrode; SMF, single-mode fiber; SPCM,
single-photon counting module. (b) Energy levels of *’Ca* ion
with driving lasers and the cavity on the relevant transitions.

determine that the center of the TEM,, cavity mode is
located at (3.4 £0.1,6.4 £0.3) ym in the x and y direc-
tions, respectively, from the ion’s original position when
RE3 and RE4 are grounded. The ion is Doppler cooled on
the S/, — P3), transition with a laser at 393 nm to
circumvent inefficient cooling on the S, — P, transition
caused by the strong Purcell effect when the cavity is near
resonant on the P/, — D3/, transition [34]. Lasers at 850
and 854 nm repump the ion from the metastable D states
into the S/, state. Three laser beams at 866 nm (beams 1, I1,
and IIT) with individual polarization controls are used for
optical pumping and probing of the ion. Two of them
(beams II and III) are injected into the input SM fiber to
drive the FFPC. A laser beam at 897 nm is also sent into the
FFPC through the SM fiber with its transmission used to
stabilize the length of the FFPC.

Having moved the ion to the radial center of the FFPC,
we now characterize g, with the optimized overlap at the
antinode of the cavity. The ion-cavity coupling is quantified
by analyzing the single-photon emission spectra of the ion-
cavity system. Figure 2(a) shows the pulse sequences of
the lasers for this measurement. In combination with the
cavity locked close to the Py, — D3/, transition with a
detuning A,, a short pulse of the 397 nm laser with

a detuning A, results in a single photon in the cavity

via a vacuum-stimulated Raman transition from the S , to
the D5/, state [14]. Normally the Raman resonance con-
dition dictates A, = A.. However, due to the dressing of
the ion’s states by the cavity photons, the resonance
frequency of the P/, — D3/, transition and therefore the
Raman resonance are shifted [37]. Figure 2(b) shows a
spectrum of single-photon emission as a function of A,
while A, is fixed at —10 MHz. It can be clearly seen that
the peak frequency of the spectrum is shifted by an amount
o from the expected A, = A, condition. We repeat this
Raman spectroscopy for different A, as shown in Fig. 2(c)
to measure the dependence of 6 on A ,. The frequency shift
0 exhibits a dispersionlike profile whose amplitude and
gradient depend on the magnitude of g,. Because ¢ also
depends on the Rabi frequency Q397 of the 397 nm laser
through its own ac Stark shift, we independently measure
Q397 to be 27 x (11.9 £ 0.4) MHz by the electron shelving
method employed in [34]. Given Q397 and other known
experimental parameters such as the beam detunings, beam
polarizations, and the magnetic field, the single-photon
emission spectrum and hence § can be precisely simulated
by solving time-dependent master equations with g, as the
only free parameter [see the inset of Fig. 2(d) and [32] ].
Utilizing the dependence of & on g, and fitting this
numerical model to the experimental data as shown in
Fig. 2(d), we obtain the coherent ion-cavity coupling gy =
2z x (15.1 £0.1) MHz [32].

A small magnetic field (= 0.9 G) is applied to align the
quantization axis to the cavity axis such that the cavity
supports two distinct polarizations o, and o_. As shown in
Fig. 3(a), the ion is simultaneously coupled to these two
polarization modes on the transitions connecting the
Zeeman sublevels in the P/, and Ds), state manifolds.
This configuration effectively realizes a closed three-level
lambda system interconnected via a bimodal cavity.
When a two-level atom is coupled to a single optical
mode, there are two dressed states (|g, 1) 4 |e,0))/+/2 and
(|g. 1) = |e, 0))/+/2 with an energy gap 2g (A = 1) in the
subspace for the first excitation from the ground state
(=19,0)) [see Fig. 3(b)]. Here, g and e denote the
ground and excited states of the atom, respectively, and
0 and 1 denote the intracavity photon number. As a result, a
coherent oscillation between |g, 1) and |e, 0) occurs at the
vacuum Rabi frequency of 2g. Similarly, for the bimodal
system with three atomic levels, the subspace for the first
excitation includes three originally degenerate states
la, 1,0), |b,0,1), and |c, 0, 0). Here, the notation indicates
a product of the atomic state and the photon number states
of the two cavity modes [see Fig. 3(c)]. Because of the
atom-cavity coupling, the system now has three dressed
states |u_), |u_), and |ug):
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(a) The pulse sequences for the single-photon generation: (i) Doppler cooling for 6 us. (ii) 300 ns-long pulse of the 397 nm

laser to generate a single photon in the cavity. (iii) Recycling the ion’s population back to the S, state for 500 ns. (iv) A pulse of the
866 nm laser is injected to the cavity. The 866 nm laser is frequency locked to the resonance to the P}/, — D3/, transition. Therefore, its
transmission peak provides an absolute frequency reference for A.. (b) Single-photon emission spectrum as a function of A. with A, at
—10 MHz. The solid line is a Lorentzian fit. The vertical dashed lines indicate the center frequency of the peak (black) and the frequency
expected from the condition A, = A, (red). The same applies to the dashed lines in (c). (c) Single-photon emission spectra with
different A ,. From the top to the bottom traces, A, varies from —20 to +20 MHz with an interval of 5 MHz. The traces are vertically
offset to avoid overlapping. (d) The shift of the Raman resonance 6 as a function of A, from the data set in (c). The solid line is a fit by
the numerical simulation. The inset figure shows superimposed traces of § from numerical simulations with g,/(2z) varying from

13 to 16 MHz.

pla.1,0) = gilp,0. 1)
g} = 2RI )

where 1 = /g% + g5. Note that |u,) is a dark state which is
decoupled from the atomic upper state |c). The emergence
of this state is very similar to the effect of electromagneti-
cally induced transparency [38]. The difference here is
that the quantized cavity fields, instead of classical
lasers, interconnect the three atomic levels. On the other
hand, a bright state can also be constructed as |v) =
(g1]a,1,0) + ¢,]b,0,1))/A in which the excitation ampli-
tudes to |c,0,0) from the constituent states interfere
constructively. |u, ) and |u_) can be expressed as

B |v) £ ]c,0,0)
) =5 (3)

with an energy gap of 24 [Fig. 3(c)]. Consequently, in the
same way as between |g, 1) and |e, 0) in the two-level case,
the coherent oscillation occurs between |v) and |c, 0, 0) ata
frequency of 24. This oscillation corresponds to the
characteristic emission (and absorption) of a single photon
into (and from) the two optical modes simultaneously in a
superposition. Hence, the vacuum Rabi frequency—the
frequency at which a single excitation is exchanged
between the atomic and optical degrees of freedom—is
given by 2g = 24
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FIG. 3. (a) The Zeeman sublevels in the P/, and D3/, state

manifolds interacting with a bimodal cavity. (b) Top: A two-level
atom coupled to a single optical mode with a coupling strength g.
Bottom: The level diagram of the total energy of the system with
(without) the atom-cavity coupling [right (left)]. (c) Top: A three-
level atom coupled to two optical modes simultaneously with
coupling strength ¢; and ¢,, respectively. Bottom: The level
diagram of the three-level bimodal system with (without) the
atom-cavity coupling [right (left)]. The energy levels of the first
excited states split into three levels with corresponding dressed
states.
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FIG. 4. (a) A model calculation for the ideal three-level system.
The solid line shows the expected spectrum of transmitted
photons as a function of the probe detuning. Here, g, = ¢, =
g and the probe frequency is normalized by g The underlying
contributions of the individual dressed states are shown in the
same colors as the corresponding excitations in the level diagram
on the left. (b) Laser pulse sequences: (i) 5 us-long Doppler
cooling. The duration of the repumping beams is longer than that
of the 393 nm beam in order to prepare the ion in the S, state.
(ii) Optical pumping for 3 ps. (iii) An interval to wait for the
intensities of the optical pumping lasers to sufficiently diminish.
(iv) Probing with beam III. (c) The counts of the transmitted
photons of beam III as a function of its detuning. The background
counts (~90) from stray light are subtracted. The solid black line
is the result of numerical calculation (see the main text). The
underlying contributions are also shown. In addition the con-
tribution from nondressed states is shown in the yellow dashed
line. The inset also shows a spectrum taken without the ion (red)
superposed with the spectrum with the ion (blue).

Applying this picture to the actual energy levels of 4°Ca*
in Fig. 3(a), g; and g, are derived from g, by multiplication
with the Clebsh-Gordan coefficients for the o, and o_

transitions, which are 1/+/2 and 1/+/6, respectively. With
go =27 x (15.1 £0.1) MHz, g=27x(12.3+0.1) MHz is
obtained. Therefore, the coupling of the single ion to the
cavity g exceeds both the atomic decay rate of the P, level
y (=27x11.5 MHz) [36] and the cavity decay rate k
[=27 x (4.1 £ 0.1) MHz], placing our system in the strong
coupling regime (g > y, k).

The characteristic vacuum Rabi splitting in the three-
level bimodal system as shown in Fig. 3(c) can be probed
by weakly driving the cavity and detecting the trans-
mission. Figure 4(a) shows the expected spectrum of the

transmitted photons when the ideal three-level bimodal
system is probed with a near-resonant coherent light. There
are three underlying resonant peaks corresponding to the
three distinct excitations from the ground state. Figure 4(b)
shows the laser pulse sequences used to probe this in the
experiment. Beams I and II of the 866 nm laser are applied
with 7 and o_ polarizations, respectively, in order to
optically pump the ion into the D3, m; = —=3/2 state.
Subsequently, a pulse of beam III in the o, polarization is
injected and its transmission through the FFPC is mea-
sured. The FFPC is locked to the atomic resonance
(A, =0). The intensity of beam III in the cavity is
estimated in terms of the displacement amplitude to the
intracavity field [32]. Figure 4(c) shows the resulting
spectrum of the transmitted photons as the detuning of
beam III from the atomic resonance (=Aggg) 1S scanned.
The spectrum 1is significantly modified by the ion-cavity
coupling [see the inset of Fig. 4(c)]. The data show good
agreement with the numerical simulation shown as the
black solid line in Fig. 4(c). Only the vertical scaling and a
small horizontal offset (~0.47 MHz) are adjusted to fit the
simulated curve to the measured data. The horizontal offset
is likely to have resulted from an error in the calibration of
the frequency of the 866 nm laser. The figure also shows the
simulated contributions of the excitations to the individual
dressed states and contribution from other states. There is a
finite probability that the probing laser excites the ion and
incoherently distributes its population via spontaneous
decays from the P, state. This results in the transmission
of subsequent photons without interacting with the ion and
creates the central peak in a dashed yellow line in the
figure. Note that this probability increases as g increases
and hence progressively fewer photons are required to
probe the system, whereas in practice a certain number of
photons are required at the detector to ensure a decent
signal-to-noise ratio. Despite this noise, the wings of the
observed spectrum indicate the deviation from a single-
peaked structure and the presence of the dressed states |u )
with an expected separation of 2g.

In conclusion, we have achieved the strong coupling
regime for the first time with a single ion, where the vacuum
Rabi frequency exceeds both atomic and cavity decoherence
rates. Moreover, the characteristic energy structure of the
dressed states inherent to our coupled ion-cavity system has
been successfully probed by spectroscopic means. The key
milestones that have led to this work are the overcoming of
practical limitations that have limited the successful inte-
gration of an ion trap with a miniature cavity for decades
and the ability to precisely control the ion’s position in the
cavity mode. Strong coupling between a single ion and an
optical cavity facilitates novel opportunities to combine the
unparalleled capabilities of trapped ions with quantum
photonics. It enables applications such as highly efficient
single-photon sources and high-fidelity ion-photon quan-
tum interfaces, key components in quantum networks and
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quantum computing. Without further optimization, a
numerical study shows that a heralded entanglement effi-
ciency of 1.7% at a rate of 8.5 kHz between two remote
ions can be achieved, a factor of ~1900 improvement
over previous work [30]. Moreover, our FFPC can be readily
modified to further enhance the single-photon generation
efficiency by simply increasing the external coupling of
one of the cavity mirrors or optimizing the mirror geom-
etry [32,39].

We gratefully acknowledge support from EPSRC through
EP/J003670/1 and the U.K. Quantum Technology Hub:
NQIT-Networked Quantum Information Technologies (EP/
MO013243/1).

Note added in the proof.—Recently, we became aware of a
work [40] that reports an enhanced entanglement gener-
ation rate between remotely trapped ions using fluores-
cence collection. Our cavity-based approach enables a
further improvement by two orders of magnitude over
the rate achieved in [40].
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