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Experimental results are presented on the efficiency limits for a quantum interface between a matter-
based qubit and a photonic qubit. Using a trapped ion in an optical cavity, we obtain a single ion-entangled
photon at the cavity output with a probability of 0.69(3). The performance of our system is shown to
saturate the upper limit to photon-collection probability from a quantum emitter in a cavity, set by the
emitter’s electronic structure and by the cavity parameters. The probability for generating and detecting
the ion-entangled fiber-coupled photon is 0.462(3), a fivefold increase over the previous best performance.
Finally, the generation and detection of up to 15 sequential polarized photons demonstrates the ability
of a trapped ion to serve as a multiphoton source. The comparison between measured probabilities and
predicted bounds is relevant for quantum emitters beyond trapped ions, in particular, for the design of
future systems optimizing photon collection from, and absorption in, quantum matter.
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The development of interfaces between traveling pho-
tons and quantum matter is a key requirement for emerging
quantum technologies, allowing for single-photon sources
[1] and the transfer, storage, and redistribution of quan-
tum information [2]. If the quantum matter is a register of
qubits with quantum-logic capabilities, then more power-
ful applications become possible, such as scalable quantum
computing [3] and arbitrary-distance quantum networks
[4,5] for secure communication [6], distributed quantum
sensing [7], and enhanced timekeeping [8].

The efficiency of the interface—the probability with
which photons can be collected from or absorbed by mat-
ter qubits—is a key parameter to optimize for the practical
realization of the aforementioned quantum technologies.
Paths to deterministic interfaces include collective effects
in interacting particle ensembles [9] or optical resonators
that exploit vacuum-modification effects to enhance emis-
sion into and absorption from a desired optical mode, e.g.,
Fabry-Perot cavities [10], microresonators [11,12], and
nanophotonic waveguides [13,14].
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Efficient photonic interfaces for trapped-ion qubits
are desirable: the deterministic, near fault-tolerant and
multiqubit quantum-information-processing capabilities of
the ion-trap platform [15–18] could enable arbitrary-
distance quantum networking via the repeater approach
[19,20] and scalable quantum computing [3]. Further-
more, trapped ions are amongst the most precise sen-
sors [21] and clocks [22] ever developed and could be
used to construct distributed networks of quantum-limited
sensors.

Combining trapped ions with high numerical aperture
lenses is a powerful approach to connecting the quantum
states of trapped-ion qubits to traveling photons [23,24].
Single photons on demand, emitted by and entangled with
a trapped-ion qubit, have been generated and detected
with a total probability of 0.024 after collection via an
in-vacuum lens [25]. The first use of an optical cavity to
enhance the collection of ion-entangled photons achieved a
combined probability for generation and detection—in the
following simply called detected probability—of 0.057(2)
[26]. In Refs. [27,28] a detected probability of 0.08(1)
was achieved using a similar cavity design as in Ref.
[26]. Ion-entangled photons were recently collected using
a microscopic fiber cavity, with a detected probability of
2.5 × 10−3 [29]. The first key result of this paper is a
detected probability of 0.462(3) for ion-entangled pho-
tons. This result is achieved using the macroscopic optical
cavity of Ref. [27].
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The second key result of this paper is that the probability
with which an ion-entangled photon is obtained at the cav-
ity output could not be significantly higher without chang-
ing properties of our cavity or quantum emitter. Specif-
ically, the performance of our system saturates recently
derived theoretical limits on the photon collection effi-
ciency from an emitter-cavity system [30], set only by
the cavity waist, losses, photon wavelength, and electronic
structure of the quantum emitter. These results provide
clear paths for future improvements in the efficiency of
photon-emitter interfaces.

The paper layout is as follows: Sec. I summarizes
recently developed analytical expressions for the limits
to the probability of photon collection for a quantum
emitter using a cavity. The employed model is general
enough to apply to a broad range of physical systems
and photon-generation schemes. Section II presents exper-
imental details for our ion-cavity system, which by careful
design achieves close to the optimal compromise between
photon-emission probability into the cavity mode and exit
probability through the desired output mirror. Sections
III and IV present experimental results on the generation
of single photons not entangled with the ion and single
photons entangled with the ion, respectively. Section V
presents experimental results on the generation of multi-
ple sequential photons. In Sec. VI, paths are identified to
achieve efficiencies of over 0.90 in future systems. Section
VII concludes the paper with a summary and outlook.

I. BASIC MODEL

What is the maximum probability with which a pho-
ton can be collected from a quantum emitter? While ideal
optical resonators, if they existed, could achieve unit prob-
ability, realistic ones do not due to unwanted photon-loss
mechanisms, such as scattering or absorption in the res-
onator mirrors [31–33]. Recently, expressions have been
derived for the maximum photon-collection probability for
a single quantum emitter using a resonator with nonzero
probability of unwanted photon loss [30]. The model con-
sidered consists of a three-level quantum emitter with two
ground states, |u〉 and |g〉, and one excited state |e〉. The
emitter is located at the position of the waist w0 of a cav-
ity formed by two mirrors with transmission values T1
and T2 (Fig. 1). The effective mode area of the cavity is
Aeff = w2

0π/4. The |u〉 ↔ |e〉 transition, with spontaneous
decay rate γu, is addressed by an external drive field. The
|e〉 ↔ |g〉 transition, with free-space spontaneous decay
rate γg and absorption cross section σ = 3λ2/(2π) at
wavelength λ, is addressed by a vacuum mode of the cav-
ity. All photon-loss mechanisms of the cavity except for
the transmission T2 are captured by αloss, the unwanted
cavity-loss probability per round trip. The cooperativity
is defined as C = {1/[˜Aeff(αloss + T2)]}(γg/γ ) with ˜Aeff =
Aeff/σ and γ the total spontaneous decay rate of |e〉. Here

FIG. 1. Limits to photon collection: a quantum emitter in a
cavity. A three-level emitter in the waist w0 of a vacuum mode
of a cavity formed by two mirrors with transmission values T1
and T2. The unwanted cavity loss per round trip αloss includes
T1. The |u〉 ↔ |e〉 transition is driven by an external field (blue
arrow). The |g〉 ↔ |e〉 transition is coupled to the cavity (red
arrow). For the generation of photons, the system is initialized
into the state |u, 0〉, where |0〉 is the vacuum Fock state of the
cavity. Emission of a photon into the cavity leaves the system
in |g, 1〉. Spontaneous decay from |e〉 to |g〉 with decay constant
γg ends the attempt in failure, whereas decay from |e〉 to |u〉 with
decay constant γu allows for subsequent cavity photon generation
(re-excitation processes). The maximum probability for a cavity
photon to be emitted into the cavity and transmitted to the free-
space output mode to the right of the cavity is given by Eq. (2)
for Topt

2 and by Eq. (1) for an arbitrary T2.

γ = γg + γu, but as we see later, γ may contain additional
decay channels.

The output mode of the cavity is the free-space spatial
mode that couples to the cavity via the mirror with trans-
mission T2. The probability for obtaining a photon in the
output mode is PS = PinPesc, where Pin is the probabil-
ity for a photon being emitted into the cavity and Pesc =
T2/(T2 + αloss) is the probability for subsequent escape of
the photon into the output mode. In Ref. [30] the authors
show that PS is bounded via PS ≤ Pbound

S with

Pbound
S =

(

T2

T2 + αloss

)(

2C
1 + 2C

) ∞
∑

j =0

(

ru

1 + 2C

)j

, (1)

where ru = γu/γ is the branching ratio for spontaneous
decay on the transition |e〉 → |u〉. The terms with j > 0
are contributions to Pin due to processes in which the
emitter undergoes spontaneous decay from |e〉 to the ini-
tial ground state |u〉 before a cavity photon is generated.
These re-excitation events lead to cavity output photons
that are not transform limited, that is, the summation over
j describes a mixture of wavepackets in the temporal
domain. The extent to which this is detrimental depends on
what the photons are to be used for. While re-excitation has
no observable effect on the fidelity of our emitter-photon
entanglement (Sec. IV), it will reduce the indistinguisha-
bility of the photons, as we have recently studied [34].
We define Ppure

S as the photon-collection probability with-
out re-excitation events, which is calculated by setting
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j = 0 and is revisited in Sec. VI. In theory, Pbound
S can

be achieved via one of several different drive schemes,
e.g., resonant excitation, off-resonant Raman scattering, or
vacuum-stimulated Raman adiabatic passage [30].

Equation (1) is maximized for the optimal output-mirror

transmission Topt
2 = αloss

√

1 + β(1/αloss)(2/˜Aeff) [30] with
β = γg/(γ − γu), yielding the upper bound

Popt
S = 1 − 2

1 +
√

1 + β 1
αloss

2
˜Aeff

. (2)

The existence of an optimal output-mirror transmission can
be understood by considering that there is a trade-off rela-
tion in Eq. (1) between the probability for photon emission
into the cavity (Pin) and the escape probability (Pesc) with
respect to T2: while T2 > Topt

2 would increase the probabil-
ity for a photon already inside the cavity to be transmitted
to the output mode, it would reduce the probability of the
photon being emitted into the cavity in the first place, and
the opposite would be true for T2 < Topt

2 .
In our experiment we have λ = 854 nm, w0 =

12.31(8) μm, and αloss = 26(4) ppm, and we have the fol-
lowing imperfections. First, the relevant excited state |e〉 of
our quantum emitter has decay channels to ground states
other than |g〉 and |u〉, leading to β = 0.70 and result-
ing in Pexp.opt

S = 0.84(1). Second, our T2 = 90(4) ppm is
smaller than Topt

2 , so the maximum achievable PS has to be
calculated using Eq. (1), yielding PS ≤ 0.75(3). A more
detailed discussion about the effects of a different value
for T2 in our setup can be found in Appendix D. Third,
the cavity polarization mode has a suboptimal projec-
tion onto the atomic dipole moment, leading to a reduced
value for C (Appendix A). Considering these imperfec-
tions, the maximum photon-collection efficiency predicted
by the analytical model [Eq. (1)] for the experiments pre-
sented in Secs. III and V is Pexp.max

S = 0.73(3) (Appendix
A). While we do not measure Ppure

S in the experiment,
we calculate the fraction of photons in the cavity out-
put mode generated without prior spontaneous decay of
the emitter to be Ppure

S /Pexp.max
S = 0.53. Experimentally

we achieve Pexp
S = 0.72(3) (Sec. V), saturating the ana-

lytic maximum to within uncertainty. Significantly higher
photon-collection efficiencies could only be achieved by
changing properties of our cavity, by reducing either the
losses or the waist.

II. EXPERIMENTAL DETAILS

Our emitter is a single 40Ca+ ion in the center of a linear
Paul trap and at the position of the waist of an optical cavity
that enhances photon emission on the 854-nm electronic
dipole transition (Fig. 2). The 854-nm photon wavelength
is well suited for a flying qubit, as optical-fiber absorption
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FIG. 2. Experimental setup: photon generation from a trapped
ion in a cavity. (a) A 40Ca+ ion in a linear Paul trap (shown elec-
trodes are for radial, in plane, confinement) and at the focus,
and a vacuum antinode, of an optical cavity. The vacuum Rabi
frequency of the ion-cavity coupling is g. A drive laser pulse
with Rabi frequency � causes emission of an 854-nm photon
into a vacuum mode of the cavity. T1 and T2 are mirror trans-
missions, αloss is the cavity round-trip loss, PS is the probability
for obtaining a photon in the cavity output mode, Pel is the trans-
mission of optical elements, PFC is the fiber coupling efficiency,
Pdet is the detector efficiency. (b) Atomic level scheme showing
the CMRT for photon generation. The cavity (red solid arrow)
and drive laser (blue solid arrow) have a common detuning of
	/2π = −403(5) MHz from the excited state. Ground states
other than |g〉 and |u〉 to which the excited state |e〉 can decay are
grouped in state |o〉 (contained within the gray oval). The sponta-
neous decay rates are (γg , γu, γo)/2π = (0.45, 10.74, 0.30) MHz,
with γg + γu + γo = γ = 2π11.49 MHz.

rates (3 dB/km) allow for a few kilometers of travel. Fur-
thermore, the 854-nm transition in 40Ca+ is uniquely suited
amongst trapped-ion species for direct, efficient, and low
added-noise frequency conversion to the telecom wave-
lengths (0.2 dB/km fiber absorption rate) [27,35,36] and
has allowed for the distribution of ion-photon entangle-
ment over 50 km of optical fiber [27]. A summary of key
technical advances made over the work of Ref. [27] is
presented in Appendix C.

Our 19.906(3)-mm-long, near-concentric cavity achieves
a microscopic waist and macroscopic ion-mirror separa-
tion (10 mm), rendering the effect of mirror surface charges
on the trapping potential negligible. The mirror transmis-
sion values at 854 nm are T1 = 2.9(4) ppm and T2 = 90(4)

ppm. Other cavity photon loss is measured to be L = 23(4)

ppm, of which 10(4) ppm is due to absorption and scatter-
ing in the mirror coatings and substrates and the remaining
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loss is attributed to imperfect cavity alignment. The round-
trip probability of unwanted photon loss in the cavity is
αloss = L + T1 = 26(4) ppm. The cavity waist is centered
on the ion via stick-slip piezotranslation stages (Attocube)
in three dimensions. The ion is placed at an antinode of
the cavity vacuum field by tuning of the cavity position
along the cavity axis. A small (< 10 V) dc voltage on the
corresponding translation stage, allowing for nm-scale dis-
placements, is adjusted until the photon detection rate is
maximized. For details on the cavity parameters and how
the relative position of ion and waist is determined, see
Appendix B 1.

Our photon-generation scheme is based on a cavity-
mediated Raman transition (CMRT) [37,38]. For pho-
tons not entangled with the ion, the CMRT cou-
ples the initial state |u〉 |0〉 = |42SJ=1/2, mj = − 1/2〉 |0〉,
where the second ket vector describes the cavity pho-
ton number, to the metastable final state |g〉 |1〉 =
|42DJ=5/2, mj = − 5/2〉 |1〉 via the intermediate excited
state |e〉 |0〉 = |42PJ=3/2, mj =3/2〉 |0〉. The three atomic
states are shown as thick black lines in Fig. 2(b). States
|e〉 and |g〉 have lifetimes of 6.9 ns and 1.1 s, respec-
tively. Ground states other than |g〉 and |u〉, to which the
excited state |e〉 can decay, are grouped in a fourth state |o〉
[contained within the gray oval in Fig. 2(b)].

A circularly polarized drive laser (100-Hz linewidth)
addresses the |u〉 ↔ |e〉 dipole transition at 393 nm with a
detuning 	/2π = −403(5) MHz and a Rabi frequency �.
The cavity is detuned by the same amount from the 854-
nm |g〉 ↔ |e〉 dipole transition, and its length is actively
stabilized via the Pound-Drever-Hall method to a laser at
806-nm wavelength. Both this laser and the drive laser are
stabilized to a common in-vacuum reference cavity; see
Appendix B 1 for details. The ion-cavity coupling strength
on the |g〉 ↔ |e〉 transition is g/2π = 1.25(1) × ζ MHz,
where the geometric factor ζ ≤ 1 is the projection of the
cavity polarization onto the atomic dipole moment. A 4.23-
G magnetic field, set by rings of permanent magnets, is
aligned perpendicular to the cavity axis and parallel to
the propagation direction of the drive field. The atomic
quantization axis is chosen to be parallel to the mag-
netic field axis, and photon polarization along this axis
is denoted horizontal (H ). The polarization of the pho-
ton generated in the cavity is vertical (V), as determined
by the projection of the |g〉 ↔ |e〉 dipole moment onto
the plane perpendicular to the cavity axis, corresponding
to ζ = √

0.5 and gexp/2π = 0.88(1) MHz. The effective
coupling strength of the CMRT is �eff = g�/(2	). The
CMRT competes with spontaneous decay with an effec-
tive rate γeff = [�/(2	)]2γ , where γ = 11.49(3) MHz
is the decay rate of |e〉 [39]. For �/2π = 14 MHz, the
lowest drive strength used in the experiment of Sec. III,
the effective drive strength, cavity decay rate, and effec-
tive atomic decay rate are given by (�eff, κ , γeff) = 2π ×
(16.2, 70, 3.9) kHz.

Each photon-generation attempt consists of the
following sequence: (1) Doppler cooling and optical
pumping to |u〉; (2) sideband-resolved laser cooling at 729
nm of the ion axial mode (ωz/2π = 0.92 MHz) and two
radial modes (ωr1/2π = 2.40 MHz and ωr2/2π = 2.44
MHz) yielding mean phonon numbers below one in each
mode; (3) a drive laser pulse, ideally triggering the emis-
sion of a photon by the ion into the cavity; (4) photon
detection with a superconducting nanowire single-photon
detector (SNSPD) and time-tagging of detection events.
In addition, for the experiment of Sec. IV, we carry out
an additional step of detection of the ion qubit and photon
polarization state (involving a second SNSPD) for charac-
terization of the ion-photon entangled state, as detailed in
that section. The complete experimental sequence for gen-
erating a single photon lasts 8 ms, dominated by 7 ms of
sideband cooling. A detailed laser-pulse sequence can be
found in Appendix F.

Detected photons are the ones that exit via the right-
hand mirror in Fig. 2, pass some passive optical elements
with probability Pel = 0.97(1), are coupled into a few-
meter-long single-mode optical fiber with an efficiency
PFC = 0.81(3) and are finally detected with a SNSPD
that has an efficiency Pdet = 0.87(2) and free-running dark
counts 0.3(1) per second. The dark-count rates are negligi-
ble relative to background light rates (5–20 counts/second)
and data rates (peak 60 kcounts/second). The path effi-
ciency is therefore Ppath = PelPFCPdet = 0.68(3). The total
detected photon probability is Ptot = PSPpath where PS is
the probability for obtaining a photon in the cavity output
mode.

For a quantitative prediction of PS, for a given set of
parameters of the CMRT, we numerically solve a model
based on a master equation comprising 18 electronic states
in 40Ca+and two frequency-degenerate modes of the cav-
ity [40]. All parameters in the model are independently
measured or estimated via calibration experiments such
that there are no free parameters within calibration uncer-
tainties. The numerical model includes a broadening of
the CMRT linewidth by 10 kHz due to imperfect length
stabilization; see Appendix B 1 for details.

III. SINGLE-PHOTON RESULTS

In the first experiment, the total detected photon proba-
bility Ptot is measured for three drive-laser Rabi frequen-
cies �/2π = [14(1), 24(1), 46(1)] MHz, and the time tags
of photon-detection events are recorded. The temporal pro-
files of the detected single photons are shown in Fig. 3.
These single-photon wavepackets are presented as a proba-
bility density pd(t) = Nd/(k × δt), where Nd is the number
of detection events registered in a time bin δt and k is the
number of attempts to generate a photon. The total detected
probability Ptot = PSPpath is calculated by integrating the
wavepacket and plotted in the inset of Fig. 3.
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FIG. 3. Single-photon wavepackets and efficiency. Histograms
of photon arrival times for different Rabi frequencies �/2π =
[14(1), 24(1), 46(1)] MHz of the drive laser, normalized by the
number of attempts k = 50 000 and by the time-bin width δt =
(1.2, 0.6, 0.3) μs. Inset: integrated wavepackets, yielding effi-
ciencies (averaged over a measurement time of about 8 min)
Ptot = [0.490(3), 0.478(3), 0.437(3)]. All plots: dots are exper-
imental data, lines correspond to numerical simulations. Error
bars correspond to one standard deviation based on Poisso-
nian photon-counting statistics. Gray shaded area: Pexp.max

S ×
Ppath, i.e., maximum achievable total efficiency from the ana-
lytic model [calculated via Eq. (1)] given our detection-path
efficiency.

For �/2π = 14 MHz, the lowest drive strength, the
highest detected probability is obtained: Ptot = 0.490(3).
Out of the 50 000 photon-generation attempts, 24 358 cases
lead to exactly one photon being detected in the time inter-
val of the drive laser pulse. In 28 cases a second photon
is detected, consistent with the background light level of
5 per second. After factoring out the independently mea-
sured path efficiency Ppath = 0.68(3), this detected single-
photon probability corresponds to a collection probability
of Pexp

S = 0.72(3) out of the cavity. The measured collec-
tion probability Pexp

S is consistent with the prediction of
the numerical model Pnum

S = 0.72(3) and with the maxi-
mum analytical value Pexp.max

S = 0.73(3), where the error
in both predicted values is due to the uncertainty in the
measured values of T2 and αloss. We thus conclude that, to
within the calibration uncertainty of the detection path, we
reach the maximum collection probability in our system
given only by atomic quantities and the cavity parameters
of transmission, loss, waist, and direction.

Significant improvements in PS would have to involve
changing the cavity properties and could not be achieved
by, e.g., further reducing the spatial localization of the ion,
modifying the temporal or spectral properties of the drive
laser or choosing a different drive scheme. Numerical sim-
ulations show that improving the cavity length stability
could at most increase PS by 0.01. Further discussion on

ways to improve the efficiency by changing the setup is
postponed until Sec. VI.

Numerical simulations show that decreasing �/2π from
our lowest chosen value (14 MHz) by a factor of 1/3
would increase the achievable collection probability by at
most 0.3%. As this increase is below the statistical resolu-
tion of our presented measurements, no systematic studies
have been performed in that regime. In general, the collec-
tion probability saturates as � tends to 0, and any slight
improvements come at the cost of increasingly high stabil-
ity requirements for the laser frequency and cavity lock.
As � is increased, the photon-collection probability PS is
reduced because of the increased probability for sponta-
neous scattering: the effective spontaneous decay rate γeff
increases faster with � than the coherent coupling rate �eff,
leading to a higher probability of the state ending in |g〉 |0〉
or |o〉 |0〉. While increasing � decreases PS, a stronger
drive produces photons that are temporally shorter, which
could be advantageous for experiments demanding higher
photon rates. Schemes to shape and chirp the drive-laser
pulse [41,42] could be used to minimize the reduction in
PS that occurs for faster driving (larger �).

IV. ION-PHOTON ENTANGLEMENT

Entanglement between the photon and ion is gener-
ated via a bichromatic CMRT that was developed and
first demonstrated in Ref. [26]. Here, a second drive-
laser field at a different frequency is added, detuned
from the frequency of the original drive-laser field by
the Zeeman splitting (Z/2π = 7.1 MHz) between |g1〉 =
|g〉 = |DJ=5/2, mj = −5/2〉, and neighboring state |g2〉 =
|DJ=5/2, mj = −3/2〉; see Fig. 4(a). Consequently, a sec-
ond Raman process is simultaneously driven that generates
a horizontally polarized (H ) cavity photon. In the case
where the two processes occur with equal probability,
the initial state |u〉 |0〉 is ideally transferred to the final,
maximally entangled state |�(θ)〉 = (1/

√
2)(|g1〉 |V〉 +

eiθ |g2〉 |H 〉), where the phase θ is set by the relative phase
of the two laser fields and can be tuned [26]. A qubit
encoded in the photon’s polarization is therefore entan-
gled with a qubit encoded in the ion’s electronic states |g1〉
and |g2〉. The maximum probabilities for collecting pho-
tons via each Raman process, when generated separately in
our system, calculated using Eq. (1), are PV

S = 0.728(30)

and PH
S = 0.717(30), for the V and H photon, respec-

tively (Appendix A 2). While we do not have an analytic
expression for the maximum probability for generating an
ion-entangled photon, numerical simulations suggest that
the value tends to the mean of PV

S and PH
S as the total Rabi

frequency tends to 0.
The individual Rabi frequencies �1 and �2 are set by

varying the powers of the two drive-laser fields until the
probability for detecting photons is balanced in the H/V
polarization basis, to within statistical uncertainty. The
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(a)

(c)

(b)
} }
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FIG. 4. Generation and characterization of the ion-photon
entangled state. (a) Atomic level scheme showing the
bichromatic CMRT that generates the ion-photon entangled
state |�(θ)〉 = 1√

2
(|g1〉 |V〉 + eiθ |g2〉 |H 〉). The frequency dif-

ference of the detunings 	1 and 	2 is equal to the Zee-
man splitting between |g1〉 = |DJ=5/2, mj = −5/2〉 and |g2〉 =
|DJ=5/2, mj = −3/2〉. (b) Wavepackets in the H/V (gray and
black) polarization basis and their sum (green). The photon
counts of all three ion-basis measurements are added up. Dots
with error bars, measured data; lines, numerical simulations.
Error bars represent one standard deviation, based on Poissonian
photon statistics. Inset: integrated probabilities, yielding 0.224(4)
for H and 0.239(4) for V. (c) Data: real (top) and imaginary (bot-
tom) part of the tomographically reconstructed density matrix ρ.
(d) Theory: real (top) and imaginary (bottom) part of the density
matrix of |�(θ = 0.91)〉.

total Rabi frequency � =
√

�2
1 + �2

2 = 2π × 22(1) MHz
is then determined by measuring the ac Stark shift induced
on the 729-nm transition by the combined CMRT fields;
for details on the calibration, see Appendix B 3.

For the characterization of the ion-photon state, the first
step is to move the |g1〉 electron population to the state
|u〉 via a π -pulse using a laser at 729 nm. That is, the
D-manifold qubit, consisting of states |g1〉 and |g2〉, is
mapped onto an S-D “optical” qubit, consisting of states
|u〉 and |g2〉, over which full quantum control is well
established [16,43]. The second step is to perform full
quantum-state tomography to reconstruct the two-qubit
ion-photon state as in Ref. [26]; see Appendix G for
experimental details on the laser-pulse sequence and state
reconstruction.

For quantum state tomography, 45 000 attempts are
made to generate an ion-photon entangled state over a

10-min experimental run. In 20 788 cases at least one
photon-detection event occurred during the drive-laser
pulse. In the four cases where more than one detec-
tion event occurred during a drive-laser pulse, the event
that occurred first is taken as the result. The measured
detection probability of the ion-photon entangled state is
therefore Ptot = 0.462(3), which, given the detection-path
efficiency, corresponds to a collection probability of PS =
0.69(3) at the cavity output. This measured value of PS
is consistent with the value 0.70(3) predicted by master-
equation simulations for a bichromatic drive field with
Rabi frequencies �1/2π = 14.2 MHz and �2/2π = 16.8
MHz. These values for �1,2 are consistent with the mea-
sured value of � and predict photon wavepackets that
closely match the ones observed in experiment. Figure 4(b)
presents photon wavepackets for the cases where H and
V photons are detected (ignoring the detected state of the
ion qubit), yielding total integrated probabilities of PH =
0.239(4) and PV = 0.224(4), respectively. The imbalance
of these probabilities is beyond the statistical resolution of
the aforementioned calibration step.

The tomographically reconstructed density matrix of
the ion-photon state ρ [Fig. 4(c)] has a fidelity of F =
Tr(|�〉 〈�|ρ) = 0.966(5) with the maximally entangled
state |�(θ = 0.91)〉 and a purity P = Tr(ρ2) = 0.948(9).
The statistical uncertainties here are obtained via the
Monte-Carlo method [44] based on photon-counting statis-
tics. The measured state fidelity is not significantly lim-
ited by the imbalanced polarization components nor by
background photon counts. Specifically, the (unitary) sim-
ulations of Fig. 4(b) predict a fidelity with respect to a
maximally entangled state of 0.9992, while background
counts at the measured rate of 20 counts per second fur-
ther limit the maximum achievable fidelity to 0.9974(7)
(Appendix G). It is straightforward to show that the max-
imum fidelity of an arbitrary state ρarb with any pure state
is given by the square root of the purity of ρarb, that is,
F ≤ √

P. Our reconstructed state saturates the aforemen-
tioned bound up to a difference

√
P − F = 0.008(7), and

therefore our total state infidelity [1 − F = 0.034(5)] is
almost entirely due to the lack of purity. Possible causes of
the lack of purity in the experimental state are the cumu-
lative effects of imperfections in the 729-nm laser pulses
used in the ion-qubit state analysis as well as imperfec-
tions in the polarization analysis of the photon. A detailed
error budget at the percent level is beyond the scope of this
work, requiring, e.g., improved measurement statistics for
verification.

V. MULTIPHOTON STATES

A promising application of a near-deterministic inter-
face between photons and quantum emitters is to gener-
ate the entangled multiphoton states that enable scalable
quantum computing [45–47], as recently demonstrated
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for up to five sequential photons from a quantum dot
[47], or long-distance quantum networking [20,48,49].
While the trapped-ion platform has great potential to
enable the aforementioned applications, the generation and
detection of photon trains has so far been limited by
low single-photon detection efficiencies, in comparison to
those achieved in the present work.

We report now on an experiment in which each exper-
imental sequence consists of one instance of sideband
cooling followed by 15 attempts to generate a vertically
polarized photon, without further cooling. The 15 attempts
(15 Raman laser pulses, each lasting 200 μs) are spaced
by only 60 μs, during which time only electronic state
reinitialization, via repumping and optical pumping, is per-
formed. By limiting the sideband cooling time in this way,
the total laser-pulse sequence for attempting to generate a
train of 15 photons is reduced by an order of magnitude
(from 125 to 12.5 ms).

A total of 30 000 attempts are made to generate trains of
15 photons over a 12-min experiment [50]. The 15 detected
single-photon wavepackets are presented in Fig. 5(a) and
reveal no statistically significant differences across the
train, as shown in Fig. 5(b). When averaged over all
15 wavepackets, the detected single-photon probability is
Ptot = 0.471(4). The measured probabilities for detecting
n sequential photons, beginning with the one in the first
time window in the train, are presented in Fig. 5(c) and are
fit with an exponentially decaying sequential photon prob-
ability of [0.474(2)]n. Over the experiment we observe
90 instances of single photons in each of the first eight
windows, 20 instances of single photons in the first ten
windows, and one instance of all 15 time windows being
full. Significant further improvements in the multipho-
ton detection rates in our system should be possible by
increasing the attempt rate, e.g., by using periodic fast
ground-state cooling techniques (requiring a few tens of
microseconds) [51,52].

Ultimately, the limit to the rate at which single photons
can be collected from our system is set by the decay rate
κ/2π = 70 kHz of our 2-cm-long cavity. Recall that, for
a given quantum emitter, the cavity waist and unwanted
photon loss αloss determine the required optimum output-
mirror transmission Topt

2 for maximal photon-collection
probability. After that optimization, the cavity length l
remains a free parameter. Since κ is proportional to 1/l, the
shorter the cavity, the higher the value of κ , and therefore
the higher the potential rate of single-photon production.
Integrating trapped ions with fiber cavities of sub-mm
length is a promising path to increase the single-photon
generation rate, and significant progress has been recently
made in that direction [29,53].

The first step towards generating entangled photon trains
in an ion-cavity system would be to perform coherent
manipulation of the ion qubit after photon generation,
instead of the incoherent reinitialization performed here.

(b)

(a)

(c)

First drive pulse

Fifth drive pulse

Fifteenth drive pulse

FIG. 5. Photon trains: generation and detection of sequential
photons (a) Measured wavepackets of 15 consecutive photon-
generation attempts for the experimental configuration of Fig. 2
and �/2π ≈ 12 MHz. (b) Temporal overlap of the first, fifth, and
fifteenth wavepacket in (a). (c) Probability of detecting a photon
in n consecutive wavepackets, starting from the first wavepacket,
for a single-photon probability of 0.47. Orange line: weighted fit
of the form px, with p = 0.474(2) the best fit value.

That step should be straightforward to achieve using the
existing tools (729-nm laser) for manipulating the ion qubit
available in the present work. The second step would be to
reduce spontaneous scattering (re-excitation) events during
the photon-generation process, which destroy entangle-
ment between sequentially generated cavity photons from
a single ion. Indeed, in our current experimental configu-
ration, these spontaneous scattering events would already
strongly limit the probability with which two sequentially
entangled photons could be generated. Those same spon-
taneous scattering events also limit the extent to which
the emitted photons are indistinguishable, as we [34] and
others [54] have recently studied in an ion-cavity system.
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Appendix E presents schemes to increase the fraction of
emitted cavity photons without prior spontaneous emis-
sion in our existing system to over 0.8, which we expect
to allow for the observation of entanglement between sev-
eral sequential photons. Detailed numerical simulations are
required to determine the exact number of sequentially
entangled photons that could be observed in our current
system, for a given detection probability, and we leave
this for future work. Section VI presents schemes to fur-
ther reduce the effects of spontaneous scattering in future
experimental systems.

VI. FUTURE SYSTEMS

We saturate the maximum probability for obtaining a
photon in the output mode of the optical cavity Pexp.max

S ,
up to the statistical uncertainty in our data of a few per-
cent (Sec. III). Consequently, significant improvements
can only be achieved by changing properties of the cav-
ity (w0, αloss) or quantum emitter. We now present three
parameter combinations for future experimental systems
that would enable a significant improvement: specifically,
over 0.9 for both Pbound

S and Ppure
S /Pbound

S , where the latter
is the fraction of photons occurring without re-excitation
events (Sec. I). As a basis for the calculations we take
the parameters of w0, αloss, and emitter structure from our
present system, assuming a polarization projection ζ = 1,
unless otherwise indicated. The first parameter combina-
tion consists of a 10 times lower value of 2.7 ppm for
αloss combined with a value of 25 ppm for T2. Such a
low αloss was reported in Ref. [55]. The second param-
eter combination consists of a 3 times smaller value of
3.9 μm for w0 combined with a value of 252 ppm for
T2. Macroscopic cavities with waists down to 2.44 μm
have been realized [56], albeit with far higher losses than
ours. The third parameter combination consists of ten ions
maximally coupled to the cavity in super-radiant entangled
states, and a value of 252 ppm for T2. Super-radiant states
of two emitters coupled to a cavity have been demonstrated
[57] and systems where the emitter string is parallel to the
cavity axis [58,59] offer a path to coupling many entan-
gled single emitters to a single cavity mode. Indeed, it
should be feasible to maximally couple up to three ions
in super-radiant states to our existing cavity, allowing for
a significant improvement in Ppure

S /Pbound
S , as detailed in

Appendix E.

VII. CONCLUSION

This work presents a significant advance in the col-
lection efficiency PS of photons entangled with an ion.
This advance is made possible by a cavity with a micro-
scopic waist, total unwanted photon loss of 26(4) ppm,
and an outcoupling mirror transmission that achieves close
to the optimal compromise between photon emission into
the cavity and escape into the output mode. These are the

key parameters, which, together with the level structure
of the quantum emitter, determine the optimal design for
emitter-cavity systems with maximum photon-collection
efficiency. We show that our efficiency saturates, to within
a few percent, the maximum value allowed by our cav-
ity and emitter parameters. We thus could not achieve
significantly higher efficiencies by, e.g., further optimiz-
ing the photon-generation scheme, changing to another
scheme or further reducing the ion’s spatial extent. Signif-
icant improvements would require a different value for the
output coupling mirror transmission combined with either
a smaller waist, lower unwanted losses, or cavity-coupled
super-radiant states of multiple ions, or some combination
of all these approaches.

An interesting future prospect is to use the interface pre-
sented here to access new regimes in the measurement of
trapped-ion qubits, which is currently done via the elec-
tron shelving technique, during which large numbers of
photons are scattered. Using the near-deterministic pho-
ton collection presented here, it may be possible to reliably
determine the ion state whilst only scattering a few pho-
tons and thereby minimally disrupting the ion’s motional
state. Besides reducing the need for recooling, motionally
nondestructive ion-qubit state readout could be feasible,
opening new possibilities for the storage and engineering
of quantum information in motional degrees of freedom.
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APPENDIX A: ANALYTIC MODEL FOR THE
LIMIT TO PS

This section gives details on the model developed in
Ref. [30], which is used in this paper to calculate the
maximum photon-collection probability PS [given by Eq.
(1)] in our experiment and to identify paths for improve-
ments. In Appendix A 1, the parameters used in the model
are defined. In Appendix A 2, the the maximum photon-
collection probability in our experiment Pexp.max

S is explic-
itly calculated. In Appendix A 3, the specific form of Eq.
(2) (given in Sec. I) is explained.

1. Definitions of parameters

The atom-cavity coupling strength is given by

g =
√

cγg

2l˜Aeff
ζ , (A1)

where c is the vacuum speed of light, γg the spontaneous
atomic decay rate of the transition coupled by the cavity,
l the cavity length, and ˜Aeff = (Aeff/σ) is the cavity mode
area Aeff = w2

0π/4 at the point of the atom, normalized by
the atomic absorption cross section σ = 3λ2/2π , with w0
the cavity waist and λ the wavelength of the cavity-coupled
transition. The projection of the cavity polarization onto
the atomic dipole moment is accounted for by ζ ≤ 1. If
multiple (N ) atoms are coupled to the cavity in a super-
radiant entangled state, g increases by a factor

√
N [60].

The cavity decay rate is given by

κ = κin + κext = c
4l

(αloss + T2), (A2)

where the external decay rate is κext = (c/4l)T2 and cor-
responds to wanted decay into the output mode, so trans-
mission through the cavity output mirror that has a trans-
mission T2; see Fig. 1. The internal decay rate is κin =
(c/4l)αloss, where αloss is the unwanted cavity loss, con-
taining all photon-loss mechanisms in the cavity except for
T2.

The cooperativity is given by

C = g2

2κγ
= 1

˜Aeff(αloss + T2)

γg

γ
ζ 2, (A3)

with γ = γg + γu + γo the spontaneous decay rate of the
excited state. Decay rates from |e〉 to ground states other
than |g〉 or |u〉 are summed up in γo. The definition of C
includes the projection factor ζ from the definition of g.

854 nm
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nm

39
7 

nm

866 nm

72
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nm
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FIG. 6. 40Ca+ level scheme with branching ratios and addi-
tional transitions used for cooling. Total decay of P3/2
[39]: γ /2π = 11.49(3) MHz. Branching ratios [61]: rD1/2 =
0.9347(3), rD3/2 = 0.006 61(4), rD5/2 = 0.0587(2).

2. Calculation of Pbound
S for our experimental setup

The maximum possible probability for collecting a pho-
ton from our ion-cavity system, for a given experimental
configuration, is calculated via Eq. (1). For the experimen-
tal configuration shown in Fig. 2, the parameters necessary
for the calculation of Pexp.max

S = 0.73(3) are now provided.
The atomic decay rates are calculated as follows:

γg = γ × rD5/2 × (G− 5
2
)2,

γu = γ × rS1/2,

γo = γ × rD5/2[(G− 3
2
)2 + (G− 1

2
)2] + γ × rD3/2,

yielding (γg , γu, γo)/2π = (0.45, 10.74, 0.30) MHz. The
decay rate γ and the branching ratios (rD5/2, rD3/2, rD1/2)

to the corresponding fine-state manifolds are given in
Fig. 6. The Clebsch-Gordan coefficients Gm for transi-
tions |PJ=3/2, mj = − 3/2〉 → |DJ=5/2, m〉 with final Zee-
man sublevel |m〉 are given by Gm = (

√
10/15, −√

4/15,√
1/15), with m = [−(5/2), −(3/2), −(1/2)].
For the experiment presented in Sec. III, the cavity cou-

ples the transition to m = −(5/2). In free space this tran-
sition generates a σ+-polarized photon, which is projected
to vertical (V) polarization within the cavity, resulting in
ζ = √

0.5. With the cavity parameters given in Table I,
at the wavelength λ = 854 nm, the following values are
obtained:˜Aeff = 34.2, g/2π = 0.88(1) MHz, C = 0.49(1).
The corresponding probabilities are Pin = 0.940(2), Pesc =
T2/(αloss + T2) = 0.78(3), so Eq. (1) yields Pexp.max

S =
PinPesc = 0.728(30).

TABLE I. Key cavity parameters. w0, cavity waist; αloss,
unwanted cavity loss; T2, output-mirror transmission; κ , cavity
decay rate (half width at half maximum).

w0 (μm) αloss (ppm) T2 (ppm) κ/2π (kHz)

12.31(8) 26(4) 90(4) 70(2)
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For the generation of ion-photon entanglement, pre-
sented in Sec. IV, the cavity additionally couples the
transition to |DJ=5/2, m = −3/2〉. In free space this gener-
ates a π -polarized photon, which is projected to horizontal
(H ) polarization within the cavity, resulting in ζ = 1. For
that transition the maximum photon-collection probability
is 0.717(30).

3. Upper bound of PS for optimal mirror transmission
T2

In Eq. (1) both Pin and Pesc depend on T2. Maximizing
Eq. (1) with respect to T2 yields Eq. (2) for the optimum
output-mirror transmission

Topt
2 = αloss

√

1 + β
1

αloss

2
˜Aeff

, (A4)

with β = γg/(γ − γu)ζ
2. Equation (2) corresponds to

Eq. (34) in Ref. [30], but the latter is expressed in
terms of the internal cooperativity Cin = g2/(2κinγ ) =
1/(˜Aeffαloss)(γg/γ )ζ 2. Equation (2) follows directly from
Eq. (34) in Ref. [30] by substituting 2Cin/(1 − ru) =
β[2/(˜Aeffαloss)]. We introduce the parameter β to simplify
Eq. (2) by making it independent of the number of atomic
levels and to capture the different cases discussed in Secs.
I and VI:

(a) For a three-level atom the total spontaneous decay
rate of the excited state |e〉 is given by γ = γg + γu,
so β = 1 (for ζ = 1).

(b) For a quantum emitter such as ours (Fig. 2) the
excited state can decay to levels other than |g〉 and
|u〉. A fourth level |o〉 accounts for decay to these
extra levels, such that γ = γg + γu + γo and β =
γg/(γg + γo)ζ

2.
(c) For the calculation of the upper bound on Ppure

S , re-
excitation events are excluded by setting γu = 0, so
β = (γg/γ )ζ 2.

APPENDIX B: CHARACTERIZATION OF
EXPERIMENTAL PARAMETERS

1. Cavity parameters

In this section we provide details on the cavity and
its characterization, with key parameters summarized in
Table I.

a. Waist

The cavity waist w0 = 12.31(8) μm is calculated via
w0 =

√

λ
√

l(2RC − l)/(2π) from a measurement of the
cavity length l = 19.906(3) mm and mirror radii of cur-
vature RC = 9.984(7) mm at the wavelength λ = 854
nm. The corresponding cavity stability parameter is 1 −
l/RC = 0.994(2) [62]. The cavity length l is determined

from the cavity’s free spectral range FSR = c/(2l) =
7530.3(2) MHz, with c the vacuum speed of light. The
value for RC is extracted from additional measurement of
the frequency spacing of the TEMmn modes [62]. Identical
RC for both mirrors are assumed. For the measurements
of FSR and frequency spacings, a signal generator and
fiber electro-optic-modulator (EOM) are used to modulate
side bands of the respective frequency onto a laser field
transmitted through the cavity.

b. Transmission and losses

At a wavelength of 854 nm, the finesse of the TEM00
mode used for photon generation is F = (2π/L) =
54(1) × 103, with the total cavity losses L = T2 + αloss =
116(2) ppm, determined from measurements of the cavity
ringdown time τC = (F/π) · (l/c) using laser light. The
cavity decay rate is given by 2κ = 1/τC = 2π × 140(3)

kHz.
By measuring the fraction of transmitted and reflected

power of laser light at both sides of the cavity, T2 and
αloss could be determined using the model of Ref. [63].
The results can be found in Table I. Our αloss = 26(4)

ppm has contributions from scattering and absorption from
the mirror substrates and coatings, loss caused by imper-
fect alignment of the mirrors, and transmission through
the other mirror with T1 = 2.9(4) ppm. The superpolish-
ing of the surfaces of the mirror substrates is performed
by Perkins Precision, Boulder, achieving a rms roughness
of 1.0(2) Å and 1.5 ppm scattering losses per mirror (as
measured by them on a test piece from the batch). Mirror
coating via ion-beam sputtering is performed by Advanced
Thin Films, leading to our mirror pair with combined
scattering and absorption losses of 10(4) ppm and a corre-
sponding cavity finesse of 61(1) × 103. This is measured
in our near-concentric configuration, but out of vacuum
with each mirror mounted on a multiaxes alignment stage.

Assembling the cavity involves multiple steps to glue
the mirrors into position. In a first step the mirrors are
glued (EpoTek353ND-HYB-HV) into metal tubes. The
metal tubes are glued to piezos (Noliac shear piezos stacks)
for cavity-length stabilization, in turn glued (Masterbond
EP21TCHT-1) to metal piezoholders. The last step consists
of gluing (Masterbond EP21TCHT-1) the piezoholders to
a rigid metal spacer spanning the cavity length (involving
a heat cure at 110 ◦C): the only tunable dimension once
glued is the cavity length. After fully assembling the cav-
ity out of vacuum, a finesse of 59(1) × 103 is measured,
which corresponds to an increase in αloss of 4(2) ppm.

Integrating the cavity with the ion trap into the vacuum
chamber (involving a 2-week vacuum bake at 80 ◦C) is
achieved without any measurable drop in finesse. After
the cavity has been in vacuum for a few weeks, the
finesse dropped to 54(1) × 103, corresponding to a fur-
ther increase in αloss of 9(2) ppm. The reason for this is
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likely some misalignment of the cavity, the cause of which
is unclear. After that no further change of the finesse is
registered.

c. Frequency stability

The cavity length is stabilized via the Pound-Drever-
Hall (PDH) method [64] to a laser at 806 nm. Both
the 806-nm laser and the fundamental (786 nm) of the
frequency-doubled drive laser are stabilized to a common
in-vacuum reference cavity in order to minimize relative
frequency drifts between the two arms of the CMRT. An
absolute drift rate of 720 Hz/hr of the reference cavity
was observed in Ref. [65], which translates to a relative
drift rate of the same amount between the 806-nm laser,
used to lock the cavity around the ion (“ion cavity”), and
drive laser after frequency doubling. The half width of the
CMRT is on the order of 100 kHz. The drift of the refer-
ence cavity therefore causes the two arms of the CMRT
(ion cavity and drive laser) to move off Raman resonance
by a half linewidth in a time of about 140 h: significantly
longer than the timescale of the experiments presented
here.

The 806-nm laser enters the ion cavity through the mir-
ror with transmission T1. The 806-nm wavelength lies far
from any transition in 40Ca+ to minimize ac Stark shifts on
the atomic transitions. Furthermore, the cavity is locked
to a TEM01 mode and the ion sits in the central inten-
sity minimum to further minimize ac Stark shifts. From
the amplitude of the locked-cavity error signal we esti-
mate a cavity-lock jitter of ±10(2) kHz, introducing phase
noise and effectively broadening the CMRT. This cavity
jitter is included in the form of a collapse operator onto the
|DJ=5/2〉 manifold in the numerical simulations presented
in Secs. III, IV, and V.

d. Cavity positioning

The cavity is mounted on a system of piezo-based
translation stages for three-dimensional (3D) position-
ing of the cavity with respect to the trap (Attocube,
ANPx311/RES/UHV for translation in the vertical dimen-
sion and along the cavity axis, ANPx321/RES/UHV for
horizontal translation perpendicular to cavity axis). The
stages integrate resistive position encoders with a specified
repeatability of 1–2 μm and can be operated in two posi-
tioning modes. For coarse positioning, a saw-tooth signal
with an amplitude of tens of volts applied to a piezostage
effectuates a stick-slip motion with few-micron step size.
This mode, with a range of a few mm, is used to align the
cavity waist with the ion. For fine positioning, applying a
dc voltage allows for sub-nm displacement. By fine tun-
ing of the cavity position along the cavity axis, the ion is
placed in the center of an antinode of the cavity standing
wave before each experiment. A voltage of up to ±9 V

from a battery is applied to the corresponding positioner
while maximizing the photon count rate.

The relative position of the waist to the ion is determined
by probing the intracavity field of a laser with an ion. The
ion is translated perpendicular to the cavity axis through
a cavity mode and the position-dependent ac Stark shift
on the |42SJ=1/2, mj = − 1/2〉 ↔ |42DJ=5/2, mj = − 5/2〉
transition is measured with a narrow-linewidth (on the
order of 1 Hz) laser at 729 nm. The position of the ion
with respect to the cavity waist can then be extracted from
a fit of the resulting fringe pattern of the standing wave
with a model taking into account the Hermite-Gauss mode
pattern of the cavity mode.

2. Photon path and detectors

After exiting the cavity, photons pass the following
optical elements: an in-vacuum collimating lens, a vac-
uum viewport, a mirror, a lens, and three optical filters.
Combined, these elements have a transmission of Pel =
0.97(1). Photons are then coupled to a single-mode fiber
for which a maximum coupling efficiency of 0.82(3) is
determined with classical light coupled through the cav-
ity (thus matching the single-photon’s path), measuring the
power at the fiber input and output with photodiodes. The
error bars are due to fluctuations of the laser light intensity
transmitted through the cavity. When opening and closing
the μ-metal shield surrounding the vacuum chamber, opti-
cal elements and fiber in-coupling stage, slight additional
drifts lead us to estimate the fiber-coupling efficiency
to be PFC = 0.81(3). Photons are detected with a fiber-
coupled SNSPD from Scontel, which has an efficiency
Pdet = 0.87(2) and free-running dark counts of 0.3(1) per
second at 854 nm.

Only for the ion-photon entanglement experiment (Sec.
IV) a half- and quarter-wave plate as well as a polariz-
ing beam splitter (PBS) are added into the photon path,
introducing another 1% of loss [i.e., Pel is reduced by 0.01
over its previous value to 0.96(1)]. The reflected port of the
PBS is coupled to a second fiber with PFC = 0.80(3) and
the corresponding second detector has Pdet = 0.88(2) with
free-running dark counts of 0.5(1) per second.

The detector efficiencies are calibrated during installa-
tion of the system by the manufacturer, using classical
light, powermeter, and calibrated attenuators. The cali-
bration is cross checked by comparison with (indepen-
dently calibrated) avalanche photodiodes (APDs) from
Laser Components.

3. Drive-laser Rabi frequency and ion temperature

In the case of a single-frequency drive laser, its Rabi fre-
quency � is determined by measuring the ac Stark shift δac
that the laser induces in the frequency of the CMRT: � =√

4δac	. The detuning 	/2π = −403(5) MHz, measured
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with a wavemeter, is the detuning of the drive laser from
the |u〉 ↔ |e〉 transition.

The frequency difference in the bichromatic drive field
in Sec. IV (ion-photon entanglement) is equal to the Zee-
man splitting between the states |g1〉 and |g2〉, found by
performing spectroscopy on the 729-nm transition. The

total Rabi frequency � =
√

�2
1 + �2

2 is approximated with
the same formula as for the single-frequency case, taking
the same detuning 	 for both components.

For each experiment presented in the paper the ion is
cooled close to the ground state of motion. Via resolved
sideband cooling on the 729-nm transition we achieve a
mean phonon number n̄ = 0.5(2) in each motional mode.
The mean phonon number n̄ is determined via Rabi
flops on the 729-nm (S1/2 ↔ D5/2) transition and fitting
the observed dependence of the excitation probability on
the 729-nm pulse length with a model that takes into
account the ion temperature [66]. Rabi flops are performed
with two different 729-nm laser-beam directions, allow-
ing the temperature in different motional modes to be
distinguished.

APPENDIX C: IMPROVEMENTS OVER THE
EXPERIMENT OF REF. [27]

In Ref. [27], our ion-cavity system was used to achieve
Ptot = 0.08(1) for ion-entangled photons. We now summa-
rize four key technical advances, made over the system
in Ref. [27], that enabled the performance presented in
the present paper. First, using the method described in
Appendix B 1, the ion is discovered to be approximately
0.5 mm away from the position of the cavity waist along
the cavity axis. By correcting this imperfection, we esti-
mate a reduction in the cavity effective mode area Aeff at
the point of the ion by a factor of 2 and corresponding
increase in cooperativity C. Second, 3D ground-state cool-
ing of the ion’s motional state is carried out, compared with
only Doppler cooling in Ref. [27]. After Doppler cool-
ing in our system, mean phonon numbers of 11(2) and
8(2) are determined in the axial and radial modes, respec-
tively. The dominant effect of being outside the ground
state on cavity-photon generation in our system is due to
changes in the coupling of the drive laser to the ion. Specif-
ically, for a motional mode with phonon number n, the
drive laser Rabi frequency in the CMRT can be approxi-
mated by �n ≈ �(1 − η2n), where η is the Lamb-Dicke
parameter. The approximation holds for η2(2n + 1) � 1
(the Lamb-Dicke regime). For the full expression without
approximation, see, e.g., Ref. [67]. Outside of the ground
state, the coupling of our 393-nm drive laser to the axial
mode (η = 0.13) causes the most significant reduction of
the Rabi frequency �n. At the same time, the spontaneous
decay rate remains effectively constant at Doppler-cooled
temperatures and below, leading to a reduced maximum
efficiency for cavity photon production. Third, the Rabi

frequency of the drive laser used to achieve the highest
efficiency in the present work (�/2π = 14 MHz) is sig-
nificantly lower than the value used in Ref. [27] (�/2π ≈
27 MHz), thereby further reducing spontaneous scattering
to the |g, 0〉 , |o, 0〉 states. Fourth, the detection path effi-
ciency Ppath is increased: the single-mode fiber coupling
is improved from 0.5(1) to 0.82(5), and the photon detec-
tor efficiency is improved from 0.4 to 0.87(2) by moving
from avalanche photodiodes to superconducting nanowire
detectors.

APPENDIX D: CHOICE OF T2

The optimized upper bound Popt
S , given by Eq. (2),

requires the optimum output-mirror transmission Topt
2 cal-

culated via Eq. (A4). The following calculations hold for
our experimental configuration shown in Fig. 2, with rel-
evant parameters summarized in Appendix A 2. Allowing
for a different value of our outcoupling mirror transmis-
sion, without changing αloss, w0 or the propagation direc-
tion of the drive laser, would lead only to a relatively
small increase in Pbound

S : a value of Topt
2 = 216 ppm would
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FIG. 7. Predicted photon probabilities in our system as a func-
tion of the output-mirror transmission T2. The probability for
obtaining a photon in the output mode of the cavity PS = PescPin
results from the product of the probability for photon emission
into the cavity Pin and escape probability Pesc. Lines: analytical
calculations, where Pbound

S and Ppure
S are calculated via Eq. (1)

( j = 0 for Ppure
S ) for the experimental configuration shown in

Fig. 2 and the parameters given in Appendix A 2. Shaded areas
around Pbound

S and Pesc represent the uncertainties in the mea-
sured cavity parameters. Red dot with error bars: experimentally
measured efficiency Pexp

S ; error bars are due to the uncertainty
in the efficiency of detector and photon path. Dots: numeri-
cal simulations, taking into account our particular drive scheme
introduced in Sec. II. The numerically calculated efficiencies
converge towards the analytic calculations for �/	 � 1, where
� is the Rabi frequency of the drive laser and 	 the common
detuning of cavity and drive laser from the excited state. Slight
deviations for higher T2 are due to the finite evolution time used
in the numerical simulations.
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increase Pbound
S from 0.73 to 0.78 at the expense of reducing

Ppure
S . In general there is a trade-off here. The probability

Ppure
S for obtaining a transform-limited photon (i.e., with-

out prior decay to the initial state, see Sec. I), has an upper
bound that requires the optimum output-mirror transmis-
sion T opt.pure

2 = 61 ppm for our experiment, resulting in
Ppure

S ≤ 0.39. With our T2 = 90(4) ppm we get close to the
upper bounds of both PS and Ppure

S , as can be seen in Fig. 7.

APPENDIX E: POSSIBLE EFFICIENCY
IMPROVEMENTS IN OUR EXISTING SETUP

In this section, schemes are presented to enhance per-
formance in our system without changing properties of the
optical cavity. These schemes seek to increase the ion-
cavity coupling strength g, which in turn would increase
the cooperativity [Eq. (A3)]. Scheme A is our exper-
imental benchmark: the configuration in Fig. 2, where
gexp/2π = 0.88(1) MHz. In scheme B, the drive laser
propagates parallel to the magnetic field axis and cavity
axis, achieving a larger polarization projection ζ = 1 onto
the dipole of the |g〉 ↔ |e〉 transition, compared to scheme
A. Schemes C and D correspond to coupling two and three
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FIG. 8. Possible efficiency improvements in our existing
ion-cavity system. Theoretical predictions for Pbound

S and
Ppure

S /Pbound
S , calculated via Eq. (1), with j = 0 for Ppure

S , when
increasing the ion-cavity coupling strength g over its current
value gexp. Labels A–D represent possible schemes in our sys-
tem. Theoretical predictions use mean values for experimental
parameters. Scheme A corresponds to the current experimental
configuration (Fig. 2), where ζ = √

0.5. Scheme B corresponds
to changing the orientation of the drive beam and magnetic
field axis to be parallel to the cavity axis, such that ζ = 1.
Schemes C and D correspond to coupling two and three ions,
respectively, in super-radiant entangled states to the cavity, in
addition to scheme B. Red dot with error bars: measured effi-
ciency for a drive field with � = 14 MHz (Sec. III). Horizontal
gray line: photon escape probability through the cavity output
mirror Pesc = T2/(T2 + αloss) = 0.78.

ions, respectively, in super-radiant entangled states to the
cavity, in addition to scheme B. Enhanced cavity cou-
pling via super-radiance has been demonstrated for two
entangled ions [57] and it is feasible to near-maximally
couple three ions to our cavity. Figure 8 compares the
performance of schemes A–D, as a function of the nor-
malized ion-cavity coupling strength g/gexp. No significant
improvement in Pbound

S is evident: the value achieved in
scheme A is already close to saturation (Pesc). In contrast,
schemes B–D would enable significant improvements in
Ppure

S /Pbound
S : the fraction of photons in the cavity output

mode generated without prior spontaneous decay of the
emitter can be significantly increased.

APPENDIX F: EXPERIMENTAL SEQUENCE

The laser-pulse sequences for generating single photons
(Sec. III), ion-photon entanglement (Sec. IV), and multiple
sequential photons (Sec. V) are shown in Fig. 9.

APPENDIX G: RECONSTRUCTION OF THE
ION-PHOTON ENTANGLED STATE

To reconstruct the ion-photon state, a full state tomogra-
phy of the two-qubit system is performed. On the photon
polarization-qubit side, the state is projected to one of
six states (horizontal, vertical, diagonal, antidiagonal, right
circular, and left circular) by waveplates and a polarizer.
This is equivalent to performing projective measurements
in three bases described by the Pauli spin-1/2 operators.
For example, horizontal and vertical are the eigenstates of
the Pauli σz operator.

To perform an ion-qubit measurement the |g1〉 =
|DJ=5/2, mj = −5/2〉 electron population is first mapped
to the |u〉 = |SJ=1/2, mj = −1/2〉 state via a 729-nm π

pulse. That is, the D-manifold qubit is mapped into
an optical qubit (with logical states |u〉 and |g2〉 =
|DJ=5/2, mj = −3/2〉). In order to measure which of these
states the electron is in, the standard electron shelving tech-
nique is used: in the case of the |u〉-state outcome, 397-nm
photons from the ion are collected with free-space optics
for a detection time of 2000 μs. This is sufficient to dis-
tinguish bright (scattering) and dark (nonscattering) ions
with an error of less than 1%. The aforementioned process
implements a projective measurement into the eigenstates
of the σz basis. For measurements in other bases, e.g., σx
(σy), as required for full quantum state tomography, an
additional 729-nm π/2 pulse on the |u〉 ↔ |g2〉 transition
with a 0 (π/2) phase is applied after the π pulse and before
the 397-nm pulse, to rotate the ion-qubit measurement
basis.

For each of the nine possible joint measurement bases
(choice of photon basis and ion basis), the numbers of
events corresponding to one of the four possible outcomes
of these two-qubit measurements are recorded (there is
therefore a total of 36 possible outcomes). We then divide
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Time0

Init. pulse
393 nm
 
50 μs

Doppler cooling
397 nm 
+ 866 nm + 854 nm
 1000 μs
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729 nm + 854 nm  
7000 μs
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866 nm + 854 nm 

Entanglement

FIG. 9. Laser-pulse sequences for the experiments presented in the paper. An initialization laser pulse for intensity stabilization of
the drive laser is followed by Doppler cooling. Subsequently, the ion is cooled close to the ground state of each of its three motional
modes and prepared in the initial state |u〉 = |SJ=1/2, mj = −1/2〉 via optical pumping (10 μs of σ−-polarized 397-nm light combined
with 866 nm; 854 nm for repumping from the DJ=5/2 manifold). For the multiphoton experiment (Sec. V) the drive-laser pulse,
preceded by optical pumping, is repeated 15 times (“photontrain”). In the case of ion-photon entanglement (Sec. IV) the drive-laser
pulse is bichromatic and ion-qubit rotations as well as ion-state detection are performed. See Fig. 6 for corresponding atomic transitions
and Appendix G for details on the lasers pulses for reconstructing the ion-photon entanglement.

the number of events recorded for each outcome by the
total number of events recorded for the given basis (divide
each number by the sum of four) and thus obtain estimates
of the outcome probabilities. These probabilities are used
to reconstruct the two-qubit density matrix by linear search
with subsequent maximum-likelihood method [68].

For statistical analysis (determining error bars in quan-
tities derived from the reconstructed density matrix), the
Monte-Carlo approach is used. Briefly, we numerically
generate M = 200 sets of 36 event numbers with Poisso-
nian distribution and mean value equal to the experimental
value for each of the 36 possible outcomes. From these
simulated event numbers we derive simulated outcome
probabilities, the same way as we do for the experimen-
tal counts. Then we reconstruct M density matrices for this
simulated data and for each one we calculate the quanti-
ties of interest (fidelity, purity). The error bars given in the
main text represent one standard deviation in the widths of
the distributions of these quantities over M simulated data
sets.

The limit of the fidelity due to background counts
is obtained by adding unpolarized background detection
events to the expected counts for a �+ Bell state. Back-
ground counts are determined by counting the photon-
detection events in a 60 μs window outside the Raman
pulse for 45 000 repetitions.
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