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We report on the alteration of photon emission properties of a single trapped ion coupled to a
high finesse optical fiber cavity. We show that the vacuum field of the cavity can simultaneously
affect the emissions in both the infrared (IR) and ultraviolet (UV) branches of the A—type level
system of “°Ca™ despite the cavity coupling only to the IR transition. The cavity induces strong
emission in the IR transition through the Purcell effect resulting in a simultaneous suppression of
the UV fluorescence. The measured suppression of this fluorescence is as large as 66% compared
with the case without the cavity. Through analysis of the measurement results, we have obtained
an ion-cavity coupling of go = 27 - (5.3 £ 0.1) MHz, the largest ever reported so far for a single ion

in the IR domain.
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The effect of a structured environment on the sponta-
neous emission of atomic particles was first discovered by
Purcell in 1946 [I] and is named after him. More than
30 years later, it was experimentally demonstrated with
Rydberg atoms [2] [B]. Since then, enhanced/reduced
emission rates due to an optical cavity surrounding single
emitters have been shown in a variety of physical systems
such as trapped ions [4H6], semiconductor quantum dots
[7], nitrogen-vacancy centers in diamond [§] and rare-
earth ions in solids [9, 10]. In particular, single trapped
ions coupled to optical cavities provide an ideal environ-
ment to study and exploit the enhanced light-matter in-
teraction [4, [IT] due to their unparalleled quantum con-
trol. In these systems the use of cavities with small mode
volumes is crucial in the enhancement of the ion-cavity
coupling, and consequently the emission into the cavity
mode. To this end, miniaturized fiber-based Fabry-Pérot
cavities (FFPCs) have been introduced and successfully
combined with ion traps [0, [I2]. The integration of ion
traps and FFPCs recently allowed the Purcell effect to be
studied extensively in a two-level system [12]. However,
the Purcell effect in a multi-level atomic system and its
role on the branching ratios has not been investigated
so far. In this article we demonstrate the coupling of a
single ion to an optical FFPC and its strongly enhanced
emission on an infrared (IR) transition into the cavity
mode. Simultaneously, we measure the suppression of the
spontaneous emission into free space on a strong ultra-
violet (UV) transition of the same ion. While the pres-
ence of the cavity increases the ion’s IR transition rate
more than fourfold, the free space emission of the ion
on the UV transition is suppressed by 66%. Employing
spectroscopic methods and the measurements of optical
pumping dynamics, all relevant experimental parameters
are determined and used for successfully modelling the
experimental results.

A single “°Ca™ ion is trapped in an endcap style radio-
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FIG. 1: (a) A close-up view of the ion trap structure with
an integrated FFPC. Only a cross-section of the upper as-
sembly is shown to reveal the internal structure: the fibers
reside inside the inner electrodes and electrical isolation be-
tween the inner and outer electrodes is provided by ceramic
spacer tubes. Additional four electrodes are located on the

radial plane at the same height as the ion. (b) A simpli-
fied schematic of the experimental set up. (Key: AOM:
acousto-optic modulator, BF: band-pass filter for 866 nm,
DM: dichroic mirror, MMF': multi-mode fiber, OL: objec-
tive lens, PD: photo-detector for the transmission of the 895
nm beam, PMT: photo-multiplier tube, PZT: piezo-electric
transducer, SMF: single-mode fiber, SPCM: single-photon
counting module.) The output of the MMF is filtered with a
DM which transmits the 895 nm beam used for cavity-locking.
The reflection is further filtered by a BF before being detected
by the SPCM. The magnetic field (B) is controlled by exter-
nal coils (not shown) and applied vertically along the cavity
axis.

frequency (rf) Paul trap described in [I3][I4]. It is formed
by a pair of electrode assemblies each consisting of two
concentric stainless steel tubes (see Fig. a)). For both
assemblies, the outer electrode is recessed by 230 pm with
respect to the inner electrode. The separation between
the inner electrodes of the opposing assemblies is 350 pm.
By applying an rf voltage at a frequency of 19.6 MHz to
the outer electrodes while setting the inner electrodes
to rf-ground, a trapping potential is formed between the
two electrode assemblies. The axial and radial secular
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frequencies are measured to be 3.46 MHz and 1.96 MHz,
respectively, with an estimated trap depth of 0.9 eV. Four
additional electrodes are placed in the radial plane at a
distance of 1.0 mm from the center of the trap. By apply-
ing dc voltages to two of these radial electrodes as well as
the upper and lower inner electrodes of the main assem-
blies, stray electric fields are compensated to minimize
excess micromotion of the ion by using the standard rf
correlation technique [I5]. The ion trap is combined with
an FFPC by incorporating each fiber into the tubular in-
ner electrodes. Both fibers have a CO5 laser machined
concave facet [16] with radii of curvature of 560 ym and a
high reflective coating of 25 ppm transmission at 866 nm.
One is a single mode fiber to serve as the cavity input
and the other is a multi-mode fiber which constitutes the
output of the cavity. Each fiber is retracted by 5-10 pm
from the end facet of the inner electrode in which it is in-
serted. The resulting cavity length of 367 ym is deduced
by scanning the frequency of a laser injected in the cavity
by one free spectral range (FSR) which equates to FSR =
¢/2L, where c is speed of light and L is the cavity length.
The geometry of the cavity leads to a predicted coher-
ent ion-cavity coupling of gg = 27 - 17.2 MHz with the
P1/2—Dg/ transition of 40Ca™ at 866 nm. Note that this
is the theoretical expectation when the ion-cavity overlap
is optimal. The cavity finesse is 48,000 corresponding to
a cavity decay rate of Kk = 27 - 4.2 MHz. The magnetic
field throughout the experiment is set to 0.78 G along
the cavity axis.

Fig.[I{b) shows a schematic of the experimental set up.
The ion is driven by three different laser beams at 397
nm, 850 nm and 854 nm which are near resonant with
the Sl/2 - P1/27 P3/2 - D3/2 and P3/2 - D5/2 transitions
respectively. Associated with these lasers are the detun-
ings Aszg7, Agso and Agss from the respective resonance
frequencies as shown in Fig. 2] The laser at 397 nm is
used for Doppler cooling the ion. The fluorescence on
this transition as well as the spontaneous emission from
the P3/o state is detected with a photo-multiplier tube
(PMT) via free space objective lenses. The repumper
lasers at 850 nm and 854 nm are used to depopulate the
meta-stable D3/, and Dy /5 states and bring the ion back
to the S/, state via spontaneous decay from the P3/o
state. Another laser beam at 895 nm is injected into the
FFPC through the input single-mode fiber and employed
to stabilize the cavity length using the Pound-Drever Hall
technique. The error signal for the cavity length is gen-
erated from the transmission signal through the multi-
mode fiber detected by the photo-detector (PD) and fed
back to the piezo-electric transducer (PZT) attached to
the upper assembly, which in turn changes the length of
the FFPC. The frequency of this stabilization laser is ad-
justed such that the FFPC satisfies a double-resonance
condition for both the Py /5 — D3/, transition and the sta-
bilization laser. All the lasers are frequency-stabilized to
a reference laser via a scanning cavity transfer lock [17].

A standard technique of observing the Purcell effect is
through the measurement of the decay rate of the rele-
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FIG. 2: (a) Energy level diagram of the *°Ca™ ion and driving
lasers with relevant detunings. The cavity field operates on
the 866 nm transition between the 42P1/2 and 32D3/2 states.
The wavy lines indicate the UV fluorescence emissions to be
detected with the PMT. The detunings are measured positive
(negative) when the laser is blue (red) detuned. (b) Effective
scheme for the low-lying three levels.

vant transition. Here, it is manifested as an increased
rate at which the ion’s population is transferred from the
P/, state to the D3/, state. To infer this rate, we mea-
sure the transient change of the ion’s fluorescence rate
after the repumpers are abruptly switched off. Fig. [3]
shows the UV fluorescence in multiple repetitions of this
shelving process with and without a near-resonant cav-
ity. The detuning of the cavity, A¢.v, and that of the
cooling laser, Azgr, are set to satisfy a Raman resonance
condition Asg7 = Acay = —27 - 11.4 MHz. Exponential
decay fits to the data give time constants of 7,, = 292+5
ns and 7Tog = 1246 4+ 23 ns for the on- and off-resonant
cases respectively, demonstrating that the decay rate is
enhanced by more than a factor of four by the cavity.

However, the Purcell effect can also be observed in the
interplay of decay rates between competing transitions
from the same excited state. While driving the ion con-
tinuously and scanning the cavity detuning across the
Raman resonance, spectra for the cavity emission and
the free-space UV fluorescence can be measured simulta-
neously with the SPCM (single-photon counting module)
and PMT respectively (see Fig. [I{b)). The cavity emis-
sion spectrum in Fig. [4|(a) has a maximum measured net
count rate of ~22,000 ¢/s and a half width half maximum
of § =10.3+0.1 MHz. The UV fluorescence in Fig. b) is
normalized to the fluorescence rate measured with a far-
detuned cavity. Anti-correlation between the two spectra
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FIG. 3: UV Fluorescence detected with the PMT as the ion
is shelved to the Ds/y state with the cavity on the Raman
resonance (red/lower) and with the cavity far detuned (»2k)

from the Raman resonance (blue/upper). The black solid
lines are exponential fits.

is clearly visible. The suppression of the UV fluorescence
around the Raman resonance can be understood by us-
ing rate equations for the effective model shown in the
inset of Fig. In this model only the populations in
the low-lying three levels are considered and those in the
P3/o and Dj/o states are ignored. I'y and I'; are the
spontaneous decay rates from the P/, state to the S; /o
and Dg/, states respectively, and V' is the pumping rate
of the cooling laser. The 850 nm and 854 nm repumping
lasers are modelled as an effective incoherent decay from
the D3/, state to the S;/, state characterized by decay
rate I'3. This system is described by the following rate
equations:

dN.
(TtS = —VNg + (I'y + V)Np + I'sNp, (1)
dN;
DT —VNs — (01 + T3 4 V)N, (2)
dN,
TtD — T'yNp — T'sNp. (3)

Here Nx(X = S,P,D) is the population of one of the
S1/2, P12 and D3/, states respectively. The steady state
condition (dNg/dt = dNp/dt = dNp/dt = 0) leads to
Np ~ (14 Dy/Ts+ (T +V)/V)"' Here Ty +V > Ty,
which is approximately satisfied in our experiment, is
used. If the cavity modifies the decay rate I'y to Iy due to
the Purcell effect, the modified normalized fluorescence
rate is given by

N} 1—w
— Rl e, 4
Np 1+ w (D) @

where v = I'y/T%, w = I'3/T%, and Np and N}, are the
P12 state populations at equilibrium with and without
the resonant cavity respectively. One can see that in-
creasing I'; (decreasing v and w) results in the suppres-
sion of the normalized fluorescence rate.

Even though qualitative understanding of the anti-
correlated photon emissions can be obtained with the
simplified model, in order to quantitatively analyze the
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FIG. 4: (a) Emission of the ion into the cavity as its detuning
is scanned across the Raman resonance. Scatter from the
repumping and locking lasers contribute to the background
counts of ~19,000 ¢/s. The black solid line is a fit by the
Lorentzian function. The error bars show the statistical mean
standard errors. (b) Normalized UV fluorescence measured
simultaneously with (a).The black solid line is a numerical
simulation using the measured experimental parameters.

measurement results, detailed characterization of the ex-
perimental parameters in conjunction with numerical
simulation is necessary. Our simulations are based on
the master equation model involving all the 18 Zeeman
sublevels of the Sy /5, Py/2, P3/2, D3/s and D5y states.
The simulations use the Quantum Optics toolbox [I8] for
MatLab. The laser parameters are measured individually
and summarized in Table[] The detunings are obtained
spectroscopically. Since no repumping dynamics is in-
volved in the shelving measurement with the off-resonant
cavity (Fig. , the only unknown parameter is {2397 for
a given Asg;. By fitting the numerical simulation to the
measured time constant 7,g, the Rabi frequency 397 is
obtained. Having deduced 397, g5 is similarly ob-
tained from a shelving measurement to the D5/, state.
Qg54 is obtained from the ac Stark shift caused by the
854 nm laser. For more details see Appendix [Al A key
parameter to characterize our system is the ion-cavity
coherent coupling strength gg. It can be extracted from
the combination of the results in Fig. [3| and Fig. [(a).
go is a function of the ion’s axial position (= z) in the
standing wave of the cavity field (x cos(kz)), and the
finite spatial localization of the ion leads to the averag-
ing of couplings at different positions [I9]. Furthermore,
the ion’s motion as well as the instability of the cavity



Asgr|-27 - 11.4 £ 0.2 MHz Q397 |27 - 18.2 + 0.2 MHz
Asgso| -2m-1.1+0.1 MHz [Qgs0| 27 - 6.5+ 0.1 MHz
Asgsa| 2w -24.8 £ 0.1 MHz [Qgs4| 27 - 8.9 £ 0.4 MHz

TABLE I:. Measured laser parameters for the simulations in
Fig.c) and Fig.@ Q397, Q850 and 2g54 are the Rabi frequen-
cies for the relevant laser beams. The cooling (397 nm) and
repumping (850 nm and 854 nm) lasers are vertically and hor-
izontally polarized respectively where the quantization axis is
given by the vertically applied magnetic field.
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FIG. 5: (a) The ion is in a thermal distribution in the phase
space spanned by the spatial(=z) and momentum(=p.) co-
ordinates. The delocalization in z results in the averaging
of go whereas the distribution along p. results in the spectral
inhomogeneous broadening due to the Doppler effect. (b) Nu-
merical simulation of 7on (left) and ¢ (right) as a function of
go and o shown as 2D contour plots. The labels on the con-
tour lines are in units of ns (left) and MHz (right). The red
dashed contour lines correspond to the measured values of 7o,
=292 ns and § = 10.3 MHz

and laser locks introduce inhomogeneous broadening in
the spectra shown in Fig. [} This can be described as a
Gaussian distribution of the cavity detuning A.,, with a
standard deviation o. These two effects, the spatial av-
erage of gyp and the inhomogeneous spectral broadening,
originate from the ion’s spatial and momentum distri-
butions in phase space respectively (see Fig. a)) and
hence are taken into account separately. In a simulation
the former effect is taken into account by simply using an
averaged effective coupling gy rather than gy. The effect
of inhomogeneous broadening is taken into account by
calculating the weighted average of the simulations over
a range of A.,y with a width ¢. In order to deduce gg
and o, we numerically calculate the dependence of 7o,
and ¢ on them, as shown in Fig. b). The dashed con-
tour lines in Fig. b) correspond to the experimentally
observed values of 7o, and § and the crossing point of
these two lines uniquely determines the values of gy and
o in our experimental realization. As a result, we get
go =27 -(5.3+0.1) MHz and ¢ = 3.1 + 0.2 MHz.
Having obtained gy and ¢ in addition to the experimen-
tal parameters in Table [ numerical simulation for the
UV fluorescence spectrum is carried out without a free
fitting parameter (except for the frequency offset which
is adjusted by using the peak position of the cavity emis-
sion). The theoretical prediction shown as the black line
in Fig. (b) matches the experimental data well, demon-
strating the validity of our model and the prior measure-
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FIG. 6: Maximum suppression in the normalized UV fluores-
cence spectra for various Agso. The black solid (dashed) line
shows the numerical simulation including (excluding) the flu-
orescence at 393 nm. Apart from Agso, the same parameters
as the ones in Table [l are used.

ments. Further scans are taken with different 850 nm re-
pumper detunings, Agsg, and the maximum suppression
in the normalized UV fluorescence spectra are collected
and shown in Fig. [6] As the 850 nm laser is detuned, the
effective repumping rate is decreased. This corresponds
to decreasing w in Eq. , which leads to further sup-
pression of the normalized fluorescence. As a result, a
total suppression of the fluorescence up to 66 % has been
observed. This is a clear demonstration that the mere
presence of a resonant cavity can significantly alter the
radiation property of a single emitter. Note further that
we detect the combined fluorescence at 397 and 393 nm
(see Fig. . If only the photons at 397 nm were detected,
even greater suppression would be seen as shown in the

dashed line in Fig. [6]

In conclusion, we have developed an ion trap with an
integrated high finesse FFPC and have successfully cou-
pled a single ion to the cavity. Due to the A-type three-
level structure in °Ca™, the vacuum-stimulated emis-
sion of the resonant cavity on the P;/5-D3/5 transition
leads to the strong suppression of the fluorescence on the
P1/2-S1 /2 transition. As a result, anti-correlated photon
emission rates at two different wavelengths have been
observed between the IR cavity emission and the free-
space UV fluorescence. From the thorough analysis of
the measurement results, we have obtained an averaged
ion-cavity coupling of go = 27+ (5.3+£0.1) MHz with a cor-
responding cooperativity parameter of C' = % = 0.30.
This coupling strength is the largest reported value so
far for a single trapped ion in the IR domain. Cur-
rently the overlap between the ion and cavity field is lim-
ited by the construction accuracy with which the trap
was built. However, by applying synchronous rf volt-
ages on the radial electrodes, the rf null of the poten-
tial can be displaced to optimize the ion-cavity over-
lap without increasing excess micromotion [20]. This
would greatly improve the ion-cavity coupling towards



the strong coupling regime with an expected coupling
strength of gy = 27 - 17.2 MHz.
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Appendix A: Measuring the Rabi frequencies of the
repumping beams

The Rabi frequency for the 850 nm beam is obtained
by measuring the rate at which the ion’s population is
transferred from the D3/, to the D5/ state. This is
accomplished with the pulse sequence shown in Fig. [7}
Throughout the sequence the cooling beam at 397 nm is
kept on. Following the cooling stage denoted as (i), the
850 nm beam is turned off for 30 us in (ii) in order to pre-
pare the ion in the D3/, state. Subsequently the 850 nm

beam is turned back on and the 854 nm beam is turned off
in stage (iii) Where(_ )the p(()];plation of(_t_l;e ion is pumped
i i) iii

' '
' | '
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850 nm L
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FIG. 7: Pulse sequence for the 850 nm and 854 nm beams
in the Qgs0 measurement. The time durations are 170 us in
stage (i), 30 us in stage (ii) and 200 us in stage (iii).
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FIG. 8: Fluorescence counts as a function of time in stage
(iii) of the sequence in Fig. The black solid line is an
exponential fit to the data.

into the Dy, state. Since {2397, Azg7 and Agsg have been
already determined from the previous measurements, the
dynamics in (iii) can be precisely simulated with our 18-
level model with only Q2g5¢ being an unknown parameter.
Fig. [8] shows the transient fluorescence count rate dur-
ing stage (iii) accumulated over multiple repetitions of
the pulse sequence. By fitting {2g5¢ in the numerical sim-
ulation to the observed decay time of 16.7 us in Fig. [§
Qg50 = 27 - (6.5 £ 0.1) MHz is obtained.

Having obtained Q397 and Qg5o as well as all the de-
tunings Aszg7, Agso and Agsy, (2854 is obtained from mea-
surements of the ac-Stark shift caused by the 854 nm
beam on the fluorescence spectrum. Here the fluores-
cence spectrum is measured as a function of Agsg and
its center frequencies are recorded as the power of the
854 nm beam is varied. Fig. [0 shows the measure-
ment result which gives the frequency shift Agpie/P =
(0.13+£0.01) MHz/ W as a function of the optical power
P. On the other hand the numerical simulation predicts
At /9254 = 3.3 x 1073 MHz™'. From these relation-
ships, we obtain Qgsq = 27 - (6.3 &+ 0.3) x v/P. Hence
for 2.0 uW of optical power used in the experiment, the
Rabi frequency Qgs4 = 27 - (8.9 = 0.4) MHz.
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FIG. 9: Observed frequency shift of the fluorescence spectrum
as a function of the 854 nm laser power. The solid line shows
a linear fit to the data.
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