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We demonstrate an all-fiber cavity quantum electrodynamics system with a trapped single atom in the
strong coupling regime. We use a nanofiber Fabry-Perot cavity, that is, an optical nanofiber sandwiched by
two fiber-Bragg-grating mirrors. Measurements of the cavity transmission spectrum with a single atom in a
state-insensitive nanofiber trap clearly reveal the vacuum Rabi splitting.
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Cavity quantum electrodynamics (QED) in the strong
coupling regime, where the atom-cavity coupling rate
exceeds all dissipation rates of the system, has been at
the forefront of the exploration of the coherent dynamics of
open quantum systems [1,2]. For experimental studies at
optical frequencies, remarkable progress has been made
with single atoms trapped in free-space Fabry-Perot
cavities, ranging from observations of the vacuum Rabi
splitting [3], photon blockade [4], and squeezed light [5] to
realizations of a one-atom laser [6], a deterministic single-
photon source [7], nondestructive detection of a photon [8],
and a quantum gate between a photon and an atom [9].
Furthermore, the unique capabilities of cavity QED sys-
tems for storing and controlling the quantum states of
atoms and light make them ideal nodes for a quantum
network [10], which has a wide variety of applications
from the implementation of quantum computation [11] to
fundamental studies on quantum many-body systems [12].
Quantum nodes are required to be capable of storing and
controlling local quantum information as well as to be
efficiently interfaced with the quantum channels through
which flying quantum information is transmitted [13]. An
elementary quantum network of two cavity QED systems
has been demonstrated [14]. Toward the realization of a
large-scale quantum network, fiber-based alternatives are
demanded to overcome the poor scalability of free-space
Fabry-Perot cavities. Recent advancements in the applica-
tion of fiber-coupled photonic devices to the study of
quantum optics have primarily focused on the Purcell (fast-
cavity) regime of cavity QED, where the cavity dissipation
dominates the system dynamics, or on the coupling
between atoms and waveguides. For example, coupling a
trapped atom to a photonic-crystal cavity with a large
cooperativity has been realized [15], and a quantum phase
switch has been demonstrated [16]. Efficient coupling
between atoms and photonic-crystal waveguides has been
also demonstrated [17]. Fiber-coupled whispering-gallery-
mode (WGM) microcavities have been used to demonstrate
various routing or switching schemes of photons in the
Purcell regime [18–22]. Although strong coupling between
free-falling atoms and these WGM microcavities has been

observed [23–25], trapping an atom in the evanescent field
of the WGMs still remains a challenge.
Here, we present the observation of strong coupling

between trapped single cesium atoms and an all-fiber
cavity. Our cavity relies on tight transversal-mode confine-
ment and the large evanescent fields of a nanofiber, which
lead to efficient coupling of an atom and light, even with a
single pass of the propagating guided mode, as intensively
studied recently [26–29]. Therefore, strong atom-cavity
coupling can be achieved with a relatively low cavity
finesse and long cavity length [30]. Specifically, both ends of
the nanofiber are connected through tapered regions to
standard single-mode optical fibers with fiber-Bragg-grating
(FBG) mirrors, thereby forming an all-fiber Fabry-Perot
cavity [31] with a cavity finesse less than 40 and a cavity
length of 33 cm. By designing one of the FBGs to have its
reflection-band edge at the resonance of cesium, the output
coupling condition can be temperature tuned from under-
coupling to overcoupling. Clear vacuum Rabi splitting is
observed in the transmission spectrum of the cavity with an
atom trapped in a state-insensitive nanofiber trap [28,32,33].
Our system paves the way toward the realization of a large-
scale all-fiber quantum network.
Figure 1 shows a schematic of the experiment. A nano-

fiber is fabricated as the waist of the tapered optical fiber by
using a homemade fiber-pulling rig described in Ref. [34].
The pulling sequence is numerically optimized to suppress
the transmission losses through the tapered regions, and
transmission exceeding 99% is routinely obtained. A typical
fabrication result and the numerically optimized shape are
shown in the inset of Fig. 1(a). The diameter and length of
the nanofiber region are 400 nm and 1 mm, respectively.
Two FBG mirrors for the high reflector (FBG1) and output
coupler (FBG2) form a one-sided Fabry-Perot cavity. The
cavity length is estimated to be Lcav ¼ 33 cm from the
measurement of the free spectral range. The total cavity field
decay rate is given by κ ¼ κ1 þ κ2 þ κloss, where κi and κloss
are the field decay rate through FBGi and the intracavity
losses per round trip, respectively. Figures 1(b) and 1(c)
show the transmission spectra of FBG1 and FBG2, respec-
tively, measured separately before the construction of the
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cavity. The reflectivity of FBG1 is 99.5%; hence, κ1 ¼
2π × 0.12 MHz. We design the output coupler FBG2
to have its reflection-band edge at the D2-line
(62S1=2 → 62P3=2) transition of cesium, as can be clearly
seen in Fig. 1(c). Using the temperature-dependent shift in
the reflection spectrum, the reflectivity of FBG2 (hence, κ2)
can be tuned by its temperature [35]. The atom-trapping
scheme is based on the pioneering works on the nanofiber
trap in Refs. [27,28,32,33,37]. Counterpropagating red-
detuned (λred ¼ 937 nm) trapping beams and a blue-detuned
(λblue ¼ 688 nm) trapping beam are input into the fiber by
reflecting them off dichroic mirrors. These wavelengths are
chosen to be the so-called magic wavelengths, where the
state-dependent scalar light shifts are canceled for the D2-
line transition of cesium atoms [28,32,33]. Note that these
wavelengths are outside of the reflection bands of the FBGs,
and the propagation of the trapping beams is not affected by
the FBGs. Therefore, the trapping potential is created in the
same manner as the nanofiber traps without FBGs [27–29].
The transmission of a probe pulse with a frequency ωP is
detected by an avalanche photodetector after blocking
unwanted stray light using filters.
We first characterize the empty cavity (in the absence of

an atom) at various temperatures [35]. From the photon
lifetime obtained in the cavity ring-down measurement

with the critical-coupling condition (κ2 ¼ κ1 þ κloss), which
occurs at temperature T ¼ 22.6 °C, we estimate κloss ¼
2π × 3.2 MHz, corresponding to the one-way transmission
of the tapered optical fiber of 94%. The degradation in the
transmission of the tapered optical fiber is presumably due
to contamination of the nanofiber region during the instal-
lation of the cavity into the vacuum chamber.
We next measure the transmission spectra of the atom-

cavity coupled system. The temperature of the cavity is set
to have a critical coupling condition (T ≈ 22.6 °C), and the
cavity resonance frequency is set within �10 MHz of the
atomic resonance ωA. We use a pair of counterpropagating
red-detuned (λred ¼ 937 nm) beams, each with a power of
0.2 mW, and a blue-detuned (λblue ¼ 688 nm) beam with a
power of 3.4 mW for the nanofiber trap [27–29]. The
wavelengths of the trapping beams are chosen as the magic
wavelengths, where the differential scalar light shifts are
eliminated for the D2-line transition of cesium atoms
[28,32,33]. Note that we do not use counterpropagating
beams for the blue-detuned trapping field because of
technical reasons. Therefore, differential vector light shifts
are not suppressed, unlike the compensated nanofiber trap
demonstrated in Ref. [28]. The polarizations of the trapping
fields are linearly polarized and parallel to each other. The
optical trap depth is set to 210 μK, and the potential
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FIG. 1 (color online). (a) Simple schematic of the experiment. Two FBG mirrors form a Fabry-Perot cavity with a nanofiber waist.
Two-color trapping beams (λblue; λred) create a nanofiber trap for an atom. A probe pulse with a frequency ωP is used to detect the
presence of an atom and to measure the vacuum Rabi spectra. DM, dichroic mirror; F, filters; APD, avalanche photodetector. The inset
shows the profiles of the nanofiber and tapered regions measured by a scanning electron microscope (blue circles) and a numerical
model (green solid line). (b),(c) Transmission spectra separately measured for FBG1 and FBG2, respectively. The red solid line indicates
the atomic resonance frequency, ωA (62S1=2;F ¼ 4 → 62P3=2;F0 ¼ 50 transition of cesium). The inset in (c) is a magnified plot for the
region around ωA. (d) Trap potential in the vicinity of the nanofiber surface. The trap frequencies in the axial, radial, and azimuthal
directions are 2π × ð267; 159; 36Þ kHz, respectively. Details of the trap potential structure can be found in Ref. [33].
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minimum is located approximately 170 nm from the
nanofiber surface.
Each measurement sequence starts by loading an atom

into the nanofiber trap from a standard six-beam optical
molasses, which is spatially overlapped with the nanofiber
region of the cavity to provide a cold and dilute cloud
of cesium atoms with an atomic density as low as
2.5 × 105 cm−3. To make the probability of loading multi-
ple atoms into a trap negligible, we deliberately set the
atomic density low, resulting in a low loading efficiency.
We use the D2-line F ¼ 4 → F0 ¼ 50 transition for cooling
and the F ¼ 3 → F0 ¼ 40 transition for repumping in the
optical molasses. The detuning of the cooling beams is
−1.6Γ, and the total intensity is 8Is in the loading stage,
where Γ and Is are the natural linewidth and the saturation
intensity of the cooling transition, respectively. The loading
time τload is 30 ms. After loading, we change the detuning
and intensity to −4.4Γ and 3.7Is, respectively, and hold for
5 ms to allow for further cooling.
After the above molasses stage for atom loading and

cooling, we send a resonant (ωP ¼ ωA) probe pulse for
detecting the presence of an atom (detection probe) with a
power and pulse duration of 0.8 pWand 2 ms, respectively.
As shown in Fig. 2(a), we observe a small fraction of events

with a lower transmission compared to the case without the
molasses. This lower transmission is the signature of the
coupling between an atom and the cavity; the atom-cavity
coupling shifts the resonance of the normal mode from ωA
(vacuum Rabi splitting); hence, there is lower transmission
at ωA. Note that the local atom-cavity coupling rate at the
minimum of each potential well varies because the periods
of the standing wave of the trap and the cavity mode are
different. The distribution of the atom-cavity coupling rate
leads to the distribution of the reduction in transmission for
the detection probe; a stronger atom-cavity coupling results
in a larger reduction in transmission. Therefore, we classify
the reduction in detection-probe transmission into six levels
[(i)–(vi) in Fig. 2(a)] and use this classification as a criterion
for further investigation.
Following the detection pulse, we send another probe

pulse with a variable detuning Δ ¼ ωP − ωA for measuring
the transmission spectra (spectroscopy probe) with a power
and pulse duration of 0.4 pW and 5 ms, respectively [38].
Figure 2(b) shows the observed spectra for each level of the
reduction in detection-probe transmission (i)–(vi). For case
(i), the transmission spectrum exhibits a single Lorentzian,
which indicates the absence of an atom. From the
Lorentzian fit to this spectrum, we obtain the total cavity
field decay rate κ ¼ 2π × 6.4 MHz, which is consistent
with the photon lifetime of 12.5 ns, as measured with the
cavity ring-down described above. On the other hand, we
observe broadening and splitting of the spectra for cases
(ii)–(vi) because of atom-cavity coupling.
The steady-state transmission spectrum for the atom-

cavity system in the weak-driving limit is given by [39]

TðΔÞ ¼
�
�
�
�

2
ffiffiffiffiffiffiffiffiffi
κ1κ2

p ðiΔþ γÞ
ðiΔþ κÞðiΔþ γÞ þ g2

�
�
�
�

2

; ð1Þ

where g and γ are the atom-cavity coupling rate and atomic
polarization decay rate, respectively. The atom-cavity
coupling rate g is given by [40]

gðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μ2ω

2ℏϵ0Vmode

s

ϕðrÞ; ð2Þ

where μ is the transition dipole moment, ϕðrÞ is the cavity
mode amplitude, and Vmode ¼

R jϕðrÞj2dV is the cavity
mode volume. For calculating Vmode, we neglect the
contribution from the tapered regions and the nanofiber,
and we use the fundamental mode (the hybrid HE11 mode)
of the single-mode fiber (SM800-5.6-125, Thorlabs, Inc.)
at the wavelength of 852.3 nm:

Vmode ¼ Lcav

Z

A
jϕHE11

j2dA; ð3Þ

where A is the infinite cross section normal to the fiber axis.
We obtain the numerically estimated value for the maxi-
mum coupling rate gest ¼ 2π × 7.4 MHz.

(a) (b)

FIG. 2 (color online). (a) Histogram of the transmission
intensity of the detection probe with (blue) and without (gray)
the optical molasses. The dark count of the detector is 1.4 × 103

counts per second (cps), and the measurement background noise
including the dark count is about 10 kcps. (b) Transmission
spectra as functions of the probe detuningΔ. Data sets and fits are
normalized to the empty-cavity transmission and are vertically
offset for clarity. The observed asymmetry in the spectra is
presumably due to the effect of the probe pulse on the center-of-
mass motion of the atom. Error bars are the standard error of the
mean. The atom-cavity coupling rates g for the fits are 2π ×
ð1.3; 1.9; 2.9; 4.3; 7.8Þ MHz for (ii)–(vi), respectively.
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We fit Eq. (1) to the observed transmission spectra
for cases (ii)–(vi), where the only free parameter is g,
and we obtain reasonable agreement, as shown in
Figs. 2(b)(ii)–2(b)(vi). The measured maximum coupling
constant g0 ¼ 2π × ð7.8� 1.2Þ MHz [Fig. 2(b)(vi)] agrees
well with the numerically estimated value gest ¼
2π × 7.4 MHz. Therefore, the strong coupling condition
of g0>ðκ;γÞ is achieved,where ðκ;γÞ¼2π×ð6.4;2.6ÞMHz.
To further confirm that only one atom is coupled to the

cavity at a time, we measure the transmission spectra for
various atom-loading times, τload [41]. Figures 3(a)–3(d)
show the spectra for the events with the largest reduction
level of detection-probe transmission [similar to Fig. 2(b)(vi)]
for τload ¼ 20; 10; 5; 2 ms, respectively [35]. As the loading
time τload is reduced, the probability of these events PðviÞ
decreases; however, the coupling rate g0 obtained from the
fit to the observed spectra does not appreciably change.
This proves that the observed splitting indeed originates from
a single atom coupled to the cavity.
Last, we measure the lifetime of the atom trap. We fix the

detuning of the spectroscopy probe to be zero, i.e., Δ ¼ 0.
We insert a variable hold time τhold between the detection
and spectroscopy probes, and we record the change in
transmission as a function of the hold time. As shown in
Fig. 4, the transmission recovers for a longer hold time. An
exponential fit to the data gives a lifetime of 11 ms, which
agrees with that observed in the nanofiber trap of 12�
1 ms [28]. This lifetime is comparable to the time required
for each measurement sequence for Figs. 2 and 3. This
means that there are some events of an atom escaping from
the trap during the measurement sequence for Figs. 2 and 3,

which may result in a slight underestimate of the atom-
cavity coupling rate g0 in the above analysis. Note that the
recoil-limited lifetime can be as long as tens of seconds.
The observed lifetime in our setup is probably limited by
heating due to the intensity and polarization fluctuations in
the trapping beams.
In summary, we have demonstrated strong coupling

between trapped single atoms and an all-fiber cavity.
By combining an ultralow-loss tapered optical fiber with
transmission > 99.95% [42] and FBGs with reflectivity
> 99.9%, a cooperativity C ¼ g20=ð2κγÞ > 150 is within
reach. In addition to applications to all-fiber quantum
networks, our nanofiber Fabry-Perot cavity provides new
avenues in quantum optics. By loading from a dense
magneto-optical trap [27–29], more than a thousand
atoms can be trapped in the nanofiber trap in the
Lamb-Dicke regime with each of the atoms being
strongly coupled to the cavity. Because the free spectral
range of our cavity is on the order of 100 MHz, it is
possible to match its integral multiple with the hyperfine
splittings of the ground or excited states of alkali atoms,
realizing simultaneous coupling of the two transitions
in a Λ-or V-type three-level system, both in the strong
coupling regime.

We thank R. Nagai for discussions and assistance on taper
fabrication and M. Iura for assistance during the preliminary
stage of the construction of the setup. This work was
supported by JSPS KAKENHI Grants No. 26707022 and
No. 14J02311, the MATSUO Foundation, the Research
Foundation for Opto-Science and Technology, and a Waseda
University Grant for Special Research Projects (Project
No. 2013A-501).

*takao@waseda.jp
[1] R. Miller, T. E. Northup, K. M. Birnbaum, A. Boca, A. D.

Boozer, and H. J. Kimble, J. Phys. B 38, S551 (2005).
[2] S. Haroche, Rev. Mod. Phys. 85, 1083 (2013).

−40 −20 0 20 40

(d)

Probe detuning  (MHz)
−40 −20 0 20 40

0

0.2

0.4

0.6

0.8 (c)

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

(b)

0

0.2

0.4

0.6

0.8 (a) load = 20 ms

P(vi) = 1.9%
load = 10 ms

P(vi) = 1.6%

load = 5 ms

P(vi) = 0.7%
load = 2 ms

P(vi) = 0.6%

FIG. 3 (color online). (a)–(d) Vacuum Rabi splitting spectra
with various atom-loading times τload ¼ 20, 10, 5, and 2 ms,
respectively. The atom-cavity coupling rate g determined from
the fits are 2π × ð7.7� 1.1; 8.9� 1.4; 7.0� 1.1; 7.8� 1.1Þ MHz
for (a)–(d), respectively. The probability of the corresponding
events PðviÞ is shown in each panel [35].

Hold time load (ms)
0 10 20 30 40 50

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

0

0.2

0.4

0.6

0.8

1

FIG. 4 (color online). Normalized transmission as a function of
the hold time. The solid line is an exponential fit to the data. Error
bars denote the standard error of the mean.

PRL 115, 093603 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

28 AUGUST 2015

093603-4

http://dx.doi.org/10.1088/0953-4075/38/9/007
http://dx.doi.org/10.1103/RevModPhys.85.1083


[3] A. Boca, R. Miller, K. M. Birnbaum, A. D. Boozer, J.
McKeever, and H. J. Kimble, Phys. Rev. Lett. 93, 233603
(2004).

[4] K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T. E.
Northup, and H. J. Kimble, Nature (London) 436, 87
(2005).

[5] A. Ourjoumtsev, A. Kubanek, M. Koch, C. Sames, P. W. H.
Pinkse, G. Rempe, and K. Murr, Nature (London) 474, 623
(2011).

[6] J. McKeever, A. Boca, A. D. Boozer, J. R. Buck, and H. J.
Kimble, Nature (London) 425, 268 (2003).

[7] J. McKeever, A. Boca, A. D. Boozer, R. Miller, J. R. Buck,
A. Kuzmich, and H. J. Kimble, Science 303, 1992 (2004).

[8] A. Reiserer, S. Ritter, and G. Rempe, Science 342, 1349
(2013).

[9] A. Reiserer, N. Kalb, G. Rempe, and S. Ritter, Nature
(London) 508, 237 (2014).

[10] H. J. Kimble, Nature (London) 453, 1023 (2008).
[11] T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C.

Monroe, and J. L. O’Brien, Nature (London) 464, 45 (2010).
[12] I. M. Georgescu, S. Ashhab, and F. Nori, Rev. Mod. Phys.

86, 153 (2014).
[13] T. E. Northup and R. Blatt, Nat. Photonics 8, 356 (2014).
[14] S. Ritter, C. Nölleke, C. Hahn, A. Reiserer, A. Neuzner, M.

Uphoff, M. Mücke, E. Figueroa, J. Bochmann, and G.
Rempe, Nature (London) 484, 195 (2012).

[15] J. D. Thompson, T. G. Tiecke, N. P. de Leon, J. Feist, A. V.
Akimov, M. Gullans, A. S. Zibrov, V. Vuletić, and M. D.
Lukin, Science 340, 1202 (2013).

[16] T. G. Tiecke, J. D. Thompson, N. P. de Leon, L. R. Liu, V.
Vuletić, and M. D. Lukin, Nature (London) 508, 241 (2014).

[17] A. Goban, C.-L. Hung, S.-P. Yu, J. D. Hood, J. A. Muniz,
J. H. Lee, M. J. Martin, A. C. McClung, K. S. Choi, D. E.
Chang, O. Painter, and H. J. Kimble, Nat. Commun. 5, 3808
(2014).

[18] B. Dayan, A. S. Parkins, T. Aoki, E. P. Ostby, K. J. Vahala,
and H. J. Kimble, Science 319, 1062 (2008).

[19] T. Aoki, A. S. Parkins, D. J. Alton, C. A. Regal, B. Dayan,
E. Ostby, K. J. Vahala, and H. J. Kimble, Phys. Rev. Lett.
102, 083601 (2009).

[20] D. O’Shea, C. Junge, J. Volz, and A. Rauschenbeutel, Phys.
Rev. Lett. 111, 193601 (2013).

[21] J. Volz, M. Scheucher, C. Junge, and A. Rauschenbeutel,
Nat. Photonics 8, 965 (2014).

[22] I. Shomroni, S. Rosenblum, Y. Lovsky, O. Bechler, G.
Guendelman, and B. Dayan, Science 345, 903 (2014).

[23] T. Aoki, B. Dayan, E. Wilcut, W. P. Bowen, A. S. Parkins,
T. J. Kippenberg, K. J. Vahala, and H. J. Kimble, Nature
(London) 443, 671 (2006).

[24] D. J. Alton, N. P. Stern, T. Aoki, H. Lee, E. Ostby, K. J.
Vahala, and H. J. Kimble, Nat. Phys. 7, 159 (2011).

[25] C. Junge, D. O’Shea, J. Volz, and A. Rauschenbeutel, Phys.
Rev. Lett. 110, 213604 (2013).

[26] K. P. Nayak, P. N. Melentiev, M. Morinaga, F. Le Kien, V. I.
Balykin, and K. Hakuta, Opt. Express 15, 5431 (2007).

[27] E. Vetsch, D. Reitz, G. Sagué, R. Schmidt, S. T. Dawkins,
and A. Rauschenbeutel, Phys. Rev. Lett. 104, 203603
(2010).

[28] A. Goban, K. S. Choi, D. J. Alton, D. Ding, C. Lacroûte, M.
Pototschnig, T. Thiele, N. P. Stern, and H. J. Kimble, Phys.
Rev. Lett. 109, 033603 (2012).

[29] J.-B. Béguin, E. M. Bookjans, S. L. Christensen, H. L.
Sørensen, J. H. Müller, E. S. Polzik, and J. Appel, Phys.
Rev. Lett. 113, 263603 (2014).

[30] F. Le Kien and K. Hakuta, Phys. Rev. A 80, 053826
(2009).

[31] C. Wuttke, M. Becker, S. Brückner, M. Rothhardt, and A.
Rauschenbeutel, Opt. Lett. 37, 1949 (2012).

[32] F. Le Kien, V. I. Balykin, and K. Hakuta, J. Phys. Soc. Jpn.
74, 910 (2005).

[33] C. Lacroûte, K. S. Choi, A. Goban, D. J. Alton, D. Ding,
N. P. Stern, and H. J. Kimble, New J. Phys. 14, 023056
(2012).

[34] R. Nagai and T. Aoki, Opt. Express 22, 28427 (2014).
[35] See Supplemental Material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.115.093603, which in-
cludes Ref. [36], for cavity ring-down in the reflection
geometry, temperature-controlled cavity couplings, and
transmission spectra of the atom-cavity coupled system
with various atom-loading times.

[36] H. A. Haus, Waves and Fields in Optoelectronics (Prentice-
Hall, Inc., Englewood Cliffs, New Jersey, 1984).

[37] F. Le Kien, V. I. Balykin, and K. Hakuta, Phys. Rev. A 70,
063403 (2004).

[38] After the detection and spectroscopy probe pulses, another
pulse with a duration of 10 ms and a frequency scanned over
several free spectral ranges is input, and its transmission is
measured to locate the cavity resonance frequency. The
measured detuning of the cavity from the atomic F ¼ 4 →
F0 ¼ 50 transition is used as an error signal for locking the
cavity frequency to the atomic transition. In the analysis of
the experimental data, we discard a sequence if the cavity
detuning exceeds �10 MHz, which occasionally occurs
owing to the instability of the lock.

[39] R. J. Thompson, G. Rempe, and H. J. Kimble, Phys. Rev.
Lett. 68, 1132 (1992).

[40] H. J. Kimble, Phys. Scr. T76, 127 (1998).
[41] For these measurements, the detuning and the total intensity

of the molasses beams in the loading stage are −4.4Γ and
8Is, respectively, and there is no additional cooling stage
after the loading. The intensities of the detection and
spectroscopy probes are 24 and 2.4 pW, respectively. See
Supplemental Material [35] for details.

[42] J. E. Hoffman, S. Ravets, J. A. Grover, P. Solano, P. R.
Kordell, J. D. Wong-Campos, L. A. Orozco, and S. L.
Rolston, AIP Adv. 4, 067124 (2014).

PRL 115, 093603 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

28 AUGUST 2015

093603-5

http://dx.doi.org/10.1103/PhysRevLett.93.233603
http://dx.doi.org/10.1103/PhysRevLett.93.233603
http://dx.doi.org/10.1038/nature03804
http://dx.doi.org/10.1038/nature03804
http://dx.doi.org/10.1038/nature10170
http://dx.doi.org/10.1038/nature10170
http://dx.doi.org/10.1038/nature01974
http://dx.doi.org/10.1126/science.1095232
http://dx.doi.org/10.1126/science.1246164
http://dx.doi.org/10.1126/science.1246164
http://dx.doi.org/10.1038/nature13177
http://dx.doi.org/10.1038/nature13177
http://dx.doi.org/10.1038/nature07127
http://dx.doi.org/10.1038/nature08812
http://dx.doi.org/10.1103/RevModPhys.86.153
http://dx.doi.org/10.1103/RevModPhys.86.153
http://dx.doi.org/10.1038/nphoton.2014.53
http://dx.doi.org/10.1038/nature11023
http://dx.doi.org/10.1126/science.1237125
http://dx.doi.org/10.1038/nature13188
http://dx.doi.org/10.1038/ncomms4808
http://dx.doi.org/10.1038/ncomms4808
http://dx.doi.org/10.1126/science.1152261
http://dx.doi.org/10.1103/PhysRevLett.102.083601
http://dx.doi.org/10.1103/PhysRevLett.102.083601
http://dx.doi.org/10.1103/PhysRevLett.111.193601
http://dx.doi.org/10.1103/PhysRevLett.111.193601
http://dx.doi.org/10.1038/nphoton.2014.253
http://dx.doi.org/10.1126/science.1254699
http://dx.doi.org/10.1038/nature05147
http://dx.doi.org/10.1038/nature05147
http://dx.doi.org/10.1038/nphys1837
http://dx.doi.org/10.1103/PhysRevLett.110.213604
http://dx.doi.org/10.1103/PhysRevLett.110.213604
http://dx.doi.org/10.1364/OE.15.005431
http://dx.doi.org/10.1103/PhysRevLett.104.203603
http://dx.doi.org/10.1103/PhysRevLett.104.203603
http://dx.doi.org/10.1103/PhysRevLett.109.033603
http://dx.doi.org/10.1103/PhysRevLett.109.033603
http://dx.doi.org/10.1103/PhysRevLett.113.263603
http://dx.doi.org/10.1103/PhysRevLett.113.263603
http://dx.doi.org/10.1103/PhysRevA.80.053826
http://dx.doi.org/10.1103/PhysRevA.80.053826
http://dx.doi.org/10.1364/OL.37.001949
http://dx.doi.org/10.1143/JPSJ.74.910
http://dx.doi.org/10.1143/JPSJ.74.910
http://dx.doi.org/10.1088/1367-2630/14/2/023056
http://dx.doi.org/10.1088/1367-2630/14/2/023056
http://dx.doi.org/10.1364/OE.22.028427
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093603
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093603
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093603
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093603
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093603
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093603
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.093603
http://dx.doi.org/10.1103/PhysRevA.70.063403
http://dx.doi.org/10.1103/PhysRevA.70.063403
http://dx.doi.org/10.1103/PhysRevLett.68.1132
http://dx.doi.org/10.1103/PhysRevLett.68.1132
http://dx.doi.org/10.1238/Physica.Topical.076a00127
http://dx.doi.org/10.1063/1.4879799

