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Individual laser-cooled atoms are delivered on demand from a single atom magneto-optic trap to a high-
finesse optical cavity using an atom conveyor. Strong coupling of the atom with the cavity field allows
simultaneous cooling and detection of individual atoms for time scales exceeding 15 s. The single atom
scatter rate is studied as a function of probe-cavity detuning and probe Rabi frequency, and the
experimental results are in qualitative agreement with theoretical predictions. We demonstrate the ability
to manipulate the position of a single atom relative to the cavity mode with excellent control and
reproducibility.
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Cavity QED systems consisting of individual atoms
localized in high-finesse optical micro-cavities are a fun-
damental system in quantum optics and have important
applications to quantum information processing [1,2]. The
intrinsic entanglement of atoms within the cavity mode and
the cavity field provides a means to reversibly transfer
quantum information between matter and light, and the
eventual leakage of a photon from the well-defined mode
of the cavity provides a means for high-fidelity, long-
distance quantum communication. Although there has
been recent progress in generating probabilistic atom-
photon entanglements using free-space coupling of indi-
vidual atoms [3,4] and collective excitations of atomic
ensembles [5–7], only cavity QED systems in the strong
coupling regime can provide both high entanglement
probability and individual atomic qubits that can be inde-
pendently manipulated.

The unique capabilities of optical cavity QED systems
require controllably localizing individual atoms inside
high-finesse, sub-mm length optical cavities. In the last
decade, there has been considerable progress in integrating
laser-cooled and trapped atoms with optical cavity QED
systems in the strong coupling regime [8–18]. Individual
atoms have been cooled and stored in optical cavities for
time spans exceeding a second [10,18], and these advances
have allowed demonstration of single photon sources and
studies of the cavity QED system [13,14,17].

Previous experimental efforts have relied on probabilis-
tic loading of laser-cooled atoms into the cavity from free-
falling atoms or from an unknown number of atoms trans-
ferred from optical dipole traps [10,15]. Eventually, prac-
tical applications will require deterministic loading
methods of single atoms into the cavity. In this Letter, we
realize this goal by incorporating a deterministically
loaded atom conveyor [19] that is used to deliver a precise
number of atoms into a high-finesse resonator. We achieve
storage times exceeding 15 s for atoms in the cavity with
continuous cooling and observation using cavity-assisted
cooling [10,20]. The atom-cavity interaction is studied as a
function of probe-cavity detuning and probe Rabi fre-
quency, and the experimental results are in good agreement

with theoretical predictions. We demonstrate the ability to
manipulate the position of a single atom relative to the
cavity mode with excellent control and reproducibility. The
use of an atom conveyor was suggested in [21] as a means
to scale cavity QED interactions to many atomic qubits,
and the results of this work represent an important step
towards this goal.

A schematic of the experiment is illustrated in Fig. 1. A
magneto-optical trap (MOT) of 87Rb atoms is formed
8.5 mm away from a high-finesse optical cavity. The atoms
are counted in the MOT with single atom resolution. Then
they are transported from the MOT to the cavity using an
atom conveyor [19] consisting of a 1D optical lattice
formed by two independent counterpropagating laser
beams from a fiber laser operating at � � 1064 nm. The
frequency of each lattice beam is controlled by an acousto-
optic modulator (AOM) and by introducing a frequency
difference between the counter-propagating beams, the
trapped atoms can be transported to the cavity. This lattice
is focused at the cavity with a waist, w0 � 34 �m and
provides a trapping potential of U=kB � 1 mK with 4 W
optical power per beam. The potential depth is only
100 �K at the MOT location (8.5 mm away) due to
beam divergence. To increase the loading probability of a
single atom from the MOT into this shallow trap, a separate
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FIG. 1 (color online). A single atom MOT is formed 8.5 mm
away from the optical cavity. The atom is loaded into an atom
conveyor and then transported to the cavity mode. Inside the
cavity, the atom is cooled via cavity-assisted cooling driven by
counterpropagating probe beams.
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loading lattice is employed. The loading lattice is orthogo-
nal to the conveyor axis and formed from a retroreflected
beam focused to a 17 �m waist at the MOT. For a loading
lattice depth of 1 mK, realized with 1 W of laser power, we
achieve 90% efficiency in transferring atoms from the
MOT to the optical lattice.

The cavity is constructed from two superpolished con-
cave mirrors (r � 2:5 cm) separated by 222 �m with total
measured losses of 130 ppm. The relevant cavity QED
parameters for this system are �g0; �; �=2� � 2��
�17; 7; 3� MHz, where g0, �, and �, are the maximum
atom-cavity coupling rate, the cavity linewidth, and the
natural linewidth of the D2 line �5S1=2 ! 5P3=2� in 87Rb,
respectively. The single atom cooperativity is 13.7, putting
the system in the strong coupling regime. The cavity length
is actively stabilized to the F � 2! F0 � 3 transition of
the 87Rb D2 line (� � 780 nm) using an additional laser
(� � 784 nm) that is tuned to resonance with a different
longitudinal mode of the cavity.

The experiment begins by collecting and counting indi-
vidual atoms in the MOT. To load single or small numbers
of atoms, the MOT is operated with magnetic field gra-
dients of 250 G=cm to decrease the loading volume. This
also provides tight confinement of the atoms, localizing the
trapped atoms to an area of approximately 25� 25 �m2.
The atoms are detected and counted by measuring the
fluorescence of the atoms from the MOT cooling beams.
This light is collected by a microscope objective (numeri-
cal aperture of 0.4) and focused onto an EMCCD (Andor
IXon) camera. In Fig. 2, a typical time sequence of the
MOT fluorescence is shown. The discrete jumps of the
observed fluorescence signal correspond to individual
atoms loading into or leaving the MOT. The losses due to
background gas collisions are sufficiently rare to allow
individual atoms to be trapped for more than 100 s. By

exploiting the high quantum efficiency and the low noise of
the camera and by carefully minimizing background light
(principally stray scatter from the MOT beams), a single
atom signal-to-noise ratio of >10:1 is achieved with a
500 ms integration time.

Once the atoms are loaded into the MOT and counted,
they are loaded into the loading lattice. This is accom-
plished by turning on both the loading lattice and the
conveyor lattice and, after a delay of 100 ms, turning off
the MOT beams and magnetic field gradient. The atom(s)
are then transferred to the conveyor lattice by ramping the
loading lattice off in 75 ms. The atoms are transported to
the cavity at a velocity of 2:6 cm=s by inducing a fre-
quency difference of 50 kHz between the two counter-
propagating beams of the conveyor lattice. The atoms are
brought to rest inside the cavity mode by ramping the
frequency difference to zero. The positioning reproducibil-
ity is estimated to be <10 �m, which corresponds to a
relative position precision of 10�3. The overall efficiency
of transferring a known number of atoms counted in the
MOT to the cavity is 80% for optimal conditions.

Once the atom is inside the mode of the high-finesse
optical cavity, it is continuously detected and cooled using
cavity-assisted cooling [10,22,23]. The atoms are excited
by two counterpropagating probe beams, and radiation
scattered from the atoms is reemitted into the cavity
mode and subsequently detected by a photon counter as
it leaks out the cavity. For positive cavity detunings with
respect to the probe beams (i.e., �C � !c �!p > 0,
where !c;p are the frequency of the cavity and the probe,
respectively) the photon absorbed by the atom from the
probe has lower energy than that emitted into the cavity
mode, resulting in net cooling of the atom.

The probe beams are oriented 45� from the conveyor
axis and have a lin ? lin polarization configuration. They
are tuned 21.5 MHz below the F � 2! F0 � 3 transition
with a Rabi frequency of � � �2��12 MHz per beam and
hence also provide conventional Doppler cooling along the
probe beam direction. A hyperfine repumping laser beam
copropagates with these beams to drive the F � 1! F0 �
2 transition. The emitted photons from the cavity are de-
tected with a single photon avalanche photodiode (APD).

Typical cavity emission signals corresponding to deter-
ministically loaded atoms are shown in Figs. 3(a)–3(d) for
different numbers of atoms initially loaded in the MOT
(Natoms � 1–4, respectively). In each case, the probe is
turned on 250 ms after the atom(s) are brought to rest
inside the cavity. The cavity emission signal is proportional
to the number of atoms, and corresponds to a detected
count rate of 10 counts=ms=atom. The particular data
shown in Figs. 3(a)–3(d) show atom storage up to 4 s;
however, the lifetime of the continuously cooled atoms in
the cavity varies significantly depending on the exact
experimental conditions and the number of atoms in the
cavity. In general, for Natoms > 3, the storage time is <1 s

FIG. 2 (color online). The fluorescence signal collected from
the high-gradient MOT with an exposure time of 500 ms per data
point. Discrete steps indicate individual atoms captured or lost
from the MOT. The inset shows a histogram of the integrated
fluorescence signal of 0—5 trapped atoms.
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for the experimental regime explored to date, while for
Natoms � 1–3, storage times of >15 s have been observed.

For optimal experimental conditions, we have observed
single atom storage times exceeding 15 s with good repro-
ducibility. A typical example of such a signal is shown in
Fig. 3(e). The drift in the single atom count rate in this trace
is due to a drifting frequency offset between the rf synthe-
sizers that drive the conveyor AOMs. This results in a drift
speed, v� 0:5 �m=s, which eventually moves the atom
out of the cavity mode.

According to the theoretical model of cavity-assisted
cooling developed in [10,20], the rate at which a single
atom scatters a photon into the cavity mode is given by

 R � 2�
g2

�2
c � �

2

�2

�2
a � �

2 ; (1)

where �a � !0 �!p � �S is the detuning of probe beam
with respect to the atom resonance, !0, including the Stark
shift, �S � �2��83 MHz due to the conveyor optical lat-
tice. For the experimental parameters of our system, Eq. (1)
predicts an emission rate of R � 2400 photons=ms. Our
detection efficiency is estimated to be 12.5%, including
50% quantum efficiency of the APD, 50% in propagation
losses from the cavity to the APD and 50% loss due to
detection only one of the possible polarizations of the light
emitted by the cavity. Accounting for this detection effi-
ciency, the predicted signal is 300 counts=ms, which is a
factor of�30 larger than measured in Fig. 3. This discrep-
ancy varies from day-to-day; for optimal conditions, single
atom signals as high as 30 counts=ms [10 times smaller

than predicted by Eq. (1)] have been observed. Possible
sources of signal discrepancy are nontransmission losses in
the cavity mirrors and a reduced effective coupling due to
the Zeeman structure of the atoms, and/or varying Stark
shifts that depends on the alignment of the conveyor lattice.

One of the advantages of the use of external fields to trap
the atom inside the cavity is that it allows control of the
atom coupling via the position dependence of the atom-
cavity interaction strength. In Fig. 4, this control is ex-
ploited both to investigate the position dependence of the
coupling strength as well as to repeatably move an atom in
and out of the cavity mode. For a Fabry-Perot cavity, the
coherent coupling rate of the TEM00 Gaussian mode is
given by g�r� � g0 cos�kz� exp	��2=w2
 [1], written in a
cylindrical coordinate system with z along the cavity axis
and where w is the waist of the mode. To study the
dependence of the coupling on the transverse coordinate,
�, single atoms are slowly moved through the cavity mode
(with a speed of 55 �m=s) while being continuously
cooled and detected. The single atom signal vs position
are shown in Fig. 4(a). The data, which are an average of 17
single atom runs, are fit well by a Gaussian function as
expected from Eq. (1), however, the measured waist (w0 �
16 �m), is 20% smaller than the waist calculated from the
cavity geometry (20 �m). The source of this discrepancy
is not known, but could be related to the inadequacies of
the two-level model assumed in Eq. (1) or involve subtle

FIG. 4 (color online). In (a) an atom is swept across the cavity
mode at a slow speed, v � 55 �m=s, to achieve the high
resolution scan shown. These data are the average of 17 experi-
mental runs which are fit to a Gaussian function. (b) and (c) show
a single atom swept across the cavity mode 10 and 75 times with
a speed of 440 �m=s and 4:4 mm=s, respectively.

FIG. 3 (color online). Detected cavity emission signal vs time.
In (a)–(d), the cavity emission signal corresponds to 1–4 atoms,
respectively, initially loaded into the MOT and subsequently
stored and detected in the cavity. In (e), storage of a single
atom in the cavity for 15 s is shown.
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interplays between the cooling rate and the atom
localization.

The atom conveyor allows for controllable and revers-
ible introduction of the atom into the cavity mode. This is
demonstrated in Fig. 4(b), which shows a single atom being
moved in and out of the cavity 10 times. For this scan, the
atomic speed was 440 �m=s. Moving at faster velocities,
we have observed over 70 passes of a single atom across
the cavity mode. Typical data for the faster scans are shown
in Fig. 4(c).

We have measured the single atom signal as a function
of the power of the probe beams and the detuning of the
cavity as shown in Fig. 5. For the data in Fig. 5(a), the
power in the probe beams is linearly ramped from 24 nW to
24 �W in 250 ms after a single atom has been loaded into
the cavity. This corresponds to a variation in the Rabi
frequency of � � �2��0:8–25 MHz. For these data the
cavity detuning was �12 MHz and as expected from
Eq. (1), the single atom signal is proportional to the power
of the cooling beams ( / �2). For the data in Fig. 5(b), a
single atom is loaded in the cavity, and the probe-cavity
detuning, �C � !c �!p, is varied by detuning the cavity
while holding the frequency of the probe beam constant at
!p � !0 � 21:5 MHz. Over the range of �C that is in-
vestigated, the scattering rate shows a Lorentzian depen-
dence on �C, with a line center and linewidth of zero MHz
and 6 MHz (HWHM) in close agreement with the mea-

sured cavity linewidth. This technique can only be used for
investigating positive values of �C because the negative
values of �C result in heating rather than cooling of the
atoms [20] and lead to rapid loss of the trapped atoms. In
conclusion, we have demonstrated the deterministic deliv-
ery of single atoms on demand to a high-finesse optical
cavity. This was accomplished by loading single atoms
from a high-gradient MOT into an atom conveyor and
subsequently transporting them into an optical cavity.
Employing cavity-assisted cooling, long storage times are
observed. We also investigated the position dependence of
the single atom scattering rate and the dependence of this
rate on the power of the cooling beams and the detuning of
the cavity. The results are in qualitative agreement with
existing theoretical calculations.

The successful integration of an atom conveyor with a
high-finesse cavity opens the door to a scalable cavity QED
based quantum information processing system. Our next
step towards this goal will be to create and manipulate
qubit states within the atoms and to transfer these coher-
ences to the optical cavity field. This will enable a diverse
set of atom-photon entanglement protocols for quantum
communications. Scaling the cavity-atom conveyor system
to many tens of atoms is straightforward to envisage,
although entangling large numbers atoms will require
long coherence times of the atomic qubit states.
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[22] V. Vuletić and S. Chu, Phys. Rev. Lett. 84, 3787 (2000).
[23] Hilton W. Chan et al., Phys. Rev. Lett. 90, 063003 (2003).

FIG. 5 (color online). (a) Single atom scattering rate versus
probe beam power. The solid line is a linear fit to the data as
expected from the dependence of the scattering rate to the probe
beam power. The first three points are dark counts and are not
included in the fit. (b) The dependence of the single atom
scattering rate with respect to the cavity detuning �C. The solid
line is a fit to a Lorentzian function.
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