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We demonstrate a direct, fluorescence-free measurement of the oscillation frequency of cold atoms in an optical dipole
trap based on a high-finesse optical cavity strongly coupled to atoms. The parametric heating spectra of the trapped atoms
are obtained by recording the transmitted photons from the cavity with the trap depth is modulated by different frequency.
Moreover, in our method the oscillation can be observed directly in the time scale. Being compared to the conventional
fluorescence-dependent method, our approach avoids uncertainties associated with the illuminating light and auxiliary
imaging optics. This method has the potential application of determining the motion of atoms with stored quantum bits or
degenerate gases without destroying them.
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1. Introduction
Optical dipole traps (ODT) have become practical tools

in experimental realization of qubit manipulation between sin-
gle photons and single atoms, which can be used to store
and process the quantum information locally for quantum
computation.[1] In a far-off-resonance optical trap (FORT),
where the heating due to spontaneous scattering forces is
strongly suppressed,[2] one can not only realize a long-time
trapping of atoms but also manipulate the atomic internal
state[3] with long coherent time,[4] and characterize the quan-
tum state of a single atom[5] that is treated as a well-prepared
quantum qubit. In particular, by using a tightly focused FORT,
degenerate Raman sideband cooling of trapped atoms[6] and
transfer of ultra-cold atoms[7–10] over macroscopic distances
have been carried out. During the transfer, specific discrete
transport durations are exhibited that are largely dependent on
oscillation frequency of atomic ensembles in an ODT with no
excitation of the vibration and no losses after transport.[10] To
this end, researchers attempted to determine the trapping fre-
quency in the experiment and clarified the dynamics of cold
atoms in an ODT. The vibration mode of cold atoms inside
ODT or lattices has been investigated[11–14] with an auxiliary
probe beam applied to measure the fluorescence. However,
this approach must induce some extra uncertainties, such as
the spatial profile of the probe beam, and the intensity and
the pointing fluctuations of the probe beam.[15] In addition,

in some situations where a finite interspace exists, such as a
cavity quantum electrodynamics (QED) system, imaging op-
tics with a large numerical aperture to collect the fluorescence
usually make the system complex.

A strongly coupled cavity QED system, even in the in-
termediate coupling regime, is very sensitive to atoms on the
single-particle level. Such a system enables not only a succes-
sion of experiments of quantum information processing[16–18]

and a nonlinear process[19] with single atoms, but also atomic
sensing.[15,20–23] In a cavity QED system, the vacuum Rabi
splitting is approximately proportional to the square root of the
effective average number (

√
N) of atoms interacting with the

cavity.[24,25] The number of coupling atoms alters the trans-
mission of a weak resonant probe beam from the cavity. In
this process, the atoms are barely excited. This provide us a
way to directly measure the dynamic of atom loss or move-
ment in the cavity without the atom fluorescence. In this Let-
ter, we present a method based on a high-finesse optical cavity
in a cavity-QED system to measure the trap frequency of cold
atoms trapped in an ODT. In particular, this approach sheds
fluorescence detection from the atom cloud and the imaging
optics in traditional measurements.

2. Experimental setup
Figure 1 shows the scheme of our experimental system.

The system consists of a vertically located high-finesse Fabry–
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Pérot cavity with a length of 752 µm and a TEM00 mode with
a waist of 40.7 µm (x–y plane), an ODT beam (y direction)
perpendicular to the cavity axis (z direction), and a single pho-
ton counting module (SPCM). The characteristic cavity QED
parameters are (g0,κ,γ) = 2π × (4.7,6.6,2.6) MHz, where
g0 is the peak atom–cavity coupling coefficient for the 133Cs
6S1/2|F = 4,mF = 4〉 ↔6P3/2 |F ′ = 5,mF = 5〉 transition, κ

the cavity field decay rate and γ the atomic polarization decay
rate. Cold atoms are initially captured by a magneto–optical
trap (MOT) from the background vapor, the atom sample is
located 7.4 mm beside the cavity mode. After a 5-ms po-
larization gradient cooling (PGC) phase, the cold atoms are
loaded into the an ODT whose trap center is overlapped with
the atoms. The ODT is formed by a tightly focused Gaussian
laser beam at 1064 nm with a waist of 20 µm and a power
of 2 W, resulting in a potential depth of −0.74 mK and an
average ac Stark shift of 16 MHz. Subsequently the loaded
atoms are transported into the cavity mode with a displace-
ment of 7.4 mm by an air-bearing translation stage (Aerotech
ABL10150) operated at a maximum half-sine acceleration of
235.5 mm/s2 and a maximum velocity of 20 mm/s. The trans-
ferring efficiency is approximately 83% at 200 µK which can
be enhanced over 90% after PGC phase. The cavity is sta-
bilized via an auxiliary diode laser at 828 nm so that one of
its longitudinal mode is resonant with the atomic transition
F = 4↔ F ′ = 5. A weak resonant beam with average 1 intra-
cavity photon is adopted to probe the cavity. The transmis-
sion of the probe beam is detected by single-photon detector
(SPCM in Fig. 1).

FORT beam

MOT

cavity

SPCM

7.4 mm

 y

z

x

Fig. 1. Schematic diagram of the experimental setup. A MOT is located
approximately 7.4 mm beside the cavity mode (vertical). Atoms can be
conveyed into the cavity mode by an air-bearing translation stage where
an ODT located. The waist of ODT is aligned with both MOT and cav-
ity mode to ensure the successive of transport and measurement. We
obtain the transmission spectra and vibration frequencies with a weak
probe beam along the axis of the cavity and a single photon counting
module (SPCM) applied.

3. Measurement of the oscillation frequency
The atomic sample is prepared in 6S1/2 F = 4 before the

transportation. However, a second state preparing process af-
ter the transportation is necessary to pump atoms which de-
cayed into the 6S1/2 F = 3 state during the transporting back
to 6S1/2 F = 4 state. From the transmitting spectra, we can
get the effective number of atoms which are strongly coupled

to the cavity. Figure 2 shows the typical transmitting spec-
tra with (red data points) and without (black data points) the
atoms. A characteristic vacuum Rabi splitting of 94 MHz with
a significant drop to almost zero at the resonance of the empty
cavity indicates the effective atom number is 100±2 after the
transportation. The green and blue curves are theoretical fit-
tings. There is a detuning of −16± 0.2 MHz between cavity
and atom, resulting from the ac Stark shift of ODT as men-
tioned before, can be extracted from the spectra.
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Fig. 2. Transmission spectra of the cavity that show the vacuum Rabi
splitting. The black dots (red dots) are the experimental data for empty
cavity (atoms in cavity mode) and the green (blue) curve is the theoret-
ical fitting. The cavity decay rate is κ = 2π× (6.6±0.2) MHz. There
are approximately 100 (±2) atoms transported inside the cavity with a
Rabi splitting of 94 MHz. The asymmetry of splitting peaks attributes
to a red detuning (−16±0.8 MHz) between cavity and atoms caused by
ODT. Each point of the data is an average over 15 complete measure-
ments obtained within 150 µs.

The ODT can be approximately considered a harmonic
potential. The oscillation frequencies of trapped atoms in both
radial and axial directions are given[26]

fradial =
1

πw

√
|Umax|

m
, (1)

faxial =
1√

2πZR

√
|Umax|

m
, (2)

where w, ZR, and λ indicate the waist, Rayleigh length, and
wavelength of the ODT beam, respectively, while |Umax| is the
depth of the potential trap and m the mass of one Cs atom. If
we take the beam quality factor (M2 factor) into account, the
Rayleigh connected with the waist by ZR = πw2/(M2λ ).[27]

In our experiment the trap light beam has a mode waist w =

20 µm and the beam quality factor M2 = 1.2, we can get
the theoretical oscillation frequencies fradial = 3.4 kHz and
faxial = 40.8 Hz. Regarding a resonant and parametric excita-
tion scheme,[14,28,29] the depth modulation of the potential at
trapping and double trapping frequencies results in atom heat-
ing and losses.[13,14,30] The transmission of the probe beam
will change accordingly and then the trapping frequency could
be determined by the transmitting spectra.

In our experiment the amplitude modulation is realized
by an acousto-optic modulator (AOM) and the cavity is tuned
and resonant to the transition of the trapped atoms, i.e., the ac
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Stark shift due to the trap is considered. The observations of
both radial and axial excitation are presented in Fig. 3. The
increase of transmission from cavity results from the losses
of atoms in the ODT at the trapping and parametric excitation
frequencies are observed. The red dots in Fig. 3(a) indicate the
normalized transmission spectra versus modulation frequency,
and the blue curve is a Lorentzian fitting. The black dots cor-
respond to the results without amplitude modulation. There
are clearly two peaks at 2.76±0.01 kHz and 5.58±0.02 kHz
corresponding to the direct trapping and parametric resonance
frequencies[12] in the radial direction.
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Fig. 3. Transmission spectra of the cavity when AM of the ODT is
applied. The red dots indicate transmission of the cavity (normalized)
versus frequency of AM with a depth of 50%. The blue curve is a
Lorentzian fitting. The black dots correspond to the results without
AM. Panel (a) is for radial direction and panel (b) is the axial direc-
tion. Two peaks at 2.76± 0.01 kHz and 5.58± 0.02 kHz in panel (a)
and 33.0± 0.8 Hz and 60.1± 0.6 Hz in panel (b) correspond to the
trap frequency and its second harmonic in radial and axial directions,
respectively. The green line in panel (b) shows the measured level of
transmission without an AM.

Similarly, we obtain parametric heating spectra for ax-
ial atomic oscillation, as shown in Fig. 3(b). The peaks at
33.0± 0.8 Hz and 60.1± 0.6 Hz correspond to the trap fre-
quency and its second harmonic value in this direction. The
confinement in the axial direction is weakened by a factor of
πw/λ (see relations (1) and (2)) of that of the radial direction,
which results in a quite low trap frequency. In order to perform
the parametric excitation, an AM is applied for 200 ms. The
green line shows the measured level of transmission without
an AM, which verifies that the transmission is dramatically al-
tered by the AM rather than the loss of atoms in a static ODT
within 200 ms. All data above are obtained under the circum-
stance that a fixed modulation depth of 50% is imposed.

The measured oscillation frequencies 2.76± 0.01 kHz
and 33.0± 0.8 Hz are a little smaller than the theoretical ex-
pectations 3.4 kHz and 40.8 Hz. The discrepancy mainly re-
sults from the following facts. The presumption of a harmonic
potential trap is not perfectly reasonable in our case, because
the presumption of a harmonic potential trap is valid only un-
der the condition when the atom temperature much lower than
the trap depth. In our experiment the temperature of the atom
is 40 µK before the transfer, the temperature would be higher
after the atom been transferred into the cavity, whereas the trap
depth is 740 µK. The oscillation frequency of hotter atoms is
smaller than that of the atoms with lower temperature. Thus,
the atomic vibrational state is more like to be excited with AM
frequencies smaller than the harmonic one.[11] In Fig. 3(b) the
harmonic frequency measured is a little lower than the theoret-
ical one. The reason comes from a power drift of ODT beam
about 8% lower (in Fig. 3(b)) during the measurement. This
can be avoided by stabilizing the power of ODT.

4. Intuitive observation of the oscillation fre-
quency in axial direction
Benefiting from the fluorescence-free process, the atom

number and state do not change in principle when interact-
ing with cavity. The coupling strength g is position-dependent
due to the cavity mode distribution, so the system provides a
good way to measure the motion of the atom. The respond
time of the cavity probe beam to the coupled atom is much
faster than the conventional fluorescence-dependent detection
method. The cavity QED system can also be used to continu-
ous observe the atom movement in the cavity mode. Thus, the
oscillation of the atom in the ODT in our experiment can be di-
rectly measured. The shape of cold atoms in our running wave
ODT is known as a “cigar-shaped” cloud. A near-resonant
intense pulse laser (x direction in Fig. 1) orthogonal to both
the axis of the cavity and direction of the ODT beam with a
waist of 20 µm is shining to the center of the “cigar-shaped”
cloud for 12.5 ms. A sufficient separation of the atom sam-
ple about 40 µm appears between these two surviving atomic
clouds. The waist of the near-resonant pulse laser is optimally
overlapped with that of both the cavity mode and ODT beam,
so the interspace on the same order as the waist of the cav-
ity mode is initially located in the cavity mode, and these two
separate parts remaining at both ends of the “cigar” will os-
cillate around the center of the trap after the near-resonant in-
tense laser is switched off. The power of the ODT beam for
this measurement is 2.2 W and the same waist as used above
with a corresponding trap frequency and its second harmonic
of 37.4 Hz and 74.8 Hz in the axial direction, respectively.
As expected, a continuous oscillation feature shows up in the
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transmission spectrum (as shown in Fig. 4) which reflects the
two parts of the atom cloud oscillate in the ODT. A frequency
of 73.5± 0.6 Hz that corresponds to twice the trap frequency
in the axial direction is extracted from the transmission spec-
trum. An exponential increase of the spectrum indicates a de-
cay of atomic number in the ODT. The differences between
the experimental result here and the calculation are mainly at-
tributed to the following: (i) The ODT that we applied is not
a perfect harmonic well, and (ii) as the intensity of the ODT
beam is not stabilized, a slight slow drift in ODT power should
be considered.
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Fig. 4. Transmission spectrum of the cavity when the cloud of atoms in
the ODT is split into two parts. A near resonant intense pulse laser for
12.5 ms is used to split the atomic cloud into two parts with a separation
of about 40 µm. The red dots denote normalized transmission spectrum
counted by a SPCM for 10 µs for each point. The blue curve is a sinu-
soidal fitting of the data. A frequency of 73.5±0.6 Hz that corresponds
to twice the trap frequency in the axial direction is extracted from the
transmission spectrum. An exponential increase of the spectrum indi-
cates a decay of atomic number.

Utilizing the proposed fluorescence-free detection
method on the single atom level, we provided a method to
determine the trap frequency of the cold atoms in an optical
trap. The method avoids uncertainties in the usual measure-
ment in which the fluorescence light is scattered by the atoms.
Compared to these methods, the cavity-enhanced approach is
extremely sensitive to atoms. One does not have to repeat the
measurement many times, especially if the number of atoms
in the ODT is small, even on the single-particle level. When
the confinement is weak, or the trap frequency is low, such
as several hertz, the traditional approach becomes ineffective
owing to the tremendous loss of atoms during a long-playing
AM procedure.[13] However, for a lower frequency in the axial
direction, the advantage of the proposed system makes it easy
to obtain the oscillation signal, as shown in Fig. 4. These re-
sults enable us to optimize the transport of single atoms[31–33]

without excitation of the vibration after transport. This makes
it possible to monitor the vibration of a single atom in a single
site of lattices located inside a cavity. In addition, the proposed
method can be extended to record the interference signal from
Bose–Einstein condensates (BEC),[34] in which the intensity
of the condensate is modulated by the interference pattern, and
the change of atomic vibration that heralds the formation of
molecules in the preparation of Cs macrodimer molecules[35]

can be detected. Moreover, this creates the possibility of de-
termining the motion of a single atom with a stored quantum
bit when keeping the atomic excitation quite low[36] with an
average intracavity photon number less than 1.

5. Conclusion
In conclusion, we have presented a new cavity-enhanced

method to measure the oscillation frequency of cold atoms
in an ODT based on a strongly coupled cavity QED system.
By modulating the intensity of the ODT beam and recording
the transmission spectra of the cavity we get the oscillation
frequencies of the trapped atoms with 2.76± 0.01 kHz and
33.0±0.8 Hz, which correspond to the oscillation frequencies
in the radial and axial directions of the ODT beam, respec-
tively. We also provide a direct observation method for the
motion of cold atoms in an ODT. By splitting the atom cloud,
we get a transmission spectrum with an oscillation frequency
of 73.5± 0.6 Hz that corresponds to twice the trap frequency
in the axial direction. Although it is difficult to eliminate the
fluctuation of the average number of atoms for each transport,
only the widths of the spectra are affected, while the frequen-
cies of both resonant and parametric excitation are closely in-
tensity dependent, and, in principle, the drift of which can be
eliminated by using a servo technique.[37] Being compared to
the conventional fluorescence detection, our approach avoids
uncertainties associated with the illuminating light and auxil-
iary imaging optics. At the same time, this method enables
us, simply and quickly, to obtain the most promising parame-
ters for optimally transporting cold atoms and trapping atoms
in cavity mode,[38] to determine the temperature of a single
atom,[39] and to control the motion of cold atoms.
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