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We have experimentally demonstrated the strong coupling between single atoms and the higher-

order Hermite-Gaussian transverse modes in a high-finesse optical microcavity. Compared to the

usual low-order symmetric transverse modes, multiple lobes and the asymmetric spatial pattern of

the titled modes provide more information about the motion of single atoms in the cavity. The

motional information can be extracted from the measured transmission spectra, which includes the

velocities and the positions of the atoms in vertical and off-axis directions. The scheme has great

potential in time-resolved atom-cavity microscopy and in tracking the three-dimensional single

atom trajectory in real time. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819228]

Manipulation and measurement of single atoms are im-

portant for studying the atom-photon interaction,1 quantum

state preparation,2,3 quantum entanglement,4,5 and funda-

mental quantum physics.6,7 The deterministic control and

measurement of individual atoms are also the preconditions

for quantum information processing based on atoms and pho-

tons.8 The main difficulty in implementing quantum infor-

mation processing and communication protocols in present

demonstration experiments is actually the enormous com-

plexity required to obtain full control over both atoms and

photons at the single particle level.9

However, the size of optical trap for single atoms is

normally on the micrometer scale and is basically limited

by the diffraction of the trap beam; thus, the spatial confine-

ment is about four orders of magnitude larger than the size

of the atom itself. The scattering section of single atoms is

rather small, which causes difficulty in sensing the atom

individually in free space. With the very complex configu-

rations of atom control10,11 and some new techniques, such

as surface plasmonics,12–15 one may break through the limi-

tation of the trapping size for better confinement of an atom

and reach sub-micrometer scale. Nevertheless, seeking an

approach to confine and track the atom’s position with high

resolution is still a challenge. Cavity quantum electrody-

namics (QED) provides an enhanced interaction between

single atoms and the cavity. The strongly coupled cavity

QED system enables us to track and even control the posi-

tion of single atoms in real time by feedback.16–19 With the

symmetric TEM10 cavity modes,20 trajectory of single

atoms can be determined with an improved spatial resolu-

tion. In our previous work, we have demonstrated the elimi-

nation of the degenerate trajectory of a single atom by the

tilted TEM10 mode.21 Taking this forward, one may expect

that by employing even higher-order cavity modes, further

improvement of trajectory measurement could be realized,

provided that the atom-cavity interaction is still in strong

coupling regime.

In this paper, we have demonstrated in experiment the

strong coupling between single atoms and higher-order

Hermite-Gaussian modes TEMm0 up to m¼ 3 inside a high-

finesse optical microcavity. The axis of the nodal lines of the

higher-order modes are inclined 45� to the vertical direction.

The transmission spectra for atom coupling to these cavity

modes are measured in experiment. We have theoretically

analysed the process and the corresponding atomic motional

information is extracted. The experimental limitation of sin-

gle atom sensing for even higher transverse modes is

discussed.

The experimental system layout is shown in Fig. 1. A

Fabry-P�erot cavity consists of two super-polished spherical

mirrors with a radius of curvature of 100 mm and an end-

diameter of 1 mm. The waist of intra-cavity TEM00 mode is

x0 ¼ 23:8 lm. The finesse of the cavity is 3:3� 105 and for

TEM00 mode we have ðg0; j; cÞ ¼ 2p� ð23:9; 2:6; 2:6ÞMHz,

where g0 is the maximum coupling efficiency (the atom is

located in the antinodes) between cavity TEM00 mode and

atoms, and j, c are the cavity decay rate and atom decay

rate, respectively. A weak probe laser beam at wavelength of

852 nm is tuned close to the transition of cesium D2 line:

62S1=2;F ¼ 4! 62P3=2;F ¼ 5. We use an external cavity

FIG. 1. Atom-cavity coupling system. The atoms are trapped in a MOT and

dropped through the high finesse optical cavity. The transmission of the cav-

ity is measured by single photon counting module. The top-right denotes a

tilted three-order mode of the cavity from the front view (viewing along z

axis direction) and a rotating frame coordinate transformation is illustrated.

a)Author to whom correspondence should be addressed. Electronic mail:
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diode laser (ECDL) working at 828 nm as the cavity locking

beam to keep the stability of cavity length. The details of the

experimental setup have been introduced in our previous

works.22

The experiment is performed in the following sequen-

ces: roughly 105 atoms are initially accumulated in a

magneto-optical trap (MOT) which is located about 6 mm

above the center of the cavity. After a polarization gradient

cooling phase, the trapping laser beams and magnetic field

are switched off, and the atoms fall freely under gravity.

Some of the atoms will transit through the cavity mode and

induce a change in the cavity transmission field due to the

strong coupling. We deliberately misaligned the probe

beam slightly to enhance the coupling efficiency of

the higher-order transverse cavity mode, making one of

higher-order modes resonant to the cavity by choosing

proper cavity length. The transmission spectra of the cavity

are measured by single-photon-counting module (SPCM-

AQR-15, PerkinElmer) with total photon detection effi-

ciency, including the cavity escape efficiency, the propaga-

tion efficiency, and the detection efficiency, g ¼ 0:075.23

The reference frame and the corresponding coordinates

are shown in Fig. 1. The origin of the frame is in the center

of the cavity and the z axis is along cavity mode. The process

that the atom transits the tilted cavity mode in strong cou-

pling regime has been discussed.21 In the case of weak exci-

tation conditions (the average photon number n� 1), the

cavity transmission is reduced to a two-dimensional expres-

sion near the antinode of the cavity field (the frame origin

z � 0):

Tðx; yÞ ¼
j2ðc2 þ D2

paÞ
½gef f ðx; yÞ2 � Dpa

2 þ DcaDpa þ cj�2 þ ðjDpa þ cDpa � cDcaÞ2
; (1)

where T is already normalized to the transmission of the empty

cavity. Dpa ¼ xprobe � xatom denotes the detuning between

probe light and atomic transition, and Dca ¼ xcavity � xatom is

the detuning between cavity and atom. The effective coupling

efficiency geff for arbitrary Hermite-Gaussian transverse modes

is determined by the actual position of the atom in the cavity

mode, i.e., gef f ðx; yÞ ¼ g0Wm;nðx0; y0Þ=W0;0ð0; 0Þ, where g0 is

the maximum coupling efficiency in the TEM00 mode where

the atom locates in the antinodes. Here, we have reasonably

assumed that the atom trajectories in the cavity are straight

lines along the vertical direction, as was discussed in Ref. 24.

In practice, there is an angle of h between the nodal lines

of TEMmn modes and x axis, which can be measured experi-

mentally. Thus, rotating frame coordinate transformation

x0 ¼ x cos hþ y sin h; y0 ¼ �x sin hþ y cos h could be used

to obtain the transmission spectra. The mode field distribu-

tion of TEMmn mode thus could be expressed as

Wm;nðx0;y0Þ¼Cm;n exp

�
�x02þy02

x0
2

�
Hm

� ffiffiffi
2
p

x0

x0

�
Hn

� ffiffiffi
2
p

y0

x0

�
;

(2)

where Cm;n ¼ ð2m2nm!n!Þ�1=2ðx0
2p=2Þ�1=2

, and Hm,n repre-

sent the corresponding Hermite polynomials in the order of

m and n. x0 is the waist of the mode which is determined by

the radius of mirror curvature and the cavity length. The

eigen-frequencies of TEMmn modes are

xm;n;q ¼ qþ nþ mþ 1

p
arccosð

ffiffiffiffiffiffiffiffiffi
f1f2

p
Þ

� �
pc

L
; (3)

where q is the longitudinal mode index along the cavity z-

axis, f1;2 ¼ 1� L=R1;2 with L the length of the cavity and

R1,2 the radius of curvature of the input and output mirrors,

respectively. Equation (3) shows that for an axial-symmetric

F-P cavity, the higher-order transverse modes with identical

indices q and N¼mþ n are actually degenerate in resonance

frequencies. Fortunately due to the deformation of the mirrors,

there are about tens of MHz of transverse mode spacing in our

experiment and we can then distinguish each mode clearly.

Recently, Kim et al. reported a method25 to remove and sepa-

rate the degeneracy frequencies in a controlled way. The defor-

mation is inherent in the mirror polishing, the coating, and glue

processing. One can obtain the different high-order degenerated

transverse modes by scanning either the cavity length or the

probe beam frequency. Fig. 2 shows the spectra of a set of

well-separated higher-order transverse modes. The insets show

the details of each set of high order modes. The transmissions

around the cavity resonances and the mode spacing can be

measured precisely by modulated RF sidebands which are

added on the probe beam. Fig. 2 also shows the images (see the

right top) of the different transverse modes taken by a CCD

camera when the mode is resonant to the cavity separately.

Since the mode volume increases as the order of modes

increases, the coupling between single atoms and the cavity

become weaker. The maximum coupling efficiency

gmaxðm; nÞ versus the transverse mode orders mþ n is shown

FIG. 2. Cavity transmission on resonance when the cavity length is scanned.

The inset shows spacing of different higher modes for the same values mþ n

and the corresponding images viewed by CCD.
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in Fig. 3. It can be seen that in a wide range of mode order,

the system is in the strong coupling regime, i.e., gmaxðm; nÞ is

much larger than c and j.

The cavity transmissions given by Eqs. (1) and (2) for a

45� tilted mode are shown in Fig. 4 when atoms go into the

cavity mode in different positions along the y axis. Other

parameters we used for the simulation are the detuning of cav-

ity and atom Dca¼ 0 MHz, the detuning of probe laser and

atom Dpa¼ 0 MHz, and the waist of the cavity x0 ¼ 23:8 lm.

From left to right, Figs. 4(a)–4(c) correspond to Hermite-

Gaussian transverse modes TEMm0 with m¼ 1 to 3. As the

mode order increases, the number of mode nodes also

increases, which results in more complex patterns of the spec-

tra. In principle, more lobes in the higher order modes provide

more turning points where the coupling reaches maximum or

minimum when an atom passes each lobe. The size of each

lobe is smaller than that of the TEM00 mode which implies that

higher order modes with more lobes can provide more fine spa-

tial information of an atom, as it is in a more confined space.

This means that when we use higher order transverse modes, in

a similar experimental situation of using lower modes, the

transmission spectra can provide the capability of obtaining the

trajectory of the single atom with higher spatial resolution. Of

course, the tilted intra-cavity mode with asymmetric spatial pat-

tern, as a preceding condition, guarantees the unique determina-

tion of the single atom trajectory, as was discussed in Ref. 21.

A well-stabilized home-made laser is used as the probe

beam through which the transmission spectra of the single

atom transits is recorded when the intra-cavity mode is

locked in TEM10, TEM20, and TEM30, respectively. The

results are shown in Fig. 5, where the intra-cavity average

photon number is about 1, corresponding to 1.8 pW of output

beam power from the cavity. The red diamonds are the ex-

perimental data and the black lines are the fittings according

to Eqs. (1) and (2). The trajectory information shown on the

top-right in each graph is extracted directly from the spectra

fitting, which includes the off-axis position y, the vertical ve-

locity v, and their corresponding uncertainties. The information

on atomic position and velocity in the cavity mode can be

obtained from the transmission spectra. The extent of trajec-

tory change is sensitive to the position of the atom inside the

cavity and the order of the modes. In the similar experimental

condition (it is difficult to perform the atom transits every time

in the exact same place because the atoms fall down under

gravity and its location is uncontrollable.), the statistical uncer-

tainty of about 0.33 lm, 0.28 lm, and 0.26 lm for TEM10,
TEM20, and TEM30 modes are obtained in off-axis direction

(axis y), respectively, and the corresponding statistical uncer-

tainty in vertical direction (x-direction) is 4.02 lm, 3.06 lm,

and 1.95 lm within 10 ls, respectively. From the results, the

following main points can be established:

i) On the whole, the recorded experimental transmission

spectra agree with the theoretical fittings given by Fig. 4.

ii) For the same order of mode, the uncertainty of y strongly

depends on the exact position where the atom falls. The

closer the trajectory to the center of the antinode (y¼ 0),

the lower the uncertainty that can be obtained. When an

atom transits at a position far away from the mode center,

the signal-to-noise ratio (SNR) of the spectrum becomes

low and the uncertainty increases.

iii) The records show that optimal uncertainty is about

0.26 lm which is obtained for y¼ 0.53 lm by using

TEM30 mode. When we use TEM20 in place of TEM10

mode, the obtained uncertainties are substantially

improved, but for even higher order mode TEM30, fur-

ther improvement is not obvious. The obvious restric-

tion is the signal-to-noise ratio of the spectrum which is

deteriorating as the atom-cavity coupling becomes rela-

tively weaker for higher order modes, see Fig. 3.

iv) The uncertainty of velocity measurement in the vertical

direction (x direction) is also substantially reduced by

using a higher order cavity mode, which is directly due

to the multiple nodal points. The best spatial resolution in

the vertical direction (axis x) is about 1.95 lm within

10 ls of integrate time, which is again obtained by

TEM30. We also see that the highest accuracy by TEM30

mode is obtained when the atom velocity is about 2 times

slower than in other data, which means that by using a

slower atom sample, we could increase the atom-cavity

interaction time and improve our measurement accuracy

further. In principle, a slower atom, by using an addi-

tional deceleration phase or other atom feeding method

(such as atom convey belt by 1D optical lattice), could be

used to enhance the measurement accuracy further.

FIG. 4. Cavity transmission spectra

according to Eqs. (1) and (2) as func-

tions of the coordinates x and y for dif-

ferent higher order transverse modes.

The parameters of our experimental

system are as follows: ðg0; j; cÞ ¼ 2p
�ð23:9; 2:6; 2:6ÞMHz, Dca ¼ Dpa ¼
0 MHz, and the waist of the cavity

x0 ¼ 23:8lm for the probe beam.

FIG. 3. Normalized single-photon coupling between atom and cavity as a

function of the mode orders mþ n. gmax(m,n) is the maximum coupling

between the atom and the corresponding TEMmn mode. g0 is the maximum

coupling efficiency in the TEM00 mode.
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The motional information of single atoms in higher-

order transverse modes in the high finesse optical cavity can

be determined with rather low uncertainty. The actual uncer-

tainty mainly relies on the signal-to-noise ratio which is

influenced by the following aspects: the location of the atom,

the order of transverse mode and the noise from the probe

beam, and the locking system. At this moment, we cannot

control the location where the atom passes. We have to do

the trade off for choosing the proper order of the transverse

mode since higher order modes imply low coupling coeffi-

cient and poor signal-to-noise ratio. The imperfect locking

system in the cavity QED experiment indeed induces some

technical noise, including imperfection of the feedback con-

trol system for cavity length stabilization, the frequency

chain system,26 the cavity drift from the temperature change,

and the noise from the probe laser. If all these noises were

killed, we would have used even higher order of modes

TEMm0 (m> 3) and the advantages of using higher order

mode to sense the single atom would be more prominent.

Right now, we have demonstrated that multiple lobes of

higher order transverse modes do improve the measurement

precision of a single atom’s position and velocity.

In summary, we have demonstrated the strong coupling

between a single atom and the tilted higher-order transverse

modes up to TEM30 inside a high-finesse optical cavity. The

position of single atom and its velocity are measured by the

cavity transmission spectra with high precision. The experi-

mental results are consistent with the theory. Multiple lobes

of the asymmetric spatial pattern of the higher-order trans-

verse modes can indeed improve the measurement of a single

atom position in both transverse directions. The results show

that the best spatial resolutions of 1.95 lm in vertical direc-

tion (axis x) within 10 ls and 0.26 lm for off-axis direction

(axis y) are obtained when an atom freely falls and strongly

coupled to TEM30 mode. The signal-to-noise ratio is deter-

mined by the coupling coefficient and the noise which results

from the fluctuation of various technical noises and the

Poissonian photon noise. If the collection efficiency can be

improved or the speed at which the atom enters into the cav-

ity can be reduced, more photons emitted by the atom can be

detected and the signal-to-noise ratio should be higher.

Multiple longitudinal modes interacting with single atoms in

the cavity based on this system are interesting. In that case,

the dipole traps with multiple colors inside the cavity will be

built up, which can provide further confinement for single

atom.10,11 By joint using the method here we provided,

choosing the proper frequencies of multiple modes and the

feedback control techniques,27 the system shows great poten-

tial for further increasing the spatial resolution of single

atoms.

The work was supported by the Major State Basic

Research Development Program of China (Grant No.

2012CB921601) and the National Natural Science Foundation

of China (Grant Nos. 11125418, 61227902, 61275210,
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