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We describe the apparatus of a dark-line two-dimensional (2D) magneto-optical trap (MOT) of 85Rb
cold atoms with high optical depth (OD). Different from the conventional configuration, two (of
three) pairs of trapping laser beams in our 2D MOT setup do not follow the symmetry axes of the
quadrupole magnetic field: they are aligned with 45◦ angles to the longitudinal axis. Two orthogonal
repumping laser beams have a dark-line volume in the longitudinal axis at their cross over. With a
total trapping laser power of 40 mW and repumping laser power of 18 mW, we obtain an atomic
OD up to 160 in an electromagnetically induced transparency (EIT) scheme, which corresponds to
an atomic-density-length product NL = 2.05 × 1015 m−2. In a closed two-state system, the OD can
become as large as more than 600. Our 2D MOT configuration allows full optical access of the atoms
in its longitudinal direction without interfering with the trapping and repumping laser beams spa-
tially. Moreover, the zero magnetic field along the longitudinal axis allows the cold atoms maintain
a long ground-state coherence time without switching off the MOT magnetic field, which makes it
possible to operate the MOT at a high repetition rate and a high duty cycle. Our 2D MOT is ideal
for atomic-ensemble-based quantum optics applications, such as EIT, entangled photon pair genera-
tion, optical quantum memory, and quantum information processing. © 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4732818]

I. INTRODUCTION

Laser cooling and trapping of neutral atoms has become
a standard technology in the research field of modern atomic,
molecular and optical physics,1, 2 as well as in physics educa-
tion laboratories.3 As the most common laser cooling method,
the magneto-optical trap (MOT), since the first demonstration
in 1987,4 has been widely applied on many fundamental and
practical researches, such as precision spectroscopy,5 atomic
clock,6 atom interferometry,7, 8 and cold atomic collision.9–11

More importantly, it paved the way for creating Bose-
Einstein condensates (BEC) for the first time at laboratory in
1995.12, 13

The temperature of cold atoms in a MOT, typically rang-
ing from tens to hundreds micron Kelvin (μK), in which
the inhomogeneous Doppler broadening is negligible as com-
pared to the atomic natural linewidth, is ideal for studying
photon-atom interactions at quantum mechanics level with-
out requiring further complicated sub-μK cooling techniques.
Recently, many research efforts have been explored in using
cold atoms in MOT to control and manipulate quantum inter-
action between photons and atoms, such as electromagneti-
cally induced transparency (EIT),14, 15 low-light level nonlin-
ear optics,16–18 optical storage,19 and entangled photon pair
generation.20–22 Motivated by the Duan, Lukin, Cirac, and
Zoller (DLCZ) protocol,23 cold atomic ensembles trapped in
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MOTs with the EIT configuration may act as standard quan-
tum repeaters and nodes in a long-distance quantum com-
munication network.24–34 To efficiently generate and store
quantum entanglement and photonic states, the cold atomic
ensembles are required to operate at high optical depths (OD).
For example, the theory predicted that the atomic quantum
memory storage efficiency approaches unity at OD > 100
which is crucial to a practical quantum network and quantum
information processing.35 A practical EIT system with the
delay-bandwidth product more than 2 can only be obtainable
as OD > 40.36, 37 In most cold atom related quantum optics
experiments, high atomic OD is preferred because the strong
photon-atom interaction at a single-photon level depends on
the atomic collective enhancement. Meanwhile, to have a long
atomic ground-state coherence time, one must switch off the
MOT trapping laser fields during the application window. As
a result, the MOT trapping time and application window have
to be put into different time slots periodically. Therefore, a
MOT with a high OD, high repetition rate, and large duty cy-
cle is desirable for quantum optics applications, especially for
those working with single photon states.

However, the conventional three-dimensional (3D) MOT,
which has been widely implemented for the above mentioned
EIT-related quantum optics researches,20–22, 24–34 has a typical
low OD of about 10. The OD can be further increased as one
applies additional cooling process, such as polarization gra-
dient cooling38 and forced evaporative cooling.12 However,
these additional cooling processes require relatively long time
(from several hundred ms to seconds) that dramatically re-
duces the duty cycle of the atoms. For example, high OD
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can be achieved at or close to the BEC transition tempera-
ture and was used for observing ultra slow light effect and
coherent optical information storage.39, 40 However, a BEC,
which typically requires more than 10 s atomic state prepa-
ration time, is not practical for single-photon quantum state
operations due to its low duty cycle and repetition rate. Most
recently, a high repetition rate BEC production with a period
of 2.65 s was realized in a compact atom-chip system,41 which
is still too slow for photon counting experiments. A better
solution to obtain high OD (>100) in the 3D MOT is pro-
ducing a cigar-shaped atom cloud with the dark-spot MOT
configuration.42–44 However, like all 3D MOTs, it is still re-
quired to switch off the MOT magnetic fields. Usually the
speed of switching on and off magnetic field is slow due to
the inductance of the magnetic coils. Meanwhile, the back-
ground stray fields need to be compensated in a complicated
way.45

This problem may be solved by using the two-
dimensional (2D) MOT configuration, where atoms are
cooled and trapped along the zero-field line (or called the
longitudinal axis) of a 2D quadrupole magnetic field and a
long ground-state coherence time can be maintained without
switching off the magnetic field. However, in the conventional
2D MOT with four trapping laser beams,46–48 there is no cool-
ing and trapping along the longitudinal axis and the atoms
can move freely along the line. This 2D MOT is often used
to produce moving atomic flux, but not for a stable trap. This
problem can be overcome by adding a third pair of counter-
propagating trapping beam along the longitudinal axis.49, 50

Indeed a stable trap is formed in this six-beam 2D MOT, but
the two beams along the longitudinal axis are in the way of
optical access along the high OD direction.

In this paper, we review and describe a modified and
improved dark-line 2D MOT apparatus in which we are
able to not only produce cold atoms with high OD (>100)
but also obtain a low ground-state dephasing rate (2π

× 0.03 MHz) without switching off the quadrupole magnetic
field. Different from the conventional setup, two pair trap-
ping laser beams do not follow the symmetry axes of the
quadrupole magnetic field: they are aligned with 45◦ angles
relative to the longitudinal axis of the MOT. Two orthogonal
repumping laser beams have a dark-line volume in the lon-
gitudinal axis at their cross over. Because the trapping and
repumping laser beams are spatially separated from the lon-
gitudinal axis, they can be controlled by high speed acousto-
optic modulators (AOM) and electro-optic modulators. The
MOT can be operated at a high repetition rate. With total
trapping laser power of 40 mW and repumping laser power
of 18 mW, we obtain an atomic OD up to 160 in an EIT
transition. The low ground-state dephasing rate of about 2π

× 0.03 MHz meets the requirement of most EIT applications.
In the past three years, this apparatus without the dark line
has been used for many high quality EIT-based quantum op-
tics researches, including the generation and manipulation of
subnatural linewidth entangled photon pairs,52–56 experimen-
tal observation of optical precursors in both coherent light
pulses and single photon wave packets.57–59 Most recently,
the 2D MOT with dark line was applied for efficient optical
storage.60 Our 2D MOT with tunable OD will find important

application in atomic-ensemble-based quantum communica-
tion and quantum information processing.

II. 2D MOT SETUP

A typical MOT apparatus comprises an ultra-high vac-
uum (UHV) cell, magnetic fields, and laser beams. We use
an octagonal glass cell, which is customized from Technical
Glass Inc, as the MOT chamber. The vacuum system is con-
structed following the standard UHV technology which we
will not describe in details in this review. We install totally
4 rubidium (Rb) dispensers (SAES, RB/NF/4.8/17 FT10+10)
to provide controllable Rb vapor pressure. During the MOT
operation, we only run two dispensers and the other two are
reserved for backup. By tuning the current of two dispensers
in series, the Rb vapor pressure can be changed from 10−10 to
10−7 Torr. The naturally occurring rubidium is composed of
85Rb (72.2%) and 87Rb (27.8%). In this work, we describe the
2D MOT for 85Rb atoms, but the system can also be used to
cool and trap 87Rb atoms by changing the MOT laser frequen-
cies. The principle described here can also be applied to other
alkali atoms. We have two modes to operate the 2D MOT.
They are the dark-line 2D MOT and the 2D MOT without
dark line.

A. Dark-line 2D MOT

The schematics of our dark-line 2D MOT setup and 85Rb
atomic energy level diagram are shown in Fig. 1, where
the vacuum cell is not shown. As illustrated in Fig. 1(a),
the magneto-optical configuration comprises a 2D quadru-
ple magnetic field produced from a magnetic coil, six trap-
ping beams, and two repumping beams with an overlaped
dark line. The magnetic coil is constructed from a single cop-
per wire with a square cross section (5 × 5 mm) and hol-
low core. The coil is designed for obtaining short switching
on/off time with a low inductance at a high current up to
200 A. The operating current is 70 A for the 2D MOT ex-
periment described in this work. The magnetic coil is cooled
by water flux through the hollow core. This 3D coil structure
can be considered as a cage surrounded by four single-loop
coils, but the single-wire coil design minimizes the number
of electric connections, and more importantly, it minimizes
the number of water connections. As discussed later, when
there is no need to switch off the MOT magnetic field, we
can replace the coil with a four-coil set with multiple turns so
that high current and water cooling are not necessary. From
the coil symmetry, the generated 2D quadruple magnetic field
has a zero field line along the longitudinal z axis. The 2D
magnetic field pattern on x-y plane is displayed in Fig. 1(b).
The trapping laser is red detuned by 20 MHz from the tran-
sition |5S1/2, F = 3〉 → |5P3/2, F = 4〉, and the repumping
laser is on resonance with the transition |5S1/2, F = 2〉 →
|5P3/2, F = 2〉. Both trapping and repumping beams have the
same beam diameter of 2 cm. One pair of counterpropagat-
ing trapping laser beams (1 and 2) are aligned along the x
axis. Different form the conventional 2D and 3D MOT opti-
cal alignments, the other four trapping beams are not aligned
along the symmetry axes of the magnetic field. For example,
in the conventional 2D MOT configuration,49, 50 these four
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FIG. 1. Schematics of the dark-line 2D MOT magneto-optical configuration. (a) is a 3D view. (b) and (c) are cross section views in x-y and y-z planes,
respectively. (d) is the 85Rb D2 line energy level diagram with MOT laser transitions.

trapping beams are aligned along y and z axes. However, in
our 2D MOT setup, we align these four trapping beams (3,
4, 5, and 6) at 45◦ angles to the y and z axes, as shown in
Fig. 1(c). Because the atoms are trapping along the longitu-
dinal z axis, this configuration opens full optical access along
the atom line which is the direction for high OD. With the il-
lustrated magnetic coil current direction and magnetic field,
the polarizations (σ+ and σ−) of the six trapping beams are
also shown in Figs. 1(a)–1(c). To efficiently make use of the
trapping laser power, the two 45◦ beams are retro reflected
as shown in Fig. 1(c). We use two repumping laser beams.
The repumping beam 1 overlaps with the trapping beam 1
along the x axis. the repumping beam 2 is aligned along
the y axis. In each repumping beam, there is a copper wire
line with a diameter of 0.6 mm. The images of these copper
wires with a unit magnification, through a 4f lens system in

each beam, overlap at the center of the 2D MOT and create
a dark line (with a square cross section of 0.6 × 0.6 mm)
of the repumping beams along the z axis. In the dark line
regime, the atoms are pumped into the dark state |5S1/2,
F = 2〉 without interacting with the trapping laser and thus
avoid the radiation trapping loss and heating. As an extension
of the dark-spot 3D MOT, the dark line can significantly in-
crease the atomic density and optical depth. In the dark-line
2D MOT, we obtain OD in an EIT transition up to 160, with
a trapping laser power of only 40 mW and a repumping laser
power of 18 mW.

B. 2D MOT without dark line

If an OD of less than 50 is enough for application, one
can work with the 2D MOT without the dark line in which



073102-4 Zhang et al. Rev. Sci. Instrum. 83, 073102 (2012)

the optical alignment can be simplified. In this mode, one can
remove the copper wires as well as the imaging lenses in the
two repumping beams. To open more optical access along the
y axis, one can also remove the repumping beam 2 and put
all the repumping laser power to its beam 1. This 2D MOT is
robust and very easy to setup.

C. Magnetic coil design

The water-cooled magnetic coil shown in Fig. 1 is made
of a single hollow-core copper wire with a square cross
section. We obtain a transverse magnetic field gradient of
10 G/cm with a current of 70 A for the MOT. The small induc-
tance (∼100 μH) of this coil also allows us to switch on and
off the magnetic field in a short time. Controlling the magnetic
field is necessary for obtaining the atomic ground state coher-
ence time of more than 10 μs. We obtain a dephasing rate of
γ 12 = 2π × 0.03 MHz between the two ground levels (|1〉
= |5S1/2, F = 2〉 and |2〉 = |5S1/2, F = 3〉), which corresponds
to a coherence time of τ 12 = 5.3 μs, without switching off the
2D MOT quadruple magnetic field during the measurement.
If such several μs coherence time is long enough for appli-
cations, the quadruple magnetic field can be remained on all
the time and the magnetic coil can be simplified. In this case,
the magnetic coil set can be assembled from four independent
coils, as shown in Fig. 2(a). There are multiple turns in each
coil so that they can be driven by a low current power sup-
ply without water cooling. Such a steady MOT magnetic field
can also be generated from 4 permanent magnet bars aligned
in the configuration shown in Fig. 2(b).41 Using permanent
magnetic magnets dramatically simplify the system and re-
duce the power consumption because it can be self-standing
without using any electrical power supply.

current
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FIG. 2. Two alternative ways to produce a steady 2D MOT quadruple mag-
netic field: (a) A magnetic coil set with many turns, and (b) a permanent
magnet set. The inset inside (b) shows the alignment of the 4 magnets in x-y
plane.

III. EIT AND MEASUREMENT

Figure 3 shows two fluorescence pictures of cold atoms
in the 2D MOT, with a longitudinal length of 1.7 cm and
an aspect ratio of about 25. We take EIT measurements
to characterize the 2D MOT properties. EIT,14 as a quan-
tum interference between atomic transitions, has been widely
used to manipulate optical response of an atomic medium,
and found its wide applications in slow light,39 nonlinear
wave mixing,18 optical switching,16, 17 entangled photon pair
generation,20–22 optical quantum memory,51 and quantum in-
formation processing.23 The EIT measurement scheme is
shown in Fig. 4, where (a) is the involved energy level dia-
gram in 85Rb D1 lines (795 nm), (b) is the optical setup, and
(c) is the timing. We consider an EIT � system in the follow-
ing three levels: |1〉 = |5S1/2, F = 2〉, |2〉 = |5S1/2, F = 3〉, and
|3〉 = |5P1/2, F = 3〉. A weak probe laser (ωp) beam propa-
gates along the 2D MOT longitudinal z axis and is focused to
the center of the MOT with a 1/e2 beam diameter of 245 μm at
the waist. We measure the probe absorption spectrum with a
photomultiplier tube (PMT, Hamamatsu, H6780-20) by scan-
ning its frequency across the transition |1〉 → |3〉. To ensure
that linear propagation effect is studied, we keep the inten-
sity of the probe laser sufficiently low (∼100 nW) that the
atomic population remains primarily in the state |1〉. A colli-
mated coupling laser beam, ωc, on resonance at the transition
|2〉 → |3〉 and with a 1/e2 beam diameter of 1.6 mm, passes
through the cold atoms with an angle of 3◦ respect to the probe
laser beam. Both the probe and coupling laser beams have
the same circular polarizations (σ+) to optimize the EIT ef-
fect. The measurement is taken periodically. At each period of
T = 5 ms, we set the MOT trapping time tMOT = 4.2 ms and
the measurement duty (including state preparation and EIT
measurement) time tduty = 0.8 ms. At each cycle, after the re-
pumping laser is switched off, we remain on the trapping laser
for additional �t = 0.3 ms to optically pump all the atoms into
the ground state |1〉, which is preferable for the EIT scheme.
To reduce this time of 0.3 ms in the duty window, one can also
use an additional on-resonance laser to pump the atoms more
efficiently in a much shorter time (<50 μs). After the atoms
are prepared in the ground state |1〉, we switch on the probe
and/or coupling lasers for absorption measurement inside the
duty window. All the laser powers are controlled by AOMs.

Under the plane-wave approximation, the transmission of
the weak probe laser after passing through the EIT medium is

(a) (b)

1.7 cm

FIG. 3. Fluorescence pictures of cold atoms in the 2D MOT viewed from (a)
the x direction and (b) the y direction.
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given by

Tran(ωp) = |eik(ωp)L|2 = e−2Im[k(ωp)]L, (1)

where L is the medium length and k(ωp) = (ωp/c)
√

1 + χ

� (ωp/c)(1 + χ/2) is the complex wave number in the
medium with the speed of light in vacuum c. The EIT linear
susceptibility (complex) is given as57

χ = α0

k0

4(�ωp + iγ12)γ13

|�c|2 − 4(�ωp + iγ12)(�ωp + iγ13)
, (2)

where α0 is the on-resonance absorption coefficient of the
transition |1〉 → |3〉 when the coupling laser is not present,
k0 = ω31/c, �ωp = ωp − ω31 is the probe detuning, and
�c is the coupling laser Rabi frequency. The atomic-lifetime-
determined electric dipole relaxation rate between |1〉 and |3〉
is γ 13 = 2π × 3 MHz. When the coupling laser is switched
off (�c = 0), Eq. (2) reduces to that of a two-level system.
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FIG. 5. The probe absorption spectrum profile at OD = 140 in (a) a two-level
system (�c = 0) and (b) an EIT system (�c = 2π × 10.5 MHz). The circular
points are experimental data, and the solid are theoretical curves plotted from
Eq. (1).

The atomic optical depth OD = α0L and ground-state de-
phasing rate γ 12 are obtained as the best fitting parameters of
Eq. (1) to the measurement data.

Figure 5 shows typical absorption measurement results
of the dark-line 2D MOT. As discussed previously, when the
coupling laser is not present (�c = 0), the EIT reduces to
a two-level system and the probe laser gets maximally ab-
sorbed on resonance, shown in Fig. 5(a). When the coupling
laser is switched on (�c = 2π × 10.5 MHz), it renders the
medium a narrow transparent window around the resonance,
as shown in Fig. 5(b). The solid curves are the best fitting of
Eq. (1) to the experimental data, and we obtain OD = 140 and
γ 12 = 2π × 0.03 MHz.

Figure 6 shows the measured OD as a function of the
current of two dispensers. We operate the 2D MOT with a
trapping laser power of 80 mW and a repumping laser power
of 18 mW. When the 2D MOT is operated without the dark
line, we find the OD reaches a saturation value of 60 as the
current approaches 3.5 A, as shown in plot (1) of Fig. 6. In
the dark-line 2D MOT configuration, we observe a significant
increase of OD to 130 at a high dispenser current [plot (2) of
Fig. 6]. During the measurement, we find that the repumping
beam is not completely dark at the dark line due to scatter-
ing, diffraction, and the imperfectness of the imaging system.
To solve this problem, we turn on the coupling laser during
the MOT time at a very weak power of 10 μW to act as a
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20
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FIG. 6. The measured OD as a function of the current of two dispensers
in (1) the 2D MOT without the dark line, and the dark-line 2D MOT (2)
without the depopular beam and (3) with the depopular beam. In these sets
of measurements, we operate the 2D MOT with a trapping laser power of
80 mW and a repumping laser power of 18 mW.
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depopular beam. The measured OD with the depopular beam
is shown in plot (3) of Fig. 6, and we observe a slight increase
of OD from 130 to 140 at the dispenser current of 3.5 A. A
higher OD is achievable at a larger dispenser current. Because
the depopular beam only increases the OD slightly, in the fol-
lowing measurements and discussions, we work only with the
dark-line 2D MOT without the depopular beam.

We then study the dependance of OD on the trapping and
repumping laser powers, in the dark-line 2D MOT configura-
tion without the depopular beam. At first, we fix the repump-
ing laser power at 18 mW and vary the trapping laser power.
Figure 7(a) shows the measured OD as a function of the trap-
ping laser power. At a low power, the OD increases linearly
as the trapping laser power. It reaches a saturation value as
we increase the trapping laser power to more than 30 mW.
The slight decrease of OD at high trapping laser power may
be caused by the power unbalancing between the six trap-
ping laser beams. We then set the trapping laser power at
40 mW and vary the repumping laser power. The measured
OD vs repumping laser power is shown in Fig. 7(b). The OD
starts to saturate at a repumping laser power of 3 mW. As a
result, we obtain OD = 160 in the dark-line 2D MOT with
a low trapping laser power of only 40 mW. Such a low laser
power requirement may drastically reduce the complicity of
the laser system.

Another important number for characterizing the system
performance is the duty cycle, defined as the ratio of duty
window time length to the period

η = tduty

T
. (3)

Because the MOT time and EIT application duty window
must be separated at different time slots, the duty cycle
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FIG. 7. The measured OD as a function of the power of the trapping and
repumping lasers in the dark-line 2D MOT. (a) OD vs trapping laser power
when the repumping laser power is fixed at 18 mW. (b) OD vs repumping
laser power when the trapping laser power is fixed at 40 mW.

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

120

140

160

180

 O
D

Duty cycle       (%)

FIG. 8. The measured OD in the dark-line 2D MOT (without the depopular
beam) as a function of the duty cycle.

reflects the use efficiency of the cold atoms. During the
duty window, we lose some atoms from the trap because
of the background collision, free expansion, and falling under
the gravity. As a result, the optical depth drops as we increase
the duty cycle. The above measurements are taken with a duty
cycle η = 16%. The duty cycle can be varied by changing ei-
ther the MOT trapping time tMOT and or the duty time tduty.
Figure 8 shows the measured OD as a function of duty cycle
at the dispenser current of 3.5 A, with the lasers operated at
40 mW and 18 mW for the trapping laser and repumping laser,
respectively. As we increase the duty cycle to 35%, we still
have OD more than 100. For most applications where an OD
of about 50 is enough, we can run the 2D MOT with a duty
cycle of 55%. If an OD of 10 is needed, we can increase the
duty cycle up to 80%.

We must mention that the OD discussed previously is in
the EIT three-level scheme where |1〉 → |3〉 is an open transi-

tion with an absorption cross section σ13 = 7
27 × 3λ2

p

2π
. Here λp

is the on-resonance probe laser wavelength. With the atomic
density N, the optical depth can be expressed as OD = α0L
= Nσ 13L. Therefore, the product of atomic density N and
length L is independent of the transition strength of the cho-
sen states. At OD = 160, we get NL = 2.05 × 1015 m−2. In
a closed two-state system, such as |5S1/2, F = 3, MF = 3〉 →
|5P3/2, F = 4, MF = 4〉, the absorption cross section becomes

σ0 = 3λ2
p

2π
and we can get an OD of more than 600.

IV. SUMMARY

In summary, we have described the apparatus of dark-
line 2D MOT of 85Rb atoms and its EIT measurements. In
our six-trapping-beam optical setup, four trapping beams are
aligned with 45◦ angles to the longitudinal axis and do not fol-
low the conventional setup along the symmetry axes. We use
two orthogonal repumping laser beams with a dark-line vol-
ume in the longitudinal axis at their cross over. This trapping-
repumping beam configuration opens full optical access along
the longitudinal axis and it is important for quantum optics
experiments. With a total trapping laser power of 40 mW and
repumping power of 18 mW, we obtain cold atoms with a
high OD of up to 160, which corresponds to NL = 2.05
× 1015 m−2. In a simplified configuration without the dark



073102-7 Zhang et al. Rev. Sci. Instrum. 83, 073102 (2012)

line, the 2D MOT is capable to have OD up to 60. In a closed
two-state system, we can get the OD up to more than 600. Be-
cause the atoms are trapped along the zero magnetic field line
in the longitudinal z axis, we obtain a low ground-state de-
phasing rate γ 12 = 2π × 0.03 MHz with the MOT magnetic
field remaining on. It greatly simplifies the system operation
without the need of turning off the MOT magnetic field and
allows the MOT operated at a high repetition rate and a high
duty cycle. In this work, we describe the 2D MOT for 85Rb
atoms, but the system can also be used to trap 87Rb atoms
by changing the MOT laser frequencies. The principle de-
scribed here works also for other alkali atoms. Since 2008,
this 2D MOT without dark line has been applied in generat-
ing narrow-band entangled photon pairs,52–56 and the obser-
vation of optical precursors at both coherent light pulses and
single photons.57–59 Most recently, We use the dark-line 2D
MOT with a high optical depth to study EIT optical storage.60

Our 2D MOT at a high optical depth with a low trapping
laser power provides a nearly ideal cold atom source for EIT-
related quantum optics research and may find important ap-
plications in atomic-ensemble-based quantum networks.
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