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Cold atomic media with ultrahigh optical depths
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We present an experimental study to achieve ultrahigh optical depths for cold atomic media with a two-
dimensional magneto-optical trap (MOT) of cesium. By combining large atom number, a temporally dark and
compressed MOT, and Zeeman-state optical pumping, we achieve an optical depth of up to 1306 for the open
transition of the cesium D, line. Our work demonstrates that it is feasible to push the optical depth up to the 1000
level with a convenient MOT setup. This development paves the way to many important proposals in quantum

optics and many-body physics.
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Optical depth (OD, denoted as D), defined by D = no L,
is a crucial parameter for many experiments, where n is
the atomic density, o is the absorption cross section and
L is the sample length. For example, the optical buffer
application based on the slow-light effect associated with elec-
tromagnetically induced transparency (EIT) requires a large
OD to increase the crucial parameter: the delay bandwidth
product [1]. In quantum memory applications, the ultimate
parameter that determines the memory efficiency is OD [2].
In EIT-based photon-pair generation, the pair-generation rate
and paired probability is monotonically proportional to the
OD [3]. In low-light-level nonlinear optics, a high OD helps to
increase the efficiency of the nonlinear interactions [4-6]. In
proposals of many-body physics with dark-state polariton [7,8]
and superradiance [9-11], a high OD is also a requirement.

The magneto-optical trap (MOT) [12] has become a
workhorse to provide cold atoms for the studies of quantum
optics and many-body physics. How to increase the OD
of atom clouds in a MOT is an important task. There
have been some reports of ODs larger than 100 based on
two-dimensional MOTs [4,5,13,14]. Recently, Sparkes et al.
reported achieving an OD of ~1000 at the cycling transition of
rubidium atoms [15]. Blatt ez al. reported achieving an optical
depth of ~1000 for the open transitions of rubidium loaded
into a hollow-core photonic-crystal fiber from a MOT [16].
Here, we report achieving an OD of up to 1306 for the
|F =3) — |F' =4), o transition of the cesium D; line.
To the best of our knowledge, this is the largest OD to date for
cold atomic media. Our work demonstrates that it is feasible
to push the OD up to the 1000 level with a convenient MOT
setup. This development opens up the opportunity to realize
many important proposals in quantum optics and many-body
physics.

From the definition of OD, it is evident that OD can be
increased by choosing a transition with a favorable absorption
cross section, increasing the atomic density and increasing the
sample length. For alkali-metal atoms, the cycling transition of
the D, line has the largest absorption cross section. However,
it is impossible to implement EIT, which some proposals are
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based on, with a cycling transition. For open transitions of
cesium, the |F =3,m =3 (=3)) > |F' =4,m =4 (—4)),
oT (o7) transition and the |F =4,m =4 (—4)) — |F' =
3,m = 3(=3)),0~ (o) transition of the D, line have the same
and largest absorption cross section [17]. To take advantage of
this, it is required to perform both the hyperfine- and Zeeman-
state optical pumping to prepare population in the desired state.
To increase the sample length, many teams have implemented
the two-dimensional MOT to produce cigar-shaped atom
clouds with a sample length of 1 to 2 cm [4,13,14,18-20]. A
typical technique to increase the atomic density is to use either
the temporally or spatially dark MOT in addition to magnetic
compression [21-23]. To maximize the atomic density, it is
also important to start with a large number of atoms, greater
than that ultimately used to perform the compression [24].
We have carefully implemented all these techniques to obtain
ultrahigh ODs.

Our experiment is based on a glass vapor-cell MOT of
cesium with a pair of rectangular-shaped quadruple magnetic
coils [13]. The coils generate a line of zero magnetic field
where cigar-shaped atom clouds are trapped. Figures 1(a)
and 1(b) depict the laser excitations involved and show a
schematic diagram of the experimental setup, respectively. We
refer to the long axis of the atom clouds as the z axis. The
gradient of the magnetic field along the x and y axes are both
~9 G/cm. The trapping beam, red detuned by 12 MHz, has
a total power of up to 330 mW after a single-mode fiber. The
beam is expanded to a diameter of 22 mm and then split into
eight independent beams to form the MOT via many sets of
half wave plates and polarizing beam splitter (PBSs). Two pairs
of trapping beams counterpropagate in the horizontal plane
and intersect with the z axis by 45°. A pair of trapping beams
counterpropagate in the vertical direction (x axis). We add two
additional trapping beams counterpropagating in the y axis to
enhance the optical confinement force in this direction. We
emphasize that none of the trapping beams intersects with the
z axis by a small angle such that the attenuation of any trapping
beam due to the atomic absorption is not significant. This
arrangement allows a longer cloud length due to the reduced
effect of absorption-induced trapping [19]. The repumping
beam, which drives the |F =3) — |F’ =4) transition of
the D, line, has a power of 50 mW and a diameter of
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FIG. 1. (Color online) (a) Relevant energy levels for '33Cs atoms
and laser excitations. (b) Schematic experimental setup. Trapping
beams 7 and 8 are in and out of the plane of the page. The repumping
(depumping) beam is overlapped with trapping beams 1 and 2 (5 and
6) because it is coupled into the MOT through the PBS that splits
these two beams.

~20 mm. We can trap up to 1 x 10'” atoms with a MOT load-
ing time of ~1 to 2 s. The maximum size of the atom cloud is
~3 x 3 x 14 mm>. The OD forthe |F =3) — |F' =4), 0™
transition of the D line for a plain MOT is around 50 to 60.

To improve the performance of the temporally dark MOT,
we prepare a depumping beam which drives the |F = 4) —
|F' = 4) transition of the D, line. The power of the depumping
beam is up to 12 mW with a diameter of ~15 mm. One laser
beam, which drives the |F = 3) — |F’ = 2) transition of the
D; line, is used to perform the Zeeman-state optical pumping.
The power of the Zeeman-pumping beam is up to 20 mW
and its diameter is 5 mm. It is nearly circularly polarized. It
intersects the z axis by about ~4° to induce both ¢ and
transitions, with the Zeeman state |F' = 3,m = 3) being the
only dark state [25]. Because the setup is designed for EIT-
related experiments [4,6,26], we have prepared EIT control
and probe beams which drive the |F =4) — |F' = 4) and
|F = 3) — |F' = 4) transition of the D; line, respectively.
The control and probe beams both propagate along the z
axis with an angle of ~1° between them. The probe beam
is focused to a waist of 60 m at the center of the atom cloud.
To allow the EIT spectral measurement, the probe beam passes
through one acousto-optic modulator (AOM) in a double-pass
configuration. By varying the rf driving frequency of the AOM,
the frequency scan range of the probe field is up to 100 MHz.
The control beam is collimated around the atom cloud with a
diameter of ~1 mm. The power of the control beam is up to
2 mW. The power of the probe beam is ~10 nW and is detected
by a photomultiplier tube (Hamamatsu R 630-10). Some irises
are used to filter out the control beam with an extinction ratio
of better than 56 dB.

The timing diagram is shown in Fig. 2. The trapping beam is
turned off at the time denoted by 7 for 120 ws with a repetition
rate of 7.5 Hz. We turn off the quadruple magnetic field via
two electronic switches connected to both ends of one power
supply. Although the current can be turned off quickly with an
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FIG. 2. (Color online) Timing diagram of experiment.

exponential decay time of ~200 us, the induced eddy current
of the surrounding metallic components may have a longer
decay time. To reduce its perturbation in EIT experiments,
the quadruple magnetic field is turned off at 7o — 1.6 ms. To
implement the magnetic compression, another power supply
is also connected to the quadrupole magnetic coils with two
electronic switches. It is turned on at 7, — 12.1 ms with a
duration of 11.5 ms. This 11.5 ms duration is the temporally
dark and compressed MOT stage. At time Ty — 12.1 ms, the
repumping intensity is reduced to a smaller value and the
depumping beam is also turned on for the cases where it is
needed to be on. The repumping beam is turned off at Ty —
0.6 ms. The depumping beam is turned off at 7. During the
0.6 ms period before Ty, the repumping beam is off and the
trapping and depumping beams are on to pump the population
into the | FF = 3) ground state. At time 7p, the Zeeman pumping
beam is on for 20 us and the EIT control beam is on for 120 us.
At time Ty + 30 us, the EIT probe beam is on for 90 us. The
power of the probe beam between Ty + 35 s and Ty 4 40 us
is recorded. The probe powers with the MOT on and off are
divided to determine the probe transmission. By repeating the
timing sequence and gradually varying the probe frequency,
the EIT spectrum can be obtained.

To determine the OD, we fit the spectrum to an EIT
lineshape given by

T =exp |:D%Im< : i, _ b) —FJ/] 7>:| )
16y —8)—vilis, = (3 + )]+ %
(D

where D is the on-resonance OD, §,) is the probe (control)
detuning from its resonance, I' = 27 x 4.575 MHz is the
spontaneous decay rate of the cesium D; line [17], y is
the decay rate of the ground-state coherence, 2. is the Rabi
frequency of the control field, and Im() stands for the imaginary
part of the relation inside the bracket. The fitting parameter
D is mainly constrained by the detuning range where the
probe transmission curve starts to turn from essentially zero
to nonzero near the edges of the spectrum. It is important
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FIG. 3. (Color online) (a) A representative EIT spectrum. This
spectrum corresponds to the rightmost data point in Fig. 4(d). The
blue line is a fit to the EIT lineshape. The fit parameters {D, Q., y },
are {1056 (88),[5.06 (0.10)]T", and [0.0009 (0.0002)]I" }, respectively.
Quantities shown in the bracket are the 20 uncertainty of the fitting
parameters. (b) The EIT spectrum for the largest OD achieved.
The fit parameters {D,Q.,y} are {1306 (117), [3.57 (0.09)]T,
[0.0016 (0.0002)]T"}, respectively.

that the scan range of the probe frequency be large enough to
cover this turnover. In most of the cases in our experiment,
the probe scan range of ~100 MHz is quite enough. With an
OD up to 1306 as shown in Fig. 3(b), this scan range is just
barely enough. An AOM with a larger bandwidth is required
for the cases with even higher ODs. The probe intensity needs
to be much lower than the saturation intensity of the probe
transition such that the absorption is in a linear regime where
Eq. (1) is valid. The uncertainties of the fitting parameters
depend on the fluctuation of the data in the EIT spectrum. To
minimize the fluctuation, we performed 32 times averaging on
the transmission measurement. Typical 20 standard deviation
for the fitting parameter D is less than 10% of its fit value with
the two representative examples shown in Fig. 3.

Generally speaking, all techniques used to increase the
OD need to be carefully implemented and optimized in order
to obtain an ultrahigh OD. Before discussing our systematic
study of the OD optimization, we emphasize some crucial
points: First, we use a relatively high trapping power in our
MOT. With a higher trapping power, the number of trapped
atoms is larger, which results in a longer atom cloud in the
z axis. The large initial atom number is also important to
obtain a high atomic density in the transient compression of
an MOT. The reason for this is well explained in Ref. [24].
Starting with an atom number more than ultimately needed,
replenishment of atoms into the central compressed volume
causes an increase in density for some time until the collision
losses dominate and the density finally decreases. Second, we
found that careful adjustments of the total trapping power into
different pairs of trapping beams and fine tuning of the beam
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balance between each pair are crucial. With a proper balance,
the atom cloud is pushed inward with its center-of-mass
position fixed. Otherwise, the center-of-mass position of the
cloud moves with a little increase in density. Third, it is
desirable to turn off the inhomogeneous quadruple magnetic
field of the MOT to reduce the ground-state decoherence rate
y. However, this also results in a ballistic expansion of the
trapped atoms and thus a reduction in the atomic density. There
is a tradeoff between obtaining a low y and a large OD. To
enjoy both a large OD and a low y, the key is to turn off the
quadruple magnetic field quickly and to minimize the induced
eddy current. Careful design of the switching electronics and
minimizing the use of metallic components near the MOT
region are crucial. Empirically, we found that an increase of
0.5 ms free flight time causes a reduction in OD of ~35% in our
system.

Starting from a plain MOT, we then perform the techniques
which lead to sequential improvement of the OD. Figure 4(a)
depicts OD versus the repumping intensity during the tem-
poral dark MOT period. Reducing the repumping intensity
causes the shelving of some portions of the population into
the dark |F = 3) hyperfine ground state. This occurs as a
consequence of the off-resonance excitations of the trapping
beams to the 6P5),|F’ = 4) excited state and the following
spontaneous decay into the | FF = 3) ground state. The atomic
density increases due to the reduction of the density-limiting
mechanisms such as radiation trapping and light-assisted
cold-collision losses [23]. However, if the repumping beam is
too weak, the atomic density starts to decrease again because of
a significant reduction in the trapping force. Therefore, there is
an optimum repumping intensity that maximizes the OD [23].
The maximum OD improvement obtained is about a factor of
two, as shown in Fig. 4(a).

Due to the relatively large splitting in the excited-state
hyperfine levels for cesium, the off-resonant pumping of the
population to the |F = 3) ground state by the trapping beams
is not very efficient. It is essential to add a depumping beam
to help the hyperfine-state pumping process [23]. With the
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FIG. 4. (Color online) (a) OD vs repumping intensity during the
dark-MOT period. (b) OD vs depumping intensity. (c) OD vs the
radial gradient of the quadruple magnetic field of the MOT during the
compression period. (d) OD vs the intensity of the Zeeman optical
pumping beam.
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depumping on, we found that the optimum repumping intensity
during the dark-MOT period shifts to a higher value. In fact,
this is an optimization problem with two parameters. Although
we did not exhaustively explore the complete parameter space,
we found that the maximum ODs do not vary too much (< 15%)
for various sets of optimized repumping and depumping inten-
sities. Figure 4(b) depicts an example of OD vs the depumping
power with a repumping intensity of 0.03 mW /cm? during the
dark-MOT period. The maximum OD is further improved by a
factor of ~1.7, compared to the best OD without a depumping
beam.

With the optimized repumping and depumping parameters,
we then perform the magnetic compression. We also optimize
the trapping detuning during this period. The optimized
detuning is typically around —16 MHz. Figure 4(c) depicts
OD vs the magnetic gradient of the quadruple field of
the MOT during the compressed MOT period. Compared
to the case without compression, there is an improvement in
the maximum OD by about a factor of three. We then apply
the Zeeman-state optical pumping. The pulse duration of the
Zeeman-pumping beam is fixed to 20 us. It was found that
we have to compensate the stray magnetic field to a few mG
in order to obtain a good result. A light storage technique
based on adiabatically turning the EIT control field off and
on is used to diagnose the stray magnetic field [27]. A longer
storage time corresponds to a better compensation. Figure 4(d)
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depicts OD versus the intensity of the Zeeman pumping beam.
The OD approaches a maximum value when the intensity
of the pumping beam increases. At the saturation power,
fine tuning on the polarization or alignment of the Zeeman
pumping beam can further increase the OD. According to
the Clebsch—Gordan coefficients of cesium [17] and assuming
that the initial population is randomly distributed among
the Zeeman manifold of the |F = 3) ground state, the OD
can be increased by a factor of 2.3 if all populations are
optically pumped to the rightmost (leftmost) Zeeman state.
In the case of Fig. 4(d), the OD is improved by a factor
of 2.2.

With the four procedures mentioned above, there is a more
than twenty-fold improvement in OD. Starting with an OD of
~50 to 60 in a plain MOT, it is clear that the final OD can
be larger than 1000, as is shown in Fig. 4(d). Under the best
conditions, the largest OD obtained was 1306 (117), as shown
in Fig. 3(b). In summary, we demonstrated a feasible strategy
to obtain an OD of larger than 1000 for an open transition of
cesium by a convenient MOT setup. This development may
have strong impacts on future studies in quantum optics and
many-body physics.
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