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The construction of a two-dimensional magneto—optical trap with hollow cooling and pushing (2D-HP MOT) is
reported in detail, and a velocity-tunable cold atomic beam produced by this 2D-HP MOT is demonstrated. The
magneto—optical trap system, which is constructed by a transparent quartz tube, is low in price, easy to fabricate
and assemble, and convenient for atomic trapping and detection. The mean axial velocity of the cold atomic
beam can be tuned from 4.5 to 8 m/s, while the atomic flux remains at a level of 10'° atoms/s. This cold atomic
beam source can be applied in the areas of high-precision measurements based on cold atoms.
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Cold atomic beams are widely applied in various fields,
such as atom interferometry>2 atomic frequency stan-
dards®¥, atom opticsZ, and cold atom physics?, owing
to their high atomic flux with low mean velocity, narrow
velocity distribution, and small divergence. The cold
atomic beam is generally produced by use of a vapor
magneto-optical trap (MOT) source. The MOT source
can be implemented in various configurations, such as a
low-velocity intense source?, a pure two-dimensional
(2D) MOTY | a two-dimensional plus (2DF) MOTX2
and a 2D-HP MOT (H stands for the hollow cooling beam
and P the thin pushing beam)!.

An intense source of cold cesium atoms based on a
2D-HP MOT is demonstrated, with independent axial
cooling and pushing. A pair of intense hollow laser beams
is applied to accomplish the axial molasses cooling, and a
weak and narrow Gaussian laser beam is used for the cold-
atomic-beam pushing. The principle of the 2D-HP MOT
and the dependence of the atomic flux on the pushing
laser parameters have been investigated in detail in our
previous workX.

In this Letter, we report the construction of the 2D-HP
MOT in detail and demonstrate a velocity-tunable intense
cold atomic beam generated by this 2D-HP MOT. The
vacuum chamber, which is constructed by a transparent
quartz tube, is easy to fabricate and to install and is low
cost. It is also convenient to observe the atomic cloud from
all directions. The velocity-tunable property of the cold
atomic beam is very useful for the applications of atom
interferometry?, atomic clocks22L cold atomic colli-
sion?¥, and ultra-high-vacuum MOT loading™™2. We also
demonstrated that the mean axial velocity of the cold ce-
sium beam can be tuned from 4.5 to 8.0 m/s, while its flux
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remains above 10'" atoms/s. Compared to some other
similar works2222220 the mean velocity of the intense cold
atomic beam from the 2D-HP MOT is significantly slower,
which can offer a longer interrogation time in the applica-
tion of atomic beam clocks and larger Sagnac area in
atomic interferometers. While some previous works also
demonstrated similar cold beams with low axial veloc-
ities22J, the atomic flux obtained by the 2D-HP MOT
is much more intense.

The scheme of the 2D-HP MOT is shown in Fig. 1(a).
The lasers used for cooling and trapping are generated by
two distributed-feedback laser diodes. The cooling laser is
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Fig. 1. (a) Scheme of the 2D-HP MOT. (b) Generation scheme of
the collimating hollow beam by use of an axicon.
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red-detuned from the F' = 4 — F’ = 5 transition at —2.5T,
where I' = 5.2 MHz is the natural linewidth of the cesium
D, line. The repumping laser to prevent the cesium atoms
accumulating on energy level F' = 3 is resonant with the
F =3 — F’ = 4 transition. In the radial direction, the la-
ser beams contain cooling and repumping lasers, and they
are circularly polarized. Two 4/4 wave plates with a high
reflectance (HR) coating on one side and dimensions of
50 mm x 25 mm are installed in the X and Y directions
to retro-reflect the cooling laser with reverse circular
polarization. The sizes of radial laser beams are expanded
to 40 mm x 20 mm with cylindrical lenses.

Two pairs of 140 mm x 100 mm rectangular coils
separated symmetrically by 110 mm are installed in the
X and Y directions to generate the gradient magnetic
field for the MOT. The magnetic field gradient is set to
10 G/cm. Along the Z direction, it retains no magnetic
field gradient.

In the longitudinal direction, one intense hollow laser
beam, retro-reflected by a 25-mm HR-coated 1/4 wave
plate, is applied for Doppler cooling. At the center of
the wave plate, one 1-mm hole is drilled for outcoupling
the cold atomic beam. The hollow beam is derived from
the cooling laser and generated by use of an axicon, shown
in Fig. 1(b). The radial intensity distribution has a rela-
tionship with the refraction angle y of the axicon and the
interval d between the axicon and the mirror. When the
radius of the incident beam is r, the internal and external
radii of the hollow beam will be (2d- tan y —r) and
2d - tan y, respectively.

The generation of the cold atomic beam in the 2D-HP
MOT is independently controlled by the pushing laser
beam. The pushing beam is a thin, collimated Gaussian
beam, and its frequency is tuned by an acousto-optic
modulator and power adjusted by an attenuator. The
pushing beam is concentric with the hollow beam but spa-
tially separated. Under the radiation of the pushing laser
beam, the cold atoms will accelerate forward to leave the
MOT. The acceleration of the cold atoms can be written as

nkl s
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(1)

where k is the wave vector, I' is the natural linewidth,
6= W, — W, is the pushing laser detuning, s = 1/1I, is
the saturation coefficient, m is the cesium atom mass,
and v,(t) is the axial velocity. Thus, the axial velocity
of the cold atoms coming out of the MOT varies with
the power and detuning of the pushing laser.

The axial velocity distribution is analyzed by use of a
time-of-flight method. By detecting the time dependence
of the decreasing fluorescence signal u(z) after blocking
the cold atomic beam, the axial velocity distribution
p(v) can be obtained as

1 ¢ du(r)
PO == a

L
with v =—, (2)
T

where k. is the calibration coefficient of the detection sys-
tem, Az =1 mm is the width of the detection zone, and
L = 300 mm is the travel distance of the cold atoms before
the detection zone. The total flux of the atomic beam @ is
an integral of the velocity distribution,

(D:./o p(v)dv. (3)

The three-dimensional view of the transparent MOT
system is given in Fig. 2(a). The main part of the system
is the quartz-tube vacuum chamber. The internal diam-
eter of the tube is 55 mm. The MOT device placed inside
is a quadrupole titanium holder, which keeps a BK7 glass
plate and a 4/4 wave plate perpendicular to the tube axis.
This /4 wave plate is HR coated, and we drilled a 1-mm
hole at the center. Cold atoms are cooled and trapped
within the region between the two plates. The connection
between the quartz tube and the metal flange is sealed by
rubber O-rings. The section view of the sealing arrange-
ment is shown in Fig. 2(b). Three pressure rings and
two rubber O-rings are assembled on the quartz tube in
proper order. A bolt fastening locks the holddown and
the flange. Additionally, a Teflon washer is placed at
the end of the tube to protect the quartz tube from the
axial stress. With high mounting forces, the rubber O-ring
fills the groove between the two pressure rings and
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Fig. 2. (a) Three-dimensional view of the transparent MOT sys-
tem. (b) Section view of the vacuum sealing arrangement.
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accommodates the imperfections of the surface. This seal-
ing arrangement can maintain the vacuum at the level of
1079 Pa, limited by the outgassing of the O-rings. In the
experiment, the vacuum of the MOT is maintained at
about 1.2 x 107 Pa, which is consistent with the design
expectations and is good enough for most of the cold-atom
experiments.

As shown in Fig. 2(a), one end of the tube is connected
to a cesium reservoir, a vacuum gauge, and a turbo pump,
and the other end is connected to the detection region. The
cesium reservoir is heated to about 35°C to produce a
dense enough cesium vapor. In the detection region, an
ion pump is additionally used to get a higher vacuum
at 3.5 x 1079 Pa.

One of the main advantages of this MOT system is that
the transparency of the quartz tube is greatly convenience
for the optical setup and provides a full view angle for out-
side observers like CCD cameras. Additionally, compared
to a classical metallic cavity and a vacuum window with a
conflat flange, no subassemblies of this MOT system re-
quire complicated mechanical process. This makes the
MOT system simple to fabricate and low cost. Moreover,
the quartz-tube vacuum chamber is beneficial to realize a
lightweight and miniaturized system.

A CCD camera is applied to observe the cold atoms in
real time. According to the working principle of the 2D-
HP MOT, the axial cooling and pushing are accomplished
by two separated laser beams. Thus, the dependence of the
fluorescence of the cold atoms on the laser beams in the
MOT is demonstrated. In Fig. 3, the fluorescence pictures
of cold atoms in four different axial-laser conditions are
shown, where the four conditions are no axial laser beams,
only pushing beam, only hollow beam, and hollow beam
and pushing beam. With the hollow cooling beam off, it
is hard to see a cold atomic cloud within the MOT, no mat-
ter whether the pushing beam is on or off [see Figs. 3(a)
and 3(b)]. This reveals that the pushing beam makes no
contribution to the axial cooling. When only the hollow
beam is on, it is obvious that a thick cold atomic cloud

-

(b) |

Fig. 3. Fluorescence pictures of cold atoms in the MOT at four
axial-laser conditions. (a) No axial laser beams. (b) Pushing
beam only. (c¢) Hollow beam only. (d) Hollow beam and pushing
beam.

is captured, as shown in Fig. 3(c). When the pushing beam
and the hollow cooling beam are both on, as shown in
Fig. 3(d), the fluorescence signal of atomic cloud is less
than the one in Fig. 3(c) due to the fact that part of
the cold atoms is pushed out to generate the atomic beam.
This shows the hollow cooling and the pushing beams
work as designed.

By the unbalance radiation pressure induced by the
pushing beam, part of the cold cesium atoms is accelerated
and pushed out of the MOT. According to Eq. (1), we have
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Fig. 4. Tunable axial velocity of the cold cesium beam. (a) Cal-
culated atomic beam velocity as a function of the pushing power
with different detunings. (b) Experimental data showing the
variation of the mean axial velocity v, with the power of —7I"
(black square), —5I" (red circle), and —3[-detuned (blue triangle)
pushing beam. (c) Experimental data showing the variation of
the axial velocity distributions with the power of a —5I"-detuned
pushing beam.
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simulated the mean velocity based on a simplified model
as below. We consider only the longitudinal motion of the
cesium atoms and the effect of the pushing laser and
assume that the initial velocity is ignorable after cooling.
The calculated atomic beam velocity as a function of the
pushing power is illustrated in Fig. 4(a).

In the experiment, while the pushing beam is red-
detuned, the mean axial velocity of the cold atomic beam
can be varied with the pushing power from 4.5 to 8.0 m/s.
Meanwhile, the atomic flux is maintained at the level of
10* atoms/s. The variations of the mean axial velocity
that depend on the power of the pushing laser are shown
in Fig. 4(b), where the detunings are —7I, —5I", and
—3I". These experimental results are mostly in agreement
with the theoretical simulation, except for the data of —3I,
with the power over 300 pW. We have done the measure-
ments repeatedly but still failed to explain this phenome-
non well. In the range of low pushing powers, there is some
deviation between the experiment and the simulation. As a
result of gravity, very low-velocity atoms are lost before
they reach the detection region. Therefore, the measured
mean velocity is faster than the actual mean velocity.
We believe this is the main reason for the deviation between
the experiment and the simulation. The variation of the ax-
ial velocity distribution with the power of a —5I'-detuned
pushing beam is shown in Fig. 4(c). When the pushing
power is 40 pW, the mean axial velocity is 5.2 m/s.
As the power increases, the mean velocity gradually in-
creases to a maximum. When the pushing power is
400 pW, the mean velocity reaches 8.1 m/s. The atomic flux
increases quickly with the increase of the pushing laser
power. It can reach 4 x 10' atoms/s when the pushing
power is 400 pW.

Generally, the 2D-HP MOT can generate a rather in-
tense cold cesium beam in a wide range of velocities by
regulating the power of a red-detuned pushing beam. This
cold atomic beam can be used to develop a continuous
atom clock.

In conclusion, we demonstrate the generation of veloc-
ity-tunable intense cold cesium atomic beams by a trans-
parent MOT configuration of the 2D-HP MOT. Owing to
the application of the quartz tube, the 2D-HP MOT in this
Letter is simple to fabricate, easy to install, and rather in-
expensive. Meanwhile, the transparent vacuum wall of the
MOT provides great convenience for experiments, for ex-
ample, in optical setups and for external observations. By
setting the pushing beam to be red-detuned and regulating
the pushing power, the 2D-HP MOT can generate a rather
intense cold cesium beam with a mean velocity ranging

from 4.5 to 8.0 m/s. This property makes it very conven-
ient to carry out experiments and optimize the experimen-
tal parameters for our future work on a continuous cold
cesium atomic clock.
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