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We have demonstrated the experimental realization of a single-beam mini magneto-optical trap (MOT)
of 8’Rb atoms, originally designed for a cold atom clock with coherent population trapping (CPT). Only
one beam is used as cooling, trapping and repumping beams rather than the three pairs of orthogonal
beams of the standard magneto-optical trap. The core optics, which consists of a modified pyramidal fun-

nel type mirror, a quarter-wave plate and a retroreflect mirror, is installed inside a mini titanium cubic
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chamber. The vacuum system, rubidium source, magnetic field coils and beam expander are designed in a
compact geometry. As many as 1.1 x 107 rubidium atoms are cooled and trapped, and thus the mini trap
is ready for the implementation of a novel compact coherent population trapping cold atom-clock.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recently, a new type of atomic clock based on coherent popula-
tion trapping (CPT) [1,2] has attracted more attention. It is different
from traditional atomic clock approaches, such as atomic beam,
atom fountains and optical pumped atom-clocks, CPT atom-clocks
have no resonant absorption and thus greatly minimize the light
shift. There are two main approaches for CPT atom clocks. One is
a vapor cell passive atom-clock [3,4] in which the resonant signal
based on the CPT phenomenon is detected directly via the radiation
transmitted from the atomic vapor cell. The other is an active atom-
ic clock [5] in which the resonance signal is obtained by stimulated
emission in a microwave cavity-cell configuration. This active clock
is also called a CPT-maser. The most significant advantage of the
CPT clock is its potential for miniaturization and wide application.
In this respect, the vapor cell passive atomic clock is more promis-
ing to integrate as a miniature device. For example, if one ignores
stability, a passive CPT atomic clock can be realized on a chip scale
size [6]. However, in most cases, we expect not only the compact
size of a CPT clock, but also its excellent stability performance. A va-
por cell passive clock uses hot atomic gas (the typical temperature
is around 340 K) as the CPT medium, the linewidth of the resonance
line being broadened by the Doppler effect, and thus the stability of
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the clock is limited by the higher temperature of the vapor cell. An
ideal scheme to improve the stability of the CPT clock is to use cold
atoms instead of hot atomic vapor. Because of the lower velocity
and the narrow velocity distribution of cold atoms, the Doppler
broadening of the resonance line will be greatly minimized; this
is useful for precise measurement of the atomic spectrum. In addi-
tion, cold atoms are more suitable for CPT because of their longer
coherent time. Thus, a CPT clock based on a cold atom medium will
display better precision and stability than a hot atomic vapor CPT
clock. The main problem for a cold atom CPT clock is how to realize
a miniature system. This is now possible due to the achievement of
laser cooling and trapping techniques for neutral atoms.

Since the experimental realization of the magneto-optical trap
(MOT) [7-9] in the middle of 1980s, there have been many steady
improvements in trapping techniques for neutral atoms [10]. In a
standard MOT, there are three pairs of orthogonal beams and a
quadrupole magnetic field, while each pair of laser beams has
opposite circular polarization 6" and o~. The quadrupole magnetic
field is supplied by an anti-Helmholtz coil pair which carries
appropriate current, the value of magnetic field depending on the
special position and the position of minimum magnetic field being
consistent with the intersection of three pairs of laser beams. Apart
from the typical six-beam MOTs demonstrated by Chu et al. [9],
Shimizu et al. realized a four-beam atom trap [11], consisting of
a quadrupole magnetic field and four laser beams in a tetrahedral
configuration, while a five-beam MOT configuration was demon-
strated in 1999 [12]. The multi-beam MOTSs require more optics
and more complex experimental equipment, and are not suitable
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for a situation which needs a compact and simple MOT configura-
tion, such as the CPT cold atom clock.

One of the simple MOT types is the single-beam atom trap,
which can be used to satisfy the compact requirements of the
CPT clock. The single-beam atom trap is based on a pyramidal or
conical mirror [13,14], it can be modified as an axicon (conical hol-
low) mirror [15] used for cold atomic beam [16-20], atom optics
[21], atom chips [22] and atomic guiding [23]. The size and geom-
etry of this kind of trap depends on its purpose. For cold atomic
beam, atom optics and atom guiding apparatus, in order to obtain
a higher intensity of atom flux, giant-size mirror and laser beams
are needed and thus it is not possible to shrink the trap system.
On the other hand, just for trapping few atoms in atom chips, small
size mirror and laser beams are sufficient. However, a cold atom
CPT clock needs both a higher number density of atoms and a
smaller trap size, it is necessary to re-design the single-beam
MOT to maintain the balance between atomic number and trap
size. To our knowledge, no one has reported a mini single-beam
atomic trap for CPT clocks. Here, we demonstrate such a single-
beam mini MOT which is suitable for compact CPT clocks.

2. Single-beam mini trap

The trap is made up of a modified pyramidal funnel type mirror,
a quarter-wave plate and a retroreflecting mirror, the vacuum sys-
tem, rubidium source, magnetic field coils and beam expander are
designed in a compact geometry. As shown in Fig. 1, linearly polar-
ized cooling (trapping) and repumping beams supplied by two
diode lasers are combined together via a polarization beam splitter
cube (PBS), and then coupled into a single-mode polarization
maintaining fiber (SPMF); the spacial distribution of the laser
beams is modified as perfect Gauss modes by the fiber. A coupling
lens connected to the end of the fiber is used to obtain a 2 mm
diameter collimated beam. To build a single-beam trap, a bigger
diameter collimated beam is necessary. We designed and realized
a telescope optical system with three lenses (L1, L2, and L3) for
expanding and collimating the input slim laser beam, and obtained
a wide beam with diameter of 35 mm. The expanded trapping and
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Fig. 1. Schematic diagram of the experimental setup, CB: cooling beam; RB:
repumping beam; PBS: polarizing beam splitter; SPMF: single-mode polarization
maintaining fiber; L1-L3: lens; QWP: quarter-wave plate; C1 and C2: coils; PFM:
pyramidal funnel mirror; RM: retroreflecting mirror.

repumping beams are changed from linear polarization to circular
polarization via a quarter-wave plate (QWP), and then irradiated
on a modified pyramidal funnel type mirror (PFM) which is
mounted in the middle of a titanium cube vacuum chamber; an-
other QWP and a high reflectivity mirror are mounted under the
PFM. The reason for choosing titanium is its lower remanence.
An anti-Helmholtz coil pair (C1, C2) is mounted around the vac-
uum cube; the axes and the center point of the coils are coincident
with the axes of the laser beams and the center of the PFM
respectively.

The detailed design of the single-beam trap is described in
Fig. 2. The PFM assembly is combined with mounting structure
and glass mirrors, its longitudinal cross section (z-x plane) and
3-D view are shown in Fig. 2a and b. The mirror mount is made
of an aluminum cylinder, the outside diameter of the cylinder
top is 35 mm while the bottom is 20 mm, and this shrinker base
is convenient for mounting. There is a pyramidal hollow in the
top side of the cylinder, and each side cross section of the hollow
pyramid has an obliquity of 45°. A square hole with 8 mm side in
the bottom of the cylinder connects with the pyramidal hollow.
Four fan-shaped dielectric mirrors are installed on four sectors of
the pyramid using a special kind of high vacuum glue (ERO-TEK
353ND). With another QWP and a high reflectivity mirror, this set-
up can automatically produce three sets of counterpropagating
beams if the incident laser beam is circular polarized as discussed
in Ref [13]. For a o~ polarized wide incident beam, each reflection
from the two sides of the mirror generates two counterpropagating
transverse beams with opposite polarizations, while the central
part of the laser beam passes through the square hole, quarter-
wave plate, then is reflected by the bottom mirror, and generates
counterpropagating vertical beams with opposite polarizations.
For the convenience of future CPT, a rectangular slot is notched
along the diagonal of the x-y plane, so that laser beams for CPT
pass through the slot and interact with the cold atom cloud. In
addition, a rectangular slot enables fine adjustment of the CPT
beams and the optimization of the overlap between the laser beam
and the atoms.

The titanium cube is a critical part of the mini trap; in order to
reduce the system as much as possible, we using a small cube
chamber with a length of 70 mm. There are four viewports (CF-
35) and two flanges (CF-16) on the chamber. The top anti-reflecting
coated viewport is the entrance for the wide trap beam, the bottom
high reflecting coated viewport is the retroreflecting mirror for the
center square beam. The front and rear anti-reflecting coated
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Fig. 2. Detailed design of single-beam trap, (a) is the longitudinal cross section of
the single-beam optical configuration; (b) is the 3-D view of the pyramidal funnel
mirror assembly, the rectangular slot along the diagonal of x-y plane is the route
prearranged for CPT beams.
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viewports are for transmitting the CPT light. All of four viewports
are sealed to the cube chamber using indium thread. The right side
flange is connected to a mini ion pump (Varian, 2 1/s), and the left
side flange is connected to a rubidium dispenser and a right-angle
metal valve via a Tee-type tube. The whole PFM assembly and QWP
are mounted inside the cube chamber. The ion pump maintains the
vacuum, and the metal valve is for connecting to a prepump at the
initial stages of pumping. The dispenser is used as a mini atom
source. When one applies DC current to a rubidium dispenser, it
will heat up and release enough rubidium vapors into the vacuum
chamber.

The telescope system for expanding and collimating the trap-
ping beam includes three lenses L1, L2, and L3, all of the lenses
are made of K9 glass and are anti-reflecting coated on both sides.
In order to reduce the length of the system, two input lenses L1
and L2 are designed as concave lenses, while the output lens L3
is a double convex lens. The outside diameters of L1, L2 and L3
are 10 mm, 16 mm and 44 mm, respectively, the space between
L1 and L2 is 38 mm, and the space between L2 and L3 is 40 mm.
The curvatures of these lenses are well designed for perfect beam
expanding and collimating. Three lenses are installed inside an alu-
minum cylindrical adjustable mount with a FC fiber connector on
the input side and a QWP mount on the output side. We success-
fully obtained a wide circularly polarized Gaussian beam with a
diameter of 35 mm from this telescope system. The profile of the
output laser beam is checked by using a pinhole, a precision mul-
ti-axis positioning stage (Newport 562) and a power meter (New-
port 1815-C-CAL). The experimental results of the output beam
intensity along a diameter of the cross section are shown in
Fig. 3. The dots are the experimental data, and the dashed curve
is a Gaussian fit. It is obvious that the wide Gaussian beam ob-
tained from this telescope system is ideal for our mini trap.

The quadrupole magnetic field for the mini trap is supplied by
an anti-Helmholtz coil pair (C1 and C2), each coil is a 250-turn
solenoid with an average diameter of 56 mm, and the space be-
tween two coils is 132 mm. To eliminate vertical geomagnetism
and adjust the position of the minimum field, DC currents to C1
and C2 are controlled independently. To eliminate the horizontal
remanence of the mini ion pump, a bias coil is placed near the left
flange of the cube. Thus it is easy to change the center of the quad-
rupole magnetic field by adjusting the DC currents to C1, C2 and
bias coil.
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Fig. 3. Intensity distribution of the expanded and collimated laser beam, the dots
are the experimental data recorded along the diametrical line of the cross section of
the laser beam, and the dashed curves are Gaussian fits.

The laser which supplies the repumping beam (RB) is a com-
mercial narrow linewidth diode laser (New Focus 6103) with cen-
ter wavelength of 780 nm and output power of 15 mW. The laser
which supplies the cooling beam (CB) is a homemade grating-sta-
bilized external cavity diode laser, with a wavelength of 780 nm
and an output power of 50 mW. The linewidth of the free-running
laser is more than 10 MHz. A polarization spectroscopy method
[24] is used to stabilize the frequency of the cooling laser, and its
linewidth can be greatly reduced to less than 300 KHz.

3. Experimental results

The experiment is carried out by the following procedures. First,
the whole vacuum system is thoroughly baked and pumped with a
rotary vacuum pump and a turbo molecular pump, and then the
mini ion pump is operated to maintain a high vacuum. The bal-
anced vacuum pressure inside the cube chamber is 1.3 x 1076 Pa,
which is good enough for laser cooling and trapping of neutral
atoms. Second, the laser, fiber and optical system are adjusted.
The cooling laser frequency is tuned to the transition of 37Rb:
5S1/2(F=2) - 5P35(F =3) with a red-shift of 14 MHz, and nar-
rowed by polarization spectroscopy. A 40 dB optical isolator is
placed between the laser and the optics. About 40 mW laser beam
is coupled into the fiber, and more than 20 mW laser beam is ob-
tained from the telescope which is connected to the output side
of fiber. The repumping laser beam is combined with the cooling
beam via a PBS, and then coupled into the same fiber. An output
power of 2.5 mW for the repumping beam is achieved behind the
telescope system. The frequency of the repumping beam is tuned
to the resonance of 8’Rb: 5S;/,(F = 1) — 5P35(F =2). Thirdly, the
anti-Helmholtz coil pair and the bias coil are mounted as described
above. DC currents with values of 3.0 A and 3.2 A are applied to the
lower coil (C2) and upper coil (C1), respectively; an adjustable cur-
rent supply is connected to the bias coil for optimizing the horizon-
tal magnetic field. Under the above conditions, a quadrupole
magnetic field with a central gradient of 9.0 Gauss/cm is formed.
A 4.2 A DC current is applied to the rubidium dispenser via a
feed-through flange, and rubidium vapor is released into the
MOT region. To monitor the trap signal, a CCD camera is installed
near the front viewport of the cube chamber, and the real-time vi-
deo signal is send to computer. Finally, the atoms are cooled and
trapped in the mini MOT and a near-spherical bright cloud appears
in the center point of the pyramidal funnel, as shown in Fig. 4. In
contrast with the scattered light in the background, the brightness
of the atom cloud is very sensitive to the laser frequency detuning
and magnetic field.

The number of cold atoms trapped in the mini trap is measured
using the calibrated sensitive power meter mentioned above. The
loading time of this single-beam mini trap is 50 ms, and its life
time is 5 ms. Atom numbers are dependent on laser intensity, laser
detuning (Gjaser—0atom), and magnetic gradient. More atoms are
trapped with higher intensities of cooling and repumping lasers.
The dependence of cold atom numbers on the detuning of the cool-
ing laser is shown in Fig. 5. Atom number changes with frequency
detuning of the cooling laser; no atoms are trapped if the cooling
laser frequency is exactly resonant with the atomic transition of
87Rb: 5S;/2(F = 2) — 5P35(F = 3), while under the optimal detuning
value of -13.7MHz, the maximum atom number of
(11.0 £ 0.5) x 10° are achieved, but the number of cold atoms de-
creases when the laser detuning is less than —13.7 MHz.

For CPT test purposes, we investigated and obtained the absorp-
tion spectrum of these cold 3’Rb atoms by recording the transmit-
ted signal of a probe laser beam. This probe beam is supplied by the
third diode laser which is similar to the repumping laser (New Fo-
cus 6103), and the laser frequency is scanned across the transition
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Fig. 4. Image of the mini MOT recorded by a CCD camera and displayed on
computer interface. The near-spherical bright cloud located in the center is due to
the cold 37Rb atoms trapped in the mini MOT. A horizontal and vertical intensity
profile is also displayed on the top and right side, respectively.

12

—_
(=]
1
= =
= |

o]
1

Atom number (10(’)

04 ® ) e o

-20 -18

T T T T T T T T T T T T T T T T T T
-16 -14 -12 -10 -8 -6 -4 -2 0
Detuning (MHz)

Fig. 5. Dependence of cold atom numbers on the detuning of the cooling laser. No
atoms are trapped if the cooling laser frequency is exactly resonant with atomic
transition of 8’Rb: 5S12(F=2) —5P3)5(F =3), while atom number increases with
frequency detuning of laser, and the optimal detuning value is —13.7 MHz which
corresponds to the maximum atom number of (11.0 £0.5) x 10%, and a further
increase in the absolute detuning value causes the reduction of cold atom numbers
in the trap.

of 87Rb: 5S;5(F = 2) — 5P35(F = 3). As shown in Fig. 6, both Dopp-
ler free absorption peaks of cold 8’Rb atoms (a) and Doppler broad-
ened absorption profile of background hot 8°Rb atoms (b) appeared
when the scanning span of probe laser is wider enough. It is obvi-
ously that the cold atoms have narrower absorption peak than hot
atomic vapor, and that is the main reason we will select cold atoms
for the CPT clock.

Fig. 6 shows that the measured absorption signal for the back-
ground hot atoms is fairly large; this is due to higher Rb vapor
pressure (1.3 x 107® Pa) in the trap. Normally the trap works better
with a smaller vapor pressure (for example, less than 2 x 1077 Pa),
under which the contribution to the absorption signal from the hot
atoms is negligible. But in our experimental configuration, in order
to realize a compact MOT, we adopted a mini ion pump (2 1/s), and
the best pressure level of present setup is 1076 Pa. If a better ion
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Fig. 6. Absorption spectra of rubidium atoms in the single-beam mini trap, (a)
Doppler free absorption peak of cold 8’Rb atoms for 8’Rb: 5S;2(F = 2) — 5P35(F = 1,
2, 3); (b) Doppler broadened absorption profile of background hot ®°Rb atoms,
corresponding to the transition 8Rb: 5S15(F = 3) — 5P35(F =2, 3, 4).

pump is used or a better baking and pumping procedure is applied
at the beginning of system preparation, the final vapor pressure
should be lower than present value and the absorption signal
should be cleaner. Any how, the present spectrum is good enough
for CPT purposes.

4. Conclusion

In summary, we designed and realized a novel single-beam
mini MOT. This trap is made up of a modified pyramidal funnel
type mirror. The vacuum chamber, the rubidium source, the mag-
netic field coils and the beam expander are highly compact, and
the geometry of the trap is suitable for mini-type cold atom clock.
We successfully cooled and trapped more than 1.1 x 107 rubidium
atoms in this trap, and obtained the absorption spectrum of these
cold atoms. Further improvement towards the realization of a com-
pact CPT cold atom clock will be carried out in the near future.
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