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A high-performance transportable fountain clock is attractive for use in laboratories with high-precision time-
frequency measurement requirements. This Letter reports the improvement of the stability of a transportable
rubidium-87 fountain clock because of an optimization of temperature characteristics. This clock integrates its
physical packaging, optical benches, microwave frequency synthesizers, and electronic controls onto an easily
movable wheeled plate. Two optical benches with a high-vibration resistance are realized in this work. No addi-
tional adjustment is required after moving them several times. The Allan deviation of the fountain clock fre-
quency was measured by comparing it with that of the hydrogen maser. The fountain clock got a short-term
stability of 2.3 x 10713 at 1 s and long-term stability on the order of 107'¢ at 100,000 s.
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Since the first demonstration of a cesium fountain atomic
clock in 1991% and its use as a frequency standard in
19952, the accuracy of frequency standards based on these
technologies has reached 2 —4 x 1079 which can
thus provide the most accurate realization of the
international system of units (SI) second and define the
accuracy of international atomic time (TAT)Z. A number
of groups worldwide are now realizing an accurate SI sec-
ond locally using cesium fountain clocks in the labora-
tory2®¥. Frequency transfer via an optical fiber link
between laboratories has become popular because of the
high performance available222, However, a transportable
clock offers considerable flexibility for point-to-point fre-
quency comparisons. While transportable lattice optical
clocks have been demonstrated in relativistic geodesy ap-
plications with an uncertainty of 2.7 x 10~'"¥, a compact
and user-friendly fountain clock remains interesting for
many laboratories with high-precision time-frequency
measurement requirements. For example, the mobile
cesium clock from SYRTEWY can operate in a gravity
and a microgravity environment. In gravity, the mobile
cesium fountain can deliver a primary reference signal
with an accuracy of 6.9 x 107168, In the ~10~2 g gravity
environment produced by jet plane parabolic flights it gets
a resonance linewidth of 7 Hz. When compared with
cesium atoms, rubidium-87 atoms have a smaller cold
collision frequency shift®>2¥ and the cooling laser operat-
ing at 780 nm is relatively easy to obtain, so rubidium
fountain clocks are easier to develop and are more reliable.
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Four rubidium fountains have been in operation at the US
Naval Observatory for over five years, demonstrating
their long-term stability. This Letter introduces prelimi-
nary results for a transportable rubidium fountain atomic
clock. We expect to be able to use this high-precision clock
to perform frequency calibration services for atomic clocks
located in different areas.

Figure 1 shows a cutaway and picture of the rubidium
fountain clock apparatus. The entire system is set on a
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Fig. 1. Cutaway and picture of the transportable fountain
clock assembly. The size and weight of the clock are about
96 cm x 76 cm x 180 cm and 350 kg, respectively.
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metal table with four wheels, which is convenient for
transport. The size and weight of the clock are about
96cm x 76 cm X 180cm and 350 kg, respectively. The
physical package is on the left side of the table, where
the vacuum chamber is enclosed within three layers of
magnetic shielding. From bottom to top, the vacuum
chamber is composed of four parts: the cooling zone, the
state selection and detection zone, the main chamber, and
the ion pump. In the cooling zone, background thermal
8"Rb atoms are captured and cooled in a three-
dimensional magneto-optical trap (MOT), and are then
launched vertically via the moving molasses method in
a (1,1,1) geometry?. During the upward motion of the
atoms, only those in the sub state are stimulated by the
state selection cavity, while all atoms in other magnetic
states are removed from the laser beam. Inside the main
vacuum chamber, a Ramsey cavity operates in TEQ11
mode with a resonant frequency of 6.834 GHz. The cavity
is made from oxygen-free high thermal conductivity cop-
per (OFHC) with a loaded quality factor of 4000. Micro-
wave power is fed into the cavity via two apertures at
opposing positions within the cavity wall. This microwave
coupling method is beneficial in reducing the phase differ-
ence of the microwave field within the cavityZ. After the
atoms interact twice (i.e., on the way up and then down
again) with the resonant microwave field in the Ramsey
cavity, the relative populations of the two ground hyper-
fine states change depending on the frequency detuning of
the microwave field from the atomic transition resonance.
Finally, the changes in the populations of the two ground
states are measured in the detection zone during the
downward movement of the atoms. From the changes in
their populations, we can defer detuning of the microwave
frequency and lock it to the atomic transition frequency.

The vacuum pressure inside the chamber is always
lower than 107 Pa, and this pressure is maintained using
a 20 L/s ion pump (Agilent) and four getter pumps
(ST171, SAES Getters Co., Ltd.) that are located on top
of the main chamber. All vacuum chamber walls are made
from titanium (TC4). In addition to the three outer layers
of magnetic shielding, another shielding layer encloses the
main vacuum chamber to ensure maximum attenuation of
the ambient magnetic field inside the chamber. Between
the chamber and the innermost shield, a wound solenoid
generates a bias magnetic field (C-field) of approximately
100 nT that is used as a quantization axis for the atoms.

The optical system consists of a laser source bench and a
laser-regulating bench. There are two external cavity laser
diodes (ECDLs) and a tapered amplifier (TA) on the laser
source bench, as shown in Fig. 2(a). The system will pro-
duce a cooling laser beam and a repumping laser beam,
which are respectively locked onto the ‘23’ and ‘12’ cross-
over resonances of the saturated absorption of the 8"Rb D2
line. An automatic frequency stabilization system that can
sweep the laser frequency automatically and lock the
target saturated absorption peak is used on this bench.
Approximately 600 mW from the cooling laser, amplified
using the TA, and 30 mW from the repumping laser, are

(b)

Fig. 2. Model diagrams of the optical benches. (a) The laser source
bench with ECDL and TA, which is used to produce and amplify
the cooling laser and the repumping laser. ©, @: ECDLs; ®, @: the
saturation absorption modules; ®: TA; ©: the repumping laser out-
put; @: cooling laser output. (b) The laser-regulating bench divides
and combines the cooling laser or repumping laser. ®: cooling laser
input; @: repumping laser input; ®@: upward cooling laser output;
@: downward cooling laser output; ®: detection laser output;
® repumping laser output.

coupled into two independent single-mode polarization-
maintaining fibers that are connected to another laser-
regulating bench, which is shown in Fig. 2(b). The cooling
laser beam is then divided into seven beams, where one is
used as the detection laser and the other six beams are
used as cooling lasers. The repumping laser beam is di-
vided into two beams, where one is used for repumping
atoms in the detection region and the other beam is com-
bined into the cooling laser for repumping atoms in the
atom collection region. Acousto-optic modulators and
mechano-optical switches are used in the light passage
to control the laser frequency and power. A programmable
sequencer controls the laser frequencies and power during
the various phases of the fountain cycle (i.e., molasses
capture, atom launching, sub-Doppler cooling, and
detection) 22,

None of the components on the benches require further
adjustment after the high-precision mounting and adjust-
ment procedure because they are carefully designed to be
insensitive to vibration. The modular and antivibration
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design of the optical bench is convenient for adjustment
and transfer?. The benches can easily be removed from
the shelves, if necessary.

We have developed a microwave synthesizer to generate
the required microwave clock frequency from the local
5 MHz reference oscillation. A two-step phase-locked loop
(PLL) architecture was used in this frequency synthesis
chain®. The output microwave signal benefits from both
the ultra-high close-up spectral purity of the reference
oscillator and the low phase noise level of the PLL at
frequencies in a range that is far from the carrier. The out-
put microwave power can be adjusted over the range from
—20.5 to —81.75 dBm, and the resulting signals are fed to
both the state selection cavity and the Ramsey cavity.

In our fountain clock cycle, approximately 10% atoms
are initially captured within 1 s using the MOT'22J; at this
phase, the frequency of the cooling laser is detuned from
the optical cooling transition by approximately —18 MHz.
The magnetic field of the MOT is then switched off and
the trapped atoms expand within the optical molasses for
10 ms; at the end of this phase, the detuning of the cooling
laser sweeps to —48 MHz in 2 ms for the pre-cooling stage.
In the third phase, the laser detuning is redrawn to
—12 MHz and the atoms are launched via the moving
molasses method by tuning the three up and down cooling
lasers in the opposite direction. When the atoms are first
launched, with an initial speed of 4 m/s, the frequency
detuning of the moving optical molasses is increased to
—48 MHz for 500 ps; subsequently, the light field ampli-
tude is switched off adiabatically within another 500 ps.
Using the time-of-flight method, the temperature of the
launched atoms was measured to be approximately 7 pK,
although this temperature is currently limited by the mag-
netic field of the cooling fiber connector’s ferrule, which is
both ferric and close to the center of the MOT.

After state selection and two Ramsey interactions, the
number of atoms that reach the detection region is esti-
mated to be approximately 4.5 x 10°. The Ramsey fringes
were acquired by scanning the microwave frequency of the
Ramsey cavity, as shown in Fig. 3. The linewidth of the

central fringes is approximately 1.02 Hz.
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Fig. 3. Ramsey pattern obtained by scanning the microwave fre-
quency of the Ramsey cavity using 0.1 Hz steps. The inset curve
is the transition probability versus detuning of the microwave
signal by several Hz; the linewidth of the central fringe is approx-
imately 1.02 Hz.
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Fig. 4. Short- and medium-term stabilities of the fountain clock
with MOT on. The square dots are the Allan deviations obtained
with the clock operating in our laboratory where the temperature
fluctuation is about +1.5°C. The triangle dots are the Allan
deviations obtained with temperature control of the optical
bench. The solid line is a fitted curve corresponding to a white
frequency noise of 2.3 x 10~ 13771/2,

Figure 4 shows the Allan deviation of the frequency,
which was measured by comparing the frequency of the
fountain with that of a hydrogen maser (T4 Science).
The stability of the clock corresponding to white fre-
quency noise is 2.3 x 10713771/2 shown as a solid line in
Fig. 4. In the medium term, the frequency stability
described by the square dots shows a drift when the aver-
aging time is 500—4000 s. According to the records of tem-
perature on the optical benches, laser power, and the
number of detected atoms, as shown in Fig. 5, we find that
the number of atoms and laser power were both correlated
with fluctuations in the temperature of the optical
benches, and the drift of frequency in the medium term

Fluctuation in the number of atoms

Fluctuation in laser power 2

power(%)
S
o
T

Fluctuation in temp. of optical bench

Fluctuation in temperature of optical bench('C)

Fluctuation in the number of atoms and laser

Fig. 5. Fluctuation in the number of atoms, laser power, and
temperature of the optical bench before temperature controlling
of the optical bench.
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was quite consistent with the fluctuation period of the
number of atoms. After controlling the temperature of
the two optical benches, the fluctuation of the optical
bench temperatures was reduced to £0.2°C, and the fluc-
tuation in the number of atoms was reduced to less than
10%. The medium-term Allan deviation of the fountain
frequency was thus improved, as shown by the triangle
dots in Fig. 4. However, when the average measurement
time 7 exceeds 10,000 s, the Allan deviation drifts again.
Better temperature control may be necessary for the entire
fountain atomic clock.

We customized a 200 cm x 120 cm x 100 ecm enclosed
thermostat whose temperature is controlled by a water
cooler with three cooling plates circulating constant temper-
ature water. In addition, in order to reduce the heating effect
of the pulsed MOT coils’ current, we use the optical molasses
method to capture the cold atoms by shutting down the
MOT coils” current. The fountain clock was put into the
thermostat, as shown in Fig. 1. After the fountain clock
ran for a few days inside, the thermostat temperature distri-
bution reached equilibrium with a fluctuation less than 0.1°C
while fluctuation in the temperature of the optical benches
was only within 0.01°C. The fluctuation in the number of
atoms was reduced to less than 7%, as shown in Fig. 6, which
shows that the fluctuation in temperature of optical benches
does not contribute to the number of atoms, but the air tem-
perature in the thermostat does. Because the detection of the
laser power is not available to us in the thermostat at
present, we speculate that the air temperature may affect
the power or polarization of the laser in the optical fiber,
resulting in a fluctuation in the number of atoms.

After stable operation of the fountain clock, we got the
Allan deviation of the frequency, as the square dots show
in Fig. 7. The short-term stability described by the solid
line got up to 4 x 10713771/ because the number of atoms
captured by molasses is about one tenth of that obtained
by MOT. However, when the averaging time goes up to
100,000 s, the stability reaches up to the order of 10710
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Fig. 6. Fluctuation in the number of atoms, temperature of the
microwave source, and the optical benches when the fountain
clock was operated in the thermostat.
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Fig. 7. Allan deviation of the fountain clock frequency with
MOT off when it was put into the thermostat. The solid line
is the fitting curve of short-term stability. After the averaging
time exceeds 100,000 s, the long-term stability reaches the order
of 107'6 and continues going down.

and continues going down. This shows a good improve-
ment on the long-term stability when the entire clock is
temperature controlled in the thermostat.

In conclusion, we developed a transportable 8"Rb foun-
tain atomic clock in which the physical package, the
optical benches, the microwave frequency synthesizers,
and the electronic controls were integrated onto an easily
movable wheeled plate. Using the captured atoms at
approximately 7 pK, we obtained a clock transition spec-
trum with a linewidth of approximately 1.02 Hz. The
short-term stability of this fountain clock was demon-
strated to be 2.3 x 10713 at 1 s. The fractional stability
of the frequency reached the order of 10~!6 and will con-
tinue going down. A good optimization of the long-term
stability is accomplished by controlling the ambient tem-
perature fluctuations of the entire clock in the enclosed
thermostat. Our next work is to evaluate the uncertainty
of the rubidium fountain using a frequency comparison
with the primary cesium fountain clock.

This work was supported by the Ministry of Science and
Technology of China (No. 2013YQ09094304) and the
National Natural Science Foundation of China
(No. 11034008).
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