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Scheme for a compact cold-atom clock based on diffuse laser cooling in a cylindrical cavity
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We present a scheme for a compact rubidium cold-atom clock which performs diffuse light cooling, microwave
interrogation, and detection of the clock signal in a cylindrical microwave cavity. The diffuse light is produced
by laser light reflection at the inner surface of the microwave cavity. The pattern of the injected laser beams is
specially designed to accumulate the majority of the cold atoms in the center of the microwave cavity. Microwave
interrogation of the cold atoms in the cavity leads to Ramsey fringes, which have a linewidth of 24.5 Hz with
a contrast of 95.6% when the free evolution time is 20 ms. Recently, a frequency stability of 7.3 x 10713 ¢=1/2
has been achieved. The scheme of this physical package can largely reduce the cold-atom clock complexity and

increase clock performance.
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I. INTRODUCTION

Over the past 20 years, impressive progress has been made
for atomic clocks thanks to the application of laser and cold-
atom techniques. The laser-pumped rubidium vapor-cell clock
has been demonstrated by replacing the lamp with a compact
frequency-stabilized laser [1]. Godone ef al. developed a clock
scheme known as a pulsed optically pumped (POP) clock in a
vapor cell that uses a diode laser for optical pumping and the
Ramsey technique for interrogating atoms [2—4]. In this POP
scheme, the light shift can be greatly reduced.

With the development of the cold-atom technique, the vapor
cell of the POP scheme can be replaced by cold atoms,
which have less temperature sensitivity and much longer
coherent times than the vapor cell; thus, the cold atoms could
improve the clock performance. Miiller et al. have cooled
and interrogated cesium atoms inside a cylindrical stainless
steel cavity by applying a magneto-optical trap (MOT) [5].
However, the strong magnetic field of the MOT will lead
to magnetization of the stainless steel over long-term clock
operations. Consequently, the clock performance will be
reduced. Moreover, the six windows on the cavity required
by MOT also affect the inner microwave field mode.

A more attractive method to cool atoms for a POP clock is
diffuse light cooling [6-8]. Typically, diffuse light is generated
inside a sphere by the diffuse multireflection of injected lasers
on the inner surface of the sphere. Diffuse light cooling does
not require fine adjustment of lasers and can efficiently cool
atoms with zero or weak magnetic fields. Thus this scheme
is very robust. The cesium atom clock named HORACE,
which uses a three-dimensional (3D) isotropic light cooling
configuration has achieved a relative frequency stability of
2.2 x 10713 7712 and 3 x 10715 at the integrating time of
10* s [9,10]. Better performance is expected in microgravity
environments which makes HORACE a strong candidate for
an onboard satellite clock. We previously developed a similar
clock with rubidium atoms [11].
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In this paper, we describe the development of a compact
cold-atom clock based on diffuse light cooling in a cylindrical
microwave cavity. Unlike HORACE, which uses a spherical
cavity, the cylindrical cavity used in our experiment enables
both diffuse light cooling and microwave interrogation with
cold atoms [12—14]. Furthermore, a technique for controlling
the distribution of the cold-atom cloud inside the cavity is
applied. With this technique, more atoms can be accumulated
at the center of the cavity [14,15].

This paper is organized as follows. Section II gives a
detailed description of the optical and physical package.
Section III describes the time sequence of the experiment
and discusses the frequency stability of the atomic clock.
Section IV evaluates the factors that affect the frequency
stability of the atomic clock. Finally, Sec. V concludes the
results and discusses its further applications.

II. RUBIDIUM-ATOM CLOCK CONFIGURATION

The physical package is shown in Fig. 1. The microwave
cavity is fabricated with oxygen-free copper, and the inner
surface is coated with silver to increase the diffuse reflectance
at 780 nm (96.6%). Four holes with diameter of 3 mm are
centrosymmetrically distributed in the undersurface of the
cavity for injecting lasers vertically to the microwave cavity.
Four multimode fibers are used to transport the cooling,
repumping, and pumping lights to the physical package [14].
The light intensity imbalance of these four fibers is less than
0.25%. For microwave interrogation, we use a microwave
coupling loop horizontally placed in the middle of the internal
cylinder in order to obtain a large uniform area of microwave
field. The microwave cavity operates at the TEO11 mode with
a quality factor about 11000. We fix the microwave cavity
in a vacuum chamber where the vacuum is maintained at
about 2.3 x 107!° Torr by ion pumps. The magnetic coils
producing constant longitudinal magnetic fields (12 mG)
are intertwined around the vacuum chamber. The vacuum
chamber and magnetic coils are covered by five layers of
magnetic shielding, which can reduce the internal residual
stray magnetic field to less than 1 nT. Moreover, heating coils
surround the first layer for the temperature control loop.
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FIG. 1. (Color online) Physical schematic of the atomic clock.
The cold atoms are captured in the central region of the microwave
cavity, and the cold atom density is about four times larger than that
of the previous cooling structure [11].

Figure 2 shows the schematic of the light path. Atoms
are cooled and manipulated in the center of the cavity [15]
with an extended-cavity diode laser (ECDL) as the source
of cooling light which is red detuned by about 22.8 MHz
to the transition 57%S,,|F =2) — 52P3;,|F’' = 3) of the
87Rb D, line. A second ECDL which is locked to the transition
5251/2,|F =1) > 52P3/2,|F’ = 2), provides the repumping
laser. In the quantum state preparation stage, a short pulse
of pumping light tuned to the transition of 5%S; »,|F = 2) —
52P; 2,|F" = 1) is applied. The probe laser emits from the
third ECDL with a linewidth of about 100 kHz. The probe laser
intensity is stabilized [the intensity fluctuation is detected by a
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FIG. 2. (Color online) Schematic of the light path, where ECDL:
extended-cavity diode laser, QWP: quarter wave plate, HWP: half
wave plate, PBS: polarizing beam splitter, BS: beam splitter,
LP: linear polarizer, FP: fibers for pumping light, FC: fibers for
cooling light, PD1: photodetector for detecting clock signals, PD2:
photodetector for intensity stabilization of the probe light, and MS:
mechanical shutter.
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photodetector (PD2) in Fig. 2], and the frequency is shifted
to be almost resonant to the transition 525 .| F=2) —
52p; 2,|F" = 3). The diameter of the probe beam is extended
to 6 mm and collimated by two lenses before being injected into
the physical package. Because the acousto-optic modulator
(AOM) is not an ideal optical switch and residual light will
decrease the signal-to-noise ratio (Rgy) of the clock signal and
lead to light shift, four low-vibration mechanical shutters are
used for switching off the cooling, pumping, repumping, and
probe beams.

II1I. TIME SEQUENCE OF THE CLOCK OPERATION

Typically, the Allan deviation which is used to evaluate the
frequency stability of an atomic clock can be written as [16]

1Aav1 1 T, ]
Gy(r)_ﬂ Vo CRSN ‘L" ()
where C is the contrast of the Ramsey fringes, Av is the
linewidth of the Ramsey fringes, and 7 is the integrating time.
For the integrating sphere atom clock, the free evolution time
Ty for microwave interrogation is primarily limited by the
free-falling process due to the gravity. Considering the size of
the system, the maximum free-evolution time on Earth is about
50 ms. According to the relationship Av ~ 1/2T, longer Ty
means smaller Av; meanwhile, the Rgy and contrast of the
Ramsey fringes will decrease as T increases. Thus, we need
to optimize the laser parameters and the time sequence for
operating the atom clock. To ensure the microwave pulse can
be used to realize the largest inversion of the atomic number
between two mp = 0 states of the ground states, the Rabi
oscillation of the cold atoms needs to be determined to find the
suitable microwave power. Figure 3 shows the Rabi oscillation
for the microwave pulse duration of 6 ms by scanning the
microwave power. The first peak in Fig. 3 corresponds to
Qt,, ~ /2, where 2 is the Rabi frequency and ¢,, = 3 ms.
Generally, as shown in Fig. 4, the time sequence of a cold-
atom clock operation includes four stages: cooling of atoms,
optical pumping, microwave interrogation, and detection of
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FIG. 3. (Color online) Rabi oscillation with the microwave pulse
duration of 6 ms.
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FIG. 4. Time sequence of the atomic clock. The cycle time T, is
92 ms. The isotropic laser cooling stage 7; lasts 55 ms and the free
evolution time 7 is 20 ms.

the clock signal. The 3D isotropic laser cooling lasts 55
ms during which at least 2.4 x 10% atoms are cooled and
accumulated in the central region of the microwave cavity.
After the first 0.5-ms optical pumping pulse, atoms are pumped
into the 525, ,2,|F = 1) state. Then, two 3-ms microwave
pulses separated by 20-ms free evolution time are utilized
for the Ramsey interrogation. The population of the atoms
at the 52S1/2|F =2,mp = 0) state is detected by using a
probe beam which is vertical and retroreflected in the axis
of the cylinder cavity. The probe beam lasts 10.5 ms, and its
intensity is 2.0 wW. There is a second 0.5-ms optical pumping
pulse in the detection window for clearing out the cold atoms
on |F = 2,mp = 0) and the transmission of probe light after
the second optical pumping pulse is also recorded. Thus, the
absorption of cold atoms populated on |F = 2,mp = 0) is the
difference between the probe transmission signals recorded
before and after the second optical pumping pulse.

Figure 5 shows the Ramsey fringes with 7y = 20 and 30
ms. As T increases, the linewidth of the central fringe changes
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FIG. 5. (Color online) Ramsey fringes with a single measure-
ment. The free evolution time (a) 7y =20 ms and (b) 7,=30 ms,
where (c) shows the central fringes of (a), and (d) shows the central
fringes of (b).
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FIG. 6. (Color online) Allan deviation of the cold-atom clock by
comparison with the H maser.

from 24.5 to 15.9 Hz, and the Rgy decreases from about 400 to
260. This is a tradeoff between large Rsy and narrow linewidth.

IV. ATOMIC CLOCK PERFORMANCE AND NOISE
ESTIMATION

The error signal, which generates feedback for the local
oscillator (LO), originates from the frequency-hopping detec-
tion of the clock transition at the FWHM of the central fringe,
and the LO, which is the reference source of the microwave
frequency synthesizer chain, is locked to the central fringe.
The relative frequency stability is measured by comparing the
LO frequency output with a hydrogen maser. A recent result
is shown in Fig. 6. The frequency stability of 1.6 x 107'# is
reached after integrating for 2000 s.

The main limitations for the short-term frequency stability
of the clock are the atomic shot noise, the intensity and
frequency fluctuation of the probe laser (AM and FM),
electronic noise, and the LO phase noise (Dick effect). In
each cycle, according to the absorption signal, the number of
cold atoms detected by the probe light can be estimated with
the equation given by [17]

art[Iy— I, 4582 Iy
N="—+ — 4+ 1])In( =], 2
(e[} [ Is +<F2 * ) n(1t>:| ( )

Here r is the radius of the probe beam, and § is the detuning
from atomic resonance. The probe light intensity before and
after going through the physical package is given by Iy and
I, respectively. Moreover, I is the natural linewidth of the
transition, oy is the resonant cross-sectional area, and /; is the
on-resonance saturation intensity. These variables obey the
following relationship [18]:
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TABLE I. Noise budget of the system and instabilities of these
noise sources.

Noise sources Instability

4.5 x 10713 =172
4.7 x 107183 7172
1.8 x 10~ ¢~1/2
2.7 x 10713 ¢~172
73 x 107183 ¢71/2

AM and FM noises of the probe laser
Atomic shot noise

Electronic noise

Local oscillator phase noise

Total

Here v is the frequency of the probe light, g is the free space
permittivity, and / is the Plank constant. Moreover, £ is the unit
polarization vector of the light field and d is the atomic dipole
moment. Substituting Eqs. (3) and (4) into Eq. (2), we find that
the number of cold atoms detected in each cycle is about 4.7 x
107 and about 8.5% of these atoms N, &~ 4.0 x 10° experience
the “0-0” transition. Therefore, the corresponding atomic shot
noise (o, ~ 1/+/N,) can be estimated as shown in Table 1.
Because the microwave interrogation process is not continuous
and there is “dead time” in each cycle, the phase noises from
LO and the frequency synthesizer will degrade the atomic
clock performance. Here, the limit of the Dick effect with the
commercial oscillator is about 2.7 x 10~'3 on the condition
that Sy(f) = 1072 f2 + 1.3 x 107 f + 1.3 x 1072°. Table I
gives the noise budget of the cold-atom clock.

The cavity pulling effect could be the primary contribution
to the long-term frequency stability because it depends on the

PHYSICAL REVIEW A 92, 062101 (2015)

fluctuation of the cold-atom number and the cavity detuning
from temperature fluctuation. In addition, microwave power
fluctuations are also transferred to the clock transition through
cavity pulling [19]. The long-term stability may be improved
by decreasing the quality factor of the cavity and increasing
the temperature stability of the system.

V. CONCLUSION

We report a compact cold-atom clock scheme that integrates
all operation stages in a cylindrical microwave cavity. The use
of diffuse laser cooling can simplify the structure and increase
the reliability of the system because of its insensitivity to
the laser polarization and alignment. The frequency stabilities
of 7.3 x 10713 £71/2 and 1.6 x 10~'* after integrating 2000
s are achieved. We believe that the frequency stability will
be further improved after resolving these technical problems.
Furthermore, its all-metal framework and better frequency sta-
bility in microgravity environments make it an excellent option
for space applications. In addition, this scheme of a physical
package can also be operated as a kind of high-efficiency
precooling equipment for other physical experiments that
require further steps of cooling.
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