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Abstract— We present the status of our cold-atom clock based
on coherent population trapping, including the present clock
stability and a preliminary evaluation of the three main
systematic frequency shifts: the 1%-order Doppler shift, the
Zeeman shift, and the light shift.

L INTRODUCTION

Although the performance of Chip Scale Atomic Clocks
(CSACs) [1] based on Coherent Population Trapping (CPT)
has improved considerably over the past few years, CSACs
suffer from drift caused by buffer-gas collisions and light
shifts that limit their timing uncertainty to the level of one
microsecond per day at best [2]. Our study aims to
significantly reduce the two main sources of drift in CSACs
while maintaining a compact physics package such that timing
uncertainties of a few nanoseconds per day can be achieved.
We aim to reach a frequency stability of 2x107"" t"? and an
accuracy of 10" in a very small physics package (10 cm’).

II.  EXPERIMENT

Our clock is based on a compact source of laser-cooled Rb
atoms, which eliminates the buffer gas and associated shifts.
The vacuum system has a two-chambered design, with a 2D"
MOT [3] loading a 3D MOT in a differentially pumped
configuration. The volume of the vacuum chamber, including
the 2 1/s vacuum pump, is approximately 150 cnr’.

To produce a clean, coherent light source for control and
minimization of the light shift, we have developed a laser
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system with a relatively pure spectrum based on an optical
phase lock loop built from two commercial megahertz-broad
DFB/DBR laser diodes [4]. So far, we have achieved a phase
error variance of 0.35 rad® between the two lasers, which
corresponds to >70% of the power in the carrier.

We probe the clock transition using CPT in the lin || lin
geometry [5], which is known to produce high-contrast CPT
spectra owing to the absence of trap states. The linear
polarization of the CPT light can be represented as a sum of 6
and ¢ circularly polarized light components, which results in
probing the atoms with a superposition of two lambda
systems. The relevant energy-level diagram for *’Rb with the
two clock lambda systems is shown in Fig. 1.

We use Ramsey interrogation to reduce the average
intensity of the CPT light [6]. Typically, we prepare atoms in
the dark state with a 300 us CPT pulse with the intensity at
2% of saturation. Then we let the dark state evolve for an 8 ms
Ramsey time. We then probe the phase of the dark state with a
50 us CPT pulse.
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Figure 1. The energy levels of *’Rb relevant to lin || lin CPT interrogation.
The two lambda systems are shown in red. In blue is the field-sensitive
transition that we used to measure the magnetic field.



We limit our interrogation times to less than 10 ms. These
short interrogation times allow us to efficiently recapture
atoms from cycle to cycle with our 3 mm MOT beams,
enabling a t};pical laser cooling stage duration of 45 ms for
loading 2%10” atoms.

We observe Fourier-limited Ramsey resonances down to a
width of 50 Hz with a transmission contrast of 55%. To lock
the clock to the hyperfine ground state splitting, we use a
digital servo to jump the CPT frequency detuning from cycle
to cycle to probe the central fringe on opposite sides of the
line, and we use the result of the measurements to steer the
difference frequency to lock the clock to the central fringe. An
Allan deviation of the frequency steers is shown in Fig. 2. The
short term stability is currently limited by laser frequency
noise to 4x10™"" v"2. The long-term stability is limited by
magnetic field drift in our unshielded system, as discussed
below.

III.  SYSTEMATIC FREQUENCY SHIFTS

We have begun to study the influence of systematic
frequency shifts on the long-term stability of our clock. The
most significant shifts in our system are the 1%-order Doppler
shift, the Zeeman shift, and the light shift.

A.  I"-order Doppler shift

The 1%-order Doppler shift arises from the interaction of
moving atoms with the travelling-wave component of our
interrogation light. The largest contributor to the atoms’
velocity in our system is free fall. With a pure travelling wave
and the interrogation light propagating at an angle 6 with
respect to the direction of the acceleration of gravity, the 1°-
order Doppler shift leads to a fractional frequency shift of the
clock transition of

Av/vy =g Tp-cos(0)/c. )

Here, g is the acceleration of gravity, T is the Ramsey time,
and c is the speed of light.

To initially measure the 1*-order Doppler shift in a case
where the shift is large, our probe direction is parallel to the
direction of gravity. We have probed the falling atoms with
travelling waves along and against the direction of gravity and
have confirmed the expression in Eq. (1), with the sign of the
shift depending on whether the atoms are probed from above
or below.

To reduce the shift, we retroreflected the interrogation
light. Since our cell does not have an antireflection coating,
the CPT interrogation light has standing- and travelling-wave
components, with about 14% of the power in the travelling
wave. In the retroreflected geometry, the 1*-order Doppler
shift is 3.5x10"" for an 8 ms Ramsey time, which is lower by
about an order of magnitude than when we interrogate the
atoms with a pure travelling wave. Our next-generation
vacuum chamber will also be based on an antireflection-
coated cell, which will reduce the power in the travelling wave
by a factor of 35. We can reduce the shift even further by
probing the atoms along a direction perpendicular to gravity.
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Figure 2. Fractional frequency stability versus interrogation time calculated
from an Allan Deviation of the frequency steers. The red points are the
measurements. The dashed line is a curve showing a 4x10™//A'T dependence.
The green curve is the shift that we would expect to observe from our
measured magnetic-field drift, which close to the drift that we would predict
from the field measurements.

B.  Zeeman Shift

The two lambda systems that we probe are influenced by
first- and second-order Zeeman shifts. Both transitions have
the same quadratic sensitivity to magnetic field, but due to the
nuclear spin interaction, the two CPT resonances exhibit a
weak linear splitting. The overall magnetic shift for the two
transitions is given by Avp,, = 575 Hz/G? + 2.8 kHz/G. For
magnetic shifts smaller than the CPT linewidth, the linear
splitting leads to a broadening of the resonance line.

Because of magnetic-field gradients, arising mainly from
the ion pump, we are forced to use a bias field that causes a
1*-order Zeeman splitting that is significantly larger than the
fringe linewidth in order to maximize the fringe contrast. With
our Ramsey interrogation and typical magnetic field of 100
mG, the linear splitting exceeds the linewidth by a large
factor, and thus only discrete values of the magnetic field lead
the two A systems to interfere constructively.

If the signal strength of the two lambda systems is the
same, then the linear Zeeman shift leads to broadening of the
CPT resonance and there is no first-order shift. If there is an
imbalance, then a first-order shift is possible.

Our current vacuum system is not shielded, and the
second-order Zeeman shift currently limits the long-term
stability of our clock. We have performed in-situ
measurements of the magnetic field where we jump the
Raman detuning every 5 minutes while the clock is operating
to measure the position of the field-sensitive transition shown
in Fig. 1. The field drift currently limits the long-term stability
of our clock to the 2x10™' level. We expect that by shielding
the system with a single-layer magnetic shield, we can reduce
the Zeeman shift by a few orders of magnitude. In addition to
reducing the effect of magnetic-field drift in our lab, having a
magnetic shield will dramatically reduce the magnetic-field



gradients and allow us to operate the clock with a much
smaller bias field.

C. Light Shift

As studied previously [7], the interplay between atomic
coherence, the light fields, and the multi-level atomic structure
leads to complicated light shift behavior, with contributions
from resonant, CPT-generating couplings and non-resonant
couplings. Because we can precisely control the CPT beam
parameters and the atomic internal state, our experiment is a
unique test-bed to evaluate the different contributions.

We have observed quite interesting and complex light-shift
behavior which we are still evaluating and will reserve for a
future publication. We discuss the light shift only briefly here.
The measured clock frequency dependence on common-mode
laser detuning under our operating conditions is 1x10™'%/MHz.
We control the common-mode frequency detuning of our CPT
lasers to the 3 kHz level for 20,000 s inte%ration times, which
leads to changes in the light shift of 3x10™", which is an order
of magnitude smaller than the Zeeman-shift-induced drift in
our system on the same time scale.
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