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Cold-atom double-A coherent population trapping clock
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Miniature atomic clocks based on coherent population trapping (CPT) states in thermal atoms are an important
component in many field applications, particularly where satellite frequency standards are not accessible.
Cold-atom CPT clocks promise improved accuracy and stability over existing commercial technologies.
Here we demonstrate a cold-atom CPT clock based on ¥’Rb using a high-contrast double-A configuration.
Doppler frequency shifts are explained using a simple model and canceled by interrogating the atoms with
counterpropagating light beams. We realize a compact cold-atom CPT clock with a fractional frequency stability
of 4 x 10~""'¢~1/2_ thus demonstrating the potential of these devices. We also show that the long-term stability is
currently limited by the second-order Zeeman shift to 2 x 10~'2 at 1000 s.
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Field-deployable atomic clocks and frequency standards are
critical to many applications, including telecommunications
and navigation. Field applications of chip-scale atomic clocks
(CSACGs) [1,2] based on coherent population trapping (CPT)
[3-5] are growing rapidly because of their small size and low
power consumption. Probing the atoms with light eliminates
the need for a bulky microwave cavity and allows for dramatic
size reduction of the physics package over clocks based
on direct microwave interrogation. CSACs typically deliver
short-term fractional frequency stability of <1 x 1071, but
the devices are fundamentally not accurate because of large
systematic frequency shifts arising from high-pressure buffer
gases and light shifts. The long-term fractional frequency
stability of CSACs is limited by drift from these shifts,
which is typically 3 x 10~!"!/month after a six-month break-
in period for commercial CSACs [6]. This level of drift
makes CSACs unsuitable for many applications, for example,
for use as primary reference clocks for telecommunications
synchronization, which require accuracy at the 1 x 107'!
level [7].

In CSACs, a narrow transition linewidth is achieved
through long light-atom interaction periods provided by a
high-pressure buffer gas. Long interaction periods can also be
realized by use of laser-cooled atoms. When limited by atom
shot noise [8], a cold-atom clock based on 10° atoms with a
10 ms interrogation period and a 100 ms cycle period could
achieve a short-term frequency stability of 1 x 107'2//T.
While the elimination of the buffer gas removes pressure shifts,
it reintroduces Doppler shifts since the atoms are free to move
through the phase fronts of the interrogation field and are
therefore not in the Lamb-Dicke regime [9].

In conventional CPT spectroscopy, atoms are interrogated
with left- or right-circularly polarized light and are pumped
into trap states in which they stop contributing to the CPT
signal, reducing the resonance contrast [4]. Several schemes
have been implemented that eliminate trap states and improve
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the fringe contrast, including push-pull optical pumping [10]
and double-A techniques such as lin L lin [11] and lin || lin
spectroscopy [12].

Ramsey interrogation with CPT interactions was first
demonstrated with a thermal sodium beam and spatially
separated interactions [13—-16]. The method has also been
used in alkali-metal vapor cells with time-separated CPT
pulses [11,17]. Cold-atom Ramsey spectra have also been
recently observed in the lin L lin configuration [18]. Ramsey
spectroscopy has advantages over continuous excitation in
reducing light-shift and power-broadening effects [11,14,19].

Here we join the techniques of laser-cooled atoms and
CPT to demonstrate a 3’Rb cold-atom CPT clock based on
the lin || lin configuration probed with the time-separated
Ramsey method. We derive a model that concisely explains
the Doppler shifts in terms of the spatially varying phase
of the CPT coherences and demonstrate a configuration with
counterpropagating CPT beams that cancels these shifts. With
the atoms probed symmetrically under 1g of acceleration
(vertically), the Doppler shifts are consistent with zero and are
less than 1 x 107!!, Gravity-induced shifts in a horizontally
probed clock would be limited by the alignment of the probe
and should be on the 10~ scale or smaller.

The double-A CPT scheme [Fig. 1(a)] uses a lin || lin
bichromatic laser field with parallel linear polarization to
excite two pairs of optical transitions sharing a common
excited level. The bichromatic field simultaneously couples the
atoms into two separate A systems of o and o~ transitions
connecting the ground-state sublevels |FF = 1, mp = £1) and
|F =2,mp = F1) via the excited state |F' =1, mp = 0).
The bichromatic frequency separation is tuned to the 6.835
GHz microwave ground-state hyperfine splitting. Several
groups have used the lin||lin double-A CPT system to demon-
strate high-contrast resonances in buffer-gas cells [20-24].

The first pulse in the Ramsey sequence, with duration
7, = 400 ws and intensity below 1% of saturation, completely
pumps the atoms into the dark state. After the Ramsey period
Tg, the atomic state evolution is determined by the absorption
of a probe pulse of duration t,;, = 50 us.
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FIG. 1. (Color online) (a) Coupled energy levels of 3’Rb in
the lin || lin CPT system (solid lines) and the transitions used to
monitor the magnetic field (dashed lines). (b) Schematic of the
cold-atom CPT clock. Two counterpropagating bichromatic laser
fields pump and probe the cold atoms. The laser beams are vertical to
maximize velocity-dependent Doppler shifts such that the shifts can
be evaluated.

The two A systems probed in the lin || lin scheme have
first-order Zeeman shifts that are equal but opposite in sign.
By expanding the Breit-Rabi equation to second order, it
can be shown that the Zeeman shift for the two transitions
IS Avpae = 431.6 Hz/G? 4 2786 Hz/G [12,25]. The opposite
first-order Zeeman shifts lead to constructive interference of
the Ramsey fringes for the two A systems only at multiples of
the magnetic field that shift each A system by 1/27r, which
is 22.4 mG for Tgx = 8 ms [26]. To overcome magnetic-field
gradients, we use a higher field than is minimally required
lift the degeneracy. We typically use a bias field of at least
90 mG, at which the second-order Zeeman shift, identical for
both systems, is approximately 3.5 Hz. A field of at least
20 mG is required to separate the field-sensitive transitions
from the clock transitions.
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We use a differentially pumped double magneto-optical
trap (MOT) system to cool and trap the atoms with separate
two- and three-dimensional MOTs [27]. The volume of the
vacuum system, including the pump, is <0.2 1. Three pairs of
Helmbholtz coils cancel the residual magnetic field and estab-
lish a fixed magnetic field along the vertical direction, parallel
to the CPT beams. We typically trap 10° atoms in a 45 ms
cooling cycle and recapture 80% of the atoms from cycle to
cycle after an 8 ms Ramsey period. The Ramsey period in our
system is limited by magnetic-field gradients arising from the
ion pump, which wash out the fringes for 7g > 10 ms.

We generate the CPT light by phase-locking two com-
mercial 795 nm laser diodes [28]. The frequency reference
for the optical phase-lock loop is derived from a synthesis
chain referenced to a commercial Cs atomic beam clock. The
phase-lock system has a bandwidth of 8 MHz, well in excess
of the laser linewidths (1 MHz), and the resulting phase error
variance is 0.35 rad” integrated over 30 MHz. The slave laser
is resonant with the | F = 1) — |F’ = 1) transition and is also
used as a repump laser. The beams are combined on a beam
splitter and coupled to the experiment through a single-mode
polarization-maintaining optical fiber, which ensures perfect
spatial mode matching of the beams. The beams have a
Gaussian profile with 3.5 mm diameter (1/¢?).

We use counterpropagating CPT beams to interrogate the
atoms, which are produced in one of two ways. In the config-
uration that allows for the best Doppler-shift cancellation, the
interrogation light is split into independent up and down beams
and the absorption signal is measured separately for each
beam [Fig. 1(b)]. In a simpler configuration, we retroreflect
the interrogation light from a mirror, which degrades the
cancellation of the Doppler shift because our cell is not
antireflection coated and therefore the up- and down-beam
intensities are not balanced. A typical Ramsey spectrum
obtained by scanning the Raman detuning across the clock
resonance in the retroreflected geometry is shown in Fig. 2.

For the previously studied counterpropagating CPT geom-
etry with circularly polarized beams and room-temperature
atomic vapors [29,30], true dark states where the atoms do not
absorb light can be created only at positions along the z axis
Zmaxs Where zm.x is defined by 2(k; — k2)Zmax = 2n + D7,
k; = 2m /; are the wave numbers for the two CPT frequencies.
At zmax, the counterpropagating CPT excitation fields interfere
constructively in the atom and the atomic coherence is
maximal. At other positions, there is no pure dark state and the
atoms absorb some light from each beam, reaching maximum
absorption at 2(k; — k3)zZmin = 2nm. For the lin || lin scheme
used here, the same interference of the CPT fields occurs and
the amplitude of the A transitions is modulated as a function
of position. The modulation length is the wavelength of the
hyperfine ground-state splitting Agg, since ky — ky = kyp =
27 /Aur. To optimize the signal contrast, we adjust an optical
delay line in the path of the upward-propagating beam and set
the initial position of the atoms t0 Zax-

When the atoms are illuminated by a CPT light field from
a single direction, a Doppler shift arises from motion of the
atoms along the direction of the CPT beams during the Ramsey
period. The phase of the CPT interrogation field varies linearly
with position, and the moving atoms are pumped into the dark
state and probed in different positions. This frequency shift is
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FIG. 2. (Color online) Ramsey fringes. The A systems are
Zeeman shifted by +3/27y, and the transmission is minimized near
zero detuning. Each point in the spectrum was measured in 53 ms, and
the signal-to-noise ratio of the spectrum is 120 in a 1 Hz bandwidth.
The fringe width is 62.5 Hz, as expected for Tx = 8 ms. The width
of the Lorentzian envelope (15 kHz) depends on the optical saturation
of the pump pulse. To lock the clock, we alternately shift the
phase-lock offset frequency to each side of the central fringe and steer
the central offset frequency to equalize the measured absorptions. The
clock stability is calculated from the frequency steering values.

given by
2w Avp = (ky — k2)dz /TR = knpvay, (1)

where dz is the change in position of the atom along
the propagation axis during the Ramsey period and v,
is the average velocity. Our counterpropagating geometry
excites the atoms in both directions simultaneously, which
removes the spatial phase variations and introduces the spatial
amplitude modulation described above. During the pump
pulse, the atoms are pumped into a coherent dark state whose
phase is the average phase of the upward- and downward-
propagating CPT fields. During the probe pulse, the absorption
in each beam is monitored independently and frequency
corrections are calculated for each beam. For symmetrical
excitation, the frequency shifts are equal and opposite and
are (k| — k2)(Zmax — Zm)/27 Tr, Where zy, is the position of
the atoms during the probe pulse. Because of the symmetrical
excitation during the pump pulse, the Doppler shifts depend
only on the location of the atoms with respect to zp,, during
the probe pulse.

To evaluate the shift, we dropped the atoms from initial
height z, for a free-fall period 7; before the pump pulse. At
the time of the probe pulse, the distance from zp,x to the
atoms is

Zmax — Zm = 20 + Vo (Tt + Tr) — (g) (T +TR)*. (2

The Doppler shift measured by each beam is then

+k
Avp = > ;F (ZO 4+ ((TlR+T7) — % (Tt + TR)Z), 3)

T IR
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FIG. 3. (Color online) Measured frequency shifts for Ramsey
periods of 1, 2, and 6 ms and varying free-fall times compared to
our model from Eq. (3) with vy = 0 and zo = 0. For the different
curves, the clock was locked with frequency corrections calculated
from the average of the up and down signals, only the down signal,
and only the up signal.

where the shift is positive for one beam and negative for the
other. Locking the clock to the averaged frequency corrections
from the up and down beams cancels the Doppler shift.

Figure 3 shows measurements of the frequency shift as
a function of T¢, with T = 1, 2, and 6 ms. The measured
Doppler shifts for the up and down beams are usually slightly
smaller than the values predicted by Eq. (3), because the up and
down beams are both present during the probe pulse, which
pulls the measurement towards the average phase and a new
dark state. An offset is apparent at 7t = 0, indicating that at the
time of the second Ramsey pulse, the atoms are not at z,,x. We
investigated this offset by adding a relative phase shift between
the upward- and downward-propagating beams by adjusting
the optical delay line in the upward-propagating beam (Fig. 1).
A change in the optical path length of d L moves zy,x by dL/2
and the associated frequency shift is

dUD/dL = (kl — kg)/47tTR, (4)

equal to 11.4 Hz/mm for 7x = 1 ms and 1.9 Hz/mm for
Tk = 6 ms.

Figure 4 shows measured frequency shifts versus d L. There
is some asymmetry for the up and down beams, and the
slope for the up beam is significantly lower than predicted.
The asymmetry is sensitive to collinear alignment and relative
power of the up and down beams. When we blocked either
the up or down beam during the probe pulse in a separate
experiment, the average slope became significantly larger
and was within 10% of the value predicted by Eq. (4). The
measurements are also affected by a small traveling-wave
component caused by reflections from the uncoated glass
vacuum windows. We estimate from our measurements in
Fig. 3 performed with 7T = 6 ms that the Doppler shift under
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FIG. 4. (Color online) (a) Doppler frequency shift versus change
in optical path length for the up beam shown with theory curves
estimated from Eq. (4). Here Tz was 1 ms. (b) Measured fractional
frequency stability versus d L. The positions where the clock stability
deteriorates at approximately 22 mm correspond to values of

Zmin-

normal clock operation cancels to <1 x 10~!! residual shift
for symmetric up and down interrogation. Our next-generation
clock will be interrogated horizontally, and we expect the
Doppler shift from gravity to be reduced to the 10~'3 scale
or lower.

The second-order Zeeman shift currently limits the long-
term stability of the clock. We have quantified the Zeeman
contribution to the clock drift by measuring the frequency
of a field-sensitive transition (see Fig. 1) every 9 min and
using the field values to calculate the time dependence of
the second-order Zeeman shift. The Allan deviations for the
clock frequency and the calculated Zeeman shift are shown
in Fig. 5. Field drift currently limits the long-term stability
at around 2 x 1072, corresponding to a drift in the ambient
field of 0.25 mG over the 2 x 10* s measurement period. With
magnetic shielding, we expect that the bias field strength can
be reduced by a factor of 3, thus reducing the second-order
Zeeman shift by a factor of 9 and reducing drift from stray
fields by the shielding factor (100 times).

The clock frequency is also affected by the light shift
(ac Stark shift), which scales with the ratio of the pump
pulse length to the Ramsey period [16]. The light shift in
our system includes resonant contributions from the coherent
and incoherent parts of the light spectrum, as well as a small
off-resonant contribution from coupling to the F' = 2 excited
state. The resonant coherent part of the shift decreases for
increasing intensity and effectively vanishes for our typical
operating intensity of 20 uW/cm?. The off-resonant part
of the light shift is approximately 0.1 Hz for our typical
operating conditions, is proportional to intensity, and drifts at
the insignificant level of 1 x 10~!* per MHz of laser detuning.
For T = 8 ms, the total measured light shift is 1 Hz per
MHz of detuning, and we believe that this shift arises from
the incoherent part of the CPT light spectrum. Consistent with
previous studies [31], the frequency lock of our master laser
is stable to better than 3 kHz over long periods, and thus the
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FIG. 5. (Color online) Fractional frequency stability versus inte-
gration period. The expected frequency drift from the second-order
Zeeman shift as determined from in situ field measurements is
also shown, which agrees with the observed clock drift. Here, the
counterpropagating CPT beams were generated by retroreflection.
The dominant noise terms that determine the short-term stability
arise from laser frequency noise.

light shift is stable to a few parts in 107!3. The sensitivity to
detuning can potentially be reduced by operating at special
values of the intensity ratio between the two CPT frequency
components, which is an area of continued study. The light
shift can also be reduced by improving the spectral purity of
the interrogation light.

The cold-atom CPT clock presented here offers the potential
for a field-deployable frequency reference that is accurate on
the 10~ scale and highly miniaturizable. We have modeled
and characterized the clock sensitivity to motion of the
atoms and demonstrated an implementation of the clock that
uses counterpropagating light fields to cancel the motional
dependence. We have also shown that the long-term stability
of the clock is currently limited by Zeeman shifts in our
unshielded system. With magnetic shielding and an improved
cell design incorporating antireflection-coated windows, we
expect to improve the long-term stability of the clock to the
limits imposed by the Doppler and ac Stark shifts, which we
estimate to be low on the 10~!% scale. The shielded system
should also be able to operate with Ramsey periods that are
easily double the typical 8 ms Ramsey period that we typically
used for this work, which will reduce the light shifts by at least
a factor of 2.
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