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A cold-atom coherent population trapping clock based on ¢, — o_ interrogation realized by
counter-propagating optical fields of opposite circular polarization is presented. The simultaneous
use of ¢, and o_ polarizations prevents atoms from being trapped in the end magnetic sublevels,
significantly enhancing the contrast over interrogation with a single circular polarization. Because
the system is based on cold atoms and there is very little relaxation, nearly complete dark states are
created, and coherent population trapping resonances with maximum contrast are observed. A fre-
quency stability of 1.3 x 107! /|7 is achieved, which averages down to 2 x 10~'3 after a 40000 s

integration period. https://doi.org/10.1063/1.5001179

Compact high-performance microwave atomic clocks
are applied widely in many fields, including telecommunica-
tions and navigation systems. In an atomic clock based on
coherent population trapping (CPT),'™ the microwave inter-
rogation that probes the atoms is optically carried, eliminat-
ing the need for a microwave cavity. Thus, CPT atomic
clocks are smaller and use less power, which enabled the
development of chip-scale atomic clocks.””” Vapor-cell CPT
clocks have demonstrated outstanding short-term stabil-
ity,¥? but their long-term frequency stability critical for
many potential applications has been limited by frequency
shifts from high-pressure buffer gases and light shifts.”%!"!2
The shift and associated instability from buffer gases can be
eliminated by performing CPT with cold atoms.'*'> Using
laser-cooled atoms also eliminates Doppler broadening, thus
narrowing the atoms’ optical spectra and creating a clean
system where all cold atoms are uniformly interrogated and
light shifts can be precisely studied.'® CPT clocks based on
cold atoms may find use in commercial applications needing
improved long-term stability if miniaturization techniques
for laser cooling are successful.'”

Traditional CPT clocks interrogate atoms with bichro-
matic light of a single circular polarization to create A sys-
tems that connect magnetic sublevels in each hyperfine
ground state through a common excited state. When the dif-
ference between the two optical frequencies exactly equals
the hyperfine ground-state splitting, the atoms can be opti-
cally pumped into a dark state and stop absorbing light. But
interrogation with a single circular polarization also traps
atoms in the extreme Zeeman magnetic sublevels with the
highest angular momentum, m, where they do not contrib-
ute to the dark resonance. This results in CPT resonance sig-
nals with relatively low amplitude.

To overcome the loss from trap states and maximize the
CPT resonance amplitude, several optimized interrogation
schemes have been demonstrated, including push-pull optical
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pumping (PPOP),*' ¢, — ¢_,** linLlin,> and lin || lin.**
The PPOP, 6. — ¢_, and lin L lin schemes all interrogate the
mp = 0 — mp = 0 hyperfine clock transition via the double-
A scheme shown in Fig. 1(a) by applying a combination of
o+ and o_ polarizations to the atoms with various
approaches. Unique from the other three schemes, the lin ||
lin technique®* interrogates a double-A system with Amy = 2
transitions between the my = =1 levels in the ground states
and will not be discussed further here. A recent study compar-
ing the strengths and weaknesses of several polarization inter-
rogation schemes has been recently published.”’

For PPOP,?! the CPT light is modulated between o, and
o _ polarizations with a modulation frequency of vy - the fre-
quency of the hyperfine ground-state splitting. For atoms in
the dark state, the longitudinal electron spin oscillates at vy,
and by exciting the atoms in phase with the dark-state coher-
ence, atoms are efficiently pumped out of the end magnetic
trap states and into the dark state. The enhancement of the
contrast achieved with PPOP over excitation with a single cir-
cular polarization depends on the buffer-gas pressure and
composition, the light intensity, and the size and temperature
of the cell, but enhancement factors of nearly 80x have been
observed in buffer-gas vapor cells.*"*® Equivalently, the
lin 1 lin scheme? has demonstrated similar contrast improve-
ment>>2""?? but by using orthogonal linearly polarized light
for the two optical frequency components, which are each the
sum of o and o_ polarizations.

For the 0, —0_ scheme,zz’30 the double-A system is
formed with a left (right) circularly polarized input beam and
a right (left) circularly polarized counter-propagating beam,
which is easily achieved by retroreflecting the CPT light
back through a quarter-wave plate and through the atoms a
second time. Although o, — o_ was demonstrated very soon
after PPOP, only one prior experiment using the technique
has been published,®® which reported that the CPT signal
amplitude was improved by only a factor of 1.4 over tradi-
tional CPT excitation based on a g travelling wave of the
same intensity. However, the observed enhancement was
limited by low laser power and not by the technique itself.
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FIG. 1. (a) Double-A systems probed
with the PPOP, ¢, — ¢_, and lin_Llin
schemes for ®’Rb (I = 3/2). The tech-
niques work when the optical fre-
quency is tuned to either the |[F'=1,2)

state. (b) Simplified diagram of the
experimental apparatus. The MOT
laser beams are not shown. (c) Timing

(c)
Laser Cooling (25 ms)

diagram for an experimental sequence.
Single-pulse spectra are extracted from
the end of the first pulse, and Ramsey
spectra are extracted from the begin-
ning of the second pulse.

In this work, we demonstrate that the ¢, — g_ scheme
indeed achieves the same characteristic contrast enhancement
as the other equivalent schemes. Similar to recent experiments
based on the lin || lin technique,'® we show that the use of
laser-cooled atoms allows for nearly complete dark state for-
mation, which is not typical for atoms in buffer-gas vapor
cells in which ground-state relaxation is more significant. We
also operate the system as a clock with Ramsey-type interro-
gation®' and characterize its frequency stability.

The apparatus has been described previously'® and is
described only briefly here. The atoms are trapped and
cooled in a magneto-optical trap (MOT) by a distributed
Bragg reflector (DBR) laser frequency-stabilized on the *’Rb
D2 line with typically a 25 ms cooling period and 3.5 mW of
total cooling light. After the cooling period, the atoms are
released and interrogated while in free fall. Typically, the
MOT can trap 5 x 10° atoms, and the atoms are recaptured
between cycles.*?

The CPT laser source is a second DBR laser resonant on
the ®’Rb D1 line at 795 nm and frequency stabilized to the
|[F = 1) to |[F' =2(or 1)) optical transition. The interrogation
spectrum for CPT is produced by modulating the light with
an electro-optic phase modulator (EOM) driven with a
6.835 GHz microwave signal [see Fig. 1(b)]. The carrier and
-1st-order sideband interrogate the atoms, with the micro-
wave power set such that the intensities of each of the Ist-
order sidebands are equal to the intensity of the carrier. An
acousto-optic modulator (AOM) serves as the on/off switch
for the light and shifts the optical frequencies that were off-
set locked in a saturated absorption spectrometer to reso-
nance. The CPT beam is divided into two sub-beams by a
beam splitter. Part of the light is sent to a photodiode whose
signal normalizes the CPT spectra (not shown). The other
beam propagates through a quarter-wave plate before passing
through the cold atoms and a second quarter-wave plate
before it is retroreflected by a mirror fixed to a translation
stage. The beam then passes through the atoms and wave-
plates a second time before it is detected. The translation
stage is adjusted to achieve maximum signal amplitude.

CPT resonances can be measured in both “single-pulse”
and “Ramsey” modes [see Fig. 1(c)]. In the single-pulse
mode, the light is applied at a fixed modulation frequency in a

typical pulse of 1-3ms duration after the atoms are released
from the MOT, and the transmission at the end of the pulse is
recorded. The frequency is then changed, and the measure-
ment sequence is repeated to collect the spectrum. In the
Ramsey mode, the first CPT pulse pumps the atoms into the
dark state, and the transmission is measured during the first
50 us of the second pulse after a typical Ramsey period of
16 ms, which is optimal given the 3.6 mm CPT beam diameter
(1/€%). Typical single-pulse CPT resonances detected with o,
polarization in a single travelling wave and a o, —o_
counter-propagating standing wave are shown in Fig. 2.

The absorption contrast, which characterizes the com-
pleteness of dark-state formation, is defined as the ratio of
the depths of the CPT and optical absorption resonances and
is approximately 90% for the data shown in red in Fig. 2(b).
This high value is achieved because the lifetime of the
ground state coherence is limited by background Rb colli-
sions to 75ms, which is much longer than the CPT pulse
length of 3ms. Since the absorption contrast reflects the
completeness of dark state formation, it also relates to the
resonant light shift and the long-term clock stability since
residual resonant light shifts®>** are eliminated when com-
plete dark states are formed, which was recently confirmed
for this cold-atom CPT experiment.“’ In contrast, CPT reso-
nances in buffer-gas vapor cells typically exhibit absorption
contrasts in the range of 0.1-10%.*%

The transmission contrast, defined as the ratio of the res-
onance transmission to the background (S/B), is typically
limited to between 3 and 4% in this cold-atom system
because the diameter of the cold-atom cloud is one fourth as
large as the CPT beam diameter. The relatively large beam
diameter of 3.6mm (1/¢%) is used because the atoms fall by
almost 2 mm during a typical interrogation period of 20 ms.
The S/B can be much higher in buffer-gas cells, which have
higher optical thickness. The S/B more directly affects the
clock’s stability and is more typically cited. S/B values
of over 50% have been observed in buffer-gas cells using
PPOP?® and lin L 1in,*® and even higher values can be
observed with techniques like polarization-selective detec-
tion? and four-wave mixing.>’

Figure 3(a) compares the amplitude of the CPT reso-
nance as a function of the total optical intensity for g, and
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FIG. 2. Cold-atom CPT spectra collected in the single-pulse mode for the ¢ and ¢, — o_ interrogation schemes versus detuning of the EOM modulation fre-
quency from the accepted value of vr. Each data point was measured in one shot with one cold-atom sample. In (a), the total intensity of 0.13 mW/cm? was
used for both curves. In (b), intensities close to the optimized values for maximum contrast were used for each curve, which were 0.036 mW/cm? for o inter-
rogation and 0.33 mW/cm? for 6, — a_ interrogation. For all data, the duration of the CPT pulse was 3 ms, and the optical frequencies were resonant with the
|[F'=1) state. For these broad absorption spectra, the frequency step size (100kHz) is large compared to the power-broadened width of the CPT resonances
(typically 10kHz), but since the resonances are all centered on vy to within a 10 Hz, the center point is an accurate measure of the resonant transmission. The
CPT and optical resonances are slightly offset from each other because of small offsets of the carrier frequency from the optical resonance.

g+ — o_ interrogation. The CPT beams for the ¢, configura-
tion were not retroreflected, but otherwise the experimental
conditions were identical. For ¢, interrogation, the ampli-
tude of the CPT resonance signal initially grows with
increasing intensity but reaches a maximum and then
decreases with higher intensity. For the ¢, — o_ configura-
tion, the CPT signal grows with higher intensity and levels
off above 0.1 mW/cm®.

In the counter-propagating configuration, complete dark
states only form for atoms at positions along the CPT beam
where the phases of the CPT coherences created by the
forward- and backward-beams add constructively.zz’30 At other
positions, the resonances are smaller due to destructive inter-
ference. As a result, the CPT amplitude varies as a function of
the retroreflecting mirror position as shown in Fig. 3(b) with
adjacent maxima separated by half the wavelength of the
microwave transition (~22 mm). Because of this, the 6, — ¢_
technique works best for small cells or laser-cooled atoms,
where the size of the interrogation region is much smaller than
the microwave wavelength. Since the retroreflected geometry
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also naturally reduces the Doppler shift for laser-cooled
atoms,'* the technique is naturally suited for cold-atom clocks.

A zoomed-in spectrum of a typical CPT resonance cor-
responding to the red curve in Fig. 2(a) is shown in Fig. 4(a).
The two satellite peaks centered at =62 kHz are the Amp =
0 magnetically sensitive transitions between the mp = =1
magnetic sublevels. The resonances are power broadened to
a width of 28(1) kHz, consistent with the expected width®
for an optical intensity of 0.13 mW/cm? with ~2/3 of the
optical power in the resonant sidebands.

Given the signal-to-noise ratio (S/N) and the linewidth,
the clock stability that would be supported by these single-
pulse resonances can be estimated, but in the example of Fig.
4(a), the stability would not be very good because of the
strong power broadening. Most clock measurements done so
far with this system have been performed with Ramsey inter-
rogation, which is not affected by power broadening. A typi-
cal Ramsey spectrum fitted to a sinusoid is shown in Fig.
4(b). From the resonance width and S/N, one predicts a clock
stability of 7 x1071?/ t—within a factor of two of the
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FIG. 3. (a) Amplitude of the CPT resonance versus the total intensity of the CPT light for the 6, — ¢_ and ¢ configurations. The duration of the CPT pulse was
3 ms, and the CPT light was resonant with the [F'=1) excited state. (b) Single-pulse CPT resonance transmission versus the relative mirror position for o4 — g_
interrogation. The total CPT intensity was 0.18 W/m?, and the length of the CPT pulse was 3 ms. The CPT light was resonant with the |[F'=2) excited state.
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FIG. 4. (a) A typical power-broadened single-pulse spectrum collected with a cycle period of 27.5ms and a total optical intensity of 0.1 mW/cm?. The duration
of the CPT pulse was 1 ms, and the signal was integrated for the final 500 us of the pulse. (b.) The central fringes of a typical Ramsey spectrum fitted to a sinu-
soid. The cycle period was 44 ms. The fitted fringe width of 31.21(2) Hz agrees well with the expected width of 31.25 Hz for a 16 ms Ramsey period. The sig-
nal is extracted from the first 50 us of the second pulse and normalized to the final 200 us of the first pulse. The single-shot S/N is 44. The position of the
central Ramsey fringe agrees with the second-order Zeeman shift of 1.13 Hz. For both spectra, the CPT light was resonant with the [F'=1) excited state.

measured stability plotted in Fig. 5. The clock frequency sta-
bility is 1.3 x 107''//t and reaches 1.8 x 107 after
40000 s. This long-term stability is about a factor of 10 bet-
ter than what was achieved with an earlier cold-atom CPT
system based on phase locking,'* and this improvement is
attributed to the elimination of the resonant transient
shift.">'® The dominant noise sources that limit the short-
term stability with roughly equal contributions are laser
intensity noise, laser frequency noise, and microwave phase
fluctuations. Persisting long-term instabilities may arise from
variations in the relative intensities of the two CPT fre-
quency components®® and residual Doppler shifts,"* which
are topics of continued study. The short-term stability
achieved in a recent study using the lin || lin technique was
very similar,'® but here the measurements were performed
for an integration period that was six times longer.

It is interesting to compare the clock presented here with
the state-of-the-art in thermal cell-based clocks. Vapor-cell
Rb clocks based on the double-resonance pulsed optical
pumping (POP) technique**™** employ laser state selection
and detection combined with traditional Ramsey microwave
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FIG. 5. Frequency stability of cold-atom CPT clock achieved with 6, — o_
interrogation. The light was resonant with the |[F'=2) transition, the length
of the first pulse was 1ms, the length of the second pulse was 50 us, the
intensity was 0.05 mW/cm?, and the Ramsey period was 16 ms.

interrogation. POP clocks have achieved outstanding stabil-
ity, approaching 1 x 107" at 1s and 1 x 10~'* at one day,
competitive in long-term stability with the vapor-cell Rb
clocks used in the current generation of GPS satellites.*?
This long-term stability is achieved in spite of the cell tem-
perature stability requirement of 100 uK per day arising from
the large buffer-gas shift of 4.3 kHz and the cell temperature
coefficient of 1 x 10~'%°C.*°

The cold-atom CPT clock presented here interrogates
many orders of magnitude fewer atoms than POP clocks and
its instability is about a factor of 100 worse at 1 s and 25 worse
at 40000s. But cold-atom CPT clocks may nevertheless lend
themselves to applications in the field, given the absence of
buffer-gas shifts and resulting low temperature coefficients and
their potential for being smaller and lower power.
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