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Abstract: Clocks based on cold atoms offer unbeatable accuracy and long-term stability, but
their use in portable quantum technologies is hampered by a large physical footprint. Here, we
use the compact optical layout of a grating magneto-optical trap (gMOT) for a precise frequency
reference. The gMOT collects 107 87Rb atoms, which are subsequently cooled to 20 µK in optical
molasses. We optically probe the microwave atomic ground-state splitting using lin⊥lin polarised
coherent population trapping and a Raman-Ramsey sequence. With ballistic drop distances of
only 0.5mm, the measured short-term fractional frequency stability is 2 × 10−11/

√
τ.
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citation, and DOI.

1. Introduction

Cold atoms hold great promise as a medium in which ultralow-drift metrology can be achieved
with excellent precision across a wide range of relevant physical observables, e.g. time [1],
acceleration [2], rotation [3] and magnetic fields [4]. Time-keeping in particular has seen
dramatic progress through cold-atom optical clocks [1,5–10] which now average down as fast as
≈ 10−16/

√
τ [9,10], to base sensitivities of ≈ 10−18 [9,10] in hours, enabling geodetic applications

and searches for the variation of fundamental constants [1].
These experimental machines are necessarily bulky due to the plethora of high-specification

components required. However, important progress has been made towards reducing the footprint
of atomic clocks: portable cold-atom optical clocks have been developed with multi-cubic-metre
scale and instabilities (1 − 7) × 10−15/

√
τ [11,12]; commercial cold-atom microwave clocks

still have volumes at least 4 × 104 cm3 [13] and average down at (3 − 8) × 10−13/
√
τ [13,14];

whereas ‘warm’ chip scale atomic clocks (CSACs [15]) reach < 17 cm3 volume and sensitivities
≈ 10−10/

√
τ but, importantly, have a relative accuracy aging rate of ≈ 10−9/month [16,17].

An atomic clock benefiting from laser cooling – with drastically reduced size, weight, power
and complexity – would prove valuable for operations outside the laboratory environment [18]
and act as an important stepping stone toward the realisation of many precision sensors.
Grating magneto-optical traps (gMOTs) show great potential as a cold-atom source for

integrated, portable devices [19]. From a single input trapping laser beam (Fig. 1), gMOTs have
demonstrated trapped atom numbers ≈ 108 comparable to regular 6-beam MOTs with the same
beam overlap volume. They can also reach sub-Doppler optical molasses temperatures, with
3 µK measured in 3 × 106 Rb atoms [20] – comparable to the best achieved in 6-beam Rb [21]
and pyramidal Rb/Cs [22–24] MOTs. Moreover, the gratings can be utilised both inside and
outside the vacuum, and the gMOT is a single-input-beam MOT geometry suited for both large
atom number� 109 and low temperature [25,26].

Here we present an 87Rb gMOT-based cold-atom microwave clock [27] (Fig. 1), as a test-bed
to investigate the combination of the gMOT with coherent population trapping (CPT) using
pulsed Ramsey-like probing. With the removal of the additional five cooling beams constraining
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Fig. 1. Schematic of the gMOT with CPT detection. The single beam required for the
gMOT (red downward arrow) is produced by collimating the output of an optical fiber with
a lens (blue disk). It is circularly polarised by a quarter-wave plate (green disk), and directed
to a 2 × 2 cm2 microfabricated diffractive optic (gold grating), which creates the remaining
three beams. All four beams intersect to make up the trapping volume within a vacuum
chamber represented by the transparent cuboid. A set of anti-Helmholtz coils (grey) co-axial
with the incident trapping beam generate the required 3D magnetic field gradient. The clock
signal is obtained by measuring the transmission of the probe D1 light (red arrow, left)
through the cold atoms (purple ball) using the two photodiodes (PDR/S for reference/signal).
The beamsplitter cube splits 90/10 (reflecting/transmitting – a convention we use throughout
this paper) and is non-polarising.

the experiment volume, and a flat diffractive optic, the gMOT can be miniaturised without
significantly compromising optical access.

We use the CPT technique to apply the microwave interrogation of our atoms optically [28], to
support our goal of a compact physics package with good optical access without the constraints
imposed by a microwave cavity. In the CPT approach, a single beam with two phase-coherent
components is used to drive the atoms into a coherent superposition of the hyperfine ground
states. When the relative detuning of the two frequency components matches the hyperfine
ground-state splitting, the atoms become decoupled from the light field. This leads to a sharp
peak in the laser transmission, which can be used as a frequency reference, and the technique
was important in the development of compact atomic clocks such as CSAC [15]. There are now
several high-contrast CPT polarisation schemes including: lin‖lin [29,30], lin⊥lin [31], push-pull
optical pumping (PPOP) [32], and σ+ − σ− [33–35]. These techniques have been applied to both
thermal vapour-cell and laser-cooled atoms. Vapour-cell clocks which utilise high-contrast CPT
have achieved excellent short-term stability, reaching a few parts in 10−13 in one second [32,36].
However, long-term stability is challenging due to temperature sensitivity, and the buffer gases
and cell-wall coatings used to increase atomic coherence time.

With cold-atom CPT, it has been difficult to reach the same level of short-term stability as the
vapour-cell CPT systems, but cold systems offer the potential for good long-term averaging [34]
and improved immunity to drifts – as seen in e.g. cold-atom fountain clocks [37]. Furthermore,
cold atoms are a clean test bed for measuring the fundamental frequency shifts associated with
CPT interrogation [34,38,39]. The highest reported fractional frequency stability in a cold-atom
CPT experiment to date, 1.3× 10−11/

√
τ averaging down to 2× 10−13 after 11 hours [34], utilises

a σ+ −σ− polarisation configuration. In our experiment, also with ultra-cold 87Rb but employing
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single-laser lin⊥lin CPT, we achieve comparable short-term stability of 2 × 10−11/
√
τ, with a

compact gMOT rather than the conventional 6-beam MOT.

2. Experimental methods

The gMOT we use for the clock is similar to our previous work [19,20,40]. We prepare 107 atoms
in the gMOT using trap and repump light from two external cavity diode lasers (ECDLs) [41],
stabilised with saturated absorption spectroscopy (SAS). We achieve a large atom number with a
short load time of 80ms by recapturing the cold atoms between experimental cycles [42,43]. The
2 × 2 cm2 microfabricated grating chip [44], consists of three linear gratings with the grooves
forming equilateral triangles, and is situated beneath the glass vacuum chamber (Fig. 1).

A single beam of cooling and repumping light is collimated, circularly polarised and directed
onto the grating chip. The inward diffracted orders and incident beam overlap to create the atom
trapping volume [19,40]. Two anti-Helmholtz coils co-axial with the input beam (Fig. 1) are
used to generate a quadrupole magnetic field with 15G/cm axial gradient that positions the MOT
≈5mm above the grating centre. Helmholtz coil pairs arranged around the chamber zero the
ambient magnetic field at the location of the atoms. An additional set of coils are used to apply
a homogeneous field along the propagation axis of the CPT probe beam, to lift the magnetic
sub-level degeneracy. Our current system does not have magnetic shielding and, because we do
not switch off the CPT quantisation field during molasses, this presently limits our temperature
to 20 µK [20].

The relevant energy level diagram and optical layout for the CPT section of the experiment are
shown in Fig. 2. A 795 nm ECDL is locked close to the F = 2→ F′ = 2 transition on the D1
line of 87Rb using SAS. An additional AOM (not shown in figure) is used to offset the laser lock,
which allows us to control the one-photon detuning. We use the F = 1& 2→ F′ = 2 transitions
in order to minimised excitation of the weakly magnetic ∆m = 2 CPT resonances which are
formed between |F = 1,mF = ±1〉 and |F = 2,mF = ∓1〉 [45–47]. This concentrates the atomic
population in the |F = 1& 2,mF = 0〉 ground states and minimises the magnetic sensitivity of
the clock signal amplitude.

Fig. 2. (a) The level diagram for lin⊥lin CPT on the D1 line of 87Rb. The two orthogonally
polarised CPT fields are represented by the red and blue solid lines, and the levels used in
the CPT state are labelled mF = 0 − 0. (b) Schematic optical bench for the CPT experiment
including: external cavity diode laser (ECDL); acousto-optical modulator (AOM); non-
polarising beam-splitter (NPBS); photodiode for reference/signal (PDR/S); local oscillator
(LO); loop filter (LF). The dashed region indicates the gMOT and CPT signal zone shown in
Fig. 1.

The fields originate from the same laser, and as such they are intrinsically phase coherent.
However, splitting and re-combining the optical path increases the sensitivity to small variations
in the path lengths [48]. To counter this, we implement a phase-locked loop (PLL) in order to
suppress the additional phase noise between the CPT field components. We compare the phase



Research Article Vol. 27, No. 26 / 23 December 2019 / Optics Express 38362

of the CPT components in our probe by measuring a beatnote between light picked off by the
70/30 NPBS in Fig. 2(b) and a commercial microwave source operating at a frequency close to
the ground-state splitting frequency. This is used as the master oscillator to phase-lock our local
oscillator (LO) and reduce the additional phase noise. Further information on the PLL can be
found in [43].
The LO sets the EOM frequency, and the EOM RF power is set such that each first-order

sideband contains ≈ 30% of the power in the modulated beam. A final AOM (AOM2 in Fig.
2(b) is then used for fast switching of the beam intensity for the Ramsey sequence, and to
bring both beams close to resonance with the one-photon detuning set by the AOM in the SAS.
The final frequency shift brings the relevant CPT fields into two-photon resonance with the
|F = 1, 2〉 → |F′ = 2〉 hyperfine transitions shown in Fig. 2(a). Additional off-resonant frequency
components are also present, corresponding mainly to the carrier and the other sideband from
the EOM path, and we therefore expect alternative frequency preparation schemes would halve
the background signal of the clock. Frequency sources related to CPT in the experiment are
referenced to a GPS disciplined oscillator (Meridian II), which has a specified instability of less
than 1 × 10−12.
The CPT probe light after AOM2 is then used to interrogate the atoms. The beam is retro-

reflected through the cloud to minimise Doppler shifts from the atom-light interaction [29,49].
The single-pass optical intensity is approximately 50 µW/cm2 in each resonant CPT component.
Each pass through the cloud drives mF = 0 − 0 CPT transitions, and the atomic coherence forms
a standing wave with a spatial period – as a function of the retro-reflecting mirror position – of
half the 44mm microwave hyperfine splitting wavelength [29,50]. A translation stage is used for
fine control of the reflection mirror to maximise the Ramsey fringe amplitude at the position of
the cold-atom cloud.

One 100ms experimental sequence consists of a stage to load the gMOT and cool the atoms in
optical molasses, followed by the Ramsey-like two-pulse probing sequence [31,51]. The first
pulse pumps atoms into the dark state and is set to be 300 µs long in order to ensure the pumping
reaches equilibrium. We then let the atoms freely precess for a variable time T to build up a
phase between the atomic resonance frequency and the CPT fields. A second detection pulse
is used to map the accrued phase into absorption and detect the atoms’ state. We characterise
the CPT resonances in our system by measuring the steady-state transmission of the first pulse
as a function of the LO frequency. We measure Ramsey-CPT fringes by integrating the initial
transient in the second detection pulse, with laser intensity noise suppressed using a double-ratio
method [29,30,34,43].

The first stage of the double-ratio uses a reference photodiode (PDR in Fig. 2(b) to detect one
output of the 90/10 NPBS before the rest of the light is sent through the atoms and detected on
the signal photodiode PDS. We take the ratio of the two signals, PDS/PDR, to cancel intensity
noise common to both photodiodes.
The second stage of noise cancellation exploits the time-dependent structure of the Ramsey-

CPT signal. In the detection pulse, information about the atomic state resides in the transient
at the beginning of the pulse. By taking the ratio of the integrated transmission of the signal
region at the beginning of the second pulse with the integrated transmission at the end of the
second pulse, we improve the intensity noise cancellation. We find an optimal integration region
of 26 µs at the beginning of the second pulse to maximise the signal:noise ratio (SNR) of the
detected fringes.

3. CPT fringes and Allan deviation

With the retro-reflected configuration, the maximum one-photon absorption is around 5% with
relative CPT contrast of 65-70%. An example of the Ramsey fringes obtained using the double-
ratio technique is shown in Fig. 3. These fringes were observed with a free evolution time

https://endruntechnologies.com/products/time-frequency/gps-frequency-standard
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T = 1ms, corresponding to a fringe width of 1 kHz. Each data point represents a single run of
the experiment sequence, with an approximate SNR of 100. Without the second ratio we observe
the fringes as a modulation of the CPT transmission peak, with decreasing fringe contrast as the
two-photon detuning moves away from resonance. The outcome from the second normalisation
is observed in the shape of the Ramsey-CPT envelope in Fig. 3 [30].

Fig. 3. Experimental Ramsey-CPT fringes with a T = 1ms free evolution time. We use the
double-ratio technique, described in the text, to cancel common-mode laser intensity noise.
Each data point represents a single run of the experiment sequence as the LO frequency is
varied. The signal is normalised to the off-resonant wings.

We characterise the frequency stability of our apparatus using the CPT-Ramsey fringes.
Alternating between the sides of the central fringe is a common method of obtaining the
magnitude and direction of variations between the LO and the atomic resonance frequency.
To measure the short-term stability of the apparatus an Allan deviation is calculated after
approximately an hour of measurement time. The free evolution time is set to T = 10ms, which
corresponds to a fringe width of 100Hz.
Figure 4 shows standard Allan deviation plots with our clock apparatus at two different bias

field magnitudes, B ≈ 140mG and 280mG, with an example T = 10ms fringe plotted in the
inset. There is little difference between the curves at the two bias fields, indicating that magnetic
field instabilities are not currently a limiting factor. In the development of the apparatus, we
found that triggering the experiment on the mains AC-line reduced 50Hz noise contributions.
We have measured the short-term stability to be 2 × 10−11/

√
τ (dashed line in Fig. 4). Further

experiments have shown that the degradation in stability around 100 s coincides with the air
conditioning cycle and corresponding changes in the lab temperature.
The measured signal-to-noise ratio of 60 − 80 on the side of our CPT Ramsey fringes was

within a factor of two of the detection noise floor. This floor is limited by a combination of
residual laser intensity, detection electronic and photon shot noise. These technical obstacles will
have to be overcome in order to improve the short-term stability. In terms of the experiment’s
fundamental limits, using our evolution time of T = 10ms, and 107 atoms per 100ms cycle, the
quantum projection noise limit is 2 × 10−13/

√
τ [52].

To fully develop the clock system, we will implement µ-metal shielding around the chamber to
both control magnetic bias fields and eliminate gradients near the atoms. We will also investigate
other ways of measuring the CPT signal, such as fluorescence detection [53]. In recent years there
have been several developments of different pulsed schemes such as generalised auto-balanced
Ramsey, which apply interleaved Ramsey sequences for suppression of probe-induced frequency
shifts [54,55], which would be beneficial to implement in our system.
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Fig. 4. Measured Allan deviation curves for our apparatus. Experimental data, with
a T = 10ms free evolution time and PLL engaged, are plotted for two CPT bias field
configurations: 280mG (red diamonds) and 140mG (blue circles). The dashed line
represents 2 × 10−11/

√
τ, which is a fit to the first six points. Inset: an example T = 10ms

fringe, where each point is a single experimental run.

4. Conclusion

We have presented an 87Rb CPT clock based on grating chip laser-cooling – and therefore compact
optical design. Cold atom quantum technology has the potential for long-term accuracy without
the drift often seen in compact thermal systems. With lin⊥lin CPT in a Raman-Ramsey scheme
we measured a short-term frequency stability of 2 × 10−11/

√
τ, with upgrades planned in future

to tackle frequency stability limitations in the mid- to long-term, and prospects for 2 × 10−13/
√
τ

at the quantum projection noise limit. Our optically compact cold-atom frequency reference is a
valuable stepping stone toward the realisation of portable precision metrological devices with
significantly reduced size, weight and power. The dataset used in this paper is available here [56].
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