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ABSTRACT

An atomic clock based on a compact source of cold atoms and coherent population trapping (CPT) is an
encouraging goal for future low-volume atomic frequency references. Our experiment seeks to investigate the
performance of such a system by applying CPT in a high-contrast lin⊥lin polarisation scheme to our 87Rb
grating magneto optical trap (GMOT) apparatus. In this paper, we report on our progress of improving short-
term stability of our cold-atom CPT apparatus. Our recent measurements have shown a short-term stability of
5× 10−11/

√
τ , with the ability to average down for times τ > 100 s.
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1. INTRODUCTION

In recent years, the miniaturisation of quantum sensors such as magnetometers and atomic clocks has become
increasingly popular. In particular, clock experiments adopting the coherent population trapping (CPT) tech-
nique1,2 as a means of interrogation have seen considerable improvement over the years. Devices built around
this technique apply the microwave interrogation in an optical probe in order to measure the clock frequency.
This probe consists of a bi-chromatic field with two components separated by the clock frequency that traps the
atoms in a non-interacting superposition (or a dark state) between the ground states. The measured response is a
narrow resonance feature in the probe transmission through the atoms. Applying the probe in a Raman-Ramsey
pulsed scheme can then significantly reduce measurement linewidths and probe-induced frequency shifts.3,4

Whilst CPT alone was important for the development of miniature vapour cell atomic clocks,5,6 several high-
contrast methods have since been developed that boost the transmission signal and therefore the performance
of frequency references based on CPT. The techniques were adapted to capitalise on constructive interference of
dark state resonances7 and have been applied in both thermal-atom and laser-cooled CPT clock experiments.
They include polarisation schemes such as lin||lin,8,9 lin⊥lin4,10,11 or σ+−σ−12,13 and a pulsed technique known
as push-pull optical pumping (PPOP).14

In terms of performance, CPT clocks based on alkali atoms in vapour cells have been under development for
a long time, demonstrating short-term stabilities at the 10−13

√
τ level.14 However, in the long-term the stability

of these devices is predominately limited by frequency drifts. On the other hand, cold-atom CPT clocks have
shown short-term stabilities on the order of 10−11

√
τ with the ability to average down to 10−13

√
τ .15 Despite

the higher instability observed in cold-atom CPT clocks, the long-term behaviour is encouraging, the cold atoms
having provided an elegant test-bed for probe induced systematic shifts of the clock frequency.

With the goal of a compact cold-atom frequency reference in mind, the next problem to tackle is the large,
complicated laser-cooling apparatus. In addition to the few commercial cold-atom clocks now settling into the
market,16,17 a promising approach to reducing apparatus volume is the grating magneto-optical trap (GMOT).
A single incident beam on a micro-fabricated grating chip replaces the standard counter-propagating beams,
creating the required trapping volume from the diffracted first orders and maximising optical access to the
atomic cloud. In this presentation, we review the recent performance of our lin⊥lin CPT clock based on a 87Rb
GMOT.11,18 In Sec. 2, the GMOT apparatus is introduced and briefly described, followed by a summary of the
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Figure 1. a) A schematic of the GMOT apparatus. The grating chip is mounted securely to the end facet of the glass
cell. Quadrupole anti-helmholtz coils for trapping and Earth field- cancelling coils in the helmholtz configuration are also
mounted to the vacuum chamber. The CPT probe is passed through holes in the magnetic shield. b) A photograph of
the GMOT apparatus with its magnetic shield installed, and an approximate size of the chamber is labelled.

optical bench we used to generate the lin⊥lin laser-field from one laser in Sec. 3. In Sec. 4, we present our most
recent measurements of the clock performance with the short-term frequency stability of the apparatus. Finally,
we conclude our recent measurements and discuss the direction of our cold-atom CPT apparatus.

2. GMOT APPARATUS

In this section, we briefly describe our laser-cooling apparatus. To investigate the performance of a cold-atom
lin⊥lin CPT clock, our experiment is based on a 87Rb grating magneto-optical trap (GMOT) that has also been
described in previous work.18–20 For the GMOT apparatus, a micro-fabricated grating chip is securely mounted
to the end facet of a compact glass vacuum cell. The grating holder, along with anti-Helmholtz and Helmholtz
coils for trapping and cooling are attached to the chamber for ease of alignment or movement of the system. The
20 mm2 chip we use in this experiment is comprised of three linear gratings that are arranged in a symmetrical
triangle, referred to in previous publications as a TRI-grating.21

The GMOT requires a single beam of trap and repump light collimated to a waist-size comparable with the
size of the grating, such that the diffracted first orders balance with the input beam to create a gem-shaped
trapping volume. Two separate external-cavity diode lasers (ECDLs) are used to prepare the trap and repumping
light for 87Rb, where the former is red-detuned from the F = 2 → F ′ = 3 transition and the latter is resonant
with the F = 1 → F ′ = 2 transition on the D2 line of 87Rb. The light is transferred to the vacuum chamber
using a common single-mode optical fibre, where the beam is then expanded, collimated and circularly polarised
before it reaches the grating chip. As is shown in Fig. 1, the entire apparatus is enclosed in a cylindrical mu-metal
shield to suppress the ambient magnetic field at the location of the atoms. With the current GMOT system, 106

atoms are typically loaded and then cooled to sub-Doppler temperatures of around 20µK.

3. APPARATUS FOR LIN⊥LIN CPT

To optically probe the ground state hyperfine splitting of the 87Rb atoms, we adopt CPT in a lin⊥lin polarisation
scheme and apply the interrogation in a Raman-Ramsey pulsed sequence.4,11,22 For lin⊥lin CPT on the D1 line
of 87Rb, we use the F ′ = 2 as our common hyperfine excited state in order to drive the double-lambda transition
structure drawn in Fig. 2 a). This particular scheme maxmimises our measured Ramsey fringe amplitude and
pumps atoms into a dark state with minimal sensitivity to ambient magnetic fields.22,23

The lin⊥lin CPT fields are generated from a single 795 mn ECDL and an electro-optical modulator (EOM),
operating at a frequency close to the hyperfine ground state splitting frequency, fHFS ∼ 6.8 GHz. A schematic of
the optical bench can be found in Fig. 2 b). The ECDL is locked using saturated absorption spectroscopy (SAS)
with a frequency offset set by an acousto-optical modulator (AOM), not shown in the figure. The frequency of
this AOM is also used to set our one-photon detuning, which is kept constant throughout the experiment. The
output beam from the ECDL is split into two paths, where one is sent through the fibre-coupled EOM and the
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Figure 2. a) The double-Λ CPT transisions on the D1 line of the 87Rb for pumping into the desired dark state between
the |F = 1,mF = 0〉 and |F = 2,mF = 0〉 ground state levels, using the hyperfine F ′ = 2 as the common excited state. b)
A schematic of the optical bench that is used to generate the optical fields to drive the lin⊥lin CPT polarisation scheme
from one ECDL.

other through an AOM (AOM 1 in the figure). After the beams are re-combined, a second AOM (AOM 2) is
used to bring the light from the AOM 1 path onto resonance with the F = 2 → F ′ = 2 transition and a single
sideband from the EOM path onto resonance with the F = 1→ F ′ = 2 transition.

This method allows us to produce two laser modes, orthogonally polarised and resonant with the 87Rb
CPT transitions shown in Fig. 2 a). Generating the CPT from a single laser allows for relative simplicity and
provides good phase coherence between the CPT frequency components. Splitting the path also introduces some
disadvantages, such as noise on the relative phase between the CPT components. This is caused by the separated
paths and degrades the short-term stability of our apparatus. The extra noise was suppressed by implementing
a phase-locked loop (PLL), as shown in the schematic in Fig. 2 b). For this PLL we compared a CPT beatnote
to an external frequency source in order to provide feedback for the local oscillator (LO) which in turn drives
the EOM. Further details on this investigation can be found in previous work.18 In addition, the probe contains
extra frequency components, such as the carrier in the EOM path, that are off-resonance with the transitions in
Fig. 2 a). This will be under investigation in the future.

The second AOM (AOM 2 in the figure) is also used to switch the intensity of the probe light, allowing us
to generate the pulses for the Ramsey-CPT sequence.4 After this AOM and the pick-off for the CPT beat-note,
the probe beam is fibre-coupled into a single-mode fibre to ensure good mode overlap between the combined
beams. The probe is then sent through the cold rubidium cloud in a double-passed configuration. The atoms
are prepared in the GMOT and then cooled in an optical molasses. After cooling we apply two pulses of the
CPT light, separated by a variable free evolution time, T . In the first pulse, atoms are pumped into the dark
state between the |F = 1,mF = 0〉 and |F = 2,mF = 0〉 ground state levels. The second pulse is used to detect
the phase difference between the LO frequency and atomic resonance during the free evolution time. Measuring
the transmission of the CPT beam as the frequency of our LO is scanned allows us to obtain the CPT spectrum
or Ramsey fringes. Common-mode intensity noise on our signal is suppressed by normalising the recorded
transmission from one photodiode (Sig. PD in Fig. 2 b)) with a second photodiode, Ref. PD in Fig. 2 b). In
addition to the noise suppression from the reference photodiode, a second stage of normalisation is applied to the
detected Ramsey fringes. Using the dynamic nature of the detection pulse, we take the ratio of the integrated
transmission at the beginning of the pulse and the integrated transmission at the end of the pulse.9,15

4. PERFORMANCE

In this section, we review the performance of lin⊥lin CPT with our 87Rb GMOT experiment. Using the sequence
described above, 106 atoms were prepared in the GMOT with a loading time of ∼ 300 ms, and our free evolution
time was set to T = 10 ms. In the lin⊥lin CPT scheme we typically measure a CPT contrast of approximately
65%, plotted in Fig. 3 (a). We estimate the CPT contrast by comparing the depth of the absorption feature,
Aabs, to the height of the CPT transmission peak, Acpt, as is also labelled in Fig. 3 (a).
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Figure 3. a) Measured optical CPT spectrum as the two-photon detuning, set by the frequency of the EOM, is scanned
30 MHz on either side of the CPT resonance. The spectrum has been normalised to the off-resonant wings of the absorption
dip, which has a depth of Aabs. This data corresponds to a CPT contrast of ∼ 65%, calculated from the ratio of the
transmission peak height to the absorption height, Acpt/Aabs. b) Measured Allan deviation curve of the cold-atom lin⊥lin
CPT experiment, taken with a free-evolution time of T = 10 ms. A straight line is drawn to show the 1/

√
τ coefficient.

(Inset) A typical Ramsey fringe from a free evolution time of T = 10 ms. Each data point is a one run of the experiment
sequence.

Using the double-ratio to suppress intensity noise on the detected Ramsey fringes, we obtain a single-shot
SNR of about 50 for a free-evolution time of T = 10 ms. At this Ramsey time, a fringe pattern with width
δ = 50 Hz is obtained, shown in the inset of Fig. 3 (b). To quantify the performance of our apparatus as a clock,
we measure the short-term frequency stability of the system. In this measurement the LO is set to alternate
between ±δ/2, corresponding to the sides of the central Ramsey fringe, where each shot is a single run of the
experiment sequence. Using the linear regions on the fringe as a frequency discriminator, we can then measure
the frequency difference between the average LO output frequency and the atomic resonance frequency. In our
apparatus, all frequency sources related to the clock part of the experiment are referenced to a GPS-disciplined
oscillator.

Figure 3 (b) shows the measured Allan deviation curve of the frequency deviations for the CPT clock ap-
paratus. In this experiment, frequency steers are applied to the LO between shots of the experiment sequence
that are calculated using the measured transmission at the sides of the fringe. The black dashed line is plotted
to represent the 1/

√
τ line, from which we can observe a short-term stability of 5 × 10−11/

√
τ for this set of

data. The measured instability is higher than we have presented in previous work. We believe this is due to the
replacement of the atom recapture sequence18 with a longer MOT loading time. From an internal investigation
this was ascribed to light-leakage from an AOM used for switching the trap light, causing a light-shift of the
central fringe that was difficult to suppress without installing a mechanical shutter. Installing the shutter extin-
guished the leaked light during the Ramsey-CPT sequence, but also limited how quickly the sequence could be
run. In future, we will investigate the re-implementation of atom re-capture.

In previous publications, the short-term stability of our apparatus appeared to plateau and, in some cases,
largely deviate after an averaging time of around τ = 10 s. As addressed in Sec. 2 and 3, upgrades that include
the installation of a mechanical shutter in the trap beam and magnetic shielding around the vacuum cell, were
made to the experiment that are intended to effectively improve stability in the long-term. The Allan deviation
curve in Fig. 3 (b) shows relatively smaller stability bumps around τ = 100 s, attributed to temperature drifts,
that highlight a clear improvement on our previous measurements. For now, this is still an ongoing investigation.
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5. CONCLUSION

Following our previous investigations into the performance of lin⊥lin CPT with a GMOT, we have measured a
short-term stability of approximately 5× 10−11/

√
τ in a locked configuration. Despite the higher instability, we

find these measurements encouraging as the behaviour of the Allan deviation curves shows an improvement to
previous limits to our measured stability. For future work, it is our intention to continue to use the frequency
stability to investigate other CPT probe induced shifts such as the Doppler shift and AC-stark shifts. It will be
useful to thoroughly investigate the latter due to the extra frequency components in our CPT probe light.
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