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Abstract: A compact platform for cold
atoms opens a range of exciting pos-
sibilities for portable, robust, and ac-
cessible quantum sensors. In this work
we report on the development of a
cold-atom microwave clock in a small
package. Our work utilises the grating
magneto-optical trap and high-contrast
coherent population trapping in the
linllin polarisation scheme. We opti-
cally probe the atomic ground-state
splitting of cold 8"Rb atoms using a
Ramsey-like sequence whilst the atoms
are in free-fall. We have measured a
short-term fractional frequency stabil-
ity of 5x107/\/7 with a projected
quantum projection noise limit at the
10713 //7 level.

1 Introduction

In recent years the miniaturisation of
quantum sensors, such as atomic clocks,
has become increasingly important as
the field of applied quantum technologies
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continues to grow. Devices with laser-
cooled atoms at their core benefit from
inherently long coherence times provided
by the cold atoms in an interaction-
free environment. Most notably, highly
sensitive cold-atom optical clocks have
seen dramatic progress [1, 2, 3, 4],
with promising steps towards m>—scale
portable systems [5, 6]. In addition, mi-
crowave atomic clocks based on cold
atoms with instabilities on the order
of 10713 /+/7 have become commercially
available [7, 8, 9, 10, 11].

With marketable and accessible de-
vices in mind, reducing the footprint is
an important step for expanding the
versatility of these systems, with the
largest hurdle being the necessary bulk
of apparatus required for laser cooling.
Precise quantum sensors with the abil-
ity to be operated outside the labora-
tory environment would prove to be a
valuable goal. A system taking a defin-
ing step towards portability is the grat-
ing magneto-optical trap (GMOT)[12].
The GMOT is a proven technology, ca-
pable of reaching trapped atom num-
bers on the order of N ~ 10® from one
input beam incident on a microfabri-

cated, diffractive optic. In previous work,
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the GMOT has demonstrated the abil-
ity of reaching molasses temperatures of
T ~ 3uK with N ~ 3 x 10% Rb atoms
[13]. We have since improved the atom
number to samples of N ~ 3 X 107 while
still maintaining single-digit K temper-
atures. Comparable with regular 6-beam
MOTs, the GMOT makes an ideal candi-
date for compact source of cold atoms in
portable atomic clocks, and as a plat-
form for other quantum technologies,
such as atom interferometers [14] and
quantum memories [15]. GMOT grat-
ings have recently become commercially
available [16].

In this paper, we review our cold
atom microwave clock based on an 8"Rb
GMOT apparatus [17, 18]. We investi-
gate the combination of coherent pop-
ulation trapping (CPT) in a pulsed
Ramsey-like scheme as an optical probe
of the ground-state hyperfine splitting
frequency with a sample of cold atoms
supplied by the GMOT. The probe con-
sists of a bichromatic field, with com-
ponents separated by the splitting or
clock frequency, that drives atoms into a
non-interacting, coherent superposition
of the hyperfine ground states. A narrow
resonance feature detected in the laser
transmission can then be used as a fre-
quency reference, creating the basis for
a CPT atomic clock [19].

The CPT technique was important
in the realisation of the chip-scale atomic
clock (CSAC) [20], and has since been
developed into several ‘high-contrast’
methods that boost the performance
of CPT frequency references. The tech-
niques were adapted to capitalise on

DE GRUYTER

the constructive interference of dark-
state resonances [21] and have been ap-
plied in both thermal- and cold-atom
CPT clocks. They include techniques
such as such as lin||lin [22, 23], lin_Llin
[24, 25, 17], push-pull optical pumping
(PPOP) [26] and o — o~ [27, 28, 29].
In the latter three techniques the atoms
see the same excitaion field but the way
the field is generated is different. In
our Rb GMOT-CPT apparatus we
apply CPT in the linllin polarisation
scheme to achieve a short-term stability
of 5x 107/ /7.

2 GMOT Apparatus

In this section, we describe the GMOT
experimental apparatus used for laser
cooling. Full details have been included
in previous papers from the group, for
example [13], and we here only provide
an overview of the system.

We initially prepare 107 atoms in
the GMOT using trap and repump
light from two external cavity diode
lasers (ECDLs), stabilised with satu-
rated absorption spectroscopy. Acousto-
optic modulators (AOMs) are used for
frequency control and fast power switch-
ing, and a mechanical shutter is used for
complete extinction of the cooling light
during the experiment sequence. Both
trap and repump fields are coupled into
a common polarisation-maintaining op-
tical fibre that transports the light to
a vacuum chamber and grating-chip en-

semble, shown in Fig. 1. The chip area
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Fig. 1: A top-down view of the clock appa-
ratus that includes the vacuum chamber,
ion pump (red square) and magnetic coils.
The atoms within a Rb grating magneto-
optical trap (GMOT) are probed using
coherent population trapping (CPT) in a
linLlin polarisation scheme. The clock signal
is detected using two photodiodes, PDg and
PDgR, corresponding to detection of CPT
signal and a reference photodiode with no
atomic signal.

is 20 x 20 mm?, with a symmetrical ar-
rangement of three linear gratings etched
into its surface [12]. The microfabricated
grating is held securely outside of the
vacuum chamber, mounted parallel to,
and 0.2 mm away from, the glass cell end
facet. Other than small intensity losses
through the glass walls, mounting the
grating chip outside of the vacuum cham-
ber has no observable effect on trapped
atom number or temperature.

The trap and repump beams are
expanded, collimated, and circularly po-
larised before being directed through the
chamber and onto the grating chip, cre-

ating the atom trapping volume from the
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overlap of incident and diffracted beams.
The quadrupole magnetic field for trap-
ping is generated from an anti-Helmholtz
coil pair that positions the centre of
the trapping region approximately 5 mm
above the centre of the grating (~ 3 mm
from the cell surface). Three orthogonal
pairs of Helmholtz coils are arranged
around the chamber in order to can-
cel the ambient magnetic field at the
position of the atoms. One set of the
Helmbholtz coils, in the direction of the
CPT probe, can be used to apply a ho-
mogeneous field along this axis to lift the
degeneracy on the magnetic sub-levels.

The vacuum chamber, with its at-
tached coil and grating mount, is then
enclosed in a cylindrical p-metal shield
with a shielding factor of approximately
100 to reduce sensitivity to ambient mag-
netic field fluctuations. The complete
vacuum system has a volume of approx-
imately 25 litres, with a longest dimen-
sion of 60 cm, including the ion pump.
The vacuum pressure is maintained by
a relatively small ion pump (2 ¢/s)
at around 1077 mbar with electrical
feedthroughs connecting to dispensers
that provide a controllable source of ther-
mal Rb atoms. The rubidium-dominated
pressure provides an intentionally-large
atomic density for fast cycle operation
while still facilitating atom recapture
between experiment cycles, as was pre-
viously demonstrated [30]. In this work
atomic recapture is not applied for rea-

sons that are explained later in the text.
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3 linllin CPT

Here we detail the CPT technique that is
used to optically probe the ground-state
hyperfine splitting frequency in alkali
atoms [19]. The atoms are pumped into
a coherent dark state using a probe beam
comprised of two components with a dif-
ference in frequency equal to the hyper-
fine splitting. In this method, the clock
signal can be obtained from the transmis-
sion of the CPT field probe through the
atoms. The detected signal, and there-
fore the performance of the clock, is then
directly related to the dark state pop-
ulation. The technique relies on good
phase coherence between the two optical
fields in order to maximise the number
of atoms that are optically pumped into
the dark state [23, 31].
An ideal dark
formed between the |F =1,mp =0)

state can be
and |F' = 2, mp = 0) Zeeman sub-levels
using laser light tuned to the D; line
of 8"Rb. This can be accessed using
circularly polarised light under a weak
magnetic field parallel with the direc-
tion of the beam. However, this arrange-
ment leads to poor signal contrast as
population collects in the stretched Zee-
man sub-levels; for example |1,1) and
|2,2). To concentrate population in the
mp = 0 dark-state, and consequently
improve the contrast of the detected
CPT signal, arranging for constructive
interference of multiple dark resonances
is an necessary approach [21, 32]. There
are several ‘high-contrast’ schemes that

achieve this using polarisation. Our ap-
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F=2

Fig. 2: Level diagram for lin_Llin CPT

on the D line of 87Rb. The dashed-red
and solid-blue lines represent the orthogo-
nally polarised CPT fields. The coherent
dark state generated with this scheme

is between states |[F'=1,mp = 0) and
‘F = 2, mrp = 0)

proach is to adopt the linllin scheme,
where the two CPT field components are
orthogonally linearly polarised relative
to one another.

As
double-V'  structure
|[F=1&2,mp =0)
pled via interaction with the excited
F’ = 2 state. In linLlin CPT, a dark
resonance forms between the mp = 0
sub-levels of the FF = 1,2 manifolds
that can be addressed by both circu-
larly polarised components of the CPT

the
in Fig. 2,

simplified
the

levels are cou-

shown by

field. The phases of the polarisation
components in the linllin CPT allow
for a common dark state to be formed,
despite the negative Clebsch-Gordan
coefficient associated with one of the
D; transitions [24, 25]. The two com-
ponents of the probe beam (shown in

red and blue in Fig. 2) form individual
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V-systems that contribute equally to
the total dark state population [33].

4 Probing the atoms

In our experiment, the clock signal ap-
pears as Ramsey-like fringes in the ab-
sorption of the probe laser by the cold-
atom cloud. The signal is directly re-
lated to the population of atoms that are
trapped in the dark state. As mentioned
in the previous section, an essential com-
ponent for achieving high CPT contrast
is maximising the population of the dark
state and reducing the number of atoms
occupying the stretched states. In addi-
tion, the phase coherence between the
CPT fields also plays a role in forming
complete dark states [31]. In this exper-
iment, the driving fields that are used
to perform linllin CPT originate from
the same laser, giving us inherent phase
coherence [17, 18, 33].

The Ramsey-CPT interrogation dif-
fers from the traditional Ramsey method
in several ways. Instead of two separated
/2 pulses, with optical pumping for
preparation and state detection on either
side, Ramsey-CPT is achieved entirely
with two pulses from the pump/probe
beam. The first interaction is a pulse
of the CPT light of sufficient duration
and intensity to pump atoms into the
dark state. This pulse sets the superpo-
sition, after which the atoms are left in
the dark for a variable time, T, to al-
low phase between the atoms and the
CPT field to build. A final pulse of the
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CPT field then maps this accumulated
phase into a detectable signal, where the
phase difference between atoms and the
laser is reflected in the detected absorp-
tion. If at the start of the second pulse
the atomic superposition and the lasers
are out of phase then this corresponds
to the bright state of the combined sys-
tem. The atoms will then be pumped
into the dark state, which results in the
scattering of light and a reduction of
the signal on the photodetector. On the
other hand, if the bichromatic laser field
and atoms are in phase then this corre-
sponds to a dark state; the atoms are
then transparent to the laser field and a
maximum in the transmitted light will
be observed. The full Ramsey-CPT sig-
nal as a function of detuning follows the
familiar sinusoidal form observed in tra-
ditional Ramsey spectroscopy.

The schematic in Fig. 3 shows how
the final linllin CPT probe is gener-
ated from a single ECDL operating at
Ap1 = 795 nm and locked via saturated
absorption spectroscopy to the F' =
2 — F' = 2 transition. The primary
beam at the output of the ECDL is split
into two paths that eventually become
the two CPT field components, CPT1 2,
which are orthogonally linearly polarised
and resonant with the D line F =
1,2 — F’ = 2 transitions, respectively.
We use the F/ = 2 upper excited level
to suppress excitation of magnetically
sensitive Amp = 2 CPT resonances,
formed between the |F = 1,mp = £1)
and |F =2,mp = F1) states [32, 33,
34].
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Experiment Sequence:
CPT Free Evolution, T CPT (Re-
Led ey Molasses Pulse 1| Atoms in free-fall |Pulse 2|load
Ext. Osc. GPS
vees | LLOF G@ @ 6.8 GHz Disc. Osc.
N NPBS
CPT
Beatnote
795 nm
ECDL

Fig. 3: Top: Experimental sequence that loads atoms into the MOT, cools, and then applies
the Ramsey-CPT interrogation. Bottom:Schematic of the CPT optical bench that was

used to generate the linLlin CPT fields. PBS and NPBS are polarising and non-polarising
beam splitters, respectively. LO is the local oscillator that drives the EOM and sets the

two-photon detuning.

In one path, the beam passes
through an AOM (AOM; in Fig. 3). The
beam in the other path is coupled into
an electro-optical modulator (EOM) to
generate sidebands at fgom = furs +
faomi1, where fpps is the hyperfine
splitting frequency of the ground states
in 8"Rb (~ 6.8 GHz). The microwave
power is set such that each first-order
sideband has approximately 30% of the
total power. The diffracted beam from
AOM; and the output light from the
EOM are then re-combined on a polar-
izing beam splitter (PBS) to generate
a single beam that is comprised of two
orthogonally-polarised fields. In our ap-
paratus, all frequency sources related to
the interrogation of the clock transition
are referenced to a GPS-disciplined os-
cillator with a specified stability below
the 10712 level.

After re-combination, 70% of the
optical power is picked off using a non-
polarizing beam splitter (NPBS), with
70/30.
The pickoff beam is passed through a

reflected/transmitted ratio =
half-waveplate and PBS, to overlap the
polarizations of all spectral components,
and is then measured usimg a fast pho-
todiode to generate a beat-note between
the field components that were separated
in frequency by figps. The beatnote fre-
quency is compared to an additional
high-stability frequency source operat-
ing around fypsg to generate a error sig-
nal that is used in a phase-locked loop
(PLL) to suppress extra phase noise at
the microwave frequency picked up from
the split path [18]. The remaining 30%
of the optical power is coupled through
a second AOM (AOM; in Fig. 3). This
shifts the frequencies of the AOM; beam
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and a single first-order sideband of the
EOM light onto resonance with the two
CPT transitions that are shown in Fig. 2.
Switching of AOM3 is used for fast ex-
tinction of the CPT probe beam during
the clock sequence.

A typical Ramsey-CPT sequence is
shown in the upper section of Fig. 3.
The atoms are loaded into the MOT
and then cooled in an optical molasses
before the trap and repump light is extin-
guished using a mechanical shutter. The
shutter eliminates light leakage through
the AOM used to switch the trap light,
which would otherwise result in AC-
Stark shifts of the clock frequency. The
atoms are then probed whilst in free-fall
to obtain our clock signal, with CPT
pumping pulses of 71 2 = 500 pus, before
the entire sequence repeats.

The CPT probe transmission is de-
tected using two photodiodes, labelled
‘PDg’ and ‘PDg’, for the ‘signal’ and
‘reference’ photodiodes respectively, in
Fig. 3. One former photodiode obtains
the CPT signal by measuring the probe
light after interacting with the cold
atoms, while the latter samples the
probe light as a reference signal that
is then used to cancel common-mode in-
tensity noise on the detected CPT signal.
Detecting the transmission of the first
pulse lets us obtain the CPT spectrum
as the two-photon detuning is scanned
by changing frowm-

We observe Ramsey—CPT fringes by
measuring the transmission at the be-
ginning of the second CPT pulse as the
two-photon detuning is scanned. The

phase information accumulated during
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the Ramsey sequence can be obtained
from the change in transmission within
an optical pumping transient at the be-
ginning of the second CPT pulse. The
time scale of this transient window is
determined purely by the time required
to reach steady-state optical pumping.
Taking advantage of the optical pumping
dynamics, we can apply a second stage
of common-mode intensity noise cancel-
lation to the detected fringes by identi-
fying two regions on the detected pulse.
The first contains the optical pumping
transient and is set to the initial 28 ps,
for a total optical power of P ~ 30 uW.
The length of this region approximately
corresponds to the optical pumping time,
and therefore depends on the optical
power applied [35]. The second region
is the last 100 us of the detected pulse
where the transmission has reached a
steady-state value. The duration of both
regions of interest are found empirically
and were individually optimised using
the final signal to noise ratio of the
fringes as the figure of merit.

The transmission in the first region
of the read-out pulse is integrated and
normalised against the integrated trans-
mission in the second region to apply
the second stage of noise cancellation.
This technique reduces the effect of atom
number fluctuations, and has been ap-
plied before in other similar work, [31].
Additionally, the steady-state transmis-
sion of the first detected pulse can be
used to suppress against the effect of
shot-to-shot atom number fluctuations.
An example of Ramsey fringes with a

free evolution time of 7' = 10ms is
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Fig. 4: Scanned Ramsey-CPT fringes with
T = 10ms before (blue) and after the
noise cancellation is applied (red). Each
data point represents a single run of the
experiment sequence and the fringes have
been offset for clarity.

shown in Fig. 4 before (blue circles) and
after (red diamonds) the double normal-
isation is applied. The ‘raw’ data refers
to the integrated transmission of the
first region on the second pulse without
any common-mode noise cancellation ap-
plied. The difference in detected signal
to noise ratio is approximately a factor
of 10, and has a direct effect on the de-
tected short-term frequency stability.
With the Raman-CPT interroga-
tion technique, we expect the fringe fre-
quency to follow a 1/T behaviour as the
free evolution time is increased. This is
observed in the data shown in Fig. 5
(a), as expected, for dark times that
range from 7= 4ms to T' = 16 ms. In
Fig. 5 (b), the fringe amplitude is ob-
served to decrease linearly with the free-
evolution time, T'. This behaviour agrees
with observations in other work [35], al-
though with a decreased rate of decay,
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Fig. 5: (a) Frequency of the detected Ram-
sey fringes as the free evolution time is
varied from 4 ms to 16 ms. (b) Amplitude
of the fringes, expressed as percentage
absorption by normalizing to the probe
beam power, as the free evolution time is in-
creased from 4 ms to 16 ms. A straight line
has been added to guide the eye. The fringe
frequency and peak-peak amplitude in (a)
and (b) were obtained using a model fitted
to the Ramsey fringes. Note, that the axis
axis in (a) is logarithmic and is linear in (b).
Errors are one sigma deviations from fits to
the raw data across multiple runs. Errors in
(a) are included in the data points

which we attribute to our lower atomic
temperature. Since the probe beam di-
ameter is significantly larger than the
MOT size, the signal loss is attributed
to higher-velocity atoms escaping the in-
terrogation region during the Ramsey

time.
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5 Clock Stability
Performance

In this section, we review the perfor-
mance of the linllin CPT experiment
with the apparatus described here. We
characterize the frequency stability us-
ing the central CPT-Ramsey fringe with
T = 10ms, corresponding to a fringe
pattern of 100 Hz. Alternating the fre-
quency of the LO between the two sides
of the central fringe allows estimation
of the magnitude and direction of shifts
of the central fringe. This is a common
method of obtaining frequency varia-
tions between the atomic resonance and
LO. Using the detection method out-
lined in the previous section, we mea-
sure a signal to noise ratio (SNR) on the
sides of the Ramsey fringe of ~ 40.

The short-term stability is measured
by calculating the overlapping Allan de-
viation after approximately one hour
of measurement time (Fig. 6). These
data represent the stability of the free-
running central Ramsey fringe. The
short-term stability was measured to be
5x 1071 /\/7, shown by the red dashed
line in Fig. 6. The instability measured
here is higher than we have presented
in previous work, which was around the
2x 107 /\/7 level [17]. In these experi-
ments, we utilised atom re-capture with
a short experiment cycle time in order
to minimise sequence dead time but re-
tain the majority of the cold atoms. The
higher short-term instability observed
in this work is due to operation with

a long experiment cycle time and no
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atom-recapture between experiment cy-
cles. The longer cycle time is as a re-
sult of the installation of the mechani-
cal shutter in the trapping beam to en-
able better extinction of the light used
for laser-cooling. The shutter was imple-
mented to mitigate against light shifts
resulting from light leakage in the AOM
used to switch the cooling light. How-
ever, the physical movement of the shut-
ter limited how quickly the experiment
cycle could be repeated and hence a full
MOT load was used. Previous data also
showed a strong plateau in the stabil-
ity around 1 x 107!, [17], which does
not appear in the data shown in Fig. 6.
We attribute this to the implementa-
tion of magnetic shielding and improve-
ments in the laboratory environmental
control. The magnetic shielding reduced
sensitivity to ambient magnetic fields ,
with an improvement of a factor of 2 at
7 = 100s. Re-implementation of atom-
recapture between cycles [18] will be an
interesting avenue in the future for im-
provements in the short-term stability.
At this stage, the limits to the
measured stability are attributed to
noise limits in our detection system as
well as a residual sensitivity to drift-
ing polarisation of the CPT field com-
ponents from temperature-sensitivity of
the polarization-extinction ratio of op-
tical fibres. The latter will be improved
upon with better cladding and environ-

mental control of the optical bench.
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Fig. 6: The measured stability of the central
Ramsey fringe in free-running mode shown
by the blue data points. The red dashed
line represents the short-term stability at

5x 10711/ /7.

6 Conclusion

We present recent progress with our
compact, laser-cooled 87Rb CPT atomic
clock based on a grating magneto-optical
trap. Here, we have implemented mag-
netic shielding around the GMOT en-
semble and a mechanical shutter to
eliminate leakage of the cooling light
during the clock interrogation. With
the linllin polarisation scheme and
a Raman-Ramsey sequence, we have
measured a short-term stability of 5 x
1071t /+/T and encouraging evidence of
stability in the mid-107'2 range. An in-
vestigation that combines this promis-
ing behaviour with a faster cycle time
is an important future goal. In addi-
tion, a comprehensive study of system-
atic shifts of the clock frequency that re-
sult from using CPT interrogation, such
as Doppler and AC-Stark shifts, should

also be undertaken. Our long-term aim

DE GRUYTER

is the development of this system to-
wards a completely compact cold-atom

microwave clock.
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