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Optically Loaded Strontium Lattice Clock With a
Single Multi-Wavelength Reference Cavity
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Abstract— We report on the realization of a new com-
pact strontium optical clock using a 2-D magneto-optical-trap
(2D-MOT) as cold atomic source and a multi-wavelength cavity as
the frequency stabilization system. All needed optical frequencies
are stabilized to a zero-thermal expansion high-finesse optical
resonator and can be operated without frequency adjustments
for weeks. We present the complete characterization of the appa-
ratus. Optical control of the atomic source allows us to perform
low-noise clock operation without atomic signal normalization.
Long- and short-term stability tests of the clock have been
performed for the 88Sr bosonic isotope by means of interleaved
clock operation. Finally, we present the first preliminary accuracy
budget of the system.

Index Terms— Atomic spectroscopy, laser stabilization, optical
frequency metrology, optical frequency standard, optical lattice
clock, strontium.

I. INTRODUCTION

OPTICAL lattice clocks (OLCs) based on neutral atoms
are at the forefront of frequency metrology, exceeding

current SI primary frequency standards of more than two
orders of magnitude both in stability [1], [2] and accuracy [3].
Therefore, OLCs are suitable candidates for future redefinition
of the unit of time [4]. Among several candidates, strontium is
one of the most widespread atomic species in metrological and
ultracold research laboratories. Because of its simple electronic
structure and its commercial accessible cooling transitions,
it finds successful application for optical clocks [5], [6],
quantum control and quantum simulation [7], [8], probing
new physics beyond the standard model [9], and chronometric
geodesy [10]–[12].

OLCs are essentially composed of three main parts: 1) the
optical local oscillator, with its local frequency reference
usually consisting of an ultrastable passive optical resonator;
2) the atomic frequency discriminator, which is a complex
ultracold atomic apparatus to cool and trap atoms in tens
of μK-deep optical lattices; and 3) a self-referenced optical
frequency comb for frequency measurement and comparison.

Concerning the preparation of the atomic frequency discrim-
inator, efficient laser cooling and trapping of ultracold atoms

Manuscript received November 25, 2021; revised March 4, 2022; accepted
March 22, 2022. Date of publication April 6, 2022; date of current version
April 22, 2022. This work was supported in part by the European Union’
Horizon 2020 Research and Innovation Program and the EMPIR Participating
States through the project EMPIR-USOQS and in part by the QuantERA
Project Q-Clocks. The Associate Editor coordinating the review process was
Yang Bai. (Corresponding author: Marco G. Tarallo.)

The authors are with the Quantum Metrology and Nanotechnologies Divi-
sion, INRIM-Istituto Nazionale di Ricerca Metrologica, 10135 Torino, Italy
(e-mail: m.tarallo@inrim.it).

Digital Object Identifier 10.1109/TIM.2022.3165292

requires additional subsystems for laser frequency stabilization
and, in the case of the narrow 1S0–3P1 Sr intercombination
transition, spectral narrowing. This makes the OLC a rather
complex system. Previous approaches to build compact and
transportable OLCs tackled this problem by simplifying the
frequency stabilization scheme using a monolithic multicav-
ity [13], subharmonic frequency dissemination of remote
frequency references on a telecom network and subsequent
optical phase-locked loops [14], or a single multicolor ultra-
stable cavity [15]. Furthermore, fast loading rates of the atomic
sample are realized using Zeeman slowers or direct line-of-
sight collimated atomic sources, whose collisions with trapped
atoms limit both the trapping lifetime and the systematic
uncertainty [16] if an in-vacuum shutter is not used.

In this work, we present a Sr optical atomic clock apparatus
which simplifies the atomic frequency discriminator system.
We use an optically controlled cold atomic beam source
based on a sideband-enhanced 2-D magneto-optical trap
(2D-MOT) [17] and a multi-wavelength frequency stabiliza-
tion system, which also provides the short-term stability to
the clock laser source. We study the stability and reliability
of the apparatus using the bosonic 88Sr isotope, which possess
the highest natural abundance, by means of the magnetic-field-
induced spectroscopy (MIS) method [18].

This article is organized as follows. We first describe
the multi-wavelength frequency stabilization system (see
Section II), its stability performances, and its use for clock
laser stabilization. Then we present the atomic cooling and
trapping apparatus (see Section III) where we perform efficient
two-stage magneto-optical trapping (MOT) and loading into
a “magic wavelength” optical lattice [19]. Finally, we show
the results of Sr OLC operating on the forbidden 1S0–3P0

transition by the MIS method (see Section IV).

II. COMPACT MULTI-WAVELENGTH FREQUENCY

STABILIZATION SYSTEM

Our multi-wavelength frequency stabilization system is
schematically shown in Fig. 1. The core of the system consists
of a monolithic, cylindrical optical cavity of length L =
10 cm and diameter φ = 5 cm, made by ULE [20]. The
high-reflectivity coating of the ULE mirrors features three
peaks at 922, 813, and 689 nm. These correspond to the three
main cooling and trapping wavelengths. The highest design
finesse, about 1.6(4) × 104, is reached for the narrow 1S0–3P1

intercombination transition wavelength at 689 nm, while the
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Fig. 1. Schematic drawing of the multi-wavelength frequency stabilization
system for a strontium OLC. Red (green) mirrors represent long-(short-
) pass optical filters. PD: photodetector. SSM: single-sideband modula-
tion/demodulation electronic circuit. DSM: dual sideband. Details in the main
text.

other two wavelengths (first cooling stage and lattice trapping)
have finesse of 3.2(4) × 103.

The cavity sits on a V-shaped support over four viton balls
inside a stainless-steel vacuum tank. This, in turn, is thermally
decoupled from the optical table by two Teflon supports.
High vacuum (about 1 × 10−8 mbar) is maintained by a
20-L/s ion pump. The temperature of the cavity is actively
stabilized to its zero coefficient of thermal expansion (CTE)
point at 29.34 ◦C by means of one polyimide thermofoil
heater and two silicon rubber heaters attached to the three
sides of the cylindrical-shaped vacuum system. Several layers
of polyurethane foam ensure thermal insulation. A digital
proportional–integral–derivative servo loop keeps the vacuum
tank temperature at the desired value within 5 mK.

Photothermal effects and residual temperature fluctuations
can further limit the frequency stability of a laser locked to
the optical cavity. These effects have been considered and
described in Sections II-C and IV-B.

A. Cooling and Trapping Lasers’ Frequency Stabilization

The two lasers needed for laser cooling of 88Sr at 461 and
689 nm are frequency-referenced to the multi-wavelength
cavity by means of the dual-sideband offset locking tech-
nique [21]. This modified version of the Pound–Drever–Hall
(PDH) technique allows us to tune the carrier frequency inde-
pendently of the cavity resonance by shifting the modulation
frequency �gap. The PDH signal is extracted by demodulating
the photodiode signal at the second sideband �PDH. Together
with the lattice laser at 813 nm, all these three laser beams
are sent to the same side of the cavity and share the same
optical path and polarization optics, as shown in Fig. 1. The
689-nm reflected beam is separated from the other two beams
by another short-pass mirror and then detected with a PDH
photodetector. For the other two wavelengths, the error signal

is generated from the photocurrent of the same photodiode by
frequency demodulation at their respective �PDH frequencies.

The 689-nm laser for the narrow 1S0–3P1 intercombination
transition is a commercial extended cavity diode laser (ECDL,
Toptica DLPRO). It is partially sent to the multi-wavelength
cavity through a polarization-maintaining (PM) optical fiber
and phase-modulated by a fiber-coupled, wideband, electroop-
tic modulator (EOM, Jenoptik PM705).

The dual-sideband modulation is generated by electronic
mixing of two RF oscillators at �gap ∼ 166 MHz and �PDH =
10.5 MHz, respectively, so that the carrier has no phase
modulation at �PDH. Each offset sideband takes typically 24%
of the total power sent to the cavity, which is about 45 μW.
This corresponds to a modulation index nearly equal to 1.
The correction frequency is then fed back to both the ECDL’s
piezotransducer for low-frequency corrections and the diode
current modulation input through a passive electrical network.
Typical servo bandwidths of 600 kHz are achieved, so that
laser low-frequency instability is dominated by the instability
of the cavity.

The 461-nm light necessary for the 1S0–1P1 transition is
generated by a frequency-duplicated commercial diode laser
(LEOS Solutions). We take a pick-off of the 922-nm subhar-
monic decoupled from the main beam by an optical isolator
and we send it to the multi-wavelength cavity from a PM fiber
and a fiber EOM. The offset sideband frequency is tuned to
189.9 MHz while the second sideband is at 13.33 MHz. About
30 μW of optical power is sent to the cavity with a carrier-to-
offset sideband power ratio of 27%. In this case, the correction
signal is fed back only to the ECDL’s piezotransducer for slow
correction of the seed wavelength.

The lattice laser (Ti:Sapph) at 813 nm is frequency-
stabilized to the multi-wavelength cavity with standard PDH
technique on the nearest cavity resonance to the known magic
frequency [22], with a stability exceeding 100 kHz.

B. Clock Laser Frequency Stabilization

The clock laser at 698 nm is also a commercial ECDL
(Toptica DLPRO) delivering up to 35 mW of optical power.
It is currently frequency-stabilized to the multi-wavelength
cavity, entering from the opposite side of the cavity with
respect to 689 nm and other cooling lasers, as shown in Fig. 1.
To avoid unwanted cross-talks with the close 689-nm laser
light transmitted from the cavity, the input circular polarization
is carefully tuned with opposite sign. We send 20 μW of
optical power phase-modulated at �PDH = 23 MHz, far from
any harmonics of the other RF frequencies.

The clock laser is locked to cavity with the standard PDH
technique. The servo loop is similar to the one described
for the 689-nm laser, with correction sent to both the diode
current and the ECDL piezotransducer. In this case, the control
bandwidth exceeds 1.2 MHz, with the in-loop error signal
reaching the detector noise floor (85 mHz/

√
Hz) up to 20 kHz.

C. Stability Results

The frequency stability of an optical resonator of ULE,
which is temperature-stabilized to its zero CTE point,
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Fig. 2. Long-term frequency stability of the multi-wavelength cavity
measured for an 11-month period by monitoring the offset sideband �gap used
in the frequency stabilization loop of the 1S0–3P1 transition laser. In the inset,
absorption images of the red MOT show transverse dimension dependence at
different detunings �.

is limited by the aging of the spacer material, resulting is a
slow drift [23]. We developed a method to track this long-term
drift with respect to the resonance transition 1S0–3P1 necessary
for the second-stage ultracold MOT of the atomic sample
(see Section III). We infer the 1S0–3P1 resonant frequency
by imaging the red MOT with respect to the offset sideband
frequency �gap and then fitting the transverse dimension of
the atomic cloud, which linearly depends on cooling frequency
detuning [24] as shown in the inset of Fig. 2. The main panel of
Fig. 2 reports the recorded values of �gap at which the 689-nm
laser is on resonance with respect to the 1S0–3P1 transition
over a period of 11 months. We infer an average drift rate
of 95(2) mHz/s (or 2 × 10−11 /day in relative units). This
low drift value allows us to prepare and manipulate ultracold
samples of Sr atoms without any frequency adjustment for
weeks.

The stability of the multi-wavelength cavity as frequency
reference is limited by vibration-induced length fluctuations
δLv induced by axial and transverse cavity accelerations aaxial

and atrans. This can be parameterized as [25]

δLv

L
= ρ

2Y
(�Laaxial + atransφσ) (1)

where ρ is the cavity spacer density, σ and Y are the Poisson’
ratio and Young’s modulus, respectively, and � parameterizes
the acceleration transmissivity due to the cavity support geom-
etry, ranging from 0 to 1 [26]. No antivibration measures are
taken for our cavity, so that for typical ambient seismic noise
we can estimate the induced frequency instability. Assuming
a typical environmental acceleration noise spectral density
δa( f ) ∼ 5 × 10−5 ms−2/

√
Hz [27], [28] up to few hundred

hertz, and a sensitivity coefficient � = 0.5, the expected
vibration-limited fast linewidth is expected to be about 10 Hz.

An important detrimental effect that could limit the fre-
quency stability of a laser, and in particular the clock laser,
to the multi-wavelength cavity is the length fluctuations due
to other lights’ intensity noise. While we do not expect that

this effect limits our clock laser, due to the noncompensated
vibration noise, it is interesting to evaluate this effect for
future implementations of the system with higher frequency
stability requirements. To estimate the transmitted intensity
noise from other lasers to the clock light, we modulated the
amplitude of the RF power generating the offset sidebands
�gap for the 689- and 922-nm lights and we looked at the
corresponding frequency shift with respect to a high-stability
optical oscillator [29]. From a linear fit of the cavity frequency
shifts against the transmitted power, we infer cavity shift
coefficients of k689 = 4(1) Hz/μW and k922 = 2(2) Hz/μW,
respectively. The shift measurement for the 922-nm light is
compatible with zero. These results can be explained as due
to the heating of the dielectric mirror coating generated by the
intracavity optical power at different wavelengths [28], [30].
For our system, this results in frequency instability σy(τ ) =
1.1(4) × 10−16 √

τ for an intracavity relative intensity noise
of 0.3%.

The short-term stability of the multi-wavelength frequency
stabilization system is best studied for clock laser by looking
at its effect on clock spectroscopy and clock stability via the
Dick effect [31]. This is described in detail in Section IV-B.

III. COOLING, TRAPPING, AND PROBING APPARATUS

A schematic overview of our atomic cooling and trapping
apparatus is shown in Fig. 3. It consists of two main parts, the
2D-MOT atomic source and the science cell setup.

The cold atomic source of this apparatus, as well as the
details on the complete vacuum system, has been extensively
described in [17]. Here, we briefly recall the main properties
of the system. A cold, bright atomic beam is generated by a
two-frequency 2D-MOT transversely loaded from a collimated
Sr oven (typically operated at 460 ◦C), with an average
longitudinal velocity of 22 m/s and a transverse temperature
of less than 1 mK. This allows us to achieve a loading rate
in the science chamber up to 8 × 108 atoms/s, tunable by
changing the optical power of the push beam.

Such cold atomic beam is then cooled and trapped in the
science cell, where 3-D magneto-optical cooling and trapping
is performed before loading the atomic ensemble into the
optical lattice for clock spectroscopy. The overall procedure
for probing the 1S0–3P0 transition by means of MIS technique
is depicted in Fig. 3(c).

A. Laser Cooling of 88Sr Atoms

In the science chamber, the atoms from the atomic source
are loaded in the “blue MOT” operated on the 1S0–1P1 at
461 nm for 100 ms. We typically apply a total intensity
s = 0.88 (in units of the resonant saturation intensity) and
a magnetic field gradient of 4 mT/cm. Switching off the push
beam interrupts the atomic flux. The MOT is operated for
additional 20 ms. This covers both the time-of-flight of the
remaining atoms from the 2D-MOT and a short MOT phase
(5 ms) at reduced intensity (s = 0.26) to further cool down the
collected sample. At the end, we collect up to 7 × 106 atoms
at 2(1) mK. All the laser beams at 461 nm and the magnetic



1501509 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 71, 2022

Fig. 3. Schematic drawing of the OLC system and its experimental procedure.
(a) Atomic source region, (b) science cell and schematic layout for atomic
interrogation, and (c) clock interrogation procedure. BB: Broadband red
MOT phase. SF: Single-frequency red MOT phase. MIS: Magnetic-induced
spectroscopy. Det.: Detection. DP: Data processing.

field gradient are then switched off, and we use a mechanical
shutter to completely turn off the blue light.

The second cooling stage is performed on the 1S0–3P1

intercombination transition (“red” MOT [24]) at 689 nm.
We initially use about 13 mW of optical power (s ∼ 2 × 103)
with a broadband (BB) spectrum to cover the majority of
the Doppler spectrum of the atoms released from blue MOT.
A double-pass acousto-optic modulator (AOM) yields the
broadened spectrum with an FM frequency of 35 kHz, modu-
lation depth of 3 MHz, and a minimum detuning of −400 kHz
from atomic resonance. During the BB red MOT phase, the
magnetic field gradient is ramped up to 1.3 mT/cm in 26 ms.
The atomic density and cloud dimensions reach their stationary
values in 130 ms. At the end of the BB phase, we trap up to
4 × 106 atoms at 11 μK.

Finally, the temperature of the atomic sample is further
reduced by a single-frequency (SF) red MOT phase. Here,
the optical power is exponentially ramped down from 13 mW
to 10 μW (s = 10) in 30 ms. At the end of this cooling stage,
we trap 3.5 × 106 atoms below 1 μK. Also for the 689-nm
light, a mechanical shutter is used to avoid residual stray light
going to the atoms in the optical lattice.

Fig. 4. Numbers of atoms in the optical lattice as a function of different
hold time. The number of atoms is normalized to their maximum value.

During the whole red MOT, the optical lattice beam is
turned on, so that the atoms overlapped to the lattice beam
remain trapped and ready for clock spectroscopy at the switch-
ing off of the red beams and the magnetic field gradient. The
total duration of the cooling and trapping is about 300 ms.

B. Magic Wavelength Optical Lattice

The optical lattice trap is realized with 500 mW of optical
power at the magic wavelength of 813 nm, delivered with
a PM optical fiber. The beam is shaped to produce a beam
waist of about 50 μm in correspondence of the red MOT
center. The lattice axis is orthogonal to the gravity direction
as shown in Fig. 3. The lattice retro-reflection dichroic mirror
is carefully aligned maximizing the amount of power coupled
back to the fiber collimator. Up to 4 × 105 atoms can be
loaded in the lattice trap with a measured lifetime of 18.2(8) s,
as plotted in Fig. 4. This value is dominated by the off-resonant
scattering (
−1

sc ≈ 33 s [32]), and therefore vacuum-limited
lifetime can be as high as 40 s. This exceptionally long
lattice lifetime is a consequence of the 2D MOT loading that
allows us to completely turn off the atomic flux during lattice
spectroscopy and also maintaining much higher differential
vacuum between the two chambers in comparison to a classic
Zeeman slower [33].

Time-of-flight absorption imaging measurements of the
atomic sample show temperatures lower that 2 μK in both
the transverse directions, while the axial free expansion of the
atomic cloud is parallel to the imaging beam, and thus the axial
temperature is not measurable with this method. The transverse
size of the optical lattice can be extracted from temperature
measurements [32], and it is about σr = 14 μm. The axial
dimension is not accessible by the imaging system, and it is
roughly estimated equal to twice the red MOT radius, about
400 μm.

The optically controlled atomic source combined with the
cooling and trapping process yields a lattice population fluc-
tuation as low as 3% for maximum loading rate, which
nearly doubles at low loading rates. This number fluctuation
is nearly half of the one observed when the 461-nm laser was
frequency-stabilized to an atomic vapor [17].

C. Magnetic-Field-Induced Spectroscopy Setup

MIS is enabled by an homogeneous bias magnetic field
applied by inverting the current of one of the MOT coils, thus
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switching from antiHelmholtz to Helmholtz configuration. The
bias magnetic field is directed along the gravity direction and
orthogonal to the lattice beam propagation direction.

The clock laser beam at 698 nm is directed toward the
atoms from the dichroic retro-reflection lattice mirror (high
reflective at 813 nm and high transmissive, ∼90%, at the clock
wavelength). The clock laser beam is shaped to have a waist of
150 μm, i.e., three times the lattice beam waist, to ensure high
homogeneity on the atoms. Clock light standing waves are
avoided using a second dichroic mirror along the optical path
of the input lattice beam, as depicted in Fig. 3(b). We carefully
align the clock beam to the atoms by maximizing the amount
of power injected to the fiber collimator of the lattice beam.
Linear polarization parallel to the magnetic field is ensured
by a Glan–Thomson polarizer placed before the lattice retro-
reflection mirror. Finally, power and duration of the clock laser
pulse are controlled by an AOM before the input fiber.

A second AOM driven by an externally referenced RF
oscillator (working around 345 MHz) is used to tune the
frequency of the clock laser for clock spectroscopy scans and
frequency stabilization by FM modulation. The RF oscillator
is directly controlled by an analog output generated by the
experiment control system [34].

D. Atomic Detection Setup

Atomic detection and diagnostics is performed by the imag-
ing system. It consists of a charge-coupled device (CCD)
camera (Stingray F-201, 1624 × 1234 pixels and 4.4-μm
pixel size) and an achromatic lens f = 100 mm displaced
to get a numerical aperture of 0.10(4) and magnification
factor of 0.617(3). A probe beam, resonant with the 1S0–
1P1 strong transition, can be either sent to the CCD camera
for absorption imaging of the atomic sample or directed
orthogonally to the absorption axis for fluorescence detec-
tion by means of a removable mirror. The absorption imag-
ing optical path is integrated along the lattice direction by
means of two dichroic mirrors. Residual light from the lat-
tice and clock laser beams are then blocked by an inter-
ference filter peaked at 461 nm, mounted in front of the
CCD camera.

While absorption imaging is best suited for the atomic
sample diagnostics (atomic cloud dimension, temperature, and
calibrated atomic count), we perform fast fluorescence imaging
for clock spectroscopy. In this case, the probe beam pulse has
a duration of 0.7 ms and optical power of 3 mW, while its
linear polarization maximizes the atomic fluorescence toward
the CCD. The CCD camera exposure time is 220 μs, while
the image is downloaded to the computer control in less than
50 ms. Only 3% of the total CCD array is used to speed-up
the data download and processing. Within the same image,
we define two regions of interest (ROIs) with equal areas.
One of the ROIs covers the majority of the atomic cloud and
provides the photon counts, and the other is placed at the
corner of the image and provides the background signal of
the CCD. The difference between the ROIs’ counts provides
the fluorescence counts. The detected fluorescence signal is

Fig. 5. Sideband-resolved spectroscopy of the 88Sr clock transition. The trace
is the average over four consecutive frequency scans. Motional sidebands (blue
and red curves) are simultaneously fitted [35] to estimate the trap depth and
the apparent radial and axial temperatures.

maximized by releasing the atoms from the lattice and probing
the atoms after 4 ms of free fall.

Almost 200 ms are spent by the computer control to manage
CCD data processing and to generate the feedback signal to
keep the system on the resonance of the 1S0–3P0 transition.
This represents the current limit for the duration of the
experimental cycle. To further shorten the clock cycle, we are
planning to implement a parallel processing of the CCD data
within the preparation time of the atoms in the optical lattice
trap.

IV. RESULTS

A. Resolved Sideband Spectroscopy

We perform high-resolution MIS of the 88Sr clock transition
1S0–3P0 in the Lamb–Dicke regime with motion resolved from
the carrier. An example of the sideband spectrum is presented
in Fig. 5. Here, the bias coils are driven at a maximum current
Icoil = 10 A, and a pulse duration of 60 ms is used to
maximize the excitation of the motional sidebands. With a
typical lattice optical power of 450 mW, we measure an axial
trapping frequency of 65.5(2) kHz, implying a lattice depth
U0 = 92.7(5)Er = 15 μK, where Er = h2/(2mλ2

L ) is the
lattice recoil energy. The Lamb–Dicke parameter η associated
with our lattice trap depth is η = 0.26.

We also measure the apparent axial (Tz) and radial (Tr )
temperatures of the atomic sample from the shape and relative
areas of the first-order motional sidebands [35]. The resulting
temperatures are Tr = 3.2(3) μK and Tz = 1.6(3) μK.
Compared with time-of-flight temperature measurement, the
apparent radial temperature is slightly higher (∼2 μK), imply-
ing either the simplicity of the fitting function which does
not include any broadening effect or an underlying heating
mechanism due to photon-assisted collisions.

B. Narrow-Line Spectroscopy and Clock Stability Test

High-resolution Rabi spectroscopy is realized by exciting
the clock transition at the actual π pulse for each configuration
of magnetic field and probe intensity. The resulting linewidth
can be narrowed by decreasing either (or both) the bias
magnetic field or the probe power. Furthermore, because of
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Fig. 6. Main panel: Allan deviation of the difference between two interleaved
stabilizations at Nat = 1.5 × 105 and 3 × 105. The dataset covers a time
span of 62 min. Inset panel: Narrow-line spectroscopy of the 1S0–3P0 clock
transition fitted with a Rabi response function. The corresponding FWHM ≈
1.067 � = 86(7) Hz.

collisional dephasing, narrow lines have to be obtained by
lowering the lattice site density reducing the number of loaded
atoms.

The inset of Fig. 6 shows a narrow-line spectrum obtained
by sweeping the clock light frequency for a 3-kHz span
with bias coil current Icoil = 3 A and clock power of
2.3 mW and with 2 × 104 atoms in the lattice for 8 ms. The
resulting resonance has a full-width half-maximum (FWHM)
of 86(7) Hz and shows a 70% contrast.

Clock operation is enabled by locking the clock laser
frequency to an absorption feature, by means of two sequen-
tial pulses separated in frequency by an amount fFSK. The
frequency-shifting key (FSK) modulation depth is chosen to
roughly match the FWHM of the atomic resonance. The sta-
bility of the clock operation is studied by interleaving between
two values of some clock parameters. Clock operations were
carried on for several hours without unlocks or severe glitches.
We have not observed any effect related to long-term drift of
our multi-wavelength cavity which would degrade the number
of atoms loaded in the lattice. A typical interleaved stability
in fractional units is shown in Fig. 6. The resulting overlap-
ping Allan deviation decreases asymptotically as σ OA

y (τ ) =
8.5 × 10−14 /

√
τ . This means that the single-operated clock,

i.e., with half averaging cycle time measurement noise, has an
average asymptotic stability of 4.2 × 10−14/

√
τ .

The white-noise-limited clock instability can be due to the
local oscillator instability via the Dick effect [31] or by shot-
to-shot fluctuations of the nonnormalized number of lattice
atoms. The former should be particularly limiting for our clock
because of the low duty cycle (about 1.3% for a Rabi-limited
resonance and 10-ms pulse). If we assume a Flicker noise floor
similar to that of [36] and a white noise of 7.3 Hz2/Hz limited
by vibration noise, we get a Dick-limited Allan deviation of
4 × 10−14 at 1 s, nearly as much as the measured data.

C. Clock Frequency Shifts

Understanding the main sources of uncertainty is necessary
to calibrate and test the stability of our apparatus. We have

TABLE I

PRELIMINARY ACCURACY BUDGET FOR THE TYPICAL EXPERIMENTAL

CONDITIONS OF OUR 88Sr CLOCK (SEE MAIN TEXT FOR DETAILS).

ALL REPORTED VALUES ARE IN Hz

performed a preliminary evaluation of the systematic effects in
our 88Sr optical clock by interleaved frequency measurements.
The typical measurement duration is 15 min for each point.
The main sources of systematic shifts and their uncertainties
are summarized in Table I.

Because of the artificial coupling of the two clock levels
in the bosonic clock, the two most important contributions
to the uncertainty budget are the quadratic Zeeman shift and
the light shift from the 698-nm clock laser. The associated
shift coefficient are very well-known for Sr both theoretically
and experimentally [18], and thus we use these values to
calibrate the bias magnetic field and the probe intensity. The
results are shown in Fig. 7. The quadratic Zeeman shift �νB

can be expressed as a quadratic function of the bias coils’
current with an offset B0, �νB = β(kcoil Icoil + B0)

2, with
β = −23.8(3) Hz/mT2 [37]. The measured bias coils’ current
calibration coefficient is kcoil = 0.972(7) mT/A, so that for
a typical value of the bias coils’ current (Icoil = 3 A), the
quadratic Zeeman shift induced by a bias field of 2.9 mT is
resolved with an uncertainty of 3.7 Hz. The probe light shift
is calibrated with a linear function resulting in a frequency
shift of −46(2) Hz/mW, implying a probe beam width of
158(4) μm. Thus, we can express the effective Rabi frequency
as a function of the bias coil current and probe power by means
of the respective induced shifts as [18]

�R = ξ Icoil

√
PL (2)

where ξ ≈ 10.6 Hz/(A
√

mW).
The scalar light shift from the 813-nm lattice laser was

estimated by interleaving different values of its power. The
measured uncertainty at a typical working lattice depth is about
5.4 Hz due to statistical uncertainty.

Another important source of systematic uncertainty in
bosonic 88Sr clocks is the density shift due to collisions [38].
We performed interleaved frequency shift measurements by
changing the push power of our atomic source, thus tuning
the lattice loading at will, as shown in Fig. 8. Measurements
span between 3.5 × 105 and 1 × 104 88Sr atoms, while both
the trap depth and the atomic temperature are kept constant.
Narrow-line spectroscopy with N = 4 × 104 atoms results in
a frequency uncertainty of 0.2 Hz. The resulting density shift
coefficient is

�νρ = N̄sitesV̄site
δν

N
= 7(2) × 10−18 Hz m3 (3)
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Fig. 7. Systematic study of MIS clock frequency shifts. The absolute values of both the magnetic field and the probe light intensity were calculated using
coefficients from [18]. Left: Measurement of the second-order Zeeman shift as a function of the bias coil current together with fit residuals. Right: Evaluation
of the probe light shift as a function of the input power.

Fig. 8. Evaluation of the density shift of the 88Sr clock transition. We assume
linear scaling of density with atom number.

where N̄sites is the number of occupied lattice sites, and
V̄site is the average volume occupied by the atoms in each
lattice site. This depends on the lattice depth U0 and the
atomic temperatures Tr and Tz , as measured from the sideband
spectroscopy (see Section IV-A) and calculated according
to [39]. The uncertainty in the density coefficient is mainly due
to the axial dimension estimation of the atomic sample due to
the alignment of our imaging system. Compared with previous
measurements [38], we found a discrepancy of a factor 3
for �νρ .1

Another environmental source of frequency shift is the
blackbody radiation (BBR) due to the surrounding ambient
temperature T [40]. An accurate evaluation of this effect is
beyond the scope of this work. We point out that the MOT/bias
coils are not thermally controlled, but due to low duty cycle
their effect is negligible compared with thermal fluctuations
of the laboratory, which are currently controlled only within
0.5 K. The projected uncertainty in the BBR shift is 2 × 10−17

in relative units, which is completely negligible at the current
level of accuracy.

1We recalculated the coefficient from [38] using correct expressions for
N̄sites and V̄site according to [39]. The new value is 2.2 × 10−17 Hz m3 assum-
ing a temperature of 4 μK. The discrepancy can be eliminated assuming a
temperature of 2 μK.

Finally, all the frequency chains driving the AOMs used for
clock spectroscopy are referenced to an H-maser used for the
realization of UTC(IT) timescale. The estimated uncertainty
due to residual phase noise after phase-locked loop to the
external reference is evaluated below 0.3 Hz at 1 s. This results
in an uncertainty of 1 × 10−2 Hz for typical interleaved clock
averaging times.

In summary, the total frequency accuracy is 8.4 Hz or
2 × 10−14 in relative units. It is mainly limited by the statistical
uncertainty in the determination of the quadratic Zeeman shift
and the probe and lattice Stark shifts.

V. CONCLUSION

We have described a novel apparatus for a Sr OLC based
on an optically controlled cold atomic source and a multi-
wavelength frequency stabilization system. These ingredients
enable long periods of operation with low maintenance and
high stability. Thanks to our 2D-MOT based atomic source,
we have demonstrated a lifetime of 18.2(8) s in the optical
lattice, remarkably longer than those obtained with Zeeman
slowers.

A single reference cavity is able to properly stabilize all the
lasers, resulting in an efficient and compact stabilization unit.
The multi-wavelength stabilization method offers an ultimate
limit on the clock laser instability at the level of 1.1(4) ×
10−16 /

√
τ without any laser amplitude stabilization.

The resulting system is simpler and more cost-effective
than previous realizations, making this design suitable for
applications in challenging real-world environments [11] and
for industrial grade system.

Our optical clock has shown a long-term frequency insta-
bility as low as 4 × 10−14 /

√
τ , estimated by means of

interleaved clock operation. Such limited stability is primarily
affected by the short local oscillator coherence time caused
by environmental vibration noise. Stable operation dominated
by white frequency noise has been proven by interleaved
frequency measurements for measurement times of several
hours.

Technical frequency shifts have been resolved with less than
10-Hz uncertainty, limited by the short coherence time of the
local oscillator and by the relatively short averaging time.
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The system described in this work offers much room for
improvements, both regarding short-term clock stability and
long-term clock operation. The short-term stability would
immediately benefit from adding a commercially available
antivibration system for the reference cavity and by reducing
the cycle dead-time by implementing a parallel data processing
of the CCD data. These two simple changes should lower the
clock instability by more than a factor 10. Long-term clock
operation would require an active compensation of the multi-
wavelength drift affecting the lattice loading process and the
addition of automated locking algorithms for all the necessary
lasers. Finally, a complete accuracy assessment of the system
will require a better control of the room temperature and all
clock components to correctly quantify the impact of the BBR
shift.

Immediate gain in frequency stability can also be obtained
by optical frequency comb-assisted spectral purity transfer [41]
using the more stable optical local oscillator available for
INRIM’s Yb clock [42]. Fast and stable clock operations are
also key ingredients to study quantum-enhanced technologies
to be implemented in the newly designed science cell [43]. The
upgraded system can also test active generation of a frequency
standard using its sideband-enhanced cold atomic beam [44].
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