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a b s t r a c t
Ultra-precise optical clocks in space will allow new studies in fundamental physics and
astronomy. Within an European Space Agency (ESA) program, the “Space Optical Clocks”
(SOC) project aims to install and to operate an optical lattice clock on the International
Space Station (ISS) towards the end of this decade. It would be a natural follow-on to the
ACES mission, improving its performance by at least one order of magnitude. The payload
is planned to include an optical lattice clock, as well as a frequency comb, a microwave
link, and an optical link for comparisons of the ISS clock with ground clocks located in
several countries and continents. Within the EU-FP7-SPACE-2010-1 project No. 263500,
during the years 2011–2015 a compact, a modular and robust strontium lattice optical
clock demonstrator has been developed. The goal performance is a fractional frequency
instability below 1 × 10−15 τ −1/2 and a fractional inaccuracy below 5 × 10−17 . Here we
describe the current status of the apparatus’ development, including the laser subsystems.
The robust preparation of cold 88 Sr atoms in a second-stage magneto-optical trap (MOT) is
achieved.
© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Corresponding author.
E-mail address: step.schiller@uni-duesseldorf.de (S. Schiller).

http://dx.doi.org/10.1016/j.crhy.2015.03.009
1631-0705/© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

554

K. Bongs et al. / C. R. Physique 16 (2015) 553–564

r é s u m é
Des horloges optiques ultra-précises envoyées dans l’espace permettront de nouvelles
avancées dans les domaines de la physique fondamentale et de l’astronomie. Le projet
« Horloges optiques spatiales » (SOC pour Space Optical Clocks), qui fait partie d’un programme
de l’Agence spatiale européenne (ESA), a pour but d’envoyer et de faire fonctionner une
horloge à réseau optique à bord de la station spatiale internationale (ISS) vers la ﬁn de
la décennie. Cette mission serait un successeur de la mission ACES, avec une performance
au moins dix fois meilleure. Il est prévu que la charge utile inclue une horloge à réseau
optique ainsi qu’un peigne de fréquences, un lien micro-onde et un lien optique pour
comparer cette horloge avec d’autres situées sur Terre, dans plusieurs pays et continents.
Entre 2011 et 2015, un démonstrateur d’horloge à réseau optique utilisant des atomes
de strontium, compact, modulaire et robuste a été développé dans le cadre du projet
n◦ 263500 EU-FP7-SPACE-2010-1. La performance visée est une stabilité de fréquence
fractionelle meilleure que 1 × 10−15 τ 1/2 et un exactitude fractionelle meilleure que
5 × 10−17 . Dans cette article, nous décrivons l’état d’avancement du développement du
dispositif, incluant les sous-systémes laser. La préparation d’atomes froids de 88 Sr dans un
piége magnéto-optique sur raie étroite est démontrée.
© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction
The mission ACES (Atomic Clock Ensemble in Space) [1] will operate a cold-atom microwave clock on the ISS, with a
planned ﬂight date in 2016. A follow-on mission with an improved clock was proposed in 2005, in the framework of ESA’s
ISS utilization program ELIPS. In this mission, the clock and the time/frequency links will have a performance improved by a
factor of at least 10 compared to that of the ACES mission. An optical lattice clock [2] is a suitable solution for an improved
clock. The payload will contain a frequency comb for the transformation of the ultra-stable optical frequency into a microwave, in order to allow the use of the microwave link technology for time and frequency transfer between Earth and ISS.
Since 2007, technical developments of a robust and compact Sr optical clock are being undertaken by the Space Optical Clock (SOC) consortium (http://www.soc2.eu). Important requirements for an optical clock for space are: performance,
compact size and moderate mass, radiation hardness, fully automatic operation, low downtime, ability to withstand shocks
and vibrations during launch (when in non-operational mode), and switch from non-operational to operational mode. These
requirements led to the development of a ﬁrst-generation breadboard system that successfully operated with 88 Sr [3]. Based
on the experience gained with that system and its subunits, the development of an advanced breadboard system with
improved speciﬁcations was initiated; its status is reported here. Earlier developments are reported in Ref. [4].
2. The SOC mission objectives
The ISS mission SOC will implement two objectives in fundamental physics, the measurement of the gravitational redshift
in the Earth’s ﬁeld and in the Sun’s ﬁeld. In addition, it will be operated as a reference clock in space, combined with a
high-performance link allowing the distribution of precise frequency over a large part of Earth and allowing comparisons
between distant ground clocks of high performance, opening up the ﬁeld of space-assisted relativistic geodesy.
The precise measurement of the gravitational redshift in the ﬁelds of two dissimilar bodies (the constitution of the atomic
nuclei in the Earth and Sun being strongly different (mostly iron vs. hydrogen)) represents a search for the existence of new
fundamental ﬁelds that induce a non-universality of the gravitational redshift effect. This constitutes a test of Einstein’s
theory of General Relativity as well as of the Einstein Equivalence Principle. It also paves the way for a future application of
the redshift effect for a high-accuracy mapping out of the gravitational potential of planets or stars. In detail, the objectives
of SOC are as follows.

• Objective I
The measurement of the gravitational redshift of the Earth will be performed with an accuracy improved by a factor
10 compared to the goals of the ACES mission. The improvement factor will be limited by the inaccuracy of the space
optical clock (1 − 2 × 10−17 ) or of the link. A suﬃcient number of primary terrestrial optical clocks having an accuracy
higher than that of the space clock will be available during the time of the mission [2].
• Objective II
By comparing pairs of terrestrial clocks located at a large distance in east–west direction, it is possible to perform a
test of the equivalence principle in the gravitational ﬁeld of the Sun [5,6]. As any clock on the Earth is in free-fall
with respect to the Sun (neglecting tidal forces), any relative frequency shift between two clocks caused by the Sun
is expected to cancel. This is due to a cancellation between the pure gravitational effect and the relativistic Doppler
shift occurring in a comparison between any two clocks located at a distance. Basically, the comparisons are performed
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Fig. 1. (Color online.) Simpliﬁed energy diagram for strontium, including relevant optical transitions and spontaneous decay rates. Arrows pointing down
(red or black) indicate spontaneous decay processes.

for two orientations of the Earth: in one, the baseline between the terrestrial clocks is perpendicular to the direction
to the Sun. This frequency comparison yields the difference in Earth’s gravitational potential between the two clock
locations. The second orientation is when the clocks’ baseline lies parallel to the direction Earth–Sun. A measurement
in this orientation contains a contribution of the Sun’s gravitational potential (solar redshift), but is canceled by the
Doppler shift due to the motion of the clocks along the Earth orbit. In practice, the measurements will be performed
continuously, for various orientations. Assuming ground clocks with an accuracy of 1 × 10−18 spaced one Earth radius
away, and assuming that a suﬃciently large number of Earth rotations and comparisons is used to reduce the inaccuracy
by a factor 10 compared to a single comparison, a measurement of the combined effect of solar redshift and Doppler
shift with a relative inaccuracy of 2 × 10−7 can be obtained. The improvement compared to the case of mission ACES,
which will also be capable of such a measurement, is of a factor of 10 or more, limited by the inaccuracy that distant
terrestrial clocks comparable via ACES will have achieved by the time of its ﬂight, and by the ground–ISS link inaccuracy.
• Objective III
The Earth gravitational redshift is also the foundation for relativistic geodesy. Terrestrial clocks and the corresponding receiver systems (occupying a volume on the order of a container or less) will eventually become available for
transportation to locations of particular geophysical interest and can be compared to the space clock, allowing determination of the local value of the gravitational potential. These transportable clocks may well have reached an accuracy of
1 × 10−18 by the time of the SOC mission. By relying on the goal inaccuracy of the space clock, the correctness of the
gravitational redshift established by the mission, and precise ISS orbit determination, measurements of the local terrestrial gravitational potential at the equivalent uncertainty level of 10 cm would be possible. However, the space clock can
also enable comparison of distant terrestrial clocks with an accuracy compatible with a 1 × 10−18 clock inaccuracy after
approximately 1 day of integration time, using an enhanced microwave link or the optical link. Thus, the differential
gravitational potential between two terrestrial clocks may be measurable at the 1-cm uncertainty level. Tidal effects will
have to be corrected for. Note that the relative resolution of the gravitational redshift of terrestrial clocks corresponding
to this uncertainty level (1 cm relative to a maximum height difference of a few kilometers) is on the order of several
parts in 106 , a level for which the correctness of the gravitational redshift will have already been tested by ACES.
• Objective IV
The dissemination of ultrastable frequencies over the Earth, where the frequencies are generated from both the space
clock and a set of ultraprecise terrestrial clocks. This objective is foreseen to satisfy new future ground or space users.
The measurement procedures will be similar to the ones of the other objectives. Thus, the SOC mission will contribute to
link terrestrial clocks into a global network allowing ground-to-ground or ground-to-space comparisons with a relative
frequency uncertainty level of 1 × 10−18 .
3. Overview
The transitions relevant for an optical lattice clock using strontium are shown in Fig. 1. Six different laser wavelengths
are necessary. The apparatus described here is modular and consists of (i) an atom preparation unit, (ii) a clock laser
(698 nm), (iii) a cooling laser (461 nm) with a distribution unit, (iv) a second-stage cooling laser (689 nm), (v) a stirring
laser (689 nm), (vi) repumper lasers (679 nm, 707 nm), (vii) a frequency stabilization system (FSS) [7]. These subunits are
interconnected by optical ﬁbers. A computer system based on a ﬁeld programmable gate array (FPGA) controls the system.
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Fig. 2. (Color online.) The atomics unit.

Fig. 3. (Color online.) Left: 3D MOT chamber design. Right: cross sectional view.

A robust wavemeter would likely be part of the optical clock in space. However, the SOC consortium did not undertake the
corresponding development. We describe the units in turn and present the ﬁrst characterization results.
4. Subunits of the clock
4.1. Atomics unit
The compact and lightweight vacuum chamber is shown in Fig. 2. Including the breadboard, the overall size is 143 L and
its mass is 50 kg. In the 3D MOT “science” chamber (right), an ultra-high vacuum in the range of 10−11 mbar is maintained.
This is achieved by employing two ion pumps (25 L/s and 2 L/s), near to the atomic source and to the science chamber,
respectively. In order to minimize the black-body radiation (BBR) coming from the atomic source during clock operation,
an automated full-closure ﬂag shutter is installed. Permanent magnets are used for the Zeeman slower, as low-energy
consumption is important. The Zeeman slower is described in detail in Ref. [8].
The science chamber, shown in Fig. 3, is very compact compared to usual chambers for optical lattice clocks. Nevertheless, it maintains robustness and is energy eﬃcient. It weighs only 208 g, has eight viewports and a total of 17 optical
accesses: six for the MOT beams, one for the Zeeman slowing beam, two for the repump beams, two for the 1D lattice
beams/interrogation beam, two for detection and four spare accesses for further detection methods. Six viewports have a
clear access of 10-mm diameter, and two large viewports have a clear access of 34-mm diameter. The latter two contain
ﬁve accesses, each of 10-mm diameter. The viewports are made from BK7 glass, AR coated for all relevant wavelengths and
sealed to the chamber using indium. The chamber is manufactured from titanium as its thermal expansion coeﬃcient is
similar to that of BK7; it has favorable magnetic properties.
For a MOT ﬁeld gradient of 4.5 mT/cm, the power dissipation per coil is less than 6 W, yielding a total dissipation of
12 W. At this level, there is no need for active cooling of the coils. Instead, a multi-layer heat shield for the coils has been
designed and implemented. This consists of two layers of copper separated by an insulating layer acting in order to reduce
the heating effects of the MOT coils on the chamber (Figs. 1, 2). This heat shield could be actively temperature-controlled
in the future, in order to reduce the clock uncertainty contribution due to BBR.
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Fig. 4. (Color online.) Left: SHG-TA-PRO laser system emitting 461 nm for ﬁrst-stage cooling of Sr (TOPTICA). Right: 461-nm light distribution unit.

The atomic source is a low-power oven adapted from the device described in Ref. [9]. The atomic beam deposits Sr atoms
on the viewport of the 4-way cross after the 3D MOT chamber. In order to be able to remove the deposited strontium,
a sapphire viewport was installed, which is bakeable to high temperature for that purpose.
4.2. Laser system for the 1st-stage MOT
The 461-nm laser is a TOPTICA SHG-TA-PRO system (Fig. 4, left). It contains a 922-nm laser whose output is resonantly
frequency-doubled in an enhancement cavity, emitting 400 mW. The output frequency is stabilized to the FSS (see below).
A compact and robust frequency distribution unit (Fig. 4, right) acts as an interface between the 461-nm laser and the
atomics unit. The unit is of size 30 cm × 20 cm × 10 cm (6 L) and mass 5 kg and has one ﬁber input for the 461-nm laser
radiation and 9 ﬁber outputs, all of which are mounted on the same side, for ease of access. A 250-mW laser power is
available in the ﬁber input to the distribution unit. The ﬁber outputs are connected to the atomic unit.
The module can simultaneously supply required frequency (detuning) and intensity control for 2D & 3D MOTs, for the
Zeeman slower, for detection and for spectroscopy that serves to lock the laser. It contains ﬁve acousto-optical modulators
(AOMs) that can be controlled via a direct digital synthesizer (DDS), which itself can be interfaced with a computer.
4.3. Lasers for the second-stage MOT
The second-stage cooling employs the 1 S0 –3 P1 transition at 689 nm with a natural linewidth of about 7.5 kHz. In order
to take full advantage of the correspondingly low Doppler temperature, a cooling laser with sub-kHz linewidth is required.
We have observed that the spectral purity is especially important in the frequency range extending to 100 kHz around the
carrier: sidebands or noise in this range can severely compromise laser cooling and thus hamper the transfer eﬃciency of
the atoms from the second-stage MOT into the optical lattice. The spectral purity is typically achieved by a fast frequency
lock to a highly stable optical reference resonator in combination with suﬃciently small frequency noise of the free-running
laser. Here, the FSS (Section 4.5) serves as such a reference. To cover a broad range of atomic velocities when capturing
atoms precooled in the 461-nm MOT stage, during the ﬁrst phase of second-stage cooling, the laser spectrum is broadened
by modulation of the frequency with a peak-to-peak amplitude of 5 MHz and a modulation frequency of 30 kHz. In our
design, the modulation is introduced within the frequency control servo loop to the reference cavity through frequency
modulation of the sideband frequency in the FSS, thus avoiding power consumption and complexity of a dedicated doublepass AOM on the laser breadboard. Furthermore, the second-stage cooling of 87 Sr requires not only one laser that addresses
the  F = +1 cooling transition but a second (so-called stirring) laser to drive the  F = 0 hyperﬁne transition [10], which
is detuned by about 1.4 GHz from the  F = +1 transition. The stirring laser must have similar spectral characteristics as
the second-stage cooling laser and it needs to follow the frequency modulation of the cooling laser that is applied during
the initial phase of the second-stage MOT operation.
The two compact second-stage cooling laser pulse distribution breadboards are based on designs for the stationary Sr
lattice clock at PTB, and use half-inch optical components. To keep the optical setup simple without requiring a second
reference cavity, the stirring laser is phase-locked to the cooling laser using a beat note between both. The frequency of
this beat note is at 1.4 GHz and is detected with an avalanche photodiode, integrated on the stirring laser board. The beat
frequency is mixed with a reference frequency from the sixth harmonic of a 243 MHz DDS. A phase/frequency detector
creates an error signal, which is fed back to the piezoelectric transducer (PZT) (slow part) and the laser diode current (fast
part, small corrections) of the stirring laser. The parameters of the phase-lock were optimized to obtain a unity-gain bandwidth of 500 kHz. In the setup, commercial lasers (TOPTICA DL-pro), with long extended cavities for optimized free-running
linewidth, are integrated. To save space, the laser heads were removed from their housings and directly attached to the
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Fig. 5. (Color online) Left: design of the 2nd-stage cooling laser breadboard (689 nm). Right: design of the stirring laser breadboard (689 nm).

Fig. 6. (Color online.) In-loop beat note of stirring laser phase-locked to the second-stage cooling laser.

breadboards. For the cooling laser, the available laser power is boosted by an injection-locked laser diode. The output beams
are controlled in amplitude via acousto-optical modulators (AOM), additional mechanical shutters ensure complete shut-off
of the beams, as required to avoid any ac-Stark shift from stray light during the interrogation of the clock transition.
The two 689-nm laser systems comprise optical boards of size 30 cm × 45 cm × 12 cm and of mass 12 kg each (Fig. 5).
The boards possess ﬁber outputs into polarization preserving ﬁbers to the atomics unit, which can provide up to 10 mW
each. Additionally, there is one ﬁber between both boards, one from the cooling board to the FSS (1 mW) and two from the
stirring board to the atomics unit for spin polarization of 87 Sr.
The performance of the phase-locked loop (PLL) is indicated in Fig. 6. As expected for a phase lock with less than one
radian phase excursions, the beat spectrum collapses to a narrow δ -line. The remaining phase ﬂuctuations show up as a
small pedestal, with peaks at the unity-gain bandwidth of 500 kHz.
The operation of the clock also requires additional repumping lasers that, during MOT operation, repump atoms that have
decayed from the 1 P1 level via the 1 D2 state to the metastable 3 P2 state. The repumpers operate on the 707-nm transition
to the 3 S1 state, from where atoms decay to all ﬁne-structure levels of the 3 P multiplet. A second laser at 679 nm repumps
atoms from the 3 P0 state back to the 3 S1 , so that eventually all atoms decay back to the ground state via the 3 P1 state.
The same repumping scheme is used after the clock interrogation, to pump atoms from the upper clock state back to the
ground state for eﬃcient detection. In the fermionic isotope, both the 3 P2 and the 3 S1 levels are split by about 5 GHz due
to hyperﬁne structure [11]. Thus, to avoid optical pumping into dark states, both repumpers are frequency-modulated by a
peak-to-peak amplitude of more than 5 GHz at a frequency of 5 kHz to completely cover the full hyperﬁne structure, using
a modulation of the cavity length by PZTs.
The repumper breadboards, of size 26.5 cm × 32 cm × 12.1 cm, and mass 15 kg (Fig. 7) are based on TOPTICA DL-pro
diode lasers that are coupled in two ﬁbers each, one going to the atomics unit and the other going to a wavemeter for
long-term frequency control. Currently, the lasers are turned on/off using shutters rather than AOMs, in order to avoid the
power loss of AOMs.
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Fig. 7. (Color online.) Repumper breadboards containing the 679-nm laser (left) and the 707-nm laser (right).

Fig. 8. (Color online.) The lattice laser (813 nm) and its breadboard. The 813-nm seed laser (ECDL), is ampliﬁed using a tapered ampliﬁer (TA). Its output is
reﬂected from a diffraction grating acting as a frequency ﬁlter. PD: photodiode.

4.4. Laser for the optical dipole trap
For the 1D optical dipole trap, a high-power laser is required. The laser (TOPTICA) is a master-oscillator–power ampliﬁer
system that delivers a single-frequency output of 3 W at 813 nm. The laser and its breadboard (Fig. 8) have dimensions
50 cm × 20 cm × 20 cm and mass 30 kg. The breadboard includes a diffraction grating that ﬁlters out spurious spectral
background, which is generated by ampliﬁed spontaneous emission, before the light is coupled into a ﬁber output of the
breadboard.
The lattice light is transported via ﬁber to the atomics unit. There, it is focused using a telescope designed using commercially available parts (Thorlabs). The chosen optics yield a focus of the laser beam with a radius of around 120 μm,
centered on the atoms. The optics can easily be adapted to generate smaller foci. The design allows overlapping the lattice
laser beam with the clock interrogation beam by having the lattice beam retro-reﬂected, and the clock laser introduced
through the back side of the retro-reﬂection mirror. This arrangement (Fig. 2) further reduces the size of the apparatus. For
1.5 W of 813-nm light out of the ﬁber at the atomics unit and a lattice waist radius of 120 μm at the position of atoms in
the atomic chamber, a lattice trap depth of 100 E R results, where E R is the lattice recoil energy.
4.5. Frequency stabilization system (FSS)
The ﬁrst-stage cooling laser, the second-stage cooling laser, and the lattice laser require frequency instabilities of 1 MHz,
1 kHz, and 10 MHz, respectively, maintained over suﬃciently long time intervals with only an occasional correction from
the atomic signal. A dedicated, compact frequency stabilization system (FSS) has been developed for this purpose [7]. It is
based on a monolithic ultra-low expansion (ULE) block containing three 10-cm-long cavities: one for 922 nm/813 nm, one
for 689/698 nm, and one for the 679 nm/707 nm repumpers. The latter is unused at present, since the passive frequency
stability of the repumpers is suﬃcient. The ULE block is embedded in a 30 cm × 20 cm × 10 cm vacuum chamber that also
contains optics and photodetectors. The laser waves are input into the chamber via ﬁber feed-throughs. Fig. 9 shows the
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Fig. 9. (Color online.) The FSS. Left: open vacuum chamber, showing beam paths from the ﬁber outcouplers to the cavities and to the reﬂection error signal
photodetectors. Right: FSS (bottom) and the box containing the waveguide phase modulators (top).

Fig. 10. (Color online.) The 698-nm laser breadboard.

system. Together with a box containing the waveguide phase modulators and ﬁber connectors, the total volume occupied is
50 cm × 30 cm × 25 cm. The total mass is approximately 25 kg.
The cavities are not tunable. In order for the lasers to be tunable to their respective atomic transitions, an offset-locking
technique was implemented. Each laser wave is phase-modulated at a frequency produced by a DDS. One of the two sidebands is locked to the respective reference cavity. By computer-controlled tuning of the DDS frequency, the optical frequency
of the carrier wave can thus be tuned without loss of lock. In order to obtain robust PDH (Pound–Drever–Hall) error signals
for frequency lock, an additional phase modulation of the DDS frequency is used.
The 922-nm and 813-nm lasers are locked using the DIGILOCK 110 (TOPTICA). The 689 nm laser is locked using a
home-made proportional–integral–differential (PID) servo electronics. The measured linewidths, less than 1 MHz for the
922-nm and 813-nm lasers and less than 1 kHz (1 min time scale) for the 689-nm laser, are narrower than the required
ones [7]. The typical long-term drift of the 689-nm frequency is on the order of 0.5 Hz/s, since the ULE block is not
operated at the temperature of vanishing thermal expansion coeﬃcient. This drift value will eventually shift the laser out
of the 7-kHz-wide atomic resonance. We observed that the typical frequency drift in day-to-day operation is on the order
of 10–20 kHz (on the 689-nm cavity). It can be corrected using information from the Sr atomic signal. Another possibility is
to interrogate the 689-nm cavity by a sideband of the independently stabilized clock laser (698 nm) and to use the value of
its sideband frequency to correct the frequency of the 689-nm sideband DDS. The FSS is very robust: it can be tilted while
the frequency locks are maintained.
4.6. Clock laser
The 698-nm laser for interrogation of the atomic clock transition consists of the laser breadboard, the reference cavity,
and the electronics modules.
The laser breadboard of size 60 cm × 45 cm × 12 cm and mass 20 kg (Fig. 10) provides ﬁber-coupled outputs for
diagnostics by a wavemeter or for the FSS, for the frequency comb, and for switchable light with adjustable power for
exciting the atoms. The outputs for the comb and for the atomics unit contain the necessary optics for a cancellation
of the ﬁber noise by detecting the round-trip phase through the ﬁber, which is possible even in pulsed mode during
the interrogation of the clock transition [12]. The clock laser breadboard initially contained a low-power ﬁlter-stabilized
extended-cavity diode laser [13]. A slave laser was injection-locked to its output, boosting the power to 10 mW. During the
course of the SOC2 project, more powerful ﬁlter-stabilized 698-nm lasers were developed at Leibniz-Universität Hannover
that do not require the additional slave.
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Fig. 11. (Color online.) Left: section view of the clock laser cavity and its vacuum environment. Right: the cavity assembly.

The clock laser is tightly frequency-locked to an ultrastable Fabry–Pérot cavity via a PDH feedback loop, in order to
narrow down the spectrum. This leads to a long coherence time of the laser wave, thus enabling long interrogation times
of the atoms and therefore Fourier-limited atomic resonances, with widths potentially on the order of 1 Hz. To achieve a
narrow laser linewidth, the cavity must exhibit a high ﬁnesse, a low sensitivity to vibrations and must be under vacuum
in order to avoid ﬂuctuations of its optical length. The temperature stabilization of the cavity must be accurate enough to
reduce the frequency drift during the spectroscopy phase to a level such that locking errors are small compared to the
targeted accuracy. Once referenced to such a cavity, the short-term fractional frequency stability of the laser is typically in
the 10−15 range. The long-term ﬂuctuations (time scale larger than a few seconds) of the laser frequency are corrected via
a slow lock to the atomic clock transition, while the short-term laser ﬂuctuations still contribute to the clock instability
through the Dick effect [14].
A compact ultrastable cavity setup was developed with consideration of robustness against mechanical disturbances and
against uncontrolled temperature changes. The 10-cm-long reference cavity is made of a ULE glass spacer and uses optically
contacted fused silica mirror substrates in order to reduce the thermal noise ﬂoor. A ULE glass ring is contacted to the back
of each mirror substrate in order to compensate for the differential temperature sensitivity between the spacer and the
mirrors [15]. The cavity is mounted vertically, tightly ﬁxed to three gold-coated aluminum shields [16], as shown in Fig. 11.
The outer shield is vacuum-tight, and includes a copper ﬁnger that controls the temperature of the intermediate shield. The
shields are connected one to another by three titanium feet, therefore ensuring a very low heat exchange by conduction
between the shields [17]. The overall mass of the vacuum system plus cavity is 9 kg, and the volume is 5 L. The transport of
the setup by car over 800 km did not result in any signiﬁcant misalignment of the optics for coupling light into the cavity.
4.7. Integration
The laser breadboards and the atomics unit are currently collocated on one optical table, see Fig. 12. At the atomic unit,
all the necessary laser light is brought in by ﬁbers and connected to collimation packages. For the 3D MOT, dichroic couplers
including quarter-wave plates suitable for cooling with 461-nm and 689-nm radiation collimate the overlapped ﬁrst-stage
and second-stage trapping/cooling beams. These telescopes are attached to the chamber using custom-built, highly versatile
yet stable adapters. The telescopes, retro-reﬂection couplers and adapters all have low sensitivity to misalignment and to
vibrations. For the slower, repumper and detection beams, similar couplers are also employed.
5. Preliminary characterization results
5.1. 1st-stage MOT
The 461 nm distribution module delivers, from three ﬁbers, 3 mW each to three retroreﬂected MOT beams. The output
of each ﬁber is collimated to a diameter of 10 mm. A fourth ﬁber delivers 65 mW for the Zeeman slowing beam, which is
slightly focused onto the atomic source in order to improve the slowing and has a diameter upon entrance to the chamber
of 12 mm.
The AOMs in the distribution unit for the MOT and Zeeman slowing beams can be controlled via computer and thus
the detuning and intensity of the respective beams can be optimized to further cool and compress the 1st-stage MOT.
The magnetic ﬁeld gradient produced by the Helmholtz coils is also computer-controlled. After optimization, the 1st-stage
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Fig. 12. (Color online.) Atomics unit integrated with the laser systems, except for the clock laser system.

Fig. 13. (Color online.) Left: ﬂuorescence image of the ﬁrst-stage MOT containing 8 × 106 atoms. The size is approximately 1 mm in diameter. The temperature of the MOT is measured to be 1.2 ± 0.1 mK. Right: lifetime measurement of the atoms in the MOT, yielding 530 ms.

MOT provides approx. 8 × 106 88 Sr atoms and is approx. 1 mm in diameter. The temperature obtained after an optimized
cooling sequence, which involved ramping down the intensity and detuning of the MOT beams along with the magnetic
ﬁeld gradient, was determined to be 1.2 ± 0.1 mK. The measured lifetime is approximately 530 ms (Fig. 13). The blue MOT
consistently runs for at least 12 hours without interruption.
5.2. 2nd-stage MOT
The laser light from the 689 nm laser is divided into three waves by a 1-to-3 ﬁber splitter (Evanescent Optics). This
ensures low overall loss and a constant power balance between the beams. The three output ﬁbers are overlapped with the
blue MOT beams in the dichroic telescopes on the MOT chamber. This ensures that the alignment of the red beams will be
optimized along with that of the blue beams. Each red MOT beam is 3.3 mW in power and 10 mm in diameter. Compared
to the 1st-stage MOT, the magnetic ﬁeld gradient for the 2nd-stage MOT is only 0.65 mT/cm.
As mentioned above, in the initial, broad-band, second-stage cooling phase, the 689-nm radiation must be spectrally
broadened in order to overlap the Doppler spectral width of the 1.2-mK “warm” atoms, allowing capturing a suﬃcient
fraction of the atoms into the second-stage MOT. The double-phase modulation in the FSS is used for this purpose. The
689-nm laser is locked with a sideband to the FSS cavity. The sideband offset frequency is typically around 80 MHz. The
carrier is detuned by 2.5 MHz from the cooling transition. The sideband offset frequency is modulated with a peak-to-peak
amplitude of 5 MHz at a frequency of 30 kHz in order to achieve the required amount of spectral broadening. With 30 ms
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Fig. 14. (Color online.) Fluorescence images of the second-stage MOT. Left: broad-band phase, 2.3 × 106 atoms; the size is approximately 0.7 mm in diameter.
The temperature is 170 ± 10 μK. Right: single-frequency phase, containing 1.8 × 106 atoms at a temperature below 2 μK.

Fig. 15. (Color online.) Combined fractional frequency instability of the SOC cavity versus a stationary reference cavity (red) and versus the clock transition
of lattice-trapped Sr atoms (blue). Both sets of data were corrected for a second-order drift. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

of broad-band phase, we obtained a transfer eﬃciency of at least 40% from the ﬁrst-stage to the second-stage MOT, see
Fig. 14 (left).
The following single-frequency phase lasts for another 30 ms, the 689-nm laser now being detuned by 600 kHz, but
not modulated, and with each MOT beam attenuated to approximately 100 μW. We obtain 80% transfer eﬃciency from
broad-band to single-frequency MOT, see Fig. 14 (right). This gives an overall transfer eﬃciency from ﬁrst-stage MOT to
single-frequency second-stage MOT of at least 30%.
5.3. Clock laser
The clock laser breadboard (without the cavity described above) was successfully tested with an earlier reference resonator [18] for the characterization of the original SOC physics package [3]. With this system, the clock transition in 88 Sr
could be observed with 10-Hz linewidth in a different experiment.
In order to evaluate the stability of the new cavity, we have locked a (different, stationary) master laser at 698 nm to a
stationary ultrastable cavity, with a known ﬂicker noise level of 6 × 10−16 , and offset-locked the resulting light to the new
cavity. The frequency stability of the offset reﬂects the combined stability of the two cavities (red line, Fig. 15). Overall, the
ﬂicker ﬂoor is 1.7 × 10−15 , corresponding to 1.6 × 10−15 fractional instability for the new cavity. This value is still above the
expected thermal noise level of 6 × 10−16 . Residual pressure ﬂuctuations likely lead to an optical path length jitter of this
magnitude in the cavity. This could be improved further with a larger pumping capacity. The setup is temperature-controlled
close to room temperature (21 °C), and the maximum drift is less than 80 mHz/s, which can easily be compensated. The
1-K peak-to-peak daily variation of the laboratory temperature leads to a 500 Hz frequency change, corresponding to a
sensitivity around 10−12 K−1 . With an estimated coeﬃcient of thermal expansion of the cavity of 10−9 K−1 ; this indicates
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that the three thermal shields damp temperature ﬂuctuations by 3 to 4 orders of magnitude. At SYRTE, the probing of
lattice-trapped Sr atoms with a stationary laser locked to this cavity leads to a stability of 3 × 10−15 at 1 s (black line,
Fig. 15). This number is in good agreement with the expected contribution of the Dick effect, corresponding to a ﬂicker
ﬂoor of 1.6 × 10−15 .
6. Summary and outlook
We developed a novel Sr lattice clock apparatus of modular design and consisting of compact subunits. The subunits are
designed for mechanical robustness. The total mass is approximately 200 kg, excluding electronics. Although the apparatus
is not a prototype of a space clock, the value of this physical parameter is already in a range compatible with the intended space application on the ISS. At present, the apparatus can reliably trap atoms in the ﬁrst-stage and single-frequency
second-stage MOTs. Optimization of the MOT is ongoing. The next step consists in achieving trapping in the optical lattice,
after which the apparatus will be transferred to PTB for further optimization and characterization with respect to stationary
optical clocks. For transportability, all subunits, including the atomics package, will be installed in a vibration-isolated and
fully transportable rack with a volume of less than 970 L (1560 L including electronics).
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