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Abstract We report on a transportable optical clock,

based on laser-cooled strontium atoms trapped in an optical

lattice. The experimental apparatus is composed of a

compact source of ultra-cold strontium atoms including a

compact cooling laser setup and a transportable ultra-stable

laser for interrogating the optical clock transition. The

whole setup (excluding electronics) fits within a volume of

\2 m3. The high degree of operation reliability of both

systems allowed the spectroscopy of the clock transition to

be performed with 10 Hz resolution. We estimate a relative

uncertainty of the clock of 7 9 10-15.

1 Introduction

As the development of optical clocks is currently pursued in

many laboratories worldwide [1–4], a broad range of appli-

cations is taking shape with optical clocks on ground and in

space employed for high precision tests of fundamental

physics [5, 6], chronometric levelling-based geodesy [7],

improved RF standards for navigation [8] and observations of

cosmic radio sources with very-long baseline interferometry

(VLBI) [9]. For all these purposes, today’s complex and bulky

optical clock experimental setups need to be re-engineered

into more compact and power efficient systems, ensuring at

the same time a high stability and accuracy, but also high

operation reliability in critical environments [10], such as

application in the field or even satellites.

A first step in the engineering challenge leading to

space-based optical clocks is to demonstrate transportable

clocks. These are interesting because frequency compari-

sons of today’s best optical clocks cannot be done through

satellite links and tests with optical fiber links require

dedicated equipment [11–13]. A frequency transfer stan-

dard will allow for comparing clocks at the accuracy level

provided by the transportable clock [14].

In this paper, we present the realization of a transport-

able strontium optical clock, based on the integration of

two subsystems, a compact atomic source including a

compact cooling and trapping laser setup, and a trans-

portable clock laser, providing the laser-cooled sample of

strontium atoms and the ultra-stable radiation source for

interrogating the clock transition, respectively. The clock

laser, transported by van from PTB in Braunschweig to

LENS in Florence, was employed to perform high-resolu-

tion spectroscopy of the clock transition 1S0 � 3P0 of 88Sr

in the Lamb-Dicke regime and to characterize systematic

frequency shifts of the optical transition.

In the following, novel design solutions employed for

each subsystem are presented in detail, that allowed us to

reduce size, weight and power consumption with respect to

a traditional laser-cooling apparatus.
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2 The transportable clock setup

2.1 Compact system for cooling and trapping strontium

atoms

The compact source of laser-cooled strontium mainly

consists of the following modules: the cooling laser sour-

ces, a frequency distribution breadboard and a vacuum

system. The three modules are connected through optical

fibers and mounted directly on a 120 cm� 90 cm bread-

board. The control electronics is hosted under the main

breadboard in a 19’’ rack (size 60 cm� 60 cm� 180 cm).

Cooling and trapping of strontium atoms is performed

through a two-stage magneto-optical-trap (MOT) on the

dipole allowed 1S0 � 1P1 transition and on the intercom-

bination line 1S0 � 3P1, respectively (see Fig. 1). All the

employed lasers are based on semiconductor diodes [15,

16]. The laser set is composed of a frequency doubled

300 mW 461 nm laser, a 50 mW 689 nm laser, a 420 mW

813 nm (master ? tapered amplifier) laser and two

� 20 mW 679 nm and 707 nm repumper lasers. These

sources are used for the two-stage laser-cooling and sub-

sequent optical trapping in a one-dimensional (1D) lattice

at the magic wavelength [17].

All the optical beams for the first laser-cooling stage at

461 nm are produced in a compact module (size

30 cm� 40 cm� 8 cm). The module contains ultra-stable

mountings for mirrors, polarization cubes, plates, lenses

and acousto-optic-modulators (AOMs) to which the

461-nm radiation is delivered by fiber [18].

In order to reduce the number of beam-shaping optical

elements used in the breadboard while maintaining a high

diffraction efficiency on AOMs, an input beam 1=e2

diameter has been set to 0.5 mm. As a result, we obtain

high diffraction efficiency on AOMs ( [ 80 % in single-

pass configuration) without the use of any additional tele-

scope, while still keeping the possibility of resolving the

diffraction orders at short distances. Moreover, with this

choice a coupling efficiency into optical fibers of about

65 % is achieved. Then, the overall coupling efficiency

from the diode with a typical � 25 cm long optical path

inside the breadboard, including the AOM diffraction

efficiency (in single-pass configuration) and the coupling

efficiency into the output fiber, is typically � 50 %. The

frequency detunings from the 1S0 � 1P1 resonance for

Zeeman slower and MOT beams, of �320 and �40 MHz,

respectively, are obtained by using two AOMs in single-

pass configuration, driven at 170 MHz (� order) and

110 MHz (þ order), respectively. All output beams can

also be completely shut off by fast and compact mechanical

shutters. A beam for frequency stabilization of the first-

stage cooling light is obtained from a double-pass

configuration through an AOM driven at 75 MHz and sent

to the atomic beam used to load the MOT (see Fig. 2). In

order to extract an error signal from spectroscopy on the

cooling transition, the driving RF signal is also frequency-

modulated at � 10 kHz with a peak-to-peak deviation of

� 10 MHz. A low-power (� 1 mW) resonant beam for

absorption imaging is generated in a similar double-pass

configuration. For both double-pass AOMs, a cat’s eye

configuration has been realized by focusing the optical

beam on the retro-reflecting mirror with a lens at distance

f ¼ 60 mm from AOM and retro-reflection mirror.

The atomic sample is trapped in a vacuum system (size

120 cm� 40 cm� 36 cm) (see Fig. 2) consisting of the

oven region, where a collimated Sr atomic beam is pro-

duced, a Zeeman slower and the science region where the

Sr atoms are subsequently Zeeman slowed, trapped in a

two-stage MOT and eventually transferred in a 1D vertical

optical lattice for clock spectroscopy. The oven region is

pumped by a 40 l/s ion pump (pressure during operation

� 10�6 Pa), and the science region is evacuated by a 55 l/s

ion pump and a titanium sublimation pump (pressure �
10�7 Pa). A tube with an internal diameter of 5 mm and a

length of 7.5 cm is used to obtain differential pumping of

the two regions.

In the oven region, atoms sublimate in a compact and

efficient dispenser [19] based on a heater placed in vac-

uum, providing an atomic flux intensity of 1:7�
1013s�1sr�1 (88Sr atoms) at the oven temperature of 380 �C
with a total power consumption of 26 W. The atomic beam

is collimated by a nozzle of about 120 capillaries (internal

diameter 200 lm, length 8 mm). The high collimation

(� 40 mrad) and flux allow the laser frequency stabiliza-

tion to be performed with high signal-to-noise employing a

simple transverse fluorescence spectroscopy on the atomic

beam in the oven chamber (see Fig. 2). The atomic beam

S S1 1 1P PD D3 3 3

461 nm

slowing
&

1st cooling

repumping

clock

2nd cooling

707nm 679nm

698 nm
689 nm

02

1

0
1

1

2

2
3

2

1

5s

5s5p

5s5p

5s4d

5s5d

5s6s 497 nm

Fig. 1 Energy levels and relevant optical transitions for neutral Sr.
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propagates along a 23 cm long tube externally wrapped

with coils for Zeeman slowing. The magnetic field shape

for Zeeman slowing has been designed to smoothly match

the off-axis component of the MOT coils’ field (see Fig. 3)

[18]. The first part of the Zeeman slower (before the

inversion of the field given by the MOT coils) has a length

of 18 cm, and it operates with a power consumption of

17 W.

The decelerated atomic beam is trapped in a MOT at the

center of a science cell with eight CF40 and sixteen CF16

optical windows. Two custom CF150 flanges host the pair

of coils (in anti-Helmholtz configuration as needed for

MOT operation) outside the MOT chamber 2.6 cm away

from the atoms. In this configuration, a magnetic field

gradient of � 500 mT m-1 is obtained with a total power

consumption of � 60 W. With these levels of power con-

sumption for oven, Zeeman slower and MOT coils, we

could avoid the complication of water cooling, with a

typical chamber temperature of 318 K.

To make the alignment of the MOT beams long-term

stable, the cooling beams at 461 and 689 nm are delivered

by three dichroic fiber-coupled beam expanders fastened to

the science cell. A system of setting screws and counter

screws allows fine alignment and locking of the MOT

beams. Similarly, the MOT beam retroreflectors,

repumping, imaging and clock spectroscopy output cou-

plers are fastened onto the science cell. The alignment of

the MOT beams has been maintained for more than one

year without any further adjustment.

2.2 Transportable clock laser

The main clock laser breadboard is based on two diode

lasers in a master-slave setup. The master is a filter stabi-

lized extended cavity laser with resonator length 10 cm

[20]. About 0.5 mW of the master-laser power is used to

injection lock the slave laser. The breadboard has a total

size of 60 cm� 45 cm� 10 cm, and its design is similar to

frequency distribution breadboard presented in the previous

section. A 200 MHz AOM in double-pass configuration is

used to bridge the frequency gap between the optical res-

onator with free spectral range of 1.5 GHz and the fre-

quency of the clock transition. This AOM is used to scan

the frequency of the laser and also to enable frequency

feedback when the laser is locked to the clock transition.

Two output ports for clock spectroscopy and for counting

of the laser frequency provide a maximum optical power of

about 2 mW each. Both ports are provided with AOMs for

switching which can also be used to stabilize the optical

path length of the fibers. The interferometric setup for this

Fig. 2 Technical drawing of the

vacuum system (upper view and

section side view) showing the

main parts of the system (the

oven region, on the left and the

science region, on the right)
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stabilization is included on the breadboard [21]. The laser

was locked to a transportable high-finesse cavity whose

transportability had already been demonstrated within the

SOC project [22].

3 Experimental results

3.1 Cooling and trapping

In order to develop a more compact and low power

consumption experimental system for the production of

ultra-cold strontium atoms, several design solutions have

been adopted, together with an optimization of the effi-

ciency of each cooling and trapping step. In order to slow

down the atoms sublimating from the oven from 430 m=s

to below 130 m=s, an optical beam at 461 nm, circularly

polarized, is sent counter propagating to the atomic beam.

The laser beam has an optical power of 30 mW, an initial

1=e2 radius of r ¼ 5 mm, focused after 1m to compensate

the absorption of photons in the slowing process. Atoms

are kept in resonance during the slowing by compensating

the variation of Doppler shift with the proper Zeeman

shift from the magnetic field provided by the Zeeman

slower. First stage cooling of 88Sr atoms in the so-called

blue MOT is realized by three pairs of counter-propa-

gating optical beams, circularly polarized, detuned by

dL ¼ �2p� 40 MHz, with a saturation parameter for each

beam of s� 1 and a magnetic field gradient of

500 mT m-1. The blue MOT capture velocity is vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2amaxr
p

’ 100 m=s where amax ¼ 1
M

�hL
C
2

s
1þs

is the maxi-

mum acceleration exerted by cooling light, with kL ¼
2p=k the wavevector of the photons at k ¼ 461 nm, C ¼
2p� 32 MHz the natural linewidth of the 1S0 � 1P1

transition and M the atomic mass of strontium 88. As

expected, we find that the Zeeman slower increases the

loading rate of the MOT, resulting in a net increase of the

blue MOT population by a factor of � 40 (see Fig. 4).

The 1S0�1P1 transition used for the blue MOT is not

perfectly closed due to the decay channel of the 5p 1P1 state

toward the 4d 1D2 state, which has a lifetime of 0.5 ms

[23]. Atoms in the latter state may decay to the ground state

through the 5p 3P1 within \1 ms or may decay to the

metastable 5p 3P2 state and be lost. In order to recycle the

atoms stored in the metastable 5p 3P2 state, a 10 mW re-

pumper laser at 707 nm is used to pump these atoms in the

6s 3S1 state. An additional 10 mW laser at 679 nm is nec-

essary to deplete the 3P0 state since it is also coupled to the

6s 3S1 state. The repumping laser beams are superimposed,

expanded to 10 mm of diameter and sent to the blue MOT

and retroreflected. The repumping increases the atom

number in the blue MOT by a factor � 60. We studied the

loading dynamics of the blue MOT population N, given by

dN=dt ¼ /c � CLN � b0N2, where /c is the effective

loading rate of atoms in the MOT, CL is the linear loss rate

(mainly due to background collisions when repumpers are

operating) and b0 is the coefficient for two-body collisional

loss [24]. The previous equation with the initial condition

Nðt ¼ 0Þ ¼ 0 has the standard solution NðtÞ ¼ Nstð1�
expð�t=sÞÞ=ð1� n expð�t=sÞÞ where Nst is the stationary

number of trapped atoms, s is the effective trap loading

time and n is the collisional loss fraction [24]. With rep-

umpers, we measured Nst ¼ 4:5� 107 88Sr atoms, corre-

sponding to an atomic density of n0 ¼ 8� 109 cm�3,

s ¼ 282 ms and b0 ¼ 1� 10�8 s�1, leading to a rate of

Fig. 3 Simulation of the slowing dynamics with the field profile

given by the Zeeman slower coils and the off-axis quadrupole field of

the MOT coils

τ = 282 ms

Fig. 4 Comparison among blue MOT loading curves and final blue

MOT population obtained with repumpers and Zeeman slower beam

(red dash), without Zeeman slower magnetic field (green dash),

without repumpers (blue line) and without Zeeman slower beam

(black dash)
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captured atoms of /c ¼ Nst=sþ b0Nst
2 ¼ 9:7� 107 s�1.

Considering that the rate of atoms effused by the oven in

the solid angle covered by the Zeeman slowing beam is

6:5� 108 s�1, about 15 % of the atoms are actually trapped

into the blue MOT. This efficiency is mostly determined by

the optical pumping into the 4d 1D2 state, where atoms can

be considered lost from the slowing dynamics since the

state lifetime is comparable to the slowing time scale. The

probability of an atom to decay into the ground state after

the absorption of n photons is

Cb

Cb þ Cd

� �n

’ 1� Cd

Cb

� �n

’ exp �Cd

Cb

n

� �

: ð1Þ

where Cb ¼ 2:0� 108 s�1 and Cd ¼ 3:9� 103 s�1 are the

decay rates of the 1P1 state into 1S0 and 1D2 states,

respectively. Therefore, the actual fraction of slowed atoms

can be estimated through

g �
Z vmax

vmin

exp �Cd

Cb

nðvÞ
� �

f ðvÞdv ’ 20 % ; ð2Þ

where vmin ¼ 40 m=s is the minimum final velocity of

atoms at the end of the slowing dynamics, vmax ¼ 390 m=s

is the maximum atom velocity that can be slowed down

(according to the results of numerical simulation shown in

Fig. 4), nðvÞ ¼ ðv� vminÞ=vrec is the number of photons

necessary to reduce the atom velocity from v to vmin, vrec ¼
h=kM ’ 1 cm=s is the recoil velocity due to the absorption

of a photon at 461 nm and f ðvÞ is the velocity distribution

in an effusive atomic beam at T ¼ 380 �C

f ðvÞ ¼ 2
M

2kBT

� �2

v3 exp � Mv2

2kBT

� �

: ð3Þ

Therefore, the estimation of the Zeeman slower efficiency

g ’ 20 % given by Eq. 2 is close to the measured value.

Additionally, the blue MOT population enhancement factor

due to the operation of Zeeman slower can be estimated

from the ratio between the actual fraction of slowed atoms

g and the fraction of trapped atoms without Zeeman slower

g =
Z vc

0

f ðvÞdv ’ 70 ; ð4Þ

which is close to the measured value of � 40.

The final temperature of the blue MOT is minimized by

continuously reducing the optical power of the cooling

beams from the initial total saturation parameter of s ¼ 1 to

a final value of s ¼ 5� 10�3 in 10 ms. This power-reduced

phase lasts for 50 ms, leading to a final temperature of the

blue MOT of about � 2 mK measured with absorption

imaging (see Fig. 5).

The second laser-cooling stage is performed by using

the 1S0 � 3P1 intercombination transition at 689 nm (red

MOT). The optical beams needed for this phase are

superimposed on the blue MOT beams through the three

dichroic beam expanders. The 1=e2 diameter of the beams

for the red MOT is 10 mm, and the total intensity inci-

dent on the atoms is 60 mW cm�2. The atomic sample at

the end of the first cooling stage (T � 2 mK) has a

Doppler width of � 2 MHz, too large to be efficiently

transferred into the red MOT operating on a 7 kHz nat-

ural linewidth transition. For this reason, the spectrum of

the 689 nm laser is artificially broadened [25, 26]. This is

realized by modulating the radio frequency driving of the

AOM setting the frequency detuning of the cooling

beams. The modulation frequency is 50 kHz, with a span

of 4 MHz, leading to an optical spectrum of � 80 side-

bands, with a saturation parameter of 400 for each one,

with the closest to resonance at �300 kHz. This so-called

red MOT broadband cooling phase lasts for 60 ms, and

more than 70 % of the blue MOT population is trans-

ferred into the red MOT. At the beginning of this phase,

the Zeeman slower field is turned off and the MOT

magnetic field gradient is only 20 mT m-1 in order to

have all the atomic velocity classes resonant with the

cooling light and it is linearly increased to 70 mT m-1 in

a time interval of 30 ms to compress the atomic sample.

With a blue MOT loading time of 400 ms, the final

population of the broadband red MOT is 2� 107 atoms,

with an atomic density of 1:5� 1011 cm�3 and a tem-

perature of � 15 lK.

(a) (b)

(c) (d)

Fig. 5 Absorption imaging in-situ of the atomic sample at the

relevant phases of the laser-cooling sequence lasting a time t, with a

constant blue MOT loading time of 400 ms. a Blue MOT full power.

b Blue MOT low power. c Red MOT broadband. d Red MOT single

frequency
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The second laser-cooling phase is completed by

employing a single-frequency red MOT, with a detuning of

�300 kHz, a constant magnetic field gradient of

20 mT m-1 and reducing the total intensity of the cooling

beams down to 500 lW=cm2 in 50 ms. The single-fre-

quency red MOT phase produces a sample of 1:5� 107

atoms, with an atomic density of 2� 1011 cm�3 and a

temperature of � 2.5 lK. Since the gravity force is com-

parable to the radiation force of the red MOT beams, the

atomic sample sags down from the center of the MOT

quadrupole field, assuming an half-disk-like shape with a

vertical and horizontal diameter of 500 lm [26].

In order to have a long Doppler-free interrogation time

of the clock transition, the laser-cooled strontium sample is

trapped into a vertical lattice realized by retroreflecting a

290 mW laser beam near the magic wavelength for
88Sr kmagic ¼ 813:42757ð62Þ nm [27]. At this wavelength,

the light shifts of the 1S0 and 3P0 level are equal, so that the

frequency of the clock transition 1S0 � 3P0 is not light-

shifted by the lattice. The lattice laser output is coupled

into a single-mode fiber delivering an optical beam with

1=e2 diameter of 1.2 mm, which is expanded and focused

into the red MOT by a 300 mm focal length lens. The latter

is mounted on a 3-axis translation stage with micro-metric

actuators, so that the alignment of the beam onto the red

MOT can be finely tuned. The resulting beam waist radius

on the atomic cloud is w0� 40 lm. After the focus, the

divergent lattice beam is then collimated and retroreflected

by means of a dichroic mirror. The latter is employed to

couple into the lattice the clock probe beam at

kc ¼ 698 nm. The resulting beam diameter of the clock

light on the atoms is 74 lm. Taking into account the power

losses due to the telescope, focusing optics and cell win-

dows, the estimated lattice trap depth is U0 ’ 76 Erec

(corresponding to � 12 lK, in temperature units), where

Erec ¼ h�2k2=2M is the photon recoil energy with the

wavevector k ¼ 2p=kmagic of the lattice light and m the

atomic mass of 88Sr. At this depth of the potential, the

estimated longitudinal trap frequency is

mz ¼ 2Erec

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U0=Erec

p

=h ¼ 60 kHz.

The lattice is continuously operating, and at the end of

the second laser-cooling stage, about 3� 105 atoms remain

trapped, populating � 1,000 sites, for a total extension of

� 400 lm corresponding to the vertical size of the red

MOT. The 1=e2 radius of the atomic cloud trapped in the

lattice is measured with absorption imaging to be

rr ¼ 11 lm. The longitudinal 1=e2 radius of a single site,

of the order of kL=2, cannot be resolved by absorption

imaging and is estimated from the size rz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h�=Mxz

p

� 45 nm of the wave function of atoms popu-

lating the ground longitudinal vibrational state (this is a

good approximation since we have kBT=hmz� 0:9). Thus,

the trapping volume for lattice site is

Vsite ¼ ð2pÞ3=2r2
r rz ’ 5� 10�10 cm3. In order to reduce

the shift and broadening effects on the clock transition due

to atomic collisions [28], we set the number of trapped

atoms to below 104 (\10 atoms per site) by shortening the

total blue MOT loading time to 100 ms, leading to a peak

atomic density per site below 2� 10�10 cm�3. The number

of atoms is controlled by varying the duration of the blue

MOT stage and by finely tuning the position of the gate

valve separating the oven from the science region.

The lifetime of atoms trapped into the lattice is mea-

sured to be 1.4 s, limited by background gas collisions.

Both power and frequency of the lattice laser are not sta-

bilized. The relative RMS power fluctuation is below the

1 % level. The lattice wavelength is tuned near to the

magic wavelength of 88Sr [27], monitored by a wavemeter

and measured to be stable at k ¼ 813:4280ð1Þ nm over a

time scale of several hours.

3.2 Lattice clock spectroscopy

As a first test of the performance of the transportable clock

laser after the 2-days 1,300-km-long transportation, the

laser was compared with a stationary clock laser [29].

Figure 6 shows the beat note recorded just after re-instal-

lation of the clock laser in the laboratory. The installation

process took about one day, mainly due to re-thermaliza-

tion of the transportable cavity, which was not actively

temperature stabilized during transportation. The beat note

shows a linewidth of the order of 1 Hz compatible with the

laser frequency stability of 2�3� 10�15 at 1 s. The com-

parison with the stationary clock has also been used to

Fig. 6 Beatnote of the transportable laser with a stationary clock laser

at 698 nm. The estimated emission linewidth for each laser is 1 Hz
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123



estimate the absolute frequency of the transportable clock

laser with an uncertainty of \1 MHz.

Considering that the single photon 88Sr clock transition
1S0 � 3P0 is forbidden at any order, the magnetic field-

induced spectroscopy method is used to induce the clock

transition, by means of an external magnetic field coupling

the 3P0 to the 3P1 state [30]. The search-scan is performed

by using a mixing magnetic field of Bj j ¼ 19 mT and a

clock probe beam intensity of I ¼ 5:7 W=cm2, leading to a

Rabi frequency of 275 Hz, given by

XR ¼ a
ffiffi

I
p

Bj j ð5Þ

where aðSrÞ ¼ 198 Hz=ðT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mW cm�2
p

Þ [30]. In order to

have a high-contrast spectrum, the excitation pulse length

is Dt ¼ 100 ms, thus overdriving the clock transition

having an estimated p pulse duration of Dtp ¼ 1:8 ms. In

the search mode, the clock laser frequency is changed

with steps of 4 kHz, covering a span of 200 kHz in about

50 s (experiment cycle 1 s). A typical search-mode scan

is shown in Fig. 7. The excitation probability is given by

the ratio nð3P0Þ=½nð1S0Þ þ nð3P0Þ�, where nð3P0Þ and

nð1S0Þ is the atomic population of the 3P0 and 1S0 state,

respectively. The 1S0 population is obtained through

absorption imaging of the atomic sample after the clock

transition interrogation. Atoms in the 1S0 state are blown

away from the lattice by the resonant 461 nm imaging

beam. The atoms excited into the 3P0 level by the clock

probe beam are pumped back into the 1S0 state by means

of a 50 ms pulse at 679 and 707 nm. The 1S0 population

is then measured through an additional absorption imag-

ing sequence. From the spectra in Fig. 7a, the motional

sidebands are measured at � 65 kHz from the carrier,

thus corresponding to a Lamb-Dicke parameter

g ¼
ffiffiffiffiffiffiffiffiffiffiffi

mR=mz

p

’ 0:3, where mR ¼ h=ð2Mk2Þ is the atomic

recoil frequency shift associated to the absorption of a

photon with k ¼ 698 nm. The excitation probability in

the search-mode scan is only � 30 % since the actual

clock transition is under-sampled because of the need of

covering a large scanning span in reduced time. The

excitation pulse duration in the high-resolution mode is

chosen to realize an effective p pulse for each configuration

of magnetic field and probe intensity. For this purpose, the

actual atomic Rabi frequency is measured through the

observation of the Rabi oscillations (see Fig. 8). On the

carrier, the excitation probability approaches the 70 %

level. We find that the fitted Rabi frequency is about 50 %

of the one calculated from Eq. 5, an effect we attribute,

together with the reduced excitation probability of 70 %, to

the inhomogeneous distribution of the Rabi frequency

among the atoms that could be given by a residual spatial

inhomogeneity of the clock probe, by a residual misalign-

ment between the probe and lattice axes (estimated to

1 mrad) and by the thermal transverse atomic motion in the

lattice potential [31]. This effect can be significantly

reduced by employing a probe beam with larger diameter

and a colder atomic sample. By reducing both the mixing

magnetic field and the clock probe intensity, the low drift

rate of the clock laser (few mHz/s) allowed us to reliably

measure Rabi oscillations lasting for more than 100 ms and

Fourier limited spectra below the 10 Hz FWHM linewidth

(see Fig. 8).

A study of the systematics has been carried out and

values of estimated shifts on the 1S0 � 3P0 clock transition

are reported in Table 1.

(a) (b)

Fig. 7 Spectra of the 88Sr clock transition for different values of the

mixing magnetic field Bj j, clock probe beam intensity I and excitation

pulse length Dt. The frequency axes have arbitrary offsets. The clock

resonance is fitted with a Lorentzian function, and the obtained

FWHM is compared to the Fourier limit linewidth DmF ’ 0:8=Dt and

to the Rabi linewidth DmR ¼ 0:35
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DBDLj j
p

, where DB and DL are the

second-order Zeeman shift and clock probe light shift, respectively

(see the text). (a) shows a typical search-scan spectrum with the

maximum number of atoms loaded into the lattice N ’ 2� 105. (b) is

taken with clock interrogation p pulses and a lattice population of

N ¼ 7� 103
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The second-order Zeeman and probe-induced AC Stark

shifts have been evaluated by scanning around the clock

transition and interleaving measurements with different

values of the magnetic field and probe power. As frequency

reference, we rely on the clock cavity resonance whose

typical 1 Hz/s linear drift was compensated to better than

10 mHz/s with a programmable feed-forward AOM driver.

Magnetic field and clock probe power are monitored at

1 % precision level with a Hall probe and a photodiode,

respectively. They are calibrated through the known coef-

ficient b and k [30] by measuring the clock frequency shift

as a function of the magnetic field (2.2–4.1 mT range, also

inverting the direction of the field) and probe intensity

(0.9–3.2 W cm�2 range), as shown in Fig. 9. Values are

calculated for the 8.0(0.1) Hz linewidth clock transition

(see Table 1), obtained with a magnetic field of Bj j ¼
1:19ð4ÞmT and probe beam intensity of

I ¼ 0:922ð13ÞW cm�2, corresponding to a second-order

Zeeman shift and probe AC Stark shift of DB ¼ b Bj j2¼
�33:5ð2:4ÞHz and DL ¼ kI ¼ �16:6ð2ÞHz, respectively,

where b ¼ �23:3 Hz=mT2 and k ¼ �18 Hz=ðW=cm2Þ
[30]. The uncertainties on the second-order Zeeman shift

Fig. 8 Measurement of the Rabi oscillations in condition of

resonance with the clock transition for different values of the mixing

magnetic field and clock probe beam intensity. The data are fitted

with the function að1� cosð2pXFITDtÞ expð�Dt=sFITÞÞ, where XFIT is

the actual atomic Rabi frequency and sFIT gives the decoherent time

scale. The measured atomic Rabi frequency XFIT is � 50 % of the

estimated Rabi frequency XR calculated from the mixing magnetic

field and clock laser intensity (see Eq. 5)

(a) (b)Fig. 9 Systematic shifts of the
1S0 � 3P0 clock transition in
88Sr optical lattice clock.

a Measurement of the second-

order Zeeman shift as a function

of the Hall probe voltage.

b Measurement of the probe AC

linear Stark shift as a function of

the photodiode voltage. The

respective curves are used to

calibrate the Hall probe and the

photodiode to estimate the

applied magnetic field B and the

probe light intensity I through

the knowledge of the shift

coefficients [30]. The two

calibration coefficients

are c ¼ 29:0ð4ÞmV/mT

for the Hall probe and

g ¼ 104ð1ÞmV=ðW cm�2) for

the photodiode, respectively
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and probe light shift are given by the quadratic sum of the

standard error from the fit and the error on the voltage

reading of the Hall probe and the photodetector.

The effects of collisions on the 88Sr clock transition

have been studied in detail in [28]. In our optimal condi-

tions, the number of atoms trapped into the lattice is kept at

7:0ð7Þ � 103 (� 7 atoms per site), so that the correspond-

ing peak atomic density per lattice site of q ¼ 1:39ð14Þ �
1010 cm�3 leads to a collisional shift and broadening of

q� Dmq ¼ 1:0ð4Þ Hz and q� cdep=p ¼ 1:4ð6Þ Hz,

respectively, with the coefficients Dmq ¼ ð7:2	 2:0Þ �
10�11 Hz cm�3 and cdep ¼ ð3:2	 1:0Þ � 10�10 cm3 s�1

[28]. The uncertainties on collisional shift and broadening

take into account our experimental 10 % fluctuation of the

number of atoms shot-to-shot and the uncertainties of the

Dmq and cdep coefficients and density determination.

During the clock spectroscopy measurement, the vac-

uum chamber temperature is monitored with one thermistor

directly attached to the main chamber. No water cooling is

employed to cool the MOT coils, and after a warm up of

about three hours, the temperature of the whole cell sta-

bilizes to 318 K. While a more detailed study of temper-

ature gradients is mandatory for accuracy level below the

10�16 level, this lies beyond the scope of the present arti-

cle. We estimated the blackbody radiation shift to �2.5 Hz

with an uncertainty of 0.5 Hz, including the uncertainty

due to temperature gradients up to 	10 K inside the main

cell. The AC Stark shift induced by the lattice light has

been evaluated considering the effect of the detuning of

0.40 pm with respect to the magic wavelength for 88Sr

(with a scalar coefficient 8 Hz/nm=ER). Taking also into

account the uncertainty in the knowledge of the magic

wavelength and the smaller contribution from hyperpolar-

izability effect [32], the shift amounts to 0.3(4) Hz. The

amplified spontaneous emission (ASE) from the tapered

amplifier used as lattice laser is about 40 nm wide

and almost symmetric around the emission wavelength.

With a typical ASE intensity 40 dB below the carrier, we

estimated an additional shift of �1.0(5) Hz due to this

effect. The total value for the AC Stark shift has been

evaluated to be �0.7(9) Hz. At 8 Hz clock transition

linewidth, the achieved total fractional uncertainty is

� 7�10�15, with a transition quality factor of

Q� 5� 1013. With a current clock cycle time of Tc ¼ 1 s

(mainly limited by technical delays in the absorption

imaging detection) and an interrogation time Dt ¼ 130 ms,

the stability of the clock is limited at 4� 10�15 at 1 s by

the Dick effect [33]. With minor changes to the detection

system, a reduction of the clock cycle time to � 400 ms

can be implemented, maintaining the same number of

atoms into the lattice, thus reducing the contribution of the

Dick noise below 2� 10�15 level.

4 Conclusions

We presented a compact and transportable optical clock

based on strontium atoms. Novel design solutions allowed

us also to reduce the volume, weight and power con-

sumption with respect to traditional laser-cooling appara-

tus. As a result, the experimental physics package is

contained in a volume of \2 m3 and no water cooling is

needed to operate the clock. Furthermore, a modular

architecture ensured a high degree of operation reliability

of the apparatus both in stationary condition and after a

transportation of the experimental setup. To ensure high

clock frequency stability, cooling and trapping stages have

been optimized to allow high-efficiency transfer among

different cooling and trapping stages, thus allowing for

faster clock cycle time with high duty cycle. Spectroscopy

on 1S0 � 3P0 clock transition on bosonic 88Sr isotopes has

been demonstrated with an 8 Hz resolution. An evaluation

of the main systematic frequency shifts on the clock tran-

sition has been done, and the fractional uncertainty of the

clock is 7� 10�15.
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