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Summary

Atomic clocks constitute a fundamental tool for time and frequency metrology
and their application is widespread in many technological fields. In particular, the
International System of units (SI) defines the second on a microwave transition of
Caesium atoms. The realization is made by clocks reaching uncertainties of few
parts in 10−16, making the second to be the quantity realized with the smallest
uncertainty in the SI. However, a new generation of atomic clocks, called optical
clocks, have already demonstrated to surpass Caesium standards both in accuracy
and stability.

The research performed during my PhD activity has been focused on the de-
velopment and characterization of Ytterbium (Yb) optical lattice clocks. These
systems operate with a large number of ultra-cold neutral atoms having a clock
transition in the visible region of the electromagnetic spectrum. The atomic sam-
ple is trapped in an periodical optical potential called optical lattice that gives the
advantage to interrogate many quantum absorbers for an extended time, with small
perturbations, allowing to achieve an unprecedented stability and accuracy.

The main experimental work has been carried out in the laboratories of the
Istituto Nazionale di Ricerca Metrologica (INRIM) in Turin, where several atomic
clocks are present including the Italian primary frequency standard, the Caesium
fountain ITCsF2, and where an Yb optical lattice clock is currently being developed.
This thesis describes the functioning of the system along with the full characteri-
zation of systematic effects, the complete uncertainty budget and its first absolute
frequency measurement against the primary frequency standard. The clock exhib-
ited an accuracy of 1.6 × 10−16 and the comparison with the Cs fountain resulted
in a frequency of f171Yb = 518 295 836 590 863.59(31) Hz, limited by the fountain
uncertainty. This measurement is in agreement with the ytterbium frequency rec-
ommended as a secondary representation of the second in the SI and constitutes
the first measurement of a Yb clock in Europe and the second one in the world
against a primary frequency standard.

Several upgrades have been applied after the absolute measurement. In particu-
lar, the design and realization a system capable to frequency stabilize several lasers
on a single optical cavity is illustrated. This cavity has been implemented to lock
the lasers used to cool and trap the atomic sample at 399, 556 and 759 nm using
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the offset sideband locking technique, a modified version of the Pound–Drever–Hall
method that gives an extended frequency tunability. The system proved to be an
easy-to-use and reliable tool for the experimental activity showing a linewidth below
300 Hz at 556 nm, which is the wavelength that requires the most stringent perfor-
mance, and a long term drift below 20 kHz per day at 759 nm. That is suitable for
operating the lattice laser with a light shift uncertainty below 1 × 10−18.

During my PhD I have been guest researcher at the National Institute of Stan-
dards and Technology (NIST) of Boulder, Colorado, for nine months in 2016. In
these laboratories two Yb optical lattice clocks are operative. I worked on the in-
stability measurement of a composite system exploiting the two clocks to suppress
the Dick effect, called zero-dead-time (ZDT) clock, which demonstrated a fractional
instability of 3 × 10−17 at 1 s. The two clocks can also be operated to extend the
interrogation time obtaining a spectroscopic feature after 4 s of 120(20) mHz corre-
sponding to a quality factor Q > 4 × 1015. I also worked on the characterization
of several systematic shifts that allowed to complete the uncertainty budget of the
clocks at 1.6 × 10−18. In particular, I contributed to the characterization of lattice
light shifts considering the effect of atomic sample temperature and the identifica-
tion of a metrological regime called operational magic frequency where frequency
shifts are insensitive to changes in trap depth.
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Chapter 1

Introduction

Since antiquity, the measurement of time has always been a fundamental mat-
ter for the human being. The observation of the sun position during the day or
the stars position in the night sky as well as the course of the seasons were in-
deed a first approach adopted by ancient peoples to quantify the passing of time.
This knowledge was helpful to make decisions and predictions about agriculture
and many aspects of everyday life. Historical fundamental progresses, either civil,
scientific or military, were made possible thanks to a better measurement of time.
The prediction of Nile floods, the precise measurement of the longitude during nav-
igation or the synchronization of trains are only few examples of that. Under the
spur of this increasing demand of "precision", instruments used to measure time,
namely the clocks, became more and more sophisticated: from the first sundials
to the hourglasses, from the mechanical clocks to quartz oscillators and then to
the ultimate atomic clocks. Nowadays the precise and reliable time measurement
plays a fundamental role both in science and technology as well as civil society and
defence.

The importance of precise measurements resulted in the constitution of interna-
tional agreements about common definitions of the fundamental and derived unit of
measurement that then gave birth to to the International System of Units (or SI).
The agency designated to maintain the SI is the International Bureau of Weights
and Measures (BIPM), constituted in 1875 after the sign of the Metre Convention
and is located in Sèvres, France.

1.1 Time and frequency metrology and the defi-
nition of the second

Time and frequency metrology is the science that studies the definition and
the measurement of the unit of time (the second), the realization of the interna-
tional timescale, the dissemination and comparison of different realizations of the
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1 – Introduction

standard. Historically, the second has been measured by means of astronomical
arguments and its first definition was a fraction (1/86 400 ) of the Earth mean solar
day. At the end of XIX century, the fluctuation and increment of the Earth’s period
of rotation became a scientific evidence and, as a consequence, the definition was
no longer satisfactory. A new definition based on the motion of the Earth on its
orbit around the Sun (tropical year) came along and was adopted in 1960. This,
however, was found to be quite cumbersome to realize as well as difficult to dis-
seminate given its annual periodicity. At the time of this redefinition scientists had
already demonstrated that an atomic standard of frequency, based on a transition
between two energy levels of an atoms or a molecule, could be realized.

1.2 Atomic clocks
The basic concept behind the realization of atomic clocks comes from the fun-

damental principles of quantum mechanics [1] namely that electrons in an atom
can assume only certain, discrete, energy levels. These levels, apart from external
perturbations, are universally determined by quantum mechanics equations and
fundamental constants, which are considered valid in the entire universe. The in-
trinsic properties of the atomic structure, together with the universality assumed
here, make ’the atoms’ a better reference for the definition of the second than the
Earth motion.

Following quantum mechanics arguments, the electron transition between two
energy levels E1 and E2 causes the exchange of a photon of frequency ν0 = |E2 −
E1|/h, where h is the Plank constant. The transition, or resonance, can be driven
providing the atom a radiation at the frequency of the atomic transition ν0. This
oscillation constitutes a convenient basis to define the second as number of periods
of a certain reference transition frequency called clock transition. The first atomic
clock saw the light in 1955 by Essen and Parry [2]. It consisted in a device where
a microwave oscillator (also called local oscillator) is used to probe the hyper-fine
transition between the two ground state levels of 133Cs atoms. The frequency of
this oscillator is tuned to match the atomic transition of interest and is kept on
resonance using a feedback loop. The result is a frequency standard where the
intrinsic stability of the atom sample is transferred to a microwave radiation. In
other words, an intrinsic quantum property is picked up by a macroscopic object,
the oscillator.

Different atomic species were used to realize atomic clocks like, for example,
caesium

(
133Cs

)
, rubidium

(
87Rb

)
and thallium

(
205Tl

)
. The frequency of the Cs

transition was measured with respect of the ephemeris time in 1958 [3] resulting in
ν0 = 9 192 631 770(20) Hz . It was in 1967 that the International System of Units
(SI) [4] defined the second in terms of an atomic property, more precisely it is equal
to the duration of 9 192 631 770 periods of the ground state hyperfine transition
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1.2 – Atomic clocks

of 133Cs. This definition of the second is still valid today and it is realized by the
caesium microwave frequency standards which measure this transition in continuity
with the measurement done in 1958.

To quantify the clock performances, two estimators, or figures of merit, are
used: accuracy and instability. Accuracy quantifies the deviation of the frequency
realized by the standard from the nominal value given by unperturbed atoms. In
fact, the energy levels, therefore the transition frequency, are perturbed by many
environmental effects like, for instance, their motion (Doppler effect), collisions,
electric and magnetic fields or relativistic effects (second order Doppler effects). In
a frequency standard these effects have to be well controlled and quantified with
a related uncertainty. This characterization is usually reported in the so called
uncertainty budget (see chap. 5.3), a table which summarizes each effect with its
corresponding uncertainty and the final total value. It worth mention that, because
of systematic effects, the definition of the second was updated in 1990 considering
atoms at rest at a temperature of 0 K.

Instability, on the other hand, quantifies the dispersion of frequency around
the mean value realized by the frequency standard over the measurement time. It
is a statistical quantity and it is commonly evaluated using the Allan Deviation
(or two-samples deviation) [5] that expresses a statistical uncertainty as a function
of the measurement (averaging) time. The instability also limits the accuracy
determination as it is not possible to resolve a frequency shift smaller than the
statistical uncertainty of the frequency measure.

In general1, an atomic clock operates preparing the atomic sample in the proper
quantum state for the spectroscopic interrogation, |1⟩. After the interrogation,
made by the clock radiation, atoms can be either excited to the level |2⟩ or not
depending on the frequency of the local oscillator with respect to the atomic tran-
sition. By counting the number of excited atoms, the excitation fraction is extracted
and it is used to tune the clock radiation frequency and keep in on resonance. The
fundamental limit of this approach comes from the inherent quantum nature of the
system. Considering a linear superposition between the two states:

|ψ⟩ = α |1⟩ + β |2⟩ (1.1)

having α and β complex numbers such that |α|2 + |β|2 = 1. When α and β are
diverse from 0, the outcome of a measure on this system is uncertain, resulting in
the collapse of the wave function either in the state |1⟩ with a probability p1 =
|α|2 or in |2⟩ with a probability p2 = |β|2. In the same way, atoms interacting
with the probing radiation can be excited or not depending only by the statistical
quantum nature of the system, which eventually results in a fluctuation on the
signal collected from the atoms. This effect is called quantum projection noise

1Assuming a simple two level atom.
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(QPN) [6] and constitutes the fundamental limit to the instability of an atomic
frequency standard. The basic formulation of fractional frequency instability for
an atomic clock, without any additional noise but the QPN, can be expressed as
[7]:

σy(τ) = ∆ν
ν0

η

S/N
√
τ

= 1
Q

η

S/N
√
τ

(1.2)

with τ being the averaging time and η is a parameter close to 1 which depends
on the spectroscopic technique adopted. The main parameters affecting instability
are the spectroscopic line quality factor Q = ν0

∆ν
and the signal-to-noise ratio S/N .

Intuitively increasing Q means having a narrower transition or a higher frequency
transition while S/N increasing the number of atoms probed.

The first generation of atomic clocks were based on a thermal atomic beam
passing through a microwave cavity for the interrogation whose duration sets the
linewidth of the measured spectroscopic feature, as described by the Rabi method
[8]. Increasing the interrogation time requires the construction of larger cavities
which brings in many technical complications. A convenient spectroscopic tech-
nique was introduced by Ramsey in 1950 [9] then awarded by the Nobel Prize in
Physics in 1989, which consists in two short microwave interactions separated by
a free evolution time T (or dark time), where atoms travel from one cavity to the
other and are not illuminated. The resulting linewidth scales as ∆ν = 1/T . This
allowed to increase the interrogation time reaching an instability of about 5 × 10−15

at 12 hours of integration time and an accuracy of few parts in 1015 for caesium
standards [10].

After this generation different type of clocks were introduced like the hydrogen
maser [11] or atomic cell standards [12], where the atomic sample (commonly alkali
metal such as 87Rb) consists in a gas contained in a glass sealed container and
probed by microwaves. The next major step toward a better realization of the
second was the discover of laser cooling by Chu, Choen-Tannoudji and Phillips in
1995 [8], for which they won the Nobel Prize in Physics in 1997. This mechanism
permits to slow the atoms down to velocities of few cm/s, that can be related
to a temperature of few µK, thus further extending the interaction time as well as
significantly suppressing Doppler effects. This brought the invention of a completely
new device called atomic fountain, in which the atoms are cooled and trapped
using laser beams to form ultra-cold atomic aggregates at a temperature of the
order of 1 µK. These cold atoms ensembles are launched vertically passing twice
through the same microwave cavity, once on the way up and then when they fall
down under the gravity action, thus realizing a Ramsey interrogation. The latest
version of cryogenic caesium fountains reached an accuracy of ∼ 1 × 10−16 of and
an instability of about σy = 1 × 10−13/

√
τ/s [13] and are the current primary

frequency standard for the realization of the second.
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Figure 1.1: Fractional uncertainty of microwave and optical clocks over the years.
The yellow shaded region expresses the introduction of optical frequency comb

1.3 Optical frequency standards and the optical
frequency comb

So far we introduced atomic clocks based on a reference transition with fre-
quency in the microwave domain (∼ 1010 Hz). According to eq.(1.2), moving toward
higher transition frequency leads to a better instability. This pushed the research
on frequency standards having a clock transition frequency in the visible region of
the electromagnetic spectrum (∼ 5 × 1014 Hz). Intuitively, higher frequency means
a finer division of the time unit, like measuring a length using a ruler with a mm
scale rather than a cm scale. Researchers started to develop such devices during
the 1980s, after the spread of lasers, invented in 1960, which constitute the local
oscillator for these frequency standard.

The fist realization of optical clocks were based on a laser stabilized on atomic
or molecular transition like methane (CH4) or iodine (I2). The research on optical
clocks gained a strong momentum during the second half of 1990s after the devel-
opment of atomic manipulation techniques like laser cooling and trapping, together
with the improvement of laser sources and non linear optics to generate lasers with
frequency not directly available. Two principal approaches arose: optical clocks
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based on single trapped ions and optical clocks using many neutral atoms trapped
in an optical lattice. Both methods shares the idea to suppress Doppler and recoil
shifts by tightly trapping the atoms for an extended time, allowing, also, a long
interrogation of the sample which results in high precision spectroscopy.

The former type exploits the forbidden optical transition of single ions which can
be trapped and cooled using electric fields (both static and oscillating) and laser ra-
diations. The simplicity of the quantum systems gives the advantage of an accurate
manipulation and control the ion that, therefore, can be interrogated continuously
for extended periods keeping systematic effects under control and providing very
good accuracy. On the other hand, the signal-to noise ratio, and hence the insta-
bility, is lower compared to the neutral atoms counterpart as lower is the number
of quantum absorber involved in the measurement. Ion clocks have been realized
by many research institutes using different atomic species like Yb+ [14], Sr+ [15],
Al+ [16], Hg+ [17]. The best reported fractional accuracies of these type of clocks
are about few parts in 10−18 and a fractional instability of 5 × 10−15/

√
τ/s [14]. The

development of these systems brought two Nobel prizes in Physics, one to Wolfgang
Paul and Hans Dehmelt in 1989 for the advances in Ion traps [18] and a second one
to David Wineland in 2012 for his work on individual quantum systems [19].

Unlike ions, neutral atoms can not be trapped using electric fields without
modifying the electronic structure. This require the implementation of a differ-
ent confinement technique, based on the dipole force exerted on the atoms by a
non-uniform light field (AC Stark effect), where the atoms are trapped inside an
optical potential called optical lattice. In this way many atoms can be trapped
at the same time for an extended period, enhancing the signal coming from the
atomic sample and improving the clock stability. The optical lattice consists in
a periodical potential made by making interfere different laser beams in order to
generate a standing wave. The interference can be designed to have a trapping po-
tential either along a single axis (1D) or multiple dimensions (2D-3D). As already
mentioned, the tight confinement ’freezes’ the atomic motion along the lattice di-
rection, thus Doppler and recoil effects are strongly suppressed. Moreover, the long
lifetime of the trapped atoms permits an extended interrogation of the sample giv-
ing a high transition quality factor. Besides the confinement, the optical lattice
light field induces also a strong perturbation in the atomic levels. By tuning the
frequency of the lattice laser at the magic frequency [20] this effect can be sup-
pressed leaving an unperturbed clock transition (at first order). Optical frequency
standards currently operating worldwide are based on different alkaline-earth(-like)
atomic species: strontium, ytterbium, mercury and magnesium. The best perfor-
mances reported so far for optical lattice clock are accuracy of few parts in 10−18

(presented by NIST at EFTF-IFCS 2017) and instability of 6 × 10−17/
√
τ/s in the

case of zero-dead-time clock [21].
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Optical frequency measurements Microwaves can be generated and measured
by electronic devices. On the contrary, the absolute frequency measurement of an
optical radiation is not straightforward as the electronics is not fast enough to count
a THz oscillation. Starting from 1970, measurements were done by means of com-
plex frequency chains capable to fill the frequency gap [22, 23]. These devices were
based on a combination of several intermediate transfer oscillators that generated
a progressively higher frequency, always related to the reference microwave that, in
turn, was referenced to the primary frequency standard. The chain necessitate to
be designed for a certain limited frequency range and its complexity required many
to operate and maintain the system.

Optical frequency measurements were revolutionized by the invention of the
optical frequency comb in the late 1990s that also worth the Nobel prize in physics
to J. L. Hall and T. W. Hänsh in 2006 [24]. In this kind of devices a pulsed laser
generates a train of short wave-packets that, in the frequency domain, correspond
to a series of discrete sharp lines (or ’teeth’) spaced evenly. The frequency of the
N th line follows a well defined relation:

fN = NfR + fo (1.3)

where N indicates the tooth number, fR is the repetition rate of the laser pulse
which regulates the separation among the comb lines and fo is the offset frequency.
Both fR and fo are radiofrequency and can be easily referenced to a primary fre-
quency standard. An absolute optical frequency measurement can be promptly
done by measuring three radiofrequencies namely fo, fR and the beatnote among
the radiation under test and the closest comb tooth. In practice, the comb spec-
trum can be thought as a tunable frequency ruler in the optical domain linked to
radiofrequency quantities that are easy to measure.

1.4 Ytterbium optical lattice clock
Among the others alkaline-heart(-like) atoms, Ytterbium emerged as an ideal

tool for optical lattice clocks. It has atomic number Z = 70 and offers seven stable
isotopes, both bosonic and fermionic, that can be used to make different physics
experiments. The most external electronic shell contains two electrons that can be
arranged in singlet (S = 0, where S is the total spin quantum number) and triplet
states (S = 1). The electronic structure and the relevant atomic transitions are
reported in figure 1.2 using the spectroscopic notation 2S+1LJ where L is the orbital
quantum number and J is the total angular momentum.

In a pure fine-structure description a dipole transition from a singlet to a triplet
state would be completely forbidden as the spin changes, making lifetimes of the
3Pj triplet extremely long and vanishingly small transition linewidths. This is even
more emphasized in the case of the metastable 3P0 state for which an electronic
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Figure 1.2: Relevant energy levels for 171Yb including the hyperfine splitting of the
clock transition. From [25].

dipole transition from the ground state (1S0) would be double forbidden as ∆S = 1
and J = 0 → J = 0.

Of particular interest, in the case of optical clocks, is the fermionic isotope 171Yb
which has a nuclear spin I = 1/2 that provides a hyperfine structure (see fig. 1.2).
The hyperfine mixing of the 3P0 state with 1P1 and 3P1 states quenches the lifetime
in the excited state yelding to ultra narrow, non zero and laser accessible transi-
tion at 578 nm (yellow region of the visible spectrum) with a linewidth of about
10 mHz [26]. The narrow linewidth together with its low sensitivity to external
perturbations poses the 1S0 → 3P0 as the natural choice for the clock transition.

However, the optical lattice demands atomic samples with temperature below
its trap depth, typically at the level of tens of micro kelvin. With Yb laser cooling
techniques are quite straightforward to implement using two auxiliary atomic tran-
sitions. These are a strong 1S0 → 1P1 dipole transition at 399 nm (violet-near UV
region), 29 MHz wide, and the inter-combination line 1S0 → 3P1 at 556 nm (green)
with 182 kHz of linewidth. Experimentally, atoms are slowed and trapped in a two
stage magneto optical trap (MOT, see next chapter) reaching temperatures of tens
of microkelvin. On the top of that, 171Yb exhibits a magic wavelength (see next
chapter) at 759 nm [26] and a transition at 1389 nm which is used to move atoms
from the metastable 3P0 state to the ground state during the detection phase.
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Several optical lattice clocks based on Ytterbium atoms have been developed
in different national metrological institutes like the National Institute of Standards
and Technology (NIST) [27, 21] in USA, the National Metrological Institute of
Japan (NMIJ-AIST) and RIKEN in Japan [28], the Korea Research Institute of
Standards and Science (KRISS) [29] and the Istituto Nazionale di Ricerca Metro-
logica (INRIM) [25].

Currently, the unperturbed clock transition of 171Yb has been considered by the
CIPM as a secondary representation of the SI second with a recommended frequency
of 518 295 836 590 864.0 Hz with a relative standard uncertainty of 2 × 10−15 [30]
(2015).

1.5 Applications
As we have seen so far, optical clocks have demonstrated their capability to

perform measurements with a fractional uncertainty of few parts in 10−18. This re-
markable performances make their use appealing in many different contexts, open-
ing the doors to innovative scientific and metrological perspectives.

By means of precise time measurements is possible to test General Relativ-
ity [31]. In particular, these tests can be carried out in the Earth’s gravitational
field, looking for deviation from the geoid theory (Relativistic Geodesy), by making
remote clock comparisons. The gravitational red-shift caused by tens of centimetre
height difference is at the level of ∼ 10−17 and can be resolved by the best optical
lattice clocks in few minutes of measurements. This offers an appealing alternative
to the classical levelling methods based on terrestrial and satellite techniques that
lead to discrepancies at the decimetre level [32].

Optical clocks can be used to test theories beyond the Standard Model of par-
ticle physics by measuring the variation of fundamental constants over time [33] or
perform fundamental physics measurements at low energy regime [34].

High precision timekeeping can be useful to synchronize radio telescope arrays
for very-long-baseline interferometry experiment as well as for global navigation
system (GNSS) [35, 36].

Finally, from the metrological point of view, optical lattice clocks are consid-
ered as candidates for the future redefinition of the SI second. In fact, currently
their performances surpass the Cs primary frequency standards which realizes the
definition of the second [25, 37]. The Comité international des poids et mesures
(CIPM), which is the BIPM committee devoted to assure uniformity among the re-
alizations of units of measurement worldwide, recognized several optical transition
as secondary representation of the second.
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1.6 Thesis overview
The work presented in this dissertation deals with the development and the

characterization of optical frequency standards based on ytterbium (171Yb) atoms.
The main part of the experimental work has been carried out in the laboratories
of the Time and Frequency division of the Istituto Nazionale di Ricerca Metro-
logica (INRIM) in Turin. Part of my PhD was spent at the National Institute of
Standards and Technology (NIST) in Boulder Colorado, where I contributed to the
characterization of an ensemble of two Yb clocks as well as to perform instability
measurement. The thesis is arranged as follows.

In chapter 2 are reported the fundamental physical principles regulating the
interaction between light and matter used to manipulate the atoms for operate the
optical lattice clock along with the details of the spectroscopy techniques and the
fundamental aspects of ultra stable lasers and optical cavities .

The experimental details of the INRIM Yb clock are in chapter 3 together with
the generation of the lasers used in the experiment as well as the description of the
ultra-stable cavity used to stabilize the clock laser.

The description of a new system designed to stabilize many lasers at the same
time, the multi wavelength cavity, is in chapter 4. The details of the characterization
of the INRIM Yb clock as well as the absolute frequency measurement of the Yb
clock transition are given in chapter 5.

The description of the two optical lattice clock present at NIST, the details of
the characterization of some systematic effects and the results of the instability
measurement done with the zero-dead-time clock are in chapter 6.
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Chapter 2

Fundamental principles behind
the realization of Yb optical
lattice clock

The design of an optical lattice clock is founded on two main elements namely
the realization of high resolution spectroscopy and the use of a large ensemble of
atoms. Atomic motion, and its induced Doppler effect, represents the major distur-
bance when measuring an atomic transition. The use of cold atoms trapped in an
optical lattice [20] makes possible the simultaneous interrogation of a large number
of quantum absorbers for an extended period of time. The tight trapping strongly
suppresses Doppler and recoil shifts leading to an ultra-high resolution spectroscopy
of the clock transition while the large number of quantum absorbers gives a high
signal-to-noise ratio thus improving stability and accuracy of the standard. The
induced lattice light shift on the spectroscopic feature are strongly suppressed by
tuning the lattice at the so called magic frequency, where the perturbation is equal
on both ground and exited state of the clock resonance, thus leaving an unperturbed
clock transition (at the first order).

Nevertheless, several experimental steps are necessary to bring atoms in the lat-
tice and they all involve the use of coherent light. Atomic manipulation is necessary
to cool and trap atoms, prepare them in the right quantum state, probe the clock
transition and detect the outcome of the measurement. In this chapter the atomic
cooling and trapping techniques are presented in the first part while the second
part is dedicated to the optical lattice along with the induced light shifts.

The light source that probes the atomic sample, the local oscillator, plays a
key role in the performance achieved by the standard. The use of an ultra-stable
laser is necessary to measure narrow transitions such as the double forbidden 1S0 –
3P0 clock transition in Yb. To stabilize the frequency of laser sources the intrinsic
mechanical stability of an artefact is typically exploited. This is implemented by the
use of ultra-stable optical cavities. Spectroscopy techniques are reported in section
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2 – Fundamental principles behind the realization of Yb optical lattice clock

2.4 then, afterwards, the fundamental principles on the realization of ultra-stable
lasers are given. In the last section the limits of the clock stability are described.

2.1 Laser cooling and trapping
The optical lattice can trap several neutral atoms only with a kinetic energy

below a certain threshold set by the trap depth. Sample atoms, typically provided
by a hot atomic beam, are at a temperature (or speed) much higher than the
typical threshold (some tens of microkelvin) and thus need to be cooled down to
few hundreds of microkelvin. This is accomplished by a careful designed interaction
with coherent light.

Examining the interaction between a two-level atom, with a resonance frequency
ω0, and a monochromatic plane wave light field E⃗0, the strength of the interaction
is given by the so called Rabi frequency Ω which can be expressed as [38]:

Ω ≡ µ⃗eg · E⃗0

~
(2.1)

where µ⃗eg is the dipole moment of the transition between the ground and the excited
levels and e is the electron charge. This interaction induces a radiative force that,
if the atoms is at rest, can be expressed as [39]:

F⃗ = F⃗rp + F⃗react (2.2)

that is the sum of two components namely a dissipative force F⃗rp and a conservative,
reactive force F⃗react. If we consider the components of the dipole vector coming from
the steady state solution of optical block equations we have:

ust = δ

Ω
s

1 + s
vst = Γ

2Ω
s

1 + s
ωst = 1

2(1 + s) (2.3)

where δ = ω − ω0 is the frequency detuning from the atomic resonance, Γ is the
natural with of the atomic resonance and s = Ω2

2
1

δ2+Γ2/4 is the saturation parameter.
Using eq.(2.3) the two forces are:

F⃗rp = −~Ωvst∇⃗φ and F⃗react = −~Ωust
∇⃗Ω
Ω (2.4)

with ∇⃗φ as the phase gradient of the laser field. The dissipative term is also
known as radiation pressure and, given its non-conservative nature, it is exploited
to perform laser cooling. On the other hand, the reactive force, also called dipole
force, is conservative and can be used to confine atoms and generate atomic traps.
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2.1 – Laser cooling and trapping

2.1.1 Laser Cooling
We now concentrate on the radiation pressure term which, combining eq.(2.4)

and (2.3), is [8]:
F⃗rp = ~k⃗

Γ
2

s

1 + s+ ( δ
Γ)2 (2.5)

where k⃗ is the wave-vector of the incident light field. The physical interpretation
of this phenomenon comes from the multiple stimulated absorption and the subse-
quent spontaneous emission of photons by the atom. In fact, the photon carries a
momentum ~k⃗ which excites the atom that subsequently spontaneously decays to
the ground state, re-emitting a photon with a momentum of the same magnitude
but random direction. This difference in the direction of the photons’ momenta,
after averaging many interactions, gives rise to a force exerted on the atom with the
same direction of the laser’s photon momentum. This force is maximized when the
light is resonant with the atomic transition (δ = 0) and it saturates to a limiting
value F = ~k⃗Γ/2 if s ≫ 1. This limit is posed by the spontaneous emission rate
Γ, or excited state lifetime1/Γ, which regulates the number of scattered photons
per units of time. Since after every absorption/emission cycle the atom gains a
fraction of momentum along k⃗, this eventually sets the resulting force. The factor
1/2 is a consequence of the saturation regime where the laser intensity is so high,
thus also the number of photons, that as soon as the atom decays is immediately
re-excited. In the case of many atoms this means that the populations of ground
and excited states atoms approaches to 1/2. For high intensity laser beams the
stimulated emission is also present but, since it generates a photon collinear to the
incoming light, it does not contribute to the net force.

To quantify this force we can consider Yb (m ≃ 2.87 × 10−25 Kg) atoms with the
transition 1S0 – 1P1 at λ = 2π/k = 399 nm and Γ/2 = π×29 MHz ≃ 9 × 107 photons
scattered per second at saturation. The resulting force is F ≃ 1.5 × 10−19 N and
hence the acceleration is a = F/m ≃ 5 × 105 m/s2 which is about 50 000 times larger
the gravitational Earth acceleration. This represents the core mechanism exploited
to manipulate atomic motion which gave birth to laser cooling in 1995 [40, 41, 42].

If we consider now many atoms in motion, the radiation pressure can be used to
reduce their velocity. In this case the laser frequency seen by the atoms is shifted
by Doppler effect as ω′ = ω

(
1 + v

c

)
. As a consequence, when atoms speed changes,

so does the laser frequency (in the atom reference frame), making them out of
resonance condition and quickly stopping the deceleration process. This problem
can be addressed in two ways: either by sweeping the laser frequency or by inducing
variation on the atomic resonance by Zeeman effect [8]. In the latter case an atomic
beam can be slowed by using a counter-propagating laser beam at fixed frequency
together with a space-varying magnetic field making the so called Zeeman slower.

The use of pairs of counter propagating laser beams with same intensity and
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2 – Fundamental principles behind the realization of Yb optical lattice clock

frequency tuned below resonance (δ < 0) allows to generate a reduction of the
velocity dispersion of the atoms along the lasers’ propagation axis, thus realizing a
laser cooling process. From eq.(2.5), including the Doppler shift, the force exerted
on the atoms in this configuration is:

F⃗rp ≃ ~k⃗
Γ
2

⎡⎣ s

1 + 4(ω−ω0−kv)2

Γ2

− s

1 + 4(ω−ω0+kv)2

Γ2

⎤⎦ (2.6)

which shows how on an atom at rest there is no force applied while, if an atom moves
toward one of the two beams, it became resonant with the light and experiences a
force against its motion. Expanding this force for small velocities and small laser
intensity (s ≪ 1) gives:

Fsp ≃ −αv + O(v3) (2.7)
which corresponds to a friction force with damping coefficient:

α = −8~k2s
δ/Γ(

1 + (2δ
Γ )2

) . (2.8)

That is indeed positive for δ < 0 and it is maximized for δ = −Γ/2. This kind of
arrangement is called optical molasses.

The concept of laser cooling implicitly refers to the temperature of the atomic
sample. Since the system is non in thermal equilibrium, but rather in a steady-state
regime where the atoms are continuously interacting with light, the temperature is
not trivially defined. From the equipartition theorem we can express an effective
temperature from the averaged squared velocity ⟨v2⟩ of the atomic ensemble in the
optical molasses as:

1
2kBT = 1

2m⟨v2⟩. (2.9)

The steady state is reached when the radiation pressure force equals the heating
effects that are the atom recoil after spontaneous emissions together with the fluc-
tuation of the intensity of laser beams. This sets a lower limit temperature called
Doppler temperature[38]:

TD = ~Γ
4kB

1 + (2δ
Γ )2

(2δ
Γ )

(2.10)

that is minimized for |δ| = Γ/2 (which equivalent to maximize the damping force):

Tmin
D = ~Γ

2kB
. (2.11)

From the last equation we can appreciate how the lowest temperature obtain-
able with laser cooling is limited by the linewidth of the atomic transition (or
spontaneous decay rate) exploited to cool the atoms. Getting back to the Yb
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2.1 – Laser cooling and trapping

atom example, using the 1S0 – 1P1 transition we have Γ = 2π × 29 MHz, obtaining
Tmin

D ≃ 700µK.
Nevertheless, it has to be stressed that previous results were obtained in the

two level atom approximation that, for real atoms, does not lead to an accurate
description. In fact, in a multi-level atom sub-Doppler cooling mechanisms play a
significative role allowing to reach lower limit temperatures [8]. However, during
the operation of and optical lattice clock temperatures are typically close to the
Doppler limit without surpassing it.

2.1.2 Magneto Optical Trap

Figure 2.1: Example of a three dimensional MOT with anti-Helmoltz coils. I
indicates the current flow in the coils while in dark red are the magnetic field lines.

Optical molasses bring a huge reduction in the atomic temperature but they do
not provide any spatial confinement, leading to a diffusive expansion of the atomic
cloud. To implement spatial confinement, in addition to the viscous term in eq.(2.7),
is required a position dependent force. This is fulfilled by a magneto-optical trap
(MOT), which exploits the combined effect of optical molasses, magnetic fields and
polarized light (see figs. 2.1 and 2.2).

Considering a simple 1D case, the presence of an inhomogeneous magnetic field
of the form Bx = bx induces a space dependent Zeeman splitting of atomic levels
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2 – Fundamental principles behind the realization of Yb optical lattice clock
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Figure 2.2: Scheme of functioning of a 1D MOT.

that nulls at x = 0. Considering the case of an atom with total angular momentum
for the ground and excited state of Jg = 0 and Je = 1 respectively, the magnetic
field splits the excited state in three by:

∆E(x) = gJeµBmJebx (2.12)

where gJe is the Landé factor for the excited state, µB is the Bohr magneton and
mJe = 0,±1 is the projection of the total angular momentum along the magnetic
field axis. The Zeeman splitting makes the atomic resonance space-dependent but
also dependent on mJe . The use of red detuned counter propagating laser beams
with opposite circular polarization guarantees the right selection rules. In fact, to
conserve the total angular momentum, a laser σ+ polarized drives the transition
with mJg = 0 → mJg = +1 while σ− the opposite mJg = 0 → mJg = −1 giving rise
to a preferential absorption of photons from one of the two beams, depending on
the position.

From fig. 2.2 we can see how at x = 0 the magnetic field vanishes and also
the Zeeman splitting while, moving away from the origin, the constant gradient
linearly splits the Zeeman threefold. The two counter propagating laser beams
have opposite circular polarization (σ+ and σ−) and are both red detuned from the
unperturbed transition by δ. This results in a space dependent resonance frequency
which also depend on the light polarization. Therefore, an atom situated at x = 0
does not experience any net force whereas if it is placed, for instance, at x > 0 it
will be closer to resonance with the σ− (δ+ > δ−) light while at x < 0 with σ+
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2.2 – Optical Lattice

(δ+ < δ−) generating a radiation pressure force always pointing toward the centre
of the trap. More quantitatively it can be expressed as[38]:

F⃗ ≃ ~k⃗
Γ
2

⎡⎣ s

1 + 4(ω−ω0−kv−gJe µBbx/~)2

Γ2

− s

1 + 4(ω−ω0+kv+gJe µBbx/~)2

Γ2

⎤⎦ (2.13)

that comes from eq.(2.6) with the addition of the Zeeman splitting. Expanding this
equation for small x and v we obtain:

Fx ≃ −αv − κx with κ = gJemJeµBb

~k
α (2.14)

which is the equation of a damped harmonic oscillator with spring constant κ.
The method can be extended in the 3D case by using three pairs of counter

propagating polarized laser beams, along the three orthogonal axis, and a spher-
ical quadrupole magnetic field generated by a pair of anti-Helmoltz coils (see
fig. 2.1). The atoms, usually manipulated in ultra-high vacuum chambers (pressure
< 10−9 mbar), can be cooled and trapped for extended time (up to several minutes),
limited only by collisions with residual gas particles

2.2 Optical Lattice
Taking back eq. (2.4) it can be seen how the conservative component of the

radiative force depends on a spatial variation of the laser field intensity. The use
of focused far detuned laser light is fundamental to realize optical trap for neutral
atoms.

Expanding the expression for dipole force we have [39]:

F⃗react = −~δ
4

∇⃗Ω2

δ2 + (Γ2/4) + (Ω2/2) (2.15)

this depends both on the frequency detuning and, through the Rabi frequency, on
the laser intensity. It vanishes in absence of an intensity gradient in the laser field.
The sign of the frequency detuning determines the sign of the force: a blue-detuned
laser beam (δ > 0) impresses a force that repels atoms away from high intensity
regions while a red-detuned laser (δ < 0) attracts them.

The physical origin of this force can be seen as a consequence of a coherent
absorption and stimulated emission of photons. In the case of plane waves there is
a single wave vector k⃗ and no amplitude gradient, thus the stimulated absorption-
emission can happen only along k⃗ resulting in a zero net force. On the other
hand, a non-zero laser amplitude gradient can be thought as generated by the
superimposition of several plane waves with equal frequency but different wave
vectors (k⃗i /= k⃗j). The force arises from the stimulated absorption of photons
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2 – Fundamental principles behind the realization of Yb optical lattice clock

from a wave i and a subsequent stimulated emission in a different one j. This
sort of "redistribution" of photons does not exchange energy (~ωi = ~ωj) but the
momentum changes by ~(k⃗i − k⃗j) giving e conservative force. Given the fact that
the effect involves a coherent process, the force is not limited by the spontaneous
emission rate and can increase indefinitely with Ω.

The easiest way to generate an optical lattice is by making interfere two focused
counter propagating laser beams at the same, red-detuned, frequency. This creates
a standing wave along the propagation axis of the lasers (1 dimensional lattice)
with an intensity modulation of the laser field with maxima spaced by λ/2 along
the propagation axis (lattice longitudinal dimension). The focused lasers Gaussian
shape provides an intensity gradient also along the transverse direction. The dipole
force can be expressed as function of a trapping potential U that in this configu-
ration, and with red detuned lasers (attractive force toward maxima of intensity),
is:

U(r, z) = −U0 cos2(2πz/λ)e−2r2/ω2
0 (2.16)

where z and r are the longitudinal and radial coordinates respectively while U0 is
the trap depth and ω0 is the beam waist radius. From this equation the periodical
modulation of the lattice appears in the cosine term while the transverse confine-
ment is expressed by the exponential. The trap depth can be deduced from the
(one way) optical power P as[43]:

U0 = 4αiP

cϵ0πω2
0

(2.17)

with αi being the polarizability of state |i⟩.
In presence of a deep lattice we can assume the trapping potential to be har-

monic (V (x) = 1/2mω2x2) in the proximity of the minima:

U(z, r) ≃ U0

[(2πz
λ

)2
+ 2r2

ω2
0

]
= 1

2mω
2
zz

2 + 1
2mω

2
rr

2 (2.18)

where m is the atom mass. The longitudinal and radial frequencies are:

fz = ωz

2π = 1
λ

√
2U0

m

fr = ωr

2π = 1
ω0

√
2U0

m
= 1
ω0
λfz.

(2.19)

2.2.1 Tight confinement - Lamb Dicke regime
The confinement of many atoms inside the optical lattice potential gives the

big advantage to suppress the atomic motion and allows an extended spectroscopic
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2.2 – Optical Lattice

Figure 2.3: Left: harmonic trapping sites of the optical lattice with motional side-
bands. The transition between ground and excited state with the exchange of
quantum of motion. In black there is the carrier which is a pure electronic transi-
tion while in red is the first red sideband and in blue the first blue sideband. Right:
Spectrum generated by the Lamb-Dicke regime showing the motional sidebands
and the unperturbed pure electronic transition. From [7].

interrogation. Following the harmonic approximation, we can see that longitudinal
trapping gives the well known energy spectrum of a harmonic oscillator (see fig. 2.3):

En = hfz(n+ 1/2) (2.20)

where n is integer and called vibrational quantum number. The strength of the
confinement along the lattice axis determines the separation of vibrational levels
by fz. The atomic state can be thus divided in two elements namely the elec-
tronic part (internal degree of freedom) and the motional part (external degree of
freedom). The former gives the usual transition among ground and excited state
while the motional term brings the vibrational quantum number n into play. As a
consequence, when the trapped atoms are probed by a laser sent along the lattice
axis, can make purely electronic transition |g, n⟩ → |e, n⟩ at frequency ω0 or can
exchange a quantum of motion |g, n⟩ → |e,m⟩ at frequency ω0 + (m− n)2πfz.

The magnitude of confinement is expressed by the Lamb-Dicke parameter η,
which compares the spatial extent of the confined atom to the transition wavelength:

η ≡ k∆x = k

√
~

2mωz

=
√
ωR

ωz

(2.21)

where ωR = ~k2/(2m) is the recoil frequency of the atom exchanging a photon at
ω0 and ωz = 2πfz and k is the wave-vector of the probing light.

If η ≪ 1 the atom is in the so called "Lab-Dicke regime" where it is trapped in
a region smaller than the wavelength of the probing transition. In this regime, the
lattice potential, which provides the confinement, takes the recoil momentum from
the atoms leaving the pure electronic carrier transition not shifted or broadened
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2 – Fundamental principles behind the realization of Yb optical lattice clock

by motional effects and the sidebands, generated by the transitions with different
motional levels, are well resolved.

The relative amplitude of the motional sidebands carries information about
the average motional level occupied by the atomic sample. Intuitively, a lower red
sideband is related to a lower ⟨n⟩ since an atom at n = 0 do not have the possibility
to go to lower states and thus more atoms undertake a transition |g, n⟩ → |e, n+ 1⟩
than |g, n− 1⟩ → |e, n⟩.

Figure 2.4: Sideband spectroscopy of the 1S0 – 3P0 clock transition of 171Yb atoms
trapped in an optical lattice at different trap depth. Darker traces indicate stronger
trap. From [44].

The typical way to assess informations about trapping condition, like trapping
frequency and the sample temperature, is by performing motional sideband spec-
troscopy like reported in sec.5.1.6. Fig. 2.4 shows a typical sideband spectra taken
at different trap depth. It can be noticed how the motional sidebands are smeared
toward the central carrier. This results from the coupling of the radial confine-
ment with the longitudinal trap. In fact, atoms are tightly trapped only along the
lattice axis while, given the weaker transverse confinement, they can move across
the entire transverse profile of the beam, particularly if they occupy a high trans-
verse motional quantum number. When an atom is at a low intensity region of the
Gaussian profile it senses a lower longitudinal confinement which reflects in a lower
trap frequency. Moreover, for atoms with a high longitudinal motional level the
harmonic approximation is not accurate, as they start to feel anharmonicity of the
trapping sites, and this also gives lower trap frequencies.

2.2.2 Lattice light shift and magic frequency
Trapping of many atoms in optical lattice is the key feature to suppress Doppler

and recoil effects and achieve a high resolution spectroscopy. The dipole force used
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2.2 – Optical Lattice

to confine the atoms is generated from the interaction with a strong light field
and is a manifestation of the AC Stark effect [8]. This effect strongly perturbs
the atoms’ internal degrees of freedom thus affecting the clock transition and its
frequency. To realize an accurate frequency standard this light shift has to be
carefully compensated.

The interaction with a lattice laser field having electric component E0 and
frequency ωL introduces a shift on the state |i⟩:

∆ωi = − 1
4~αi(ωL, e⃗)E2

0 (2.22)

where αi(ωL, e⃗) is the dipole polarizability of the state |i⟩, which depends on the
lattice frequency and its polarization e⃗. As a consequence, an atomic transition
between ground (g) and excited (e) state is shifted (at first order) from the unper-
turbed value ωeg according to:

ω∗
eg = ωeg − 1

4~∆αeg(ωL, e⃗)E2
0 + O(E4

0) (2.23)

where ∆αeg = αe−αg is the differential dipole polarizability between the two states.
The idea proposed by H. Katori in 2002 [45] was to cancel the first order light

shift of J = 0 → J = 0 clock transition of alkaline heart(-like) atoms by induc-
ing the same AC Stark perturbation on both the ground and the excited states,
therefore leaving the clock transition frequency unperturbed. This can be done by
tuning the lattice laser frequency at the so called magic frequency where

αe(ωmagic) = αg(ωmagic) ⇒ ∆αeg(ωmagic) = 0. (2.24)

Figure 2.5 shows the polarizabilities of the 1S0 and 3P0 atomic states in the case
of 171Yb atoms that are, respectively, the ground and excited states of the clock
transition. It can be seen that, in this case, the magic wavelength at about 759 nm.
In addition, it has been demonstrated [20] that the scalar nature of the clock states
(J = 0) gives a negligible dependency on the polarization of the lattice light, thus
we can drop the e⃗ dependency of the scalar polarizability.

The description given so far allows to realize an optical frequency standard with
an accuracy at the 10−16 level [46]. When we approach to lower uncertainty, the
concept of magic wavelength confinement breaks down and higher order correction
needs to be taken into account. The first contribution comes from interactions
different from the electric dipole (E1) that modify the scalar polarizability. Con-
sidering magnetic dipole (M1) and electric quadrupole (E2) transitions we can
write [20]:

α(ωL) = αE1(ωL) + αM1(ωL) + αE2(ωL) (2.25)
where αE1 dominates and multipolar polarizabilities αM1(E2) are calculated to be
about 106 times smaller than αE1 [20, 46]. The effect of these correction is to
slightly shift the magic wavelength obtained considering only E1 interactions.
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Figure 2.5: Light shift of the clock transition ground and excited states in 171Yb as
function of lattice laser wavelength. A crossing point is present which wavelength
corresponds to the magic wavelength.

Another important factor to be taken into account is the O(E4
0) term from

eq. (2.23). If we consider the second order light shift we obtain:

ω∗
eg = ωeg − 1

4~∆αeg(ωL)E2
0 + 1

64~∆γ(ωL, e⃗)E4
0 − . . . (2.26)

where is visible the second order shift characterized by the difference between hy-
perpolarizabilities of the upper and lower states ∆γ coming from two photons in-
teractions closed to the magic wavelength. Even though the scalar term is nulled
at the magic wavelength, the quadratic term still introduces a shift of ≈ 10−17 to
the clock transition [47] which, if not properly controlled, can limit the accuracy of
the standard.

On the top of that, the atomic trapping in the lattice potential at the Lamb-
Dicke regime introduces quantized motion of the atoms that, consequently, expe-
rience different trapping conditions depending on n. This, in particular, has an
impact on the spatial dependence of the multipolar couplings term, giving rise to
a light shift ∝

√
E2

0 [46].
When all these subtle effects are taken into account, together with anarmonic

modifications of the trapping potential, the resulting light shift induced by a 1D
optical lattice in the proximity of the E1 magic wavelength is [48]:

∆νls(I, n,∆νL) = c1(n,∆νL)I + c2(n,∆νL)I2 + c1/2(n,∆νL)I1/2 + c3/2(n,∆νL)I3/2

(2.27)
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where I = ϵ0cE
2
0 is the single lattice laser beam intensity while c coefficients carry

the dependency on the lattice frequency detuning from the magic frequency ∆νL

and the vibrational level occupied by the atoms n. The scalar part is cancelled at
the magic wavelength, the quadratic part accounts for the hyperpolarizability while
the last two terms take into account the multipolar effects.

The explicit version of the light shift formula together with the experimental
evaluation of lattice light shift for the INRIM clock has been reported in chapter
5. The effect of different atomic temperatures, thus changing n, on the lattice light
shift has been experimentally investigated by the NIST Yb optical lattice clock
experiment and reported in chapter 6 along with a different theoretical derivation.
In addition, the operational magic frequency is introduced to surpass the limits
of the standard magic frequency by using the combined effect of the linear and
quadratic shifts.

2.3 Magnetic field sensitivity
171Yb is an odd isotope and possesses a nuclear spin of 1/2 which is responsible

for the hyperfine structure. This makes possible the quenching of the metastable
3P0 state lifetime allowing an ultra narrow, but non zero, linewidth of the double
forbidden clock transition 1S0 – 3P0. This transition, in presence of a magnetic field
that lifts the degeneracy, is splitted in two magnetic components. The spectroscopy
of these components allows to experimentally remove the shift induced by magnetic
fields while the preparation of the atomic sample in a single hyperfine ground state
level permits to suppress cold collisions among atoms.

2.3.1 Zeeman coupling
The presence of a nuclear spin I gives rise to a hyperfine structure with 2F + 1

substates, where F = J + I is the total angular momentum. Since for both clock
states J = 0, the hyperfine levels are 2I+1 so the ground and excited states are both
twofold (mF = ±1/2, where mF is the F component parallel to the quantization
axis) and degenerate. The degeneracy is broken by the application of an external
magnetic field B⃗, which also defines the quantization axis, through the Zeeman
effect:

∆EB = −(gI + gHF I)mFµBB (2.28)
where gI is the Landè factor related to the nuclear spin while gHF I comes from the
hyperfine mixing of the 3P0 state, µB is the Bohr magneton and B is the magnitude
of the magnetic field. For 171Yb we have gI = 0.4919µN and gHF I ≃ 2.9 × 10−4 [26]
where µN is the nuclear magneton which is smaller than µB by the ratio between
the masses of electron and proton. The 1S0 is subjected to the Zeeman shift caused
only by the nuclear spin while 3P0 is perturbed by both contributions.
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Figure 2.6: Diagram of the hyperfine structure of the clock transition for 171Yb in
presence of Zeeman splitting.

The scheme of the hyperfine levels of the clock transition is reported in fig. 2.6.
The selection of the transition of interest is done using polarized light, in fact
circular polarized light (σ±) makes ∆mF = ±1 while linear polarized (π) makes
∆mF = 0.

By measuring the frequency of the two π transitions it is possible to monitor
in real time the magnetic field environment during the operation of the clock and
subsequently cancel the the Zeeman shift. However, this requires the presence of a
bias magnetic field during spectroscopy that introduces also a second order Zeeman
shift that has to be characterized (see sec.5.3.3).

2.3.2 Scalar, vector and tensor light shift
A neutral atoms becomes polarized in presence of an electric field of a laser

radiation and this is regulated by the polarizability term α. Given the scalar
nature of the clock transition (both ground and excited states have J = 0) the
scalar polarizability would be the only perturbation present. This can be zeroed by
tuning the lattice laser at the magic wavelength. However, the nuclear structure
introduces other perturbations to the clock transition. Indeed, the hyperfine mixing
of the metastable 3P0 state brings in a non-zero vector and tensor polarizability of
the excited state.

Considering the vector light shift, it is described by [49]:

δνV = −αV
mF

2F ξ
E2

0
2h (2.29)

where αV is the vector polarizability and ξ indicates the ellipticity of the light
namely ξ = ±1 for circular polarization and ξ = 0 for linear. Given the linear
dependence with mF , this effect can be seen as a pseudo magnetic field aligned with
the propagation axis of the lattice and it vectorially sums with the bias magnetic

24



2.3 – Magnetic field sensitivity

field. Calculations of αV indicate that this term is about 1600 times smaller than
the scalar one [26].

Even thought the effect can be ideally suppressed by using a linearly polarized
lattice laser, the light seen by the atoms in a real experiment is polarized at a
certain level and disturbances can be present (stress induced birefringence of the
optics and view-ports). By measuring the two magnetic components of the clock
transition (mF = ±1/2), this residual shift can be experimentally reduced to a level
that is negligible in the count of uncertainties.

As fa as the tensor light shift is concerned, for a transition with ∆mF = 0 the
shift is [49]:

δνT = αTU0[3m2
f − F (F + 1)] (2.30)

where αT is the tensor polarizablity. It can immediately seen that in the case of
171Yb its total angular momentum of F = 1/2 is not enough to sustain a tensor
shift which in fact vanishes. This gives a significant advantage for 171Yb compared
to other atomic species with higher nuclear spin (like Cs which has I = 9/2).

2.3.3 Optical Pumping

Figure 2.7: Hyperfine splitting of the 1S0 −3 P1 levels, the relevant transitions with
their polarizations are sketched.

Naturally, the atomic population is equally divided among the two ground state
Zeeman levels. The splitting of the spectroscopic features causes a reduction by a
half of the contrast and thus also does the signal-to-noise ratio. To avoid that, the
atomic sample needs to be prepared in a single, specific Zeeman level. Moreover,
having an atomic ensemble prepared in the same quantum state strongly suppresses
the cold collisions [50], reducing the impact of the systematic shift.

The way to achieve that is to optically pump atoms in the Zeeman level of
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2.4 – Spectroscopy techniques

interest, using the intercombination transition 1S0 – 3P1 at 556 nm. The hyper-
fine structure of the two levels is reported in fig.2.7. By selecting the proper fre-
quency and polarization a single specific transition can be driven which can be
either mF = 1/2 → mF = −1/2 or mF = −1/2 → mF = 1/2. Since the de-
cay follows predominately (by a factor of two) the channel with no spin change
(∆mF = 0) a big fraction of the excited atoms falls in the "new" spin state (the
opposite to the starting one) where they no longer interact with the light pulse. On
the other hand, if atoms decay through a σ± transition (∆mF = ±1/2),they return
in their original state and can be excited again. By repeating this process several
times the atoms are pumped in a specific spin state with an efficiency of more than
99 % (see fig. 2.8).

2.4 Spectroscopy techniques
In optical lattice clocks the interrogation of the ultra cold atomic ensemble held

in the optical lattice is made by means of two different techniques namely the Rabi
and Ramsey methods. Using these methods allows to measure narrow spectroscopic
features that are used as frequency reference to tune the clock laser frequency.

The Rabi technique is used by the INRIM clock (presented in the following
chapters) while the NIST experiment (presented in chapter 6) can operate using
either methods.

Rabi scheme

This method is based on the coherent excitation of atoms by means of a single
resonant probe laser pulse. This is regulated by the dipole interaction Hamiltonian
Hint = d⃗ · E⃗ (d⃗ is the atomic dipole moment and E⃗ is the laser electric field) that
leads to an atomic excitation called Rabi Flopping. The probability for an atom
to be excited depends on both the intensity of the probe laser, the duration of the
interrogation (t) and its frequency detuning from the resonance (δ). The population
of the excited state can be expressed as [8, 38]:

Pe(t, δ) = Ω2

Ω2 + δ2 sin2
(√

Ω2 + δ2t

2

)
(2.31)

where Ω is the Rabi frequency (eq. (2.1)). If a π-pulse is applied (Ωt = π) the
probability becomes a sinc2 and it is maximized in the case of δ = 0. The Fourier-
limited full width half maximum of the resulting line-shape is ∆νRabi ≃ 0.8/t and
points out the importance of an extended interrogation time (see fig. 2.9). Longer t
gives narrower spectroscopic lines, limited only by the coherence time of the probing
laser.
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Figure 2.9: Typical Rabi spectrum obtained with Ωt = π.

Ramsey scheme

A different spectroscopy technique, developed by N.F. Ramsey in 1950 [9], con-
sists in the application of two probing pulses of duration τp spaced by a certain
amount of dark time or free-evolution time T . Contrary to what happens in mi-
crowave frequency standards, in optical lattice clocks the atomic sample do not
moves through two separate regions of interaction but remains trapped in the lat-
tice where is sequentially probed by two laser pulses.

The interaction starts having the atom in the ground state. When the first pulse
is applied it generates a coherent superposition of ground and excited states. During
the free evolution time the state freely evolves oscillating at a frequency ω′ = ω0 +δ
among the ground and excited state. The second pulse project the state in one of
the two basis states. If we consider an atomic ensemble the excitation probability
is expressed as [51]:

Pe(δ,Ω, τp, T ) = 4Ω2

Ω′ sin2(Ω′τp/2)

×
(

cos(Ω′τp/2) cos(Tδ/2) − δ

Ω′ sin(Ω′τp/2) sin(Tδ/2)
)2 (2.32)

with Ω′ =
√

Ω2 + δ2. Figure 2.10 shows a typical Ramsey spectrum, where we
can identify a broad envelope (width ≃ 0.8/τp), called Rabi pedestal, with many
fringes. The central one, if T ≫ τp, has a linewidth ∆νRamsey = 1

2T
and it is taken
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Figure 2.10: In blue, typical Ramsey spectum with two π/2 pulses of length τp

separated by a free evolution time T . In red is represented the Rabi pedestal.

as frequency reference. To maximize the contrast the interaction time is tuned to
be Ωτp = π/2 (π/2 pulse).

Comparing the linewidth obtained with the two methods, at the same interac-
tion time (t=T), gives ∆νRamsey

∆νRabi
≃ 0.63. Even if Ramsey spectroscopy gives nar-

rower features on equal spectroscopy time, care must be taken to control the phase
of probe laser between the two pulses.Indeed, a non perfect coherence results in
a contrast reduction of the Ramsey fringes and, to assure this phase continuity,
requires some caution in the experimental realization [21].

2.5 Clock laser stabilization
Performing high resolution spectroscopy on an ultra-narrow atomic transition

poses strong requirements on the probe laser linewidth and its frequency stability
The light driving the atomic transition must be highly coherent and frequency stable
in order to probe the atoms for longer time, ultimately maximizing the line quality
factor Q. This parameter is indeed present in the clock stability equation (1.2) while
the local oscillator frequency noise is a critical factor in the Dick effect instability
contribution (see par. 2.6.1).

Lasers are thought to be a coherent and monochromatic light source, however
commercially the best available laser sources exhibit linewidths of about 10 kHz
corresponding to a coherence time of about one hundred of microseconds. The
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2 – Fundamental principles behind the realization of Yb optical lattice clock

natural linewidth of the Yb clock transition (1S0→3P0) is less than 10 mHz thus
requires the local oscillator to be pre-stabilized to a stable reference in order to be
capable to perform spectroscopy on the atoms trapped in the lattice. This reference
can be realized by an atomic transition or a physical device, like an optical cavity,
that exhibit a better intrinsic stability than the free-running laser. Optical cavities
are, in fact, the most common tool used to realize ultra-stable lasers around the
world. These objects are fabricated with dimensional-stable materials allowing a
reduction of the laser linewidth to a fraction of the cavity’s narrow resonances
as well as a control of the frequency drift. This approach basically transfers the
mechanical stability of the resonator to the frequency of the laser. At the same
time, the ability to modulate the laser frequency, that is the actual realization of
laser lock the laser to the cavity, plays a fundamental role in the rejection of the
noise.

Laser frequency can be tuned and referred to an external reference by means of a
feedback mechanism which acts either directly on a laser parameter (piezo, grating,
crystal temperature) or on an external modulator like an acusto-optic modulator
(AOM). Several techniques have been developed to generate the adequate feedback
signal (error signal) such as the Pound-Drever-Hall (PDH) or Hänsch-Couillaud
methods [52, 53] in the case of cavities or, alternatively, side of fringe lock and
spectral hole burning [54, 55] for spectroscopic features.

When designing an ultra-stable cavity two main aspect have to be addressed
namely the optical properties of the cavity and the preservation of its mechanical
stability

2.5.1 Ultra-stable cavities
An optical resonator, e.g. a Fabry-Perot cavity, act as an optical filter in the

sense that only light with a certain wavelength can be stored inside it. The round-
trip optical path length of the resonator 2L (L is the cavity length) must contain an
integer number of wavelengths resulting in a series of discrete resonances separated
in frequency by a Free Spectral Range (∆νFSR) that, for a 2 mirror cavity, is:

∆νfsr ≡ c

2L

where c is the speed of light. The resonance width δν is described by the Finesse:

F = ∆νFSR

δν
. (2.33)

We can see that higher Finesse correspond to narrower and more spaced resonances.
Intuitively this identify a more sensitive frequency discriminator. If we consider
Lorentrzian cavity resonances, with only optical losses caused by the cavity mirrors,
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2.5 – Clock laser stabilization

the finesse can be expressed as [56]:

F = 2π
− ln (R1R2)

(2.34)

with R1(2) being the mirror reflectivity. From this equation it becomes clear that
to make high finesse resonators the main focus is on the mirror optical losses.
Currently the state of the art cavity mirrors are a fused silica substrate with a
thin-film dielectric reflective coating with finesse that can go up to 877 000 [21],
meaning a single mirror optical loss of few parts per million.

Big part of the work when designing an ultra-stable cavity is devoted to keep the
mechanical stability of the optical cavity. Using an optical cavity as reference, in
fact, directly links its length with the frequency of the lasers and, as a consequence,
any variation of the distance between the two mirrors is reflected in a variation of
the resonant frequency which is transferred to the laser.

Mechanical stability mainly depends on temperature and vibrations. Tempera-
ture changes induce length alterations in materials as well as mechanical vibrations
cause deformations. To maintain a fixed cavity length, mirrors are attached on a
special spacer via optical contact [57], which can have different shapes (cylindrical,
square section, rugby-ball) and orientation (vertical or horizontal) to minimize the
sensitivity to vibrations. Moreover, materials adopted to realize such a spacer are
special type of glass, like Ultra Low Expansion (ULE) glass by Coroning or Zerodur
by Shott AG, that exhibit a vanishing thermal expansion coefficient at a temper-
ature of interest, usually close to room temperature (zero CTE). In particular,
there is a quadratic dependency of the relative lenght variation, or the fractional
frequency difference, with the temperature, close to the zero CTE temperature T0:

∆L
L

= ∆ν
ν

≃ α(T − T0)2 (2.35)

where α ≃ 1 × 10−9 K−2 for ULE. Special care is also given to the holder of the
cavity as the contact between the spacer glass and the support slightly bends and
deform the materials. To this end finite element simulations are made to find the
points which minimize the induced deformation and further reduce the vibrations
sensitivity [58, 59].

All these actions ensures a minimal thermal and vibrational sensitivity of the
cavity itself. On the other hand the environment where the optical cavity is posi-
tioned must be controlled as well to minimize disturbances. Typically the cavity
is placed in a temperature stabilized vacuum chamber that, depending on the de-
sign, can give an insulation from the external environment with a time constant of
days. Lastly the system is positioned on an anti-vibrational platform (passive or
active) and enclosed in an anti acoustic chamber which minimizes the transmission
of mechanical vibrations to the optical cavity.
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2 – Fundamental principles behind the realization of Yb optical lattice clock

Fundamental thermal limit After removing all the external disturbances, the
ultimate fundamental limit for optical cavities comes from the thermal Brownian
motion of the mirrors coating [60], which instability contribution can be expressed
as:

σtherm =
√

ln 28kBT

π3/2
1 − σ2

Ew0L2

(
φsub + φcoat

2√
π

1 − 2σ
1 − σ

d

w0

)
(2.36)

where σ is the Poisson’s ratio, E is the Young’s modulus, φsub is the mechanical
loss for the mirror substrate, w0 is the laser beam radius on the mirror, T is the
mirror temperature and L the length of the cavity. d and φcoat are the thickness
and the mechanical loss of the reflective coating, respectively.

State of the art ultra stable laser stabilized on optical cavity have a fractional
frequency instability of some parts in 1017 [61], limited by Brownian thermal noise
on the mirror surfaces.

To minimize the thermal limit one can operate on the optical parameter of the
cavity, going for longer cavities with bigger beams, or acting on the temperature and
build a cryogenic environment [62] or, also, change the mirror substrate and coating
materials. This last option is at the basis of the development of the innovative
crystalline coating [63] which could bring a significant reduction of the Brownian
noise [64]. A test on the performances of crystalline coating mirrors is reported in
section 6.4.

2.5.2 Locking technique
In this section we will introduce the PDH locking technique and an evolution of

such a method called Offset-sideband locking. The former is commonly used for the
stabilization of the laser on an ultra-stable cavity (see sec. 3.3.5) while the latter
is used, in particular, on the multi-wavelength cavity system (see chapter 4). The
PDH technique, as well as the Offset-sideband locking, exploits the reflected light
from the cavity of a resonant beam to generate an electronic signal (error signal)
proportional to the frequency difference between the laser and the cavity mode.
This signal is thus used to apply a feedback to the laser in order to stabilize its
frequency.

Standard Pound-Drever-Hall technique

The reflected light is described by the reflection coefficient [65]:

F (ω) = Eref

Einc
=

√
R exp

(
i ω

∆νfsr

)
− 1]

1 −R exp
(
i ω

∆νfsr

) (2.37)

where Eref and Einc are the reflected and incident electric field (complex) of the
beam respectively, ω is the laser angular frequency and R is the single mirror
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2.5 – Clock laser stabilization

reflectivity (considering idenical mirrors). When the laser is resonant with the
cavity (ω = n 2π∆νfsr, n integer positive number) the reflected light from the first
mirror and the leakage beam from the standing wave inside the cavity interfere
destructively (same amplitude but π relative phase), giving F (ω) = 0. On the
other hand, if the light is not exactly on resonance (but close enough to build a
standing wave) the relative phase between the two beams is no longer exactly π

and thus part of the light is reflected back
(
F (ω) /= 0

)
. The reflection coefficient

express also the phase of the reflected light which encodes the information about
on which side of the cavity resonance the frequency is detuned. In other words,
changing side changes the phase sign. In order to extract this phase information
the input beam is firstly phase modulated to generate two sidebands:

Einc =
√
P0 exp{{i[ωt+ β sin(tΩPDH)]}}

where P0 is the optical power, ΩPDH is the phase modulation angular frequency and
β is the modulation depth. If we expand this expression at first order of β three
components can be found: a carrier at ω = ωc and two sidebands at ω = ωc ±ΩPDH.
When the laser is not perfectly at the resonance frequency, part of the carrier will
be reflected from the cavity causing interference with the sidebands which are off
resonance. This yields to a modulation of the reflected light power signal which
can be expressed as [66]:

Pref,ΩPDH = 2P0J0(β)J1(β)×
×Re[F (ωc)F ∗(ωc + ΩPDH) − F ∗(ωc)F (ωc − ΩPDH)] cos(tΩPDH)+
+ 2P0J0(β)J1(β)×
× Im[F (ωc)F ∗(ωc + ΩPDH) − F ∗(ωc)F (ωc − ΩPDH)] sin(tΩPDH),

(2.38)

with Jn(x) the Bessel function of the first kind of order n. If the carrier frequency is
close to the cavity resonance and the modulation frequency (ΩPDH) is high enough
to make the sidebands out of resonance, the term in eq (2.38) is purely imaginary
and only the sine term survives. As a consequence of that, the reflected light
signal contains a beat pattern generated by the interference of the carrier and the
sidebands which carries the information about the phase of the reflected carrier.

To generate an adequate error signal the reflected light is collected by a fast
photodiode. Its signal is then fed to a mixer that also takes a modulation frequency
in the other input. The output of the mixer gives a signal oscillating at the frequency
sum and the difference of the two input signals. If we demodulate the photodiode
signal with the modulating frequency at ΩPDH the frequency difference output will
be a dc signal that can be isolated using a low pass filter.

The obtained error signal is proportional to δf , the frequency difference between
the cavity resonance and the laser carrier:

ξ = DPDHδf (2.39)
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2 – Fundamental principles behind the realization of Yb optical lattice clock

where the linear constant DPDH is called frequency discriminant and is:

DPDH = −16FLP0

c
J0(β)J1(β). (2.40)

This linear dependence is the fundamental feature used to control the laser fre-
quency using a feedback loop.

Figure 2.11: Sketch of the basic layout needed to implement the PDH techinque.

A typical experimental layout for implementing this technique is reported in
fig. 2.11. The phase modulation is produced by an electro-optic phase modula-
tor or a Pockels cell, while the reflected light is collected on a fast photodiode
which measures the power

(
eq.(2.38)

)
. The electronic signal is demodulated at the

modulation frequency
(
ΩPDH

)
using a frequency mixer and thus extracting the dc

component with a low pass filter. A phase shifter ensures the right phase delay
among the two signals to optimize the demodulation of the reflected light signal. A
proportional-integral-derivative (PID) control loop takes the error signal and apply
the correction to the laser frequency.

The cavity resonance frequency usually is different from the frequency actually
needed by the experiment. To bring the stabilized laser frequency to the desired
value a mirror of the cavity can be mounted on a piezo, thus varying the resonator
length, at the cost of a reduced intrinsic stability. Alternatively, additional fre-
quency modulators, such as AOMs, can be adopted. In this way the stability is
not affected but the optical layout gets more complex along with a higher energy
consumption.
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2.6 – Stability limits of an optical lattice clock

Offset-sideband locking technique

The fundamental concept behind the offset-sideband locking technique is to lock
a sideband of the modulated laser beam, instead of the carrier, to the cavity and
thus being able to move its frequency in order to match the experimental value. To
make this possible a broadband phase modulator is driven by a phase modulated
RF signal:

EOSB = Eo exp{i[ωct+ β1 sin
(
Ωgapt+ β2 sin(ΩPDHt)

)
]}. (2.41)

The main modulation has Ωgap angular frequency and β1 modulation depth, it gen-
erates a first set of sidebands at ωc±Ωgap with amplitude J0(β1)J1(β1). Tuning Ωgap
allows to bring the sideband in resonance with the cavity while keeping the carrier
ωc at the required experimental frequency. Besides, the further phase modulation
with angular frequency ΩPDH and β2 depth, gives an additional set of sidebands at
ωc ± Ωgap ± ΩPDH with amplitude of J1(β2)J1(β1). When Ωgap >> ΩPDH the PDH
sidebands behaves like in the normal PDH case giving an error signal proportional
to δf and with a frequency discriminant of:

DOSB = 16FLP0

c
J2

1 (β1)J0(β2)J1(β2). (2.42)

Experimentally the phase modulation is made by a broadband electro optic
modulator piloted by a RF produced by a synthesiser capable of phase modulation.
The EOM bandwidth have to be at least half of the ∆νFSR to cover continuously the
frequency range interested by the experiment. Using this technique the additional
modulators needed for bridging the resonance and the experimental frequency as
well as a piezo cavity are no longer necessary resulting in a simpler and flexible
experimental layout.

2.6 Stability limits of an optical lattice clock
The high frequency stability provided by the simultaneous interrogation of many

quantum absorbers constitutes one of the main advantages of optical lattice clocks.
However, several effects can limit this figure of merit far from reaching its funda-
mental limit represented by QPN.

Taking back eq. (1.2) and expanding the signal-to-noise ratio term (S/N) we
obtain [67]:

σy(τ) = 1
πQ

√
Tc

τ

(
1
N

+ 1
Nnph

+ 2σ2
N

N2 + γ

)1/2

. (2.43)

In this equation Q is the spectroscopy line quality factor, τ is the measurement
duration, Tc is the clock cycle time, N is the number of atoms involved in the
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2 – Fundamental principles behind the realization of Yb optical lattice clock

measure while σN is its RMS fluctuations, nph is the number of photon detected
and γ comes from the frequency noise of the clock laser.

The fist term in parenthesis in eq. (2.43) scales as 1/N and is the QPN. The
second and third terms comes from the photon shot noise of the fluorescence and the
fluctuation of number of atoms in each cycle, respectively. These two contribution
are kept well below the QPN limit by operating the state readout saturating the
1S0 – 1P1 transition and using the electron shelving technique (see sec. 5.1.5). In this
way many photons per each atoms are collected and the signal is normalized on the
total number of trapped atoms in each cycle. Finally, the last term is a technical
noise coming from the clock laser frequency noise and represents the major limit to
the clock stability. It is called Dick Effect [68].

2.6.1 The Dick Effect
In an optical lattice clock the frequency of the local oscillator, i.e. the clock

laser, is referred to the atomic transition by cyclic interrogations (see. chapter 5).
When the clock laser is locked to the atoms its long term instability is compen-
sated and enhanced by the atoms, thus realizing a frequency standard. However,
the sequential clock operation, composed by periods where the clock laser interro-
gates the atoms and periods needed to prepare them in the right quantum state,
introduces a ’dead time’ in the measurement. This gives rise to an aliasing effect
where the high frequency noise of the local oscillator is down-converted at Fourier
frequencies close to the inverse cycle time 1/Tc and is improperly compensated by
the frequency tuning process thus limiting the long term instability.

The effect depends on the fraction of the dead time Td in the cycle period Tc,
where the clock is not referred to the atoms hence free running, as well as the
frequency noise spectrum of the laser Sν(f) and the spectroscopy technique used
to interrogate the atoms (Rabi or Ramsey). The Dick noise instability component
of an oscillator locked to the atoms reads [69]:

σ2
y(τ) = 1

τg2
0

∞∑
m=1

|gm|2Sν

(
m

Tc

)
. (2.44)

where Sν

(
m
Tc

)
is the frequency noise power spectral density of the probe laser at

Fourier frequencies corresponding to the harmonics of the inverse of the cycle time.
The parameter gm,

gm = 1
Tc

∫ Tc

0
g(t)e−2πimt/Tcdt (2.45)

expresses the Fourier coefficients of the sensitivity function g(t), which encodes
the impulse response of the atomic system to a frequency change occurring at
time t. g0 is the mean value of g(t) over a cycle time. The sensitivity function
is the fundamental parameter that can be used to minimize the aliasing effect, it
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Figure 2.12: Sensitivity function for Rabi (green) and Ramsey (blue) spectroscopy,
calculated using eq.(2.46) and eq.(2.47) respectively with Tc cycle time, Tint inter-
action time, tp pulse time and T dark time.

is calculated for the different interrogation schemes and for a Rabi π-pulse with
duration tp it is [70]:

g(t) = ∆ω
(1 + ∆ω2)3/2 [sin Ω1(t)(1 − cos Ω2(t)) + sin Ω2(t)(1 − cos Ω1(t))] (2.46)

where ∆ω is the detuning used to generate the lock error signal, β = π
√

1 + ∆ω2,
Ω1(t) = βt/tp and Ω2(t) = β − Ω1(t).

For a Ramsey interrogation with two π/2 pulses (i.e. Ωtp = π/2) separated by
a dark time T the sensitivity function is [69]:

g(t) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
a sin(Ωt) 0 ≤ t ≤ tp First pulse
a tp ≤ t ≤ tp + Td Dark time
a sin(Ω[Td + 2tp − t]) tp + T ≤ t ≤ T + 2tpSecond pulse
0 T + 2tp ≤ t ≤ Tc Dead time

(2.47)

with a = − sin(∆ωTd). The two functions are shown in fig. 2.12.
In the case of Ramsey spectroscopy with duty cycle close to 50 % the instability

expressed in 2.44 can be expressed as:

σy Dick ≈ σy osc√
2 ln 2

√
Tc

τ

⏐⏐⏐⏐⏐sin(πT/Tc)
πT/Tc

⏐⏐⏐⏐⏐ (2.48)
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Figure 2.13: Example of the aliasing effect for different spectroscopy techniques. δω
represents an example of frequency noise component close to 1/Tc. The points show
the resulting frequency noise for different spectroscopy techniques and different duty
cycles d. From [71].

where σy osc is the clock laser instability calculated from the frequency noise spec-
trum Sν .

Figure 2.13 quantitatively illustrates the effect of the aliasing effect when dif-
ferent parameters of the probing pulses are varied. It can be seen that larger
interrogation time (i.e. larger duty cycle d = Tint/Tc) leads to a better average of
the laser frequency noise component which yields to a smaller displacement of the
resulting point meaning smaller sensitivity to the Dick noise. On the other hand,
the different sensitivity functions for the Raby or Ramsey interrogations bring to
different results. Given the different shape of its sensitivity function, the Ramsey
scheme gives better rejection of the Dick noise compared to the Rabi case at the
same duty cycle d. Moreover, in the case of Rabi interrogation with d close to 1 a
residual aliasing is still present due to the shape its sensitivity function. This can
be also seen in fig. 2.13, in fact comparing interrogations with the same duty cycle
but with different spectroscopy techniques shows that Ramsey gives a lower noise
(red stars) compared to Rabi (blue cycles).
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Chapter 3

INRIM ytterbium optical lattice
clock setup

An optical lattice clock based on ytterbium (Yb) atoms is operating in the
Time and Frequency laboratories of the Istituto Nazionale di Ricerca Metrologica
(INRIM) in Turin. This frequency standard exploits an ultra-stable laser at 578 nm,
frequency locked to the 1S0 → 3P0 double forbidden atomic transition of the 171Yb
isotope which constitutes a secondary representation of the SI second under CIPM
recommendations [30].

In this chapter the experimental layout of the experiment is reported together
with the description of the laser sources needed to operate the clock. Currently,
the frequency stabilization of the MOT and lattice lasers is done using the multi-
wavelength cavity, which is described in chapter 4. However, before its implementa-
tion other methods were adopted, these are here illustrated as well. An exhaustive
description of the experimental layout can be found in [72].

3.1 Vacuum system and atomic oven
Ultra-high vacuum is necessary to perform the required atomic manipulation

and to achieve an adequate lifetime of the trapped atoms in the lattice potential. In
this experiment the vacuum system has a horizontal structure with axial symmetry,
consisting in an experimental chamber joint together with an atomic effusive oven
(see figs. 3.1 and 3.2) with several others standard stainless steel fittings.

The experimental, or main, chamber is where the atoms are cooled, trapped and
interrogated and consists in a custom machined piece of aluminium, featuring an
octagonal shape and large apertures for an optimal optical access. Anti-reflective
windows close the apertures, or view ports, sealed with an indium wire which
reduces the mechanical stress, thus reducing the induced birefringence in the glass.
In total there are six lateral windows (40 mm diameter) while two larger view ports
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Figure 3.1: Sketch of the vacuum system layout with the main components.
From [72].

(70 mm diameter) are present on top and on bottom of the chamber.
The atomic oven its an effusive system where a cartridge, filled with Yb nuggets,

is heated up to 400 ◦C. The hot Yb vapour is collimated to form an atomic beam by
a stainless steel tip with a multichannel array made by 37 capillaries with internal
diameter of 280 µm and 8 mm of length (see fig.3.3). A commercial power supply
used as current generator to heat the oven. The typical current required is about
1.4-1.8 A.

The vacuum is independently maintained in the oven region and in the exper-
imental chamber by two dedicated ion pumps (Agilent VacIon 40) operating at a
speed of 40 L/s. Additionally, to improve the vacuum quality on the experimental
side, a non-evaporable getter pump (Saes D50) is installed. Since the hot oven lim-
its the utmost pressure achievable, a differential vacuum tube is installed between
the oven and the main chamber which maintains a pressure difference and, at the
same time, allows the atomic beam to get into the experimental side of the system.
This tube is 120 mm long and has a radius of 2.5 mm, further details can be fund
in [72]. The vacuum level achieved in the experimental region is 6 × 10−10 mbar
while in the oven side is about 2 × 10−8 mbar.

This system is designed to have the oven quite close to the experimental chamber
in order to maximize the atomic flux in the trapping region. The distance between
the oven tip and the centre of the main chamber is 21 cm. As a consequence of
that, the clock can operate without a Zeeman slower ([73]) resulting in a significative
experimental simplification.
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Figure 3.2: Picture taken during the assembly of the vacuum system showing, in
particular, the experimental chamber, the atomic oven and the two ion pumps. Red
arrows show the atomic beam axis of propagation while DV tube means differential
vacuum tube.

Figure 3.3: Picture of the oven tip with the detail of the multichannel array.
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Figure 3.4: Picture of the new mirror installed inside the vacuum system. The
atomic beam comes from the right hand side of the picture.

On the opposite side of the oven, beyond the main chamber, the optical access
for the slower beam is realized. Originally, the vacuum fitting was closed, on the
atomic beam axis, by a sapphire window. It was kept at 230 ◦C to avoid metallic
Yb deposition on the inner face, thus maintaining a good optical transmission at
the slower beam wavelength of 399 nm. To improve the black-body radiation shift
evaluation (see section 5.3.4), this part has been replaced during 2016 in favour
of an intra-vacuum mirror, positioned with a ∼ 45◦ angle with respect the atomic
beam axis in order to let the laser beam enter from a lateral view-port and avoiding
the direct sight of the trapping region (see fig. 3.4). Between the main chamber
and the intra-vacuum mirror a gate valve is present that can be closed to maintain
the vacuum in the experimental chamber in the case of a maintenance service on
the mirror.

In the oven region, a motorized shutter is installed to prevent the atomic beam
to get into the experimental chamber during spectroscopy. It is copper made with
a diapason-like shape and its rotation determines the passage of the atomic beam.
The mechanical transmission of the rotation is provided by a magnetic joint which
couples with the intra vacuum shutter with the motor outside. This system is still
under development an it is not operative yet.

3.2 Magnetic fields
The magnetic field gradient needed to generate the MOT is provided by a pair

of magnetic coils, mounted along the vertical axis (z axis) around the larger top-
bottom windows of the experimental chamber, and operated in anti-Helmholtz
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configuration. The chopper wire used to build the coils has a rectangular section
(3 mm×1 mm) and is rolled up an aluminium support with hollow core for water
cooling. The MOT coils are piloted by a computer controlled power supply, capable
to deliver up to 15 A which correspond to a magnetic field gradient of 0.35 mT/m.
Fig. 3.5 shows the experimental chamber with all the magnetic coils.

Mot
Coil

Compensation
Coil

Compensation
Coil Z-axis

Water
cooling

Camera

Figure 3.5: Detail of the experimental chamber with the magnetic coils mounted
on. The red arrows indicates the propagation of the atomic beam.

To compensate for stray magnetic fields, three pairs of anti-Helmholtz compen-
sation coils are installed along the three orthogonal axis of the chamber. In the
horizontal axis (x and y), the chopper wire is winded on a plastic holder, mounted
around 4 lateral view-ports and piloted by a calibrated current generator (Agilent
E3631A). For the z axis a pair of larger windings coiled up 3D printed holders and
mounted around the MOT coils (see fig. 3.5). The power supply which drives these
coils is custom made and it is remotely controlled by the computer.

Lastly, to reduce the magnitude of stray magnetic field generated by the ion
pumps, these are enclosed in a layer of high permeability, g-iron shield.

3.3 Laser generation
In the Yb optical lattice clock many different laser radiations are used to ma-

nipulate and interrogate the atomic sample as introduced in chapter 2. To generate
laser light at these particular wavelengths, spread across almost the entire visible
spectrum, several non-linear optics techniques are implemented[74]. Second har-
monic generation (SHG) is used to produce 399 nm and 556 nm light. It is based
on the production, inside a non-linear crystal, of a photon with twice the frequency
of the incoming ones. Sum frequency generation (SFG) is used to generate the
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clock laser at 578 nm, alternatively to SHG. In this case two photons with different
frequency ν1 and ν2, interacting in a non linear crystal, result in a third photon
with frequency ν3 = ν1 + ν2.

3.3.1 399 nm Laser

Servo
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Mode matching
lenses
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PZT

M4 M3
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filter

798nm
laser

399nm
output

Figure 3.6: Picture of the doubling enhancement cavity with the sketch of the
optical layout.

The 399 nm laser, used for cooling down the atoms from the atomic beam and
for the first stage of the MOT (1S0→1P1 transition), is generated by SHG of a
798 nm laser by means of a lithium triborate (LBO) crystal inside an enhancement
four-mirrors bow tie cavity [75]. The cavity increases the circulating optical power
through the crystal improving the efficiency of the process. The crystal is made by
Raicol and has a section of 1.5 mm × 1.5 mm and is 15 mm long. It is mounted on
a rotational stage between M3 and M4 (see fig. 3.6).

The 798 nm input laser is a commercial tapered amplified diode laser (Toptica),
capable to deliver up to 3 W. The output light is fiber coupled and it is sent
to the doubling cavity where the beam is mode matched by two lenses before
getting in. The cavity length is controlled by a mirror mounted on a piezoelectric
transducer (M2) and it is servoed using a feedbeck loop based on the Hänsch-
Couillaud technique [53]. The typical input power to the cavity is about 1.3 W of
798 nm light which results in 400 mW of UV laser light output.

Alternatively, the 798 nm radiation can be provided by a Ti:sapphire laser (Co-
herent MBR-110) pumped with 8 W of 532 nm laser provided by a solid state pump
laser (Coherent Verdi-V8). This laser can be frequency tuned between 700 nm and
970 nm with an output power at 798 nm of 1.3 W. This laser was originally used
on the system and it was replaced by the diode laser during 2016. Currently it is
kept as backup solution in case of technical problem.

The 399 nm light is distributed to three different branches namely the slower
line, the MOT line and the detection line. Each line features a dedicated frequency
modulator (AOM), mode matching lenses and optical shutter. The slower beam
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demands the highest optical power in order to maximize the number of trapped
atoms, typically 250 mW are sent through this line, limited by the optical fiber
radiation damage. We send about 100 mW in the MOT line and 50 mW to the
detection beam.

Lock-in
amplifier

2

Aux
spec.

AtomsSHG
cavity

798nm
Laser

AOM

Figure 3.7: Left: scheme for frequency stabilisation on a spectroscopy atomic res-
onance signal. Right: spectroscopic feature of 171Yb at399 nm as seen from the
transverse spectroscopy signal (blue trace) and corresponding error signal used to
lock the laser frequency (red trace). From [76].

Frequency lock to the spectroscopy feature Given the linewidth of the
1S0→1P1 transition about 29 MHz, the frequency stabilization for the 399 nm laser
is meant to compensate the laser drift and the laser linewidth less than 1 MHz.
To operate the clock are required a linewidth and a daily drift of less than 1 MHz.
To frequency stabilize the blue laser we exploit an atomic resonance as reference.
We perform transverse spectroscopy using a separate auxiliary Yb oven. To avoid
Doppler shifts, the blue light is frequency modulated by a double pass AOM [77],
sent perpendicular to the atomic beam and back-reflected while the fluorescence is
detected by a photodiode mounted on the transverse plane, perpendicular to the
399 nm. A lock-in amplifier takes the fluorescence and the modulation signals and
generates the error signal (see fig. 3.7). A PID control takes this signal and closes
the loop acting on the piezo transducer of the 798 nm laser.

This system was used during the absolute measure campaign presented in sec-
tion 5.4. The frequency stabilization of the 399 nm has then been upgraded at the
end of 2016 and it is currently done using the simpler, more compact and flexible
set up of the multi-wavelength cavity (see chapter 4).

45



3 – INRIM ytterbium optical lattice clock setup

3.3.2 556 nm Laser
This laser lies in the green region of the visible spectrum, it is used for the second

MOT stage (1S0→3P1 transition) and it is produced by SHG in a periodically-
poled potassium titanyl phosphate (PPKTP) crystal from a 1112 nm laser. The
crystal is 20 mm long, held inside a small oven kept at 46 ◦C to have the correct
phase-matching condition, and mounted on a translational stage to get the optimal
alignment.
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Figure 3.8: Layout of the 556 nm laser generation and distribution. In purple are
optical fibers, the coils represent paddles used to control the polarization of the
infra-red light. SP is spin polarization.

The input laser source is a doped fiber laser (NKT-Koheras Adjustik) amplified
by a fiber amplifier (Keopis Benchtop) up to 1.3 W of optical power. The frequency
conversion is made in single pass through the crystal with an efficiency of 1.5 %.
The total 556 nm output power can go up to 10 mW and is divided in three parts:
the MOT line, the spin polarization line and the cavity line (see fig. 3.8). The distri-
bution layout features a first frequency modulator (AOM1), used for the frequency
stabilization, before being divided while the MOT line has a dedicated frequency
modulator (AOM2) and a mechanical shutter. The spin polarization distribution
branch has a frequency modulator (AOM3) mounted in a double-pass fashion for a
larger frequency span operation. The MOT line requires about 2 mW while 200 µW
for the stabilization cavity and 500 µW for the spin polarization line are sufficient.

Frequency stabilization is necessary and more stringent compared to the 399 nm
one. The required linewidth and daily drift is less than 100 kHz. To do so the
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laser is frequency referenced to an optical cavity, made in ULE (both mirrors and
spacer) with a horizontal design featuring a notched cylinder spacer 10 cm long.
This resonator was already described and characterized in [59]. The frequency is
locked with the PDH technique using a circuit analogous to the one used on the
clock laser and presented in sec. 3.3.5, with a bandwidth of 120 kHz. The system
was upgraded to the multi-wavelength cavity after the 2016 characterization. This
cavity has been adopted as ultra-stable cavity for the clock laser as reported in the
upgrade of the clock laser section (sec. 3.3.5).

3.3.3 759 nm Lattice Laser and Repumper

mode-check

Figure 3.9: Optical layout of the lattice laser distribution.

The lattice 759 nm laser is a commercial Ti:Sapphire (M2 SolsTiS) pumped with
a 10 W, 532 nm light provided by a diode-pumped solid state laser (Lightouse Pho-
tonics Sprout-D). The total output is about 2.4 W with a linewidth below 20 kHz
and it distributed, apart from the experiment, to three auxiliary lines. One to the
multi-wavelength cavity for frequency stabilization, the second one is used to send
the light to the optical frequency comb for absolute frequency measure while the
third branch, exploiting the reflected light coming from the AOM, send the light to
a fast photodiode used to monitor the single mode operation of the laser (see fig-
ure 3.9). A second photodiode is installed to detect the back-reflected light coming
from the retro reflector on the experimental bench.

During the light shift characterization measurements the multi-wavelength cav-
ity was not operative yet and the lattice laser slow frequency drift was compensated
by locking the laser to the frequency comb. The beatonte frequency between the
lattice laser and the comb tooth was counted using a frequency counter connected
to a PC that also calculated the required frequency correction. The PC gave a
digital output that was converted to an analogue signal with a DAC and then sent
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to the laser’s cavity piezo transducer. Given a counter gate time of 1 s, the system
was capable to make about one frequency correction per second.

During 2017 the system has been upgraded with a new volume Bragg filter
(OptiGrade) mounted before the fiber to the experimental chamber. This filter
further suppresses the amplified spontaneous emission (ASE) with a bandwidth of
δλ < 0.1 nm.

Regarding the repumper laser, it is a commercial 1389 nm pigtail distributed
feedback (DFB) diode laser (NKT-photonics) with an output power of 10 mW. Its
frequency does not need to be frequency stabilized since the 3P1→3D1 transition is
power broadened to 300 MHz. The chip is placed inside a wooden box to reduce air
currents and thermal fluctuations, the light is delivered to the experimental table
via optical fiber.

3.3.4 579 nm Clock Laser
The clock laser at 579 nm can be produced by means of two different tech-

niques. The first implementation on the Yb clock exploited the SFG from two
infra-red lasers which, at the time of the system design, provided more power com-
pared to the SHG technique. The clock was operated using this set up during
the characterization campaign illustrated in chapter 5. However, it is now easier
and more convenient to generate 579 nm radiation by SHG from a single 1156 nm
laser. This upgrade started at the end of 2016 and the first results are presented
in section 5.2.

Generation by SFG The clock laser radiation at 578 nm is generated by SFG in
a waveguide PPLN from two infra-red lasers: a 1030 nm erbium fiber laser (NP Pho-
tonics Rock Laser) and a neodymium-doped yttrium aluminium garnet (Nd:YAG)
at 1319 nm (Lightwave Photonics model 126) (see fig. 3.11).

Figure 3.10: Scheme of the experimental apparatus of the sum frequency generation
of 556 nm laser light. From [72].

The waveguide, produced by HC Photonics, has 32 channels. It is temperature
controlled to maximize the conversion efficiency and mounted on a precision 3-axis
translational stage for optimal alignment. The two infra-red lasers are combined in
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Figure 3.11: Optical table used for generation and distribution of 578 nm radiation.
From [76].

a Y-shaped fiber coupler and its output, which is just the bare fiber placed close
to the crystal, is coupled to one of the active channels. Typically 12 mW of yellow
light is produced from 80 mW of 1030 nm laser and 33 mW of 1319 nm laser. At the
crystal output a microscope objective collimates the yellow light and, after passing
through a first AOM for frequency stabilization, is fiber coupled to clean the beam
spatial mode and also for a more robust optical distribution.

The light is then distributed to the ultra-stable cavity, to the frequency comb
and to the experiment (see fig. 3.11). Every line features a double-pass AOM
to control the frequency of the laser and a second AOM used for the fiber noise
cancellation and the power stabilization.

Generation by SFG The new implementation of 578 nm laser generation fea-
tures a quantum-dot diode laser (Toptica DL-PRO) frequency doubled by a fiber
coupled waveguide PPLN crystal (NTT Photonics). The crystal is enclosed in a
dedicated package (see fig. 3.12) containing a peltier, a thermistors and fiber cou-
pling lenses. The temperature stabilization is made by a commercial PID control
(Thorlabs). The diode laser output is directly fiber coupled and reaches the dou-
bling crystal without any passage through the air. The crystal temperature is tuned
to maximize the doubling efficiency, at ≈ 28.5 ◦C we got 5.2 mW out of 57 mW of
infra-red light. The distribution of the light remains analogue to what reported
above.
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Figure 3.12: Picture of the waveguide PPLN crystal mounted on a custom holder.
The input fiber can be seen in the left side of the picture while the electrical wires
are used to read the thermistors and operate the peltier.

Figure 3.13: Picture of the ultra-stable cavity on the special holder before being
mounted into the vacuum chamber. From [72].

3.3.5 INRIM ultra-stable cavity
The 578 nm laser is stabilized to an ultra-stable horizontal Fabry-Perot optical

resonator, using the PDH technique. The cavity is 10 cm long (∆νFSR = 1.5 GHz)
featuring a notched cylinder spacer made of ULE and fused silica mirrors with di-
electric coating and ULE compensation rings (see fig. 3.13). The mirror geometry
is flat-concave with a radius of curvature of −0.5 m. It has a measured finesse of
144 000(2000). The cavity is supported by a 4 points aluminium mounting with
Viton pads, specifically designed to suspend the resonator on the Airy points. The
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cavity with its holder are enclosed in a copper thermal radiation shield, then in-
serted in a steel vacuum chamber where it is held in place by 4 ceramic and 4 nylon
screws that minimize thermal coupling between the shield and the chamber. The
vacuum pressure is below 1 × 10−4 Pa, maintained by a dedicated ion pump. Two
flexible heaters are installed on the vacuum steel external chamber walls while the
temperature is monitored by two negative temperature coefficient (NTC) thermis-
tors placed on the cavity support and on the thermal shield. The temperature is
actively stabilized using the active disturbance rejection control [78] at the zero
CTE that is, for this cavity, at 28 ◦C.

To isolate the system from vibrations, the vacuum chamber, together with the
optical set up needed to realize the lock, are mounted on a passive anti-vibration
platform (Minus-k BM8) and then it is arranged in an acoustic isolation chamber.

From equation (2.36) the expected thermal limit of the cavity can be computed.
Considering the fused silica mirror substrates we have E = 7.2 × 1010 Pa, σ = 0.17,
φsub = 1/(3 × 106). For the coating we have φcoat = 4 × 104, a thickness d of 2 µm.
With a cavity length L of 10 cm, a laser beam waist on the mirrors of ω0 = 190 µm
and an operational temperature of 301 K we found a thermal noise limit on the
instability of the resonator of σtherm = 3.47 × 10−16.

In addition to all the aforementioned effects, the long term mechanical stability
of the cavity is linked to the mechanical relaxation of the glass spacer as well as the
mirror substrates. As a consequence, the cavity tends to reduce its length with time
and this translates in a long term drift on the laser frequency. The cavity resonant
frequency has been kept under control by measuring it using an optical frequency
comb. The drift at the time of the clock characterization was about 5 kHz per day,
meaning less than 0.1 Hz per second.

Figure 3.14: Sketch of the realization of the PDH lock of the clock laser. From [72].

Frequency lock The optical layout is retorted in fig. 3.14, 578 nm light is sent
to the acoustic chamber via optical fiber, about 6 µW are coupled into the TEM00
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mode of the cavity. The phase modulation needed to generate the frequency side-
bands is provided by an EOM piloted by a 19 MHz RF while the transmitted and
the reflected light from the cavity are detected by two photodiodes mounted on the
cavity breadboard. The frequency lock is made by means of the PDH technique
with a double-integrator servo with two separate feedback channels. One channel is
used to make a fast lock acting on an AOM in double pass while the second channel
is used to compensate for slower frequency variation by acting on the piezo of the
1030 nm laser. The control bandwidth is about 120 kHz.

Figure 3.15: Layout of a single clock laser distribution line. The blue shaded area
represents the phase noise compensation system. The green shaded region is the
power stabilization system. The frequency control done on a double-pass AOM.

Fiber noise cancellation The clock laser is distributed to different parts of the
experiment using polarization maintaining optical fibers. However, temperature
and mechanical stress induce optical path variation thus introducing additional
phase noise to the light they are carrying. To compensate for these effect, an active
system of phase noise compensation is implemented on the lines distributing the
light to the ultra stable cavity and to the experimental chamber as well. The optical
layout is basically a Michelson interferometer (see fig. 3.15). This system exploits
a back-reflected portion of the light that makes a round trip passing twice through
the fiber thus carrying twice the phase noise compared to the portion that did not
crossed the fiber (called reference arm). The idea is to assess the phase noise by
measuring the frequency variation of a beatnote generated by the back-reflected
light with the reference arm.

Firstly, part of the incoming light is sent to the reference arm. Then, before
entering the fiber, the light is frequency shifted by an AOM at 80 MHz. The
light is sent through a polarization maintaining optical fiber and a fraction of the
output light is sent back. This light passes a second time through the AOM, is
superimposed with the reference arm and then is directed on a fast photodiode
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that detects the beatnote. A servo loop acting on the RF signals driving the AOM
stabilizes the beatnote frequency to a reference ωref = 10 MHz signal provided by
hydrogen maser.

The electronic circuit which realizes the feedback loop is home-made board
which takes the beatnote signal and compares it with the 10 MHz reference from
the maser (see fig. 3.15). The AOM works at a frequency ωAOM = 80 MHz so the
beatnote has a frequency of ωb = 2(ωAOM + φ(ω)) where φ(ω) is the additional
phase noise. The board requires a beatnote minimum input power of −10 dBm to
work propery. The input signal is then electronically manipulated in order to be
effectively compared to the reference signal. A tracking VCO circuit is locked to
the beatnote input signal providing a clean signal at ωb without additional noise
sources than fibers. This signal is divided by 16 to have a carrier frequency at
10 MHz that can be compared to the reference using a frequency mixer. The mixer
output gives ωb −ωref (higher frequency components are filtered by a low-pass filter)
which is proportional to the fiber noise φ(ω) and it is used as error signal by a PID
controller to close the loop. A second VCO (ROS-100, Mini-Circuits) produces an
oscillating RF ωVCO tuned by a voltage correction signal Vcorr, coming from the
PID output, with a typical linear tuning of 2-3 MHz/V. The RF correction drives
the same AOM which modulates the light before the fiber so an offset is introduced
to have corrections around 80 MHz.

The system has been tested using an interferometric measurement and it ex-
hibits an instability at the 10−18 level after 1000 s of measurements.

Power stabilization Stabilization of the optical power of the clock laser in the
different arms is another important factor that needs to be addressed to improve
clock performances (both stability and accuracy). In fact, clock laser intensity
fluctuations induce a different interrogation pulse area, eventually giving rise to
aberrations on the spectroscopic feature. In the case of the ultra-stable cavity,
a power fluctuation in the circulating power affects the instability of the local
oscillator. A power stabilization scheme (see fig. 3.15) is implemented on the laser
beam that performs the atomic interrogation and on the cavity branch.

The light intensity is controlled by a dedicated AOM by changing the driving
RF power thus varying the diffraction efficiency. The control is made by a custom
made board that takes the signal from a photodiode, which measures the light
intensity, compares it to a tunable reference point and produces an error signal
with a PID circuit (offset lock). The PID signal then drives a voltage variable
attenuator (ZX73-2500, MiniCircuits) which regulates the AOM RF amplitude. In
the case of the spectroscopy light the set point can be controlled remotely using a
BNC port.

The same scheme is applied also on the blue slower beam and the detection
lines as well as on the lattice laser. In these part of the experimental apparatus
the optical power plays a central role. The slower intensity regulates the number
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of trapped atoms and thus the atomic density in the lattice sites while the probe
beam determines the signal read by the PMT. The lattice light induces shift on the
atomic transition that scales with the optical power (see sec. 6.2.2) and a controlled
modulation of this parameter is convenient when interleaved measurements are
performed.

Upgraded system

During the absolute measurement campaign against the caesium fountain ITCsF2,
reported in chapter 5.4, the ultra-stable laser stability was limited by an excess of
seismic noise on the stabilization cavity. After the campaign the ultra-stable cavity
as well as the infra-red laser source and the non-linear crystal were upgraded.

Figure 3.16: Picture of the new cavity positioned on the active anti-vibration plat-
form inside the anti acoustic chamber. It can be noticed the absence of the chamber
legs and the wooden platform, positioned on the floor, on which the system is sup-
ported.

The cavity used in this system is the one previously implemented in the 556 nm
laser stabilization. The measured finesse is 151 000(1000) and the assessed zero
CTE temperature is about 21 ◦C. The implemented thermal actuators are two
heaters placed outside the vacuum chamber while the temperature is monitored
by two thermistors inside. As a consequence, given the zero CTE below room
temperature, the operative temperature is 27.45 ◦C, higher than what is required.
However, with thermal fluctuation measured inside vacuum of about ±400 µK, the
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performance of the thermal stabilization system is sufficient to not limit the laser
instability.

To address the sensitivity to vibrations that affected the previous system, we
put the optical cavity on an active anti-vibration platform (Optosigma-OSDVIA-
T45) which ensures 30 dB reduction of vibrations at 5 Hz. Moreover, we modified
the acoustic chamber structure by removing the standing legs and positioning the
chamber directly on the floor using a wooden basis, reducing additional vibration
resonances induced by the higher and less stiff structure (see fig. 3.16).

The frequency lock circuit is a FALC module by Toptica with two locking loops,
a fast one acting the diode laser current and a slow one which makes corrections on
the laser piezo. The lock bandwidth is 300 kHz with still room for improvements.
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Chapter 4

Multi-wavelength cavity

The necessity of frequency stabilized laser light has been explicated in previous
chapter. In the case of atomic manipulation, such as laser cooling and trapping, the
INRIM Yb optical lattice clock operated with many different systems depending
on the specific laser requirements. In the previous chapter are illustrated these
implementations like the lock on spectroscopic feature for the blue MOT beams,
the use of the optical comb or the green MOT optical cavity. This solution allowed
to operate the clock profitably and to obtain significative results as reported in
the next chapter but, on the other hand, the multitude of different stabilization
schemes brought a certain degree of complexity in the system.

We decided to upgrade the system by designing and implementing a single
optical cavity which allows to frequency lock simultaneously several lasers at dif-
ferent wavelengths, in particular the MOT and the lattice lasers. It consists in
a Fabry-Perot resonator with mirrors coated for 399 nm (Cooling and 1st stage
MOT), 556 nm (2nd stage MOT) and 759 nm (lattice) light. The lasers are locked
using the offset-sideband locking technique [66], that is a modified version of the
common PDH method (illustrated in sec. 2.5.2), which ensures great flexibility for
the experimental conditions. In this way the others frequency stabilization systems
are replaced by a compact single device and a single locking technique, with the
possibility to be easily moved in case of necessity.

This work on the multi-wavelength cavity was published in [79] and presented at
EFTF-IFCS 2017 as well. The first part of the chapter illustrates the experimental
apparatus then the cavity performances characterization are reported.

4.1 Experimental apparatus

4.1.1 The optical cavity
The multi-wavelength cavity used in the experiment is produced by Advanced

Thin Films and consists in a 10 cm (∆νFSR = 1.5 GHz) horizontal resonator with
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4 – Multi-wavelength cavity

Figure 4.1: Multi-wavelength cavity with its holder during the instalment in the
vacuum housing.

cylindrical ULE spacer and mirrors. The two mirrors are in a hemispherical con-
figuration consisting in a flat and a curved mirrors with −0.5 m radius of curvature
and they both feature triple-v coating for 399 nm, 556 nm and 759 nm light. The
manufacturer declared a finesse between 1000 and 3000 at 399 nm and 759 nm and
higher than 15 000 at 556 nm evaluated on coating design. The coating charac-
terization has been performed by the manufacturer on witness samples using a
spectrophotometer, reported in figs. 4.2 and 4.3.

The cavity is placed inside a vacuum housing which is supplied with a 20 L ion
pump that ensures a pressure of about 6 × 10−8 mbar. The temperature inside the
vacuum is read by a thermistor and is actively stabilized by a heater from the outer
side of the housing using the active disturbance rejection method [80]. The housing
is thermally isolated with foam and aluminium foil while inside the vacuum we put
ten layers of crumpled Mylar foils.

Figure 4.4 shows the temperature of the vacuum chamber, the thermal fluctu-
ations are about ±10 m◦C depending on the air conditioning activity of the labo-
ratory. The cavity holder consists in an aluminium plate with four 10 mmx25 mm
Thorlabs posts screwed to it. Viton pads, glued at the top of the posts, support
the resonator (see fig. 4.1). Figure 4.1 shows the cavity when it was installed in the
vacuum housing.

4.1.2 The optical table
A drawing of the overall system is given in fig. 4.5. The cavity is mounted

on a dedicated 60 cmx90 cmx1 cm aluminium optical breadboard together with the
mode matching telescopes, three photodiodes (PDPDH) and the fiber output cou-
plers. The bench can be moved ensuring transportability. Each laser beam passes
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Advanced Thin Films

PE900A Spectrophotometer Data Time: 2:00:09 PM Date: 10/21/2015

  SAM87419.SP - 10/21/2015 - 515415, FS WIT, AB450, 0° AOI, F=0.01 

  SAM87419.SP - 10/21/2015 - 515415, FS WIT, AB450, 0° AOI, F=0.01 

  SAM87419.SP - 10/21/2015 - 515415, FS WIT, AB450, 0° AOI, F=0.01 
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Figure 4.2: High reflective coating data. From Advanced Thin Films.
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Advanced Thin Films

PE900A Spectrophotometer Data Time: 2:00:09 PM Date: 10/21/2015

  SAM87417.SP - 10/21/2015 - 515417, FS WIT, AB450, 5° AOI, F=0.0422 

  SAM87417.SP - 10/21/2015 - 515417, FS WIT, AB450, 5° AOI, F=0.0422 

  SAM87417.SP - 10/21/2015 - 515417, FS WIT, AB450, 5° AOI, F=0.0422 
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Figure 4.3: Anti reflective coating data. From Advanced Thin Films.
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Figure 4.4: Temperature measured inside the vacuum chamber.

through its respective EOM, then it is sent to the cavity table through a polar-
ization maintaining optical fiber. There the beams are superimposed using two
dichroic mirrors and enter the cavity from the flat mirror side. At the opposite side
a photodiode and a video camera monitor the transmitted light. For the 556 nm,
759 nm and 798 nm we used Jenoptik fiber based broadband EOMs (up to ∼1 GHz)
driven by commercial synthesisers featuring phase modulation and with a RF power
up to 50 mW. For the 399 nm radiation we used a QBIG EOM, coupled in air, with
two resonance frequencies tunable in the ranges 0.6-1 GHz and 1-1.6 GHz. The res-
onances bandwidth is about 11 MHz, which is enough for ΩPDH. Ωgap is adjusted
by tuning the resonance frequency. This EOM is powered by a custom made QBIG
synthesiser which can provide the required 4 W RF power.

Three photodiodes (PDPDH) collect the reflected light coming from the cavity.
The lasers are independently modulated at different ΩPDH and the PDPDH signals
are filtered by narrow band-pass filters to suppress any possible crosstalks between
the wavelengths. After amplification, the signals are sent to mixers and demodu-
lated at the respective ΩPDH to produce independent error signals which are then
fed to the feedback electronics.

Moreover, the 399 nm laser can be frequency locked in two ways: by directly
sending the 399 nm radiation to the cavity or by using the 798 nm light instead.
In the latter case the beam is extracted before the duplication cavity, it is fiber
coupled and then sent to the cavity in place of 399 nm light. The 798 nm beam
is superimposed with the 759 nm on a 50/50 beamsplitter and the reflected light
from the cavity is detected by the same photodiode (PD1PDH). The signal is then
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4.2 – Characterization

splitted using a RF splitter (MiniCircuits LRPS-2-1), independently filtered and
goes to two different PID controls.

4.1.3 Locking to the cavity
The 556 nm laser is referred to the cavity with two locks: a fast one acting on

an AOM with a bandwidth of 90 kHz and a slow one acting on the laser’s piezo
with 3 kHz bandwidth. The electronic feedback loop comprise a PID control and a
voltage-control oscillator (VCO) to drive the AOM. The stabilization of the 399 nm
(798 nm) and 759 nm uses the respective laser piezo to control the frequency by
means of a PID circuit with 3 kHz bandwidth. In table 4.1 are summarized the
parameters used to lock the different lasers to the cavity.

Table 4.1: Parameters used for locking the lasers. The bridge frequency for the
759 nm laser can be tuned to the preferred value according to the experimental
conditions. From [79].

λ/nm Pin/µW Ωgap/MHz ΩPDH/MHz
399 60.5 850.4 8.1
556 6.3 327.0 10.7
759 13.0 / 11.5
798 6.5 174.1 5.9

Following the offset-sideband locking technique we phase modulate the RF sig-
nal piloting EOM generating two set of sidebands. The EOM gives rise to the first
order sidebands spaced by Ωgap while the phase modulation generates further side-
bands around the first order ones, separated by the phase modulation frequency
(ΩPDH). By increasing the RF power the carrier amplitude is reduced in favour of
the sidebands, this is regulated to maximise the first order sidebands. The phase
modulation depth is optimized by maximizing the PDH error signal. This behaviour
of the phase modulated light can be seen in fig. 4.6 which shows the transmitted
light and PDH error signals for the 556 nm laser. By tuning Ωgap the first order
sideband can be kept in resonance with the cavity and locked to it while the laser
carrier frequency can be moved to the desired value without the use of additional
modulators. This have been tested modulating the RF as fast as 1 MHz/s up to
500 MHz span. The span is limited by the synthesiser capability.

4.2 Characterization
The multi-wavelength cavity is meant to serve the Yb optical lattice clock to

frequency stabilize the MOT and the lattice lasers. The optical lattice operates at
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Figure 4.6: Blue: Typical spectrum of the transmitted 559 nm light through the
cavity. It shows the depleted carrier, the first order sidebands spaced by Ωgap and
the second order sidebands, generated by the PM signal, spaced by ΩPDH. It can
be noticed that the carrier does not produce any error signal. Smaller peaks are
higher order cavity modes. Red: PDH error signal. From [79].

the magic frequency (see chapter 2) and the clock demands a relative uncertainty
introduced by the lattice laser light less than 1 × 10−18. Taking into account a
first-order clock-transition sensitivity of 21.6 mHz/GHz Er [25] and 200 recoil en-
ergy (Er) lattice trap depth, the required lattice frequency drift accumulated in a
typical day of operation (≃ 10 h) is less than 120 kHz. Regarding the MOT lasers
the requirements are evaluated by considering the magneto-optical trapping perfor-
mance as well as detection, lattice loading efficiency, achievable atomic temperature
and atomic state manipulation. This lead to a laser linewidth a daily drift of lass
than 1 MHz for the first stage MOT (at 399 nm) and 100 kHz for the second stage
(at 556 nm).

4.2.1 Finesse measurement
From (2.33) the Finesse of an optical resonator is defined as the ratio of the

mode frequency spacing, or free spectral range (∆νFSR), and the linewidth of the
cavity mode (δν). The latter can be expressed as:

δν = 1
2πτ

64



4.2 – Characterization

giving:
F = ∆νFSR

δν
= πcτ

L
with L the cavity length and τ the decay lifetime of the light resonant with the
cavity.

To assess the finesse of the cavity for the various wavelength we used the cavity
ring down technique. This method is based on a time measure of the exponential
extinction rate of the transmitted light through the optical cavity. To do that the
laser frequency is put in resonance with the cavity and then the light is quickly
turned off while a fast photodiode (Menlo FPD510-FV - raise time 2 ns) measures
the transmitted light. The light is turned off using an electronic switch (response
time ∼20 ns) that interrupts the RF frequency driving the EOM (response time
∼15 ns) and thus extinguishing the sideband which was resonant with the cavity.
The optical intensity accumulated in the resonator starts to decrease as I ∼ e−t/τ ,
where τ is the ring down time of the cavity. The switch is piloted with a TTL
signal generated by a computer which also triggers an oscilloscope that takes the
photodiode signal and records the exponential decay. The experimental layout is
reported in fig. 4.7 while fig. 4.8a shows a typical ring down signal.

Laser

Optical 
Cavity

EOMTTL

CameraOscilloscope

Figure 4.7: Experimental layout for the ring-down measure.

For the 399 nm light the finesse was evaluated by measuring the linewidth of the
transmitted mode through the cavity since the decay time was too fast to be mea-
sured properly. The frequency was scanned slowly, compared to the cavity response
at this wavelength (20 MHz scan in 125 ms compared to ∼60 ns decay time), by us-
ing an AOM. The transmitted light is collected on the same photodiode used for
the ring down measure and the signal is always recorded with an oscilloscope (see.
Fig. 4.8b). We repeated the measure 10 times per each wavelength, the results are
summarized in Tab. 4.2 along with the measured optical transmission (throughput)
of the TEM00 mode. The throughput measure was taken by measuring the ratio
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Figure 4.8: Signals used to evaluate the finesse.

between the input and the transmitted optical power of the TEM00 mode. The
video camera was used to assure the correct transmitted mode.
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Table 4.2: Measured cavity properties. From [79].

λ/nm Finesse Throughput/%
declared measured

399 1000-3000 550 ± 60 3
556 15 000 13900 ± 600 20
759 1000-3000 1660 ± 150 65
798 / 1200 ± 150 69

4.2.2 556 nm characterization
Excluding the clock laser, which is independently stabilized on a separate ultra-

stable cavity (see sections 2.5 and 3.3.5), the most demanding frequency stabi-
lization in our system is the 556 nm laser. To characterize the laser linewidth,
frequency stability and the cavity’s point of vanishing expansion (zero CTE) dedi-
cated measures was performed using an additional ultra-stable cavity as reference.
The performance of the reference cavity was reported in [59]. The cavity was also
used to frequency stabilize the 556 nm laser before the multi-wavelength one was
adopted.

Some 556 nm light (few tens of µW) is extracted after being pre-stabilized on
the multi-wavelength cavity. This auxiliary beam is then locked to the reference
cavity using an additional AOM (AOM1 in fig. 4.5) together with a PID control
with a total bandwith of 100 kHz. In this way the RF signal which drives AOM1
represents the frequency difference between the two cavities whereas the linewidth
of that signal represents the laser linewidth. The noise of the error signal of the
two laser-branches is uncorrelated within the bandwidth of the two controls (100
kHz).

Zero CTE temperature

To evaluate the temperature where the thermal expansion coefficient vanishes
(zero CTE) we measured the frequency difference between the reference and the
multi-wavelength cavities while changing the temperature of the latter. This was
done by changing the temperature set point of the control driving the heater outside
the housing. The result is reported in fig. 4.9a together with a parabolic fit which
gives a zero CTE temperature of 30.4 ± 0.3 ◦C. The data were taken during about
one week and the reference cavity drift during this time is negligible.

Linewidth and frequency stability

The frequency difference signal between the two cavities is sent to a spectrum
analyser to record the laser linewidth. By incrementally increasing the resolution
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(b) Frequency spectrum of the 556 nm laser locked to the multi-
wavelength cavity recorded by a spectrum analyser with 80 ms sweeping
time and 100 Hz resolution.

Figure 4.9: Frequency-comparison of the multi-wavelength cavity against the ref-
erence one at at 556 nm. From [79].

of the instrument a reduction of the signal can bee seen. We set it to 80 ms of sweep
time and 100 Hz resolution giving an upper limit linewidth of 300 Hz (see Fig. 4.9b).
The frequency noise of the difference signal was measured using a phasemeter, the
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result is shown in figure 4.10. We assessed a white noise floor of 5 Hz/
√

Hz and a
flicker contribution of 15 Hz/

√
f (f being the Fourier frequency). Typical acoustic

noise is present between 10 Hz and 130 Hz.
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Figure 4.10: Frequency noise spectrum of the 556 nm laser locked to the cavity.
From [79].

To corroborate the linewidth measure we calculated the linewidth from the
frequency noise spectrum exploiting the β-line technique [81]. The separation line
Sδν(f) = 8 log(2)f/π2 gives a frequency cut of fc = 65 Hz. According to this
calculation, for Fourier frequencies f < fc the noise contributes mainly to the
lineshape and thus to the linewidth while for f > fc it affects mainly the wings.
The full width half maximum (FWHM) of the laser frequency is given by:

FWHM = (8 log(2)A)1/2 (4.1)

with
A =

∫ fc

0.001
Sδν(f)df. (4.2)

The numerical integration of the laser frequency noise spectrum yields a linewidth of
about 245 Hz, which is quite consistent to the experimental observation. Simplifying
the noise spectrum with only the flicker and white noise components leads to an
analytical integration:

A =
∫ 5 Hz

0.001 Hz

225 Hz2

f
df +

∫ 65 Hz

5 Hz
25 Hz2/Hz df
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which results in a FWHM = 145 Hz.
From the phasemeter data the Allan-deviation is also obtained and is reported

in figure 4.11. From this data the fractional frequency stability at 1 s is 3 × 10−14,

Figure 4.11: Frequency stability of the 556 nm laser locked to the multi-wavelength
cavity and compared to the reference cavity.

and is attributed to the multi-wavelength cavity only.

4.2.3 Drift measurement
The cavity frequency drift is measured by using a fiber-based optical frequency

comb referenced to a hydrogen maser. The 759 nm laser, frequency locked to the
multi-wavelength cavity, is sent through a polarization maintaining optical fiber to
the comb table where it is beaten with a comb tooth on a fast photodiode. The
beatnote signal is then filtered, amplified and counted by a frequency counter. To
bring the beatnote frequency to the counter operating range (1-60 MHz) signal is
shifted using a mixer and an additional synthesiser (see 4.12).

To observe effects caused by the presence of several laser beams inside the cavity
the drift measure was taken while the lasers are sequentially locked to the cavity.
The result is reported in Fig. 4.13. The red trace shows the drift of the 759 nm laser
when the 798 nm and 556 nm radiations are locked at the same time. The drift is less
than 2 kHz/h with no significant interactions with the other lasers. However, when
the 399 nm light is sent to the cavity instead of the 798 nm (fig 4.13, blue trace),
we observed and abrupt shift of about 50 kHz in 4 minutes followed by a constant
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Figure 4.12: Detail of the experimental layout for the drift measure with the optical
frequency comb. In purple are the optical fibers.
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Figure 4.13: Beatnote frequency of the 759 nm laser with the frequency comb ref-
erenced to an H-maser. Red: 798 nm 759 nm 556 nm lasers simultaneously locked
to the cavity. Blue: 759 nm, 556 nm and 399 nm sequentially locked. Gaps in the
data are cycle leaps of the counter. From [79].
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22 kHz/h drift. This tenfold increment comes from the high optical absorption of
the mirrors coating at 399 nm giving rise to thermal effects. This is also testified
by the low finesse and throughput at this wavelength. Moreover, the timescale of
the shift (∼200 s) also suggests the mirror deformation takes place on the coating
level rather than at the cavity assembly (temperature stabilized on the long therm
∼10 h). The 399 nm radiation can be troublesome and we have already experienced
the lower performance of the optics toward the ultra violet region.

Since the finesse is fully determined by the mirrors’ cavity losses we can estimate
them using the result obtained in Tab. 4.2. For low losses the finesse can be
expressed as:

F = π

2 arcsin
(1−√

ρ

2 4√ρ

) ≈ 2π
1 − ρ

where ρ is the circulating power after one round-trip, thus 1 − ρ gives the loss. For
a finesse of 550 the round-trip loss is about 1.1 %.

Considering the possible damage on the cavity optics in the long term using the
399 nm light as well as the overall performance we decided to stabilize the 399 nm
laser by sending the 798 nm laser to the cavity.
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Chapter 5

INRIM Yb clock characterization
and absolute measurement

In this chapter the absolute frequency measurement of the unperturbed clock
transition (1S0−3P0) of 171Yb using the cryogenic caesium fountain ITCsF2 [13]
as primary frequency standard is reported. The result of this measurement was
already published in [25]. From a metrological standpoint, absolute frequency mea-
surements are fundamental steps as they address the reproducibility of a physical
quantity taken as reference, such as an atomic transition, and make possible a
comparison between realizations of laboratories around the world. This kind of
measurements are even more important in the case of optical lattice clocks. In-
deed, we will see that they outperform the current primary Cs frequency standard
in terms of both fractional uncertainty and stability, falling in the unconventional,
but not completely new, situation where the system under test performs better than
the standard. It is mandatory, also, to demonstrate the effectively performances of
the different frequency standards in view of a possible redefinition of SI second in
terms of an optical transition.

The chapter is organized as follows, firstly the clock operation is reported along
with the experimental details of the atomic manipulations and spectroscopy. After
that, the systematic shift evaluation is given with the complete uncertainty budget
and, lastly, the description of the absolute measurement campaign is illustrated.

5.1 Clock operation
The overall experimental layout is reported in fig. 5.1. Several optics, mounted

on two breadboard placed around the experimental chamber, allows the different
laser beams to reach the atomic sample making possible the atomic manipulation
and interrogation.
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5.1 – Clock operation

5.1.1 Laser cooling and magneto optical trap
The hot atomic beam is generated by the atomic oven heated up to 400 ◦C. It

is slowed exploiting the strong 1S0 – 1P1 by a counter-propagating beam at 399 nm
red detuned from the transition by −350 MHz. The typical optical power delivered
on the atoms is about 35 mW and it can be stabilized and modulated by a dedicated
power stabilization circuit described in section 3.3.5. The beam 1/e2 radius is about
1 cm and the polarization is controlled by a λ/4 waveplate before getting into the
vacuum chamber. It was already mentioned that the system is designed to operate
without a Zeeman slower. To compensate for that, the oven is kept close to the
trapping region so to have a strong collimated atomic beam and, at the same time,
the MOT coils magnetic fringe field helps the slowing efficiency.

The slowing is an ancillary process used to the trap the atoms inside the MOT.
The first stage of such a trap is realized using the same blue transition of the
slowing process. The MOT blue laser is divided in three branches (one per each
axis), sent through the experimental chamber in an orthogonal fashion and then
retro-reflected. The light is red-detuned by −20 MHz using the AOM present on
the distribution bench. Each line has a power of 10 mW (∼ 30 mW total) and a
beam diameter of 1 cm, measured close to the vacuum chamber. The polarization
is controlled by a pair of λ/4 waveplates placed at the entrance and the exit of the
chamber to separately tune the the input and back-reflected light respectively. The
slower and MOT beams are kept on for the entire duration of the first stage MOT,
typically 150 ms, with a magnetic field set at 0.35 T/m along the vertical axis (z).
In this way up to 4 × 107 atoms are collected after this process at a temperature
of about 1 mK.

The second stage MOT is based on the narrower 1S0 – 3P1 transition at 556 nm,
in the green region of the spectrum, to further reduce the temperature of the atomic
cloud before being transferred in the optical lattice. To do that, the green MOT
beam is also divided in three lines and overlapped onto the blue beams on dichroic
mirrors. In this way the green trap region is exactly overlapped on the blue one. The
power delivered per each line is about 0.67 mW (∼ 2 mW in total) while the beam
1/e2 radius is approximately 0.5 cm. These laser beams cross the same waveplates
and are retro reflected by the same mirrors used for the first stage MOT. The green
light is maintained on also during the loading of the blue MOT. To switch from the
first to the second MOT stage the blue light is simply turned off using the AOMs
together with mechanical shutters.

To further optimize the cooling process as well as maximize the loading efficiency
of the optical lattice the second stage MOT presents three distinct phases with
different frequency, intensity and magnetic field as well. The first one collects the
maximum number of atoms from the blue MOT. It lasts 30 ms during which the
laser beams are kept full power with a magnetic field gradient of 0.13 T/m. The
second substage provides the conditions to cool the atomic cloud down to about
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5 – INRIM Yb clock characterization and absolute measurement

10 µK. During 20 ms the magnetic field is ramped up to 0.2 T/m while the light
intensity is reduced by 10 times and the frequency is tuned closer to the atomic
resonance. The last phase is meant to maximize the loading efficiency of the optical
lattice. It lasts 10 ms with a magnetic field gradient of 0.23 T/m. The control of
the laser frequency and intensity is done by means of an AOM (AOM2 in fig. 3.8)
which is driven by three separate synthesisers selected by an electronic switch.

The typical fraction of atoms transferred from the blue to the green MOT is
70 % while between 6-10 % can be effectively loaded in the lattice. This results in
an atomic population trapped in the lattice of about 7000-15 000 depending on the
experimental requirements.

Frequency fine tuning

To fine tune the temperature of the green MOT we use the so called time-
of-flight (TOF) signal of the free falling atoms [82]. The atoms are cooled and
trapped in the green MOT using the typical sequence, after 60 ms the green light is
turned off and the atoms are let fall under gravity potential. The detection beam
is displaced few mm below the trapping region, detecting the falling cold atomic
cloud which is also thermally expanding. The typical fluorescence signal collected
by the PMT is Gaussian shaped (see fig. 5.2), where the width is related to the
atomic temperature by the equation:

T = mYb

kB

σ2
v (5.1)

where mYb is the Yb mass, kB is the Boltzmann contestant and σ2
v is the Gaussian

thermal expansion variance which is be obtained, knowing the vertical beam dis-
placement, from the PMT time signal. The global frequency of the green laser is
fine tuned by changing the RF frequency of AOM (see fig. 5.1) and optimizing the
TOF signal.

For the last green MOT sub-stage, the light frequency and intensity are fine
tuned during the operation of the clock in order to maximize the number of atoms
trapped in the lattice acting on AOM2 (see fig. 3.8).

5.1.2 Optical lattice
The optical lattice laser at 759 nm is brought to the experimental table with

a core less end cap PM fiber which prevents the fiber to be damaged by the high
optical intensity of the laser. To form the one dimensional trapping potential the
beam is focused down to a waist of 45 µm the using a 200 mm lens and retro-
reflected by a curved mirror. The lattice beam is aligned to overlap the trapping
region with the green MOT and forms a 60 mrad angle with the horizontal plane.
Typically about 1 W of 759 nm laser gets on the atoms, resulting in a trap depth
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5.1 – Clock operation

Figure 5.2: Typical time-of-flight signal as collected by the PMT and recorded by
an oscilloscope. A Gaussian fit is superimposed on the trace showing an estimated
temperature of the green MOT atoms of about 11 µK. From [76].

that can reach about 400 Er. The operational trap depth is set at 200 Er while the
laser power is stabilized using a photodiode, which collects the beam leaking out
the back-reflector, and the AOM in the distribution table (see fig. 3.9). During the
operation of the clock the typical vacuum pressure is about 6 × 10−10 mbar, the
resulting lifetime in the lattice is 2.7(1) s. The lattice beam is vertically polarized
before entering the vacuum chamber with a Glann-Thompson polarizer (see fig. 5.1).

5.1.3 Spin polarization
The spin polarization process is done using the 1S0 – 3P1 at 556 nm. The laser

beam double-passes through an AOM driven with a variable frequency RF (see
fig. 3.8). The -1 order is sent on the main table with a PM optical fibre, here the
polarization is cleaned with a half-waveplate and a polarizing beamsplitter cube.
The beam is sent in the experimental chamber from the bottom using a 45◦ mirror
and it is backreflected, in order to be aligned with the z (vertical) component of
the magnetic field. The bias vertical magnetic field is generated using the z-axis
compensation coils driven by a custom made power supply controlled by the PC.

The spin polarization phase takes place after the atoms are loaded in the optical
lattice, the bias magnetic field is set at 0.4 mT while the light intensity is about
5 µW and illuminates the atoms for 1 ms. By optimizing the 556 nm pulse frequency
98 % pumping efficiency is achieved.
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5 – INRIM Yb clock characterization and absolute measurement

5.1.4 Spectroscopy
Once the atoms are trapped in the optical lattice they are ready to be inter-

rogated by the clock laser light using the Rabi spectroscopy scheme (see sec. 2.4).
The probe beam consist in a 578 nm laser beam with a 1/e2 waist radius of 200 µm
and 70 nW of optical power. It is sent collinear with the lattice laser and the linear
polarization is assured by the same Glan-Thompson polarizer used for the lattice,
tuned to be aligned with the vertical bias magnetic field. The lattice retro-reflector
has an anti-reflective coating at 578 nm with less then 1 % reflectivity at this wave-
length. The power is actively stabilized and frequency tuned using a double pass
AOM (clock AOM in fig. 5.1) positioned on the laser distribution bench before the
fiber and piloted by a PC controlled synthesiser.

5.1.5 Detection
The detection of the excited fraction of atoms follows the normalized electron

shelving technique[83, 84]. It is a destructive process that exploits the strong 1S0 –
1P1 transition at 399 nm. The transition is saturated by resonant blue pulses while
the atomic fluorescence is collected by a photomultipiler tube (PMT) positioned on
one side of the experimental chamber. The detection has a waist radius of 0.5 mm
and it is directed orthogonally to the clock laser on the horizontal plane illuminating
the atoms with 2.5 mW. The power is actively stabilized with the same method
presented in section 3.3.5. The interaction with the detection light heats the atoms
thus releasing them from the lattice trap, destroying the sample.

Considering the fact that the detection operates on the 1S0 – 1P1, the beam
interacts only with atoms present in the ground state. Some passages are thus
necessary to properly count the excited atoms. Three pulses are used, the first pulse
measures the atoms that remained in the ground state after spectroscopy (Pg). The
second one, since the excited atoms are in the metastable excited state 3P0, detects
the background florescence caused by scattered light and hot background gas atoms
(Pb). To bring the atoms excited during spectroscopy back to the ground state we
exploit the short-lived 3D1 level which has a strong decay channel to 1S0. To do
that we apply a pulse of 10 mW of resonant 1389 nm light for 6 ms which optically
pumps the atoms to the ground state with 90 % of efficiency. Lastly, a third 399 nm
pulse detects these atoms which represents the excited fraction (Pe).

The typical signal obtained from this process is reported in fig. 5.3. The signal
is then used to calculate a normalized excitation fraction ψ and the total number
of atoms N as:

ψ ≡ |e⟩
|e⟩ + |g⟩

≈ Pe − Pb

Pe + Pg − 2Pb

N = |e⟩ + |g⟩ ≈ Pe + Pg − 2Pb

(5.2)
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Figure 5.3: Typical detection signal collected by the PMT and recorded by an
oscilloscope. The three pulses are clearly visible, the first one, on the left, is pro-
portional to the ground state population. The central feature is the background
level while the feature on the right is the signal from the optically pumped excited
state atoms. From [76].

where |g⟩ and |e⟩ are the number of atoms in the ground and excited state respec-
tively while P denotes the PMT signal.

5.1.6 Clock sequence
Figure 5.6 summarizes the typical clock sequence. The clock is controlled by

a PC program which sends TTL and analogue signals to control the laser pulses,
integrates the signals from the PMT and handles the clock laser frequency to make
sweeps or to lock it to the atomic resonance. The first step is loading the blue
MOT for150 ms. During this time the slower beam and the blue and green MOT
beams are kept on while the lattice laser is maintained on for the entire cycle
duration. To transfer the atoms in the green MOT the blue light is shut off. The
three sub-steps of the green MOT last for a total of 60 ms after which the green
light is turned off and the atoms are loaded in the lattice. At this point the spin
polarization process takes place. In 15 ms the bias magnetic field is ramped up
to 0.4 mT along the z axis before illuminating the atoms with a 556 nm pulse for
1 ms to spin polarize the sample into one of the two Zeeman magnetic ground state
sub-levels. The specific sub-level is selected using the PC program which sets the
corresponding RF frequency on the AOM (clock AOM in fig. 5.1). Subsequently,
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5 – INRIM Yb clock characterization and absolute measurement

the bias magnetic field is reduced to 0.14 mT to induce a 290 Hz Zeeman splitting
between the spectroscopic features (see fig. 5.4). 30 ms are required to switch the
current and wait for the magnetic field to stabilize. At this point the atomic sample
is ready for spectroscopy. The Rabi pulse has a typical duration of 60 ms during
which all the radiation, except for the lattice, are blocked to avoid any disturbance
in the trapped atoms. After 5 ms the detection phase begins. The three pulses are
4 ms long and spaced by 2 ms the respective PMT signal is digitally integrated for
2 ms. Before the last detection pulse the repumper laser shines the atoms for 5 ms.
The sequence then restarts, the total cycle length is around 350 ms.

The lock on the spectroscopic line is executed by alternatively interrogating the
two sides of the resonance. From the difference of the excitation fraction between
the two sides the error signal is obtained. This is then transformed in a frequency
correction by applying a multiplicative factor that sets the gain of the control.
The PC program elaborates the data from the PMT and controls the clock laser
frequency. To remove the first order Zeeman shift and the vector light shift, the
clock laser is locked on both Zeeman components independently for a total of four
interrogations, two per each line.
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Figure 5.4: Measured clock transition in presence of a bias magnetic field of 0.14 mT
with atoms polarized in the mF = +1/2 state (green trace) or mF = −1/2 (blue
trace). From [25].

Sideband spectroscopy To get informations about the quality of the optical
trap we performed a broadband spectroscopy scanning the clock transition for sev-
eral tens of kilohertz like reported in fig. 5.5. This kind of trace is called sideband
spectrum and from that the trap depth and the temperature of the trapped atoms
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Figure 5.5: Sideband spectroscopy of the clock transition taken with 104 atoms
trapped in the optical lattice and in a single clock laser scan. It shows the carrier
line and two motional sidebands with the combined fit (red trace). From [25].
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5.2 – Instability measure

can be estimated. The longitudinal motional frequency νz is linked to the trap
depth U0 by[85]:

hνz = 2Er

√
U0

Er

(5.3)

where Er is the photon recoil energy at 578 nm and h is the Plank’s constant. From
the ratio of the two sidebands bbr the longitudinal temperature of the trapped atoms
Tz can be inferred:

kBTz = hνz

ln bbr

. (5.4)

The points in fig. 5.5 are fitted with the expected shape for the carrier and side-
bands taken from [85]. The result is a trap frequency of νz = 68.6(3) kHz which
corresponds to a trap depth of U0 = 284(3) Er. The longitudinal temperature is
Tz = 7.0(14) µK. The typical working conditions are a trap depth of 200 Er and a
longitudinal temperature of about 7 µK.

5.2 Instability measure
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Figure 5.7: Spectroscopy of a spin polarized single Zeeman component of the clock
transition. The trace is a lorentzian fit with a linewidth of 18 Hz. From [25].

The usually measured clock transition line is reported in fig. 5.7. It shows a
line 18 Hz wide, limited by an excess of clock laser frequency noise attributed to
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the seismic noise on the ultra-stable cavity not properly rejected by the passive
anti-vibration platform and the vibration insensitive support.
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Figure 5.8: Measured instability of the clock as it was during 2016 and with the
upgraded set up.

The instability was measured by interleaving two identical clock cycles accumu-
lating two independent frequency corrections. Assuming the two interleaved states
with equal instability, it can be computed by taking the difference between the two
frequencies and computing the Allan-Deviation. The outcome is reported in fig-
ure 5.8 and shows a fractional frequency instability of 2.3 × 10−14 at 1 s averaging
down as white frequency noise, limited by the clock laser instability.

Upgraded system preliminary instability The clock laser cavity as well as
the 578 nm laser generation was upgraded at the end of 2016 (see sec. 3.3.5). The
upgraded set up was preliminary tested during the spring of 2017 obtaining a spec-
troscopic feature 7 Hz wide with an extended Rabi spectroscopy time of 85 ms. The
instability improved to 4 × 10−15/

√
τ/s which is aligned to the expected level of

performance of the cavity used.

5.3 Uncertainty budget
Before undertake an absolute frequency measurement the system has to be

carefully characterized in order to quantify all the systematic effects which alter
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5 – INRIM Yb clock characterization and absolute measurement

the unperturbed clock transition. The different perturbations are summarized in
a table (see tab. 5.1) realizing the complete uncertainty budget evaluation of the
clock.

The clock final fractional uncertainty is 1.6 × 10−16. To assess and quantify
every single source of uncertainty we operate the clock interleaving two clock se-
quence varying a single parameter, enhancing the effect under test, and registering
the resulting frequency shift of the clock transition. Every shift, along with its
uncertainty, is extrapolated to the actual experimental conditions by performing
interpolations to the experimental data.

5.3.1 Lattice light shift
The largest systematic source of uncertainty comes from the optical trapping

potential which, as described in sec. 2.2.2, induces a large perturbation on the
atomic energy levels. The shift depends on both the lattice intensity and lattice
laser frequency νl and it is described by eq. (2.27). We can re-write it in terms of
the effective trap depth Ue = ξU0 = ξαE1I seen by the atoms and expliciting the c
coefficients as done in [28]:

∆νls = −
(
a∆ν + 3

4d(2n
2 + 2n+ 1)

)
Ue

Er

− d
(
Ue

Er

)2
+

+ (a∆ν − b)
(
n+ 1

2

)(
Ue

Er

)1/2
+ d(2n+ 1)

(
Ue

Er

)3/2 (5.5)

where Er = (~k)2/2m is the photon-recoil energy, ∆νL is the lattice frequency
detuning from the E1 magic frequency, a = ∂∆αE1

∂ν
is the slope of the differential

E1 polarizability at νE1, b is the the combined multipolarizability contribution,
d derives from the hyperpolarizability ∆γ and n is the lattice vibrational level
occupied by the atoms.

Experimentally, we evaluated the scalar shift by interleaving low U0 = UL and
high U0 = UH trap depth clock sequences at different lattice laser frequency and
correcting the obtained shift with non linear term coefficients, b (multipolar polar-
izability) and d (hyperpolarizability), taken from [86, 28].

The trap depth modulation is induced varying the lattice power by changing the
diffraction efficiency of the AOM present in the lattice distribution bench before the
optical fiber (see fig. 3.9). In this way the beam shape quality and the spectrum of
the Ti:sapphire laser are not degraded. In particular, the atoms are always loaded
at UL ≈ 200 Er and then, in the case of high trap depth, is quickly (∼0.1 ms) raised
up to UH ≈ 300 Er before spectroscopy. A fast photodiode (3 GHz bandwidth)
monitors the lattice laser single mode. A multi-mode operation would result in
amplitude modulation noise which can be directly seen from the photodiode signal
on a spectrum analyser. Before each clock measurements, the lattice laser absolute
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frequency is taken using an optical frequency comb while, during the experiment,
the frequency drift is compensated by locking the frequency to the comb.
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Figure 5.9: Scalar lattice light shift. From [25].

The operational lattice frequency was set at 394 798.238 GHz. At this frequency
we evaluated the light shift by interleaving between low UL = 196(4) Er and high
UH = 348(5) Er trap depth and assuming the shift scaling linearly between the two
states. The obtained value at UL is −0.02(4) Hz, has to be corrected to account for
non linear effects. The detail of the trapping condition, like the trap depth Ue and
the average motional state occupation in the lattice n, are evaluated from the side-
band spectra (see fig. 5.5). In the typical operational condition we have ξ = 0.8(1)
and n = 2.1(10) at UL and n = 1.5(8) at UH . We calculated the hyperpolarizability
and the multipolar shift using coefficients from literature[28] and using eq. (5.5)
obtaining a correction of 0.064(32) Hz, on top of that we corrected for the non lin-
earity in the effective shift between UL and UH estimated to be −0.13(6) Hz. These
two elements sum to a final shift of −0.07(5) Hz which constitutes the largest con-
tribution to the final uncertainty budget due to the uncertinty in the multipolar
and hyperpolarizability coefficients at high trap depth.

To assess the lattice magic frequency, we also investigated the light shift as
a function of the lattice frequency. In figure 5.9 are reported the measured shift
obtained interleaving between UL = 208(2) Er and UH = 333(4) Er for different
lattice laser frequency νl and scaling the data at U0 = 200 Er. The data are
interpolated with a second order polynomial expansion having linear coefficient
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5 – INRIM Yb clock characterization and absolute measurement

a = −27(3) mHz GHz−1 and a quadratic term c = −0.016(30) mHz2 GHz−1 which
results in a shift of c∆ν2Ue/Er. We evaluated the so called E1-magic frequency,
which is the frequency which zeroes the scalar shift corrected for the multipolar
couplings (magnetic dipole and electric quadrupole), using the light shift obtained
at the working point along with the linear term a and extracting the zero crossing
point. This frequency is then corrected using the non linear contribution also used
for the operational lattice frequency. The final value is νE1 = 394 798.205(17) GHz.
This result is not consistent with the previously reported values for Yb clock [87,
28]. We attribute this discrepancy to the spectral purity of the titanium-sapphire
laser that was not filtered. A new Bragg filter, which should lift this discrepancy,
has been installed in the optical set up (see fig. 3.9) and is currently under charac-
terization.

5.3.2 Density shift
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Figure 5.10: Density shift measured with 0.39(2) excitation number (blue points)
and at 0.34(2) (green points). The line represents the fit with respect to the same
color dataset while the shaded region is the statistical uncertainty.

Cold collisions take place among trapped atoms inducing a perturbation in the
clock laser transition which depends on the atomic density. When the atomic
sample is spin polarized the atoms are prepared in the same quantum state. Given
the fermionic nature of 171Yb, the Pauli exclusion principle induces a suppression
of the s-wave scattering channel. The shift is thus dominated by p-wave cold
collision [50]. However, inhomogeneity of the Rabi pulse can still bring a small
amount of s-wave scattering.
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To evaluate this systematic effect we measure the frequency shift between clock
cycles with different atomic population. We modulate this parameter by changing
the duration of the blue MOT loading. In this way, assuming the atomic density
proportional to the number of trapped atoms, the density in varied without affecting
the trapping conditions. Moreover, cold collisions also depends on the excited
fraction of the atomic sample after spectroscopy [88].

To express the data ins convenient to define the atomic density which corre-
sponding to 1 atom per lattice cite ρ0. To calculate that we consider a trapping
region with a radius of 45 µm, from the lattice beam waist, and 0.5 mm long, from
the dimension of the second stage MOT giving a volume V = 3.2 × 10−12 m3. The
lattice wavelength is 759 nm which generates about t ≃ 1.3 × 103 trapping sites
along the trap length. If we take 1 atom per lattice cite the resulting density is
ρ0 = t/V = 4 × 1014 m−3. The evaluation of the absolute number of atoms present
in the trap has an uncertainty of 20 % however, working with ratios gives an un-
certainty of 1 % on the relative measurement.

The result of the experimental evaluation of the systematic shift is reported in
fig. 5.10, the data were taken interleaving clock cycles with low and high number of
spin polarized atoms and with an excitation fraction, measured after spectroscopy,
of 0.39(2). The atomic density was varied from ρ ≃ 0.1 ρ0 to ρ ≃ 3 ρ0. The
experimental points are interpolated with a linear fit without offset obtaining a
slope of −0.01(4) Hz/ρ0. Tu underline the effect of the excitation fraction, a second
measurement was performed with the same conditions but with a lower excitation
fraction namely 0.34(2) obtaining a slope of −0.4(2) Hz/ρ0. This dependence was
effectively foreseen by the behaviour of p-wave collisions as described in [88].

The typical operating conditions for the clock are ρ ≃ 0.7 ρ0 and excitation
fraction 0.39(2) giving a density shift of −0.01(3) Hz meaning a fractional frequency
uncertainty of 6 × 10−17.

5.3.3 Zeeman shift
Magnetic fields couple with atoms and perturbs energy levels through the no-

torious Zeeman effect[8]. As we have seen, this effect plays a fundamental role in
atomic clocks like, for example, in atomic manipulation and spectroscopy. However,
both first and second-order Zeeman shift alter the clock transition and they require
a careful characterization to evaluate an unperturbed transition.

During spectroscopy a bias magnetic field is applied to induce a separation
between the two Zeeman components of the clock transition (see fig. 5.4). The typ-
ical separation between a Zeeman feature and the unperturbed one is 290.1(3) Hz.
Considering a first order magnetic sensitivity for Yb of 210 MHz/T [87], this corre-
sponds to a magnetic field of 138(1) µT. By separately measuring the frequency of
the two magnetic components we can measure the stability of the magnetic field. It
was found to be lower than 0.1 µTh−1. The first order Zeeman shift can be removed
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by taking the frequency average between the two magnetic component, exploiting
the linearity of the shift with respect to the magnetic field.

The second-order Zeeman effect, in optical lattice clocks, arises from the interac-
tion of the two triplet states 3P0 and 3P1 [7]. The repulsion of the two states gives
a shift quadratic with the magnetic field ∆ν = aB2 with a = 7(1) Hz/mT2[87].
Operating the clock with a magnetic field of 138(1) µT gives a −0.14(2) Hz shift,
that corresponds to a fractional frequency uncertainty of 4 × 10−17.

5.3.4 Black-body radiation shift
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Figure 5.11: Temperature registered by the thermometers spread around the ex-
perimental chamber during a single measurement run. From [25].

The experiment runs at room temperature and, as a consequence, the atomic
sample is immersed in an environmental thermal radiation which induces a Stark
shift on the clock states that perturbs the clock transition. This external electro-
magnetic field is called back-body radiation (BBR) and, in the case of optical lattice
clocks, its characteristic frequency is much smaller than the clock transition allow-
ing the shift to be approximated to a static interaction plus a dynamic correction
as [89]:

∆νBBR = −1
2
(
α

(0)
3P0

− α
(0)
1S0

)
⟨E2⟩T (1 + ηclock(T )) (5.6)
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where the coefficients α(0)
|i⟩ are the clock states static polarizabilities, ⟨E2⟩T is the

time averaged electric field of a black body at temperature T and ηclock is the
dynamic correction. In the case of 171Yb we have ∆α(0) =

(
α

(0)
3P0

− α
(0)
1S0

)
=

36.2612(7) kHz/(kV/cm)−2 and η(T = 300 K) = 0.0179(5) [89, 90]. The precise
knowledge of the temperature sensed by the atoms is crucial as the integration of
the Planck’s radiation law yields ⟨E2⟩T = (831.9 V m−1)2[T/(300 K)]4, expliciting a
T 4 dependency.

The temperature of the experimental chamber and the oven is continuously
monitored by ten calibrated platinum resistance thermometers (Pt1000, uncertainty
0.2 K) placed around the vacuum chamber. Eight of those are positioned around
the trapping region while one is placed close the oven and the last far from it. The
main heating sources are the oven, the MOT coils and the water cooling, these
generate temperature gradients across the chamber. The temperature is read by
4-wires resistance reading with an uncertainty of 0.04 K. The spread between all
the sensors is below 2 K. An example of the temperature measured during the
operation of the clock is reported in fig 5.11, it shows a transient at the beginning
of the experiment caused by the thermalisation of the apparatus.

To evaluate the environmental temperature seen by the atoms, we assumed
a uniform probability density function considering the average of the recorded
temperatures in a single run, T = (Tmax + Tmin)/2 and the uncertainty ((Tmax −
Tmin)/

√
12 [91]. The main limiting factor in every single measurement run is given

by the temperature transient. When all the measures are statistically analysed
considering their correlations (see sec.5.4 ), the resulting uncertainty is 0.8 K. The
BBR shift caused by the environmental temperature is thus −1.219(13) Hz.

As described in chapter 3.1, the trapping region lies on the axis of the atomic
beam coming from the hot oven, therefore this constitutes an additional thermal
radiation source. On top of that, during the first part of the campaign, on the
opposite side of the oven a hot window was present to give optical access to the
slower beam, with direct sight to the atomic sample. This window was heated
at 230(5) ◦C and its radiation has to be taken into account as well. To address
these effects, we performed a ray tracing analysis to calculate the effective solid
angle subtended by the thermal source (considering also radiation reflections in the
vacuum chamber) as perceived by the atoms. The oven is kept at a temperature
of 400(10) ◦C and constantly monitored with a thermocouple. The uncertainty in
the evaluation arises from the difference in temperature between the body and the
tip of the oven and the sensor position as well as the thermocouple accuracy. The
BBR coming from the oven has to pass through the copper differential vacuum
tube, present between the oven and the experimental region (see chapter 3.1). The
result of this model, after considering a copper emissivity of ϵCu = 0.4(2) and the
possibility of the radiation to make up to two reflections before getting on the
atoms, is a BBR shift of −0.011(4) Hz.

As far as the hot window is concerned, in the analysis we considered up to 5

91



5 – INRIM Yb clock characterization and absolute measurement

reflections from the stainless steel fitting surfaces (emissivity ϵsteel = 0.5(3)) and
1 from the polished aluminium chamber (emissivity ϵAl = 0.13 ± 0.1) obtaining a
shift of −0.12(15) Hz. The hot window was removed during March 2016, an intra
cavity cold mirror was installed in its place. This additional source of uncertainty
was evaluated to be 5 × 10−17 by looking to the final relative uncertainty budget
after averaging data with and without the hot window.

5.3.5 Probe light shift
The interaction between the atoms and the clock laser light during the spec-

troscopy pulse induces, in turn, a Stark shift on the clock transition. The shift
depends on the laser intensity and, in the case of a Rabi π pulse, the required
amount of light scales as Iπ ∝ t−2

i [28], with ti the interaction time. In our analysis
we referred to the published value for Yb [87] and rescaled it to our experimen-
tal condition. For a spectroscopy pulse of 70 nW and 60 ms long the probe light
induced Stark shift is 0.005(18) Hz.

5.3.6 Gravitational red-shift
According to special relativity and the equivalence principle, a difference in the

gravitational potential between an event (one clock) and an observer (reference
clock) gives a time dilation that results in a difference in time flow [92]. In the
case of frequency standards, this means that the frequency measured by two clocks
positioned at different height (∆h) are shifted by ∆ν/ν0 = g∆h/c2 where g is the
local acceleration of gravity. The magnitude of such an effect is ∆ν/ν0 ≃ 10−17 for
an elevation difference of ∆h = 10 cm.

When a comparison between clocks is performed, a careful evaluation of the
gravitational red-shift is necessary to avoid an offset in the resulting frequency.
If the two clock are in the same laboratory the difference in height can be eas-
ily measured with high precision. On the other hand, when clocks are positioned
far away from each other, the same measure could result cumbersome, yielding
to an additional uncertainty contribution in the gravitational potential determina-
tion. Indeed, for remote clock comparisons like in the generation of international
timescales, every measurement is reported to the altitude with respect to the geoid.
The evaluation of the gravitational potential with respect to the geoid at the IN-
RIM’s laboratories was undertaken in 2013 within the European project ’Interna-
tional timescales with optical clocks’ (ITOC) [93, 94]. We consider here the results
obtained with the Global Navigation Satellite System/geoid (GNSS/geoid) method
because is better suited for long-haul optical fiber and satellite clock comparisons
given it smaller accumulated error over long distances (> 1000 km) compared to the
traditional levelling method [95]. The gravitational potential at the height of the Yb

92



5.3 – Uncertainty budget

atomic cloud is C(Yb)GNSS/geoid = 2336.48(27) m2s−2 [25] causing a gravitational
red-shift of 13.474(3) Hz.

During the absolute frequency measurement of the Yb clock transition against
the caesium fountain the two clocks were located in the same laboratory, within
10 m of separation. We assessed a height difference of ∆h(Yb−Cs) = 0.15(2) m
resulting in a gravitational red-shift during the comparison of 1.6(2) × 10−17.

5.3.7 Other shifts
Several other marginal effect are considered to complete the uncertainty budget.

Fiber noise cancellation, residual Doppler and AOM chirp As already
mentioned in section 3.3.5, the Doppler noise cancellation system introduces a frac-
tional uncertainty of 1 × 10−18 after 1000 s of operation. However, the reference
mirror of the compensation system, that is the mirror mounted on the experimen-
tal bench which sends the light back to the fiber, is placed 30 cm away from the
lattice back-reflector. This back-reflector, instead, constitutes the reference frame
of the trapped atoms in the lattice. As a consequence, vibrations that shake the
chamber and the optical table (e.g. MOT coils switching and water cooling) can
induce an additional Doppler shift because the trapped atoms move with respect
of the probe light wave-fronts. The assessed relative uncertainty is 5 × 10−17.

The frequency of the clock laser is modulated by means of an AOM, to avoid
thermal effects on the crystal of the modulator we switch the frequency at constant
power. By performing heterodyne interferometry we did not observed any shift
up to 2 mHz that is taken as uncertainty. Moreover, changing frequency on the
AOM to switch the Rabi pulse induces causes a phase jump not compensated by
the fiber-noise cancellation system [96]. This results in a frequency shift of 0.5 mHz
which we consider as uncertainty.

Servo error The atomic servo loop stabilizes the clock laser frequency on the
atomic resonance by probing both mF = ±1/2 components. However, any ef-
fect preventing this process result in a systematic frequency drift of the recorded
transition. This is the case of uncompensated linear drift in systematics or local os-
cillator. We evaluated this disturbance by taking the average of error signal during
measurements of the campaign obtaining an uncertainty of 1 × 10−17.

DC Stark Stray electrical charges in the proximity of the trapping region would
induce a Stark shift on the clock transition [89]. In our setup the vacuum chamber is
aluminium made and act as a Faraday cage, shielding the atoms from external fields.
On the other hand, electrical charges can build up on the windows surfaces [97].
Two big view-ports are present 25 mm away from the trapping region, along the
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vertical axis of the chamber, having 38 mm of radius and 12 mm of thickness. We
evaluated a capacitance between the two windows of 0.6 pF and a time constant of
∼ 50 d considering a high resistivity of 1018 Ω m for fused silica [97, 25]. At the time
of the evaluation, the vacuum chamber was used by three years thus the potential
charges accumulated on the windows surfaces should have decayed yielding to a
shift < 1 × 10−17 that is considered as uncertainty.

Background Gas collisions The residual gas particles present in the vacuum
chamber and the hot atoms from the atomic beam can collide with trapped atoms
inducing a shift. This effect can be related to the lifetime of the atoms in the
lattice [98]. We consider a typical lifetime of 2.7 s and a C6 coefficient for Yb
dimers taken from [99] obtaining a shift of 8 mHz that we adopt as uncertainty.

Tunneling Atoms can move from one lattice cite to the adjacent by means of
quantum tunneling effect, causing a broadening of the motional levels structure of
the trap [100]. Tunneling is suppressed operating the lattice at large trap depth.
With a potential U0 = 200 Er deep and a temperature of T = 7(3) µK we estimated
that about 70 % of the atomic sample lies in the lowest three vibrational levels of
the lattice. We consider the width of the third band as uncertainty that is 2 mHz.

Line pulling The presence of atomic transitions close to the spectroscopic feature
induces a small effect called line pulling. This arises from the convolution of the
resonance under test and a tail of a nearby transition, the sum of the two leads to
a shift of the peak centre toward the disturbing line. In the case of a Yb clock we
have the influence of the lattice motional sidebands (see fig. 5.5) and the σ clock
transition. For the former we gave an upper limit using [101]:

δνpull =
√
b
∆2

δ
(5.7)

where ∆ is the linewidth, δ is the frequency separation between the carrier and
the sideband and b is the ratio between the carrier and the sideband. Considering
a spectroscopy line 20 Hz wide, 70 kHz separation and a ratio of 0.88 we obtain a
shift of 5(2) mHz. However, assuming a similar but opposite line pulling from both
sidebands, the net effect is a zero shift with an uncertainty of 2 mHz. In the case
of σ clock transitions these are suppressed by the linear polarization of the probe
light and the spin polarization of the sample further reduce this effect that results
to be negligible in our system.

5.4 Absolute frequency measure against ITCsF2
The absolute frequency of the 171Yb optical frequency standard was measured

with respect to the INRIM primary frequency standard, the caesium fountain
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IFCsF2, during a campaign started in January 2016 and finished at the end of May
2016. To bridge the frequency gap between the microwave standard (∼ 9 GHz)
and the optical lattice clock (∼ 500 THz) an Er-fiber optical frequency comb is
adopted. It operates with a repetition rate of 250 MHz referenced to a hydrogen
maser. The fountain operated continuously during the campaign and counted the
hydrogen maser frequency.

Optical Frequency Comb
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Cs
fountain

578nm
Laser

759nm
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DAC
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Figure 5.12: Layout of the absolute measure of the 171Yb clock transition against
the primary frequency standard, the caesium fountain ITCsF2. The 578 nm light,
stabilized on the ultra-stable cavity is sent through PM fibers (purple lines) to an
optical frequency, referenced to an hydrogen maser, comb where its frequency is
counted and recorded on a dedicated PC. At the same time the fountain measures
the maser frequency. Lock PC is used to lock the laser frequency on the atoms and
it records the frequency sent to lock AOM (see main text for details). The scheme
of the lattice leaser frequency lock to the comb is also illustrated.

A diagram showing the measurement setup is reported in fig. 5.12. From the
clock laser distribution bench a fraction of light, frequency stabilized on the ultra-
stable cavity, is sent to the frequency comb through a PM fiber. The fiber link
is actively stabilized to compensate for additional phase noise (see sec. 3.3.5) in-
troducing an uncertainty of 1 × 10−18 after 1000 s of measurement. The beatnote
frequency of the laser and the comb tooth was counted redundantly to avoid cycles
slips in the counter. We removed points with a discrepancy between the different
counters reading larger than 2 Hz. The light sent to the comb is stabilized on the
cavity and has a different frequency with respect to the laser beam sent to the
atom, as this is steered by an additional AOM (lock AOM). The frequency mea-
sured by the comb and the one driving the lock AOM are recorded on two separate
computers at different rate because the comb and the clock records data operates
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with different cycle time. The two computers are connected to the INRIM’ Network
Time Protocol (NTP) server and are synchronized within 3 ms. The collected data
are averaged and interpolated at common timestamps and, considering a cavity
drift of 0.1 Hz s−1, the uncertainty relative at this operation has been calculated as
6 × 10−19.

To evaluate the uncertainty introduced in the measurement by the comb we
measured the same optical frequency with two independent optical combs, obtaining
an uncertainty of 1 × 10−16 after averaging for 104 s, limited by the electronic noise
of the comb setup.

The characterization of the cryogenic caesium fountain ITCsF2 has been al-
ready reported in [13]. During the data taking period the fountain run in two
distinct regimes, respectively, high and low atomic density. The former exhibits
an accuracy of 4.8 × 10−16 and an instability of 2.5 × 10−13/

√
τ/s while in the low

atomic density the uncertainty reduces to 3.0 × 10−16 and the instability goes up
to 3.6 × 10−13/

√
τ/s.

During the campaign we collected data for 227 h in a total of 31 runs. The
result of all the different measurements is reported in fig. 5.13 as a function of the
date (modified Julian date MJD). Given the fountain different operative regimes
as well as the variations in atomic density in the optical standard, the systematic
uncertainty related each point is different but always limited by the fountain con-
tribution. In addition, the removal of the hot window (see sec. 3.1) during the
campaign brought a reduction in the BBR uncertainty of the Yb clock as can be
seen in fig. 5.13 after ten measurements.

The statistical analysis of the whole data took into account the correlations
between the different measurements with different shifts [102] and followed the
Gauss-Markov theorem [103, 104]. The result of the analysis gives a frequency of the
unperturbed 1S0 – 3P0 transition of 171Yb of f171Yb = 518 295 836 590 863.59(31) Hz
and the detail of the different uncertainty contributions is reported in tab. 5.2.
From the correlation matrix we obtained a reduced chi squared of χ2

red = 1.36 for an
average with 30 degrees of freedom. The resulting p-value is 10 %. Considering the
detailed uncertainty budget, the measurement is limited by the primary frequency
standard contribution of 4 × 10−16 while the optical has been characterized at a level
of 1.6 × 10−16 as reported in chapter 5. The statistical uncertainty contributes with
3.4 × 10−16. However, this value was increased to 3.9 × 10−16 to compensate for the
χ2

red > 1.
The result is in good agreement with the recommended 171Yb frequency as sec-

ondary representation of the second f171Yb(CIPM2015) = 518 295 836 590 864.0(10) Hz
and it constitutes the first absolute measurement of a Ytterbium optical lattice
clock in Europe. In fig. 5.14 the obtained frequency is compared with previous
measurements along with the weighted average of the ensemble. Points reported
in figure are obtained against caesium frequency standards [87] or derived from
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Figure 5.13: Absolute frequency measurements of the 1S0 – 3P0 transition of 171Yb
taken against ITCsF2. Data obtained during the measurement campaign from
January to May 2016. Blue error bars represent the combination of statistical and
systematic uncertainties in each run while the green bars represent the combined
systematic uncertainty of the Yb clock and the fountain. The shaded region denotes
the 1σ uncertainty of the averaged data. From [25].

Table 5.2: Detail of systematic contributions of the Yb-ITCsF2 comparison.
From [25].

Contribution Unc. /Hz Frac. Unc.×1016

ITCsF2 0.20 3.9
Statistics 0.18 3.4
Yb 0.08 1.5
Comb 0.05 1.0
Grav. redshift 0.001 0.02
Fiber link 0.0005 0.01
Synchronization 0.0003 0.006
Total 0.28 5.4

frequency ratio with 87Sr optical frequency standards [28, 105, 106] or with com-
parison against terrestrial time (TT) [29, 107, 108, 109]. To obtain the 171Yb
frequency from the frequency ratio we used the CIPM recommended frequency of
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Figure 5.14: Comparison between the different absolute measurement of the Yb
clock transition. In red are the direct measurements against Caesium standards,
in purple are data deducted from frequency rations 171Yb/87Sr and in blue are
measurement taken with respect to the Terrestial Time.

87Sr f87Sr(CIPM2015) = 429 228 004 229 873.2(2) Hz as secondary representation of
the second [30]. It worth notice that this result represents the second measurement
of a 171Yb clock against a primary frequency standard ever performed after the
one done by NIST in 2009, posing a very important metrological milestone for the
experiment.
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Chapter 6

Ytterbium optical clocks at NIST

National Institute of Standards and Technology (NIST) is one of most important
metrological institutes in the world and its research represents the state-of-the-art
in many fields, especially atomic physics and time and frequency metrology. I have
been guest researcher for nine months, during 2016, of the Optical Frequency Mea-
surement (OFM) Group at NIST in Boulder, Colorado. This group conducts sev-
eral experiments such as the development of optical clocks [110], frequency combs
for frequency comparisons, ultra-low noise microwave generation [111] and spec-
troscopy [112] as well as the development of ultra-stable optical cavities for laser
stabilization [113]. In particular, a Ytterbium (Yb) optical lattice clock has been
running since 2005 [87, 114, 90, 21] and now the experiment counts two Yb clocks
which exhibit performances among the best in the field [21]. My advisors have
been Dr. C. Oates, leader of the OFM Group and Dr. A. Ludlow, leader of the Yb
experiment.

During my stay at NIST I have been involved in many laboratory activities in
particular, the measurement of the uncertainty budget of one clock (YbI) and the
realization of the zero-dead-time clock (ZDT clock) and its instability measurement.
Besides, I worked on the losses characterization of the new crystalline mirrors (CM),
which are going to be used for a new generation ultra-stable optical cavity.

This chapter is organized as follows: firstly the experimental layout of the two
clocks is described, then the uncertainty budget evaluation is reported and after
that the ZDT clock is shown along with the fundamental aspects of the aliasing
effect called Dick effect [68]. Finally the work on the CM is described. The work
on the ZDT clock has already been presented in a dedicated publication [21] as well
as the lattice light shift evaluation [44].
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Figure 6.1: Scheme of the experimental setup of the two Yb clocks at NIST. From
[21].

6.1 Experimental setup
The NIST Yb experiment consists of two optical lattice clocks referred as YbI

and YbII. The experimental setup is sketched in fig. 6.1, the two separate atomic
systems share the clock laser source as well as the MOT and lattice lasers while
a repumper diode laser is present for each clock (not shown in the picture for
simplicity). The main difference between the two clock regards how the lattice
standing wave is generated and for the presence on YbI of an atomic shutter. An
exhaustive description of the apparatus can be found in [43, 115].

Laser cooling and MOT operation In both atomic systems the atomic beam
is created by heating at ∼ 500 ◦C a ytterbium nugget in an effusive oven kept inside
a high vacuum enclosure (∼ 10−7 mbar). The oven temperature is maintained
constant using a feedback servo loop. Hot atoms travel along the vacuum chamber
axis passing through a narrow channel which separates the oven high vacuum region
to the experimental chamber ultra-high vacuum (∼ 10−9 mbar). The vacuum is
maintained by an ion pump and a getter pump, a vacuum gauge is also present to
monitor the vacuum level. To avoid systematic effects caused by the atomic beam, a
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mechanical shutter is installed on YbI which prevents the hot atoms to get into the
main chamber during spectroscopy. The system is designed to slow down and trap
atoms from the thermal beam without using a Zeeman slower. The oven is kept
close to the experimental chamber to have a higher atomic flux, while a laser beam
counterpropagates against the atomic beam exciting the strong 1S0 − 1P1 dipole
transition at 399 nm. The frequency of the slower beam is detuned by ∼ 120 MHz
below resonance and is fine tuned to cool down only 171Yb atoms. Typically 10 mW
of slower radiation is used, however this value and the loading time can be modified
to regulate the number of atoms collected. Usually 1−5 × 106 Yb atoms are present
after cooling. In YbI the slower beam enters from a side of the vacuum chamber
and it is reflected by an intra vacuum mirror, avoiding the direct sight of the oven
output thus reducing the BBR shift related uncertainty. In YbII the slower enters
from the opposite side of the oven through a sapphire window kept at a temperature
of 300 ◦C to avoid Yb metallic deposition on the inner surface. The slowed atoms
are then confined in a two-stage magneto optical trap1 made by crossing three
back-reflected laser beams, arranged in an orthogonal fashion. The first stage is at
399 nm, 15 MHz red-detuned, with 1 mW beams and and a magnetic field gradient
of ∼ 3 mT/cm generated by a pair of anti-Helmotz coils. It traps and cools the
atoms down to the Doppler limit of 1 mK. The copper wires used to produce the
MOT coils have hollow core for water cooling, the coils can carry up to 100 A.
The loading time of the trap usually ranges from 30 ms up to 1 s depending on the
experimental requirements.

The second MOT stage exploits the 1S0 − 3P1 intercombination transition at
556 nm in the green region of the spectrum, that cools further down the atoms at the
µK level. During this phase the magnetic field gradient as well as the light intensity
and the frequency detuning are regulated to optimize the transfer efficiency from
the blue MOT, the temperature of the atoms and to optimize the loading in the
optical lattice. The first of the three green MOT phases applies 300 µW of 556 nm
light detuned by 2 MHz for ∼ 17 ms with a magnetic field gradient of 1 mT/cm.
After this the atomic cloud is compressed for 20 ms by doubling the magnetic field
gradient while the frequency detuning is moved by 1 MHz towards the resonance,
this ensures a better overlap with the optical lattice potential. The third, and last,
green MOT stage features a laser power of < 30µW and a detuning of < 500 kHz
with a duration up to 50 ms. These parameters are fine tuned to control the number
of atoms, the final temperature is between 4 and 25 µK limited by Doppler cooling
limit. A temperature of tens of µK it is sufficient to load the atomic cloud in the
optical lattice.

1For a detailed description of the MOT functioning see chapter 2.
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Optical lattice Both clocks implement 1-D optical lattice along the vertical di-
rection to strongly suppress tunnelling of the atoms among trapping sites [100]
operating at the magic wavelength (see chapter 2). The most significant difference
between the two atomic systems is how the optical lattice potential is generated.

On YbI the collimated lattice laser light, coming from a fiber output coupler,
is manipulated using a lens before crossing the vacuum chamber from the bottom
side, generating a gaussian beam of 120 µm of waist. This is back reflected by
a plane mirror placed on the top side of the chamber and mode matched to the
incoming ray by a second lens. On YbI the optical power sent to the atoms can go
up to 2 W corresponding to a trap depth of ∼ 400 Er.

Figure 6.2: Scheme of the power enhancement cavity along with its power and
length lock. The clock laser beam is also shown for completeness. Courtesy of
NIST Yb clock group.

In YbII the lattice potential is generated inside a build-up cavity, which consists
in a vertical, out of vacuum, Fabry-Perot resonator with a finesse of about 200. The
cavity allows to accumulate power up to 100 times while keeping large beam waist of
about 320 µm to maintain a low atomic density and to control the atomic collisions.
The input power is ∼ 200 mW resulting in a trap depth up to 2000 Er. With such a
deep lattice YbII is capable to routinely operate with more than 1 million trapped
atoms. In order to avoid heating effects due to amplitude fluctuations, the input
power is stabilized using the PDH technique with a fast feedback acting on the
AOM and a slow correction applied on the mirror PZT (see fig. 6.2).

Laser generation The 399 nm laser is generated by a commercial Toptica diode
laser at 798 nm featuring a SHG doubling stage, with a total output of 250 mW
(see fig. 6.3). The laser light is splitted between YbI and YbII. YbI has a dedicated
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Figure 6.3: 399 nm laser output and YbII distribution bench. The hollow cathode
lamp used to lock the frequency is also visible.

distribution bench made by miniaturized optics mounted on a separated optical
bench covered by foam to reduce thermal effects on alignment thus ensuring a long
operation without human intervention. The 399 nm laser frequency is locked on the
171Yb frequency by absorption spectroscopy [116, 117] with a hollow cathode lamp
filled with Yb and Ne (buffer gas) as atomic frequency reference [43]. The optical
power for the three branches (slower, MOT beam and detection) is stabilized using
separate feedback servo loops acting on AOMs.

The 556 nm light is provided by SHG of an 1112 nm Yb fiber laser using a
frequency conversion wavegiude. The frequency is stabilized using a high-finesse
ULE optical cavity, kept under vacuum and temperature stabilized to reduce the
frequency drift. The lock operates both on the laser piezo (slow corrections) and
an external AOM (fast corrections). Total output power of 15 mW and it is splitted
between the two clocks.

The lattice laser source is a commercial Titanium Sapphire (Ti:S) with an out-
put power of ∼ 6 W, pumped with a 18 W, 532 nm laser. The frequency is stabilized
using a reference optical cavity and applying the feedback on the laser’s intra-cavity
piezoelectric transducer. The light is sent to the two clocks both featuring an inter-
ference Bragg grating (∆λ = 0.05 nm) to filter the amplified spontaneous emission
(ASE) close to the lattice wavelength, thus ensuring the best spectral purity. A
special photonic crystal fiber [118], capable to handle high power beams, was in-
stalled to deliver the maximum optical power to YbI. On YbII, given the lower
lattice power needed, a conventional PM fiber is used. Once the light comes out
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from the fiber a PBS cube ensures clean linear polarization and a λ/2 waveplate,
together with a λ/4 waveplate, compensate the birefringence induced by the vac-
uum viewports. The absolute lattice frequency is also measured using an optical
frequency comb referenced to a hydrogen maser.

Clock laser It consists in a quantum dot, tapered amplified diode laser at 1156 nm
with a linewidth of 30 kHz. The laser is frequency stabilized, by means of the PDH
technique, with an ultra-stable, 29 cm long, ULE optical cavity exhibiting a finesse
of 877 000 [21]. The laser linewidth reaches 100 mHz when locked to the cavity. The
resonator is kept under vacuum (∼ 10−8 mbar) together with three nested layers of
polished aluminium which act as passive thermal radiation shields. The vacuum
housing has an estimated thermal time constant of 4 days, suppressing short time
thermal fluctuation by 7 orders of magnitude. In order to actively stabilize the
temperature, on the outer surface of the vacuum enclosure are installed 6 in-loop
and 6 out-of-loop thermistors with resistive heaters. The set point temperature
corresponds to the zero CTE of the cavity at 35 ◦C.

The 1156 nm laser is then frequency doubled using a periodically polled lithium
niobate (PPLN) wavegiude crystal in single pass, which gives a total output of
20 mW of 579 nm light. After being splitted and distributed, 5 mW are available
for each clock for spectroscopy.

The instability of the local oscillator has been measured using the atoms as
frequency discriminator.The resulting Allan-deviation is reported in fig.6.4. The
fliker floor instability is σ ≤ 1.5 × 10−16 in the averaging time interval 1-1000 s,
this result represent an upper limit because it includes the detection noise as well.
The cavity frequency drift has been evaluated by monitoring the atomic transition
over the course of a year resulting in a constant drift of −35 mHz/s. It is actively
compensated by a computer controlled automatic drift cancellation system.

The distribution optical bench along with the infra-red laser are mounted on
an active anti-vibration platform providing further noise suppression in the region
5-100 Hz. Moreover this bench is placed inside an anti-acoustic chamber which
ensures an additional shielding against acoustic vibrations. For each clock, a fiber
switch, placed along the 578 nm fiber, selects the optical path of the clock laser
light which can be either the two directions along the optical lattice. The two
optical paths are designed in order to have a ’main’ direction which is phase noise
compensated and power stabilized, used for the actual clock laser light and a ’rear’
direction where the full power 578 nm beam is used for the sideband cooling process.
In YbI the main direction goes from the top to the bottom (the clock laser light
enters from the lattice back reflector, see fig. 6.5) side, while for YbII is the opposite
as reported in fig. 6.2.
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Figure 6.4: Fractional frequency instability of the free running clock laser locked on
the locked on the ultra stable 29 cm long cavity. Courtesy of NIST yb clock group.

Phase noise compensation The clock laser light is sent to the two clocks
through optical fibers. However, mechanical and vibrational stress introduces op-
tical path variations in the fibers that result in additional phase noise of the local
oscillator radiation. This noise is actively stabilized using the reflected light sig-
nal that goes back from the experimental table to the distribution optical bench,
making a round trip and passing twice through the fiber. The beatnote between
the incoming and the back reflected light is collected by a photodiode. The noise
compensation corrections are applied by an AOM located on the distribution bench.

Special care was taken to minimize the residual Doppler effect caused by the
relative motion of the atoms trapped in the lattice respect to the clock laser wave
fronts. The reference point of the fiber noise cancellation system, that is the mirror
surface that reflects the light back though the optical fiber, is the back side of the
lattice retro-reflector. This mirror on one side is reflective at 759 nm while on the
other side is partially reflective for 578 nm (see fig. 6.5). In this way the vibrations,
that mechanically shake the mirrors, affect equally both the lattice standing wave
and the clock laser.By actively cancelling the local oscillator phase noise the trapped
atoms and the probing light are in the same reference frame [96]. The level of noise
suppression is ≤ 2 × 10−17 at 1 s, assessed using a Mach-Zender interferometer.

6.1.1 Sideband cooling
When atoms are strongly trapped in the optical lattice they are distributed

among the vibrational levels of the trapping potential. Different populations of the
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Figure 6.5: Scheme of the 578 nm clock laser optical path through the atoms in the
lattice.

motional states results in different amplitude of the spectroscopic sidebands. We
saw in sec. 5.1.6 the relation between the ratio of the blue and red sideband and
the longitudinal temperature of the atoms trapped in a 1D lattice (eq. (5.4)). The
sideband cooling technique allows to bring higher vibrational level atoms to the
lowest one by means of a 578 nm red-detuned light pulse, resonant to the transition
|g,n⟩ → |e,n − 1⟩2, along with the 1389 nm repumper light. The atoms cycles
around the red detuned transition and the decay happens predominantly at the
carrier frequency, thus the average outcome of this mechanism is the depletion of
the higher motional state in favour of the lowest, like an optical pumping process.
As a consequence, the red sideband of the spectrum is significantly suppressed as
can be seen in fig. 6.6, resulting in a reduced atomic temperature in the longitudinal
direction of few µK.

6.1.2 Clock sequence
The experimental sequence applied on the two clocks are quite similar and it is

sketched in fig. 6.9. The cycle starts with the loading of the blue MOT at 399 nm
for 80-100 ms, during this time the 556 nm lasers are already turned on. After
loading the MOT the 399 nm light is switched off and the atomic cloud is directly
transferred in the green MOT, then the three cooling steps are applied for ∼ 20 ms
each. When the 556 nm light is turned of, the atoms at a temperature of about

2where g and e denotes the internal atomic state while n the motional state.
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Figure 6.6: Sideband spectra of the trapped atoms with (blue) and without (red)
sideband cooling at the same trap depth. A strongly suppressed red sideband is
visible in the blue curve. From [44].

5-10 µK are loaded into the lattice potential. The lattice laser light remains on for
the entire cycle. Once the lattice is loaded the atoms are further cooled down with
20 ms of sideband cooling and the desired Zeeman ground state level is selected by
an optical pumping process with a 556 nm pulse 10 ms long (see sec. 2.3.3). After
that the magnetic field is shut down, the system waits for 20 ms before spectroscopy
to allow the magnetic field to stabilize. This is the end of the preparation stage,
the typical number of trapped atoms ready to be interrogated is about 5000 for
YbI and 10 000 for YbII.

The interrogation phase is different in the case of Rabi or Ramsey spectroscopy.
For the former typically a 280 ms π pulse is applied, resulting in a Fourirer limited
spectroscopy line of 3 Hz (see fig. 6.8). The pulse length can be optimized for
the desired application between 140 ms and 1500 ms limited by the local oscillator
coherence time. When Ramsey interrogation is applied the usual π/2 pulse duration
is 25 ms separated by a free evolution time of 240 ms which gives fringes with a
central feature of 1.9 Hz (see fig. 6.8). The typical contrast for both techinques is
above 90 %. The clock laser light remains active during the free evolution time at a
far detuned frequency, to ensure that phase noise compensation systems maintain
phase continuity between the two pulses.

The detection phase exploits the atomic shelving techniques (see sec. 5.1.5 for
details). The florescence from three 399 nm light pulses is recorded to evaluate
the number of atoms at the ground state |g⟩, the background and the exited state
|e⟩ atoms respectively (7 ms pulses separated by 6 ms). After the second detection
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Figure 6.7: Typical Rabi spectroscopy with interrogation time t = 240 ms

pulse, a 1389 nm repumper light pulse (4 ms) brings atoms from the metastable
3P0 level to 1D1 excited state and then they decay to the ground state where are
detected by the last 399 nm pulse. The flourescence light, is recorded by PMT and
it is proportional to the atomic population in the different states (Pg,Pe and Pb).
The normalized atomic signal is computed as:

ψ ≡ |e⟩
|e⟩ + |g⟩

≈ Pe − Pb

Pe + Pg − 2Pb

. (6.1)

The total cycle duration is about 530 ms, depending on the experimental require-
ments.

From [7].

σatom ≃ 1
πQ

√
Tc

τ

√ 1
N

+ 1
Nnph

+ 2σ2
N

N2 + γ (6.2)

6.2 Uncertainty budget evaluation
The last complete uncertainty budget for YbI was completed in 2009 giving a

fractional uncertainty of 3.4 × 10−16 [87]. Now a second clock is present (YbII)
and the ultimate goal is to compare the frequency of the two clocks at a level of
10−18. In order to achieve that, the systematic effects have to be controlled better
than few parts in 1018, which means that every effect that could be neglected in
the past now has to be thoroughly characterized.
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Figure 6.8: Typical Ramsey spectroscopy with free evolution time TF of 240 ms.
From [21]

During my visit I worked on the measurement of several systematic shifts mea-
sured using YbI, which I will give the details in this paragraph namely: cold col-
lisions, lattice light, background gas collisions and residual Doppler. The work
reported here on lattice light shift is part of a longer data taking period eventually
resulted in a publication [44]. The final complete uncertainty budget is reported in
Tab. 6.1.

6.2.1 Density shift
Trapping large ensembles of ultra-cold atoms in an optical lattice allows to

increase the signal to noise ratio of the atomic state measure and it is one key
feature of optical lattice clocks. However, cold collisions between the trapped atoms
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Figure 6.9: Diagram of the clock sequence. In case of Ramsey spectroscopy the π/2
pulses are represented with dashed lines. In Rabi spectroscopy the π pulse lasts
the entire spectroscopy time.

Table 6.1: Complete uncertainty budget evaluation o the two clock at NIST. Pre-
sented at EFTF-IFCS 2017.

Shift (10−18) Unc. (10−18)
BBR Stark -2358.3 1.0
Lattice -1.4 0.8
Second-order Zeeman -117.8 0.3
Cold collision 0.8 0.2
Background gas collision -10.2 0.8
DC Stark 0.0 <0.1
Probe AC Stark 0.04 0.04
First-order Doppler 0.0 <0.1
Second-order Doppler 0.0 <0.1
Tunneling 0.0 <0.1
Servo error 0.0 <0.1
Line pulling 0.0 <0.1
AOM phase chirp 0.0 <0.1
Total -2486.9 1.6
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give rise to a density dependent perturbation of the transition.
To evaluate this shift we interleaved measurements with different number of

atoms in the lattice for different lattice trap depth. To modulate the number of
atoms we changed the slower beam intensity keeping the cycle duration constant.
The obtained shift is divided by the population difference between the two inter-
leaved clock states (∆pop) and it is plotted in figure 6.10. The first three points (at
low trap depth) do not follow the linear trend of the shift. This can be explained
by the p-wave barrier at ≈ 30µK[50] which corresponds to a lattice trap depth of
≈ 300 Er. Atom ensembles trapped in such shallow traps do not have enough energy
to overcome the centrifugal barrier, thus experience a lower shift. The magnitude
of the shift is −6.0(7) × 10−23 (∆popEr)−1, where the first three points of the plot
are excluded from the fit.
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Figure 6.10: Density shift per atom unit versus the lattice trap depth.

Density shift evaluation changes dramatically when any parameter of the system
is altered. At the time of these measurement the lattice beam on YbI was prepared
to have a smaller beam waist, approximatively half of the typical value of 120 µm,
to enhance lattice dependent effects. This set up was used for the lattice light
shift evaluation as well as the background gas shift and the residual Doppler. As a
consequence the shift evaluated here differs from what reported on Tab.6.1, which
has been assessed afterwards with the larger lattice beam radius and at a trap
depth of 50 Er. The desity shift evauation reported here has been used to correct
and remove the effect when evaluating otther systematic effects like, for example,
lattice light shift or the background gas shift. The result reported in this paragraph
is implemented in the data analysis system, in order to subtract the density shift
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to extract other effects of interest when the system runs with the aforementioned
parameters.

6.2.2 Lattice Stark shift and operational magic wavelength
Electronic energy levels of the atoms are perturbed in presence of a light field

(AC Stark effect). In optical lattice clocks atoms are trapped in a strong station-
ary light potential, made by a retro-reflected laser, called optical lattice. In this
way a high number of atoms are trapped with a long lifetime in the trap, allowing
long interaction time with the clock laser and, consequently, a high signal to noise
ratio. This shift depends on the frequency and intensity of the lattice laser. The
effect is cancelled, at first order, tuning the laser frequency to the so-called magic
wavelength, for which the energy levels of the clock transition are perturbed by the
same amount. However, when the accuracy of the clock goes beyond the 10−17 level,
other smaller effects that prevent an exact cancellation of the perturbation must
be considered [20, 46]. In particular, higher order couplings (magnetic dipole M1
and electric quadrupole E2) introduce shifts which scale non-linearly with the trap
depth as well as Hyperpolarizability, which arises from two photon absorption by
a quantum absorber and depends quadratically on the lattice intensity. Addition-
ally, recent theoretical works suggest that these higher order perturbations depend
on the lattice motional levels occupied by the atoms which, in turn, depends on
the atomic sample temperature [119, 48], making more difficult the experimental
characterization.

Considering a 1-D optical lattice, with confinement both longitudinal and trans-
verse, the resulting lattice light shift for an atom in the longitudinal lattice band
nz and transverse motional state nρ = nx + ny is [44]:

δνclock

νclock
=n5∆α′

M1E2 + [(n1 + n2)∆α′
E1 − n1∆α′

M1E2]U
1
2

− [∆α′
E1 + (n3 + n4 + 4n5)∆β′]U

+ [2∆β′(n1 + n2)]U
3
2 − ∆β′U2

(6.3)

where ∆ indicates a difference in a quantity between clock states and U is the dimen-
sionless ratio between the lattice trap depth to recoil energy Er. The other terms ap-
pearing in (6.3) are: the differential dipole polarizability ∆α′

E1 = ∆αE1Er/αE1(νmagic)hνclock,
higher multipolarizabilities ∆α′

M1E2 = ∆αM1E2Er/αE1(νmagic)hνclock and hyperpo-
larizability ∆β′ = ∆βE2

r/αE1(νmagic)2hνclock. The transverse and longitudinal quan-
tum numbers are: n1 = (nz + 1/2), n2 =

√
2

kω0
(nρ + 1), n3 = 3

2(n2
z + nz + 1/2),

n4 = 8
3k2ω2

0
(n2

ρ + 2nρ + 3/2) and n5 = 1√
2kω0

(nz + 1/2)(nρ + 1) with k = 2πνl

c
for

lattice frequency νl. The magic frequency νmagic is defined as the lattice frequency
such that ∆αE1 = 0.
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Figure 6.11: Longitudinal temperatures, extracted from sideband spectra, as a
function of trap depth. The red trace corresponds to sideband cooling operative,
while the green trace is without.

The lattice depth, as well as the atomic temperature, is determined via motional
sideband spectroscopy (see fig. 6.6) for all the clock shift measurements. The lattice
light frequency, locked to an external reference cavity, was daily measured using
an ocatave-spanning Ti:sapphire optical frequency comb referenced to a calibrated
hydrogen maser. The experimental measure of the atomic temperature with respect
to the trap depth is reported in fig. 6.11, It shows a linear trend of the temperature
with trap depth and also a smaller slope for sideband cooled samples compared to
non cooled ones. We attribute this scaling to the combined effect of the lattice light
shift on the 1S0 → 3P1 cooling transition and the trapping energy limit of the finite
lattice depth. This linear scaling brigs a substantial simplification in eq. (6.3):
nz and nρ gain an additional

√
U dependency which gives ⟨n1⟩,⟨n2⟩ ∝

√
U and

⟨n3⟩,⟨n4⟩,⟨n5⟩ ∝ U . Accordingly eq.(6.3) can be expressed as:

δνclock

νclock

= −α∗(νl)U − β∗U2 (6.4)

where α∗ and β∗ are the finite-temperature polarizability and hyperpolarizability
respectively.

We measured the perturbation changing both frequency and intensity of the
lattice laser on YbI and comparing the frequency with YbII, used as reference.
Moreover, in order to investigate the impact of the atomic temperature on the shift,
the entire measurement was performed two times with and without the sideband
cooling process. The obtained data are reported in fig. 6.13a when sideband
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cooling is applied and in fig. 6.13b when it is not. The raw data were corrected
for the density shift (< 4 × 10−18) while the error bars represent the total Allan
deviation obtained at the end of each run. A global quadratic fit of the data
is performed by fixing β∗ for every frequency detuning (hyperpolarizability has
negligible dependency on the lattice frequency close to magic frequency). The
obtained linear coefficients α∗ are reported in fig. 6.13a and 6.13b for the two cases.
The parameters collected from the fit are gathered in Tab. 6.2. A direct comparison
of the shift at fixed lattice frequency, when the additional cooling process is applied,
is reported in fig.6.12.
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Figure 6.12: Comparison of lattice light shift with (blue trace) and without (red
trace) the sideband cooling application for 20 MHz detuning from νmagic. Since the
cooler atoms are more localized in the high-intensity portion of the lattice, they
experience a larger shift originating from the hyperpolarizability. The inset shows
representative sideband traces. Courtesy of NIST Yb clock group.

It can be directly seen that sideband cooling affects only the longitudinal tem-
perature Tl without changing the transverse Tt quantity. Another significative result
is the dependency of the parameters to the average temperature of the atomic sam-
ple. As a consequence, colder atomic samples resulting from the sideband cooling
process exhibits larger shift. This because almost the entire atomic population

3Data taken during 2015
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Table 6.2: Summary of the data obtained from the fit of the lattice light shift data
in different condition.

YbII3 YbI (no s-band) YbI (s-band)
Tl-Tt (µK/1000 Er) 28 29 - 56 2.4 - 55
νzero (394 798XXXMHz) 270.7(9) 271.7(16) 269.3(9)
∂α∗/∂νl (MHz−1) 1.84(5) × 10−20 2.15(22) × 10−20 2.52(12) × 10−20

β∗ 3.6(2) × 10−22 3.2(11) × 10−22 5.0(7) × 10−22

lies in the lowest lattice motional state which experiences the highest lattice laser
intensity.

By performing a linear fit of α∗(νl) (fig. 6.13b) we can extract the lattice fre-
quency which nulls the linear shift (νzero). This quantity correspond to the the-
oretical νmagic shifted by the effect of multipolar contributions, the correction is
small compared to the other terms (≈ 400 kHz) and is calculated theoretically [44].
Stronger shift with colder atoms can be appreciated in the different magnitude of
the linear fit, however the evaluation of the magic frequency is consistent in each
case. As far the hyperpolarizability is concerned a significative difference of about
36 % between the two cases further underlines the importance of a careful evaluation
of the temperature of the atomic sample.

Operational magic wavelength When non linear shifts are taken into account,
a new operational regime can be defined, the so called operational magic wavelength
[119, 44], where the hyperpolarizability shift is compensated by the linear polar-
izability term by frequency detuning the lattice laser from the usual νmagic. This
gives the experimental advantage of a linear shift insensitive to the trap depth
fluctuations at first order.

From the fit obtained we can define the operational magic wavelength as [44]:

νopmagic ≡ (−2β∗U)
∂α∗/∂νl

+ νzero. (6.5)

Resolving this equation at a trap depth of 50 Er, which is sufficient for a 10−18

uncertainty operation of the clock, and using the value obtained in the previous
paragraph gives a shift of 2.0(3) MHz above νzero. At this regime, a variation of
10 % in trap depth introduces a variation in δνclock/νclock of less than 1 × 10−19.

6.2.3 Background gas collisions
The atomic manipulation, necessary for the clock to function, takes place into

an ultra-high vacuum chamber, at typical pressure of few nTorr (∼130 nPa). Atoms
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held in the optical lattice, however, can interact with particles of the residual gas
(basically H2 molecules) or the hot Yb atoms coming from the effusion oven. To
avoid the effects due to the atomic beam, a mechanical shutter is present on YbI
which prevents the hot atoms to get into the main vacuum chamber during spec-
troscopy. The typical lifetime of the trapped atoms is among 1-2 s.

These collisions are quite challenging to characterize since the size of the shift
is small and there is not a straightforward way to change the vacuum pressure to
magnify the effect. Moreover, theoretical models necessitate experimental corrobo-
ration in the case of Yb atoms, in this sense this measurement could help to improve
the understanding of the underlying process.

We separately measured the shift coming from the background gas and from
the atomic beam.

Background gas collisions Yb−H2 Vacuum pressure was increased by heating
the getter pump present in the system, which releases mainly H2. This can be done
by running a current through the pump. The getter emission was also preliminary
measured using a residual gas analyzer. Figure 6.14 shows the relationship between
the averaged pressure, measured using a vacuum gauge, and the 1/e lifetime of the
atoms trapped in the lattice τ obtained at difference trap depth. It can be noticed
a linear dependency of the pressure in function of the loss rate (the inverse of the
lifetime τ−1), not affected by the trap depth and with a slope of 2.87(5) nτ−1.
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Figure 6.14: Pressure measured using the vacuum gauge in function of the lattice
loss rate.

We took the frequency shift at different pressures and for different lattice trap
depth (75 Er and 400 Er respectively) keeping the atomic shutter closed during
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6 – Ytterbium optical clocks at NIST

spectroscopy. YbII has been used as frequency reference. The result is reported in
figure 6.15. The error bars correspond to the Allan deviation of the measured fre-
quency difference between the two clocks. The slopes obtained at the two different
trap depths are consistent within 1σ. When the two data sets are combined, the
resulting shift is (∆ν/ν0)Yb−H2 = 1.64(12) × 10−17 τ−1.
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Figure 6.15: Frequency difference measurements between YbI and YbII while
changing the vacuum pressure in the former, at 75 Er and 400 Er trap depth.

The line broadening caused by the background gas was investigated as well.
Figure 6.17 shows the clock transition spectrum taken with 500 ms Rabi interroga-
tions at different vacuum pressure. No significant broadening can be observed at
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pressures below 20 nTorr (2.7 µPa).
The final shift present under normal operation, with a typical lifetime of 1.6 s

corresponding to a loss rate of 0.625 s−1 and a pressure of 1.79 nTorr (239 nPa), is
∆ν
ν

= −10.8(8) × 10−18.

Atomic beam collisions Yb − Yb We interleaved measures with the atomic
shutter open and closed during spectroscopy time, at different oven temperatures
and lattice trap depth. Varying the oven temperature results in a different partial
pressure of Yb in the experimental chamber.

The result of the interleaved measure is reported in figure 6.16, a significant trap
depth dependence between 100 Er and 570 Er cannot be inferred. However, only one
point was collected at 570 Er and the error bars are still large as well, thus a strong
conclusion cannot be made. In order to address only the effect of the atomic beam
collisions, during the analysis the background gas shift has been removed for each
datapoint. The shift is evaluated as

(
∆ν
ν0

)
Yb−Yb

= 9.2(2) × 10−18 s.
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Figure 6.16: Frequency shift measure made by interleaving YbI with the shutter
open and closed, at different lattice trap depth.

It has to be noted though that this shift is not present on YbI during normal
operation because of the presence of the atomic shutter. An additional atomic
shutter is foreseen to be installed on YbII as well.

Comparison to theory The most advanced model describing the interaction
between background gas particles with trapped atoms is reported in [98]. It ba-
sically takes into account the weak, long-range interactions which does not eject
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6.2 – Uncertainty budget evaluation

the atoms form the lattice but affects their energy levels instead. The equation
describing the shift in function of the loss rate from the trap (1/τ) is:

∆ν = 1
13.8π

∆CYb−X
6

CYb−X
6

1
τ

(6.6)

where C6 is the long-range interatomic van der Waals coefficient between ground
state Yb and particle X and ∆CYb−X

6 is the differential coefficient between ground
and excited Yb and particle X. Calculation of these coefficients for Yb can be found
in [120]. However, in the case of Yb − H2 no a priori coefficients calculations are
available so far, thus we considered4 CYb−H2

6 ≈
√
CYb−Yb

6 CH2−H2
6 .

Given eq.(6.6), the focus is on the factor ∆C6
C6

. As a consequence of that the
actual C6 coefficient of hydrogen cancels between the numerator and the denomi-
nator. Using the Yb coefficients from [99] Cg

6 = 1929(39) and Ce
6 = 2561(95), the

resulting equation is: (∆ν
ν

)
teo

= −(1.46(25) × 10−17)1
τ
. (6.7)

This is consistent with the experimental result of the background gas scattering
of
(

∆ν
ν

)
Yb−H2

= −(1.64(12) × 10−17) 1
τ
. In the case of scattering from the atomic

beam,
(

∆ν
ν0

)
Yb−Yb

= −(9.2(2) × 10−18) 1
τ
, the accordance is slightly less than 1σ.

6.2.4 Residual Doppler
Atoms tightly confined in an optical lattice are free of any recoil effect during

spectroscopy. Despite that, relative vibrations among the lattice laser and the clock
laser can give rise to a residual Doppler shift. To have an idea of this effect we took
interleaved measures varying the delay time of the spectroscopy interval after the
atoms are loaded in the lattice having the fiber noise cancellation system referenced
to a mirror placed at the exit of the fiber. The result is in figure 6.18, we observed a
relative shifts up to 5 × 10−16. To minimize this effect, the fiber noise cancellation
system is referenced to the lattice reference frame.

In order to assess the residual Doppler shift a large path length variation is
induced by sweeping the clock laser light phase before it gets into the experimental
chamber. This can be accomplished by using an EOM before the lattice back
reflector (see fig. 6.18). The applied phase modulation was a linear ramp during
spectroscopy which caused a shift of about 29 Hz (see fig. 6.19) in the case of fiber
noise cancellation system not engaged. We measured the frequency difference by
interleaving the clock with a positive and negative phase ramp, with and without

4Approximation consistent within ≈ 10 %, K. Gibble private communication (2017)
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Figure 6.18: Left: Residual Doppler shift at different delay of the spectroscopy
period. Right: Modified path of the yellow laser with the additional EOM together
with polarizes. The fiber noise cancellation reference mirror labelled Lab is placed
close to the optical fiber output while in the case of the mirror labelled Atom it is
the outer face of the lattice back-reflector.
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Figure 6.19: Effect of the induced variation of the optical path applied by the EOM
using a positive or negative phase ramp.

the fiber noise compensation system. The suppression of the Doppler shift by the
compensation system was > 99.98 %. Considering the residual Doppler shift we
experienced, this suppression factor leads to a fractional frequency uncertainty of
<0.1 × 10−18.
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6.3 – Zero Dead Time Clock - Stability measure

6.3 Zero Dead Time Clock - Stability measure
In chapter 2.6.1 a basic treatment of the Dick effect has been presented. Start-

ing from eq. (2.44), different approaches can be followed in order to control the
aliasing process: reducing the laser frequency noise Sν or working on the sensitivity
function g(t). The former is addressed by improving the local oscillator perfor-
mances, thus extending its coherence, allowing longer interrogation time and lower
laser instability. Recent advances followed this idea [121] but, as can be seen in
fig. 6.20 (red and blue traces), the effect still remains higher than the QPN and
continues to limit the clock instability. Besides, in order to achieve always better
performances, clock laser systems in some cases are even more complex than the
atomic part, limiting their application outside the laboratory.

On the other hand, a careful optimization of the interrogation sequence can
eliminate the dead time and consequently the aliasing effect nearly vanishes. To
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Figure 6.20: Dick effect instability contribution at 1 s vs the Rabi spectroscopy
time (calculated using eq. (2.44))(a) and the Ramsey free evolution time (calculated
using eq. (2.48)) (b) assuming a number of atoms of 10 000. The dead time is fixed
at 240 ms. Several traces are displayed: dashed red is for the measured cavity
stability, in dashed blue is for an hypothetical improved cavity, black is the QPN
limit. In the Ramsey case the aliasing effect is also calculated for a non destructive
(ND) detection scheme in dashed green and for the ZDT clock for a fixed duty cycle
of 50 % in dashed grey. From [21].

eliminate the dead time we exploited a combination of two atomic systems and a
shared local oscillator: the atoms of one system are interrogated while the other
sample is prepared in the second one. Interleaving the interrogation between the
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6 – Ytterbium optical clocks at NIST

two atomic clouds, the clock laser is then always referred to the atoms, e.g. no dead
time, and thus the Dick effect vanishes. We call this technique the Zero-Dead-Time
clock (ZDT).

The experimental apparatus is described in chapter 6.1. It comprises two atomic
systems, namely the atomic clocks YbI and YbII in the normal configuration and
a single clock laser provides the light for both systems.Each clock is operated fol-
lowing the sequence presented in section 6.1.2, in particular typical operating pa-
rameters are: cycle time Tc = 530 ms, quality line factor Q ≈ 2.7 × 1014, number
of atoms N ≈ 5000 − 10 000 and photons collected per atom n >> 1 yielding to
a potential clock instability of 1 × 10−17/

√
τ (from eq.(6.2)), limited only by the

QPN. However, the clock stability is degraded by different effects like the technical
fluctuations of the detected atoms, the phase noise coming from length fluctuations
of the optical path travelled by the clock laser light reaching the atoms as well as
the Dick effect. Technical detection noise is evaluated to be δdet ≈ 3 %, giving in
an instability of σtechnical = 3 × 10−17/

√
τ , phase noise is actively compensated at

a level of σphase = 2 × 10−17/
√
τ , measured using a Mach–Zehnder interferometer.

The Dick instability for one system is computed using eq. (2.48) with Td = 240 ms,
tp = 25 ms and it is plotted versus interrogation time (or free evolution time) in
fig. 6.20 for different cases. As mentioned previously, it can be clearly seen that
for longer spectroscopy time the Ramsey technique gives a lower Dick contribution
than the Rabi one. It is worth to remember that the longest interrogation times
reported in fig. 6.20 demands a clock laser stability not yet achieved by the current
generation of oscillators but it can be reached using the technique described in
section 6.3.4. The resulting value for a Ramsey free evolution time T = 240 ms is
σDick = 7 × 10−17/

√
τ .

When the system is operated as ZDT clock a second system with similar per-
formance is required to directly measure the frequency instability. However, since
this additional clock is not available, the frequency instability has been assessed
using a different approach namely a synchronized interrogations of the two atomic
systems which can cancel out the Dick noise contribution [122]. Thus, to charac-
terize the ZDT clock performance we made three different type of measurements:
anti-synchronous, synchronous and the actual ZDT clock. The former allow us
to enhance the Dick effect and compute the single clock instability while the syn-
chronous suppresses it. When the clock run as ZDT only the frequency corrections
can be measured.

The instability budget for a single clock is reported in tab 6.3 for the three
different measures.

6.3.1 Anti-synchronous interrogation
In this case the two systems operate as independent clocks, synchronized in such

a way that the clock laser alternately interrogates the two atomic clouds without
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6.3 – Zero Dead Time Clock - Stability measure

Table 6.3: Instability budget of the different operational configurations. All values
are in units of 10−17/

√
τ . From [21].

Anti-synch. Synch. ZDT

σQPN 1 1 1/
√

2
σtechnical 3 3 3/

√
2

σphase 2 2 2
σDick 7

√
2 common-mode rejected <0.3

Estimated σTotal 11 4 3
Experimental σTotal 14 8 6

overlaps (see fig.6.21). In particular, the first π/2 pulse on YBI corresponds to
the second pulse on YBII, while the frequency corrections applied to lock the clock
laser are independent

(
f1(t) /= f2(t)

)
.

This interrogation scheme gives the highest sensitivity to the Dick effect because
the frequency difference between the two clocks retains the laser noise contribution
from both systems.
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Figure 6.21: Anti-synchronous interrogation sequence with the sensitivity functions
of the two clocks.

We computed the fractional frequency instability using the frequency difference(
∆f(t) = f1(t) − f2(t)

)
between the two clocks and then dividing it by

√
2 in

order to assess the single clock estimate. This is applicable only for noise processes
uncorrelated between the two systems. Nevertheless, the aliasing noise in the anti-
synchronous case is correlated between the two systems, thus requiring a linear
sum. This detail introduces subtle complication in the evaluation of the single clock
instability contribution in a measure. In order to conservatively take into account
the correlation of the Dick effect in the anti-synchronized case, the value obtained
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from eq. (2.48) is multiplied by
√

2 (see Tab 6.3). The computed Allan deviation
of ∆f(t) results in a combined instability of the two clocks of 2.0 × 10−16/

√
τ ,

which gives a single clock instability of σTot = 1.4 × 10−16/
√
τ (see fig. 6.22) and it

represents an upper limit.

Figure 6.22: Single clock fractional frequency instability in the anti-synchronous
interrogation

6.3.2 ZDT clock operation
When the two systems operate in a combined fashion the time synchronization

is not different from the anti-synchronous case, that is the first π/2 pulse on one
system coincides with the second in the other system (see fig. 6.23) or, in other
words, one system is interrogated while the other prepares the atoms in the right
quantum state. However, in this case a substantial difference is present: only a
single frequency correction is computed and shared by both systems. This means
that a single clock laser is locked to two separate atomic systems without dead
time, thus realizing the aforementioned ZDT clock.

In the ZDT clock the local oscillator is quasi-continuously referred to the atoms,
strongly suppressing the aliasing effect. It can be seen in fig. 6.23 that the com-
bined sensitivity function remains almost constantly equal to unity except for small
variations during the short Ramsey pulses, meaning that the atomic susceptibility
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Figure 6.23: Zero-dead-time clock operation sequence and combined sensitivity
function.

to the clock laser frequency noise at harmonics of the inverse of the cycle time 1/Tc

is greatly reduced.

Figure 6.24: Shared frequency corrections applied every half of the cycle time to
the composite YbI and YbII system, thus realizing the so called zero-dead-time
clock. Lacking of an additional clock with similar performances to be used as
external reference, the instability cannot be directly measured, but it is inferred
using synchronous interrogations instead (see section 6.3.3 for details).
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In particular, in the time domain, each system forming the ZDT clock is still
sensitive to the Dick noise but, since the same clock laser pulse plays the role of first
Ramsey pulse in one system and second in the other, the resulting effect has the
same magnitude and opposite sign [123]. As a consequence, when the frequency
correction is computed, the noise of the two systems is ruled out. To have an
adequate rejection, the noise has to be correlated between the two atomic systems,
meaning that each noise source not shared and related to a single system has to
be controlled and compensated. Therefore, phase noise deriving from mechanical
fluctuations of the optical fiber that delivers the light to the atoms is actively
compensated by an AOM as described in 6.1. Moreover, the Ramsey pulses on
the two systems are synchronized to be overlapped within 1µs and are matched in
shape at the 0.1 % level. Another detail to be taken into account is the magnetic
field sensitivity of each atomic system. The clock operates interrogating the two
Zeeman components of the clock feature (see sec. 2.3) and thus it is sensitive to
differential magnetic field variations between the two systems. These variations are
kept below the milligauss.

Since another comparable system to measure the stability is not available, in
fig. 6.24 we can only report the shared frequency corrections of the clock laser in the
ZDT stabilization process. Given the experimental conditions above, the evaluated
Dick noise instability is < 3 × 10−18/

√
τ , significantly below QPN (see fig. 6.20).

An improved reduction can be made by a fine adjustment of the Ramsey pulses in
order to obtain an even more uniform composite sensitivity function.

6.3.3 Synchronous interrogation
In this configuration the clocks run independently

(
f1(t) /= f2(t)

)
and are syn-

chronized in order to perform the spectroscopic interrogation at the same time on
both systems. As a consequence the frequency noise coming from the clock laser is
common for the two systems and it is eliminated when the frequency difference is
computed. The common-mode rejection of the aliasing noise allows an evaluation of
a "Dick free" frequency stability which can be thus related to the ZDT performance
as an experimental evaluation of its stability. The time sequence adopted for this
measurement is shown in fig. 6.25 together with the sensitivity functions of the two
clocks. Also in this case to have and effective noise rejection all the precautions
described in the ZDT clock case are required.

The measured frequency instability reported in fig. 6.26 shows a white frequency
noise slope which averages down as 8 × 10−17√τ . When we consider the ZDT clock
for the same white noise process it averages down faster by a factor

√
2 because it

accumulates, in the same time interval, twice the frequency corrections and atomic
measures compared with the synchronous interrogation, giving a ZDT instability
of 6 × 10−17/

√
τ . This result allows to reach a stability at the 10−18 level in few

thousand seconds, which is an order of magnitude faster than previous reported
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Figure 6.25: Synchronous interrogation sequence and clock sensitivity functions.

optical lattice clock stability [27, 124, 121, 125].

Figure 6.26: Single clock fractional frequency instability for the synchronous inter-
rogation scheme. From [21].

To observe the quality of the suppression of the aliasing noise, an additional
measurement was taken by intentionally injecting white frequency noise in the local
oscillator while keeping the other experimental parameters unchanged. The noise
was generated by a commercial synthesiser featuring a noise output port which was
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plugged into the FM port of the synthesiser driving the frequency offset to the ultra-
stable optical cavity. The additional noise is injected before the duplication crystal
and before splitting the light in two branches for the two clocks, thus providing a
correlated noise source for the two systems.
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Figure 6.27: Fracional frequency stability for the anti-synchronized (blue) and syn-
chronized (green) interrogation when an additional white frequency noise is added
to the local oscillator. The Two lines represent the white noise at 7 × 10−16/

√
τ

(red) and 1.5 × 10−16/
√
τ (purple) for the anti-synchronous and synchronous case

respectively.

The resulting synchronized and anti-synchronized instability measurements are
reported in fig. 6.27. The noise amplitude was enough to increase the instability of
the anti-synchronized interrogation to 7 × 10−16/

√
τ . The synchronized instability,

in this case was 1.5 × 10−16/
√
τ showing an effective suppression of the additional

noise. According to this reduction factor the level of rejection of the aliasing noise
in the ZDT clock can be estimated to be σDick < 0.3 × 10−17/

√
τ (see Tab. 6.3).

6.3.4 Two atomic system extended interrogation time
Besides addressing the Dick noise, two atomic systems can be used to increase

the interrogation time beyond what the local oscillator coherence would permit and
thus reducing the QPN. The idea is to make fast interrogations on one system to
pre-stabilize the clock laser and, at the same time, perform a longer interrogation
on the second atomic cloud.
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Figure 6.28: Ramsey fringes resulting from extended interrogation with a pre-
stabilized clock laser. From [21]

Figure 6.28 shows the average of seven consecutive frequency sweeps over the
Ramsey features when the clock laser is pre stabilized on YbI while YbII is probed
up to 2.4 s and 4 s. For YbI the total cycle duration is 240 ms with a free evolution
time of 110 ms, corresponding to 10 and 17 cycles per 2.4 s and 4 s long interrogation
on YbII respectively. The linewidths of the obtained Fourier-limited fringes are
210(20) mHz and 120(20) mHz respectively, maintaining a contrast of 40 %. The
narrow linewidth corresponds to a quality line factor of Q > 4 × 1015 which is one
of the highest recorded in an optical lattice clock so far.

Inserting the factor Q in eq. (6.2), with the same experimental parameters men-
tioned earlier, the resulting QPN-limited fractional frequency stability is reduced
to 5 × 10−18/

√
τ . It has to be noticed that the features shown in fig 6.28 are not

enough reproducible from shot to shot and a frequency lock to them it is still not
possible. This approach also retains a fraction of dead time, therefore the Dick
noise suppression is moderate. In principle the system can be optimized to run as
ZDT or with long interrogations depending on the relative amplitude of the QPN
and Dick noise contributions. However, this exercise represent an experimental
demonstration of the possibility of reducing QPN, the ultimate stability limit of
the optical lattice clock, by the use of a composite atomic system.

6.4 Crystalline mirrors ring-down measure
In section 2.5 we saw how Brownian thermal noise affects the ultimate stability

of ultra-stable cavities and the ways to reduce its impact. Among other approach,
the improvement of the coating thermal properties could lead to a straightforward
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increment in the cavity performances without the use of cryostatic techniques which
are inconvenient from an experimental point of view.

Crystalline mirrors (CM) are recently emerging as candidate substitutes of di-
electric mirrors which represent the present gold standard process technology for
ultra-low loss (parts per million, ppm) reflectors in the visible and near-infrared
region. This new technology, in particular, exhibits the highest thermal conductiv-
ity and the lowest Brownian thermal noise, which currently limits the best optical
cavities in the world [64, 63]. However, given the novelty of the fabrication pro-
cess, the candidate mirrors have to be carefully characterized in order to check the
quality and uniformity of the coating in terms of optical losses.

Laser

Latch
circuitThreshold

Infrared
Camera

Magnetic
baseplates

AOM

Test Mirrors

Oscilloscope

Translational
Stage

Figure 6.29: Experimental layout for the crystalline mirrors characterization using
the cavity ring-down method.

The clock laser used in the Yb experiment at NIST is stabilized on an Ultra-Low
Expansion (ULE) cavity equipped with dielectric mirrors. It has a total optical loss
of about 7 ppm and its medium-term stability is limited by the Brownian thermal
noise of the coating. A new optical cavity featuring crystalline mirrors is under
development. I dealt with the optical performance measurement of some candidate
mirrors.

We used the ring-down technique to estimate the extinction rate of laser light
in the optical cavity. The set up features the 1156 nm light coming from the clock
laser optical system via optical fiber. The beam passes through the optical cavity
made by the test mirrors and the transmitted light is collected by a photo-diode
which generates the measured signal. The cavity mirrors are mounted on magnetic
base plates which allow to change easily the cavity length, while the output coupler
mirror is mounted on a translational stage. The optical modes of the laser inside
the cavity are monitored using In-Ga-As infra-red camera (see. fig. 6.29). The
laser frequency is swept across a free spectral range using its piezo transducer. To
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avoid the convolution of the frequency sweep with the ring-down measure a latching
circuit was adopted to rapidly switch off the laser light (through an AOM) when the
photodiode signal surpasses a certain threshold. The exponential decay is measured
using an oscilloscope connected to the photodiode.

From the decay time of the transmitted light signal we want to estimate the
optical losses of the cavity mirrors. At every passage of the light across the cavity
the mode intensity is reduced by scattering and absorption taking place both on
the mirrors and in the intracavity medium. At the ith round trip the intensity is:

Ii+1 = R1R2e
−2αLIi (6.8)

where R1(2) is the reflectivity of the cavity mirror, α is the absorption coefficient
of the intracavity medium per unit of length (ppm/cm) and L is the cavity length.
In the limit of large number of round trips N = ct

2L
>> 1, we have the well known

exponential decay:

I(t)
I0

=
(Ii+1

Ii

)N
= (R1R2)ct/2Le−αct = e−t/τ (6.9)

in which we have the ring-down time

τ = 2L/c
2αL− logR1R2

≈ 2L/c
M1 +M2 + 2αL (6.10)

where M1(2) = 1 −R1(2) is the mirror loss and the denominator represents the total
round-trip optical loss.

Since the cavity under test was in air, special care was given to the water
vapour absorption. We operated the laser near 1156.74 nm where the absorption is
minimized5. We validated the experimental procedure using three known dielectric
coated mirrors (Layertec) and carefully evaluating the water absorption coefficient
α by taking several measures at different cavity length and using:

α = ηL − ηS

2(LL − lS) (6.11)

where ηL(S) is the measured optical loss and LL(S) is the cavity length in the case
of long (short) mirrors distance. We measured two couples of mirrors (#1-#2 and
#2-#3) obtaining consistent results for both α = 0.69(5) ppm/cm and mirror losses
M1 ≃ M2 ≃ M3 = 5.3(10) ppm.

We then probed CM mirrors at different points across the surface in order
to test the homogeneity of the coating. The CM mirror was mounted as output
coupler on the translational stage and a dielectric test mirror as input coupler.

5HITRAN 2004 data
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The mirror is horizontally moved and per each position a series of long-short ring
down measurement were taken. An example of the result obtained for one test
mirror is reported in table 6.4. The calibration run is in agreement with previous
measurements obtained with Layertec mirrors. For crystalline mirrors, besides an α
coefficient slightly lower to what expected, we obtained mirror losses in agreement
to each other but too large to be acceptable, indicating a cavity finesse below
150 000. We suspect that position 0.0 mm indicates bad alignment, which prevents
to hit the same spot on one of the two mirrors yielding to an anomalously large
water absorption.

Table 6.4: Crystalline mirror losses and water absorption coefficient taken sweeping
across the CMS mirror surface using a dielectric coated mirror as input coupler. The
first row reports the calibration run with two dielectric coated mirrors (Layertec),
in this case the mirror loss is related to the dielectric test mirror.

Position mm α (ppm/cm) mirror loss (ppm)
Cal. (Layertec) 0.66(2) 5.1(3)

−0.5 0.59(2) 25.6(4)
0.0 1.67(4) 14.1(6)
0.5 0.56(2) 22.0(4)
1.5 0.61(3) 24.0(5)

We repeated the same measurements using a different type of dielectric coated
mirrors, produced by Advanced Thin Films (ATF). These mirrors were tested
against the Layertec one and confirmed to have similar performances. The results
with crystalline mirrors are reported in table 6.5. These measurements suffered
from non-repeatability. We tried to repeat measures at a certain position at differ-
ent times, without changing beam position or wavelength, obtaining a variation in
ring-down times up to 100 %. Many subtle effects were not well understood like a
strong dependency of the decay time on alignment and the cleaning technique.

Several attempts were made to achieve an optimal reliable procedure like using
vacuum to avoid water absorption. We tried to make ring-down measurements
using mirrors suction-mounted to a rigid ULE spacer with vacuum pump at ∼
0.4 mbar intracavity pressure. This has the advantage of removing several degrees
of freedom from the alignment, as well as reducing water absorption. However, due
to the narrow 5 mm borehole (relative to the ∼ 1 mm incident beam), very careful
centring must be done to avoid clipping the cavity mode with the spacer. A small
misalignment (∼ 1 mm) would result in a loss of more than ∼ 1 ppm. Due to the
inability to consistently center the mirrors and the non reliable results,the idea was
temporarily abandoned.

To improve the quality and reliability of the measurements are several measures
can be taken like working under vacuum, improve the cleaning method of the
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Table 6.5: Crystalline mirror losses and water absorption coefficient taken sweeping
across the CMS mirror surface using a dielectric coated mirror (ATF). The first row
reports the calibration run with two dielectric coated mirrors (ATF), in this case
the mirror loss is related to the dielectric test mirror.

Position mm α (ppm/cm) mirror loss (ppm)
Cal. (ATF) 0.62(7) 5.7(3)

−1.0 0.81(40) 50.7(60)
0.0 1.42(2) 33.5(10)
1.0 −1.83(200) 115.0(460)

mirrors or using motorized optical mounts. The implementation of such solutions
took place after my work period in the lab.
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Chapter 7

Conclusions

The research carried out during my PhD has been devoted to the develop-
ment and characterization of Ytterbium optical lattice frequency standards. Sev-
eral achievements have been reached working in the laboratories of the Istituto
Nazionale di Ricerca Metrologica (INRIM) and also at the National Institute of
Standard and Technology (NIST), where I have been guest researcher in 2016.

My work on the INRIM Yb clock started when the spectroscopic line of the
clock transition was fist observed on this system. Then, I focused my activities
on the development and optimization of the ’atomic’ part of the system, the one
responsible to the preparation of the atomic ensemble before the spectroscopy. In
particular, the laser power stabilization and the fiber noise cancellation system have
been installed and tested (see sec. 3). At the same time, all lasers have been daily
optimized and realigned to perform at their best during the measurements. The
clock was then fully operative on daily basis and the complete the characterization
of the clock systematic effects started. The result gave a total shift of 12.02(8) Hz
that, in fractional units, correspond to 2320(15) × 10−17 (sec. 5 and Tab. 5.1).

After the characterization, the absolute frequency measurement against the Ital-
ian primary frequency standard (ITCsF2) has been performed. The reference clock
consists in a cryogenic Caesium atomic fountain which represents the best realiza-
tion of the SI second in Italy and contributes also to the generation of national and
international time scales. The frequency of the 171Yb clock transition was measured
to be f171Yb = 518 295 836 590 863.59(31) Hz. The detailed uncertainty budget (see
sec. 5.4 and 5.2) shows that Yb clock outperforms the primary frequency stan-
dard which is indeed the major limit of the measurement. When this result is
compared with the international context, it is in a very good agreement with the
other measurements (see fig. 5.14). Notably, this is the first absolute frequency
measurement of 171Yb ever performed in Europe and the second ever performed
against a primary frequency standard. This important scientific and metrological
accomplishment contributed to the CIPM recommended frequency for Yb in 2017
and also resulted in a publication on Metrologia [25].
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The activities on the INRIM clock continued upgrading the system in many
different parts. In particular, stabilization of the MOT and lattice lasers has been
completely revised with the design and implementation of the multi-wavelength
cavity (sec. 4). This new system allows to frequency lock the three lasers on the
same optical cavity at the same time using the same locking technique resulting in a
reliable and easy to use tool for the lab activities. A thoroughly characterization of
the locking system pointed out an anomalous optical absorption when 399 nm light
is present inside the cavity which resulted in a degraded frequency drift. However,
the presence of the 399 nm light is avoided by locking the 798 nm laser before being
doubled. The performances of the system proved to be much better than the
experimental requirements. In particular, the most stringent requirements were
on the 556 nm laser which showed a linewidth below 300 Hz and a stability of
3 × 10−14 at 1 s. The measured drift when the three lasers were locked at the same
time is below 20 kHz after 10 h at 759 nm which is compatible to a lattice light shift
uncertainty below 10−18. Moreover, the reliability of the clock improved reaching
an entire day of continuous operation without any laser unlocks. This work was
also published on Optics Letter in 2017 [79]

Among the different system changes reported in chapter 3, of particular impor-
tance is the upgrade of the clock laser which was the limiting factor of the clock
instability. Indeed, a new measurement taken during the spring of 2017 showed
a promising instability of 4 × 10−15/

√
τ that paves the way for the forthcoming

re-characterization of the clock at the 10−17 level.
As far as the activities carried out at NIST is concerned, they covered several

different topics. Part of my work was dedicated to perform instability measurements
using the two Yb optical lattice clocks present in the experiment (see sec. 6.3). This
allowed to realize the so called zero-dead-time (ZDT) clock where the two clocks
are merged to form a single, composite, system where the clock laser alternatively
interrogates the two atomic samples. The interrogations are regulated in such a
way that the dead time present in the single clock operation cycle is removed.
Without dead time the Dick effect, which is the major clock instability source,
vanishes, leading to an unprecedented instability of 6 × 10−17/

√
τ . Even if this

technique have already been studied on microwave clocks, this represent the first
implementation with optical lattice clocks. A further application of the two cold-
atom ensembles is based on the pre-stabilization of the clock laser on one system
running with fast cycles and an extended interrogation time on the second one.
We demonstrated that is possible to extend the clock laser coherence and perform
longer interrogation thus reducing the QPN limit. We also observed spectroscopy
features with a quality factor of Q > 4 × 1015 (see fig. 6.28). These results were
reported on an article on Nature Photonics in 2016 [21].

I have also dealt with the characterization of the two clocks at the level of
1.6 × 10−18 fractional uncertainty (see sec. 6.2 and Tab. 6.1). In particular, I worked
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on the lattice light shift measurement taking into account non-linear effects like hy-
perpolarizability and the temperature of the atomic sample (see sec. 6.2.2). Results
underlined the importance of a thoroughly characterization of higher order effects
and temperature when accuracy approaches the 10−18 level and also provided a
model that can be used to to control lattice shifts at the 10−19 level. Furthermore,
it has been studied an interesting metrological regime called opperational magic
wavelength where the combined effects of linear and quadratic lattice shifts result
in a reduced sensitivity to trap depth fluctuations. This work on lattice light shift
was worth the publication on Physical Review Letters [44].

The careful characterization of the clock required a meticulous evaluation of
minor effects like background gas collisions and residual Doppler noise. Collisions
among the Yb sample atoms and the background gas (H2) have been measured
confirming the theoretical expectations. This effect contributes for 8 × 10−19 of
fractional uncertainty and constitutes the first evaluation of C6 coefficients in the
case of Yb–H collisions. Residual Doppler effects arise from phase noise seen by
the atoms held in the lattice when probed by the clock laser. By making the lattice
retro-reflector the reference mirror for the fiber noise cancellation system the impact
of this effect has been evaluated to be lower than 10−19 level.

I also had the opportunity to test some of the crystalline mirrors which are one
of the most promising technologies for next generation ultra-stable optical cavities.
Unfortunately, the measurements suffered of a poor reproducibility probably caused
by experimental conditions. Results indicate, even if not clearly, that the reflectivity
of the mirrors under test was much worse than the dielectric reference mirrors used,
with a non uniform performance across the mirror surface.
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