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Introduction

Nowadays ultracold atoms are giving experimental answers to many open
problems of general physics, such as condensed-matter and high-energy physics.
In fact, they are naturally quantum simulators, in which the control of the
atomic motion to the quantum level allows the production of quantum sys-
tems on demand and the precise measurement of their properties [15].

The basis of the reached progress is the realization and manipulation of
ultracold atoms in optical lattices [2]. These are an ideal tool to accurately
control the various properties of the atomic system, such as the mobility
of the atoms in the lattice, the number of interacting particles per site, the
system dimensionality and the precise amount of disorder. In particular, very
important results have been achieved in many-body physics concerning the
observation of quantum phase transitions [3] and in the quantum simulation
of solid-state models due to the analogies between electrons in crystals and
atoms in optical lattices [4].

Moreover, the possibility to "freeze" the motion of the particles trapped in
the optical lattice has allowed the realization of spectroscopic measurements
with very high accuracy of the atomic transition frequencies, basis of optical
clock development [5].

These two research fields, the one related to many-body systems for quan-
tum simulation and the one relative to ultraprecise spectroscopy measure-
ments, were hardly connected each other until recent days. This separation
was caused mostly by the very different experimental requirements: while
at the basis of optical clocks realizations there is the atomic spectroscopy
performed on samples of two-electron atoms with low densities and fast pro-
duction cycles, the quantum simulation in atomic physics is possible due to
Bose-Einstein condensation and Fermi degeneracy in atomic gases, especially
alkaline metals, with high density values and much slower production rates.

A recent possibility for the union of these two fields is represented by the
study of degenerate two-electron gases. This class of atoms is characterized
by a metastable level *P, connected to the fundamental state 'S, through a
doubly forbidden transition, named "clock" transition since widely used to




realize optical lattice clock. In addition to the electronic state, the fermionic
isotopes of these atoms exhibit a nuclear spin degree of freedom, that in these
two states is decoupled from the electronic degree of freedom. The ability
to coherently control with very-high precision these two degrees of freedom,
the spin and the electronic state, makes two-electron atoms ideal candidates
for a new class of quantum simulation experiments, e.g. for the study of
quantum magnetism in two-orbital systems [9], or for quantum information
applications [11].

However, the excitation of the clock transition poses severe requirements
due to its extremely small linewidth (only a few mHz), that necessitates
an extremely good stability of the excitation laser. For an experiment that
is designed for quantum simulation it is difficult to use the atomic system
itself as a self-reference for the clock laser, therefore an external frequency
reference is required.

A very promising solution for this issue is related to the recent develop-
ment of optical reference distribution systems through optical fiber links for
use in atomic physics. These have already proved to be an useful tool in
novel applications such as relativistic geodesy [6], where they could provide
frequency references without need of a local microwave clock, and radioas-
tronomy [7], linking and synchronizing antennas that may be tens of kilome-
ters apart. Furthermore, the realization of giant gyroscopes based on optical
fiber rings has been demonstrated [8].

This master thesis work has been realized as a part of a wider experi-
ment running at Uniwversity of Florence-FEuropean Laboratory for Non-Linear
Spectroscopy (UNIFI-LENS), whose goal is to implement quantum simula-
tion techniques with ultra-cold neutral Ytterbium atoms. In this context the
subject of this thesis is the development of a novel technique for the stabiliza-
tion of an ultranarrow laser source for experiments performed with fermionic
Ytterbium ultracold gases trapped in three-dimensional optical lattices. For
this purpose I have taken advantage of the optical fiber link between UNIFI-
LENS and INRIM, which provides UNIFI-LENS with an absolute frequency
reference coming from the national atomic clocks through the Italian Link
for Time and Frequency (LIFT) infrastructure.

In chapter 1 T will present the main properties of Ytterbium for atomic
physics and the experimental systems, the one at the Department of Physics
and Astronomy in Florence and the optical fiber link infrastructure that
connects INRIM and UNIFI-LENS. Then I will discuss the experimental
techniques for the frequency measurements and comparisons through the
use of a frequency comb that have been exploited in order to characterize
the 578 nm laser (realized before this master thesis work) used to excite
the doubly forbidden transition 'Sy —3Py. Then in chapter 2 I will show the



system that [ have implemented in order to stabilize the laser frequency shifts:
a digital proportional-integral controller that realizes the stabilization to the
INRIM absolute reference through a Direct Digital Synthesizer. In chapter
3 I will present the application of this new tool to the absolute frequency
measurement of the 'Sy —3P; transition in 'Yb, which has been performed
for the first time with a precision of the order of ~ 10 Hz, demonstrating the
feasibility and utility of optical fiber links for ultracold atoms experiments.



Chapter 1

Yb experiment and optical fiber
link

Ytterbium (YD) is an important element for atomic physics, both for high-
precision measurements and for quantum simulation experiments with ultra-
cold degenerate gases. In Sec. 1.1 we will introduce the main properties of
Ytterbium, with a particular focus on the 'Sy —3Pg clock transition that will
be studied in this thesis work: we will describe its properties and its diverse
applications in atomic physics experiments. In Sec. 1.2 we will describe the
procedures that allow the production of fermionic '™Yb gases in the labo-
ratories of the Department of Physics and Astronomy of the University of
Florence (UNIFI).

In order to exploit the clock transition of Ytterbium, because of its ex-
tremely small linewidth, it is fundamentally important to have access to an
ultrastable frequency reference. For this goal I have exploited a collabora-
tion between UNIFI-LENS and the Istituto Nazionale di Ricerca Metrologica
(INRIM) in Turin, demonstrating the remote stabilization of the Yb clock
laser in Florence thanks to absolute frequency dissemination from INRIM.

In Sec. 1.3 we will describe the Ttalian Link for Time and Frequency
(LIFT) infrastructure, consisting in a 642-Km long optical fiber that con-
nects the two institutes. In Sec. 1.4, 1.5 and 1.6 we will give an outlook of
several instruments and techniques that have been used for the laser stabi-
lization,including a discussion on the behavior of the optical frequency comb
that allows comparison between distinct laser frequencies and their reference
to a primary time standard.
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1.1 Ytterbium in atomic physics experiments

In this section we present the main properties of Ytterbium, discussing in
particular the applications given by the 'Sy —3Pq clock transition both in
high-precision spectroscopic measurements and in quantum simulation ex-
periments with ultracold atomic gases.

1.1.1 Ytterbium properties

Ytterbium is a metal belonging to the group of lanthanides having atomic
number 70 and seven stable isotopes (see tab. 1.1), divided between bosonic
(*8Y b, 0% b, 172Yh, 17Yh, 176Yb) and fermionic (*™Yb, 1™YDb). Tt is char-
acterized by an electronic configuration in the fundamental state of [Xe]
4f'65%; with two electrons in the most external orbital, it presents an ener-
getic level structure similar to alkaline-earth elements and Helium. In fact,
its levels scheme can be divided in two branches, having total spin angular
momenta S = 0, spin singlet group, and S=1, spin triplet group. The basic
structure with the first levels is shown in Fig. 1.1.

Table 1.1: Stable isotopes and principal properties of Ytterbium. [31]

Nuclear magn.

Isotope Abundance (%) Nuclear spin moment |11/ ]

168 0.13 0 0
170 3.05 0 0
171 14.3 1/2 +0.4919
172 21.9 0 0
173 16.12 5,/2 -0.6776
174 31.8 0 0
176 12.7 0 0

Among the various transitions that characterize the Ytterbium spectrum,
those that connects the |'P;) e [*P;) with the ground state (see Fig. 1.1)
are particularly important for experiments in ultracold atom physics. The
allowed transition 'Sy —'P; exhibits a wavelength of 398.9 nm [51] and a
natural linewidth of 2w x 28 MHz [31], corresponding to a mean lifetime of
the excited level of &~ 5.5 ns. The short mean lifetime of the level |'Py)
allows us to use it both for the laser deceleration of atomic beams with
the aid of a Zeeman slower and to perform absorption imaging processes
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Figure 1.1: Scheme of the first excited levels of the Ytterbium with some relevant
transitions following.

on ultracold atomic clouds exploiting 398.9 nm laser light. The 'Sy —3P;
is an inter-combination transition because it violates the selection rule of
spin conservation AS = 0. However, this selection rule is relaxed in atoms
with large atomic number (> 30) where the spin-orbit coupling becomes
comparable with respect to the other terms of the atomic Hamiltonian, and
this transition becomes weakly allowed. It is characterized by a wavelength
A = 555.8 nm [51] and a mean lifetime I" = 27 x 182 kHz and find application
in the cooling and trapping of Ytterbium atoms through Magneto-Optical
Traps (MOTs).

The most relevant feature of Ytterbium for this thesis is the presence
of a metastable state [°Pg), with a radiative lifetime > 20 s. The 'Sy =3P
"clock" transition, also represented in Fig. 1.1, is a doubly forbidden (AS # 0
and J =0 — J' = 0) transition at A = 578 nm, with I' = 27 x 6 mHz, and it
will be widely discussed later in chapter 3. The long mean lifetime allows us
to consider the 3P state stable within the experimental time-scale, making
it an ideal candidate both for the encoding of quantum information and as
an additional degree of freedom for quantum simulation experiments.

Finally, the two clock states |'Sp) and |3Py) are weakly affected by an
external magnetic field and its perturbations, which would generate undesired
decoherence into the system. In fact, the interaction with the magnetic field
B is given at the first order by the Zeeman Hamiltonian:

B
H, = (—upgsJ + ungrl) - n (1.1)

with pp = eh/2m, and pn = eh/2m,, the Bohr and nuclear magneton, g; and
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gr the electronic and nuclear g-factors, J = L + S and I the total electronic
and nuclear angular momentum, respectively. Since |'Sy) and |>Pg) have
both a zero total orbital angular momentum J, the first term in Eq. 1.1
is null. For bosonic isotopes, which have also nuclear momentum / = 0,
the ground state is completely insensitive to external magnetic fields. In
fermionic isotopes, I # 0 and the clock states exhibit a small nuclear spin
Zeeman shift, suppressed by a factor g; ~ uy/up ~ 1/2000 with respect to
that of a level with nonzero electronic angular momentum. The Zeeman shift
will be studied in detail in Sec. 3.3.2.

1.1.2 Applications of the Yb 'Sy =3P, clock transition

Here we review some of the most important applications of the Ytterbium
1Sy =3Py clock transition in atomic physics experiment.

The first application concerns the possibility of performing high-precision
spectroscopic measurements, taking advantage of the extremely small natu-
ral linewidth of the transition. Together with Strontium, Yb is one of the
most promising candidates for the realization of optical lattice clocks. In
these experiments an optical lattice is needed in order to enter the Lamb-
Dicke regime (see Sec. 3.3.1) and control several systematic effects. The
optical lattice is produced with laser light at the "magic wavelength" (see
Sec. 3.3.3) for which the light shift on the two clock levels is the same and
the transition frequency is independent from the presence of a trapping light.
For Ytterbium this wavelength is 759 nm and can be conveniently produced
by semiconductor or solid-state lasers.

High precision frequency measurements with bosonic *"Yb have been re-
ported [10], while fermionic *"*Yb has proved to be an ideal system for optical
clocks with 107'® stability [12]. An YD optical clock is also operating at
the Ttalian Metrology Institute INRIM.

A distinct field of application of the Ytterbium clock transition, pioneered
in experiments at the Department of Physics and Astronomy of the Univer-
sity of Florence (UNIFI), concerns the realization of new classes of quantum
simulation experiments. Fermionic YD is particularly suited for these ex-
periments, because of its interesting collisional properties. On one hand, the
purely nuclear spin in both the 'Sy and ®P state causes the independence
of the scattering length on the particular nuclear spin states involved in the
collisions. This property is at the basis of the SU(N) symmetry exhibited
by these atoms (where N is the number of spin states, up to N = 2[ + 1
for 13Yb, which has a nuclear spin I = 5/2), which may find applications in
quantum simulations of condensed-matter and high-energy models [13]. On
the other hand, the existence of two distinct degrees of freedom - the nuclear
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spin and the electronic state - is responsible for new interaction processes
which are absent in alkali atoms. Recent measurements performed on the
UNIFT Ytterbium experiment have evidenced the presence of a strong spin-
exchange interaction between atoms in different electronic states, driven by
the difference in scattering lengths between symmetric and antisymmetric
two-particle electronic states [34]. As an example, in Fig. 1.2 we show the
coherent oscillation of the magnetization in the ground state induced by this
spin-exchange interaction.

|g) magnetization [%]
o

2F -
4} 4
_6 1 1 1 1 1 1
0 50 100 150 200 250
time [us]

Figure 1.2: Example of spin-exchange dynamics. Magnetization of the ground
state |g) =' Sg as a function of time: the oscillation is induced by a coherent
exchange of spin between |g) =' Sp and |e) =3 P atoms (as indicated by the up
and down arrows). Taken from [34].

In addition, very recent experiments performed on the same setup have
shown the existence of a magnetic Feshbach resonance between 'S, and 3P,
atoms, that could be exploited for the investigation of fermionic superfluidity
in a new system made by atoms in different electronic states [14].

All these applications require the initial preparation of a quantum gas of
I3Yb atoms in the electronic states 'Sy and 3Py. This can be obtained by
using the ultranarrow clock transition and realizing appropriate excitation
pulses.

Finally, the Ytterbium clock transition could find applications in many
other quantum simulation experiments, for instance for the generation of
spin-orbit coupling between atoms in different electronic states [15] or for
the high-resolution detection of interesting many-body states.

All these quantum simulation applications are pursued in the UNIFT Yt-
terbium experiment. The next section is devoted to a brief illustration of the
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experimental setup.

1.2 Experimental setup and ultracold Ytter-
bium gas preparation

In this section we synthetically describe the experimental setup used to gen-
erate and trap an ultracold degenerate '"3Yb gas. For further details the
reader can refer to [16,17].

A sample of Ytterbium with natural isotopic composition placed inside
an oven at the temperature of ~ 500 °C represents the atomic source for the
mono-atomic gas. The atoms are channeled in a square array of 100 micro-
tubes and exit the oven producing a collimated atomic beam with a thermal
velocity of the order of 300 m/s. A sketch of the following experimental
setup is represented in Fig. 1.3. The atomic beam is then decelerated by a
Zeeman slower to velocity of &~ 20 m/s using a laser beam at the wavelength
of 399 nm, exploiting the 'Sy —1P; transition. After the Zeeman slower, the

1070nm

transport beam

Figure 1.3: Sketch of the experimental setup for the cooling and trapping of a
cloud of Ytterbium atoms. The Zeeman slower stage (1), the MOT cell (2), the
air-bearing translation stage (3), the crossed dipole trap (4) and the glass cell (5)
are shown.

atoms are captured in a magneto-optical trap (MOT) inside a MOT cham-
ber. Here they are further cooled exploiting the interaction with three pairs
of counterpropagating beams (a pair for every spatial direction) at the char-
acteristic wavelength of the intercombination transition 'Sy —3P;, 556 nm.
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A quadrupole magnetic field allows us to trap atoms at the intersection of the
six laser beams. Changing the MOT and Zeeman slower beams frequency,
thanks to the isotopic shift, it is possible to decide which isotope of Ytter-
bium to trap and discard the others. For the experimental purposes of this
thesis work we are interested in !™Yb and the following values are relative
to this isotope.

The duration of the MOT stage is 20 s, after which the number of atoms
at the center of the trap is roughly N ~ 4 - 10%, with a temperature of
30+ 1 pK. The cloud is then transferred in a "resonator'": a one-dimensional
optical lattice at 1064 nm realized inside a resonating cavity placed at the
center of the MOT chamber; the efficiency of this process is about 80%.
Then, by lowering the lattice depth through two exponential ramps in order
to maximize the phase space density, we realize a first stage of evaporative
cooling that leads to an atom number N ~ 107 at a temperature T ~ 5 uK.
The basis of the evaporative cooling is the thermalization of the atom sample
that happens through s-wave collisions, and in this case it is allowed because
the atoms are trapped in a mixture of different spin states and therefore are
distinguishable each other.

Finished the cooling, the atoms are loaded in an off-resonant Optical
Dipole Trap (ODT) generated by a laser beam at 1064 nm and characterized
by a waist of 30 pum. Once loaded in the ODT the atoms are transferred
inside a glass cell placed 26 ¢cm away from the MOT chamber center. A
sketch of this procedure is illustrated in Fig. 1.3. The transport has a
duration of 2 s and is realized moving the atomic cloud along with the trap
waist, mechanically shifted by a lens mounted on an air-bearing translator.
The efficiency of the transport is around 80% (N ~ 2-10°) and induces an
heating of just 2.5 pK [18]. Once the sample arrives at the center of the glass
cell, a second beam at 1070 nm, orthogonal to the first, is switched on in order
to realize an optical crossed trap. Reducing the laser beams power, again with
exponential ramps, we perform a second evaporative cooling stage for a time
of 4 s that allows us to obtain a degenerate Fermi gas of roughly 10° atoms
at a temperature of 0.15 Tp, with Ty ~ 100 nK the Fermi temperature.
In addition to these processes, an optical pumping procedure allows us to
prepare different mixtures containing a well defined number of spin states.
The method will be discussed in detail in Sec. 3.2.1.

Finally, the atoms are loaded in a three-dimensional optical lattice real-
ized with laser light at the magic wavelength 759 nm. The lattice depth is
controlled by changing the power of the laser beams that generate the lat-
tice: it is possible to obtain a depth up to 40 Er, with Er = h x 2.0 kHz the
recoil energy of an !™Yb atom. The ultracold Ytterbium gas trapped in the
optical lattice is the starting point for the experimental routines discussed in
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Ch. 3. The imaging process, performed evaluating the atoms number in the
electronic ground state 'Sy through the absorption of 399 nm laser light, will
described in Sec. 3.2.2.

1.3 Long distance optical fiber link

In this thesis we describe the development of a remote stabilization system
for the experimental setup described in the previous section, that will allow
us to perform high-precision frequency measurements on the Ytterbium clock
transition. The comparison between different frequency references is indeed
necessary in order to realize high precision spectroscopy and frequency (or
time) standards. This is the basis of the achievement of atomic clocks with
a relative uncertainty of the order of 107!, To obtain these precision levels
there is a fundamental issue to solve: the frequency distribution. In fact,
atomic clocks are unlikely transportable, hence these systems are generally
compared "at a distance".

In this section I’ll describe the techniques implemented for these purposes
and in particular the long-distance optical fiber link realized between Isti-
tuto Nazionale di Ricerca Metrologica (INRIM) in Turin and University of
Florence-European Laboratory for Non-Linear Spectroscopy (UNIFI-LENS).

The first system implemented was microwave links to satellites that has
contributed to the realization of the Universal Coordinated Time (UTC)
and of the International Atomic Time (TAI) linking more than 250 clocks
located all over the world. In this case, the accuracy of the primary time
and frequency standards is about 2 x107' [19]. These are related through
microwave links for time transfer, based on the US Global Positioning Sys-
tem (GPS), or on the network for Two-Way Time and Frequency Transfer
(TWTEFT). These systems allow us to achieve a stability in the atomic clocks
comparison of 10714 for an averaging time of about a day. Therefore, in or-
der not to be limited by the link uncertainty, a time of measurements of the
order of 20 days is necessary. Still, this would not be enough to reach the
uncertainty limits of optical clocks, currently well below 10717, In any case
these techniques still remain the only ones for implementing ultra-distance
and intercontinental links.

It is evident that, in order to exploit the opportunities given by optical
clocks, the implementation of more precise frequencies comparisons is neces-
sary. This has been realized since the early 2000s 20| by the development
of optical fiber links. This technique has reached a stability of 107 at 1 s
averaging time and consequently a resolution of the order of 107!® in the
clocks comparisons for few hours of integration time. The technique uses
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the telecommunications optical fiber infrastructure exploiting a single Inter-
national Telecommunication Union (ITU) fiber channel and therefore it is
compatible with the data transfer. The signal consists in a continuous and
non modulated carrier wave wherein the useful information for the metrolog-
ical optical link is the frequency of the carrier itself that is measured at the
input and output of the fiber. There are several applications of this technique
in various research field, such as geodesy and radioastronomy |6, 7], where
they could provide frequency references without need of a local microwave
clock and synchronize antennas for astronomical measurements that may be
tens of kilometers apart and the realization of giant fiber optic gyroscopes [8|.

Showed the evident precision benefits that we can get, it is fair to point
out the two principal issues that affect this system. The first is the fiber signal
attenuation due to intrinsic properties or impurities of the medium and to
geometrical architecture of the fibers, that is of the order of 0.25 dB/km. This
implies that for long-distance fiber links a re-amplification of the signal along
the way is necessary, causing a second noise generation due to the amplifier
itself. Both these processes have the effect to reduce the signal noise ratio
(SNR) and to potentially limit the employment of this technique. Therefore
to solve these problems generally bidirectional amplifiers are placed along
the fiber path and, in correspondence of those, bandpass filters are located
in order to reduce the resulting noise. Moreover, for fiber links of several
kilometers there are many causes for optical path length variations such as
acoustic and seismic noise or mechanical and temperature stresses, that in
particular cause a refractive index variation; all of these make the signal
transfer less stable. A solution for this problem consists in the stabilization
of the optical path length with an interferometric technique, which is based
on the self beating between part of the signal that makes a round trip through
the fiber and a sample of the same light before the fiber; this technique is
called "fiber noise cancellation” and will be discussed in detail in section
1.3.2.

The infrastructure that has been used during this thesis work is the opti-
cal fiber link of 642 km named Italian Link for Time and Frequency (LIFT),
implemented in Italy [21] |22]. Before UNIFI-LENS in Florence, LIFT con-
nects INRIM to several Ttalian scientific poles providing a reference signal to
the Institute for Photonics and Nanotechnologies in Milan, to the Institute
for Radio-Astronomy in Medicina (Bologna); finally it reaches UNIFI-LENS
for precision measurements in atomic and molecular physics. A scheme of
its path is represented in Fig. 1.5. LIFT will also connect Italy to the
forthcoming Furopean fiber network.

This link is composed by three main parts: the INRIM setup for the gen-
eration and the control of the reference signal at 1542 nm, the real fiber link
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between Turin and Florence and the regeneration setup present in Florence
at the Department of Physics and Astronomy. Now we will discuss them
singularly in detail.

1.3.1 INRIM link setup

The first part consists in the generation of an optical signal that should be a
frequency standard and, at the same time, be transportable far away through
the telecommunications infrastructure.

The starting point is a benchtop Distributed-Feedback (DFB) fiber laser
(FL) source Koheras-Adjustik laser, with emission wavelength centered on
the channel 44 of the ITU grid (1542.14 nm) with a linewidth of about 10
kHz. The important feature of this laser is the possibility to exploit the
standard optical fiber net used in telecommunications for the distribution
of its signal. The details of this optical source are presented in [23,24]. In

laser I R
PIT = (ULE cawty)
/ )

DFB laser
transfer oscillator
fiber noise
E‘ .'TO
) Florence

N —
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-
I.

IT-CsF2
Primary
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V" Y 100 m fiber link
l>—/ (compensated)

digital
Pl
controller

Hydrogen
Maser

|

frequency
comparisan RF reference 1 |

frequency comb

Figure 1.4: Block scheme of the setup for the generation of the 1542.14 nm signal,
referred and stabilized to the italian primary time standard "IT-CsF2" Cesium
fountain.

order to obtain a further narrowing of the emission linewidth it is necessary
to stabilize the laser frequency on the fundamental mode of a Fabry-Pérot
(FP) cavity with high finesse (ULE cavity). The basic scheme is reported in
Fig. 1.4. This experimental technique is analogue to that we will discuss in
details in Sec. 2.1. The resulting linewidth is of the order of 30 Hz.

In order to transfer the accuracy of a frequency standard to the laser
frequency, the latter is compared with the microwave frequency of a Hydrogen
maser (HM), characterized by a high stability, using a frequency comb with
the technique that will be shown in Sec. 1.5.1. A stabilization system is
implemented with the same principle of operation as the one implemented in
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this thesis work and illustrated in Sec. 2.3. After the stabilization, the FL
inherits the same accuracy of the maser. Finally, the chain for the reference
generation is completed by a comparison system between the HM and the
italian primary standard for time and frequency represented by the Cesium
fountain "IT-CsF2". In fact, even the maser has some fluctuations in the
course of a day, with a relative shift of its frequency of the order of 0.5-1071°,
and therefore a periodic comparison with the Cesium fountain is realized in
order to monitor and measure it. This frequency mismatch represents a
bias on the reference frequency signal distributed through the long-distance
optical fiber link that should be manually corrected for its value at the time
of the remote measurement.

1.3.2 LIFT fiber link

Once the signal is generated and referred to the absolute reference of the
Cesium fountain, it is sent through the infrastructure based on a dedicated
642-km long optical fiber (see Fig. 1.5); due to the long distance, it exhibits
171 dB losses, that are compensated by nine bidirectional Erbium Doped
Fiber Amplifiers (hbEDFA), placed on the track as shown in table 1.2. These
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Figure 1.5: Path of the optical fiber link from Turin to Florence. The green
arrows represent the bEDFAs along the path.

are characterized by a gain up to 20 dB. However, because of the residual
spontaneous emission of the gain medium, they also produce a noise that is
optically amplified by the process of stimulated emission inside the EDFAs
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Table 1.2: Length, optical losses, and amplification of the various sections on the
LIFT fiber path. Stars indicate the bEDFAs placement.

From: To: Length [km| Loss [dB] Gain [dB|
INRIM Torino v. Lancia 25 -9
Torino Santhia* 67 -18 19
Santhia Novara* 7 -18 16
Novara Lainate™ 50 -15 13
Lainate Milano* 60 -18 20
Milano Piacenza* 67 -16 17
Piacenza Reggio Emilia* 94 -23 19
Reggio Emilia  Bologna* 74 -19 16
Bologna Rioveggio* 38 -10 17
Rioveggio Firenze* 72 -18 19
Firenze LENS 18 -7

Total 642 -171 156

themselves; this process is named Amplified Spontaneous Emission (ASE).
In our case the bEDFAs affect the signal with an ASE noise of about -35 dBm
at 0.5 nm from the coherent carrier at 1542.14 nm for a 18 dB gain and on
a bandwidth of 0.1 nm. In order to reduce the ASE, the signal is filtered
on a bandwidth of 0.8 nm by eight telecom optical filters that prevent the
amplifiers gain saturation and the onset of auto-oscillations.

As we mentioned, there is a deterioration of the delivered signal due
to mechanical stresses and temperature variations of the fiber and therefore
the link is phase-stabilized through the Doppler noise cancellation technique.
The setup is shown in Fig. 1.6. A fiber beam splitter divides the optical signal
coming from the ultrastable 1542.14 nm laser into two parts: only ~ 1 mW
of optical power are delivered to Florence (in order to avoid saturation effects
in the amplifiers due to the ASE noise), after a frequency shift of 40 MHz
operated by an AOM; the remaining power is reflected by a Faraday mirror
(FM1), providing the local reference for the stabilization technique. The
characteristic of this mirror is to rotate the beam polarization of the reflected
beam by 90° with respect to the incident beam polarization. In the remote
laboratory, the delivered signal passes again through an AOM and a fiber
beam splitter respectively: part of the signal is extracted and represents
the ultrastable reference, while the other is reflected back to INRIM by a
Faraday mirror (FM2). The two AOMs are used in order to respectively
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Figure 1.6: Sketch of the setup for the fiber noise cancellation implemented at
INRIM and UNIFI.

separate in frequency the signal that has done a round-trip from the part
that is reflected by FM1 and to distinguish the real signal of the LIFT from
undesired backreflections along the fiber link. At INRIM, the round-trip
signal is phase-compared to the local reference on photodiode PD1. The two
FMs allow us to maximize the polarization alignment of the two beatnote
branches in order to maximize the beatnote on PD1. This 160 MHz beatnote
(corresponding to the frequency shift induced by the four passages through
the AOMs) contains the information about the noise added by the fiber on
the round trip and it is used to stabilize the fiber-link optical path with a
phase-locked loop (PLL), realized with the aid of the Hydrogen maser as a
local oscillator, acting on AOMI.

In order to perform the correction of the fiber noise, ideally, one would
need a monochromatic optical signal, in order not to introduce unwanted
noise induced by phase fluctuations. However, any real light source is char-
acterized by a finite coherence time, that is:

te== (1.2)

where I is the linewidth of the laser. This in turn is related to the quantity
called coherence length by:

le=n= (1.3)
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with n refractive index of the medium in which the light propagates. [,
represents the length under which the phase difference between two points of
the wavefront is constant. It is evident that, for a correct phase comparison
between the signal that has traveled the round-trip and the original one, the
coherence length must be greater than the path length of the fiber link. In
our case in the limit in which they are equal, the laser linewidth I' should be
of the order of:
8

[~ 1.5% Hz ~ 27 x 56 Hz (1.4)
where we have chosen as refractive index n = 1.5 as order of magnitude for
the value relative to the fiber.

We note that, even in presence of an ideal laser, the finite propagation
time along the fiber links determines a finite bandwidth for the correction
system. I represents the inverse of the time that the light takes to make
a round-trip and therefore it is also the bandwidth limit for the fiber noise
correction.

With the implemented techniques for the generation and the stabilization
of the signal, the LIF'T link achieves a short-term instability of 1- 107 at
1 s in a 1 Hz bandwidth [22]. The stability is limited by the loss of phase
coherence given by cycle slips on the PLL, that affect both the instability
and the inaccuracy of the link. The rate of the cycle slips mainly depends
on the signal-to-noise ratio of the beatnote.

1.3.3 LENS link setup

Thanks to the Cesium reference and to the fiber noise cancellation system the
signal coming from INRIM has an high accuracy and stability, but is too weak
(about 100 nW of power) for a further distribution that would be required
for the various experiments performed at LENS-UNIFI that could exploit
the LIFT. For this reason, in the laboratory at the Department of Physics
of UNIFT where the signal arrives a regeneration system, schematically rep-
resented in Fig. 1.7, is implemented. The setup is primarily composed by a
laser module built by Redfern Integrated Optics (RIO) that emits a carrier
wave with power 1 mW at the same wavelength of the signal coming from
Turin. Then this source is locked to the INRIM reference with a PLL setup
that exploits a 10 MHz signal obtained by a GPS reference. We note that
the PLL lock adds an offset of -100 MHz to the original frequency coming
from the link. Part of the signal of the local laser is extracted and sent to
the laboratory 69 of the Department of Physics and Astronomy ("Ytterbium
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Figure 1.7: Block scheme of the signal regeneration setup that sends the INRIM
signal to the frequency comb of the "Yb'" laboratory, where it provides the reference
for the calibration of the local 578 nm laser.

lab") through an optical fiber of about 150 m uncompensated!'. This light
provides the reference for the stabilization of the local 578 nm laser for the
excitation of the 1S, —3P; transition in Ytterbium, via an "optical lock"
technique made possible by the use of a frequency comb.

1.4 Frequency measurements with a frequency
comb

After showing the structure and the characteristics of the long-distance op-
tical fiber link between INRIM and UNIFI-LENS, in this section we discuss
the use of an optical reference for the frequency measurement of other laser
sources through the use of a frequency comb. For more details, both theo-
retical and technical, we refer to [25].

The principle of operation of this instrument is quite simple and could
be simply understood also by referring to Fig. 1.8. A frequency comb is
based on a mode-locked pulsed laser, characterized in the time domain by
gaussian pulses, with distance AT between the wavetrains, pulse duration
At (defined as the Full Width Half Maximum (FWHM) of the envelope)
and a carrier-envelope phase shift A¢ between two consecutive pulses. In
the Fourier-transformed space, the frequency domain, we obtain a series of
equispaced emission lines with an overall envelope with a width A f equal to:

1
2v21n 2At

'We have verified that this additional fiber path does not introduce a significant noise
on the laser frequency.

Af = (1.5)
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Figure 1.8: Sketch of the behavior of a pulse laser that generates a frequency
comb. (a) Representation of the electric field in the time domain. (b) Intensity of
the spectrum of the laser, corresponding to the Fourier transformed representation
of the time domain. There is also a block scheme of the f — 2f technique for the
fo measurement (see Sec. 1.5).

where we have exploited the property of the Fourier transform of a gaussian
distribution. Moreover, the distance between two consecutive peaks is the
inverse of the distance in time between two consecutive pulses, i.e.:

1
frr = AT (1.6)

where frpr is called "repetition rate" frequency. The phase shift instead

corresponds to a carrier—envelope offset frequency: it is the rate at which the

peak of the carrier frequency slips from the peak of the pulse envelope on a

pulse-to-pulse basis; this "offset frequency" f, is equal for every frequency
components and is:

Jo= 2AA¢

TAT

As said, we obtain a real frequency comb, with every n peaks as teeth all

equal distant. The total number of teeth NV of the frequency comb spectrum is

(1.7)
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given by the ratio between the width of the comb and the frequency difference
between consecutive peaks:

Af

N =
JRrR

(1.8)

Furthermore, the absolute frequency f,, of the n-th tooth is univocally defined
as a function of the repetition rate and offset frequency:

fo=nfrr+ fo (1.9)

If we consider the characteristics of some typical pulsed lasers that form the
sources for frequency combs, for example AT ~ 10 ns, we note that frr and
fo are both in the RF-microwave range.

Known the value of the repetition rate and offset frequency, we can exploit
the frequency comb as a ruler in order to measure the frequency f; of any
other laser source that emits in the range Af, i.e.:

fi=nfrr+ fo+ fo (1.10)

where n’ is the number of the comb’s closest tooth, that can be measured
through a wavelength-meter with a resolution ~ 100 MHz, and f; is simply
the difference between the n’-th tooth frequency and f;, that can be mea-
sured by analizing the beatnote between the laser and the frequency comb.
However, the precision and accuracy with which we know the repetition rate
and the offset limits the uncertainty of every absolute frequency measurement
performed with the frequency comb.

Everything said applies to an ideal pulsed laser. A first difference with
respect to a real frequency comb is that the teeth intensity envelope is not a
perfect gaussian, but there are frequency intervals within which the intensity
profile exhibits dips. In fact it reflects the gain curve of the gain medium
of the laser and the response of the photonic crystal fibers that are used to
broaden the pulsed laser spectrum. Even more, for a pulse laser the distance
in time and the duration of the various pulses are prone to fluctuations, that
implicate that both frr and f, should be stabilized in order to maintain the
"ruler" for the f; measurement constant in time.

To evaluate and stabilize them it is necessary to rely on an external
frequency reference, and their evaluation is as precise as the reference signal.
At this point the importance to have an absolute frequency available for this
task can be understood.
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1.5 Comb parameters evaluation and stabiliza-
tion

In this section we discuss the various techniques for the measurement and
stabilization of the repetition rate and offset frequency and the aftermath
that they have on the uncertainty related to the measurement of an unknown
laser frequency with a frequency comb.

Concerning the measurement of the offset frequency, the most common
system is the so called " f-2f" technique, schematically represented in Fig.
1.8.

In order to implement it, a Af that includes an octave is necessary. In
general, the comb lines emitted by the mode-locked laser span a region up
to only several tens of nanometers in a spectral region near 1 pum (typical
values for a pulsed Ti:Sa laser). This spectrum is usually broadened using
micro-structured optical fibers, where nonlinear optical effects (self phase
modulation) are enhanced, in order to change the group velocity dispersion
of the medium, which in turns affects the comb spectrum, making it span a
full optical octave.

In this case, the lowest part of the frequency band is frequency-doubled
by a nonlinear process of second harmonic generation (SHG). The frequency-
doubled comb spectrum and the original octave-spanning spectrum are then
compared, and the beatnote generated by all comb lines is:

Of =2(mifrr + fo) — (ifrr + fo) (1.11)

where m; and n; are generic teeth of the doubled and non-doubled spectra,
respectively. Selecting with a low-pass filter only the lowest frequency peak
of the beatnote spectrum (i.e. for each n; = 2m;) we obtain exactly f,. It
is clear that the evaluation of f, is possible only with a known frequency for
a comparison. Usually this method is implemented with a radio frequency
synthesizer, which can also be used to stabilize f, with a PLL technique.
Since the offset frequency is related to the phase velocity dispersion inside the
cavity, its stabilization is realized making a dispersion adjustment changing
the laser pump power, whose variations slightly modify the refractive index
of the active medium. For larger adjustments, intra-cavity wedges can be
used. With common radio frequency sources it is possible to achieve easily a
relative precision of f, of the order of 1071°.

Regarding the repetition rate, there are two different main systems for
its evaluation that merit attention and therefore we discuss them in detail.
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1.5.1 RF reference lock technique

The former technique to measure frr involves the use of a radio frequency
(RF) reference and is called "RF lock" technique. Each pair of consecutive
comb teeth generate a beatnote exactly at the frequency that separates them,
typically a radio frequency. Measuring the signal with a photodiode and
comparing it with another known RF frequency it is possible to extract the
frr value and stabilize it (or its i-th harmonic) directly phaselocking to the
RF reference; this active stabilization is realized by controlling the cavity
length of the frequency comb laser. In practice, this is made by mounting
one of the cavity mirrors on a piezo actuator.
At this point it is possible to measure the value of the beatnote between
a generic laser and the closest tooth of the frequency comb, f,, again with
the mixing method with the RF reference, and extract the unknown value
of f;. From Eq. 1.10, the uncertainty Af; that affects this measurement is
given by:
Afl = n’AfRR + Afo + Afb (1.12)

with A frr, Af,, Af, the error associated to the repetition rate, the offset,
and the beatnote frequency respectively. Considering that frr ~ 10® Hz and
that typical values of the laser frequency are in the visible or near infrared
spectrum, it means that n’ is of the order of 10°. Thus, even if we consider
an uncertainty on the evaluation and stabilization of the repetition rate fre-
quency of the order of 1 mHz (i.e. a relative uncertainty better than 10719),
we would have an error Af; of about 1 kHz. This represents the real limit of
this technique.

1.5.2 Optical lock technique

Since the tooth number of the unknown source enters directly the uncertainty
expression 1.12 as high multiplying factor, the best solution would be to
stabilize directly the n/-tooth frequency. A system with this principle is
based on the use of an optical reference and is the so called "optical lock"
technique. Defining f,. the frequency of this reference, if we compare it to
the frequency comb we obtain:

fT:ﬁfRR+f0+be (113)

where 72 is the number of the closest tooth with respect to f,. and f;, is defined
as the difference between the reference and the n-tooth frequency, which can
be measured by analyzing the beatnote between the frequency comb and the
optical reference. Since f,. is known, measuring and stabilizing f,. using a
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RF as for the f, stabilization, we can invert Eq. 1.13 and evaluate frg. The
new expre