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Introduction
Motivations: from microwave to optical atomic clocks
The measurement of time by means of periodic phenomena has played an essential
role since the beginning of the human being. Any physical phenomenon that repeats
itself with a constant periodicity can be used to measure time intervals by counting
and keeping track of the number of cycles of the elapsed periods. An instrument that
carries out this work is called clock. It is composed by an oscillator, a frequency
reference to stabilize the oscillator frequency, and a precise counting instrument
which keeps track of the oscillator cycles.
Many cycles of nature may offer a potential frequency reference for a clock. For
instance, the first frequency reference was found by looking at the constant motions
of the Sun or the Moon. Sundials became the first devices used to keep time. Then,
the observation of periodic motions in mechanical systems yield portable devices
which could work during days and nights regardless of weather conditions. First
mechanical and then electro-mechanical oscillators (quartz crystal) further improved
the time-keeping technology and allowed the miniaturization of time-keeping devices.
The main drawback of electro-mechanical systems is that they cannot be used as
an absolute reference, due to limited reproducibility in design and implementation.
With the discovery of quantum mechanics in the last century came the possibility
of using clocks more accurate and more precise than any mechanical or celestial
reference previously known to man. This is possible because atoms and molecule
energy structures do not depend on the space and time an observer makes the
measurement. The operation of atomic frequency clocks is based on transitions
between two energy levels of a particular atom. The frequency of such a transition
is given by
ν0 =

E1 − E2
,
h

(1)

where E1 and E2 are the energy of the two levels involved and h is the Plank’s
constant. The beauty of using an atomic frequency standard is that the clock oscillation period should be independent of the man-made component of the oscillator.
In this sense, it is dependent only on the fundamental constant h and the inherent
properties of the atom chosen. Of course Eq.1 represents the ideal case. Actually,
real atomic transitions have a finite linewidth and its frequency is subject to external
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xvi

Introduction

perturbation from the external environment. Important characteristics of an atomic
transition are the finesse of the selected transition, quality factor Qat ≡ ∆ν/ν0 , easy
detectability of the transition, and independence from the environment.
With the advent of atomic clocks, time and its inverse, frequency, became the most
precisely measurable physical quantities. For most of their half-century history,
frequency standards based on atomic cesium have provided the performance best
suited for a primary frequency standard. 133 Cs atom provides a reference frequency
which is 1/9 192 631 770 of second, corresponding to the transition between the two
hyperfine levels of its ground state. It defines the SI unit of ‘time’ since 1967 [1].
Because of the unequaled uncertainty provided by the atomic reference, time definition has become the key feature in the SI units system. In fact the second is used
to define other three SI units (meter (m), candela (cd) and Ampere(A)) [2].
The latest cesium fountain clocks, which define the SI second , attain an accuracy
of less than 4 × 10−16 [3, 4], which is the equivalent of neither gaining nor loosing
one second in nearly seventy million years.
An atomic clock then consists of three main components, a man-made radiation
source, an atomic system which is probed by that source to determine the manmade frequency relative to the atomic frequency governed by quantum mechanics,
ad finally by a counting instrument.
The heart of every clock is its characteristic working frequency. The ultimate
fractional frequency (in)stability σy (τ ) [5] (see Sec.1.1) of an atomic clock is due to
the fluctuation of the measured number of atoms [6] due to the quantum mechanical
nature of the atoms measurement – the so-called quantum projection noise (QPN).
It is about
r
1
Tc
σy (τ ) '
,
(2)
πQat Nat τ
where τ is the measurement time in seconds, Nat is the number of interrogated
atoms, Tc is the clock cycle duration (Tc < τ )and Qat = 2TR ν0 is the atomic quality
factor for coherent Rabi oscillation with period TR . Equation 2 is valid in the limit
in which the local oscillator probe has negligible frequency noise.
Equation 2 explicitly shows a few important rules about making a stable atomic
clock. The first is that choosing a higher carrier frequency, for a given transition
linewidth, will lower the clock instability. Thus shifting the carrier frequency from
the radio frequency (RF) range (109÷10 Hz) to the optical frequency range (1015 Hz)
will potentially improve the actual time-keeping and frequency measurement.
Another rule is that both the atomic system and the optical radiation should
keep the longest possible coherence time. Once the light is coherent as well as the
atomic oscillator during all the interrogation cycle, Eq. 2 applies also to the optical
case [7].
Only in the last two decades the advent of laser cooling and trapping techniques
[8, 9] led a decisive contribution on minimizing motional effects such as Doppler
broadening and so that TR can be long. Moreover, all the mechanical effects of the

xvii

light probe (recoil and Doppler effects) can be canceled by trapping the atoms in
the Lamb-Dicke regime [10]. This should also allow to keep inaccuracy effects at
very low level.
Beside the atomic reference, the second fundamental ingredient for an optical
atomic clock is the laser electromagnetic field which interrogates the clock atomic
transition.
Laser light provides the local oscillator of the optical clock. This means that
it needs to have a high coherence by itself. In particular, in order to achieve the
quantum projection limit of Eq.2, the starting laser instability has to be kept below
it. Therefore a very high purity laser beam has to be developed for the optical
clock operation. The work done in frequency stabilization of laser radiation in the
last three decades [11, 12] reached the level of Qlaser = ν/∆νL = 1015 , i.e. close
to the quality factor required by optical atomic clocks. Laser frequency stabilization has then allowed the scientific community the challenging task of reaching and
overcoming the time-keeping precision of microwave frequency standards.
Frequency stabilization and noise reduction remain particularly crucial for optical
atomic clocks. In fact, the clock laser frequency noise is the dominant limitation
to optical lattice clocks stability via the Dick effect [13, 14]. In the case of pulsed
operating optical clock, the noise spectral components of the laser at harmonics
of the operation frequency are filtered by the atomic response and folded to low
frequency noise by an aliasing phenomenon. This degrades the signal-to-noise ratio
with which the resonance is detected. If we consider the state-of-the-art strontium
optical lattice clock [15], the quantum projection
noise (Eq. 2) would limit its
√
−16
fractional frequency stability to
7
×
10
τ
,
while
the Dick effect actually limits
√
−15
its stability down to 2 × 10
τ.
In particular, current clock cycle durations (Tc ≈ 1 s) lead to a tight sampling of
noise spectrum which is added to the atom transition-stabilized laser frequency. This
leads to higher and higher requirements on frequency noise reduction and pushes
the researches about short-term frequency stabilization, in particular passive optical
resonators.
The last fundamental ingredient is the counting device. In order to take advantage of higher carrier frequency, the phase of the optical carrier must be measured
to just as great a fractional precision as it already is for microwaves. When the
possibility of using optical radiation as frequency standard raised [16], optical frequencies could only be measured using a long chain of phase-locked oscillators that
scaled microwave frequencies up to the optical regime. These frequency chains took
up whole rooms and required a number of skilled people to operate them [17].
Only in the last few years the invention of self-referenced optical frequency combs
allowed in one step the precise comparison of frequencies ranging from the RF to the
UV [18, 19, 20]. Now, optical frequency measurements can be made with a single
laser that takes up less than 1 m2 of space and with little operator input, and is in
addition more stable and versatile as several optical frequency measurements can be
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Figure 1: History of optical and microwave atomic frequency standards. Optical
clocks really started to progress rapidly with the development of optical frequency
combs around the year 2000. The red points represents the last optical clock achievements reported in [15, 21].
made simultaneously.
The natural consequence of those achievements led to the realization of optical
atomic clocks, and thus optical frequency references. An increasing number of laboratories spread around the world have started building and comparing optical atomic
clocks. The fundamental boost given by frequency combs has already provided an
incomparable precision in time-keeping down to the 10−17 level [21] for ion clocks
and 10−16 level for optical lattice clocks [15]. These results yield more and more
stringent constraints on the fine-structure constant α drift [21, 22]. As shown in
Fig.1, the prediction that optical clocks will rise to prominence within a decade [23]
and perhaps a re-definition of the second is now becoming a reality. Recently, some
optical transition frequencies have been recommended as secondary representations
of the second and have been included into the new list of “Recommended values of
standard frequencies for applications including the practical realization of the metre
and secondary representations of the second”[24].
The raise of optical clocks and their increased precision will open new prospects
both for fundamental and for applied physics.
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In fact, although the assumption that the reference frequency defined by Eq.1
is space- and time-independent is true in non-relativistic quantum mechanics, this
cannot be considered valid in the framework of quantum field theory and general
relativity. Therefore precise frequency measurements or time-keeping is a probing
test for most of the physical fundamental theories and principles [25, 26, 27].
Nevertheless many applications in fields like radio astronomy, earth and space
based telecommunications, computing and space missions [28] are demanding time
and frequency standards with increased accuracy up to the 10−16 level and beyond.
Several kinds of optical atomic clocks have been designed and built to shift the
measurement of time and frequency in the optical region. In particular, we can
distinguish between three types if optical atomic clock: free falling neutral atoms
clocks (Ca, Mg), single ion clocks (In+ , Sr+ , Al+ , Hg+ , Yb+ ) and finally optical
lattice clocks (Sr, Yb).
Free falling neutral atoms clocks, although having demonstrated excellent stability and reproducibility, offer a limited interaction time thus limiting Qat . More
importantly the accuracy is limited because of Doppler and recoil frequency shifts.
Single ion references trapped in Paul RF quadrupole traps provide recoil- and
Doppler-free spectroscopy up to 1 × 1018 resolution [29]. Although this kind of
scheme suffers from a very low signal-to-noise ratio because of the limited number
of interrogated atoms (Nat ∼ 1 ), optical clocks based on this technology presently
offer the best frequency stability [21].
Finally, by trapping neutral atoms in an optical lattice, one could realize many
of the benefits of single ion based optical clocks. Once one chooses the proper lattice
wavelength and clock transition, AC Stark shifts induced by the lattice field can be
canceled, leading to very low quantum noise instability and lattice light shift uncertainty [30, 31, 32]. The possibility of exploring this new clock scheme is the starting
point of this thesis.

Purpose and outline of the thesis
The subject of this thesis is the development of an atomic physics apparatus to
study the possibility of a 88 Sr optical lattice clock at the European Laboratory for
Nonlinear Spectroscopy (LENS), sited at the University of Florence.
Strontium atom provides a doubly-forbidden 1 S0 –3 P0 transition (λclock = 698 nm)
[33] which turns to have a theoretical zero linewidth for the even isotopes. By using
a magnetically-induced spectroscopic method, which has been already demonstrated
[34], it is possible to make spectroscopy on this transition and so design an optical
lattice clock based on 88 Sr isotope.
Beside a very long-lived optical transition, strontium presents many of the important characteristics needed to be a frequency reference (see Chapter 4). Among
these, conversely to other experiments with different atomic species, the clock tran-
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sition is reachable by commercial diode lasers. This is also true for all the needed
lasers for laser cooling and trapping the atom.

Figure 2: Schematic view of an optical lattice clock: the ultra-narrow laser probe
interrogates the atoms at the clock transition. In this simple scheme, the absorption
signal is used to stabilize the laser frequency, which is divided by a femtosecond
frequency comb and counted.
In Fig.2 a possible conceptual scheme of an optical lattice clock is shown. Cold
Sr atoms trapped in an optical lattice are interrogated by a pre-stabilized laser beam
(the “local oscillator”) on the 1 S0 – 3 P0 very narrow (∆ν . 1Hz) atomic transition.
The laser frequency is then actively kept on the center of the absorption resonance
by a feedback control loop, acquiring the stability of the atomic transition. The laser
frequency so stabilized is sent to a femtosecond frequency comb. Frequency comb is
employed to measure the absolute frequency of the laser radiation by counting the
beating of the local oscillator with one of the comb’s teeth.
The work of this thesis then consisted of two different experimental studies.
Since frequency stabilization of the laser used as clock local oscillator is the first
requirement to build an optical clock, we first realized a high purity laser probe
by means of a commercial diode laser source. The second part consisted on the
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experimental demonstration of a high-resolution magnetically induced spectroscopy
(MIS) of the 88 Sr clock transition for an atomic sample trapped in an optical lattice.
The observation of a very narrow optical transition (≤ 100 Hz) is the main result
of this work.
The contents of this thesis are organized as follows:
The first part of the thesis deals entirely with the frequency stabilization of the
clock laser, which has been prepared on a dedicated laboratory placed in a quiet
environment. The clock laser source is in the neighborhood of the laboratory where
Strontium reference is prepared.
Chapter 1 the theoretical concepts of frequency stability, laser frequency stabilization and noise characteristics, and passive optical resonator design are discussed.
Chapter 2 is dedicated to the experimental setup we built for the clock laser and
the design details of our custom passive ultra-stable optical cavities.
Chapter 3 presents the accurate work about the characterization of the passive
resonators on which the laser source is stabilized and the related optical fiber link
to the atomic source. Then, we present the current performances of the laser local
oscillator we prepared for our strontium clock and the relative experiments carried
out to estimate the frequency instability and the capability to deliver an optical
frequency through a hundred-meters long optical fiber.
The second part of the thesis deals with the preparation of the atomic reference,
its trapping in the optical lattice and its interrogation by means of the dedicated
high spectral purity diode laser we characterized in the first part of this work.
In chapter 4, the theoretical concepts and principles of the Sr optical lattice
clock are discussed including the main features of the Strontium atom, the issues
about spectroscopy in an optical lattice and a derivation of the magnetically induced
spectroscopy (MIS).
Chapter 5 describes the design and the main features of the diode laser-based
experimental apparatus used to cool, trap, and probe the 88 Sr clock transition.
In chapter 6 we finally present the implementation of the current “simplified”
optical lattice clock scheme. A new method to find the clock transition was found.
Also, the preliminar spectroscopy of the 88 Sr clock transitions in an optical lattice
resulted in the observation of a narrow clock (∆ν ≤ 100 Hz) transition line and the
observation of density dependent collisions on the upper 3 P0 clock state.
Finally, we trace the future development of our measurements on the laser source
and the atomic system toward the realization of a new standard of frequency which
can be also transportable and suitable for space applications.
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Part I
Frequency stabilization of the
clock diode laser
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Chapter 1
Frequency stabilization of laser
radiation
Laser systems are frequently employed as sources of high spatial and temporal coherence electromagnetic fields. In real systems, the natural frequency linewidth of
the laser radiation is broadened by the several random physical phenomena that occur in the lasing process and in the laser oscillator, so limiting the optical coherence
of the laser radiation. Thus the need for frequency stabilization arises for precision
measurements and applications like optical atomic clocks.
In this chapter we review some basic concepts about phase and frequency noise
of interest for optical clock experiments such as frequency noise treatment for common oscillators and diode lasers, frequency stabilization by means of passive optical
resonators and the limiting noise sources of these frequency references.

1.1

Frequency noise generalities

The electromagnetic field emitted by a laser system can be seen as an optical oscillator. So it is described by its scalar part as a common oscillator, i.e. it is characterized
by an amplitude and a time-dependent phase factor φ(t) as follows:
E(t) = A(t)eiφ(t) = A(t) exp[i(2πν0 t + ϕ(t))]

(1.1)

Here ν0 is the carrier frequency of the optical oscillator, A(t) is the slowly (with
respect to 1/ν0 ) varying field amplitude, and ϕ(t) is the instantaneous (noise) phase
modulation of the light wave. The oscillating field frequency is defined as the instantaneous variation of the phase
1 dϕ
1 dφ
= ν0 +
.
(1.2)
2π dt
2π dt
The last term of Eq.1.2, δν(t) = ϕ̇(t)/2π, represents the frequency noise of the
field. Both ϕ(t) and δν(t) are considered very small random fluctuations for the
high–quality frequency sources we are dealing with.
ν(t) ≡
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It may also be noted that, assuming the noise conditions previously stated, Eq.1.1
becomes
E(t) = A0 (1 + (t) + iϕ(t)) exp[i2πν0 t],

(1.3)

which means that the amplitude ((t) ≡ (A(t) − A0 )/A0 ) and the phase fluctuations are respectively in phase and in quadrature with the carrier. This makes
possible to separate the two contribution on the output signal noise if one performs
a phase sensitive detection of the laser radiation, and it represents the key element
for active frequency stabilization that we will discuss in sec.1.3.2.
Thus, the description of the laser field is related to the functions ϕ(t), δν(t) and
A(t) which are random functions of time. Assuming that only stationary processes
determine the noise functions, then each noise component of the laser radiation can
be fully described by its power spectral density (PSD). Since we are interested on
the frequency stability of our laser oscillator, the frequency noise one-sided PSD
Sν (f ) is defined as,
1
Sν (f ) = lim
T →∞ T

Z

2

T
−i2πf t

δν(t)e

dt

[Hz2 /Hz]

(1.4)

0

where f is the Fourier frequency. It is proportional to the noise power per unit
bandwidth which affects the oscillator. The Fourier frequency f is very closely
related to the concept of a modulation frequency. Then Sν is the continuous distribution which describes the modulation of our laser emission frequency. One may
immediately find the relation between Sν (f ) and phase noise PSD
Sϕ (f ) =

Sν (f )
.
f2

(1.5)

Thus a knowledge of the spectral density of the phase fluctuations Sϕ allows a
knowledge of the spectral density of the frequency fluctuations Sν , which is the first
definition of frequency stability. When a conversion of the laser oscillator signal into
a voltage signal is possible, then spectrum–analyzer measurement can provide Sϕ
and so a measurement of Sν .
Sometimes it is useful describe the noise by means of the square root of the
PSD, thepso-called linear spectral density (in case of frequency noise we define
√
f ) ≡ Sν (f ), [Hz/ Hz] ). It is equal to noise frequency modulation per unit
δν(f
f is directly measured
bandwidth which affects the oscillator. This frequency noise δν
by optical frequency discriminators (for instance a resonant Fabry-Perot cavity, an
atomic transitions etc.) whose output voltage is then sent to a digital signal analyzer.
Oscillator stability analysis in the frequency domain is important because it is
directly related to the underlying noise processes affecting the oscillator frequency
stability. One uses spectral analysis when a particular source of frequency noise is
of interest.
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In particular, random processes which yield phase and frequency fluctuations
can be expressed by power-law noise spectral densities [36]. In practice, has been
recognized that these random fluctuations are the sum of five independent noise
processes and hence:
+2
X

Sν (f ) =

hα f α

(1.6)

α=−2

The value of α = 2 and α = 1 corresponds respectively to white phase noise
and flicker phase noise (see Eq.1.5), while the remaining three processes are white,
flicker and random-walk frequency noise. All these processes have different origins
and effects in the diode laser linewidth.
When one wants to characterize the frequency stability of the laser radiation for
long integration times, measurements in the time domain are more precise than frequency measurements. The time-domain analysis of oscillator stability is performed
by measuring the Allan variance σy2 (τ ) [5, 37], defined as follows:


(ȳk+1 − ȳk )2
2
σy (τ ) =
(1.7)
2
where ȳk is the fractional frequency fluctuation averaged over the time interval

τ:
1
ȳk =
ν0

Z

tk +τ

δν(t)dt.

(1.8)

tk

This two-sample variance has the important property that it converges for precision oscillators described in Eq.1.6, while the classical N-samples variance diverges
for N → ∞ if α ≤ −1.
It is possible to relate the Allan deviation measurements to the frequency noise
PSD with power-law frequency dependence. Tab. 1.1 shows the relations between
frequency noise spectral and Allan variance for the most relevant source for precision
oscillators.
In Fig.1.1 are shown the typical behavior for the Allan deviation (i.e. the square
root of the Allan variance) for different noise sources. We can see that the effect
of the two-sample averaging acts as a high-pass filter making converging phase and
frequency flicker noise (∝ f −1 ).

6

Frequency stabilization of laser radiation

σy2 (τ )

Noise type

Sν (f )

White phase

h2 f 2

Flicker phase

h1 f

White frequency

h0

h0 /2τ

Flicker frequency

h−1 f −1

2h−1 ln 2

Random-walk of freq. h−2 f −2

3h2 fc
(2πτ )2
1.038 + 3h1 ln(2πfc τ )
(2πτ )2

(2/3)π 2 h−2 τ

Table 1.1: Asymptotic forms of σy2 (τ ) for various power-law types and infinite
sharp filter. Note: fc is the measurement system bandwidth, often called the highfrequency cutoff.

Figure 1.1: Asymptotic log–log plot of σy (τ ) showing the correspondence with the
type of noise. The integers given in the diagrams are the corresponding values of
τ ’s exponent.
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Linewidth and frequency noises in diode lasers

When a laser field interrogates the atomic transition reference, it is important that
most of the power is concentrated around the carrier frequency. The presence of
phase modulation due to noise processes leads to a spreading of the emission power
among a continuous of frequencies, and thus to a finite emission linewidth of our
laser oscillator. This phenomenon appears more clear if we consider the simple case
of a single sinusoidal phase modulation [11]:
ϕ(t) = β sin ωm t .

(1.9)

Then the emitted laser field of Eq.1.1 can be expressed as
(

E(t) = A(t) J0 (β)eiωt +

∞
X
n=1



Jn (β) ei(ω+nωm )t + (−1)n ei(ω−nωm )t)

)

(1.10)

where the ω ≡ 2πν0 is the carrier angular frequency. Equation 1.10 shows us
clearly what is the effect of the sinusoidal phase modulation impressed on the optical
sine wave: it developed a “comblike” structure in frequency space around ν0 , while
the emission power is divided into all modulation
frequency multiples but leaving
P∞
the energy in the wave unchanged (in fact n=−∞ Jn (β) = 1).
It is worth discussing the number of sidebands which have significant amplitudes.
The case of highly stable lasers will be that of β < 1. In this domain the spectrum
consists mainly of the carrier and the two first-order sidebands. The case of β ≥ 1
leads to a raising of many modulation sidebands.
Regarding laser frequency noise, of course phase (and frequency) modulation is
due to a continuous
distribution
p of perturbing frequencies. In this case the value of
p
f m for phase modulation and freβ in Eq.1.9 is Sϕ (ωm ) and Sν (ωm )/ωm = δν/ν
quency modulation respectively. Looking back to Eq.1.10, it is clear that frequency
noises at low modulation frequencies, νm , will be the dangerous ones since they
can easily yield a β ≥ 1. For instance, if one considers white frequency noise, we
will see pronounced modulation effects manifested as many modulation sidebands at
low frequencies and only weak sidebands at higher frequencies (since Jn (β) rapidly
becomes small for n > β).
Thus, we showed from a simple model how modulation processes lead to a broadening of laser spectral emission. Of course the lineshape of this emission depends
directly on the underlying modulation process. However it is important to know
whether the carrier is still present when the laser has been modulated in some
specific way [38]. It is possible to describe this problem by considering the autocorrelation function of the electric field,
RE (τ ) ≡ hE(t)E ∗ (t − τ )i

(1.11)

The Wiener–Khintchine theorem [39] gives the power spectrum of the optical
electric field SE (f ),
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SE (f ) = 4

Z

0

∞

hE(t)E ∗ (t − τ )i cos(2πf τ )dτ

(1.12)

If we assume that ϕ(t) is a stationary stochastic process and amplitude noise
can be neglected, we get the following expression for the autocorrelation function
[38, 11]:

RE (τ ) =
+

A20
A20

 Z
exp(iωτ ) exp −

∞

Sϕ (f )df

f0



 Z
exp(iωτ )(exp[Rϕ (τ )] − 1) exp −

∞
f0


Sϕ (f )df )

(1.13)

where f0 is a low frequency cutoff [38], and Rϕ (τ ) is the phase noise autocorrelation function.
This equation presents two different terms which can be associated to the carrier
electric field (first row of Eq.1.13) and the modulation sidebands
R ∞ respectively. It
2
shows explicitly the importance of the phase variance ∆φ = f0 Sϕ (f )df in controlling the distribution of optical power between the carrier and the sidebands.
In particular, one can see that the fraction of power remaining in the carrier is
exp[−∆φ2 ].
From the arguments discussed above for Eq.1.13, it is possible to write an approximate relationship which will give the laser linewidth in terms of measured spectraldensity information by equating the two terms in Eq.1.13, i.e. exp[−∆φ(f )2 ] = 1/2.
Then we can write an implicit equation for the linewidth ∆ν using the phase spectral
density [41]:
2

1 rad ≈

Z

∞

Sϕ (f )df

(1.14)

∆ν/2

The same relation can be found if one substitutes Eq.1.5 in Eq.1.14 in terms of
frequency noise PSD.
As already mentioned, the laser power spectrum SE (f ) lineshape depends on the
particular frequency (or phase) noise PSD. It possible to demonstrate that [40]

sin2 (πf 0 τ ) 0
SE (f ) =
df dτ
Sν (f )
(πf 0 τ )2
0
0
(1.15)
In general, the integral of Eq.1.15 does not have an analytical solution, but some
particular cases admit analytical expressions. These are the cases of white frequency
noise and flicker frequency noise, which are the dominant in diode lasers.
4A20

Z

∞


Z
2
cos[2π(ν0 − f )τ ] exp −2(πτ )

∞

0
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White frequency noise

We consider the case of white noise if frequency noise spectrum is like
Sν (f ) = SW

(1.16)

We can easily see that Eq.1.15 becomes

SE (f ) =

4A20

= 4A20

Z

∞

Z0 ∞
0


Z
2
cos[2π(ν0 − f )τ ] exp −2(πτ )

∞

0

−π 2 |τ |SW

cos[2π(ν0 − f )τ ]e


sin2 (πf 0 τ ) 0
SW
df dτ
(πf 0 τ )2

dτ

(1.17)

which is the Fourier transform of a dumped oscillator with frequency ν0 , and the
time-constant of the exponential decay is (π 2 SW )−1 . We finally obtain a Lorentzian
profile with linewidth
∆ν = πSW

(1.18)

Any real physical noise modulation mechanism has a finite bandwidth B. This
bandwidth is related to the finite correlation time of the noise process. Thus it is
interesting to calculate the spectral distribution in presence of a frequency cut-off, in
particular if we approximate Sν (f ) with a rectangular function (i.e. Sν (f ) = SW 6=
0 ∀f < B). Then we get for SE (f ):
SE (f ) =

4A20

Z

0

"

∞

cos[2π(ν0 − f )τ ] exp −2πτ SW

Z

0

πBτ



sin(x)
x

2

#

dx dτ

(1.19)

We consider the two limiting cases:
• B  SW ;
in this case −2πτ SW

R πBτ  sin(x) 2

dx can be approximated with its asymp-

SE (f ) = A20 

SW
2
πSW
+ (f − ν0 )2
2

0

x

totic value −π 2 SW τ . We can see that because of the high cut-off frequency B,
the frequency output of the laser radiation fluctuates very rapidly, decreasing
the correlation time of the fluctuations. This leads to an exponential autocorrelation function and again the power spectrum has a Lorentzian profile:
(1.20)

with a full-width half-maximum (FWHM) linewidth equal to
∆ν = πSW

(1.21)
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• B  SW ; in this case the exponential is significant for only small x, so we
can expand the function in the integral that yields the exponent to be equal
to −2πτ SW × πBτ . Then Eq.1.19 becomes
SE (f ) =

4A20

Z

0

∞



cos[2π(ν0 − f )τ ] exp −2π 2 SW Bτ 2 dτ

(1.22)

which clearly is the Fourier transform of a Gaussian function. Then the emission power spectrum takes the form:

SE (f ) = √

A20
2π(SW B)

(ν0 − f )2
−
2
e 2(SW B)

(1.23)

The resulting laser FWHM linewidth is
p
8SW B ln 2
(1.24)
√
In this case the linewidth is proportional to SW B rather than to the power
spectral density.
∆ν =

Several noise mechanisms in lasers yield a white spectrum of frequency fluctuations. These are mainly due to the quantum mechanical nature of the spontaneous
emission process in diode laser, and also to carrier density fluctuations in the semiconductor media. These phenomena belongs to the first regime (B  SW ). Nevertheless, slow phase excursions due to the mechanical properties of the media can
lead to large modulation and Gaussian lineshapes (e.g. in the case of long optical
fiber connections, as shown in Fig. 3.22).

1.2.2

Flicker frequency noise

Flicker frequency noise is usually expressed by the following equation:
Sν (f ) = SF2 /f.

(1.25)

In presence of 1/f noise, Eq.1.15 would lead to an infinite value for the variation
of phase change, but the finite measurement time results in a low frequency cut-off
fl . The eventual result actually would depend on the time measurement [42], which
leads to a Gaussian spectrum:
!
√

2
2π
f
−
h
ϕ̇i
SE (F ) = A20 p
exp −
ln 2
(1.26)
π∆ν
f ln(5/fl )t̄
and a spectral linewidth (FWHM)
∆ν = 2SF

p
2 ln 2 ln(5/2πfl t̄).

(1.27)
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Because of this non-univocal determination of this contribution, it is common to
define as “fast linewidth” of a laser ∆ν = πSW that we showed in Eq.1.18, referring
to the spectral region of frequency noise in which white noise dominates.
Flicker frequency noise is present in diode lasers and it is mainly due to technical
noises such as mechanical fluctuations, current supply noise, etc. Nevertheless, this
type of noise constitutes the limit to today’s best frequency-stablized lasers for the
Fourier frequencies of interest in atomic clocks via reference cavity thermal noise, as
we will show in detail in section 1.4.1.

1.2.3

Diode laser linewidth and passive stabilization

Finally, we want to specialize all the definitions we introduced in this section for the
special case of diode lasers.
A diode laser is a p-n junction that acts as an optical resonator. The injection
current creates electron-hole pairs that emit photons after recombination. The high
gain for light amplification is provided by the high density of charge carriers, that
are contained in a small layer (1 ÷ 2 µm). The transverse confinement of radiation
is obtained through a gradient in the refractive index (index-guided lasers) or in the
carrier density (gain-guided lasers). Longitudinal confinement of radiation can be
provided by the surface reflectivity (30% ÷ 40%) at the interface between air and
semiconductor.
As anticipated in the two previous paragraphs, frequency fluctuations in diode
lasers are introduced both by fundamental quantum processes (e.g. white noise) and
by technical noise (e.g. flicker noise).
Quantum fluctuations turn out to be the main line broadening mechanism in
diode lasers. In absence of thermal noise, the radiation PSD is Lorentzian with
typical linewidth equal to
∆ν = (1 + α2 )∆νST

(1.28)

where α is the linewidth broadening factor which takes into account carrier fluctuations (typical value between 3 and 10), and ∆νST is related to photon fluctuations
and it is called the Schawlow–Townes linewidth [43]:
∆νST =

2πnsp hν0 ∆νc2
Pout

(1.29)

Here nsp = N2 /(N2 − N1 ) is the inversion factor, with N denoting the occupancy
of the two levels, ∆νc = cδc /2πl is the cavity full-width half-maximum (FWHM)
determined by the losses δc and the diode cavity length l. For a diode laser, with
a cavity length of 1 mm and a mirror reflectivity of 30%, the Schawlow–Townes
limit is in the region of a few tents of MHz and therefore, this dominates over other
effects.
In order to achieve the frequency stability needed for optical atomic clocks, diode
laser emission has to be stabilized. Thus, if one expects to narrow the linewidths of
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these lasers significantly, one will need feedback loops with sufficient gain up to 10
MHz and beyond. However in most cases (for most commercial diodes), a feedback
bandwidth of 10 MHz is quite difficult to achieve because of the characteristics of
the diode laser itself.1
Passive stabilization of diode laser is performed by observing how ∆ν mainly
depends on the cavity FWHM. Increasing the cavity length produces the effect
of narrowing the radiation linewidth ∆νc in Eq.1.29. Length enhancement is accomplished by using an external reflective media (e.g. a diffraction grating) which
provides optical feedback. Optical feedback also presents additional important advantages: it allows for single-mode operation by suppressing secondary longitudinal
modes of the diode laser and it permits a fine wavelength tuning through the control of the cavity length. Extended-cavity diode lasers (ECDLs) are widely used for
atomic physics experiments and precision measurements [45].
The frequency linewidth reduction achieved by ECDL passive stabilization is

∆νECDL = 

∆ν
2
lext √
2
1+k
1+α
l

(1.30)

where lext is the external cavity length and k is the coupling factor between the
two cavities, which is related to the external mirror reflectivity Rext and the front
facet reflectivity RL :

k=

r

Rext
(1 − RL ).
RL

(1.31)

The most common ECDL configurations are shown in Fig. 1.2. If we consider a
Littrow configuration ECDL (Fig. 1.2(a)), with external cavity length about 3 cm,
it is possible to achieve an emission linewidth of 150 kHz starting from some MHz
emission linewidth.
1 From

[44]: At low modulation frequencies, the frequency shift with injection current is
primarily caused by thermal effects. That is, because the injection current causes heating
and the index of refraction is temperature dependent, we find that the subsequent frequency modulation (dν/dI) is negative. This effect diminishes with modulation frequency,
and at times on the order of 1 µs, another smaller effect, caused by the electronic charge
carriers, starts to dominate. For this case we have the opposite dependence, i.e., dν/dI
is positive. The resulting net phase response of the diode is troublesome for the servo
designer, making electronic feedback bandwidths beyond a few megahertz increasingly
difficult to achieve.

1.3 Pound–Drever–Hall technique

(a) Littrow
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(b) Littman

Figure 1.2: Design of Littrow and Littman ECDL. For the Littrow configuration, a
diffraction grating is mounted so that the light diffracted in the first order is reflected
back into the laser, while the light diffracted in the zeroth order is coupled out. For
the Littman configuration, the light diffracted in the first order is reflected back to
the grating by a mirror or prism

1.3

The Pound–Drever–Hall technique for laser
frequency stabilization

In order to reduce the laser linewidth, one needs a stable frequency reference suitable for measuring the lasers frequency fluctuations. One can then set up an active
stabilization through a feedback loop that attempts to compensate these fluctuations. A Fabry-Perot cavity, which usually consists of two high-reflectivity mirrors
separated by a spacer, is a convenient choice for a frequency reference. A cavity has
a series of evenly spaced, sharp resonances (typically with linewidths < 10 MHz).
The resonances or “fringes” separation is ∆νF SR = c/2L, where c is the speed of
light and L the length of the optical cavity.
Several schemes for deriving the stabilization signal exist, the most popular for
high performance laser phase and frequency stabilization being the Pound–Drever–
Hall (PDH) technique [46]. Moreover, the PDH technique is the basic scheme for
laser clocks in every optical clock nowadays in construction. Thus it is important
here to treat in detail this frequency stabilization technique. Some useful tutorial
about PDH details can be found in [47, 48].

1.3.1

PDH error signal extraction

In a PDH stabilization scheme, laser light beam is kept on reference cavity resonance
by detecting the interference light with a non resonant EM field: the two frequency
modulation (FM) sidebands. Coherent addition allows optical phase shifts between
the beams to give rise to signal changes. Fig.1.3 shows the conceptual scheme of the
PDH technique.

14

Frequency stabilization of laser radiation

Figure 1.3: The basic layout for locking a cavity to a laser by means fo the PDH
technique. Solid lines are optical paths and dashed lines are signal paths. The signal
going to the laser controls its frequency. EOM: electro-optical modulator.
As shown in Fig. 1.3, the FM sidebands are obtained by feeding the incoming
laser light into an electro-optical modulator (EOM). The resulting EM field is
Ein (t) = E0 ei(ωt+m sin(Ωt))
' E0 [J0 (m)eiωt + J1 (m)ei(ω+Ω)t) − J1 (m)ei(ω−Ω)t) ]
m
m
' E0 [J0 (m)eiωt + ei(ω+Ω)t) − ei(ω−Ω)t) ]
2
2

(1.32)

Here Ω is the phase modulation angular frequency, and m is known as the modulation depth (we are considering modulation depths m  1).
The reflected field which generates the error signal is given by the reflection
coefficient F (ω), which in case of symmetric mirror reflectivity is equal to


i ω
r e ∆νF SR − 1
F (ω) ≡ Eref /Ein =
(1.33)
i ω
1 − r2 e ∆νF SR
The dependence of F from ω implies that the three laser field, i.e. the carrier
and the two FM sidebands, can be reflected with different phases. The interference
of these fields can be detected by a photodetector: the measured power is

Pref ≡ |Eref |2 = Pc |F (ω)|2 + PSB |F (ω + Ω)|2 |+F (ω − Ω)|2 (1)
p
+ 2 Pc PSB · {< [F (ω)F ∗ (ω + Ω) − F ∗ (ω)F (ω − Ω)] cos(Ωt)} (2)
p
+ 2 Pc PSB · {= [F (ω)F ∗ (ω + Ω) − F ∗ (ω)F (ω − Ω)] sin(Ωt)} (3)
+ (2Ω terms)
(1.34)
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where Pc and PSB are respectively the optical power of the carrier and of a single
sideband EM field.
In Eq.1.34 the first term gives the DC current, the second and the third give
the in-phase and quadrature currents, while we neglect higher Ω harmonics because
of the mixer in the readout process. The appropriate choice for the modulation
frequency is Ω  ∆νF W HM : in this case when ω matches a cavity fringe, the
sidebands are completely reflected (F (ω ± Ω) ' −1), and
F (ω)F ∗ (ω + Ω) − F ∗ (ω)F (ω − Ω) ≈ i2=[F (ω)]
is purely imaginary. This means that the cosine term is negligible while an error
signal can be extracted from the quadrature term. With the proper choice of LO
phase and frequency a mixer can isolate the quadrature term, so that at the IF port
of the mixer, after a low pass filter the error signal is
p
(1.35)
Vquad ' −4κ Pc PSB =[F (ω)]

Previously we introduced with κ a power-to-voltage conversion factor (which
includes the photodetector quantum efficiency, its responsivity and the gain resistor).
In the vicinity of a resonance peak the signal in Eq.1.35 has a linear behavior and
we can approximate it in function of the detuning δν (which corresponds to laser
frequency noise when the laser is locked to the cavity)
p
VP DH = −8κ Pc PSB

δν

(1.36)
∆νF W HM
√This represents the final equation for the PDH error signal. The quantity
8κ Pc PSB /∆νF W HM ≡ Kop is called the optical gain and defines the slope of the
error signal. This error signal is finally filtered and fed back to the laser frequency
modulation to correct the emission frequency.
The PDH locking is not sensitive (to first order) to fluctuations in the input
power: this appears evident from Eq.1.3 and considering the phase-sensitive detection performed in this scheme.
The unavoidable noise source is represented by the quantum detection of light
from the cavity, i.e. photon shot-noise. Photon shot-noise sets the limit on the laser
frequency noise spectrum which is achievable using PDH locking. The frequency
noise linear spectral density can be written as [47]
√
hc ∆νF W HM
f
√
δν sh =
(1.37)
4
λPc
where λ is the laser wavelength. From Eq.1.37, narrowing cavity linewidth and
using high power lasers will lower the detection frequency noise limit. For instance,
sending a pure carrier power of 10 mW (typical max power emitted by a ECDL)
in a high-finesse √
cavity with ∆νF W HM ∼ 104 Hz gives a photon shot noise floor
fsh ∼ 0.4 mHz/ Hz. Unfortunately, other noises sources arises in both increasing
δν
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the cavity finesse and increasing the input power (see Sec. 1.4.3) and also technical
noises increase with the laser power, which set up the true limit of the PDH technique
.

1.3.2

Error signal noise of PDH technique

The Pound-Drever-Hall frequency discrimination technique can introduce additional
noises to the error signal used to stabilize a laser. These noises are originated by
the cavity used as frequency discriminator, by the laser power detection process and
by the phase modulation process. We will treat noise introduced by the reference
cavity in the next section, focusing our attention to the last two issues which are
characteristic of the PDH technique.
Although photon shot-noise represents the fundamental limit of the PDH technique and laser amplitude noise cancels during the error signal generation, it is also
common that the signal-to-noise ratio (SNR) becomes limited by technical noise
which scales with power.
Furthermore, we have to take into account the fact that for real resonators some
light is lost in transverse modes by imperfect mode matching.
Thus the on-resonance reflected power is actually
 2

m
2
Pref l = 2PSB + Puncoup '
+ QJ0 (m) Pin
(1.38)
2
This formula has two types of influence on Eq.1.35: the mismatch effect gives a
further DC contribute exiting from the photodiode; the optical gain, and thus the
signal-to-noise ratio, decreases as much as the decrease of the resonant power.
The laser power shot noise has a linear spectral density equal to
s


p
hc m2
2
f
δP sh = 2Eph Pref l = 2
+ QJ0 (m) Pin
(1.39)
λ
2
The relative frequency noise is than:

√
δPsh
hc
f
= ∆νF W HM √
δν sh =
χ(Q, m)
Kop
4 λPin

(1.40)

Given the cavity length L, the cavity finesse F and the input power Pin , shot noise
depends on the modulation index m and coupling coefficient Q. This dependence
stays in the function χ(Q, m) :
s
(m2 + 2QJ02 (m))
(1.41)
χ(Q, m) =
(1 − Q)J02 (m)m2
which reduces to 1/J0 (m) for Q = 0 giving the same result as in Eq.1.37. For
instance, for a coupling coefficient Q = 0.5, the resulting shot noise limit would be
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almost three times higher.
In the case of very high finesse cavities, the cavity storage time can become
non-negligible with respect to the inverse of the servo bandwidth. The cavity pole
becomes a non-negligible contribute to the error signal and represents a first-order
low-pass filter to be added to the optical gain. Then the magnitude of the PDH
discriminator gain can be re-written as
Kop
Kop (f ) = p
1 + 4f 2 /∆νF2 W HM

(1.42)

Since the noise coming from the detection is δνdet = δVdet /Kop (f ), this means
that shot noise becomes important for frequencies higher than the cavity pole, where
its effect is amplified by 1/Kop (f ).
A possible source of additional noise to the PDH signal is due to transverse mode
frequency pulling via misalignment effects. Static misalignments of the input beam
couple with laser beam jitter introducing a fake frequency error signal equal to [49]:
πc(S ˜(f ) − βS β̃(f )) h 2 sin(α)
sin(α + θm )
f
δν mis (f ) =
−
2
16LF
1 − cos(α) 1 − cos(α + θm )
i
sin(α − θm )
−
+ 2(S β̃(f ) + βS ˜(f ))f
1 − cos(α − θm )

(1.43)

where  = δl/w0 is the ratio between the input beam lateral misalignment and
the cavity waist w0 (then S = ˜(0)), β = δθπw0 /λ = δθ/δd is the ratio between thepangular misalignment and the beam divergence δd (βS = β̃(0)), α =
2 cos−1 (± (1 − L/R1 )(1 − L/R2 )) is the phase shift of the first order transverse
mode with respect to the longitudinal mode and θm = 2ΩL/c. The same equation
can be derived for input beam waist fluctuations.
Looking at Eq. 1.43, let us first note that in general we have the sum of two
terms. In the case of high-finesse cavities, the second term is the dominant one,
fmis (f ) ≈ 2(S β̃(f ) + βS ˜(f ))f . Free laser jitter can variate following flow
i.e. δν
air perturbation, mechanical mounting, etc., which makes difficult to estimate its
contribute to residual frequency noise. If we assume the same values for  and β in
Ref. [49], we get
√
fmis (f ) ' 3 · 10−5 · f Hz/ Hz
δν

(1.44)

for Fourier frequencies f < ∆νc /2. If we compare the value in Eq. 1.44 with
the photon shot-noise estimate we obtained in the previous section, we can see that
misalignment effects could give an important contribution to the residual noise.
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Another weakness of PDH technique is that the required laser phase modulation
can never be realized perfectly, but rather there is always some level of residual amplitude modulation (RAM). This RAM noise is modulated by the power fluctuations
of the laser, thus generating a fluctuating baseline which introduces noise on the dc
error signal. RAM noise can be above the light shot noise level and even reach the
1% level [50].
Other technical noises arise from the RF heterodyne signal extraction, like high
frequency noise conversion via modulation-demodulation process or RF oscillator
phase noise, which can be kept conveniently below the photon shot-noise detection
limit.
Finally, for long integration times, variations in the RF-pickup due to movements in the laboratory can introduce drifts and noise. Then it is important to
shield the detection apparatus from electromagnetic interference radiated by the
relative strong amplifier necessary to drive the modulator.
Beside these issues, the PDH locking easily provides a high SNR for the error
signal without being very demanding regards the control and detection electronics. Hundreds of µW can ensure a SNR = 100 in the bandwidth of the detection
electronics [48]. Then, a quick estimate for the fast linewidth is
∆νF W HM
(1.45)
SN R
This means that in spite of the limited long-term frequency stability, PDH locking
represents a powerful preliminary stage for high spectral purity laser sources for
metrological purposes.
∆ν '

1.4

Optical resonator as frequency reference

Rigid Fabry–Perot (FP) optical resonators are commonly used as passive frequency
references for laser stabilization. They basically consist of a hollow spacer and
two high-reflectivity mirrors attached at its ends, in correspondence of the spacer’s
apertures.
Frequency stability achieved with a FP cavity is dependent on the stability of
cavity length. Long-term stability is reduced by environmental temperature fluctuation via thermal expansion properties of both the spacer and the mirrors. Moreover,
cavity spacer materials present residual mechanical creep which appears as a linear
drift. Although the employment of materials with very-low coefficient of thermal
expansion (CTE) and active temperature stabilization servos, FP cavities cannot be
used as an absolute frequency reference.
Pressure (and also temperature) fluctuations of the intra-cavity medium may
decrease the the long-term stability of the FP cavity by varying the medium index
of refraction. In case of air refractive index, n, it can be related to pressure and
temperature by the following empirical equation[51]
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(n − 1)tp = (n − 1)s × 0.0013874

p/Torr
1 + 0.003661 · t/◦ C
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(1.46)

where t is the air temperature in ◦ C, p is the pressure in Torrs and (n − 1)s is
the index of refraction at standard temperature and pressure. Temperature change
of 1 ◦ C or pressure change of 5 Torr (the approximate daily pressure change over
24 hours) can result in changes of the index of refraction ∆n ∼ 1 · 10−6 . Then the
projected fractional frequency variation would be
L ∆n
δν
≈
∼ 3 · 10−16 L .
ν0
c ∆t

(1.47)

where L is the cavity length. This effect can be prevented by evacuating the cavity. It has been experimentally demonstrated that it is possible to obtain refractionindex cavity drift levels below thermal induced drifts with a 10−6 Torr vacuum level
[52].
Fast length fluctuations can arise from both technical and fundamental noise
sources. Technical noises are due to environmental perturbations such as seismic
noise or acoustic noise, or light perturbations such as thermorefractive and photothermal noise. If the last noise mechanisms can be reduced by a proper engineering
of the cavity suspension and active control of the laser power, thermal noise (TN)
fluctuations and radiation pressure are related to fundamental aspects respectively
of the non-zero cavity temperature and the quantum nature of light. In rigid cavities, if radiation pressure noise is completely negligible, TN represents the mid-term
stability limit for FP cavities, as highlighted by Numata et al.[53].

1.4.1

Cavity Thermal noise

Fabry–Perot cavity thermal noise is essentially due to the finite temperature thermal bath in which materials are placed, so that intrinsic dissipative mechanisms
are converted in length (surface) fluctuations of the material - this is the so-called
fluctuation-dissipation theorem[54]. These internal dissipative mechanisms are structural damping and thermoelastic damping. The typical approach to internal loss
mechanisms is the extension of the Hooke’s law for elastic bodies by adding an imaginary part to material’s Young modulus E = E0 (1 + iφ). Hence the loss angle φ
describes any dissipation mechanism inside the elastic material. Structural damping
has a φ which does not depend on frequency and represents the main source of noise
for rigid FP cavities used for frequency stabilization. Homogeneously distributed
damping processes convert brownian motions into heat and perturb the position of
material’s surface: this represents the so-called Brownian thermal noise[55].
Brownian TN shows up from three independent sources which are described by
their respective power spectral densities “SL ” :
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1. spacer longitudinal thermal fluctuations[53]
SLspacer (f ) =

2kb T
L
· φspacer ;
f 3πR2 E

(1.48)

2kb T 1 − σ 2
√
· φsub ;
f
π 3 Ew0

(1.49)

2. mirror substrate thermal noise[56]
SLmirror (f ) =

3. mirror high-reflection (HR) coating thermal noise[57]
SLcoat (f ) =

2kb T 2(1 − σ)(1 − 2σ) d
· φcoat .
f
πE
w02

(1.50)

In the previous formulas R is the radius of a cylindrical spacer, E is Young
modulus, σ the Poisson ratio, w0 is the laser width on the mirror surface and d is
the high-reflective coating thickness.
The total TN PSD will result from the sum of these terms. The previous spectra are referred to length
fluctuations
which can easily converted into frequency
√
√
fluctuation because SL /L = Sν /ν.
In the case of ultra-stable cavity, both very low CTE and low φ materials are
used. In particular, ULE glass has a relatively low loss angle (∼ 1/6.1 · 104 ) and
this represents the most common choice for spacer material. However, this value is
higher than fused silica (typically 1/106 ), which is used for optics when thermal noise
is an important consideration. Unfortunately, fused silica CTE is approximatively
50 times larger than that of ULE, implying that much more stringent temperature
control would be needed if using fused silica for the spacer.
Spacer Substrate Beam radius
Contribution to Sν (%)
material material
w0 (µm)
Spacer Substrate Coating
ULE
ULE
240
3
84
13
ULE
Silica
240
14
24
62
Silica
Silica
240
1
28
71
ULE
Silica
370
25
28
47
Table 1.2: TN calculation results for some common FP cavity configuration. Bold
font values represent the dominant noise contribution for Sν in percentage. “Substrate” means mirror substrate. For parameter values see App.A
If we compare the PSD’s in Eq.1.48 and 1.49 we can see that, although the ratio
between mirror and spacer loss angles is a factor 1/10, the ratio between the two
PSD is proportional to R/w0 ∼ 103 (we assumed for the spacer a cylindrical shape
with L = 2R = 20 cm) for typical beam size values. This means that mirror thermal
noise will be the dominant contribute. As remarked by Ref.[53], this is because, at
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a frequency region well below the mechanical resonance, only the losses around the
beam spot contribute to thermal noise.
Table 1.2 shows the thermal noise contributions from each cavity component:
we can see that lowering the mirror substrate loss angle is not enough to gain in
frequency noise reduction because of the high loss angle of the HR coatings (alternate
layers of Ta2 O5 /SiO2 ). In fact for fused silica φsubstrate /φcoating ≈ 10−3 Another
important factor is the quadratic dependence on w0 for coating TN, which increase
the noise contribution for small beam size. Many investigations are on going to find
a way to reduce coating thermal noise, mainly in the gravitational wave research
community [58, 59, 60, 61]. Although new ideas to overcome TN limit are being
proposed [62], no big advances have been experimentally achieved in this field so
far.
Finally, a good compromise on thermal expansion requirements, cavity mirror
radii of curvatures and low loss materials yield to a state-of-the-art fractional frequency stability of σy (τ ) ∼ 10−16 .

1.4.2

Vibration-induced noise

Although the optical cavity utilizes a rigid spacer to hold the mirrors spacing constant, no material is infinitely rigid, and as such is susceptible to elastic deformation.
For the case of optical cavities, acceleration-induced deformation can result in cavity length changes which can seriously degrade both the short and long timescale
frequency noise of the spectrum of the laser locked to the cavity. Environmental
noise sources that modulate the cavity length are mainly of acoustic origin in the
range above 50 Hz and seismic origin from 1 to 50 Hz. For Fourier frequencies less
than 1 Hz, temperature changes affect the cavity length as well as other dimensions
in the experiment that may contribute to the instability.
A simple approach to vibration-induced noise is based on Hooke’s law, assuming
all the external accelerations ranging at Fourier frequencies f  fi , where fi are the
eigenfrequencies of the mechanical system. Then the system elasticity is determined
by the spacer Young modulus E and any frequency changes due to longitudinal
(z-axis) accelerations can be represented as
δνz
δL
1 ρL
=
=
δaz ,
(1.51)
ν
L
2E
where ρ is the spacer density.
Similarly, in the case of accelerations in the transverse (x-)plane of the cavity
optical axis, the fractional frequency change is
δνx
δL
1 ρσh
=
=
δax ,
(1.52)
ν
L
2 E
where h is the cavity spacer height (h = 2R for a cylindrical spacer) and σ( < 0.5)
is the Poisson’s ratio and represents the coupling constant between the applied stress
and the resulting orthogonal strain [63].
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If we consider, as example, a 10 cm long ULE spacer, a seismic oscillating acceleration of 1 µg at 1 Hz, we can get a vibration-induced frequency noise of δνz ' 7 Hz.
This order-of-magnitude estimate shows the potential importance of this noise. The
fractional frequency noise in Eq.1.51 shows a clear linear dependence on the cavity
length. Thus reducing the cavity length would reduce the influence on vibrationinduced noise. Unfortunately as the cavity length continues to decrease, the free
spectral range may become too large to be convenient. Power buildup may also
be excessive because one needs to increase the cavity finesse to maintain a reasonable cavity resonance linewidth. Thus a cavity vibration-isolation system has to be
implemented.
The efforts to reduce this effect are two-fold. First, vibration isolation is implemented to reduce the amplitude of the acceleration noise spectrum affecting the optical table where the cavity seats. The second step on reducing acceleration-induced
cavity noise is making the cavity length less sensitive to acceleration-induced deformations. With the vacuum limiting airborne noise, acceleration is transferred to the
cavity at the points where the cavity is physically held and connected to the vacuum
chamber and environment. If the cavity can be designed and held in such a way
that length changes from deformations are either reduced in amplitude or enjoy cancellation along different parts of the cavity, then acceleration-induced cavity noise
can be reduced. Many cavity mounting techniques in the last few years thus try to
exploit symmetry in the acceleration-induced cavity stress to reduce the cavity sensitivity. A number of experimental and theoretical (finite-element-analysis) results
have been presented [64, 65, 66, 67]. The vibration sensitivity reduction these works
demonstrated is ∼ 10 mHz/µg so far, i.e. 100 times less than the ULE elasticity
would yield.
Vibration-induced noise reduction techniques based on symmetrically supported
cavities inspired the mechanical support of our super-finesse cavity which we will
describe in the next chapter.

1.4.3

Heating-induced noise

As shown by Eq.1.40, one may increase the cavity input power as much as possible
to lower the shot-noise detection limit. Actually, real optics suffers from heating by
light absorption.
Absorption in the mirrors will result in thermal distortions of the optics and optical path fluctuations. Thermorefractive (dn/dT) and thermoelastic (dL/dT) effects
in mirrors cause noise that is driven by the same (coherent) thermal fluctuations.
Thermoelastic expansion has a dynamical (transient) and a statical (aberration)
effect. In the case of static effect, we can estimate the change in cavity length by
[68]
α
α F
Pabs =
aPin ,
(1.53)
4πκ
4πκ π
where α is the thermal expansion coefficient, κ is the heat conductivity of the
∆LT E ≈
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substrate material, a the absorption coefficient and F the cavity finesse. Thermoelastic expansion in Eq.1.53 may directly couple with input amplitude noise if these
fluctuations happen in a time scale larger than the thermal relaxation time of the
mirror [69]
−1

τT E = (ωc )

'



κ
2ρCw02

−1

,

(1.54)

which depends on the specific heat capacity C and the laser spot size w0 . For
instance, for a fused silica mirror substrate with spot size w0 = 210 µm the thermal
relaxation time τT E ∼ 0.1 s.
Thermorefractive effect consists in changing the wavefront of a passing optical
wave by an extra path, or excess optical thickness Z(r), where r is the mirror radial
coordinate. It is possible to estimate the integrated steady-state extra path as [70]
∆LT L '

dn h2m Pabs
dn
h2m F
=
aPin ,
2
2 π
dT 4πκRm
dT 4πκRm

(1.55)

where here we expressed the mirror axial and radial dimensions respectively with
hm and Rm . This effect is also known as “thermal lensing” effect. As in the case of
thermoelastic effect, we are interested in its time-scale to estimate at which average
times it can affect cavity frequency stability. If one considers carefully Eq.1.54,
the spatial dependence is determined by the beam waist which gives the order-ofmagnitude of the heat diffusion length. In case of thermal lensing, as shown by
Eq.1.55, the whole mirror surface is involved, so we can state
2
ρCRm
.
(1.56)
κ
This approximation works well in the case of gravitational-wave interferometer
mirrors [71]. Comparing Eq.’s 1.56 with 1.54, we can see that thermal lensing takes
place at a time scale much higher than thermo-elastic dilation because of the different
geometric dependence.
Static effects can directly couple with amplitude noise by means of the relations
in Eq.1.53 and 1.55. If we take into account only the thermoelastic effect, for a
finesse F = 4 · 105 , a beam waist w0 = 210 µm and a cavity length L = 10 cm, we
get a frequency sensitivity

τT L '

δν
≈ 45 Hz/µW ,
δPin

(1.57)

where we assumed an absorption a = 2.6 ppm. Realistic assumption on the intracavity power fluctuation would be δPin /Pin ≤ 1%. Hence if one sends ∼ 300 µW one
can obtain hundreds of Hertz of deviation. Then limiting the input power or actively
suppress low-frequency amplitude noise is mandatory for optical clock operations.
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The most important dynamical effect related to photon-drive noise is the photothermal effect [69, 72, 73], which refers to the quantum nature of absorption in
mirrors. Photothermal noise PSD is
2(1 + σ)2 α2
K(Ω)hνPabs ,
(1.58)
π2
κ2
where K(Ω = ω/ωc ) is a function with a cut-off at the characteristic frequency
corresponding to τT E as shown in Eq.1.54:
SP T (f ) =

1
K(Ω) =
π

Z

0

∞

du

Z

+∞
−∞

2

u2 e−u /2
dv 2
(u + v 2 )(u2 + v 2 + iΩ)

2

K(Ω) does not have an analytical expression, although shows a typical 1/f 2
dependence at frequencies higher than the cut-off. A numerical calculation at low
frequencies of K(Ω) is shown in Fig1.4.
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Figure 1.4: Frequency dependence of the photothermal noise
Finally, photothermal noise can have a relevance for high values of the input
power but also in the frequency range around fc = ωc /2π. The cut-off frequency
sharply depends on the beam size: in small reference FP cavities both high power
and small beam sizes can be achieved and then photothermal noise has to be taken
into account. In fact, for frequencies ω ≤ ωc and assuming
√ the same finesse, waist
fP T ≈ 15 Hz W−1 / Hz, which is almost two
and absorption of Eq. 1.57, one gets δν
order of magnitude more than the thermal noise. Of course, in the case of hundreds
of µW as input power, photothermal noise becomes negligible.

1.5

Transport of an optical frequency by optical
fibers

Optical fibers are convenient for transporting light and avoiding alignment instabilities.
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Stable optical frequency reference systems tend to represent an entire optical
table of equipment, rather than being integrated into a single module or chip. Thus
one wishes to transfer the frequency-stable light from one optical table to another
or between laboratories in the same or even a nearby building.
Long-distance dissemination of optical signals represents a problem in the case
of propagation in free space. In fact, optical path length fluctuations can have
a dramatic impact on the delivered optical frequency. If we consider the optical
oscillator given by Eq.1.1 with zero frequency noise and we propagate it along a
given distance l, then its phase fluctuation is
2πν0
(lδn + nδl)
(1.59)
c
where n is the index of refraction of air. Then fluctuations of both air refractive
index or relative position between the laser source position and the delivering site
yield a phase fluctuation and thus frequency noise. By using Eq.1.2 we can evaluate
at what level these noise sources have to be kept to preserve a sub-Hz laser( δν/ν0 ∼
10−15 ).
In case of air refractive index, n, described by Eq.1.46, the projected fractional
frequency variation we estimated in Eq.1.47 suggests that it can be prohibitive
in obtaining a sub-Hz stable laser delivered along few meters. However index of
refraction fluctuations can be reduced by isolating or evacuating the optical path.
If one considers only length fluctuations, this means that these fluctuations per
˙ . 0.3 µm/s. This effect can also be seen as if we imagine
unit of time must satisfy δl
a moving frequency reference with respect to our perfect laser oscillator. Then the
sensed frequency shift ∆ν/ν0 = vrel /c = 3 · 10−15 if vrel = 1 µm/s, which is comparable with the atomic quality factor one wants to probe.
δφ =

The best choice for high frequency stability laser beams is represented by optical
fiber delivery. A polarization-maintaining single-mode optical fiber represents a
nearly ideal transmission medium for such optical signals, providing mechanical
flexibility and low attenuation.
Unfortunately, fibers also add considerable frequency noise to the light. Some
problems arise from such signal transmission in an optical fiber; for example the
fiber’s optical insertion phase is extremely sensitive to environmental perturbations.
These pressure, temperature, and bending sensitivities of the fiber form a serious
obstacle to the transfer of low-phase-noise signals. Acoustic pressure variations
associated with normal speech can write several radians of phase noise onto an
optical beam in a nearby fiber, leading to single-pass rms frequency deviation ∆ν ∼1
kHz [74].
Thus, faithfully delivering an optical frequency reference to phase-coherently reproduce a local frequency or timing reference signal at the remote output of the fiber
network is a mandatory experimental technique in optical clocks designs. Foreman
et al. [75] provided a nice review about experimental details about this task and
the main noise mechanisms in optical fiber frequency-transfer. Figure 1.5 shows the
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principle of a servo loop for remote transfer phase noise compensation: a partial
retroreflector or transceiver at the remote end returns the signal through a round
trip of both the fiber network and the actuator. Accurate comparison between
the phase of the round-trip signal and the original reference allows the double-pass
actuator to compensate for the fiber links phase perturbations.
Several experimental schemes have already been demonstrated [76, 77]. The
achieved technical “know-how” in fiber-noise cancellation has recently yielded important results on the km-scale optical frequency transfer [78, 79, 80].

Figure 1.5: From [75]: principle of operation for a typical actively compensated fiber
network for distributing frequency and timing references. A partial retroreflector or
transceiver at the remote end returns the signal through a round trip of both the fiber
network and the actuator. Accurate comparison between the phase of the round-trip
signal and the original reference allows the double-pass actuator to compensate for
the fiber links phase perturbations for time scales longer than Trt . The actuator can
act on the optical phase for direct optical carrier transfer.

Chapter 2
Diode laser at 698 nm
experimental setup
As shown in the previous chapter, high optical coherence from a laser light source
requires an active stabilization and a high level of isolation from environmental noise
sources.
In this chapter we will describe the laser laboratory entirely dedicated to the high
spectral purity diode laser we use for our neutral 88 Sr spectroscopy on the forbidden
clock transition.
In particular, we will describe the diode laser and the optical setup we assembled
to generate the probe laser, the architecture of the active stabilization system, the
design characteristics of the passive optical cavity, the custom “Super-Finesse FabryPerot” (SFFP) cavity, the thermal issues of the laser laboratory and, finally, the
resulting expected short- and long-term frequency stability of the clock laser.

2.1

Clock laser optical bench

The clock laser optical bench has been prepared in a clean room (class 10’000 ÷
1’000). Here we set up the optics frequency stabilization and the systems to perform
noise characterization experiments. A schematic diagram of setup in our clean room
is presented in Fig.2.1.
We can distinguish three parts of the optical table. The first part (block (a)
in Fig.2.1) provides the laser probe for our experiments on the Sr clock transition.
The second part consist of a second laser branch independently-stabilized on SFFP2
cavity (block (b) in Fig.2.1) and the relative optics to make laser characterization
studies. The third part is composed by the fiber link to deliver the stabilized laser
radiation to the Strontium lab ((c) in Fig.2.1).
In the first part of the optical table setup, the master laser beam is subject to
a two-step frequency stabilization. The final frequency stabilization is achieved by
means of SFFP1 cavity.
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Figure 2.1: Experimental setup for the stable 698 nm laser. AOMi : acousto-optic modulators; EOMi : electro-optic modulators; PMF: polarization maintaining optical fiber; PNC: phase noise cancellation system.
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The phase modulated (by EOM1) laser beam is divided in two beams by a
polarizer cube. While a first part of the phase modulated beam is sent directly
to SFFP1, the second beam is sent to SFFP2 for a second independent frequency
stabilization. This new system is achieved from the beam diffracted by a new AOM
(single-pass frequency shift, “AOM3 ” in Fig.2.1) and sent to SFFP2. The PDH
error signal generated in front of SFFP2 has been used either as measurement of
the laser frequency noise (when the laser is just locked to SFFP1), or fed back to
the frequency modulation of the radio-frequency (RF) generator driving AOM3 .
The final laser beatnote is detected by a fast detector (2 GHz bandwidth) to
analyze it and estimate the laser linewidth or the frequency stability (by means of
a dedicated frequency counter, as shown in Fig. 2.1).
The third part of the optical set up receives the laser beam from AOM2 . The
frequency stabilized clock laser is sent to the fiber phase noise cancellation (PNC)
system optics and to a slave diode laser we introduced to amplify the delivered power
which is injection locked to the input beam.
Finally, the optical table has been insulated from seismic, acoustic and subacoustic disturbances. To this aim, the optical table is supported by four pneumatic
isolator legs. This system decouples floor seismic motions from the laser system,
providing a -40 dB/decade vibration damping up to 30 Hz (see Fig.3.3). Then all
the table has been enclosed in a cabin. This consists of a wooden panel as roof to
block the direct clean room laminar air-flow and a heavy-rubber curtain to block
the remnant laminar air-flow and attenuate the acoustic noise from the rest of the
laboratory.

2.1.1

Pre-stabilized master laser

The master laser is a commercial diode laser (Hitachi HL6738MG) mounted in an
extended cavity in Littrow configuration [45]. The mechanics of the diode mounting is the same as in [81]. The reflecting element is a diffraction grating (1200
l/mm blazed at 750 nm). The diode operates around 40 ◦ C and delivers about 10
mW of optical power at 82 mA. The measured diffraction efficiency is 28% with
perpendicular polarization with respect to the grating.
The diode has a stabilized current driver and an active temperature control. A
piezoelectric transducer is mounted on the grating back face. It allows continuous
tuning of the emission wavelength over 1 nm and about 1 GHz without mode-hop.
In order to reduce the feedback light from the cavity going back to the laser,
we use a 30 dB optical isolator and an acousto-optic modulator (AOM) (AOM1 in
Fig.2.2) in cascade at the output of the laser. Furthermore, the astigmatism of the
laser beam is partially corrected by means of a tilted lens.
Although the ECDL configuration reduces the intrinsic frequency noise of the
laser diode emission, several orders of magnitude have to be gained to reach a
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Figure 2.2: Master laser setup. A tunable Fabry-Perot cavity is the frequency
reference for the extended-cavity laser diode(ECDL). The PDH error signal is sent to
the diode current and to the grating piezoelectric transducer (PZT). AOM: acoustooptic modulator; EOM: electro-optic modulator; OI: optical isolator.
Hz laser linewidth. The reduction of the laser linewidth is done with a two-step
Pound-Drever-Hall (PDH) frequency stabilization technique [46] to resonant optical
cavities.
A detailed picture of the pre-stabilization system is shown in Fig.2.2. The first
narrowing of the laser fast linewidth is performed by taking a pick off (see Fig.2.2
just before EOM1 which is driven at 22 MHz) of the main beam. A half-waveplate
tunes the power we send to a pre-stabilization Fabry-Perot resonator. Almost 1% of
the master diode power is sufficient to make the pre-stabilization system working.
The pre-stabilization cavity is made of a 10 cm-long Invar spacer and high reflectivity coated mirrors. The cavity finesse is of the order of 104 and the Airy peak
is about 150 kHz broad. The cavity length is tunable because one of the two end
mirrors is attached to a piezoelectric transducer (PZT). In order to suppress external vibrations of the cavity, it has been hermetically enclosed into a metallic pipe
with anti-reflection (AR) coated wedges for optical access and a leaded-rubber layer
to damp the transmitted vibration from the pipe.
The final reduction of the laser linewidth is done by locking the pre-stabilized
master laser to SFFP1 cavity. Most of the laser beam is sent to a double-pass
acousto-optical modulator (AOM, “AOM2 ” in Fig.2.1), which works both as an
insulation stage from optical feedback between the two cavities and as frequency
actuator. Then it is phase modulated by a high-quality electro-optical modulator
(EOM2 , Ω = 15 MHz) in order to generate the needed sidebands for the secondstage PDH frequency stabilization and part of it is sent to SFFP1 (between 0.3 and
1.5 mW). The error signal from SFFP1 is shown in Fig.2.3.
The error signals are generated by Pound-Drever-Hall photo-detectors placed at
the reflection port of the cavities (see Fig.2.2). This devices provide directly an error
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Figure 2.3: Characteristic signals from SFFP cavity passing through the resonance
while the pre-stabilization loop is closed.

signal from the cavity reflected power.
The PDH detectors, which we use to lock the master laser to our reference
cavities, consist of a fast photodiode (Hamamatsu S5821-01, 30 MHz bandwidth)
which generates a current signal. The photodiode output is decoupled from the
signal ground by means of a RF transformer (MCL 552 T2-T1). The transformer
is placed between a transimpedance amplifier (Philips NE5212) and a RF mixer
(Minicircuits TMS-3). The error signal is then buffered by operational amplifier
becoming as shown in Fig. 2.3. The noise spectrum of such detectors is white in
the Fourier frequency bandwidth between 1 Hz and 100 kHz
√ (see Fig.3.10). Typical
√
values for the measured noise are between -110 dBV/ Hz and -130 dBV/ Hz.
For a typical 1 V peak-to-peak error signal, the resulting electronics SNR is then
SN R & 103 in 2 MHz bandwidth.
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Frequency stabilization servo system

The frequency stabilization of our clock laser is done in two steps. The block diagram
of loops configuration is shown schematically in Fig.2.4.

Figure 2.4: Block diagram of the master laser frequency stabilization servo loops.
The f (s) on the diagram represent the optical and electronic transfer functions of
the servo loops as defined in the text. The red arrows indicate optical links, the
black-dashed lines indicate electronic links.
The first step, as shown in Fig.2.2, employs the pre-stabilization Fabry-Perot
cavity length as first frequency reference.
The PDH error signal is sent to a servo amplifier and then to the laser through
two different actuation channels. The servo amplifier (G1 (s) in Fig.2.4) consists of
a simple integration stage and a cut-off around 150 kHz.
The first actuation channel acts directly on the diode current thought an AC
filter placed inside the ECDL box. The second actuation channel is the piezoelectric
transducer attached to the ECDL grating which changes the length of the external
cavity.
In order to estimate the correction bandwidth, it is important to understand
the transfer function from diode frequency noise and stabilized frequency emission.
From diagram in Fig.2.4 we observe that the open loop transfer function Gps (s) is
Gps (s) = kP D HP F P (s)G1 (s)(F (s)L(s) + KP ZT 1 (s)) .

(2.1)

Here kP D is the optical gain of the PDH detector, HP F P is the optical transfer
function of the Fabry-Perot cavity[82], F (s)L(s) is the product respectively of the
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AC filter placed at the input of the diode and the current to frequency modulation
transfer function for a diode laser[83].
We calculated the expected open-loop transfer function, which is shown in Fig.2.5.
In particular, we observe that the grating PZT actuation channel provides a highgain feedback (∼ -20 dB/decade with 72 dB @ 10 Hz) to the laser up to 100 Hz
by means of a piezo sensitivity of 350 MHz/V [81]. The injection current frequency
modulation has a flat frequency response (∼ 51 dB) up to few kHz and makes the
total control bandwidth of about 1 MHz.
During the pre-stabilization stage, the reference cavity length is freely drifting
due to temperature variation and tuned with the PZT. PZT external bias is provided by an external voltage reference made by a chemical battery series, which has
been demonstrated to be a very low noise voltage source [84].
In the case of the second step frequency stabilization, as shown in Fig.2.4, the
error signal generated by the PDH detector is sent to two parallel servo loops.
In the slow loop (SL) a custom proportional-integral (PI) controller amplifies and
filters the error signal. This correction signal is successively used as input for the
piezo transducer mounted on the pre-stabilization cavity. The high-gain of the
pre-stabilization servo translates the cavity length correction into a laser frequency
correction. The expected correction frequency band is between 0 and 1 kHz, limited
by the PZT frequency response cut-off.
In the fast loop (FL), we apply the same strategy passing through a Servo Amplifier with enhanced low noise characteristics [85]. The FL correction signal is fed
back on the HP 8640b RF generator which drives AOM2 . The expected correction
frequency band is between 1 and 50 kHz.
A proper design of servo amplifiers’ transfer functions G1 (s), G2 (s) and G3 (s)
is a fundamental ingredient in minimizing the effect of frequency noise on the field
emission spectrum. This optimization work was carried out and it is presented in
Sec.3.3.

2.2

The “Super-finesse” Fabry-Perot resonator:
design and noise

As already mentioned at the beginning of this chapter, the key feature of our frequency stabilized clock laser is the passive optical resonator used as local frequency
reference: the “Super-Finesse” Fabry-Perot resonator. The design of SFFP resonators meets three main requirements to minimize both the short- and long-term
instability: high-reflectivity and very low loss angle mirrors, engineered geometry to
reduce the impact of environmental vibrations and low sensitivity to temperature
fluctuations. Figure 2.6 shows one of the two cavities during the assembling phase.
As shown in the picture, the spacer of our SFFP resonator is a cylindrical ultralow expansion (ULE) glass, 10-cm-long in both the longitudinal and in the radial
directions.
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Figure 2.5: Calculation of transfer functions for the clock laser pre-stabilization
emission frequency. The crossing point between the two actuation channels is at
about 100 Hz.
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Figure 2.6: A picture of SFFP cavity mounted on its symmetric support.
At the ends of the cylinder, high reflectivity coated fused silica mirrors are optically contacted to the ULE spacer. SFFP have been designed to reach a 5 × 105
finesse value in the case of minimal losses, ensuring a resonance linewidth of few kHz.

2.2.1

Thermal noise of SFFP cavity

The choice of fused silica as mirror substrate material was motivated because SFFPs
were designed to have very low thermal noise. As presented in Tab.1.2, spacer
TN has a negligible contribution even if its loss angle is two orders of magnitude
higher than the mirror substrates’ one. Furthermore, the very-low loss angle for
the fused silica makes the contribution from the coating the dominant TN term.
As shown in Eq.1.50, S coat depends not only on its loss angle φcoat , but sharply
on the beam width impinging on mirror surface w0 , and on the coating thickness
d. Adding the independent contributions from the two mirrors (mirror radii of
curvature ROC1 = ∞, ROC2 = 50 cm) and taking φcoat = 1/(3 × 103 )[53] we have
for our cavity an expected TN equal to
δν̃(f ) =

p
p
Sν = 0.145/ f

√
[Hz/ Hz].

(2.2)

The Allan deviation [5] σy (τ ) resulting from the frequency noise δν̃(f ) we found
can be calculated by the entry for flicker noise in Tab.1.1. It is equal to
p
2(ln 2)Sν f
σy (τ ) =
= 3.67 × 10−16 .
(2.3)
ν
The last result shows that the mid-term frequency stability is constant with
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respect to the integration time and it is potentially at the 10−16 precision level. This
result is expected to improve the current state-of-the-art for frequency stabilization
of a factor two at our wavelength [see also Fig.2.7].
ULE cavity Hblack,l=7cmL vs. ULESiO2 cavity HredL
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Figure 2.7: Comparison between SFFP expected TN and a ultra-stable reference
cavity [86] in optical clock applications at 698 nm. Note the longer cavity and
mirror substrate choice final result on the red curve.

2.2.2

Vibration sensitivity of SFFP cavity

As highlighted in the previous chapter, vibration-induced frequency noise would become much more important than TN for rigid optical cavities. Our experimental
setup provides a first passive insulation of SFFP cavities by means of the pneumatic legs of the optical table (see Sec. 2.1). Moreover, SFFP cavities and their
suspensions are maintained under vacuum at 10−8 Torr with a 20 l/s ion pump.
The geometry of the ULE spacer and the mechanical support were designed to
reduce the effect of the deformation induced by residual vibrations coming from the
optical table [65, 87]. A schematic view of the transversal section is shown in Fig.2.8.
Therefore the final result for our SFFP cavity spacer resulted in a “mushroom slotted
shape” obtained by cutting an ULE cylinder along its longitudinal z-axis at the
height of the symmetrical optical axis. The positions of the cut along horizontal
and vertical directions are respectively x = 46.19 mm and y = -6.08 mm.
In particular the cavity is supported in four points chosen along two symmetrically displaced shelves that result from the cut of the cavity spacer. The suspension
point positions have been optimized by studying of the effects of external forces on
the cavity throughout finite element method (FEM) simulations. These simulations
were carried out by N. Poli and the results are reported in [88].
Here we will just limit our description to the ideas behind the design geometry of
our cavities. As shown in Ref.[66], placing the optical axis in a symmetry plane of the
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Figure 2.8: Schematic view of typical support of horizontally aligned optical cavities.
Here the cavity is supported on four points acting on two symmetrically displaced
shelves resulting from a proper cut of the cavity spacer.
cavity and supporting it on this plane yields a suppression of the length changes due
to accelerations. In addition, when the cavity is held in discrete points accelerations
also lead to a bending which causes a mirror tilt ∆φ about the geometrical axis. If
the optical axis is not exactly centered in the middle of the mirrors but displaced by
an amount ∆r, then the length change of the optical axis amounts by ∆L = ∆r∆φ.
Thus, an optimized displacement of the four suspension point on the symmetry
plane would minimize the effect of vibration-induced cavity length changes.
FEM simulations (Fig.2.9) checked the cavity static distortion induced by accelerations in both vertical and horizontal directions, as a function of the position of
the supporting points along the longitudinal z-axis of the cavity. A zero crossing
was found for the displacement sensitivity for a support position of z0 = 8.12 mm
from the center of the spacer (see Fig.2.9(a)). In this position, the residual tilt
(Fig.2.9(b)) is ∆φ = 0.15 nrad/ms−2 . Taking into account the slope of the curve
in Fig.2.9(a), an error ∆z = 1 mm in the position of the support along the z-axis
would give a residual vertical sensitivity 1.5 kHz/ms−2 .
Furthermore for a ∆r = 1 mm displacement error in the axis of the two mirrors
(factory specifications) the residual frequency displacement due to tilt effect is 0.6
kHz/ms−2 . The overall frequency sensitivity expected for a cavity held at z0 is
of the order of 2 kHz/ms−2 for acceleration along the vertical axis. With similar
calculations the expected frequency displacement for horizontal acceleration is 10
kHz/ms−2 .
√
For a typical vibration noise spectrum in a lab approaching 1 µg/ Hz, this value
of frequency
sensitivity, sets a limit on frequency noise density of the order of 10
√
mHz/ Hz, well below the typical thermal noise limit for rigid cavities.
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(a) Cavity resonant frequency displacement FEM results

(b) Tilt sensitivity FEM results

Figure 2.9: Calculation of frequency displacement of the resonant frequency (∆ν,
left) and mirrors tilt (∆φ, right) of the cavity due to vertical acceleration (az ) in
function of position of the supporting points along the longitudinal (z) axis of the
cavity. The origin of the axis is placed on one end of the spacer surface where the
mirror is attached. The center of the supporting area is placed at x = 47.19 mm.

The cavity is supported horizontally under vacuum with two aluminum arms
connected by three low-expansion iron (INVAR) shafts. The effective supporting
points are four square areas (about 2 mm2 in size) with Viton square pieces (0.5
mm thickness) between the aluminum supporting points and the ULE spacer surface.
This is done just to equalize the forces on the contact surfaces. Then, the aluminum
plates lie on the internal surface of the vacuum can on three points along three
grooved lines (0.5 mm depth) that define the vertical direction inside the vacuum
can.
The static analysis we presented here is valid below the frequency of the first
mode of cavity mechanical resonances. This frequency is far above (∼ 35 kHz for
ULE) the typical bandwidth of environment vibrations (i.e. seismic motion and
acoustic noise).
Finally, the expected sensitivities to both vertical and horizontal accelerations
are summarized in the following table:
Axes
Vertical
Horizontal

Sensitivity
2 kHz/m s−2 19.6 kHz/g
10 kHz/m s−2 98 kHz/g

Table 2.1: Expected SFFP cavity sensitivity to vibrations as predicted by FEM
simulations
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Length stability of SFFP cavity

Thermal expansion properties of SFFP cavity are important features of the clock
laser since the clock laser frequency is stabilized to its length. Then clock laser
frequency stability directly translates to thermal stability of the cavity length.
SFFP cavity ULE spacer is made by a titania silicate glass with very low linear
coefficient-of-expansion (CTE). The mean CTE has been measured to be 0 ± 30
ppb/◦ C from 5◦ C to 35◦ C with a 95% confidence level[89]. Unfortunately, the nominal fused silica CTE is 550 ppb/◦ C, which is twenty times higher and it also has a
higher thermal conductivity. This means the effect of mirror expansion could spoil
the length stability of the cavity, as recently highlighted in Ref.[90].
A first passive thermal insulation is ensured by the vacuum chamber. The vacuum chamber has been built with thick aluminum walls (5 cm) to increase the
thermal inertia of the system, so that the a typical time constant for heat transfer
from the vacuum chamber to the cavity is of order 10 hours. Moreover, the cavity
area which is in contact with the suspension is so small that we can consider only
the radiative contribution to the cavity heating. Thus, we performed a qualitative
study on the thermal properties of the cavity by numerically solving the heat transfer equation for our cavity. The heat transfer equation for an arbitrary body is given
by the Fourier equation
∂T (~r, t)
− ∇(k∇T (~r, t)) = H(~r, t) ,
(2.4)
∂t
which is a parabolic partial differential equation (PDE) where C is the heat
capacity, ρ is the density, k is the thermal conductivity, T the local temperature,
and H(~r, t) is the rate of internal heating due to an external source.
We used the Matlab’s “PDE Toolbox” [91] which uses a parabolic PDEs FEM
solver. Fig.2.10 shows the numerical solution for the whole cavity temperature
pattern in a 2-D model (cylindrical symmetry assumed), and the time evolution
for the temperature of the internal mirror surface. As boundary conditions, we
set an external temperature Text one degree above T0 = 25◦ C and the boundary
equations were given by the Stefan-Boltzmann law [92]. The mirror and spacer
material parameter values are shown in Tab.A.1 and A.2 in Appendix A.
We explored the long-term dynamics of the cavity heating process for a time
interval of 105 s. As shown in Fig.2.10(a), the mirrors heating is more rapid than
the spacer region. Furthermore, if we consider that the distance between the surface
of the mirror and its center of mass is proportional to the local temperature change
as
ρC

δlmir = αlmir δT ,

(2.5)

where α is the mirror linear CTE and lmir is the mirror substrate thickness.
Then we can state that the mirror heating dominates the cavity length dynamics
with respect to the spacer one. In Fig.2.10(b) we converted the temperature variation on the mirror internal surface in frequency drift. This result can be seen as
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(a) Local temperature map after about 300 s from the onedegree change of Text

(b) Induced cavity frequency deviation due to 1 K change of
the external temperature versus time.

Figure 2.10: FEM simulation of the heat transfer from a thermal bath to our SFFP
cavities. The numeric error in the temperature is 1 · 10−5 K. For t . 10 s frequency
deviations due to numeric error are comparable to those due to the simulated radiative heating.
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the step response of an ordinary dynamic system [93]. It is easy to observe that
the system step response apporximatively obeys to a second-order pole law with a
simple real negative pole ωn . Its value can be determinated by the rise-time estimate
Trise = 1.8/ωn [93]. The extracted value for ωn is 1.23·10−4 s−1 , which corresponds to
a characteristic time of about 3 hours. This model would be realistic for a mechanical system without dissipative mechanisms. Of course mirror coating also would
play a role in this process, adding further dissipation. Thus the real response would
be a damped oscillator with overshoot oscillations at a characteristic frequency close
to ωn .
Figure.2.10(b) shows that the cavity frequency drift can amount to tens of MHz
but, more significantly, the drift rate can be some kHz/s and last for hours before
reaching the new steady-state. Then, in order to keep the cavity temperature as
constant as possible, an active temperature control of the vacuum can is provided.
This active control of the cavity temperature uses a high resistance (Alumel) cable
which is wound around the aluminum tank with 1 cm space to ensure a uniform
heating of the tank surface. A dedicated servo sets the tank temperature at 25 ◦ C
(nominally four degrees above the room temperature). A thermistor is inserted into
a groove of the vacuum can, so it measures the external temperature of the can
itself.
Further insulation from environmental temperature gradient is done by a twolayer polystyrene-and-plastic covering completely the tank. Then, the whole structure is contained in a 3 cm thick extruded polystyrene box. This setup should allow
our heating system to keep a constant cavity temperature with few tenths of Watt
flowing in the Alumel cable.

2.3

Noise budget and frequency stability of the
stabilized clock laser

After we described the characteristics of our stabilized clock laser, in this section we
summarize all the noise contributions to predict a possible frequency noise spectrum
and the following Allan deviation for the clock laser.
The frequency noise spectrum expected for our frequency stabilized laser diode is
given by the sum of four different noise input channels: the intrinsic frequency noise
emission, SνECDL , the noise entering from the detection and actuation processes and
finally the frequency reference noise.
Then active feeback control of the pre-stabilization servo reduces (in terms of
power spectral density) the frequency noise emission roughly by
Sνps

1
=
1 + Gps

2

SνECDL + Sνref ,

(2.6)

where Gps is the open loop gain of the feedback control loop we showed in
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Fig.2.5(b) and Sνref is the additional noise introduced by the frequency reference,
which is the pre-stabilization optical resonator.
Then, the second stage frequency stabilization on SFFP cavity yields:

Sν =

1
1 + GOL

2

Sνps +

kP D Fact
1 + GOL

2

SνD +

Fact
1 + GOL

2

Snact + SνSF F P ,

(2.7)

where SνD is the noise PSD coming from the detection process, Snact is the noise
PSD coming from the actuation channels through the transfer function Fact and
SνSF F P is the length fluctuations PSD.
Looking at Fig.2.4, the open-loop transfer function
GOL (s) ≡ kP D HSF F P (s) (G2 (s)KP ZT 2 (s)Gps (s) + G3 (s)FRF (s))

(2.8)

has typically infinite gain at s → 0 and decreases with a slope which varies
between −20 ÷−40 dB/decade. This means that the higher the unity gain frequency
fBW , the higher the input noise rejection. From Eq.2.7 we can see that within the
second-step frequency stabilization
servo bandwidth, the pre-stabilized frequency
p
0
f
noise contribution δν ps ≈ Sν /GOL would be completely negligible.
The actuation
noise contribution for Fourier frequency f < fBW is equal to
p
act
f
δν act ≈ Sν /kP D HSF F P , that means the higher the optical gain the lower the
actuation noise. In our case the two actuation noise sources are the pre-stabilization
cavity PZT and the servo amplifiers. Pre-stabilization cavity PZT is suppressed by
using a chemical battery series.
√ In the case of servo amplifiers√noise, their typical
fact ≈ 100 mHz/ Hz which is below
white noise level of -90 dBV/ Hz yields a δν
the thermal noise limit in Eq.2.2.
On the contrary, the detection noise has almost unity transfer function within
the servo bandwidth. It presents two main contributions: the photon shot noise and
the PDH detector noise.
As discussed before, shot noise is the fundamental limit on the detection of the
error signal from an optical cavity. For a PDH control technique the predicted shotnoise is given by Eq.1.40. If we take into account the loop transfer function and
assume a prefect matching (Q = 1 in Eq.1.40), then the noise contribution from
shot noise (with f  fBW ) is given by
s
√
 2
3
hc
1
f
√
δν̃shot (f ) =
,
(2.9)
1+
8 FL λPc
fc

where F is the cavity finesse and fc is the cavity pole, defined as the Fourier
frequency corresponding to the half-width-half-maximum (HWHM) of the cavity
resonance, thus it is given by the ratio between the cavity free spectral range ∆νF SR
and two times the cavity finesse itself. Here the cavity pole acts as a 20 dB/decade
amplifier for the shot-noise, this means that δν̃shot would dominate the frequency
noise at frequencies f ≥ fc .
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Electronic noise from the PDH detector contributes with the same transfer function of shot√noise to the resulting frequency noise. The measured electronic noise is
-110 dBV/ Hz, and it also contributes at high frequency.
The noise introduced by the frequency reference of course is not seen by the
feedback control loop. As described in detail in the previous sections, SFFP cavities
are affected mainly by mirror thermal noise and residual vibration-induced noise.
While detection and actuation noise are technical noises and they can be made
negligible, SFFP cavity vibration and thermal noises and photon shot noise represent
the fundamental limits of clock laser frequency stabilization.
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Figure 2.11: Total SFFP cavity noise budget: the red line is the cavity thermal
noise; the blue line is the shot noise limit
√ (input power 320 µW); the green line
is the induced frequency noise by 1 µg/ Hz environmental acceleration noise; the
black line is the quadratic sum of these√three noises; the violet line is the electronic
noise of the PDH detector (-110 dBV/ Hz) that measures the stabilized clock laser
frequency noise.
We can finally use all the results we enumerated in Sec. 2.2 to make a preliminary “frequency reference noise budget” supposing that technical noises are not
relevant. The SFFP cavity employed as passive frequency
√ reference can provide in
our current environment (vibration noise about 1 µg/ Hz, input power 320 µW)
the frequency noise spectral density given by the black line in Fig.2.11.
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It is also possible to estimate the limiting Allan deviation σy (τ ) for our stabilized
laser. It possible to estimate SFFP cavity thermal drift from the results shown in
Fig.2.10(b). Assuming a rms temperature difference between the vacuum can and
the cavity ∆T = 1 mK, it would occur at τdrif t ∼ 10 s. Then, for average times
τ < τdrif t , the Allan deviation is given by Eq.2.3 from mirror thermal noise. Finally,
white frequency noise sources will dominate for Fourier frequencies f > 100 Hz as
shown in Fig. 2.11.The results of this estimate are plotted in Fig.2.12
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Figure 2.12: Theoretical best Allan deviation for the clock diode laser at 698 nm

Chapter 3
Clock laser experimental results
In this chapter we summarize all the measurements performed on the clock laser
setup and describe the achieved performances of our clock diode laser which has
been stabilized on the “Super-Finesse Fabry-Perot” optical resonator.
In particular, we measured the optical properties of our low-losses SFFP’s which
are needed to calibrate every frequency noise measurement, as Eq.1.36 shows. Then
we studied the impact of environmental vibrations on our SFFP’s and compared
these results to the FEM simulations in Sec.2.2 .
The final performances on frequency noise reduction are presented. This measurements were done by using the SFFP2 as optical frequency discriminator. Locking the second laser beam independently to this cavity, we studied the long-term
stability of our clock laser and thus the SFFP thermal stability properties.
Finally, we studied and prepared the fiber-noise cancellation system to deliver the
stabilized clock laser to the atomic reference over a 200m long single mode optical
fiber.

3.1

Optical characterization of the SFFP cavity

We studied the response of our SFFP cavities by measuring the finesse and the
transmission efficiency at the resonance of the cavities.
The manufacturer specification for cavity’s HR coated mirrors are just Tmir = 5
ppm. It is related to the cavity finesse and losses by the simple formula[94]
2π
= 2Tmir + Lrt
(3.1)
F
Here F is the cavity finesse and Lrt is the round-trip cavity loss, which can
be assumed to be twice the mirror loss if diffraction losses are negligible. The
mirror transmittance can also be measured independently by looking at the cavity
transmittance at resonance, which is
TF P (δν = 0) =

2
Tmir
(Tmir + Lrt /2)2

(3.2)
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We measured the SFFP cavity finesse and its losses by using two different techniques: looking at the cavity decay time (see Fig.3.1(a)), and sweeping the stabilized
laser on the cavity resonance through the AOM3 and counting the RF generator frequencies at the two half-maximum points of the resonance (see Fig.3.1(b)).
In Fig.3.1(a) the transmitted power decay time series (black) is acquired by a
photodiode placed in front of the cavity end mirror. We used a 1 GHz bandwidth
LeCroix digital oscilloscope to record the transmitted signal. The time interval
between two consecutive points is 2 µs.
We measured the SFFP finesse by switching off AOM2 (see Fig.2.1) and measuring the decay time of the cavity, which is related to the finesse by
τF P =

F
2π∆νF SR

(3.3)

The measured photon cavity lifetime is τF P =43(2) µs, which yields a finesse of
F = 4.09(15) · 105 .
Taking advantage of the slow drift of our SFFP cavities, we directly measured
the SFFP2 cavity linewidth by counting the AOM3 radio frequency at the two halfmaximum amplitude points, resulting in
∆νF W HM = 3.75(0.15) kHz
The two independent measurements give for both cavities a finesse of F = 4.1 ×
10 within 4%.
We also measured the on-resonance cavity transmittance TF P . This measurement
can be combined to the finesse measurement in order to estimate the cavity mirror
losses. In particular, measuring the sidebands power (measured modulation index m
= 0.54) and the uncoupled carrier field (Pcoup /Pc = 56%), we have a direct estimate
the SFFP cavity transmittance TF P in Eq.3.2 which yields a value
5

TF P =

Ptr
= 0.33.
Pcoup

Thus the final result leads to Lmir = 2.6 ± 1.0 ppm losses for one mirror and
a cavity quality factor of 1.2 · 1011 , which represents one of the best results for
an optical resonator at 698 nm. This value also sets a upper limit on the mirror
absorption and hence to the heating-induced frequency instability we described in
the previous chapters.

3.2

Environmental disturbances study and characterization

In this section we summarize the experimental results about the environmental disturbances which can limit our clock laser’s short- and long-term frequency stability:
vibration noise and environmental temperature fluctuations.

Transmitted Power @VD
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(a) SFFP cavity decay time experiment: the blue curve shows the exponential cavity power decay after a resonance unlock. The fit yields
τ = 43(2)µs

(b) SFFP2 linewidth measurement

Figure 3.1: Finesse measurements of the SFFP cavity by decay time and direct
linewidth observation.

3.2.1

Vibration noise sensitivity of the clock laser

In order to take advantage of the expected SFFP low thermal noise, the environmental SFFP cavity noises have to be kept very low. For this reason, we studied
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the effect of environmental vibrations upon our stabilized laser.
As we already described [Sec.2.1], the optical table sits on four active vibrationdamping legs. Clean room floor and vibration-insulated optical table vibrations are
monitored by a triaxial accelerometer (Kinemetrics Episensor). In Fig.3.2 we show
typical linear spectral densities for the residual motion of the accelerometer placed
on the optical table.
It is possible to estimate the vibration-damping mechanical transmissibility1 by
looking at the ratio between the accelerometer channel signals before and after turning on the system (without clean room air flow system off). This rough estimate
is presented in Fig.3.3, which shows that the damping system meets its isolation
specifications till 25 Hz [95]. The damping system there reaches a -50 dB attenuation, and then perhaps mechanical saturation or loss of coherence between the two
signals occurs, resulting in a reduced noise attenuation.
Regarding the vibrations measured without the pneumatic system activated,
these accelerometer’s spectra present some peaked features in both the horizontal
and in the vertical axes. In particular, the acceleration peak for vertical vibrations is
at 30 Hz, while the peak is at 12 Hz for horizontal vibrations. Moreover, both peaks
are not present in the noise spectra we took on the floor below the optical table
(not shown in figure). This means that unfortunately our environment presents two
almost independent “shaking” sources to test our SFFP’s cavity vibration sensitivity.
Therefore, once we have these measurements and using values in Tab.2.1, it is
easy to convert those into potential frequency noise entering in the final noise budget
presented in Sec.2.2. The deduced acceleration contribution to δνref (f) is represented
by the green line in Fig.2.11. Here we can observe that vibration noise dominates in
the Fourier frequencies between 1÷3 Hz. This is mainly due to the partially damped
legs’ resonance (Qtable ∼ 4). However, possible mechanical saturation prevents a -40
dB/decade attenuation in the sub-acoustic and acoustic noise region. This fact can
yield a vibration noise domination in a wider frequency domain than expected in
Fig. 2.11.
In order to better evaluate the actual residual laser frequency noise, we used
the SFFP2 cavity as free frequency reference, sitting in the same optical table but
with 90◦ rotated optical axis. This arrangement allows a decoupling of vibrationeffects on the two cavities along the horizontal plane, while the vertical vibrations
are presumably strongly correlated.
Once we exactly knew the optical gain of the SFFP2 PDH signal, we recorded
the error signal spectrum and translated it in frequency noise. This measurement
was done several times in order to understand environmental contributions to laser
1 In

linear time invariant systems, the so called transfer function H(s) relates the Laplace
transform of the input i(s) and the output o(s) of a system, i.e. o(s) = H(s)i(s) or
o(s)/i(s) = H(s). The transmissibility, a dimensionless transfer function where the input
and the output are the same type of dynamics variables (position, velocity, or acceleration),
is therefore the appropriate quantity to use when measuring the attenuation performance
of a mechanical filter.

3.2 Environmental disturbances study and characterization
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Figure 3.2: Vertical (upper) and horizontal (lower) linear spectral densities sensed
by the Episensor on the optical table. The peak acceleration for vertical vibrations
are at 30 Hz, while the peak is at 12 Hz for horizontal vibrations.
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Figure 3.3: Estimate of the vibration-insulation active system for the optical table. The green line represents the magnitude of the transfer function of a damped
harmonic oscillator f0 = 2 Hz and Q = 4. The damping systems reaches a -50 dB
attenuation at about 30 Hz, while for f > 30Hz mechanical saturation or loss of
coherence between the two signals occurs resulting in a reduced noise attenuation.
frequency noise. In particular, we took measurements in three different conditions:
without vibration damping, with damping “on” and finally without clean room
airflow system. We performed some of these measurements with accelerometer measurements too, recording also the coherence of the two signals using an HP3526A
dynamic signal analyzer. Coherence measurements (see Fig3.4(a)) show a marked
correlation between laser frequency noise and environmental acceleration sensed by
the Episensor and also a remarkable decoupling between vertical and horizontal
acceleration.
By matching the two strongest peaks of the accelerometers (see Fig.3.2) with the
measured frequency noise (without vibration damping), we can extract the acceleration sensitivity values predicted by FEM simulation so far. As shown in Fig. 3.4,
these values are:
δν/δahorz = 240 kHz/g (24 kHz/m·s−2 );
δν/δavert = 30 kHz/g (3 kHz/m·s−2 ).
Comparing these sensitivities with those in Tab.2.1, we can conclude that the
FEM predictions are confirmed by the experiment within a factor two. We also note
the almost perfect resemblance between the frequency noise curve with the sum in
quadrature of the two Episensor channel curves around those two peaks.

3.2 Environmental disturbances study and characterization
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(a) Coherence (zoom) between SFFP2 PDH error signal and Episensor signal at the acceleration noise maxima.

(b) Frequency noise vs.
episensor signal

converted accelerations noise from

Figure 3.4: Estimate of the SFFP sensitivity to external accelerations. Figure 3.4(a)
shows the frequencies with maximum decoupling between the horizontal and vertical
degrees of freedom. In plot 3.4(b) these are matched with the measured frequency
noise. The plot shows also the extracted sensitivity values
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SFFP cavity temperature control results

We set up an acquisition system to continuously monitor the error signals of the
cavity temperatures. In parallel a data logger thermometer also records room temperature changes. Figure 3.5 shows the results of the cavities’ temperatures control
with respect to the room temperature changes during the first laser characterization
measurements.

Figure 3.5: Data logs of both SFFP cavities and room temperatures during the early
stage of the clock laser setup.
The resulting cavity temperature control time constant is about 3 hr. The amplitude of the residual control overshoot depends on the room temperature Troom
fluctuation. When ∆Troom is about 2–3 ◦ C, the temperature variations of the external cavity tank are about 50 mK, as shown in Fig.3.5.

3.2 Environmental disturbances study and characterization
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Figure 3.6: Results on environmental temperature control of the clock laser laboratory. In figure (a) the histogram of 1-day temperature recording before and after
new room temperature control system. In figure (b) the effect on the cavity tank
error signal is shown: the new distribution FWHM is comparable to the digitization
error. The old temperature data are the same of Fig.3.5.
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Before starting the laser spectroscopy on the 88 Sr clock transition, we decided
to add two further temperature conditioning units. This resulted in a more tight
stabilization of the room temperature. Figure 3.6 shows the performance of the new
system on the temperature control of both the laboratory and the cavities. In the
upper plot [Fig.3.6(a)] we see that the temperature distribution width of new system
in one day reaches almost the logger resolution (∼ 0.1 ◦ C). The effect on the cavity
error temperature is visible in Fig.3.6(b) which shows a full-width half-maximum
distribution close to the digitization resolution (∼ 1.6 mK).
In this final configuration we reduced the cavity drift down to the Hz/s level, as
we will show in Chapter 6.

3.3

Frequency noise reduction and clock laser linewidth results

The ECDL at 698 nm starts with a linewidth of many tens of kilohertz and a large
frequency jitter, so that it is very challenging to lock it directly to the SFFP resonance. Thus, as already mentioned, we perform a two-step PDH technique to
stabilize our clock laser. Then in this section we summarize all the results about the
pre-stabilization stage performances, the second step-stabilization servo loop optimization and the best achieved frequency noise and the relative emission linewidth.

3.3.1

Pre-stabilized laser results

A first check is to evaluate the performances of the pre-stabilized master laser. We
measured the pre-stabilization servo bandwidth by means of the beat-note interferometer described in Sec.2.1 (see Fig. 2.1, block (b)) and recording the beat-note
signal with a low-noise spectrum analyzer. The result is shown in Fig. 3.7(a). From
the figure, the servo bandwidth of the pre-stabilization step is about 2 MHz. Here
the carrier linewidth is comparable with the measurement resolution bandwidth (3
kHz), so it is not possible to evaluate directly the pre-stabilized laser linewidth.
An indirect measurement of the pre-stabilized linewidth is shown in Fig.3.7(b).
Here it is plotted the linear spectral density of the in-loop PDH error signal when
only the pre-stabilization step is on.
The pre-stabilization frequency noise is compared with the typical frequency
noise of our ECDLs [81]. Here it is possible to observe how much the frequency noise
emission is reduced along all the measurement frequency band. The on-resonance
spectrum is limited by the detector noise floor after 20 kHz. This means we are not
limited by the emission frequency noise.
The integrated (rms) noise we can achieve with such a spectrum is about 1.8
kHz, while the intrinsic cavity FWHM is 150 kHz, i.e. more than a factor 50 of gain
in frequency noise.

3.3 Frequency noise reduction and clock laser linewidth results
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(a) Beat-note frequency noise evaluation of pre-stabilized master laser

(b) Pre-stabilization PDH error signal noise spectrum compared with
ECDL emission frequency noise

Figure 3.7: Noise rejection characteristics of the clock laser frequency prestabilization stage. Fig. (a): the gray line is the laser beatnote with the servo
off, while the black line is the beat-note with the pre-stabilization turned on. Fig
(b): the linear spectral density of the calibrated PDH signal is shown.
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3.3.2

Frequency stabilization on the SFFP cavity results

The second-step frequency stabilization is realized by locking the laser frequency to
the SFFP1 cavity according to the servo scheme in Fig.2.4.
We optimized the overall control system gain in order to get the lowest possible
noise and the best performances in terms of lock acquisition and stability. This
result was achieved by adjusting both the Servo Amp. and PI controller (Sec.2.1.2)
transfer function parameters. While the PI controller allows a direct tuning of both
the integration stage and the proportional stage gains by means of two panel knobs,
the Servo Amplifier used in the fast loop has a fixed transfer function which has to
be corrected by changing its internal resistors and capacitors.
Then the first job was to optimize the fast loop transfer function by looking at
the open-loop error signal of the SFFP2. We have to emphasize that it is almost
impossible for us locking the laser just using the slow loop or the fast loop. Nevertheless, both loops are competing in the very low frequency regions and this can
result in a extra-noise or control noise. An example of what we are explaining here
can be seen in Fig.3.8: a good suppression of noise in the 1 kHz region correspond
to a worse noise level in the 1 Hz region.
Once we found a satisfactory setup for the Servo Amp, we found the best servo
configuration by tuning the PI controller transfer function and by trying to extend
the overall servo bandwidth as much as possible.
We measured the open loop transfer function by adding an external noise source
to the error signal and looking at frequency response of the feedback loop with a
network analyzer. The resulting unity gain frequency (UGF) is 59 kHz. The measured stability parameters, i.e. gain margin (GM) and phase margin (PM)2 , are
respectively GM = 1.56, PM = 10◦ . The measurement is plotted in Fig.3.9.
In Fig.3.10 we report the final typical error signal noise spectrum converted in
frequency noise (cavity pole was not considered). If we compare this spectrum with
the one of Fig.3.7(b) we can see that the second stabilization loop has a gain of at
least 40 dB up to 1 kHz and then it decreases following a -20 dB/decade law as
shown in Fig. 3.9. Below 10 Hz the error signal is essentially limited by the detector
noise floor.
As for the vibration-noise studies, we tested our results on servo optimization
by looking at the frequency noise spectrum seen by the PDH detector placed at
the reflection port of SFFP2. In particular, we observed a marked sensitivity on
the acoustic noise and sub-acoustic noise (see Fig3.11(b)). One way to protect the
optics from spurious noisy effects was surrounding all the main parts of our setup
2 In

a feedback control system, the gain margin is the factor by which the gain is less
than the neutral stability value when the open-loop transfer function phase is equal to
180◦ . The phase margin is the amount by which the phase of the open loop transfer
function exceeds −180◦ at the UGF.

3.3 Frequency noise reduction and clock laser linewidth results
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(a) SFFP2 error signal (open loop) noise spectral densities for
two different Servo Amp configurations
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(b) Servo Amplifier transfer function configurations

Figure 3.8: An example of loop optimization (in this case the fast loop (FL)). On (b)
the theoretical transfer functions of our Servo Amplifier by changing some zero-pole
positions. The effect on the laser noise is visible in (a).
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Figure 3.9: Measurement of the global transfer function of the frequency stabilization
servo system on the SFFP cavity. The blue points represent the frequency response
of the injected noise (n) versus error signal (e); the red points the frequency response
of n + e signal versus e; The black line shows the reconstructed open loop transfer
function.

3.3 Frequency noise reduction and clock laser linewidth results

59

Figure 3.10: In-loop error signal noise spectrum of the laser stabilized to SFFP1
cavity
with plastic walls and covers. Our best results are shown in Fig.3.11(a), compared
with the thermal noise limit. Fig. 3.11(b) also shows the low frequency spectra in
the environmental configurations previously described.
In order to estimate the final fast linewidth of our stabilized diode laser, we locked
independently the two branches of our laser to our SFFP cavities (the feedback
loop on SFFP2 is just an integrator controlling the frequency of AOM3 with servo
bandwidth of few kHz). Then we down-converted the 200 MHz beatnote of the two
laser fields to the kHz range and measured the fast linewidth on our FFT digital
analyzer. Correcting by a remote computer (“feed-forward correction”) the local
drift of the laser central frequency [see Sec.3.2.2], we were able to resolve this fast
linewidth up to 1.8 Hz, getting a beat width of 3 Hz. The resulting plot is shown in
Fig.3.12.
The measurement presented above was affected by residual frequency jitter and
incomplete drift compensation.
An estimate of the laser linewidth can be calculated by means of Eq. 1.14. If one
f ) showed in Fig. 3.11(a)
integrates the phase noise PSD corresponding to the δν(f
one gets a HWHM linewidth ∆ν/2 ≈ 1.2 Hz which is in agreement with the result
in Fig. 3.12.
Furthermore, the servo bandwidth of the SFFP2 laser stabilization was not as
wide as for SFFP1. We have recently completed the assembly of a dual Servo Amplifier with improved servo bandwidth. So we were able to reach the detector noise
floor in the PDH error signal, which is at the level shown in Fig.2.11. This could
possibly allow us to reach the SFFP thermal noise limit.
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(a) Best measured laser frequency noise

(b) Frequency noise at low Fourier frequencies

Figure 3.11: Frequency noise spectra. In (a) the frequency noise measured by the
out-of-loop error signal of the SFFP2 is plotted with the expected TN wall. The
minimum distance to thermal noise limit is about a factor 5 @ 6 Hz. In (b) different
frequency noise spectra are compared to different environmental conditions at low
frequencies.
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Figure 3.12: High resolution laser beatnote taken by a digital signal analyzer.

According to Fig.3.11(b), the √
frequency noise has an almost flat noise distribution of amplitude δν̃(f ) ∼ 1 Hz/ Hz in the low-frequencies region (i.e. between 4
and 50 Hz). This value is more than three times higher than the potential noise
without airflow. To overcome this problem, we further increased the acoustic isolation of both the entire optical table and the pre-stabilization cavity [Sec.2.1]. The
result is plotted in Fig.3.13. As we can observe, the final setup makes possible to
operate the clock laser at its potential lowest frequency noise, except for a small
residual noise bump at 10 Hz.

3.4

Long-term frequency stability analysis of the
clock laser

The availability of two twin Super-Finesse cavities allowed us to perform a detailed
analysis of our clock laser frequency stability even without an atomic reference. This
is possible, as said in previous SFFP’s description, because of the expected long-term
length stability of the cavity spacer material.
The first step was a check of the length stability of our passive frequency reference.
Once we ultimate the mounting of the SFFP2 setup on the optical bench, we
recorded the distance between the TEM00 modes of the two cavities. After the
transient time we measured a total ∆ν 1−2 = 103.5 MHz, while the external tank
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Figure 3.13: Result of passive acoustic-isolation of the optical table and prestabilization reference cavity on the laser frequency noise
temperature difference was ∆TSF F P 2 = 3.3 K. From these values we estimated the
SFFP overall CTE:
∆ν 1−2
∆TSF F P 2

31.4MHz/K
∼ 7 · 10−8 /K
(3.4)
ν
430 THz
The so-estimated CTE value is a bit higher than the ULE specifications we presented at the beginning of this section but it is compatible within a factor two with
the fused-silica mirrors expansion effect on the cavity length expansion. Although
the measurement took some days, still some residual mirror surface oscillation could
affect the measurements. This observation is an indirect confirm of the fact that the
length stability, and thus the frequency stability of our clock laser, is dominated by
the mirror surface expansion due to temperature variations.
Other frequency stability experiments were performed by directly looking at the
beat-note of the two independently-locked laser beams on the two cavities.
CT E =

3.4.1

=

Beat-note experiments

We measured the long-term frequency stability by looking at the frequency drift on
the beat of two independently stabilized laser beams on our SFFP’s. The beat-note
frequency was recorded by a HP 53100 frequency counter connected by a GPIB
interface to a computer. A common time base is used for both the counter and the
AOM3 driving frequency (we locked the HP 8640b RF generator to a 10 MHz GPS
referenced signal).
One of these long-term measurements is shown in Fig.3.14.

3.4 Long-term frequency stability analysis of the clock laser
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Figure 3.14: Measurement of frequency stability of the stabilized clock laser. After
three hours of lock, the maximum frequency oscillation is less than 4 kHz.
The simultaneous lock onto the two cavity reached the maximum time length
of about 3 hr. The collected data were analyzed in order to evaluate the long-term
stability of our laser. A general expression for the frequency count function is:
f counter (t) = f0 + C1 t + C2 sin(t/τ + ψ),

(3.5)

where the second term takes into account a linear thermal drift, while the third
is the temperature oscillation characteristic time. The resulting oscillation period is
T =2πτ =2.9 hr. This result is consistent with the qualitative estimate we did by
means of our heat transfer simulation.
The maximum drift rate ν̇max predicted by Eq.3.5 during the counting experiment
of Fig.3.14 is then
ν̇max = |C1 | + |C2 |/τ = 1.83 Hz/s.
The ν̇max value of course depends on the particular ∆Troom . After setting up the
additional room temperature conditioning system [see Fig.3.6], we estimated a drift
rate of 700 mHz/s. We evaluated this drift rate by looking at the 88 Sr atoms clock
transition.
Reducing the frequency counter time gate, we investigated the short-term frequency stability, looking for other sources of instability and drifts. A sample of
short-time gate beatnote frequency count is shown in Fig.3.15.
We removed the primary drift which is due to the cavity linear drift and temperature oscillation (linear and/or quadratic linear fit) and then we analyzed the
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Figure 3.15: Short-term stability of the stable laser at 698 nm and statistics on drift
residuals

3.4 Long-term frequency stability analysis of the clock laser
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Figure 3.16: Allan deviation results of the stable laser at 698 nm for different time
gate values and drift removing.
residuals, computing the Allan deviation of our clock laser. Figure 3.16 shows the
Allan deviation results for some of these measurements with different counter time
gates and measurement time length.
The clock laser instability σy (τ ) shown in Fig. 3.16 presents a slow reduction for
increasing average intervals if drift is removed. The minimum σy (τ ) is 1.1(3) × 10−15
at τ = 67 s. The expected thermal noise floor is about a factor 5 below the best
achievable stability curve (see Fig.2.12).
The Allan deviation level for small τ s is higher than the expected from the noise
spectrum in Fig. 3.11(a) between 0.1 and 1 s by a factor 8. This could be explained
by aliasing effects in the frequency measurement due to the finite dead-time of the
counting. We estimated this dead-time t0 = 20 ms.

3.4.2

Sensitivity to laser amplitude fluctuations

A first possible systematic effect to our clock laser frequency stability is laser amplitude fluctuation. As pointed out in Sec.1.4.3, slow laser power build-up and amplitude fluctuations might couple mirror thermal absorption and being translated in
optical path shifts. The typical optical power stored in the cavities is of some watts.
Even assuming that the mirror losses are due only to absorption, at this power level
photothermal noise is negligible. Nevertheless, slow heating effects would dominate
over the nominal thermal drift.
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In fact, observing carefully Fig.3.14, it can be noticed that at the beginning of
the lock a sharp transient occurs. Moreover, a beat-note frequency shift occurred
at any laser unlocks from the previous time evolution which is recovered after some
seconds. For this reason we tried to estimate directly the clock laser sensitivity to
laser amplitude fluctuations.
We set up an amplitude servo to stabilize the power coupled into the SFFP
cavity. The SFFP1 transmission signal is sent to a differential amplifier to create
an error signal. The error signal is then sent to an integrator stage and then to the
AM channel of the RF oscillator driving AOM2 .
Then we performed the sensitivity measurement as shown in Fig.3.17. In order
to measure the system sensitivity to laser amplitude fluctuations, we set a zero input
power level and then we moved to higher or lower powers, returning to the zero level
between each step (see Fig.3.17(a)). The linear drift can be removed and does not
depend on the power level. Then the remaining frequency shift measures the effect
of input power changes to the beat-note frequency.
The final sensitivity measurement result is shown in Fig.3.18.
The extracted slope fixed the laser amplitude sensitivity to
kAM = 42.1 ± 1.6 Hz/µW
This value is in agreement with the estimate of the thermoelastic effect we did
in Eq.1.57. Therefore, the amount kAM constrains the capability to control the laser
power at the µW-level.

3.5

Delivering the clock laser signal canceling optical fiber phase noise

The final aim to improve laser performances is to send a very precise oscillator
to the Strontium laboratory at the LENS building. Unfortunately, single mode
optical fibers have been shown to introduce a lot of phase noise, which is translated
in frequency noise and eventually in a loss of spectral purity. In order to avoid
this problem, we have tested and implemented an efficient fiber noise cancellation
apparatus, which is shown in Fig.2.1. This has been necessary to maintain the
optical coherence of the clock laser source to the Strontium cold atoms laboratory
placed in a different building 200 m apart from the clock laser room.

3.5.1

Phase noise compensation over 25 m long fiber

Preliminary tests have been performed with a 25 m long polarization maintaining
fiber (PMF). The scheme of the apparatus is similar to the one reported in [76, 77],
and it is schematically shown in Fig.3.19.
We realized a standard interferometer configuration, where part of the light
coming from the stabilized 698 nm ECDL is sent to the fiber and reflected back
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Figure 3.17: Experimental method used to evaluate amplitude noise sensitivity of
the clock laser.
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Figure 3.18: Measurement of frequency sensitivity to laser intensity shifts

Figure 3.19: Schematic diagram of the 25-meters fiber phase noise cancellation experimental setup.

3.5 Fiber phase noise cancellation

69

Figure 3.20: Phase noise of the laser transmitted over the 25 m PMF. The three
lines indicates repectively the uncompensated noise, the residual phase noise with
the compensation loop active, and the noise floor of the digital phase-frequency
detector.

(after a frequency shift), and part of the light used as a reference. The phase noise
added by the fiber can be observed directly at low frequency by mixing the beatnote
between the two beams with a reference oscillator.
This kind of measurement is quite difficult because the uncertainty on the mixer
output calibration and and the limited resolution at low frequency, where the largest
amount of noise is expected.
Closing a feedback loop to compensate this noise using a mixer as phase detector
resulted not possible due to large phase excursions. Thus to enlarge the capture
range of the servo system we chose a fast digital phase and frequency detector
(PFD). The response of this devices is linear over 4π rad with high rejection to
resonant AM noise. The error signal obtained is then used to modulate a voltage
controlled oscillator (VCO) that drives the AOM around 80 MHz. A dedicated
Servo Amplifier, similar to those used for the SFFPs, was employed to increase the
servo bandwidth up to 200 Hz, as shown in Fig.3.20. We obtain a reduction of phase
noise of about 40 dB at 10 Hz.The residual phase noise level is sufficiently low for
transferring a 1 Hz linewidth laser without a degradation in linewidth at the far end
of the fiber.
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Figure 3.21: Schematic diagram of the optical and electronic setup we built to deliver
the clock laser to the 88 Sr atoms laboratory.

3.5.2

Phase noise compensation of 200 m-long fiber

Similarly to what we did with the 25 m long fiber, we set up the fiber noise cancellation system for the single-mode fiber which connects the clock laser laboratory to
the atom reference laboratory. The laser signal is sent to the Strontium laboratory
and the estimated single mode fiber efficiency is about 86%.
In this case we decided to keep all the control electronics in the clock laser
laboratory and realize the noise compensation directly at the input of the fiber, as
in Ref.[80]. It is possible to get an error signal from the reflected beam at the far-end
of the fiber due to the index of refraction mismatch between glass and air. We are
able to detect an inteference signal of 100 nW with a SNR of about 30 dB with 10
kHz resolution bandwidth.
Fig.3.21 illustrates the diagram of both the optical setup and the control electronics of the system.At the beginning, the system worked without laser amplification
(injection-locked slave diode laser).
Fig.3.22 shows the huge effect of propagation in the fiber: the beat-note has a
gaussian shape with a linewidth ∆ν = 1.9 kHz, i.e. almost three orders of magnitude
the actual laser linewidth.
The servo bandwidth is naturally limited by the period of the light round-trip,
which is about 800kHz. Actually, with almost 10 kHz servo bandwidth we were able
to cancel almost completely the phase noise added by the fiber link path.
The fiber-noise cancellation servo loop is shown by the dotted lines in Fig.3.21:
the beat-note signal taken from a 300 MHz bandwidth silicon photodetector is amplified by a chain of RF amplifiers and then sent to a mixer (Gmix = 1.1 V/π rad).
A simple “RC-filter” removes the high frequency part of the error signal which is
a sinusoidal signal at frequency fmix = |fRF − fV CO |. The phase-lock is realized
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Figure 3.22: Optical field spectrum after a round trip in a 200-m fiber. The beatnotes
are generated by the retroreflected beam at the fiber output and part of the input
beam. The uncompensated optical field loses all its coherence assuming a gaussian
shape of almost 2 kHz width, while the compensated beatnote has a linewidth
smaller than spectrum resolution (RBW = 30 Hz, sweep time = 13 s).
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by sending this signal to the VCO (Mini-Circuits POS-150P, GV CO = 78.9 kHz/V)
throughout a custom servo amplifier.
The effect of the noise cancellation phase-locked loop is best illustrated by means
of the power spectral density of phase fluctuations, Sϕ (f ) [75]. The result is shown
in Fig.3.23.

Figure 3.23: Effect of fiber phase noise cancellation servo loop: FFT spectrum of
the mixer output. The open loop spectrum is obtained converting the single sided
spectrum of the beatnote
The closed loop phase noise is white in most of the loop bandwidth and it
amounts to Sϕ ∼ 4·10−8 rad2 /Hz. For a carrier frequency subject only to white phase
noise, written as the constant power spectral density Sϕ , the measured instability
can be expressed [96] by an Allan deviation
p
3Sϕ ∆f
1.3 · 10−17
σy (τ ) =
∼
(3.6)
2πν0 τ
τ
We directly measured the Allan deviation for our phase-locked system. We used
a tunable RF band-pass filter centered at the frequency of our RF local oscillator
with 10 MHz bandwidth. The counter was locked to the same time-base of the RF
local oscillator. The counting measurement result and the time series analysis are
respectively show in Fig.3.24 and 3.25.
From Fig. 3.24 we can observe that the phase noise compensation system starts
to integrate with the expected τ −1 behavior. This means that the frequency insta-
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bility is dominated by white phase noise. Thus, the system we set up to deliver an
optical clock oscillator has demonstrated a frequency instability equal to
2.8 · 10−16
(3.7)
τ
As shown in Fig.3.25, the low frequency spectrum is effectively white except for a
resonance at 0.25 Hz, which is responsible the difference between the value in Eq.3.6
and Eq.3.7.
Nevertheless, we can conclude that we are able to transfer an optical oscillator
over 200m fiber with a frequency instability of 2 · 10−3 Hz after 128 seconds of
averaging.
σyclock (τ ) =

Figure 3.24: Frequency stability (Allan deviation) of the fiber noise cancellation
system. The data sample has 1 s gate time. The demonstrated and integrated
frequency deviation is σf = 2·10−3 Hz after 128 s averaging time.
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Figure 3.25: A time series and the relative FFT spectrum of the fiber noise cancellation system beatnote signal

Part II
Spectroscopy on the 1S0–3P0 88Sr
transition
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Chapter 4
Theoretical aspects of a Sr optical
lattice clock
Optical atomic clocks offer a tremendous advantage in both short-term and longterm stability when compared to conventional microwave clocks. This is due to a
potential higher Qat factor than microwave clocks. The key ingredient to build an
optical atomic clock is the atomic reference transition, i.e. the optical transition
chosen as frequency reference. General rules for the selection of the proper atomic
transition are: an optical frequency that can be reached by available laser technology; the highest line Qat that can be exploited by available lasers and interrogation
technology; immunity from external perturbations from electric and magnetic fields
including black body radiation from the environment; an additional system of levels
or other techniques to perform the required state preparation and subsequent detection. Furthermore, the atomic system used generally requires additional dipole
allowed optical closed transitions for Doppler cooling.
Because of these requirements, there are only a few good candidates available. Among neutral atom systems, extremely narrow atomic lines corresponding
to the doubly forbidden 1 S0 –3 P0 transition between ground and metastable states
of alkaline-earth-metal-like atoms (such as Mg, Ca, Sr, Yb) are currently considered
promising candidates as atomic references for an optical frequency standard. They
may be observed either on odd (J odd number) isotopes or on even isotopes in
external fields.
Intensive investigations of even alkaline-earth-metal-like isotopes during the last
few years were stimulated by a possibility to design a new frequency standard based
on an oscillator with the record high-quality Qat factor. Thus in this chapter we
describe the main motivations and the theoretical background for studying the 88 Sr
isotope as possible reference for an optical lattice clock and the basic operation
principle.
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Figure 4.1: Sr relevant energy levels for an optical lattice clock. (1): strong 1 S0 –1 P1
transition used in the “blue MOT”; (2): 1 S0 –3 P1 intecombination transition used in
the “red MOT”; (3): 1 S0 – 3 P0 clock transition; (4) repumping transition during the
blue MOT cooling stage. White arrows: lattice laser used to trap the atoms.

4.1

The strontium atom

Strontium (Z = 38) is an alkaline earth atom. It is of particular interest its electronic
level structure, which made it the subject of active research in several fields. Among
these subjects, the detection of ultra-narrow transitions in the visible region makes
strontium a good candidate for metrological applications.
Concerning strontium electronic level structure, due to the presence of two electrons in the outer shell, the atomic states can be grouped into two separate classes:
singlets (S = 0) and triplets (S = 1). No dipole transitions are allowed between
spin singlet and spin triplet states due to the dipole selection rule ∆S = 0. Since
the spin-orbit interaction breaks the spin symmetry, intercombination transitions
between singlet and triplet states are weakly allowed. In particular, the 1 S0 –3 P0 line
strength has zero value for even nuclear spin isotopes ((88÷86) Sr) in the absence of
external fields, or it is extremely weak for odd isotopes. As mentioned above, the
latter represents a good atomic transition for an optical frequency standard.
Beside the clock transition, other energy levels are involved in the atomic reference preparation. A simplified scheme of relevant 88 Sr levels and transitions is
shown in Fig.4.1.
The strong dipole-allowed 1 S0 –1 P1 transition (461 nm, 32 MHz natural linewidth)
is used for the first Doppler cooling stage. This transition is not perfectly closed,
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due to a small leakage toward the 4d 1 D2 state (branching ratio ∼ 10−5 ). The direct
1
D2 –1 S0 decay channel is forbidden in dipole approximation, and atoms from the 1 D2
decay toward the metastable 5p 3 P2 (branching ratio 33%) and 5p 3 P1 (branching
ratio 67%) states. Atoms in 3 P1 state are then lost for the cooling process.
Other important atomic transitions in the optical domain are the intercombination transitions between singlet and triplet states. The line strength of the three 5s2
1S-5s5p 3 PJ intercombination transitions range from the relatively high value (7.6
kHz) of the 689 nm 1 S0 –3 P1 line to the virtually zero value of the 1 S0 –3 P0 line. In
particular, the 1 S0 –3 P1 transition is used for a second Doppler cooling stage.
Finally, optical repumping from metastable states can be performed to increase
the number of atoms which participate to clock spectroscopy. In particular, a useful
atomic energy level is the 5s5d 3 D2 state, which is coupled to the 3 P2 and 3 P1 states.
Strontium has four natural isotopes (atomic numbers: 88, 86, 87, 84, ordered by
natural abundances, see Tab. 4.1). The bosonic (even) isotopes have zero nuclear
spin, thus they are perfect scalar particles in the J = 0 states.
Atomic Mass Number
88
87
86
84

I
0
9/2
0
0

Natural Abundance [%]
82.56
7.02
9.89
0.56

Magnetic Moment [µN ]
0
-1.732(7) [104]
0
0

Table 4.1: Strontium isotopes with their abundances and magnetic properties.
The most conventional choice for strontium optical clocks is the 87 Sr fermionic
isotope. The doubly forbidden 1 S0 – 3 P0 for 87 Sr odd atoms is predicted to have
a millihertz linewidth, allowing hundreds of seconds of atomic coherence. The resulting quality factor Qat = ∆ν/ν ∼ 1017 would result in a perfect candidate for
frequency standards, allowing a fractional frequency stability close to 10−17 with 104
atom absorbers.
The latest results achieved on optical atomic clock with 87 Sr atom as frequency
reference have reached the best Qat and the best accuracy level (δν/ν ∼ 10−16 ) for
an optical transition in a neutral atom frequency to date [15, 97, 98]. Because of
these results, 87 Sr seems to be the best candidate as neutral atom frequency reference for optical clocks.
While spectroscopy of clock transition in 87 Sr (odd alkali-earth fermions) can be
performed directly, the atomic sample requires a more complex state preparation
with respect to the even 88 Sr [99]. Because of its I = 0 nuclear spin, it is not
possible to perform direct spectroscopy on the 1 S0 – 3 P0 transition on the neutral
88
Sr atoms. Nevertheless, they demonstrate a higher efficiency and simplicity in
cooling and state preparation. By means of an extra field that quenches the clock
transition, then 88 Sr can benefit of a larger natural abundance and shorter atomic
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sample preparation, thus it represents an alternative neutral-atom-based frequency
reference even with a smaller Qat .
It is possible to excite the clock transition on the even Sr isotopes by properly
engineering the atomic level structure to create a finite and controllable 1 S0 –3 P0
transition probability. These methods basically consist of coupling the metastable
3
P0 level to other electronic states by using either multiple near-resonant laser fields
[100, 101] or simply a small static magnetic field [102]. The latter scheme has been
experimentally demonstrated on 174 Yb at NIST [34] and it seems feasible to reach
the 10−17 accuracy level [103].
The second requirement for frequency standards is their weak sensitivity to external perturbations. The sensitivity of the clock transition to most relevant perturbations such as magnetic fields and optical radiation has to be compared between
88
Sr and 87 Sr.
Because of a non-zero nuclear spin, the clock transition in 87 Sr is sensitive to
external magnetic fields (first order Zeeman shift, sensitivity level MHz/T) besides
a complex line structure due to the presence of many magnetic sublevels [105]. This
property turns out to be an excellent device to tune and control the quantum state
of this atomic frequency reference. In particular, using a bias field and averaging
between measurements with opposite nuclear spin (mF = ±9/2) may cancel the first
order Zeeman shift, while the second order shift (quadratic Zeeman shift) sensitivity
is comparable between the two isotopes [52].
The non-zero nuclear spin also yields to a marked sensitivity to optical lattice
polarization (sensitivity level ∼ Hz/rad). Nevertheless it is possible to control the
inaccuracy effects at the level of 10−17 [106], i.e. about one order of magnitude below
the level of the Cs-fountain primary standard [3, 4].
Regarding the 88 Sr even isotope, the main issue would be the capability of controlling and calibrating the quenching field. In the case of magnetic-induced spectroscopy, the quadratic Zeeman shift uncertainty is proportional to the quenching
magnetic field which is at least one order of magnitude higher than the 87 Sr bias field.
This yields a more demanding precision on controlling magnetic fields. Hence the
constant need to measure and calibrate the field shifts could be enough to discourage
the use this isotope for high-accuracy clocks.
Another factor to consider is the relative size of the density shifts of the even isotope atoms with respect to odd isotope atoms. This because spin polarized fermions
may be able to enjoy the absence of s-wave scattering in a 1D lattice [107], thus reducing collisional effects with respect to the bosonic counterpart.
Thus, both strontium isotopic species are appealing candidates for an optical
clock. With the current state-of-the art technology, 87 Sr seems a better candidate
for clock accuracy and already demonstrated a better stability. On the other hand,
external field-driven spectroscopy on the 88 Sr clock transition should have some
important advantages with respect to the odd isotope: a tunable clock transition
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linewidth; a simpler level structure due to non-degenerate ground state; a potentially
higher clock duty cycle and thus less sensitivity to Dick effect. This makes 88 Sr an
optimal candidate for transportable optical atomic clocks.

4.2

Laser cooling of the strontium atom

Strontium atoms need to be manipulated and cooled for use in high precision spectroscopy. As highlighted in the introduction, Doppler-free and recoil-free spectroscopy is needed to achieve high Qat factor. Then, tight atomic confinement is
required for probing the clock transition. Because this confinement is achieved with
the relatively weak interaction of a laser intensity gradient with the induced atomic
dipole polarizability, colder atoms allow smaller laser intensities required for trap
depths and thus increase the number of trapped atoms itself. This means atoms
have to be cooled down before being trapped in order to maximize the number of
interrogated atoms.
Laser cooling [9, 108, 109] is a well established technique allowing very low temperatures of atomic samples and represents a cornerstone in atomic clock experimental setups. Here we give a brief conceptual introduction (see for example Ref.[110])
about laser cooling and its application to the case of strontium atoms.
The effect of laser beams on an atomic sample can be qualitatively explained
as follow: if we consider the laser light resonant with the internal transition of the
atom in motion, the angular frequency of the light absorbed is given by
~k 2
(4.1)
2M
The second term on the right hand side accounts for the Doppler shift between
the moving atom and the stationary laboratory frame. The third term is the recoil
frequency which originates as a natural consequence of conservation of momentum
and energy as the atom absorbs the photon momentum. This means that in the
absorption process, the atomic velocity along the direction of the beam is changed,
as described by Eq.4.1, by an amount ∆v = ~k/M (reduced for k · v < 0); in the
reemission process, the average change in velocity is zero. Therefore in the overall
scattering process, the kinetic energy can be reduced. It is straightforward to see
that the frequency range over which proficient laser cooling occurs is given by the
linewidth Γ of the cooling transition. The resulting temperature limit is given by
ωabs = ω0 + k · v +

1
kB TD = ~Γ
(4.2)
2
which defines the Doppler cooling limit and is satisfied when the cooling laser
detuning δ = −Γ/2, i.e. for red-detuned lasers.
Strong transitions are required for Doppler cooling to increase the capture range.
In the case of 88 Sr, this cooling stage is accomplished in a magneto-optical trap
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Figure 4.2: The mechanism of a magneto-optical trap illustrated for the case of an
atom with a J = 0 to J = 1 transition. In the magnetic field gradient the Zeeman
splitting of the sub-levels depends on the atoms position. Two counter-propagating
beams of circularly-polarized laser illuminate the atom and the selection rules for
transitions between the Zeeman states lead to an imbalance in the radiative force
from the laser beams that pushes the atom back towards the centre of the trap. (Not
to scale; the Zeeman energy splitting is much smaller than the optical transition
energy.)
(MOT). The principle of the MOT is illustrated in Fig. 4.2 for a simple J = 0 to
J = 1 transition.
In a MOT, three orthogonal pairs of counter-propagating laser beams derived
from the same laser source interact with the atomic sample. Laser angular frequency ωL is tuned slightly below the transition frequency between the two atomic
levels coupled by the laser radiation. While a stationary atom in a pair of counterpropagating laser beams experiences no resultant force because the scattering is the
same for each laser beam, for a moving atom the Doppler effect leads to more scattering of the light propagating in the direction opposite to the atom’s velocity. The
imbalance in the forces occurs for all directions and damps the atomic motion.
With the correct choice of polarizations for the laser beams, this configuration
can be turned into a trap by the addition of a magnetic field gradient. A pair of
coils with currents in opposite directions (i.e two anti-Helmholtz coils) produces
a quadrupole magnetic field. Then the quadrupole magnetic field causes an imbalance in the scattering forces of the laser beams and it is the radiation force
that strongly confines the atoms. In fact, the two counter-propagating beams of
circularly-polarized light illuminate the atom and the selection rules for transitions
between the Zeeman states lead to an imbalance in the radiative force from the laser
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beams that pushes the atom back toward the center of the trap.
It is possible to use the strong transition between the 1 S0 and 1 P1 states to
perform a first cooling stage. Its linewidth limits the atomic sample temperature to
few mK. This temperature still correspond to an rms (root-mean-squared) velocity
of 50 cm/s.
Fortunately, the 1 S0 –3 P1 intercombination transition in Sr at 689 nm is wellsuited for a second laser cooling stage (the so called “red MOT”). Magneto-optical
traps on strontium intercombination transition have been experimentally realized
and studied [111, 112] only in the last decade, although they have been previously
proposed for alkali-earth elements [113, 114]. The red MOT on the 1 S0 –3 P1 intercombination transition has a low Doppler limit of TD = 180 nK. In this case the
recoil energy, and thus the recoil shift in Eq.4.1, is comparable with the Doppler
energy. In such conditions both mechanical and thermodynamical MOT properties
cannot be explained by ordinary semiclassical Doppler theory of laser cooling. In
particular, the role of gravity becomes non negligible, and the atomic temperature
can be lower than the recoil limit Tr = ~2 k 2 /(2M kB ).
When the laser
p detuning δ is negative and larger than the power-broadened
linewidth ΓE = Γ 1 + I/Isat , where Isat ≡ πhcΓ/3λ3 is the saturation intensity for
the considered dipole-transition, the atoms interact with the MOT laser beams only
on a thin ellipsoidal shell, corresponding to the surface where the laser frequency
offset compensates for the Zeeman shift. The maximum radiation force is only one
order of magnitude larger than gravity. As a result, the atoms sag on the bottom
of the ellipsoid, as shown in Fig. 5.5. In such conditions the atomic temperature is
mainly determined by the interaction with the upward propagating vertical MOT
beam. With typical laser intensities of I ' 101 ÷ 104 Isat , measured temperatures
are in good agreement with a semiclassical model, and can be expressed as

Tred =

q
~Γ 1 +
2kB

I
Isat

,

(4.3)

which is lower than the Doppler temperature at the same detuning. In the limit
of cooling laser intensities lower or equal to Isat , the cooling mechanism becomes
fully quantum-mechanical and the minimum attainable temperature is [112]
Tlim '

~2 k 2
Tr
=
= 230nK
2
4M kB

which is higher than the theoretical Doppler limit. All the spectroscopic characteristics relevant for 88 Sr cooling are summarized in Tab.4.2. The experimental
details about how these cooling stages are realized will be presented in the next
chapter.
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λ (nm)

Tr

TD

τ

Isat

460.86
689.45

1 µK
460 nK

770 µK
180 nK

5 ns
20 µs

42 mW/cm2
3 µW/cm2

amax
[m/s2 ]
495 · 103
78

Table 4.2: Characteristic values for electromagnetic transitions interested in 88 Sr
cooling: λ is the transition wavelength; Tr is the recoil temperature limit; TD is
the Doppler temperature limit; τ is the excited level lifetime; Isat is the saturation
intensity; amax is the maximum acceleration seen by the atoms.

4.3

Recoil-free spectroscopy in optical lattice

Laser cooling of 88 Sr allows to perform Doppler-limited spectroscopy on its atomic
transitions. Unfortunately, almost three orders of magnitude separate the precision
achievable from red MOT atoms to the 1015 level of the atomic quality-factor Qat .
As shown in Eq. 4.1, when one interrogates an atom that is in free-space, the
transition frequency
 is subject to two types of 2mechanical shifts: Doppler shift
1 v 2
(ωD = k · v − 2 c ω0 ) and recoil shift (ωr = ~k /2M ). First order Doppler effect
(first term of ωD ) can lead to frequency shifts which depend on the geometry of the
probing radiation relative to the atomic motion. Although non-linear spectroscopy
can cancel first order Doppler broadening, second order Doppler effect (which is
proportional to the atoms temperature) still remains a limiting factor.
In case of 88 Sr, recoil shift is about 4.4 kHz, and it can be reduced using special
techniques such as Ramsey-Bordé spectroscopy [115].
Although both effects are well understood and to large extent suppressed or
controlled, these shifts are only partially compensated due to unavoidable imperfections in the spectroscopic process such as misaligned and/or non-planar wavefronts. Thus they end up limiting the ultimate accuracy of free-atoms optical clocks
[116, 117, 118]. But if an atom or ion is tightly confined in a region of space, then
it is in the so-called “Lamb-Dicke regime”, so the atom experiences no recoil or
Doppler shifts [10].
In the rest of this section we describe the conditions to perform recoil-free spectroscopy in the Lamb-Dicke regime of our 88 Sr atoms. In particular, we present the
physical phenomena behind its realization and the employment of standing-wave
optical dipole traps (“optical lattices”).

4.3.1

The Lamb-Dicke regime

The best way to understand the effect of tight confinement upon an atom interacting
with an electromagnetic field is to look at the classical picture of a radiating atom.
This example is completely equivalent to consider an atomic absorber in its rest
frame while the radiation frequency as seen by the atom will be modulated by
the first-order Doppler shift at the trap secular frequency ωs [119]. In the case
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a radiating atom is confined by a one-dimensional harmonic force, its equation of
motion is z(t) = ∆z sin(ωs t). Then the emitted radiation has the form

E = E0 ei(ω0 t−k∆z sin(ωs t)) = E0 eiω0 t

"

+∞
X

(−1)m Jm (k∆z) e−imωs t

m=−∞

#

(4.4)

where Jm is the Bessel function which thus represents the amplitude of the mth
spectral component. Thus the central (m = 0), Doppler-free spectral component
has an amplitude proportional to J0 (2π∆z/λ)2 ' (sin(η)/(η))2 if the parameter
η ≡ 2π∆z/λ ≤ 1. This result is analogous to the one in Ref. [10] for an infinitesquare potential well.
We can see that the radiating atom produces a spectrum composed of a series
of discrete lines as


ωs
v
νm = ν0 + m
= ν0 1 + m
.
(4.5)
2π
ηc
where v = ∆zωs is the peak velocity inside the trap.
From equations 4.4 and 4.5 we can see that the central peak of the spectrum at
ν0 is unshifted and none of the peaks are broadened by the secular motion. The
response of the atom to the radiation field therefore will be the same as it would
be if the atom were stationary, provided the atom interacts only with the central
peak. This condition will be met as better as η becomes smaller, since the smaller η
the larger central peak while the other spectral components (sidebands) move away
from it.
A quantum mechanical treatment of the problem yields similar results for both
the spectral components and the spectral amplitudes. In this case, the atoms are
no more characterized by their velocities but by the occupation number n in the
potential-well band structure. Moreover the key role of the photon recoil effect
becomes crucial to understand the mechanism of suppression of motional effects for
a tightly confined atom.
In this case the Doppler-free spectral line corresponds to the absorption (emission) process in which the external atomic state remains unchanged. When the absorption (emission) process yields a transition of the external state (e.g. n → n ± 1),
then we have a blue (red) sideband transition.
In general, we must average the absorption cross section over a distribution of
initial state values. Then the absorption signal will be [108]
Sabs (ω) ∝

X
n,m

P (n)

| n|eikz |m |2
1 + Γ4 (ω0 − ω + (En − Em )/~))2

(4.6)

where ω is the frequency of probe laser traveling along the z axis, P (n) is the
probability distribution among the n trap levels, which we can assume being a
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thermal distribution, Γ is the atomic transition linewidth which occurs at frequency
ω0 , and En are the trap energy levels. We can see in Eq. 4.6 that while the
denominator corresponds to the energy conservation, at the numerator we find the
momentum translation operator, which corresponds to the momentum conservation
of the whole quantum system, i.e. atoms with radiation and trapping potential.
From Eq. 4.6 we can recognize two extreme regimes: the weak-binding regime
occurs when trap frequency is much smaller than ωD . In this case the atomic
ensemble produces a frequency spectrum composed by a tight comb confined inside
the Doppler-broadened profile, approaching the free atoms absorption spectrum.
The intensity peak is shifted by the recoil frequency +ωr from the Doppler-free
transition ω0 . The strong-binding regime occurs when the probe laser wavelength
becomes smaller than the atomic confinement, i.e hkzi ≤ 1. In this case, the matrix
element in Eq. 4.6 can be simplified as
n|eikz |m ≈ hn|1|mi+hn|ikz|mi = δnm +i

√
2π∆z √
( mδm+1,n + m + 1δm−1,n ) (4.7)
λ

where
p a 1D harmonic potential has been considered and the confinement width
∆z = ~/2M ωs is the characteristic oscillator length. If we then square the matrix
element we find that only three terms remain, giving
2
2
2
Anm ≡ | n|eikz |m |2 ≈ δnm
+ η 2 (mδm+1,n
+ (m + 1)δm−1,n
)

(4.8)

where we used the previous definition for η. The η parameter is the so-called
Lamb-Dicke parameter and gives the relative size between the atomic spatial confinement of the motional state and the wavelength of the probing laser field. Therefore
when η < 1, we will have a narrow absorption feature at the natural frequency of
the transition. Two other features will be present in the absorption spectrum due
to the δm+1,n and δm−1,n terms in the matrix element. As we decrease the LambDicke parameter, the recoil effect on the line intensities is reduced and the sideband
intensities become smaller relative to the carrier (Am±1,m /Amm ∝ η 2 ).
This regime (η  1) is called the “Lamb-Dicke regime” and it consists on the
suppression of sideband excitation intensities, indicating that the atom does not
take up photon recoil. We must say that the total momentum is not lost: in the
Lamb-Dicke regime the photon recoil energy and momentum is taken up less by the
atom and more by the confining potential. Note that the complete suppression of
the photon recoil effect happens only in the limit η → 0, as evidenced by the fact
that with non zero η, the blue sideband excitation Am+1,m remains larger than the
red one (eq. 4.8).
This phenomenon is analogous to the well-known Mossbauer effect for absorption
of γ-rays [120] and it has wide application on sub-recoil laser cooling of ions and
atoms. This regime is particularly interesting for frequency standards because of
the facts that the carrier is neither broadened neither shifted by the probe photon
momentum and that motional sidebands are small and far detuned hence inducing
a negligible line pulling for a correct choice of trap parameters.
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The strontium 1 S0 – 3 P0 clock transition yields a recoil frequency ωr /2π ∼ 4.7
kHz. Tight confinement at kHz-frequencies of neutral atoms is accomplished by
optical lattices. The method for trapping and keeping high-accuracy is discussed in
the next section.

4.3.2

Optical lattice confinement

Optical dipole traps [121] provide a reliable method for trapping neutral particles,
although the dipole force is much weaker than the Coulomb interaction used to trap
charged particles.
When an atom is placed into a laser beam, the electric field E induces an atomic
dipole moment d that oscillates at the driving frequency ω. The amplitude of such
dipole moment is
d = α(ω, ê)E0
Here α(ω) is the complex polarization, where ê is the unit polarization vector.
The optical dipole force arises from the dispersive interaction of the induced
atomic dipole moment with the intensity gradient of the light field. Because of its
conservative character, the force can be derived from a potential. The interaction
potential of the induced dipole moment d in the driving field E is given by [121]
1
1
<(α)I
Udip = − hdEi = −
2
20 c
where the angular brackets denote the time average over the rapid oscillating
terms, the field intensity is I = 0 c|E0 |2 , and the factor 1/2 takes into account that
the dipole moment is induced and not permanent.
The absorptive part of the dipole interaction (which comes from =(α)) leads to
residual photon scattering of the trapping light, which sets limits to the performance
of dipole traps.
In a semiclassical approach, the atomic polarizability can be calculated [121]
by considering the atom as a two-level quantum system and it yields the following
expression for the dipole potential:


I(r) ~Γ2
1
1
Udip (r) = −
+
(4.9)
Isat 8
ω0 − ω ω0 + ω
where Isat is the saturation intensity for the strong dipole-transition (for Sr atoms
the 1 S0 –1 P1 ), I(r) is the laser intensity profile, ω0 is the dipole-transition angular
frequency, ω is the trap angular frequency, and Γ is the dipole-transition natural
linewidth. From Eq. 4.9, the dipole potential generates an attractive force for reddetuned light trap frequencies. A focused Gaussian laser beam tuned far below the
atomic resonance frequency represents the simplest way to create a dipole trap providing three-dimensional confinement.
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It is possible to enhance the confinement in the axial dimension by simply retroreflecting the beam while conserving the curvature of the wave fronts and the polarization. The resulting standing wave provides a dipole trap with potential depth
four times larger than the corresponding trap depth for a single focused beam. If
one assumes small extensions of the atomic cloud with respect to the radial and
axial size of the Gaussian beam, one can write the potential of Eq.4.9 in the form
"
 2  2 #
r
z
UOL (r) = −Û cos2 (kz) 1 − 2
−
(4.10)
w0
zR
where Û = 4P α/πw02 0 c, P is the laser power, w0 is the beam waist, zR = πw02 /λ
is the beam Rayleigh range and the standing wave is oriented along the z-axis.
Atoms are then strongly confined in the antinodes of the standing wave, forming
the so-called one-dimensional optical lattice.
The optical lattice is characterized by its potential depth which can be written
from Eq.4.9 and 4.10 as:


1
1
P
2
~Γ
+
(4.11)
UT = UOL (r, z = 0) =
πw02 Isat
∆ ∆0
where P is the integrated laser light power, and we introduced the detunings
∆ = ω0 − ω and ∆0 = ω0 + ω. The latter takes into account the counter rotating
term of the electric field: in the case of a far-off resonance traps (FORT), the latter
is not negligible. The potential depth UT in Eq. 4.11 is directly related to the axial
trap frequency by
νz2 =

2UT
M λ2L

(4.12)

To obtain axial trap frequencies higher than the 88 Sr clock transition recoil frequency, with λL ∼ 800 nm, the potential depth UT has to be of the order of tens of
µK. This requires a peak laser intensity Imax = P/πw02 of about 20 kW/cm2 . Since
the temperature of atoms in a red MOT is ∼ 1 µK, it is also possible to load the
majority of the atoms in the region where the lattice overlaps the red MOT by using
these trap laser parameters.
This trapping mechanism, however, introduces a large perturbation (several hundreds of kHz) to the energies of the clock states. In fact, electric fields affect the
atomic energy levels through the Stark effect. Thus the optical lattice Stark effect,
here takes the form of a second-order effect, since atomic levels have no permanent
electric dipole moment. Each atomic energy level i is shifted by its dipole potential
∆Ei = Udip,i , where Udip,i takes into account all the coupled states to the ith energy
level. The amount of the lattice AC Stark shift then is proportional to the intensity
and is negative for red detuned light. It is given by
1
∆Ei = − αi (ω, ê)|E|2
2

(4.13)
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From Eq.4.13 we see that the AC Stark differential light shift can be expressed
as
1
(4.14)
h∆ν (1) = − ∆αi (ω, ê)E02
4
The essential problem then becomes how does one cancel these light shifts to
less than a part in 10−17 of the optical frequency? In general the differential light
shift on an atomic transition is a function of the intensity I (∝ E02 ), frequency,
and polarization of the lattice laser field. For several reasons, the intensity is extremely difficult to control. The lattice beams are tightly focused, which causes the
individual lattice well intensities to vary significantly along the beam. In addition,
for weak lattices the atoms are warm enough to sample the entire intensity profile
of the beam (especially in a 1D lattice). In order to control the differential light
shift of the lattice, one would like to make the light shift a very weak function of
the intensity. The main mechanism for doing this is by controlling the lattice laser
frequency. The idea is then looking for some values of ω where ∆α vanishes.

4.3.3

AC Stark shift cancellation

The idea to directly cancel the effect of lattice light in alkali-earth atoms by means
of an appropriate choice of the lattice wavelength λL was firstly proposed by Katori
[31]. This Stark shift-free wavelength can be applied quite generally to a number
of atomic transitions by looking for a crossing of the polarizabilities for the two
states. However this may be very steep and may create unrealistic requirements
on the control of the lattice frequency if used in a clock. Furthermore, the AC
polarizability depends not just on ω, but also on polarization vector ê, which can
create significant difficulties for non-scalar states.
The main idea behind this technique is to take advantage of the particular electronic structure of these atoms, where singlet states are weakly coupled to the triplet
states, thus experiencing independently the light shift effect. By looking at the energy levels of 88 Sr atoms (see Fig. 4.1), for near-infrared lattice frequencies the two
clock states 1 S0 and 3 P0 are mainly coupled respectively to the 1 P1 and 3 S0 states,
the AC Stark shift on the ground state is negative and monotonically approaches the
static polarizability for the ground state as 1/∆. For lattice wavelengths between
the 3 P0 → 3 S, 3 D resonances, the light shift on the excited 3 P states varies from
large and positive near the 3 D resonance to large and negative near the 3 S resonance.
Therefore, somewhere between these two resonances the light shift on the excited
and the ground state is equal and the differential AC polarizability vanishes. Other
parameters such as the light polarization ê should have less influence on the system
since we employ the J = 0 state that exhibits a scalar light shift [122].
A direct estimate of the so-called “magic wavelength” can be useful to understand not only the laser source we have to use, but also how steep is the dependence
of ∆α on the lattice frequency at the crossing point.
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The AC Stark shift of the atomic energy levels depends on the atomic polarization. Before we assumed the following expression for the dipole polarizability:
~Γ2
α'
4Isat



1
1
+ 0
∆ ∆



c0 =

2 ω0
c0 ~ω0 Γ2
=
|hg|d|ei|2
2
2
2Isat ω0 − ω
~ ω02 − ω 2

(4.15)

Above we used the fact that one atomic transition dominates over the others
(two-levels atom approximation). In general, the dynamic dipole polarizability of a
state i involves the sum over the dipole interaction between state i and excited state
k given as [123]
αi (ωL ) =

2X
ωik
|hφk |d|φi i|2
2
~ k (ωik − ωL2 )

(4.16)

Therefore to calculate the dipole polarizability in Eq.4.16 we need the dipole
matrix element dik = hφk |d|φi i for the two clock states we are interested in. A
general formula for the matrix elements is [52]

2

|dik | = (2Ji + 1)(2Lk + 1)(2Jk + 1)



Li Ji Si
Jk Lk 1

2 

Ji 1 Jk
−mi p mk

2

|dLi Lk |2

(4.17)
where here we introduced the term in curly brackets which is related to the Racah
W coefficient [124] and the term in round brackets is the Wigner 3 − j symbol [125]
which can be expressed in terms of the Clebsch-Gordan coefficients.
Equation 4.17 allows us to calculate the dipole polarizability as function of dLi Lk ,
which is the dipole moment between the |Li Si i and |Lk Sk i states. dLi Lk values are
related to the well-known formula for the dipole-transition spontaneous decay rate
3
ωik
|dLi Lk |2
(4.18)
3π0 ~c3
The last equation combined with Eqs. 4.17 and 4.16 provides all the experimental
and theoretical values needed to evaluate the Sr dipole polarizability. In fact, both
ωik and Γik are known quantities. We can observe that in our case, the sum will be
dominated by the 1 P1 resonance on the ground state, and by the 3 S1 and 3 D1 states
on 3 P0 state (see Fig.4.1).
A numerical calculation of the dynamic dipole polarizabilities has been carried
out for the two clock states. Here we took into account those states with n ≤
11 for the ground state and n ≤ 11 for the 3 P0 state. This should be a good
approximation for the polarizability since the contribution of the excited states drops
2
2
off as 1/(ωik
(ωik
− ωL2 )). The result is shown in Fig.4.3.
The crossing points of the two polarizabilities are called “magic wavelengths”
because, according to Eq.4.14, the resulting clock frequency is Stark-free. By looking
at Fig. 4.3, the most promising crossing point is the one around 800 nm, as we
anticipated at the beginning of this section. This is because such magic wavelength

Γik =
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Figure 4.3: Dynamic dipole polarizability for the 88 Sr atomic states. The result is
scaled by a factor of 1/(4π0 a30 ) so that the polarizability is given in atomic units.
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occurs far-off the resonances of the two states polarizability and it is easily accessible
by commercial lasers, in particular by diode lasers.
A zoom of the previous polarizabilities shows a crossing point at about 811.3 nm
(see Fig.4.4). This analytical result is in agreement with the experimental values of
813.428 nm [126, 127].
Furthermore, the resulting sensitivity to a frequency shift from the crossing point
is
ζ≡

d(∆ν)
' 3.8 kHz/nm
dλL

(4.19)

for laser power of 200 mW and a waist of 25 µm (therefore I ' 10 kW/cm2 ).
An optical lattice operating at these magic wavelength and intensity allows one to
control the light shift well within 1 mHz by defining the trapping laser within 120
kHz, which is well within current laser frequency control capabilities.

4.4

Magnetically induced spectroscopy of the strontium atom

As previously mentioned, the 1 S0 –3 P0 transition is completely forbidden for 88 Sr
atoms. An external interaction has to be inserted in the system to couple the two
clock states.
A simple solution to this problem was proposed by the Ytterbium experiment
team at NIST [102, 128] and it consists on placing the atoms in a proper static
magnetic field. Therefore the total Hamiltonian will be the sum of the unperturbed
system and the magnetic field perturbation Hmag = µ · B. The total magnetic
moment is given by µ = µB (gL L + gS S) (nuclear magnetic moment = 0), where µB
is the Bohr magneton and gL = 1 and gS ≈ 2. Choosing B to be in the z direction,
the magnetic part of the Hamiltonian becomes Hmag ≈ µB (Lz + 2Sz )|B|. For the
3
P0 state there is no first order correction to the energy of the state. The first order
correction to the wavefunction is then given by
3

|

P00 i

3

= | P0 i +

X hφ|Hmag |3 P0 i
φ

~∆φ

|φi

(4.20)

Equation 4.20 shows that the 3 P0 state mixing is inversely proportional to the
frequency splitting ∆φ = ω3 P0 − ωφ between the state φ and the clock state. The
sum is dominated by the term associated with the |3 P1 , m = 0i state. Then we can
approximate the system with a three-level atom, as represented in Fig.4.5, where
the clock transition is now between the 1 S0 and 3 P’0 states.
We can decompose the |3 P0 , m = 0i and |3 P1 , m = 0i states in the basis of Lz
and Sz eigenstates using the Wigner–Eckart theorem [125]:

4.4 Magnetically induced spectroscopy of the strontium atom

93

380
360
Αi HΛL L @a.u.D

340

1

S0

3

P0

320
300
280
260
760

780
800
820
Lattice wavelength @nmD

840

(a) Zoom of the dynamic dipole polarizability of the two 88 Sr clock states
around 813 nm.

AC Stark Shift @HzD

50
25
0
-25
-50
-75
-100
790

800

810
820
Lattice wavelength @nmD

830

(b) AC Stark shift vs. lattice wavelength.

Figure 4.4: Calculation of the Stark shift crossing point for a laser power of 200
mW and a waist of 25 µm. The resulting sensitivity to a frequency shift from the
crossing point is ζ ' 3.8 kHz/nm.
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Figure 4.5: From [128]: Diagram of relevant parameters for the magnetic field mixing
induced excitations of the 1 S0 → 3 P0 clock transition of an alkaline earth-like atom.
The relevant states are labeled 2S+1 LJ

|3 P1 , m = 0i =

X

CLS (J = 1, m = 0; l, s)|L = 1, l, S = 1, si

l,s

=

r

|3 P0 , m = 0i =

X

1
|l = 1, s = −1i −
2

r

1
|l = −1, s = 1i
2

(4.21)

and

=

r

CLS (J = 0, m = 0; l, s)|L = 1, l, S = 1, si

l,s

1
|l = 1, s = −1i −
3

r

1
|l = 0, s = 0i +
3

r

1
|l = −1, s = 1i ,
3

(4.22)

where the symbols CLS are the well-known Clebsch-Gordan coefficients. Then
Eq. 4.20 is reduced to
r
2
h3 P1 |µ · B|3 P0 i ≈ −
µB |B| ≡ −~ΩB .
(4.23)
3
So the new excited clock state in presence of a magnetic field is
|3 P00 i = |3 P0 i +

ΩB 3
| P1 , m = 0i
∆32

(4.24)
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where ∆32 is the frequency difference between 3 P1 and 3 P0 as shown in Fig.4.5.
If we introduce a relaxation term ~Γ, corresponding to the natural linewidth of
the |3i → |1i transition, in the unperturbed Hamiltonian, this leads to a broadening
of the forbidden transition. This linewidth corresponds to [102]
Γ

20 1

Ω2L /4 + Ω2B
=Γ
∆232

(4.25)

which is very small because of the large denominator ∆232 .
So we found a new atomic state with almost infinite lifetime. Then it’s easy to
estimate the excitation rate of the clock transition. The Rabi frequency is
Ω≈

ΩB h1|d · E|3i
ΩL ΩB
=
∆32
~
∆32

(4.26)

where ΩL is the Rabi frequency of the 1 S0 ↔3 P1 transition. Equation 4.26 introduces a wide tunability in the clock operation, allowing large atomic coherence
times. One first consideration would be to have at least Rabi frequencies comparable
with the state-of-the art optical coherence time scales, i.e ∼ 0.5 Hz [12]. Remarkably, in 88 Sr with a laser intensity of 2 mW/cm2 it is possible to obtain an Ω = 0.5
Hz with a magnetic field of about 2.3 mT.
Introducing a magnetic field we also change the energy value of the new upper
clock state. The second order Zeeman shift is of the order of
∆B =

(2)
EB /~

Ω2B
.
≈−
∆32

(4.27)

Moreover, the clock light induces a shift on the unperturbed energy levels, as
we saw in the case of the lattice light. This shift can be estimated by means of
Eq.4.14 limiting the calculation to a three-state system and making the rotating
wave approximation. Then the resulting shift is
∆L = −

Ω2L
.
4∆32

(4.28)

which corresponds to the light shift of level |1i due to the light resonant with
the clock transition seen as an off-resonant field for the |1i → |3i transition.
If we take into account the vector nature of the field and make a comparison
with experimental results, a useful expression for Ω is
√
Ω = α I|B| cos θ

(4.29)

where α combines all the constants of Eq.4.26, I and B, respectively the probe
intensity and the magnetic field, are the experimental parameters and θ is the angle
between the probe light polarization and the B field. Also the frequency shifts can
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γ
[kHz]
7

∆32
[THz]
5.6

pα
[Hz/(T mW/cm2 )]
198

β
[MHz/T2 ]
-23.3

κ
[mHz/(mW/cm2 )]
-18

ξ
0.30

Table 4.3: MIS scheme parameters to interrogate the Sr clock transition
be parametrized as ∆B = β|B|2 and ∆L = κI. Substituting these definitions into
Eq.4.26 we get
p

|∆L ∆B | cos θ
(4.30)
√
where the dimensionless coefficient ξ ≡ α/ βκ has been introduced. Therefore
α, β, κ and ξ are a measure of the effectiveness of the MIS technique for different
atoms. In Tab.4.3 the theoretical numeric values of these parameters are presented.
In particular, the coefficients β and κ are directly related to the systematic effects
of a 88 Sr optical clock using the MIS technique, which we will discuss in the next
section.
Ω=ξ

Systematic effects on 88Sr optical atomic clock

4.5

The frequency of the 88 Sr clock transition can be perturbed by several effects. Some
are due to the presence of spurious electric and magnetic field, some are related to
the fact that the absorber is not perfectly at rest, others to collisional effects. In
this section we summarize the estimated systematic effects for a 88 Sr optical clock
operating with the MIS technique.
1. Magnetic field systematics
88

Sr clock transition is sensitive to second order (AC) Zeeman effect. For a
given uncertainty in the magnetic field δB the uncertainty in the second order
Zeeman shift is δ∆B = 2β|B|δB. In the case of MIS interrogation scheme, one
has to worry not only about environmental spurious magnetic fields around
the atomic ensemble, but also the bias magnetic field must be controlled with
high precision. If we consider a bias field B0 = 2.3 mT (23 G), to control AC
Zeeman shift to 10−17 in fractional frequency of the clock transition requires
field control at the level δB/B0 ≤ 2 · 10−5 (or milligauss level).

This is a difficult but not impractical requirement. State-of-the-art magnetic
shielding can control fields to below the microgauss level, and with good magnetic coil and current supply design magnetic fields that are stable to less than
one part per million are possible.
2. Clock laser light systematics
As seen in previous sections, the light probe induces a clock frequency shift
which is proportional to the laser intensity (AC Stark shift). Both laser amplitude noise and not homogeneous probing of the atomic sample from the laser
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probe beam can cause a systematic effect. If we consider that the induced
linewidth of Eq. 4.25 is about 100 nHz for 2.3 mT, this means that large intensities are required to create excitations between the two clock states. The
coupling coefficient κ in Tab.4.3 makes a control of the probe field intensity
necessary at the level δI . 250 µW/cm2 to reach 10−17 inaccuracy. If the
laser intensity is I = 2 mW/cm2 , the relative intensity fluctuations must be
controlled at the 10 % level.
3. Lattice laser light systematics
As we showed in this chapter, the AC Stark shift induced by the lattice light
can be canceled by a proper choice of the lattice frequency. In the case of
MIS technique, one might worry about the effect of lattice polarization. From
Eq. 4.24 the upper clock state has a small mixing with the |3 P1 , m = 0i
state. Although this state suffers a large shift (∆ν(ê) ≤ 700 kHz if the lattice
intensity IL ' 10 kW/cm2 ) at the magic wavelength, the coupling strength
is so small (less than one part per million at 2.3 mT) that we don’t have to
worry about it to reach 10−17 fractional frequency inaccuracy [130].
The next non-zero term of the perturbation series is the so-called hyperpolarizability [31], which is quadratic in the lattice light intensity. The effect of
hyperpolarizability on Sr optical clock has been experimentally observed in
Ref. [127] and it yields a systematic effect of
δνhyp = ν2

UT2
Er2

(4.31)

where Er = ~2 k 2 /2M is the lattice photon recoil energy, while ν2 = 7(6) µHz
[127].
If we consider a potential depth of UT = 100Er , we get a projected relative
inaccuracy of 1.6 · 10−18 , which means that hyperpolarizability will not limit
our 88 Sr clock accuracy.
Recently Taichenachev et al.
√ have pointed out a previously neglected frequency shift which scales as I of the lattice field [129]. A worst case estimate
could lead to fractional frequency shifts as large as 10−16 , which might prevent
lattice-based
√ optical clocks from reaching their predicted performance levels.
Still such I effects have to be investigated.
4. Cold collisions systematics
A source of frequency shifts are the interactions among atoms, which are known
as density or collisional shifts. These energy shifts of the clock transition are
proportional to the atomic density and also lead to systematic effects. The
measured collisional shift coefficient χ for 88 Sr is [131]
χ88 Sr = −4(12) · 10−11 Hz cm−3 .

(4.32)
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The inaccuracy on the shift coefficient knowledge sets a limit on the atomic
density value to keep the systematic effects at the level of 10−17 . In particular,
n88 Sr ≤ 3.6 · 107 at/cm3 .
5. Blackbody radiation
Systematic shifts from black body radiation (BBR) are another concern for
clock accuracy [132]. Since the static polarizabilities (αi (ω → 0)) of the clock
states differ, we can expect that the radiation field from a black body emitter
can provide a differential shift of the levels, which must be accounted for.
The clock shift can be calculated for a temperature T if the differential static
polarizability of the clock state is known, by
4
kB
∆α(ω = 0)T 4 = 2.354(32)
δν = −
4
3
600 ~ c



T
300K

4

Hz.

(4.33)

The effect in Eq.4.33 is not negligible and can finally limit the accuracy of
the 88 Sr optical clock. This uncertainty in the BBR shift is originated from
uncertainty in the polarizability (1%). It yields a relative inaccuracy of 7.4 ·
10−17 , which combined to a ∆T = 1 K in room temperature control, gives
a final systematic effect of 10−16 [15]. Putting the Sr MOT cell in controlled
BBR chambers [52] would lower the uncertainty on the polarizability, reducing
the effect of the BBR shift far below 10−16 . Note that sizeable BBR shifts in
many atomic standards has motivated pursuing atomic species with a reduced
BBR sensitivity, including lattice trapped neutral Hg [133, 134] and the single
trapped Al+ ion [135, 21].
From the systematic effects itemized so far, we can conclude that an optical
lattice clock based on MIS spectroscopy of bosonic 88 Sr atoms has the potential
to reach the 10−17 fractional uncertainty. In order to achieve such performances,
a careful design of the magnetic field generation is mandatory. No other main
modifications have to be made to our current setup, except for the BBR systematic
effect. The description of our current setup for cooling and trapping strontium
atoms is presented in the next chapter.

Chapter 5
Description of the experimental
apparatus
In this chapter we will describe the experimental setup used to trap and cool 88 Sr
atoms which are utilized as atomic frequency reference. We also describe the setup
for the high-precision spectroscopy of the 1 S0 – 3 P0 clock transition.
It basically consists of the vacuum system where the atoms are trapped and manipulated, the lasers employed in the cooling and trapping stages of the experiment,
and finally the clock laser we prepared in a separate clean room (see Part I).
An important feature of the Sr system is that both the clock and the cooling
and trapping transitions lie in the visible region of the spectrum and can be reached
with only semiconductor laser. Their use leads to a more compact and less expensive
optical clock setup.
The experimental setup used to trap and cool strontium atoms has been described in detail in Ref.[81, 136, 137], so we will briefly describe it without going
through the realization problematics. The optical lattice and the optical setup for
the spectroscopy on the clock transition will be treated instead in detail.

5.1

Vacuum system

The present design of the vacuum system setup is shown in Fig.5.1.
Strontium vapors are originating from a Sr dispenser in the oven region kept at
a temperature of about 400 ◦ C. The oven delivers an intense (atomic flux φ ∼ 1011
atoms·cm−2 ·s−1 ) and highly collimated (25 mrad) atomic beam thanks to the use of
a bundle of capillaries. Further collimation is obtained by means of a 2D transverse
cooling stage [138, 139].
Longitudinal deceleration of the atomic beam is applied by a 30-cm long Zeeman
slower [140] interposed between the oven and the MOT capture region. It is based
on a two-stages tapered coil with a zero crossing magnetic field, and a counterpropagating laser beam red-detuned with respect to the 1 S0 –1 P1 transition. The
final velocity in the longitudinal direction is about 50 m/s, which corresponds to the
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Figure 5.1: Scale plan of the vacuum system used to cool and trap strontium atoms.
The system is mounted on an aluminum breadboard of 0.6 × 1.2 m.

5.2 Laser sources for cooling and trapping strontium atoms
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capture range of the blue MOT.
A differential pumping tube between the transverse cooling region and the Zeeman slower ensures a differential pressure of about a factor 100 between the oven
background pressure and the cell pressure.
The MOT cell consists of a cubic box (l = 115 mm) with four big circular optical
windows (two with 80 mm and two with 95 mm diameter) and holes to allow the
passage of the atomic beam. The windows are AR-coated in the visible to minimize
the reflection on a broad spectrum and allow the transmission of both the two cooling
wavelengths, 461 and 689 nm. The MOT coils (18 × 18 copper windings, 1.8 mm
diameter) sit directly on the cell and they are water cooled. In the anti-Helmholtz
coil configuration, the coils provide a magnetic field gradient of
dBz
= 4.2 gauss cm−1 A−1
dz
The vacuum is maintained by means of two 20 l/s ion pumps. The pumps are
respectively placed in proximity of the oven and of the MOT cell. Furthermore,
a Ti-sublimation pump is mounted close to the cell. A sapphire window is placed
at the end of the atomic beam axis to allow the access to the Zeeman slower laser
beam.
The vacuum apparatus mantains down to 10−8 Torr pressure in the transverse
cooling region and 10−10 in the MOT cell. This vacuum level is compatible with
lifetimes in the optical trap of about 10 s.

5.2

Laser sources for cooling and trapping strontium atoms

In this section we describe the laser setup designed for high-precision spectroscopy on
laser cooled atomic strontium. The system, which is entirely based on semiconductor
laser sources, delivers 160 mW at 461 nm (blue laser) for cooling and trapping atomic
strontium from a thermal source, 4mW at 497 nm (green laser) for optical pumping
from the metastable 3 P2 state, 12mW at 689 nm (red laser) for second-stage cooling
of the atomic sample down to the recoil limit.

5.2.1

Blue laser at 461 nm

The laser radiation used to slow and capture the Sr atoms on the dipole allowed
1
S0 –1 P1 transition is a frequency-doubled diode laser source at 461 nm. A schematic
diagram of the blue laser source is shown in Fig.5.2
An AR coated diode laser at 922nm is assembled in a ECDL Littrow cavity (see
Fig. 1.2(a)) and emits up to 20 mW. This light is amplified by a tapered amplifier
(TA) up to a power of about 800 mW. This laser beam is sent to a second harmonic
generation (SHG) cavity, which is a four mirrors bow-type ring-cavity with a nonlinear crystal (bismuth triborate-BIBO). The lock of the SHG cavity is performed

102

Description of the experimental apparatus

Figure 5.2: Blue laser source used to cool and trap Sr atoms. OI: optical isolator,
SHG: second harmonic generation cavity; BiBO: bismuth triborate cristal.
by an Hänsch-Couillaud locking scheme [141]. The SHG cavity is able to provide up
to 250 mW at 461 nm. Both the diode master oscillator power amplifier (MOPA)
(i.e. the ECDL + TA) and the SHG cavity are mounted in a compact (55 cm ×
40 cm × 15 cm) and acoustically isolated box. The emission linewidth is about 1
MHz and the system allows a typical continuous operation period of about one day.
The source is frequency referenced to the atomic line by locking the master infrared
laser with an error signal obtained from saturation spectroscopy on a strontium heat
pipe. This yields a long term stabilization of the emission laser frequency.
The blue laser radiation is coupled to optical fibers and then distributed to the
Zeeman slower beam, the transverse cooling beams and MOT beams.

5.2.2

Green laser source at 497 nm

During the first cooling stage on 1 S0 -1 P1 transition at 461 nm, a fraction of the atoms
falls into the dark 3 P2 metastable state due to the 2 × 10−5 branching ratio of the
1
P1 excited state to the 1 D2 state, that subsequently decays to the 3 P2 state. This
loss channel can be eliminated with a single optical pumping process, which involves
the 3 P2 -3 D2 transition at 497 nm [142]. Thanks to the low saturation intensity (Isat
= 2.4 mW/cm2 ) we need only some mW at this wavelength.
For this purpose, a laser source at 497 nm has been developed. A schematic
of the green source is shown in Fig.5.3. It is based on an anti-reflection coated
laser diode stabilized in the Littrow extended cavity configuration, which delivers
35 mW at 994 nm. This light is frequency doubled on a 17-mm-long b-cut KNbO3
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Figure 5.3: Schematic diagram of the green laser source at 497 nm
crystal placed in a resonant cavity. Non critical phase-matching condition is then
obtained by temperature tuning the crystal to a temperature of 56 ◦ C. As for the
blue laser source, the SHG cavity is kept on resonance with the incoming light with
a Hänsch-Couillaud lock.
The 497 nm beam is then sent to the MOT region with a 1.5 cm 1/e2 diameter
and an emission power of 4 mW, it is back-reflected, and its frequency is tuned in
order to maximize the blue MOT fluorescence. The resulting intensity is enough to
saturate the optical pumping process (Isat ∼ 2.4 mW/cm2 ). Hence there is not any
particular requirement on the frequency stability of this laser.
Nevertheless mechanical drifts limits the capability of this laser to remain resonant to the optical pumping process. The frequency stability is about some tens of
second, which allows to manually drive the laser frequency on the working point at
the beginning of a couple of measurement cycles. The frequency is tuned by acting
on the ECDL’s PZT. Of course this may represent a big limitation to a continuously
operating system.

5.2.3

Red laser source at 689 nm

The scheme of the red source at 689 nm resonant with the intercombination 1 S0 -3 P1
transition for the bosonic strontium isotope is reported in Fig. 5.4.
The master laser is a 689 nm diode laser mounted in extended cavity configuration (ECDL, Littrow mount). The reduction of the fast linewidth is realized by
locking the laser to a resonance of a reference cavity with standard PDH technique.
The laser electric field is phase modulated at 11MHz with an electro-optic modulator (EOM) with a modulation index m < 1, while the error signal is derived
by demodulating the light reflected from the cavity. In order to reduce the optical
feedback from the cavity, we use an optical isolator and an acousto-optic modulator
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Figure 5.4: (a) Experimental setup for the stable 689 nm laser, ECDL: extended
cavity diode laser, AOM: acousto-optic modulator, OI: 30 dB optical isolator,
EOM:electro-optic modulator, PMF: polarization maintaining fiber. (b) Detail of
the cavity support; the diameter of the vacuum cell is 20 cm.
(AOM) in cascade at the output of the laser.
The cavity is composed by two mirrors (99.95% reflectivity at 689 nm), a plane
and a curved one (r = 50 cm) and a 10 cm quartz spacer. The cavity is placed on a
massive iron V-block (20 kg approx.) aligned along the horizontal axis. The vacuum
chamber that contains the cavity and the iron block is evacuated (10−6 Pa) and the
vacuum is maintained with a 2 l/s ion pump. In order to attenuate vibrations from
the optical table, pieces of Viton O-ring and rubber are used between the cavity
and the iron and between the iron and the vacuum cell. The optical table is also
supported with an active air damping system.
The reflected light from the cavity is collected with PDH detector (see Sec.
2.1.1): it is composed by a Si photodiode, amplified with a fast and low current noise
transimpedance amplifier and finally down-converted with
√ a mixer. The level of the
voltage noise at the output of the detector is -110 dBV/ Hz which corresponds to
the shot noise of 100 µW of incident light. The cavity resonance has a ∆νF W HM =
170 kHz and the slope of the error signal is 3.4 V/MHz. The error signal has then
SNR ∼ 200 in a bandwidth of 3 MHz. The error signal for locking the laser to the
cavity is then sent to the laser via three channels: (1) to the PZT of the external
cavity of the laser with a bandwidth of 2 kHz; (2) to the laser current driver with a
bandwidth of 50 kHz; (3) directly to the diode with a bandwidth of 3 MHz.
The SNR in our case would be sufficient to achieve a laser linewidth of less than
1 Hz with respect to the cavity. Actually the laser linewidth is limited by noise
induced in the cavity (mainly acoustic and sub-acoustic vibration) which is then
transferred as frequency fluctuations directly to the laser. From the integrated noise
measured on a second equivalent cavity (only employed in the laser assembling and
characterization) we can infer a fast linewidth ∆ν ∼ 20 Hz [137]. The resulting
laser linewidth is sufficiently narrow both for doing spectroscopy on the broad 1 S0 -
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P1 line [143] and for Doppler cooling on the 1 S0 -3 P1 transition down to sub-recoil
temperatures (see next section).
For the long term stability of the laser we actively stabilize the length of the
reference cavity with a lock to an atomic signal coming from saturation spectroscopy
on a strontium heat pipe. For this purpose we use a PZT transducer, placed between
the flat mirror of the cavity and the quartz spacer, for tuning the cavity length (PZT
sensitivity 38 MHz/V). In order to reduce electronic noise induced by the PZT, two
different voltages are applied to the two side of the PZT transducer: the first for
coarse tuning of the cavity (up to 2 GHz) comes from a battery, while the small
cavity length correction (up to 2 MHz) is delivered from low noise electronics.
The drift of the cavity in normal operation is of the order of 20 MHz/hr. In order
to correct for this slow drift, we send the integrated error signal to the PZT of the
cavity with an overall bandwidth of about 50 Hz. In normal operating condition,
the dynamic range of the servo electronics allows a stable lock for about one day.
The overall system (master laser, vacuum cell and optics) is quite compact and it
fits on a single 60 cm × 60 cm aluminum breadboard.

5.2.4

Performance of cooling and trapping processes

All the elements we described so far are used for trapping and cooling strontium
atoms. With the current setup it is possible to cool and trap about 107 88 Sr atoms
at µK temperatures in hundreds of ms.
The first cooling and trapping stage consists of a MOT on the 1 S0 –1 P1 transition
(“blue MOT”). With the addiction of the green repumper light at 497 nm, typically
it is possible to load up to 3 × 108 atoms into the MOT in 160 ms. During the
last 5 ms before switching off the blue beam, its intensity is reduced by a factor 10
which yields a typical MOT temperature of 2.5 ÷ 3 mK.
After the first stage cooling, the blue MOT is switched off and the atoms are
transferred into a “red MOT” operated on the 1 S0 –3 P1 intersystem crossing transition at 689 nm [111]. To this end we employ a slave laser injection-locked to the
stable master ECDL. The red beam is overlapped to the blue beam on a dichroic
mirror (see Fig. 5.10) and from this point the two beams share the same broadband
optics (mirrors, cubes, waveplates) up to the atoms.
Since the rms velocity of the captured atoms in the blue MOT is higher than the
red MOT capture velocity, we perform an intermediate cooling stage. This recapture
process involves a 200 ms long broadband phase [114] to capture and further cool the
atoms. We add an optical frequency modulation at 50 kHz with a total frequency
span of 2 MHz to the red MOT beam, which corresponds to 40 sidebands with an
intensity of 40Isat . At the end of the recapture, we normally obtain a cloud at a
temperature of about 20 µK.
After the recapture phase, the atoms are held in a single-frequency MOT which
lasts for 40 ms. During this last phase the red MOT beams intensity is decreased in
order to further cool the atoms. Fig.5.5 presents a typical time of flight measurement
of the number of atoms trapped in the red MOT and their temperature, as a function
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of the total MOT beam intensity.

r
g

texp = 200 ms

» 700 mm

texp = 12 ms

Figure 5.5: Time of flight measurement of the temperature and number of 88 Sr atoms
trapped in the red MOT as a function of the total trapping beam intensity. These
data are taken without the use of the repumper light during the capture in the blue
MOT. The picture shows typical images of the atom cloud respectively after 200 µs
and 12 ms from the release from the trap. In graph on the right, we can see that
the minimum achievable temperature is Tmin ∼ 500 nK.
Typically, we can trap 5 × 105 (4 × 106 with repumper beam) 88 Sr atoms at 1
µK. The maximum transfer efficiency of the atoms from the blue MOT to the red
MOT is about 20%. The total cooling process lasts about 500 ms, which is a bit
longer than the sum of the three cooling phases (i.e. blue MOT + recapture + red
MOT) due to mechanical shutters swiching time.
All the loading and trapping phases of the experiment are remotely computercontrolled. The control computer is equipped of a ISA board. The timing is kept
by an independent clock at 16 MHz (Viewpoint DIO128). The board has 128 TTL
channels (the actual configuration consists of only 32 active channels) which deliver
the command signals. These signal are connected to standard digital-to-analog
converters by means of a bus.
The measurement cycle is composed by both analog and digital instructions.
These are loaded into the board memory and then written in the bus at the previously programmed time. This system allows a minimum time interval between two
different actions of 2 µs.

5.3

Infrared laser at 813 nm for trapping strontium at the magic wavelength

We developed and tested a 813 nm semiconductor laser source to trap atoms in an
optical lattice. This source represents an attractive alternative to more expensive
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and more complex Ti:Sa laser systems used so far to trap strontium neutrals at the
magic wavelength [126]. The schematic diagram of the optical setup is shown in
Fig. 5.6.

Figure 5.6: The dipole trap laser setup is presented. ECDL, Extended cavity diode
laser, AOM, acousto-optical isolator, OI optical isolator, TA tapered amplifier, CL
cylindrical lens. The dichroic mirror is used to couple the trap beam to the clock
laser beam to the same PMT optical fiber.
The source is based on an extended cavity AR coated diode laser delivering up to
40 mW at 813 nm and a tapered amplifier. Since the optical lattice needs complete
retro-reflection of the laser beam, the laser requires a high level of optical isolation.
For this reason, two different optical isolation stages are set up to reduce possible
laser instabilities, as shown in Fig.5.6. The whole source is mounted on a 50 cm ×
50 cm breadboard. Typical optical power at the TA input is about 31.2 mW (Idriver
= 100 mA, T = 22.6 ◦ C). In Fig.5.7 is shown the typical amplification curve for our
MOPA system.
From Fig.5.7 we can observe that by using a driving current of about 2 A it
is possible to obtain about 500 mW at the output of the tapered amplifier at 813
nm. About half of that power is then coupled into a polarization maintaining fiber,
delivering up to 250 mW to the atoms in a standing wave. If we assume a beam waist
at the center of the trap w0 = 25 µm, from Eq.4.9 we get a dipole trap potential
depth
Udip = 16.6 µK ' 100Er ,

(5.1)

where Er = ~2 k 2 /2M = 160 nK is the single photon recoil energy of the lattice
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Figure 5.7: Measured amplification curve for dipole trap MOPA system. For IT A = 2
A the delivered power is 500 mW.

laser at 813 nm. In this conditions we demonstrated that our semiconductor-based
MOPA can trap efficiently cold atoms at µK-temperature level. With this optical
configuration we could transfer more than 10% of the atoms from the MOT operating
on the 1 S0 –3 P1 transition (see Fig.4.1). We observed a trapping lifetime of 2 s,
limited by background collisions (as shown in Fig.5.8).
We performed a direct measurement of the trapped atoms temperature by means
of a time-of-flight measurement. The results are shown in Fig.5.9(a). We can observe that both the temperatures in the radial direction Trdip = 1.6µK and in the
axial direction Tzdip = 2.6 are quite at the same level of the red MOT temperature,
hence no appreciable heating is performed by the lattice light.
The optical lattice needed to perform recoil-free spectroscopy on the clock transition is realized by retro-reflecting the dipole trap beam by a flat dichroic mirror (see
Fig.5.10) and re-focusing by means of a lens. We performed the same temperature
measurement for the lattice. From Fig.5.9(b) we can observe a more compact atom
cloud along the axial direction (σzOL /σzdip ≈ 0.70) and a colder temperature of the
atomic sample. From the value of Udip ∼ UT /4 we can also argue that the atoms
must populate the lowest energy levels of the dipole trap well (hni ' 1.5).
These preliminary studies allow us to consider our lattice laser system suitable for
high-precision spectroscopy on the 88 Sr clock transition in the Lamb-Dicke regime.
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Figure 5.8: Lifetime measurement of 88 Sr atoms trapped in the 813 nm 1D lattice.
The 2-s lifetime is limited by background pressure of the MOT cell of about 2 · 10−9
Torr.
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Figure 5.9: Temperature measurement of the trapped Sr atoms in the dipole trap
at 813 nm. The error bar on the estimated atomic cloud size is smaller than the
pointsize.
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Clock transition spectroscopy setup

The optical setup we used for spectroscopy on the Sr clock transition is based on
the previous work described in Ref.[81]. We added the lattice and clock laser beams
as shown in Fig.5.10, and a photomultiplier (PMT) to detect the fluorescence signal
from the atoms trapped in optical lattice.

Figure 5.10: Optical configuration for the 1 S0 –3 P0 clock transition spectroscopy.
PMT: photomultiplier; DM: dichroic mirror; BB = broadband.
The red 698 nm clock laser is produced and frequency stabilized in a separate
quiet room and this work has been described in the first part of this thesis. The Hzwide laser is then transferred to the Sr clock room by a 200m-long noise-compensated
optical fiber.
The clock laser beam is then prepared for spectroscopy on the forbidden transition as shown in Fig.5.11.
Here the light from the master is shifted with double pass 200 MHz acousto-optic
modulator (“AOM1 ” in Fig.5.11) and amplified with an injection locked slave diode.
It is possible to send part of this light to the 689 nm laser reference cavity which
is used as “transfer cavity” for day-to-day tuning and checking of the clock laser
frequency (see next chapter for detailed description). This task is accomplished by
sending the clock laser beam through a single pass AOM (“AOM2 ”) and then to
a PMF optical fiber which ends to the 689 nm laser reference cavity. The final
frequency gap between the clock laser frequency and the 1 S0 – 3 P0 transition is filled
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Figure 5.11: Optical setup for the laser probe at 698 nm before the atomic reference.
AOM1 = 215 MHz; AOM2 = 200 MHz; AOM3 = 80 MHz
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Figure 5.12: Optical setup of the imaging system for 88 Sr atoms on the CCD camera.
f = 100 mm, δL : probe detuning.
by a further single-pass 80 MHz AOM (“AOM3 ”). The RF generator which drives
this AOM is remotely controlled to generate the spectroscopy pulse by means of a
TTL trigger to its AM input.
All the RF signals for driving the AOMs on the clock light are generated with
computer controlled DDS system locked to 10 MHz reference signal coming from a
BVA quartz slaved to rubidium standard, which for long term is steered on the GPS
clock signal. The use of double pass high frequency AOMs and computer controlled
DDS system allow chirping the clock light frequency with a maximum span of 100
MHz at maximum rate of 2 MHz/s without changing the optical path. This gives
the possibility to scan over a very large interval of frequency values in a short time
for the first search of the clock transition.
The atoms left in the ground state after the spectroscopy pulse are detected and
counted detecting the absorption of a blue resonant beam (detuning δL = 0) on the
imaging system or by observing the fluorescence with a photomultiplier (PMT).
The imaging system setup (see Fig.5.12) consists of a triggerable CCD camera
(TEC 512 × 512 pixels). The computed spatial resolution is 6.6 µm. This value
has been calculated by taking into account the effective magnification factor 1.3 of
the optical system. Regarding the clock transition signal, we use the CCD image
to count the number of atoms by fitting the optical density profile. This procedure
CCD
constrains the data acquisition time Tcycle
∼ 5 ÷ 10 s.
In the case of the PMT data reading system, a dedicated electronics (gated
integrator + sample-and-hold circuit) yield the fluorescence signal from the ground
P MT
state atoms with a data acquisition time Tcycle
≤ 1 s. This makes this system better
suited for continuous operation of the clock. Although the imaging system is slower,
it represents a necessary tool for system diagnostic and temperature measurements,
as we saw in the previous section.
The main difference between the t
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Chapter 6
Experimental results on 88Sr clock
transition spectroscopy
In this chapter we present the results of the 88 Sr clock transition spectroscopy.
In particular, we demonstrate the feasibility and reproducibility of working on a
simplified atomic frequency reference apparatus without the use of a frequency comb.
The MIS spectroscopy scheme allowed us to find the clock transition with high
contrast (≥ 90%). We have observed a spectral linewidth below the 100 Hz.
Finally, we investigated the reasons of such high contrast by studying the collisional properties of the atomic sample in the 3 P0 state.

6.1

Clock frequency calibration: simplified clock
results

One of the challenges in optical clock research is finding an atomic resonance with a
natural (or induced) linewidth of less than 10 mHz in the sea of frequencies around
1015 Hz. In our case the problem is considerably simplified for resonances whose
frequencies have been previously precisely measured [131]. Even in this case, however, fairly precise calibration of the clock laser is needed to find the transition, since
the transition can usually be artificially broadened only up to tens of kilohertz, and
standard wavemeters have absolute uncertainties of 50-100 MHz.
Thus with a point-per-second acquisition rate, we are faced with the prospect
of searching for hours or more for the transition. If this were only a one shot deal,
this might not be too serious an issue, but in fact we regularly face this challenge,
sometimes after extended periods of downtime. So in reality we are confronted with
two separate tasks. First, we need to find the transition for the first time through
some type of external calibration of the probe laser frequency. Second, we need to
calibrate a part of the apparatus so it can robustly be used to tune the probe laser
frequency quickly to the resonance on a day-to-day basis. Usually these problems
are solved with a combination of a fs-laser frequency comb referenced to some other
type of frequency standard (Cs fountain, GPS, etc.) and an ultra-stable reference
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cavity enclosed in a carefully monitored environment.
We developed a simplified method to search, find and day-to-day calibrate the
clock frequency without using external support devices like referenced frequency
combs, but using only the ULE-cavity stabilized clock laser, the second stage cooling
laser (689 nm) and a commercial wavemeter. Three main ideas and steps were
developed to achieve stable and repeatable spectroscopy on the 1 S0 – 3 P0 transition:
1. Calibration of a commercial wavemeter by means of the 1 S0 –3 P1 transition
frequency and tuning of the clock laser frequency at the expected 1 S0 – 3 P0
transition frequency
2. Searching the clock transition by chirping the laser frequency
3. Use of the transfer cavity to record and re-calibrate the clock laser frequency

6.1.1

Search of the 1 S0 – 3 P0 transition

To find the transition for the first time, we used the 689 nm light, which is locked to
the well-known frequency of the 1 S0 –3 P1 transition [143] to calibrate a commercial
wavemeter (Burleigh WP-1500). The measured frequency was
ν 689 = 434, 829.05(2) GHz
We observed that the wavemeter has a precision of about 20 MHz but we found
that it had an offset of nearly ∆ν 689 = 70 MHz for the transition at 689 nm.
We assumed the same value for the offset at 698 nm when we measured it by
means of the same wavemeter. By means of a series of differential measurements of
the two frequencies, we evaluated the actual shift from the clock transition frequency.
We were able to achieve an absolute uncertainty for the probe laser frequency of less
than 5 MHz. We found a relative shift ∆ν 698 = (-90 ± 5) MHz from the expected
clock laser value. To compensate this shift we set fAOM4 = 80 MHz (see Fig.5.11)
and VCO frequency driving the AOM in the clock laser laboratory fF N C = 70.325
MHz.
All the radio-frequencies which govern the final frequency of the clock laser are
locked to our 10 MHz reference. In particular, AOM1 driving signal is generated by
a commercial synthesizer (SRS DG345) and a computer controlled DDS (AD9954).
The first is used to change manually the clock frequency shot-by-shot, the second
gives us the possibility to chirp the AOM driving frequency. Frequency chirping
increase our searching rate by chirping the probe laser frequency over 200 kHz during
each 1 s probe pulse.
We begin the clock transition search by using the following parameters:

λlattice

B = 16 mT
I0 = 3 W/cm2
= 813.88 nm = λmagic + 0.4nm
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From Eq.4.29, we can estimate the effective Rabi frequency to be Ω = 2π· 1.2
kHz, so there should be observable population transfer if the resonance lies within
the chirp range. Under these conditions we could take 200 kHz steps every 10
seconds and were able to find the transition quickly (see Fig.6.1), within 2 MHz of
the value predicted by the calibrated wavemeter.

Figure 6.1: First spectrum of the 1 S0 – 3 P0 clock transition at 698.4 nm of 88 Sr
trapped in 1D lattice observed with frequency chirping of the clock light. Each point
represents the number of atoms left in the ground state after the 1 s excitation with
a 200 KHz chirping. The data points were taken with a CCD camera.
The relative atomic population density plots are shown: on the right, the typical
density map for off-resonance light probe; on the left the atoms almost disappeared
in the density map. The inset shows a fine frequency sweep around the found value
for the clock resonance. A > 99 % contrast value is achieved. Furthermore, the
sideband structure is visible.

To be noticed in this configuration is the line contrast obtained that result in a
clear signal even in the presence of fluctuation in number of atoms > 20% (in the
present setup no repumpers are used to normalize the signal to the atom number).
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Figure 6.2: Detail of the transfer cavity setup used to obtain an optical frequency
reference for the clock 698 nm light in day-to-day operation. Two beams, from
second stage cooling at 689 nm (neon red) and from clock laser at 698 nm (red),
are coupled with orthogonal polarization to the high-finesse cavity locked to the
1
S0 – 3 P1 transition. Two acousto-optical modulators (AOM2 and AOM3 ) are used
to shift the clock laser frequency in order to match respectively the frequency of
a resonant mode of the transfer cavity and the atomic resonance. The day-to-day
drift of the clock laser frequency is then corrected with AOM2 by monitoring the
cavity transmission at 698 nm on the transmission photodedector (PD). FSR: free
spectral range. RM: removable mirror.

6.1.2

Transfer cavity method

We developed a method to remove the need for the wavemeter on a day-to-day basis
through use of the 689 nm prestabilization cavity as a transfer cavity [145, 146].
The detail of this setup is shown in Fig.6.2.
We took advantage of the near coincidence in wavelengths by using the 689 nm
pre- stabilization cavity as a transfer cavity. The transfer cavity might be seen as a
frequency comb in the range of wavelengths between 670 and 700 nm. In fact, in this
range the reflectance is maximum and mirror reflection phase shift can be considered
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constant[147] , and therefore cavity mode spacing. Once a cavity resonance has been
locked to the 1 S0 –3 P1 transition, all the cavity modes in the mirror bandwidth are
fixed and represent a frequency reference.
We coupled some 698 nm light into this cavity with a polarization orthogonal
to that of the 689 nm light. We then used an acousto-optic modulator to shift the
frequency of the 698 nm light so that the cavity was simultaneously resonant for
both the 698 nm light and the Sr-stabilized 1 S0 –3 P1 light at 689 nm. This enabled
us to set the clock frequency within 100 kHz of the resonance, which corresponds to
the transfer cavity linewidth.
If the reference cavity for the 698 nm clock laser drifts overnight, then the next
day we tune the laser offset to overlap to the resonance again and then the transition
can be found within a minute or two under the search conditions. This approach
has already proven to be effective even when a drift of the reference cavity of several
MHz occurred over a weekend, due to accidental large room temperature variation.
Clearly the transfer cavity is affected by day-to-day drifts too. It is then useful to
estimate the validity of this new method for searching and calibrating the apparatus.
Let us assume we are able to find the clock transition and tune part of the clock
light in such a way to put it resonant on a transfer cavity longitudinal mode. Then,
the day after we lock the transfer cavity to the 1 S0 –3 P1 transition, but both its length
and piezo tuning are changed by δF SR . Assuming a one degree thermal shift and a
free spectral range (∼ λ/2 ∼ 345 nm) piezo shift (mistuning), we can estimate the
two shifts equal to:
∆νthermal = 8.84 · 10−7 GHz ' 880 Hz;
∆νP ZT = 5.171 · 10−6 GHz ' 5200 Hz.
Then we can assume a maximum day-to-day shift of the order of δF SR ∼ 6 kHz.
Suppose now that both spacer thermal expansion and piezoelectric tuning are
responsible of a FSR offset δF SR with respect to the natural value. Then a general
expression for the new cavity mode spacing is:


c
δLP ZT
∆νF SR =
(6.1)
1 − αδT −
= ∆ν0 − ∆νthermal − ∆νP ZT
2L
L

The frequency difference between the two excited levels, 3 P0 and 3 P1 is about
3737 cavity modes. Assume we are able to find the clock transition and tune part of
the clock light in such a way to put it resonant on a transfer cavity longitudinal mode.
Then, the day after we lock the transfer cavity to the 1 S0 –3 P1 transition, but both
its length and piezo tuning are changed by δF SR . Once the cavity is locked, the piezo
will compensate the thermal drift and the new ∆νF SR will be fixed. Suppose that
the clock light didn’t sense any frequency drift with respect the previous frequency
tuning. Its previous frequency separation was
ν 689 − ν 698 = nmodes × ∆νF SR
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Then the distance between ν 698 and the transfer cavity mode where it was resonant is
|fcavity − ν 698 | ' nmodes × δF SR ' 22MHz

(6.2)

Actually, one tunes the PZT voltage to compensate the day-to-day spacer expansion, so it is possible to mistune the cavity length of one mode when this drift
is very large. So if one considers just ∆νP ZT , the frequency difference (Eq.6.2) can
be of about 20 MHz. We experimentally found that, the clock laser sometimes experience a shift about 20 MHz with respect to the closest transfer cavity line. This
is in perfect agreement with the arguments we brought so far.
So as long the day-to-day shifts are less than 10 MHz (they are usually less than
100 kHz in the lab), we can quickly rectify the situation either by tuning the transfer
cavity back to the standard mode or by accounting for the 20 MHz shift.

6.2

First results on the spectroscopy on the clock
transition

In Fig.6.1 the inset shows a preliminary lattice spectrum taken with the frequency of
the probe light unchirped. However, we have still used a long probe time (1 second
(tbc)) and used full probe intensity and maximum magnetic field. With an on
resonance Rabi frequency of 2 kHz, we clearly are greatly overdriving the transition
(pulse area = 1000π, in contrast with most presented spectra, which strive to have
near π excitation). Nevertheless the triplet usually seen in lattice clock spectra [126]
can be observed.
In Fig.6.3 we show a spectrum taken by recording the ground state fluorescence
gathered by the photomultiplier in Fig.5.10.
Spectroscopy of the 1 S0 – 3 P0 in the lattice is performed using a simple technique.
After the lattice has been loaded and all the cooling beams have been turned off, the
clock light is turned on by AOM3 to apply a pulse of the 698 nm light to the atoms.
If the clock laser is on resonance, this excites a fraction of the atoms to the 3 P0 clock
state where they remain for much longer than the lifetime of the measurement cycle.
After the excitation pulse the number of atoms remaining in the ground state are
measured by observing the fluorescence from a 100 µs light pulse that is resonant
with the 1 S0 –1 P1 transition at 461 nm. This 461 probe beam, also delivered to
the MOT cell by another fiber, is collimated to about 0.36 mm in diameter and
has a power of 2 mW and intersects with the atoms in the lattice. Despite being
retroreflected to minimize the heating of the atoms during the blue probe pulse, the
detection pulse is destructive with most of the atoms being heated to a temperature
above the lattice depth. About 3% of the fluorescence from the 461 nm probe pulse
is collected with a 50 mm diameter, 40 mm focal length lens and detected with a
Hammatsu PMT module. The PMT signal is integrated, sampled, and held until
the next measurement using analog circuits. After the 461 nm fluorescence pulse,
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Figure 6.3: Resolved spectrum of magnetic-induced 88 Sr clock transition. This spectrum shows a carrier and red(lower) and blue sidebands. The separation of the sidebands gives the characteristic oscillator frequency of the 1D lattice and the relative
height of the sidebands given the thermal distribution of the atoms in the lattice.
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the laser cooling cycle is repeated to collect new atoms in the lattice. The total
cycle time is roughly 1500 ms depending on the clock laser probe time τ698 .
The fluorescence signal from the PMT has many background sources. The signal
comes from light scattered off of the atoms that are trapped in the lattice. There
are also three separate sources of background: direct scattering from windows and
optics, scattering from cold atoms not trapped in the lattice, and scattering from
the atomic beam. The first two sources are made negligible by good imaging of the
cloud and by adding enough delay before the probe pulse for cold atoms to fall out
of the detection region. However, the main noise source is due to the shot-to-shot
fluctuations in the atoms number.
Spectral lineshapes as the one shown in Fig.6.3 of the clock transition are taken
by a controlled scan of the frequency of AOM1 , that of the double passed AOM before
the clock laser amplification stage. The sample and hold signal is then recorded on a
digital oscilloscope as the clock laser frequency is scanned. To increase the resonance
profile SNR, we average over multiple scans.
The spectrum of Fig.6.3 displays both the narrow carrier in the center and the
vibrational sidebands on the wings. We can glean a lot of information about the
parameters of the lattice from this picture. First, the frequency of the sidebands
gives the oscillation frequency of the atoms in the lattice. The peak of the sidebands
is at about 50 kHz.
This frequency is related to the potential depth by Eq. 4.12
M νz2 λ2L
' 55 Er
(6.3)
2
This value is lower than our estimate for a dipole trap in Eq.5.1. We investigated
this discrepancy by measuring both the amplitude noise of the lattice beam and by
studying the frequency noise by means of a scanning Fabry-Perot. In spite of our
efforts we could not solve this problem and further investigations will be necessary.
The effective lattice temperature on the z-axis, which we independently estimated
by means of a time-of-flight measure (see Fig.5.9(b)), can be also derived from the
amplitude ratio between the red and blue sidebands signals[148]:
 

hνz
Sred
T =
(6.4)
ln
kB
Sblue
UT =

Here Sblue and Sblue represent respectively the amplitudes of the blue and red
sidebands.
The result is T = 2.8(1)µK. This value is a little lower than that measured in
the cloud (from Fig. 5.9(b), T ∼ 3.5(2)µK). Although the difference is not significantly wide, it indicates that probably only the coldest fraction of the atomic
ensemble in the lattice participates to the interrogation process. Furthermore, this
temperature is also higher than the dipole trap axial temperature. This suggests a
possible parametric heating of the atomic sample at the trap frequency due both
to amplitude or phase noise [149]. Preliminary measurements of the lattice laser
amplitude noise showed an heating time Theat (νz ) ' 102 s, which is far above the
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background collisions-limited trap lifetime (see Fig. 5.8).
For clock operation the carrier is our main interest. Figure 6.4 shows a number
of representative scans of the carrier with various spectroscopic parameters.
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Figure 6.4: MIS spectra of 88 Sr 1 S0 – 3 P0 clock transition. The best achieved
linewidth is 73 Hz (d). limited by residual drift (via multiple scan averaging) of the
probe laser and atom number fluctuations (via density shift).
We performed Rabi spectroscopy (τ698 = 200 ms) around
√ the carrierpfrequency.
The effective Rabi frequency is given by Eq.4.29, Ω ≈ 198× I|B| Hz/(T· mW/cm2 ).
The best achieved clock transition linewidth is about 73 Hz, i.e. a factor two above
the predicted value for a perfect π Rabi pulse. This linewidth is limited by residual
drift (via multiple scan averaging) of the probe laser and atom number fluctuations
(via density shift).
At the beginning we subtracted the laser drift off-line, then we where able to
correct on-line by a DDS based system by acting on the radio frequency which
drives the AOM before the fiber link in the clock laser laboratory. The best achieved
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linewidth (Fig.6.4) was found by feed-forwarding a 0.7 Hz/s drift rate to the clock
laser frequency. At the moment, all these measurements are not limited by effective
clock laser frequency noise.

6.3

Collisional measurements on

88

Sr 3P0 state

Observing the clock transition with nearly 100% contrast was surprising, since overdriving a two level atom leads to a maximum contrast of 50% due to Rabi oscillations. A strong dependence of the contrast on clock pulse duration τ698 was also
observed. This anomalous phenomenon was observed both for carrier frequency and
for sidebands.
Then, to explore this effect, we examined the decay of the ground state population in presence of continuous clock light impinging on the atomic sample. The
clock light couples the two atomic states and leads to the usual Rabi oscillation.
In Fig.6.5 the results of this experiment is shown: here a comparison of the 1 S0
population with and without clock light is presented. Because of some instability
on the lattice population, we performed this experiment with just a dipole trap.
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Figure 6.5: Experimental study result of collision effects on the 88 Sr 1 S0 – 3 P0 transition. The black line represents the fit result on the first 1 S0 population data we took
without clock light. The behaviour of the population decay is clearly exponential.
We found τtrap = 2.9 s. The red line is the (numerical) non-exponential decay rate
due to N 2 loss term in the rate equations.
From the decay plot, it is clear that when resonant clock light is present, the
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atoms are lost at a higher rate compared to the normal decay rate due to background
gas collisions. In the upper part of Fig6.5 we can see that background gas collisions
limit the trap lifetime to 2.9 s when the clock light is off.
A simple model to test a possible collisional loss mechanism is to insert a term
∗ 2
β N2 in the rate equations which govern the Rabi oscillations regime [150], where
N2 is the number of atoms in the excited clock state. We numerically solved the
new rate equations and we observed a nice corrispondence between data points and
decay rate solution. We found the best value for β ∗ = 2.3 · 10−4 . This value can
be compared to recent measurements [151], where the collision rate coefficient is
function of the atomic densities.
In order to characterize our collisional rate study, we performed a series of crosscheck measurements (Fig.6.6) to demonstrate that the dipole trap temperature does
not change during the decay.The time-of-flight measurement results are shown in
Fig.6.6(a): they are consistent with a constant temperature T = 1.86 ± 0.23µK.
The temperature value is necessary to find the atomic cloud volume. In fact the
collisional parameter in Ref.[151] can be simply related to our β ∗ by means of
β = β ∗ (2π)3/2 σr2 σz

(6.5)

Eq.6.5 holds for a 3D Gaussian density function for the trapped atoms, where
σr and σz are the sigma’s in the radial and axial directions respectively.
To avoid systematic effects due to an eventual estimate of the atomic size by our
imaging system, we performed a direct measurement of the radial trap frequency
νr , which is related to the radial dimension of the trap itself. The result is shown in
Fig.6.6(b).
The cloud oscillation is originated by turning off the trap light and suddenly
turning it on again after about 300 µs [81]. The nonlinear fit of the cloud peak
position reveals an oscillation frequency equal to νr = 566 ± 12 Hz. This value and
the atoms temperature lead to a radial trap size equal to σr = 3.7 ± 0.2 µm. By
using the axial temperature in Fig.5.9(a), we found σz = 635±0.2 µm. The resulting
loss coefficient β due to 3 P0 atom collisions is then
β = (3.2 ± 0.6)10−17 m3 /s

(6.6)

This result is about a factor 5 greater than the one in Ref.[151], although we
performed our measurements in a higher density cloud.
The difference might be also attributed to additional losses due to inelastic collisions between thermal atoms in the ground and excited state. Thus, Assuming a
value of β = 4 · 10−18 m3 /s, from the fit of the experimental data with the solution
of the decay equations, we estimate the value for interstate collision coefficient to
be w = 3(2) · 10−17 m3 /s.
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Figure 6.6: Characterization measurements of the dipole trap at 813 nm during
collisional study in the 3 P0 level. Udipole = 13.4 µK.
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Beside frequency stability, another important requirement is the capability to control all the frequency shift sources with the best possible precision. In chapter 4
we addressed the main sources of inaccuracy. In particular, controlling the probe
intensity and the bias magnetic field effects both on the spectral linewidth and the
peak position are the important tasks toward the realization of a 88 Sr optical clock
based on the MIS technique.
We started a first measurement of the variation of the clock transition frequency
and its linewidth by changing the probe field intensity and the bias magnetic field
value.
The experimental results are shown in Fig.6.7 for the probe field intensity, and
in Fig.6.8 for the Helmholtz coils current. We can see that for both frequency shift
∆νclock (respectively on Eqs. 4.28 and 4.27) and the linewidth Γclock (see Eq. 4.30)
the theoretical dependences on Iprobe and B are respected.
The resulting fit parameters have to be compared with the theoretical values of
∆L and ∆B we introduced in Sec.4.4. From Fig.6.7 first fit we can extract a value
κexp = −5.9 ± 3 mHz/(mW/cm2 )

This value has to be compared with κ of Tab.4.3 and result a factor 2 less than
the calculated value. A similar discrepancy has been found the Yb bosonic clock
using the MIS technique [128]. Possible explanations can be found on alignment
errors in the location of the probe waist with respect to the trap and difficulties on
intensity calibration and shot-by shot fluctuations.
In the case of magnetic B field we can use the β value as the correct one and
thus calibrate our Helmholtz coil current. The calibration value is:
p
∆B /β
B
µcoil ≡
=
= 1.5 ± 0.1 mT/A
Icoil
Icoil
which is a little higher than the design value (µdesign ' 1.3 mT/A). The error
on the B-field calibration may be interpreted as fluctuations, which may induce a
fluctuation in the clock transition absorption signal via AC Zeeman effect.
It is possible to estimate a preliminary accuracy budget of our atomic frequency
reference.
• Magnetic field error

The narrowest linewidth was observed at a magnetic field B = 1.5(1) mT. The
uncertainty on B corresponds to a shift of δνB = 7 Hz.

• Clock laser error

From the measured clock laser parameters (P = 150 µW and w0 = 25 µm)
the systematic effect on the clock frequency is δνIclock = 45 Hz. This value
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Figure 6.7: Clock frequency shift and line broadening versus probe power.
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Figure 6.8: Clock frequency shift and line broadening versus Helmholtz coil current
used to generate bias magnetic field B used in magnetic-induced spectroscopy of the
1
S0 – 3 P0 transition.
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Systematic effects
Uncertainty (Hz) δν/ν(×10−14 )
Quadratic Zeeman
7
1.6
AC Stark clock laser
45
10
AC Stark Lattice laser
≤ 0.6
Cold collisions
27
6
Total
52
12
Table 6.1: Theoretical uncertainty budget for the 88 Sr optical lattice clock. The
values are given in conditions (Iprobe = 15 W/cm2 , B0 = 1.3 mT, UT = 55 Er ,
n0 = 2.5 · 1011 ).
dominates the error budget and is due to both the uncertainty on κ and the
high intensity used.
• Cold collision error

From the trap characterization measurement we described in the previous
section, we get a peak density value n0 = 2.2 · 1011 at/cm3 . We did not
perform a direct clock frequency shift measurement for collision effect. Using
the theoretical value of χ (see Eq. 4.32) we obtain:
δνcoll = δχn0 = 27 Hz

(6.7)

• BBR and Lattice AC Stark effects

From Eq. 4.19, both amplitude and frequency noise of the trap laser give negligible error with respect to the previous effects, as well as room temperature
fluctuations coupled to the atoms via the BBR AC Stark effect.

In Tab.6.1 it is summarized the preliminary accuracy budget for our 88 Sr optical
lattice
with MIS technique. The total systematics give a relative error δν/ν =
P p clock
2
( i δνi )/ν = 1.2 · 10−13 . This value has to be compared to the expected Qat for
the used parameters (Iprobe = 150 mW/cm2 , B0 = 1.5 mT, UT = 55Er , n0 = 2.2·1011
at/cm3 ):
Q−1
at '

Ω/2π
= 8.5 · 10−14 .
ν0

The projected systematic error on the clock frequency is very close to the measured spectral linewidth. Probe intensity effect seems the most relevant source of
error and probably active intensity stabilization is needed beside an increase of the
beam waist value.
It is possible to calculate a rough estimate of the projected frequency stability
from
Eq. 2 for the clock Allan deviation by substituting the QPN dependence on
√
Nat with the atomic line SNR. If we consider that the best SNR of Fig.6.4 is 13.97,
this would be equivalent to a quantum projection noise of Natoms ≈ 195, while the

6.4 Systematic effects toward

88

Sr optical clock

131

effective number of atoms which participate to the spectroscopy process is much
higher. This means that other noise sources are damping our atomic signal and a
general improvement of the atomic setup will be mandatory.
Assuming that all the noise sources have a white spectrum, since the duty cycle
is also not optimal (τint =200 ms, Tc =1500ms), if we put these numbers in Eq.2 we
get
r
∆νclk
Tc
2.2 · 10−13
√
(6.8)
σy (τ ) ≈
=
πSN R ν0 τ
τ
A successive task will be to directly measure the real frequency stability of our
Sr optical frequency reference. A dedicated frequency comb is under construction
in the same quiet laboratory where the clock laser is sited [152]. This device is
mandatory for a comparison with optical and RF frequency standards.
88
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Chapter 7
Conclusions and perspectives
The aim of this thesis was to build and experimentally demonstrate the possibility of
a new optical atomic clock. This is based on a cold sample of 88 Sr atoms, trapped in
a one dimensional optical lattice, which provides as frequency reference the optical
transition between the 1 S0 and 3 P0 levels. The techniques developed in this work
allow direct application to transportable devices.
The first task of this work was to prepare the laser probe which works as local
oscillator for our optical clock.
We have developed an original laser system based on ultra-high quality optical
resonators which have been completely characterized. The frequency stabilized clock
laser has demonstrated a minimum Allan deviation σy (τ ∼ 60s) ≈ 10−15 . Still
almost an order of magnitude separates our frequency (in)stability to the very-low
thermal noise limit set by our fused silica mirrors. Nevertheless, all environmental
issues and photo-driven noises were respectively minimized and controlled by means
of active servo cancellation.
We developed a multiple step temperature control of our environment in such a
way that the final drift rate is of the order 1 Hz/s.
Our system is able to send such stable electromagnetic radiation to the atomic
reference lab 200 meters away by means of a dedicated fiber link. This link provides
a noise compensation up to the 10−17 stability level after hundreds of seconds, and
therefore is not a limitation to our spectroscopic measurements.
Once we ultimated the preparation of the high spectral purity clock laser, the
next step of this work was to start a spectroscopic study on the forbidden 88 Sr 1 S0
– 3 P0 transition. This transition represents the atomic reference for a future 88 Sr
optical lattice clock.
We proved the effectiveness of the magnetic-induced spectroscopy method on
the 88 Sr atoms. In addition, we demonstrated the capability of our experimental
apparatus to perform spectroscopy in the Lamb-Dicke regime in an optical lattice.
We have demonstrated that a semiconductor-based MOPA system can be used
to generate an optical lattice, although some further optimization work is necessary
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to improve the stability of the atomic sample. The latter would be implemented by
setting up a detection scheme based on the electron-shelving technique.
Finally, the first spectroscopy results on the 1 S0 – 3 P0 transition are quite encouraging and still a lot of work has to be done to reach the level of stability of other
optical lattice clock experiments. We achieved a hundred-Hz atomic frequency reference. The atom number fluctuation does not allow us to lock our laser frequency
to this reference. However, the present√expected stability of this optical frequency
reference could be σy (τ ) ∼ 2.2 · 10−13 / τ .
During the course of this optical clock development, we found a way to achieve
extremely high levels of ground state population depletion (more than 99 %), which
further expedites the search procedure. An initial investigation into the source of
the unexpectedly high contrast revealed evidence of density dependent collisions.
We estimated this effect [Eq.6.6] and it might be due to both 3 P0 – 3 P0 collisions
but also to 1 S0 – 3 P0 collisions.
This effect could represent a strong limitation for operating a 88 Sr 1D lattice
clock at high densities and underfilled 2D or 3D traps could be the only way to
overcome this effect.
Recently a demonstration of an optical lattice clock with 88 Sr atoms trapped in
a 3D lattice has been performed [153]. This demonstrates that 88 Sr optical lattice
clock is an important option in the whole landscape of optical clocks and gives a
further boost to the development of our experiment.
Finally, we have to emphasize that our experimental apparatus was conceived
to be highly reliable but also very inexpensive in terms of both space and power
consuming. This work has demonstrated several key facets of an ultimately transportable lattice clock system. We have constructed an apparatus that uses only
lasers based on semiconductor technology, which greatly reduces the size and power
requirements over previous versions. We also have shown how the comparatively
small fine structure splitting in 88 Sr can be used to develop a technique (the “transfer cavity method”) that enables one to quickly find the clock transition without
reliance on extensive metrological apparatus.

Appendix A
Materials physical properties
Fused Silica mirror substrate
Parameter
Density
Loss angle
Young modulus
Poisson ratio
Thermal conductivity
Heat capacity
Coeff. thermal expansion
Thermal index coeff.

Value
ρ = 2201 kg m−3
φ = 1/(1 × 106 )
E = 720 GPa
σ = 0.17
κ = 1.38
C = 704 J kg−1 ◦ K−1
α = 550 ppb ◦ K−1
dn/dT = -11.8 10−6◦ K−1

Ref.
[53]

Table A.1: Summary of fused silica physical parameters used for calculations and
numerical simulations in this thesis

ULE spacer
Parameter
Density
Loss angle
Young modulus
Poisson ratio
Thermal conductivity
Heat capacity
Coeff. thermal expansion

Value
ρ = 2210 kg m−3
φ = 1/(6 × 104 )
E = 67.6 GPa
σ = 0.17
κ = 1.31 W m−1 ◦ K−1
C = 767 J kg−1 ◦ K−1
CTE ≤ 30 ppb ◦ K−1

Ref.
[89]
[53]
[89]
[89]
[89]
[89]
[89]

Table A.2: Summary of ULE physical parameters used for calculations and numerical simulations in this thesis
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Materials physical properties

Mirror high-reflective coating
Parameter
Loss angle
Coating thickness
Index of refraction

Value
φF S = 4 × 10−4
d = 3.642 10−6 m
nT a2 O5 = 2.141
nSiO2 = 1.5

Ref.
[53]
[154]
[154]
[154]

Table A.3: Summary of high-reflective coating (SiO2 /Ta2 O5 ) physical parameters
used for calculations and numerical simulations in this thesis
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