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Introduction

New kinds of clocks are today revolutionizing time keeping with enormous
consequences for science and technology. They are called “optical clocks”
and they are a new generation of atomic clocks based on optical transitions.
This thesis describes the design and the ongoing realization of the first trans-
portable optical clock based on neutral laser-cooled strontium atoms trapped
in an optical lattice. Transportability is the key feature to take full advan-
tage of the expected performance allowing a wide range of applications on
Earth and also in Space in the near future. A transportable optical clock
can be used on Earth to characterize other optical clocks placed in stationary
laboratories, toward the future re-definition of the SI second based on optical
standard. Future space optical clocks can test the general relativity at an
unprecedented precision level, measure the gravitational redshift and map
the gravitational Earth field. Additionally they can provide many techno-
logical applications such as a new type of relativity-based-geodesy and a new
generation of high precision navigation and positioning systems. Strontium
is one of the best candidates for these applications as it is the most mature
within the optical lattice clocks with many clock-laboratories under devel-
opment around the world. In order to move from the laboratory systems of
today to space-qualified instruments the key challenge of this work has been
to outline the main physical and technological requests for a transportable
optical lattice clock and match them with novel solutions. Design and char-
acterization have been mainly focused on the production of cold strontium
atoms that represent the core of an optical lattice clock. A transportable
laser-cooled strontium source has been completed and characterized, it can
provide a sample of about 107 atoms at 1 uK temperature. Novel approaches
and solutions to reduce dimension, weight and power consumption of the
experimental setup, maintaining a high level of operation reliability, are pre-
sented in detail. This activity is part of an european project called “Space
Optical Clocks” funded by the European Space Agency (ESA).
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2 CONTENTS

The contents of this thesis are organized as following:

Chapter 1 provides an historical background of the evolution of time mea-
surement. Optical clocks are presented together with the their wide range
of applications and the request of a transportable version is also discussed.

Chapter 2 introduces theoretical concepts for laser cooling and trapping
of neutral atoms.

Chapter 8 presents the operating principle of a strontium optical lattice
clock. The strontium atom and its peculiar features are discussed. The theo-
retical background introduced in the previous chapter is here applied to this
kind of atom.

Chapter 4 is dedicated to the transportable system for ultra-cold stron-
tium production. Design and realization of each component are shown in
detail. Novel solutions adopted to reduce volume, mass and power consump-
tion are also presented.

Chapter 5 presents the preliminary experimental results achieved with
the transportable setup.



Chapter 1

Introduction to Optical Clocks

1.1 Historical Background

The measurement of time has always been fundamental in the mankind’s
everyday life. A clock is what does this measurement by “keeping time”
in terms of time units or cycles of periodic phenomena. Any physical phe-
nomenon that repeats itself with a certain constant frequency (“oscillator”)
can be used to measure time intervals by counting and keeping track of the
occurred number of cycles. Thus, a clock is essentially composed by two
main parts: an oscillator and a counter which keeps track of the oscillator

cycles (see Fig.1.1).

oscillator counter

Figure 1.1: Conceptual scheme of a clock.

1.1.1 Astronomical and Mechanical Era

There are many periodical phenomena in nature that can be used as
oscillators. The most common and ancient is provided by the motion of the
Earth and the Sun. When ancient people put a stick in the ground to observe
the movement of its shadow from sunrise to sunset and marked off “noon”
they implemented the counter and hence the first clock of human history, the
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sundial (see Fig.1.2). Measuring the time with
astronomical events has been a natural tech-
nique to synchronize on time scales of months,
days or even hours important human activi-
ties like agriculture, trade and religious prac-

tices. Unfortunately the operation of these

early clocks depended on weather conditions
Figure 1.2: The sundial, the first

and in order to overcome this limit the first ok of human history.

man-made clocks were developed (see Fig.1.3).

Initially they were based on sand and water flow and they were used to in-
terpolate or keep track of time between astronomical checks (between sunset
and sunrise for example). In centuries with the increasingly complexity of
the human activities hourly precision became insufficient. The basic concept
to improve the resolution of time keeping is to use a periodic event which
occurs more frequently, such that the time can be divided into smaller in-
tervals. For this purpose, in the 14th century, first all-mechanical clocks
were built. They were based on “verge-escapement” mechanisms powered by
a weight attached to a cord and they had an oscillation frequency higher
than that of sand or water clocks keeping time to within about 15 minutes
a day. But no two clocks kept the same time because the frequency was
very dependent upon the friction between parts, the weight that drove the
clock, and the exact mechanical arrangement of the parts of the clock. What
was needed was some sort of periodic device whose frequency was essentially
a property of the device itself and did not depend on external factors. In
the 17th century, the Galileo pendulum was found to be such a device by
the scientist Christian Huygens. His pendulum clock was accurate within 10
seconds a day, a dramatic improvement over the ‘“verge-escapement” clock.

With the development of the navigation across uncharted oceans further
improvements in time keeping became necessary in order to localize ships.
In particular there was the crucial need to have a clock aboard ships telling
the accurate time at Greenwich, England, in order to find their position east
or west of the zero meridian. The pendulum clock had been an enormous
improvement but it was no use at all at sea since the rolling and pitching of
the ship made it inoperative. A different approach was needed and it was
the English clock maker John Harrison who, in 1761 successfully tested the
first marine chronometer based on a “balance-spring” mechanism, showing
to keep time with accuracy within 1 second a day, enough to precisely deter-
mine longitude. After these successes many further refinements were made
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Figure 1.3: Evolution of mechanical clocks [1] .

to pendulum reaching the limit of this technology in 1921 with the “two pen-
dulum clock” developed by William Hamilton Shortt. This type of clock kept
time within 1 millisecond per day. Nevertheless the pendulum clock could
not be used as an absolute timescale because of its limited reproducibility
in design and implementation. In fact the period of the pendulum depends
upon its length. Even if clocks makers could agree on a fixed length, limited
tolerances in length measurements, machining and thermal expansion limits
the reproducibility of the oscillation period in different clocks.

The first big step in a new direction was taken by the American scientist
Warren A. Marrison with the development of the quartz-crystal clock in 1929.
The operation of this new clock is based on the natural piezoelectric quality
of quartz crystal that resonates, or “ring”, with a frequency that depends on
its dimensions, producing a voltage across points of its surface. If it is placed
in on oscillating electric circuit that has nearly the same resonant frequency,
the crystal will vibrate at its natural frequency, and the frequency of the
circuit will become the same as that of the crystal. The internal friction of
the quartz crystal is so very low that the crystal’s vibration may range from
a few thousand to many millions of cycles per second, depending on how
it is cut. The best crystal clocks can keep time within less than 1 millisec-
ond per month. Billions of quartz oscillators are manufactured annually for
use inside clocks, watches, cell phones, computers, radios, and nearly every
type of electronic circuit. Even so, quartz oscillators are not ideal frequency
standards. Their resonance frequency depends on the size and shape of the
crystal and no two crystals can be exactly alike or produce exactly the same
frequency. In addition, the frequency of a quartz oscillator changes slowly
over time due to aging, and can change more rapidly due to environmental
factors, such as temperature, humidity, pressure and vibrations. These limi-
tations make them unsuitable for being a “time standard” and the quest for
better accuracy has led to the development of a new kind of clocks called
“atomic clocks".
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1.1.2 Quantum Revolution

In the last century, with the discovery and development of quantum
mechanics came the possibility of using oscillators more precise than any
mechanical or celestial reference previously known to man. These oscillators
are based on atoms and molecules. The laws of quantum mechanics dictate,
indeed, that atoms and molecules can have only certain discrete values of
energy and they can make transitions between two different energy levels (E;
and FE9) by absorption or emission of energy in the form of electromagnetic
radiation having the precise frequency

vy = B> — B :
h

where h is the Planck constant. In many atomic systems, the energy lev-
els are very insensitive to external perturbations, such that the radiation
frequency v is robust and reliable. On the basis of these considerations
the basic principle of an “atomic oscillator” is simple: an opportune robust
and reliable natural transition frequency v serves as a reference to which a
laboratory radiation source, with frequency v, can be compared and stabi-
lized. The architecture of an atomic clock is then completed by a counter
that keeps track of the oscillations of the stabilized frequency (see Fig.1.4).
The enormous advance of using an atomic frequency standard is that the
clock frequency should be independent of the man-made components of the
oscillator. Every copy of a given atom is identical, such that a clock using
a certain atom will operate at the same frequency as an independent clock
based on the same atom placed anywhere in the universe. In a word this
means that, once defined the kind of atom and the clock transition, this clock
can be used as a “time standard”.

atomic oscillator

man-made radiation atomic reference
counter
Ey Iy |2>
\/\Vf\f frequency signal hVO E frequency signal V\V(_)Jf_\_j_)
— . —_—
v
By ————1)
Tclcctronic signal feedback control | clectronic signal

Figure 1.4: Architecture of the atomic clock.
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1.1.3 Clock Performance

To better understand the evolution of atomic clocks and their application
as “time standard” it’s necessary to introduce some basic concepts that are
used to measure their performance.

Quality Factor (Q)

The concept of “Quality Factor” or “@Q)” is referred to oscillators. An ideal
oscillator would be one that, given a single initial push, would run forever.
But of course this is not possible in nature; because of friction everything
eventually runs down. Some oscillators, however, are better than others, and
it is useful to have some way to discriminate their performance. One such
measure is provided by @, that is defined as

energy stored

Q=27

‘ energy dissipated per cycle
A damped oscillator has the following equation of motion:
mZ + bt +kxr =0,

where m is the mass of the oscillating body, x is its position, b is the damping
coefficient and k is the spring constant.
In the “underdamped regime” (w7 > 1) the solution has the form

z(t) = Ae 7 cos(wot + ¢) ,

where 7 = 2m/b is the decay time, wyg = y/k/m is the resonance frequency,
and A and ¢ are given by the initial conditions. Applying the definition of

= -
n =3
1 |-

o h

=3
o
1

= h
P R R

oscillation amplitude x

‘ ‘ ‘ ‘ ‘ — ‘ ‘ ‘ ‘ ‘
02 04 06 08 10 12 14 16 18 20 22 24 26 28 30
number of cycles

Figure 1.5: Damped oscillator in the “underdamped regime” (wor > 1).
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Q@ we find:

0)> 1
2(0) :27r7:w0~g,

2(0)2 — 2(T)? 1 — e—2T/7 (1.1)

with period T' = 27 /wy (see Fig.1.5). Eq.1.1 points out that @ is related to
the decay time of the oscillator; the longer the decay time (or equivalently
the smaller the friction), the higher the Q. One of the obvious advantages of
a high-Q oscillator is that we don’t have to perturb its natural or resonant
frequency (vy9 = wo/2m) very often with injections of energy. But there is
another important advantage in terms of frequency response. Consider a
damped oscillator in terms of its energy spectral density

+o0 .
/ x(t)e “dt
0

its frequency spectrum is described by a Lorentzian function with a “full

2
X

1 .
(w—wo)?+ (1/7)%"

E(w) x

width half maximum” Aw given by

Aw= =, (1.2)

2
T
showing that there is an exact relation between the decay time and the sharp-
ness of the resonance curve (see Fig.1.6). Equations (1.1) and (1.2) provide,
hence, another important meaning of (), summarized by the expression

wo Yo

2= 5 Cx)- 13

indicating that, in terms of frequency response, high ) oscillators have
sharply peaked resonance curves. So the big advantage to have a high-Q)

104 ‘Energy Spectral Density of a damped oscillator
w = 1rad/s
’ ) T=10s
0.8 1
£ = ot
1 (w—wo)?+(1/7)
0.6
FWHM
44 2
04 Aw= 2
T
02|
0 T T T T T T T T T T T T T T T T T T T
02 04 06 038 10 12 14 16 18 20

angular frequency w (rad/s)

Figure 1.6: Energy spectral density of a damped oscillator.
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oscillator is that it doesn’t want oscillate at all unless it is swinging at or
“near” (within the frequency bandwidth Av) its natural frequency vy. This
feature provides an important rule to choose the atomic reference: atoms
with a high frequency transition and a narrow linewidth are needed. To-
gether with @, there are two other important quantities to fully characterize
the performance of an atomic clock: accuracy and stability.

Accuracy

The accuracy of an atomic clock is determined by how well the measured
frequency matches that of the atoms natural frequency 1. In general, the
accuracy will depend on the atomic species used and on how well it can be
isolated from environmental effects during spectroscopy.

Stability

Stability represents the repeatability of the measured clock frequency
over a given averaging time 7. This is typically given in terms of the frac-
tional frequency instability which at the ultimate limit set by the quantum-
projection-noise (QPN) has the expression [2, 3, 4]

1 T.
7 ( ) Q atT

where 7 is the averaging time in seconds, Ny is the number of interrogated

(1.4)

atoms, T is the clock cycle duration (7. < 7) and @ is the quality factor of
the transition. From this expression we see that atomic clocks will generally
benefit from operating at high-Q atomic transitions (high frequency and
narrow linewidth) and from a high number of interrogated atoms.

An accurate clock is necessarily stable over long intervals, but not all
stable clocks are accurate (see Fig.1.7).

Figure 1.7: Examples of stability without accuracy (a), no stability and no accuracy (b), stability
with accuracy (c).
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1.1.4 Microwave Clocks and the SI second

The first atomic clocks were based on atomic transitions in the microwave
region of the frequency spectrum because of the development of the mi-
crowave electronics before and during the Second World War. They provided
a major breakthrough in both accuracy and stability, easily surpassing the
performance of all previous standards (see Fig.1.8). In particular, by the
early 1950’s, work had begun in several national laboratories to build atomic
frequency standards based on cesium. Cesium, in fact, has several properties
that made it a good choice as the source of atomic resonance for a primary
standard. Cesium atoms are relatively heavy (133 amu), and, as a result,
they move at a relatively slow speed of about 130 m/s at room temperature.
This allows cesium atoms to stay in the interaction zone with the interroga-
tion microwave field longer than hydrogen atoms, for example, which travel
at a speed of about 1600 m/s at room temperature. Cesium also has a rela-
tively high hyperfine frequency (~ 9.2 GHz) when compared to atoms used
in other atomic oscillators, such as rubidium (~ 6.8 GHz) and hydrogen (~
1.4 GHz). In 1955, the first cesium clock was realized in England, at the
National Physical Laboratory (NPL), obtaining an inaccuracy of 1 x 10~7.
The unrivaled precision and accuracy in time keeping provided by the Cs
clocks led to a new definition of time in 1967. The second is now defined
as “the duration of 9,192,631,770 periods of the radiation corresponding to
the transition between the two hyperfine levels of the ground state of the

102
B M Huygens’ pendulum

100 o — Crossing of Atlantic
M Harrison chronometer

Shortt clock
102 4 B
[~ Variation of Earth’s
rotation rate

2
‘

M Quartz {— Ephemeris time

M First Cs clock

2
Y
I

t— Millisecond pulsars

Clock uncertainty (s/day)
|

Commercial Cs beam clock [ll .
1078 4 {— GPS time
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Figure 1.8: Evolution of clocks performance over the past 400 years [5].



1.2 Optical Clocks 11

caesium 133 atom" [6]. The use of atomic clocks has made the second the
most accurately realized unit of measurement, such that many other units
are now being defined in terms of time like the meter, the ampere and the
candela for example.

After more than 50 years of development [1, 5, 7], the cesium fountain
clocks of today [8, 9, 10] are now approaching an incredible (in)accuracy
level of a few parts in 10'®. Such a clock is able to keep time losing only one
second every 100 million years!

1.2 Optical Clocks

Although the accuracy of present-day microwave clocks is already very
high, outstanding advances in laser and quantum technology have opened the
way to a new approach to time-keeping based on optical atomic transitions.
Because optical frequencies (~ 10'® Hz) are much larger than microwave fre-
quencies (~ 10'% Hz), optical clocks hold the potential of being enormously
more accurate and stable than the cesium clock. The advantages of optical
clocks due their potential high-Q level (assuming a linewidth Av compara-
ble with that achieved by microwave standards) were recognized in the early
days of frequency standards, but several crucial steps have occurred to real-
ize them. First of all, a coherent light source was needed to interrogate the
atomic transitions. So only after the first demonstrations of lasers in early
1960s [11] and with advent of tunable lasers came the possibility to perform
high-resolution spectroscopy of atoms and molecules, today also throughout
the visible spectrum. Another important step has been the development of
laser cooling techniques that made possible to use the light-matter inter-
action to cool a variety of atoms and ions to milli-Kelvin temperature and
below [12, 13, 14]. Laser cooling is fundamental to reduce the Doppler shifts
in frequency response of atoms and ions due to their finite velocity along
the direction of the interrogation light and enables the extended interaction
times required to observe a narrow transition linewidth. Finally there is the
readout of the optical frequency. This operation is very difficult since op-
tical oscillation is orders of magnitude faster than electronics can measure.
Historically the first measurements of optical frequencies were realized by
using a long chain of phase-locked oscillators that scaled optical frequencies
down to the measurable microwave domain. These frequency chains took
up whole rooms and required a number of skilled people to operate them
[15]. Only in the last few years, the development of self-referenced optical
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Figure 1.9: Schematic view of an optical clock.

synthesizers (frequency combs) allowed in one step the precise comparison of
frequencies ranging from the microwave domain to the visible and ultraviolet
domain providing a coherent link between these different frequency regions
[16, 17, 18, 19, 20]. Today, optical frequency measurements can be performed
with a single optical synthesizer that takes up less than one square meter
of space and with little operator input. The general design of an optical
clock of today is shown in Fig.1.9. Here the light produced by the interro-
gation laser is used to probe an electromagnetic resonance v in an atom (or
molecule or ion). 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 an opti-
cal comb. By beating the laser frequency with one of the comb’s teeth it is
possible to transfer from the optical to the microwave domain the counting
of the absolute frequency v of the stabilized laser.

The advances in laser technology, laser cooling and optical combs have
provided a fundamental boost to the realization of many kinds of optical
atomic clocks (see Fig.1.10) within an increasing number of laboratories
spread around the world. In particular we can distinguish among three
types of optical atomic clock: free falling neutral atoms clocks (Ca, Mg),
single trapped ion clocks (In™, Sr*, Al*, Hg™, Yb™) and finally optical lat-
tice clocks (Sr, Yb, Hg).

Free falling neutral atoms clocks, although having demonstrated excellent
stability and reproducibility, offer a limited interaction time thus limiting the
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Figure 1.10: History of optical and microwave atomic frequency standards. Optical clocks started
to progress rapidly with the development of optical frequency combs around the year 2000. The
red points represents the last optical clock achievement reported in [21, 22|

effective (). More importantly their accuracy is limited because of Doppler
and recoil frequency shifts.

References based on single ion trapped in Paul RF quadrupole traps do
not suffer of Doppler and recoil frequency shifts and have already demon-
strated a fractional systematic frequency uncertainty at the 10717 level [22]
and below [23]|. Although this kind of clocks has a very low signal-to-noise
ratio because of the limited number of interrogated atoms (N ~ 1), optical
clocks based on this technology have today the best fractional accuracy.

Finally, following the scheme of the high accuracy ion clocks, neutral
atoms can be tightly trapped in an optical lattice, combining the benefit of
long interaction time with that of high number of interrogated atoms. The
optical trap can be carefully designed such that the AC Stark shifts induced
by the lattice field can be canceled, leading to very low quantum noise insta-
bility and lattice shift uncertainty [24, 25, 26]. Clocks based on this scheme
are called “optical lattice clocks". They have already provided demonstra-
tions of uncertainty at the 10710 fractional level [21, 27] and they have the
potential to reach the highest levels of accuracy and stability [28]. The study
of this kind of atomic clocks together with their possible applications are the
starting points of this thesis.
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1.3 Importance of Atomic Clocks Today

Atomic clocks are fundamental tools in modern society. They are essen-
tial in science, they have also many practical applications in our everyday
life, and are even present in satellites, especially for navigation systems such
as GPS. Each of the twenty-four GPS satellites has onboard an atomic clock
that transmits synchronized coded signals so that any observer receiving and
analyzing these signals from four or more satellites can determine his posi-
tion to within 20 meters with inexpensive receivers. Much better results
can be achieved by using dedicated receivers and by averaging the measure-
ments over long time with an impressive capability to locate the position
of a stationary object with 1 mm of accuracy. This incredible positioning
capability of GPS has revolutionized navigation of airplanes, boats and even
personal cars. The atomic clock based timing of GPS signals regulates many
of our everyday systems providing the synchronization of large-scale electric
power grids, cell phone networks, large computer networks for banking and
the internet.

Atomic clocks are also powerful tools for a large range of scientific fields.
For instance the positioning capability of GPS is providing great benefits to
all Earth sciences and in particular to study the Earth’s crustal dynamics
and continental drift.

The possibility to use optical clocks to precisely synchronize data signals
coming from different places is applied to radio astronomy to synchronize
different radio telescopes placed in different places on Earth looking at the
same star. This approach, called “Very Large Baseline Interferometry", al-
lowed to reach an effective angular resolution equivalent to have a single
telescope with an aperture diameter of the size of the Earth.

Precision spectroscopy is another scientific field tightly linked to the de-
velopment of atomic clocks. Indeed, to push the limits of clock performance,
new spectroscopic techniques and technologies have been developed, like for
instance laser cooling and optical combs. Furthermore many of the technical
advances for making better atomic clocks have been directly applied to the
improvement of the spectroscopy techniques.

Pushing time measurements to new limits is leading also to a profound
impact on fundamental research. The new generation of atomic clocks, op-
tical clocks, offers indeed a powerful tool for investigating the two main
theories of the XX™ century: general relativity and quantum theory. The
fact that these two theories are notoriously difficult to conciliate makes opti-
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cal clocks even more important for fundamental research. For example, some
modern cosmological models imply that fundamental constants had different
values in the early Universe, and that they might still be changing. Opti-
cal clocks have been recently used to provide upper limits on present-day
variations of fundamental constants with an unprecedented level of precision
[29, 22].

1.4 Transportable Optical Clocks

The unprecedented accuracy and stability level offered by optical clocks
makes them very difficult to fully characterize. The performance of a single
atomic clock is indeed unprovable in absence of an absolute reference with the
same or higher level of performance. The only solution is to build a second
clock as good as the first. This is exactly what many groups are doing
today, by comparing different optical clocks placed in the same metrology
laboratory or up to kilometers away. The link between optical clocks is
not trivial, since it doesn’t have to limit their performances. Nevertheless
many advances have been recently made, showing the possibility of using
standard telecommunication optical fibers to compare remote optical clocks
and disseminate optical frequencies over hundreds of kilometers [30]. This
approach is very rapidly developing but still remains a technological and
scientific effort.

In this thesis we want to discuss a different approach. Here is pro-
posed and partially realized the first prototype of transportable optical clock.
The idea is to use this apparatus as an “optical clock tester”, moving it to
other stationary optical clocks placed in metrological laboratories around
the world. One of the motivations of this work is indeed to provide a new
tool to make comparison campaigns between different optical clocks. In this
way it is possible to verify the effective reproducibility of different optical
frequency references and to collect all the technological and scientific infor-
mations needed for the future redefinition of the SI second, based on optical
standards.

Strontium atoms seem to be good candidates for this application, because
of their easily accessible transitions of interest, mostly covered by commercial
laser diodes. This fact has led strontium clock to become the most mature of
lattice clocks in terms of technological readiness and scientific results, with
many strontium clocks under development around the world [31, 32, 33, 21,
34, 35, 36, 37|.
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Figure 1.11: Illustration showing how new kinds of clocks with fractional frequency inaccuracy
below 10716 can be used to measure the time delay due to the gravitational redshift at a personal
scale of less than one meter.

In a recent demonstration, a strontium lattice clock has achieved an
absolute fractional frequency uncertainty (for 87Sr) at 1 x 10716 level [21].
This level of precision opens the way to new kind of applications, since the
effects of general relativity, that mix time with gravity, previously measured
by comparing clock on Earth’s surface and a high-flying rocket [38], start
now to be observable at a personal scale of meters and centimeters [39]. For
example, two identical clocks with equal frequency v, placed on Earth at
1 meter different elevations (see Fig.1.11), corresponding to a variation of
gravitational Earth potential of

AU =U(Rg+1m)—U(Rg) ~g-1m~9.8J/Kg,

(where Rg and g are respectively the mean radius of the Earth and the
gravitational acceleration) experience a gravitational red-shift given, in the
post-Newtonian approximation (PPN), by the expression

V(Rg +1m) —v(Rg) AU

=~ ~1.1x10716 1.5
” 2 X ; (1.5)

where c¢ is the speed of light in vacuum. The equation (1.5) shows that the
clock placed 1 meter above goes faster by about 1 part in 10, that is at
same level of the up-to-date precision of strontium lattice clocks. This can
open new fields of application like a new kind of relativity-based-geodesy. In
this scenario a transportable optical clock can be used to map the gravita-
tional field of the Earth by comparing its frequency with that of the closest
identical stationary optical clock. Strontium could be a good choice for
this application mostly because of the already proven high level of agree-
ment upon different strontium optical references developed in independent
laboratories [29]. This fact makes the Sr lattice clock a promising candi-
date for future redefinition of the SI second with an expected increasingly
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number of such frequency references available for comparison measurements
with a transportable Sr clock. For this kind of application the possibility to
link a transportable optical clock with stationary systems by using standard
telecommunication optical-fiber infrastructures is essential, for this reason
transportable clocks and optical links for the dissemination of clock frequen-
cies have to be developed in parallel.

1.5 Future Optical Clocks in Space

The performance of optical clocks has strongly improved in recent years,
and accuracies and instabilities of 1 part in 10'® are aspected in the near
future. The operation of such clocks on Earth’s surface, because of gravi-
tational redshift, will be unavoidably dependent on their elevation (as has
been recently shown by comparing two Al" clocks in [39]) on a length scale

given by:

A 2
0z = =Y -C—zlcm.
v g

—~—

10-18
This means that to compare two clocks to a part in 10'® is necessary to
know their altitudes with 1 cm of precision. More precisely, what are actually
needed are not the clock altitudes, given by their distances to mean sea level,
but their distances to the geoid, that is defined as the hypothetical surface
of constant gravitational potential. The main problem is that the Earth’s
geoid doesn’t lie at rest but it fluctuates on centimeter scale because of a
number of processes as solid Earth tides, oceanic tides, effects of atmospheric
pressure on ocean levels and redistribution of water due to climate changes
[40] (see Fig.1.12a). Additionally other longer-term effects as glacial melting
and the drift of tectonic plates introduce further uncontrollable fluctuations.
Indeed the comparison at a part in 10'® of two future optical clocks placed
in two different tectonic plates will be sensitive to the doppler effect due to
their relative velocity starting from a minimum drift velocity given by

Vpin = C - 2 o 1 em/year . (1.6)

<

10—18
The relative drift velocity of the plates varies but is typically 0-10 cm per
year (see Fig.1.12b), so can be higher than the minimum sensitivity-threshold
given by the eq.1.6, thus limiting the comparison of future optical clocks. To-
gether, all these effects cause the rates of frequency standards and clocks to
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Figure 1.12: a) Comparison of annual variation in the Earth’s geoid height estimated by the
twin Gravity Recovery and Climate Experiment (GRACE) satellites [40]. The cosine (i.e., winter-
summer) and sine (i.e, spring-fall) Earth’s geoid height is shown as a function of geographic
location. The annual cycle geoid variation is up to 10 millimeters in some regions, predominantly
peaked in the spring and fall seasons. b) Global tectonic plates velocities determined by measuring
the position variation of over 1000 GPS stations. Data have been analyzed at the Jet Propulsion
Laboratory, California Institute of Technology [47|. Horizontal velocities, mostly due to motion
of Earth’s tectonic plates and deformation in plate boundary zones, are represented on the maps
by arrows extending from each site.

uncontrollably fluctuate by several parts in 10'7 [41]. In other words Earth
has a too much noisy “space-time environment” to take full advantage of the
performances expected by near future optical clocks. A much cleaner envi-
ronment is offered by Space instead, where spatial and temporal variations
of the Earth’s gravitational field can be smoothed out by using high alti-
tude orbits and where otherwise these effects can be determined with high
precision by continuously measuring the orbit parameters [42, 43, 44, 45].
The operation in Space of future optical clocks opens a new scenario for
technological applications and scientific research [46].

e Accurate time-keeping: a future Earth-orbiting optical clock can be
used as “master clock” for distribution of time and frequency on Earth.
Such a clock will provide the means to compare and synchronize the
highest performance clocks on Earth in order to create an international
optical atomic time scale.
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e Earth Observation: an unprecedented high-precision mapping of the
Earth’s gravity field will be possible by frequency comparison of ter-
restrial transportable clocks with a master space clock. The sensitivity
of space optical clock-based geodesy will make possible to monitor the
motion of the surface of the Earth with such outstanding precision that
a new level of understanding, and possibly, prediction, of geophysical
effects may be obtained, including earthquakes and volcano eruptions.

e Navigation: arrays of orbiting optical atomic clocks may be used to
realize a future global satellite-based navigation system with a poten-
tial improvement in position prediction precision of up to two-three
orders of magnitude. Such a future optical-clock based navigation sys-
tem would revolutionize the positioning of planes, boats and individual
persons, but also the navigation of probes in deep Space.

e Fundamental physics: space optical clocks can provide a powerful
tool to test the limits of the two fundamental theories that have rev-
olutionized our understanding of the universe: general relativity and
quantum mechanics. In particular the comparison of one space optical
clock on a highly elliptical orbit, with a second optical clock located
on Earth, would allow an unprecedented precision level test of gravi-
tational redshift (mission concept EGE [48]). Such a test is devoted
to verify the Einstein’s Theory of General Relativity and to search for
eventual deviations or hints of quantum effects in gravity, providing
the first experimental evidence to support emerging theories aimed at

unifying all fundamental forces of nature.
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1.6 The “Space Optical Clocks” (SOC) project

In order to fill the gap between clock laboratory systems of today and
future space-qualified optical clocks, in 2004 an European team including our
group in Florence proposed to European Space Agency (ESA) a project for
the first experimental study of the feasibility of optical clocks for space ap-
plications. Following evaluation, this project, called “Space Optical Clocks”
(SOC), has been funded by ESA and it started in 2007-2008. SOC is a 3-
year project and concentrates on optical lattice clocks of neutral strontium
and ytterbium atoms [49]. The project included both activities on labora-
tory (stationary) lattice clocks as well as on the development of completely
new hardware for a transportable lattice clock. The work done in this thesis
represents my personal contribution to this latter part of the SOC project.
In particular the design and realization of a transportable apparatus to pro-
duce a sample of ultra-cold strontium atoms is here presented. The main
requests of compact design, low power consumption and operation reliability
have been matched by using novel solutions [50]. The main goal of the SOC
project is the development of a fully transportable optical clock by means of
the integration of the subsystems built by each member of the team. All this
work will provide important technological and scientific informations toward
a near-future engineered optical lattice clock for application on Earth and in

Space.



Chapter 2

Laser Cooling and Trapping of
Neutral Atoms

The possibility of using neutral atoms as frequency references depends
on the capability of experimentalists to manipulate them and to access to
their natural spectral features avoiding any disturbing effects as frequency
shift and broadening. In the ideal case a sample of atoms is at rest in the
laboratory reference frame, corresponding to an absolute temperature of the
atomic sample approaching to the zero Kelvin limit. In contrast, at room
temperature (T ~ 300 K) atoms move with a most probable velocity vy given
by
2kpT

M

where kp is the Boltzmann constant and M is the atomic mass. The finite

Vo = (2.1)

temperature and hence the finite velocity of atoms with respect to laboratory
causes a number of undesirable effects.

First of all, the motion of an atom along the direction of an incoming
interrogation light leads to a shift in the measurement of the natural angular
frequency wg = 271y, given by the Doppler shift

wh=wo+k-v,

with w(, natural angular frequency measured in the laboratory frame of ref-
erence, v velocity of the atom with respect to the interrogation light, k
wavevector of the interrogation light.

Additionally, the finite velocity v of an atom, crossing perpendicularly a
probing laser beam with diameter d, limits the light-atom interaction time

21
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7, leading to a transit-time frequency broadening Avy given by

Al/tt ~ l = E (22)
T d

that can cover the natural width Arg of the transition, thus limiting the
effective @ factor (eq.1.3) of the transition (Qeg ~ vo/Avy).

Finally, a sample of atoms at certain finite temperature T has a Maxwellian
velocity distribution given by

2
fw)dv = 1 exp <_z)2> dv ,
Yo
where vy = \/m is the most probable velocity and f(v)dv provides
the number of atoms with speed in the range v to v + dv. In presence of
an interrogation radiation each velocity class of the atomic sample has a
frequency response given by the Doppler shift of eq.2.1. It results that the
total frequency response has a Gaussian line shape function with a Doppler-
broadening (full width half maximum) given by

A _ 5 ving. 0 (2.3)
140] C

In conclusion to access to the natural linewidth of atomic transition and
to avoid any shift it’s necessary to cool and trap atoms. Neutral atoms
are very difficult to manipulate because are insensitive to stationary electric
fields. The dramatic development of laser technology has provided, since the
1980s, a new powerful tool to control the atomic motion by using the atom-
light interaction. In particular two kinds of so called “radiative forces” can
be distinguished: dissipative force (scattering force) and conservative force
(dipole force) [51, 52, 53|.

2.1 Dissipative Force (Scattering Force)

Let’s consider a simplified atom with only two quantum states in presence
of resonant photons. It follows from the conservation of momentum that
when the atom absorbs a photon and goes into the excited state, it takes the

momentum

Ap = hkp, ,

where kj is the photon wavevector. Immediately after the atom absorbs
a photon it cannot absorb another until it emits a photon by spontaneous
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Figure 2.1: Operating principle of the scattering force. An atom in presence of a resonant laser
beam after many cycles of photon absorption, spontaneous and stimulated emission will acquire
a non zero momentum along the light direction.

or stimulated emission (see Fig.2.1). Spontaneously-emitted photons go in
random directions, so after many cycles (Ngeat) of absorption, spontaneous
and stimulated emission, the momentum transfered to the atom is non zero
and is given by

Nscat

Aptot = Z ﬁk‘L(]. — COS 01) ~ NscatﬁkL 5
i=1

where 6; is the angle of spontaneous emission of the i-th photon (random
distributed so that ) cosf#; — 0) and N is the number of scattered
photons . Therefore the resulting force, also called “scattering force”, is
given by the scattering rate I'scat = Ngcat /At at which the absorbed photons
impart their momentum to the atom:
Focat = Aztt"t = Ng"tat fikr, . (2.4)
~——

Fscat

The scattering rate I'gcq¢ depends on the type of atom and transition and
is given by
T I/ Isa
21+ I/ Iay + 402 /T2 °

Dscat = (25>

where I' = 277, with + natural linewidth of the transition. The frequency
detuning from resonance d; = wy — wg equals the difference between the
laser angular frequency wy, and the atomic resonance angular frequency wy.
I and I, are respectively the intensity of the laser light and the saturation
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intensity of the atomic transition. From eq.2.4 and eq.2.5 we have for the
scattering force the complete expression:

K T I/ Isat
Ly 2 /72
2141 /I + 467 /T

Fscatt — (26)

2.1.1 Zeeman slower

The scattering force can be used to slow down an atomic beam produced
by an atomic oven. Equation 2.6 states, in fact, that the radiation force can
exert a maximum deceleration of

Fmax o hkr E
= 5

max — 2.
a M i (2.7)

where M is the mass of the atom. In order for the laser light to be resonantly
absorbed by a counter propagating atom moving with a certain velocity v,
the angular frequency wy, of the light must be

wr, =wo—kp, .

As the atom repeatedly absorbs photons, slowing as desired, the Doppler
shift kr, - v(z) changes and atom goes out of resonance with the light. In
order to keep the atom in resonance with light and thus have a constant de-
celeration throughout the slowing process we have to compensate this change
in Doppler shift. William Phillips and co-workers used the ingenious method
[54, 55] shown in Fig. 2.2 in which the atomic beam travels along the axis
of a tapered solenoid; the Zeeman effect of the varying magnetic field B(z)

“Zeeman slower” laser beam
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atomic
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Figure 2.2: Schematic view of the Zeeman slowing mechanism. The atomic beam is slowed down
by a counter propagating laser beam. A properly designed solenoid produces a magnetic field
that shifts the atomic energy levels to compensate for the change in the Doppler shift as atoms
decelerate.



2.1 Dissipative Force (Scattering Force) 25

perturbs the atomic energy levels so that the variation in Doppler shift is

compensated by a properly designed magnetic field obeying the condition:

1B(z)
ﬁ J

where p is the atomic magnetic moment. For constant deceleration a from

wr =wo — kg, -v(z) + (2.8)

an initial velocity v; at z = 0, the velocity as function of distance is given by

v(z) = viy /1 - Lio , (2.9)

Lo = v?/2a (2.10)

where

is the stopping distance. Hence we find from eq.2.8 and eq.2.9 that the
required magnetic field shape is

z

B(Z) = B() <1 — > + Bbias
Lo

for 0 < z < L and with
. ﬁk‘LUi

BO ’ Bbias =
7 [

For a given change in magnetic field (Bg), corresponding to a certain decrease

ﬁ(wL — wo) '

in velocity (’;LTB;), the configuration with magnetic field inversion (Bpjas < 0)
shown in Fig. 2.3 has some experimental advantages in comparison with the
Bpias > 0 variant. First of all, the field has a lower maximum value so that
less current (or less current-turns) is needed. Additionally, the value of the
magnetic field at positions downstream z > Lo tends to cancel out because
of the contribution from the coils with current in opposite direction. Finally,
the abrupt change in the field at the exit makes more definite the final exit
velocity of the atoms.

B(z) Bbias > 0 B(2) Bbias <0

By N 2
z Lo

Figure 2.3: Different configurations of the magnetic field for Zeeman slowing.

Lo
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2.1.2 Optical Molasses

We have already seen how a single laser beam is able to slow down a
counter-propagating atomic beam. But in a gas atoms move in all directions
and to reduce the temperature we have to reduce the mean square velocity
along all the three Cartesian axes. For this purpose in their seminal pro-
posal [56] Hansch and Schawlow suggested (in a simplified 1D model) to use
two counter propagating laser beams (Fig. 2.4), tuned slightly below the
atomic resonance frequency. In this way an atom moving to the right sees
that the laser beam opposing its motion (laser beam n.2) is Doppler shifted
toward the atomic resonance. Conversely, the atom sees that the laser beam
directed along its motion (laser beam n.1) is Doppler shifted further from its
resonance. The atom therefore absorbs more strongly from the laser beam
that opposes its motion and it slows down. The same thing happens to an
atom moving to the left so the atom experiences an overall scattering force
that slows down its motion according to:

Fscat = F1(wp — wo — k1 - v) — Fo(wr, — wo + k- v) i ;—J<<F —av, (2.11)
L

with damping coefficient
8Fscat ~ 4ﬁ]€2 I —2(SL/F

o= —2k o~ .
L Owy,  krv<lD LTt 1+(25L/F)2]2

(2.12)

So this configuration of laser beams (6, < 0 = a > 0) exerts a frictional,
or damping, force on the atom just like that on a particle in a viscous fluid
and from this came the name of “optical molasses". With pairs of laser
beams added along the other coordinate axes, one obtains slowing in three
dimensions and thus cooling [57] (see Fig.2.5). Because of the role of the
Doppler effect in the process, this technique is called “Doppler cooling". The
final temperature results from an equilibrium between a heating and cooling

process:
Eheating + Ecooling =0. (2.13)
F, F,
—_— -
=> ©
v <V, E— v, <V,

A\

Figure 2.4: 1D molasses realized by means of two counter propagating red-detuned laser beams.
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Figure 2.5: Three dimensional optical molasses.

The heating term Eheating is due to the random kicks an atom randomly re-
ceives by both absorbed and emitted photons. The mean square momentum
grows with time ¢ as a random walk in momentum space:

(p*) = 2nTscat (Hk)?t | (2.14)

where the factor 2 takes into account the contribution of both absorbed and
emitted photons, 'yt is the scattering rate for a single laser beam given by
eq.2.5 and 1 = 6 takes into account the three-dimensional configuration with

three pairs of laser beams. From eq.2.14 comes the heating term:

s oo_d (P*)\ 12D (hkr)? (2.15)
heating — dt YVi = oM . .
This heating is countered by the cooling force Fgcat = —av from eq.2.11,

opposing atomic motions, that gives the cooling term:

Ecooling = Fscat - V= —« (<"U33> + <U12,> + <1)3>) .

According to the equipartition theorem %M <v2> = %kBT the cooling rate

can be expressed in terms of the temperature:

. 3kgT
Ecooling = Q- ]\3 . (2.16)

Inserting eq.2.15 and eq.2.16 in eq.2.13 and by substitution of « (eq.2.12)

and T'scat (€q.2.5) one can finally find the equilibrium temperature (“Doppler

temperature")
AT 14 (20L/T)?
T = s (2.17)
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This expression is valid for 3D Doppler cooling in the limit of low intensity
I < Iyt and when the recoil energy hzk‘% /2M < hL'. The key result is that
eq.2.17 has a minimum at 6y, = —I'/2 of

Al
kaTp = = . (2.18)

that represents the lowest temperature expected in the optical molasses and
is called “Doppler cooling limit" [58].

The Doppler cooling is valid only for atoms that can be approximated
by a two-level system. Remarkably, atoms having degenerate sub-levels can
reach lower temperature by means of a further cooling mechanism called
Sisyphus cooling |59]. The limit of this sub-Doppler cooling is set by the
recoil energy acquired in spontaneous emission

B, = h’k3 /(2M), (2.19)
which can be expressed in terms of recoil temperature T, defined as
1
ik:BTr =F . (2.20)

The lowest attainable temperature with sub-Doppler cooling is given by 7} /2
[60].

2.1.3 Magneto Optical Trap (MOT)

Although the molasses technique allows to cool atoms and to stuck them
in a diffusive motion regime within the region where laser beams intersect, it
does not provide a restoring force that would trap the atoms pushing them in
a certain position. Nevertheless, with the correct choice of polarizations for
the laser beams, optical molasses can be turned into a trap by the addition
of a magnetic field gradient [61]. The operating principle of this so called
magneto-optical-trap (MOT) is shown in Fig.2.6 for a simple 1D case with a
J =0 to J =1 transition. For an external magnetic field

B(z)=bz (b>0), (2.21)
the resulting shift Zeeman of the m; sub-levels is
AE(z) =pmyjB(z) = wo(z) =wo+mypbz, (2.22)

where 3 = ub/h.
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nYyY

Figure 2.6: One dimensional magneto-optical trap illustrated for the case of an atom with a J =0
to J = 1 transition.

The atom is illuminated by two counter-propagating laser beams tuned
below the atomic resonance frequency and with opposite circularly polariza-
tion. The Zeeman shift and the selection rules lead to an imbalance in the
radiative force from the laser beams that pushes the atom back towards the
center of the trap z = 0. In fact an atom (in ground state J = 0) at z > 0
sees the Amj ; = —1 transition closer to resonance and the selection rules
lead to absorption of photons from the beam with polarization o~. This
gives a scattering force the pushes the atom towards the trap center z = 0.
A similar process occurs for an atom at z < 0; it sees the Amj; = +1 transi-
tion closer to resonance and the selection rules lead to absorption of photons
from the beam with polarization ¢* thus pushing the atom back towards
z = 0. Mathematically the force experienced by the atom in the MOT in
described by

Frvor = Floy (Wi — krv — (wo + 82)) — Foay (wr, — kzv — (wo — 62))
~ —av—kz, (2.23)

where k = af3/kr. This expression is valid for small Zeeman shift fz < T’
and small atom velocity krv < I'. Therefore atoms entering in a MOT are
slowed as in the optical molasses and the position dependent force pushes
the cold atoms to the trap center. Atoms undergo an over-damped simple
harmonic motion described by

..+g.+ﬁ _ 0
z MZ MZ—
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Figure 2.7: Three dimensional magneto optical trap.

This 1D scheme can be easily extended in three dimensions by using three
orthogonal pairs of laser beams, as in the optical molasses, with a certain
configuration of polarizations and intersecting at the center of a pair of coils
with opposite currents (see Fig.2.7). The magnetic field produced with this
configuration is zero at the center of the coils and its magnitude increases
linearly in every direction for small displacements from the zero point. This
comes from the Maxwell equation ? "B = 0 that implies

dB, dB, 1dB.

de  dy 2 dz

so the gradient in any radial direction is half of that along the z-direction.
This trap is very robust and does not depend critically on balanced light
beams, purity of the circular polarization, or laser frequency. Additionally
this technique gives more atoms and at higher density than the optical mo-
lasses technique. The velocity capture of a MOT can be estimated taking
the radius r of laser beams as the stopping distance of a captured atom
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according to the equation

2
(véMOT) = 27Qeft ,
where aog is the effective deceleration experienced by the atom. This is
generally expressed as half of the acceleration at I = I, to take into account
the fluctuation of the force arising from the randomness in the number of
photons scattered:

1 Amax
Qeff = §Q(I = Isat) - IZa )

where amax is given by eq.2.7. Finally the MOT velocity capture has the

[k, T
MOT _ Ll
O =\Var 1" (2.24)

Atoms in the MOT have a higher temperature than in the optical molasses

expression

for two main reasons. First, the sub-Doppler cooling mechanism is depressed
because the strong magnetic field breaks the energy degeneracy of the Zee-
man sublevels. Additionally in condition of high atomic density an atom in
a MOT absorbs resonant photons spontaneously emitted by the dense cloud
of cold atoms.

Typically the MOT technique is employed to collect cold atoms from
a slowed atomic beam. Such cold sample is then used to perform further
experiments such as loading atoms on conservative optical traps.
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2.2 Conservative Force (Dipole Force)

In addition to the scattering force there is another kind of radiative force.
A perturbing radiation also changes the energy of the atomic levels (see
Fig.2.8). This effect is called a.c. Stark shift and is most important at
large frequency detuning |wy — wp| > I' where the effect of absorption is
negligible. The a.c. Stark shift is given by
AFE ~ ﬁim , (2.25)
4w — wp)
where Q = (I'/2)\/I/I; is the Rabi frequency. Eq.2.25 is valid for light
intensity such that |wy, — wp| > Q and it states that the a.c. Stark shift, for
an atom in the ground state acts as a potential Ugipole in which the atom
moves. More generally, in three dimensions

N
Fdipole = _VUdipole )

where
Q2 R T I(7)
Udipole =g .
45L 8 Wy, — Wo Isat

(2.26)

This conservative force and its potential are also called respectively dipole
force and dipole potential since they arise from the interaction of the induced
atomic dipole moment with the intensity gradient of the light field [62].
Eq.2.26 states that atoms can be trapped in the minima of a potential related
with the intensity pattern I (7) of a far-detuned laser beam. This provides
a very versatile technique to design a variety of trapping geometries. In
particular three main points can be outlined to design an optical trap.

Es
22— E -AE
=)
light shift
huwg 0?2
AB ~ 8
E, + AE 4(wr, — wo)
1 /
o—]1
|1 Er - perturbed | >
unperturbed

Figure 2.8: Energies of two states unperturbed (light field off) and perturbed by an external light
field oscillating at the frequency wy, far-off transition resonance wg. The two states are shifted
due to the atom-light interaction, and the shift is called light shift.
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e Trap depth: In order to efficiently trap atoms with a certain temper-
ature T the depth of the optical trap (Ugeptn) must be higher than the
thermal energy of atoms:

Udepth > kpT' .

e Scaling with intensity and detuning: The ratio between the opti-
cal potential and the heating energy due to the absorption of photons
is given by

Udipole _ wr, — wo

ﬁFSC&tt F

So in order to keep as low as possible the scattering rate in an optical

trap with a certain depth it is necessary to operate at large detuning.

e Sign of detuning: The sign of the dipole potential eq.2.26 depends
on detuning. For ‘red" detuning wy < wp potential minima occurs
at positions with maximum intensity. Conversely, for “blue" detuning
wr, > wo potential minima correspond to minima of the intensity. Ac-
cording to this distinction, dipole traps can be divided into two main
classes, red-detuned traps and blue-detuned traps.

2.2.1 Focused Beam Trap

The simplest way to realize a dipole trap is by means of a focused Gaus-
sian laser beam tuned far below the atomic resonance (wy, < wp). An optical
trap can be easily realized by focusing a laser beam into a cloud of atoms
which were previously collected and cooled by a MOT. The spatial intensity
distribution of a focused Gaussian beam with maximum intensity Iy and
propagating along the z axis is given by

roe = (575) e ()

where 7 is the radial coordinate and w?(z) represents the 1/e? radius of the

beam as a function of the axial coordinate z. The latter is described by
2\ 2
w(z) = w1+ <> ,
ZR

where wy is called waist and denotes the minimum radius and zg = mTwd /AL
is the Rayleigh length (see Fig.2.9). If the thermal energy kT is much
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Figure 2.9: Relevant parameters of a gaussian beam.

smaller than the potential depth Ugeptn, the atomic sample can be considered
trapped close to the minimum of the trap. In this case, the optical potential

experienced by atoms can be well approximated around its minimum

(@) @] e

where the depth of dipole trap, according to eq.2.26, is given by

S L\ A
depth = 8 wo — wr, Lsat .

Udipole (’I“, Z) Udepth

(r,z):(0,0)

(2.28)

The cylindrically symmetric harmonic potential in eq.2.27 has two different
trapping frequencies along the radial (w,) and axial direction (w,):

W — 4Udepth
" Muw3
_ 2[]depth
Wy = | / 5 -
Mz3

The ratio between radial and axial trapping frequencies is w, /w, = mv/2w /A7,

where wg > Ar. Therefore the potential in the radial direction is much
steeper than in the axial direction. For this reason focused beam traps are
mostly aligned along the horizontal axis such that the strong radial force
~ Udepth/wo minimizes the perturbing effects of gravity.
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2.2.2 Optical Lattice

An optical lattice can be realized by simply retroreflecting a gaussian laser
beam while conserving the curvature of the wave fronts and the polarization.
In this case the two counter-propagating beams interfere as two plane waves:

E = Eycos(wrt — krz) 4+ Eocos (wrt + krz)

= 2FEycos (kpz)cos (wrt) ,
producing a spatial modulated intensity
I(z) =4Iy cos® (kpz) .

Therefore, assuming small extension of the atomic cloud, the potential ex-
perienced by atoms in a retroreflected gaussian beam has the form

@) (@]

T I
U, =4 X —— .
depth 8 wo — wr, Lsat

Dattice (T, =~ Uge 2 k
lattice (7, 2) o (0.0 Utert cos® (krz)

with

The potential depth is four times larger than the corresponding trap
depth for a single focused beam in eq.2.28. As for a single focused beam,
radial confinement is provided by a restoring force ~ Ugeptn/wo. The poten-
tial is spatially modulated along the axial direction with a period of Ar /2.
Therefore atoms are strongly confined in the antinodes if w;, < wp and in

1) A/2

wi, > Wo

I(z
i © © ©

wr, < Wp

Figure 2.10: Schematic view of an optical lattice.
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the nodes if wy, > wp (see Fig.2.10). The restoring force around the poten-
tial minima along the axial direction is ~ Ugeptnkr resulting in a regular
one-dimensional lattice. The potential along the axial direction can be ap-
proximated around its minima by a harmonic potential having a trapping

2
w, = km/% . (2.29)

Optical lattice in one dimension can be aligned vertically, since the axial

frequency given by

confinement force greatly exceeds the gravitational force Mg.



Chapter 3

A Strontium Optical Lattice
Clock

In this chapter the basic operating principle of a strontium optical lattice
clock is presented. In particular the peculiar features of the strontium atom
are discussed. The theoretical background introduced in the previous chapter
is here applied to the case of strontium atom. The procedure for strontium
laser cooling is briefly described together with the scheme for clock transition

interrogation.

3.1 The Strontium Atom

An atom suitable for being used as an optical frequency reference must
have some key features. First of all, it has to provide a high @ transition
that can be interrogated with available laser technology. Furthermore this
narrow transition has to be insensitive to any external perturbation from
electric and magnetic fields. Finally, this atom must have strong transitions
to efficiently perform the laser cooling and trapping needed for the prepa-
ration of the ultracold atomic sample. Because of these requests only few
kinds of atoms are suitable for optical clock application. Today, the most
promising and studied neutral atomic systems are the alkaline-earth-metal-
like atoms such as Mg, Ca, Sr, Yb and recently Hg. These atoms have two
electrons in the outer shell and the electron spins can be parallel and anti-
parallel. This fact implies that energy levels of such atoms are grouped in
two separate classes, one with total electronic spin S = 1 (triplet state) and
one with total electronic spin S = 0 (singlet state). The transitions between

37
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Isotope Relative atomic mass Relative abundance Nuclear spin

883y 87.905 6143(24) 82.58(1) % 0
865y 85.909 2624(24) 9.86(1) % 0
878y 86.908 8793(24) 7.00(1) % 9/2
848y 83.913425(4) 0.56(1) % 0

Table 3.1: Natural strontium isotopes (NIST data)

these two groups are forbidden by the selection rule AS = 0 but actually
they are weakly allowed because of the effect of the spin-orbit interaction
that breaks the spin symmetry. It results that these transitions, also called
“intercombination lines”, are very narrow in frequency and therefore they are
very interesting for metrological applications.

Among the alkaline-earth-metal-like atoms strontium (Z = 38) seems to
summarize most of their useful properties. Strontium has four natural iso-
topes , whose properties are listed in Table 3.1. The bosonic (even) isotopes
have zero nuclear spin, thus they are perfect scalar particles in the J = 0
states. This fact in very important for high-precision measurement since, in
absence of nuclear spin, states with J = 0 do not have hyperfine sub-levels
and they are therefore insensitive to stray magnetic fields. Another impor-
tant source of perturbations is represented by the interatomic collisions. In
this respect, the 88Sr isotope exhibits excellent features due to its remarkably
small collisional cross-section in its ground state. Immunity to external mag-
netic fields and collisions makes bosonic strontium an ideal quantum sensor
for a number of applications [63, 64] showing the longest coherent evolution
time of an atomic wave-function [65].

The energy levels of strontium are shown in Fig.3.1 where they are in-
dicated in the usual Russel-Saunders notation of **1L;, where S is the
total electronic spin (either 0 or 1), L is the orbital angular momentum of
electrons, and J is the total angular momentum of the state. Much of the
interest in strontium relies on the intercombination line 'Sy — 3Py that is
double forbidden by the selection rules AS = 0 and AJ # 0 (if J = 0). This
transition has a virtual zero linewidth for the even isotopes in absence of
external fields and it has a linewidth of ~ 1 mHz for the 37Sr isotope due to
the hyperfine mixing. This ultra-narrow transition lies in the optical domain
at 698 nm and it can be easily reached by using a compact solid-state laser
source [66, 67].
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Trans. A (nm) > T, Tt Amax (m/s?)
1S-'Py 461 770 uK  1.03 pK 43 mW /cm? ~ 108
1S0-3P; 689 180 nK 460 nK 3 pW/cm? 160

Table 3.2: Relevant parameters for laser cooling and trapping using the 'So-'P; and 'Sg-3P;
transitions.

Beside the clock transition 'Sy — 3Py, other energy levels are involved in
the cold atomic sample preparation. The strong dipole allowed 'Sy — 1Py
transition at 461 nm has a natural width of 32 MHz and it is used to slow
thermal atoms and to trap them in a magneto optical trap (MOT). Atoms
in this so called “Blue MOT" are Doppler cooled to a final temperature at
~ 1mK level. The ultimate limit of this “first cooling stage" is set by the
Doppler temperature (eq.2.18) which depends on the natural linewidth of
the transition. A “second cooling stage" can be performed by using the in-
tercombination transition 'Sy —2P; which has a natural linewidth of 7.6 kHz.
Laser cooling on this narrow transition has the peculiarity to have a Doppler
temperature Tp = 180nK below the ultimate limit 7;,/2 = 230nK set by
the photon recoil temperature T, (eq.2.20). Table 3.2 summarizes the rel-
evant parameters of each cooling stage, further details will be discussed in
the following two sections. Remarkably both the transitions 'Sy — 'P; and
1Sy — 3Py for cold atomic sample preparation are easily accessible with the
available solid state laser technology [68|.

3.2 First Cooling Stage: slowing and Blue MOT

Radiation at 461 nm resonant with the dipole allowed transition 'Sq—1P;
can exert on atoms a maximum acceleration (or deceleration) of ~ 10° m/s?
(eq.2.7) which allows to efficiently slow down the thermal atoms produced
by an hot Sr oven. Typical operation temperature for strontium oven is
about 350 — 400°C, corresponding to a most probable velocity given by
v; = \/3kpT /M ~ 430 m/s. So the stopping distance (eq.2.10) at I = Igat
(@ = amax/2) is around 20 cm. By properly designing the magnetic field for
Zeeman slowing thermal atoms can be slowed down in such a distance and
be efficiently trapped in a MOT working on the 'Sy — 'P; transition. This
Blue MOT at 461 nm is indeed very robust and for a typical choice of laser
beams diameter of 10 mm it has a capture velocity of about 50 m/s (eq.2.24).
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Figure 3.2: Partial electronic level structure of atomic strontium showing the loss channel

4d Dy — 5p3P3 of the first cooling stage. Atoms pumped in the metastable state 5p 3Pz can be
recycled by using two repumping lasers at 679 nm and 707 nm.

Atoms in the Blue MOT are cooled reaching a final temperature at the mK
level [69].

The 'Sy — Py transition is not perfectly closed, due to a small leakage
towards the 4d Dy state (branching ratio I'Loss/(I'Loss +I'Blue) ~ 107?). The
direct 'Dy — 'Sy decay channel is forbidden in dipole approximation, and
atoms from the 4d 'Dy basically decay towards the 5p Py (branching ratio
I'1/(T'1 +T3) ~ 67%) state and towards the metastable 5p 3Py (branching
ratio I'y/(T'; +T'2) ~ 33%) state. In order to recycle the atoms stored in the
metastable states 5p 3Py and 5p Py two pumping lasers, respectively at 707
nm and 679 nm, can be used to pump these atoms in the 6s3S; state, where
they quickly decay in the 5p3P; state and then finally in the ground state
552 1Sy through the strongest intercombination line 'Sy —3P;. Typically the
effect of the repumping lasers is to increase the number of atoms trapped
into the Blue MOT by about one order of magnitude.

3.3 Second Cooling Stage: Red MOT

As anticipated cold atoms trapped into the Blue MOT are then loaded
in a MOT operating on the strongest intercombination line 'Sy — 3Py. This
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Trans. ~y v=FE/h s=1/la YeE=7V1+s A=|vy— 1
15,-1P; 32MHz  11kHz ~ 1 ~ 45 MHz 40 MHz
19,-3P; 7.6kHz  4.8kHz ~ 10° ~ 240kHz 400 kHz

Table 3.3: Relevant parameters for Blue and Red MOT operation.

so called “Red MOT" at 689 nm provides a second cooling stage which relies
on a transition with a natural linewidth v = 7.6 kHz comparable with the
single-photon-recoil frequency shift

vy = E,/h =4.8kHz (3.1)

where h is the Planck’s constant and FE is the single-photon-recoil energy
(eq.2.19). This means that the absorption (or emission) of a photon kicks
an atom out of resonance. In this case laser cooling can not be described
by the Doppler theory presented in chapter 2 and a fully quantum mechan-
ical approach is needed. For laser frequency (vp) tuned below the atomic
resonance (1) this two-stages cooling process separates into three different
regimes [70, 71, 72, 73] defined by the relative size of the absolute detuning
A = |vr — 1|, the single-photon-recoil frequency shift 1, and the power-
broadened linewidth v = v+/1 + s determined by the saturation parameter
s=1/I.

e Regime (I) g > 1, A < 4g : semiclassical approach used in
the chapter 2 is a good approximation. Table 3.3 shows that Blue
MOT operates in this regime. Additionally the gravitational force is
negligible with respect to the maximum scattering force of radiation

at 461 nm:
Fmax

Mg
where Fiax = hkrI'/2 (eq.2.6) and M is the strontium atom mass.

~10°,

Therefore into the Blue MOT atomic dynamics consists of a damped
harmonic motion with a dispersion-shaped radiation force occurring
over the entire trap volume (see Fig.3.3). Consequently the trap po-
tential energy assumes the U-shaped form shown in Fig.3.4 with the
minimum in the center of the trap. In this regime temperature is
well described by the Doppler theory, with the “Doppler cooling limit"
achieved at A =I" /2 (eq.2.18).
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T

v.>v,A>y, (Red MOT)

r?

Y>> v, A<y, (Blue MOT)

A=y, 2

Figure 3.3: Schematic comparison between magneto-optical-trap with broad line (A < g, regime

I) and narrow line (A > g, regime II) transitions.
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e Regime (II) yg > vy, A > 7g : regime of operation of the Red MOT
for typical value of s ~ 103. The semiclassical model is valid and the
resulting 3D radiative force acts only along a thin shell volume marking
the outer trap boundary (see Fig.3.3). Here, the trap boundary roughly
corresponds to positions where the radiative force is peaked. Along the
vertical direction this boundary zg is defined as the position, from the
center of the trap, where the magnetic field gradient compensates the

light detuning
0B

grplmy| <8z) 2o = hA .
z=0

Additionally the effect of gravity can not be neglected since

Fmax
Mg

~ 16.

This situation, as shown by Fig.3.4, produces a box potential with a
gravitationally induced z-axis tilt. Hence, in the x — y plane, atomic
motion consists of free-flight between hard wall boundaries while along
the vertical z axis the atoms sink to the bottom of the trap where
they interact with only the upward propagating trapping beam. The
position of equilibrium zq is therefore given by the condition

F+(UZ:0,z:zeq)—Mg:0 (for F > Mg),

where F'T is the force exerted by the upward propagating trapping
beam:

S

F+ — pmax 5 )
1+s+4[-2rA(1+ 2/2) — kpv,]” /T2

Trap thermodynamics is thus determined by the value of the damping
coefficient a (eq.2.12) at z = zeq

OF™
a=— < o0, )U o (3.2)
z=U, Z=2Zeq

The final temperature is given by the equilibrium condition

O scar (kL )?
—a vz _|_t7
H<,_Z 2M

cooling

~0 (3.3)
heating

between a cooling term due to the viscous dynamics and an heating
term due to absorption and emission of photons (eq.2.15) in presence
of a single laser cooling beam.
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Y>> v, A<y, (Blue MOT) Y>> v, A>y, (Red MOT)
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2 z/z0

absorption imaging absorption imaging

Figure 3.4: Effect of the gravitational force on magneto optical trapping for Blue and Red MOT.
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In these conditions the scattering rate is

Ft(v,=0,2=12q) Mg
[scat = =

hkr, hiky

By using the equipartition theorem %M <v2> = %kBT from condition

(eq.3.3) we obtain the equilibrium temperature

_ Mghkg,
N k‘BOé

T

which for the definition of « (eq.3.2) finally becomes

el

2kp
~—
Tp=180nK

T(s) ~ 1+s. (3.4)

Remarkably (eq.3.4) states that in this regime the final temperature
of the Red MOT is not predicted by the standard Doppler theory
(eq.2.17), since it does not depend on frequency detuning A and it is
determined only by the saturation parameter s. For typical values of s
ranging from 103 to 10, compatible with the condition F* > Mg, it is
possible to reach final temperatures from 5.7 uK to 600 nK respectively.

Regime (III) g ~ v4: this regime is realized in the Red MOT when
s approaches unity (yg ~ v ~ 11). The photon-recoil-driven impulsive
force dominates, cooling dynamics becomes fully quantum-mechanical
and the minimal attainable temperature is given by the photon-recoil
limit 77/2 = 230nK [60].
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3.4 Magnetically Induced Spectroscopy

As previously mentioned, the 'Sy —>Pq transition is completely forbidden
for bosonic strontium atoms. An external interaction has to be inserted in the
system to properly engineering the atomic level structure and create a finite
controllable 'Sy —3Py transition probability. These methods basically consist
of coupling the metastable 3P level to other electronic states by using either
multiple near-resonant laser fields [74, 75] or simply a small static magnetic
field [76]. The latter scheme was firstly experimentally demonstrated by the
Ytterbium experiment team at NIST [77, 78| and it seems feasible to reach
the 107!7 accuracy level [79]. It consists on placing the atoms in a proper
static magnetic field B that couples the states Py and 3P;. These states
are split in energy by AFE (see Fig.3.5) and have a coupling matrix element

(*Po| i B [’P1) = 15,

where [i is the magnetic-dipole operator. According to first-order pertur-
bation theory with the condition [AQg/AE| < 1, the state 3Py acquires a
small admixture of the state Py due to the presence of the static magnetic
field:
hQ2
3p / 3 B 3
Po") = |I°P — [°Py1) .

#Pyy = [*P) + 28 rp)

The result is that the clock transition between the unperturbed ground state

1Py and the excited state 3Py’ becomes partially allowed. Therefore in pres-

2nd cooling stage

clock transition

698 nm

clock

ISO

Figure 3.5: Diagram of relevant transitions for the magnetic field mixing of 3P and 3P states
to allow excitation of the otherwise forbidden 'Sg — 3P transition.
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ence of an optical field with amplitude E and wavelength A\ a resonance will
be observed on the forbidden transition when A = 698 nm. The resulting
Rabi frequency for excitation of clock transition is

Qetock = <3P0/‘a'E‘1SO> /h: ’ (35)

where

Q= (°P1|d-E|'So) /R

is the Rabi frequency corresponding to the electric-dipole weakly allowed
1Sy — 3Py transition. Equation 3.5 introduces a wide tunability of clock
transition. Remarkably, in 8Sr with a laser intensity of 2mW/cm? and a
magnetic field of about 2.3 mT it is possible to coherently transfer population
from ground state 'Pg to 3Py’ in about 1 second.

3.5 Clock Spectroscopy in Optical Lattice

The previously presented Red MOT produces an atomic sample at about
1 uK temperature. However, even at this low temperature the spectroscopy
of the clock transition 'Sy — 3Pq is limited by the Doppler effects due to
the residual atomic motion [80|. Furthermore the absorption of a resonant
photon at 698 nm leads to a recoil frequency shift of v, = 4.4 kHz. Although
both effects are well understood and can be partially reduced by using special
techniques such as “Ramsey-Bordé spectroscopy" [81], they finally limit the
ultimate accuracy of free-atoms optical clocks [82, 83, 84].

A possible solution to overcome these limiting effects is to tightly con-
fine the cold atomic sample in a region of space. One obvious advantage of
this approach is the long interrogation time which eliminates transit-time
broadening effects (eq.2.2). For neutral atoms such confinement can be re-
alized holding the atoms in a standing wave pattern of far off resonant laser
light, known as optical lattice (subsection 2.2.2). For a potential lattice
depth Ugepth > kT most of the atoms populates the lower vibrational lev-
els (according to Boltzmann distribution), and the atomic motion can be
well described in terms of an harmonic oscillator with quantized vibrational
energy levels

1
En = hVVib <n + 2> )

where vy, represents the axial trapping frequency (eq.2.29). Remarkably, in
the so called “Lamb-Dicke regime" [85], corresponding to the tightly confine-
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ment condition
Uyib > Uy

atoms can not take up photon recoil during the clock spectroscopy, since the
minimum energy scale variation is given by hvyj,. 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. Additionally, if we also assume the clock transition is narrow

compared to the trap frequency

Yelock <K Vyib

then we realize the resolved sideband regime of spectroscopy where the mo-
tional sideband (An = £1) are completely resolved from the carrier (An = 0)
[86, 87, 88]. Fig.3.6 shows the high resolution spectrum of the 'Sy —3Pg clock
transition taken by our group in Florence with a stationary 33Sr system
[89, 90]. The spectrum is obtained by scanning the frequency of the probe
laser at 698 nm [66, 67]. For each clock-excitation frequency the fraction of

v —2 1 =813428
i i = K nm
optical \\ //\\ //.\ }
lattice h wib = 50 kHz
. Vvib
potential \%/ \%/ <
Z

clock spectroscopy 'S;-*P, (@ 698 nm)

. s K - .‘J spectroscopy sequence:
1.00 - .’b‘ﬁ-%' b &’3 '-'f - &{.‘3._:-..3'.; ® % | 1) Clock Excitation 2) 1S, Population
LI L - - » P
c
% 0.75+ . h —-h
5 . Read out
&
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Figure 3.6: Spectrum of the 1Sg — 3Pq clock transition at 698 nm of 88Sr trapped in 1D optical
lattice with A = 813 nm taken by our group in Florence with a stationary ®¥Sr system [89, 90].
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atoms left in the ground state 'Sy is measured. This is realized through the
detection of the fluorescence produced by atoms illuminated with a resonant
beam at 461 nm. The clock transition resonance corresponds to a depletion
of the ground state population. The strongest transition is the one where the
motional state does not change (An = 0), known as the carrier transition.
Transitions where An = —1, known as “red side bands" are suppressed by a
factor of n- vy /1yip. Transitions where An = +1, known as “blue side bands"
are suppressed by a factor of (n + 1) - 11/14ip. From the amplitude ratio of
the carrier and the first red side band it is possible to measure the atomic
sample temperature through

Apan=—1 o hvyin,
AAn:O P kBT ’

which describes the vibrational ladders Boltzmann population. The spec-
trum shown in Fig.3.6 is obtained by inducing the clock transition with a
static magnetic field B = 13mT, with a probe intensity I = 38 VV/CIn2 and
with an interaction period 7 = 100ms. The separation between the carrier
and the two sidebands indicates an axial trapping frequency vy, ~ 50 kHz
(> 1, = 4.4kHz). From the amplitude ratio between the red side band and
the carrier we estimated a temperature of 2.6 uK. In the inset is shown a
scan of the carrier with B = 1.3mT, I =6 W/ cm? and the same interaction
period. The observed 70 Hz linewidth is limited in this configuration by the
induced Rabi frequency of 130 Hz. Remarkably, Lamb-Dicke and resolved
sideband regimes allow to perform spectroscopy nearly free of any Doppler
or recoil effects. In this way it is possible to access to the 10+ 100 Hz induced
linewidth of the clock transition in the optical domain at 698 nm and thus
to realize a quality factor (eq.1.3) of
o Cc

=0 _ -~ 12
= A, = goa/T0Hz ~ 6.2 x 10%2

The best strontium lattice clocks have today reached @ ~ 5 x 10'3 and
(in)accuracy at 10716 level [21, 36, 91] which represent the best performances
for neutral atoms to date.
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3.6 AC Stark Shift Cancellation

The lattice trapping field, however, can introduce a large perturbation
(several hundreds of kHz) to the energy of the clock states 'Sy and 3Py
by the so-called “a.c. Stark shift" (eq.2.25). Therefore the clock transition
frequency v of atoms exposed to a lattice field with intensity I is given by
the sum of the unperturbed transition frequency vy and the light shift v,

Aa(A
V(ML) =V + Vac = 1 — MI—}— o(I?),
26()Ch
where ¢y, ¢ and h are the permittivity of free space, the speed of light and
the Planck constant respectively, and

Aa(Ar) = arg (Ar) — aspy (L)

is the difference between the a.c. polarizabilities of the 'Sy and 2Py states.
Remarkably, this difference depends on the lattice wavelength Ar. The idea
to find a wavelength for which Aa(A\r) = 0 was firstly proposed by the
group of H. Katori in Tokyo [25, 26, 24]. Experimentally they found that ac
Stark shift is canceled for A, ~ 813 nm (see Fig.3.7). This solution is very
reliable since wavelength is one of the most accurately measurable physical
quantity, therefore around this so called “magic wavelength" the light shift
can be controlled with 1 mHz precision by simply defining the lattice laser
frequency within 1 MHz. Analytical and experimental results agree with
the value Ay = 813.428 nm [33, 92|. Notably, also this wavelength can be
produced by semiconductor based laser technology.

200 w
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Figure 3.7: [33] a) The light shift vac of the strontium clock transition measured as a function
of the lattice laser intensity I at several wavelengths Az, near 813.5nm. b) The differential light
shift o« Aa(Ar) as a function of the lattice laser wavelength Ar.
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Chapter 4

Transportable Apparatus

In this chapter a transportable setup for the production of an ultracold
atomic sample of strontium is presented [50|. This work is carried out within
the framework of the European project Space Optical Clocks (SOC) funded
by the European Space Agency (ESA). The transportable ultracold strontium
source here presented is the core of a full transportable Sr optical clock,
which will be realized through the final integration of all the transportable
subsystems developed by each member of the SOC team.

4.1 Requirements and Design Solutions

In order to build a transportable setup it is important to analyze which
are the particular requests for this kind of application. Starting from this
preliminary analysis we have summarized the requests in four main points

that have inspired our design. These points are:

e Compact size (volume and weight)
e Hardware modularity

e Low power consumption

Operation reliability

The need for a compact setup with reduced volume and weight with
respect to a stationary system is crucial. In this respect we have organized
the transportable system in four compact independent modules: vacuum
system, module for laser beams preparation, dichroic fiber port cluster, laser

93
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system for the first cooling stage. In Fig. 4.1 the preliminary design of the
transportable system is shown. Here all the modules are fastened on the
same optical breadboard (90 cm x 120 cm) but the modularity of the system
allows to arrange them in different ways according to the features of the
transport vector (truck, plane...).

Another important point is that such apparatus has to be able to operate
not only in laboratory but also in remote places and in particular conditions
as for instance in a plane for a parabolic flight. For such applications it’s
necessary to build a very robust system that also requires low electrical power
consumption for its operation. For this reason we have developed a new high
efficiency atomic dispenser working at high temperature (> 350°C) with
very low power consumption (~ 15 W). Additionally, the vacuum has been
designed with solutions to reduce the power consumption for the production
of magnetic fields needed for magneto-optical-trapping and Zeeman slowing.

Last but not least, this system has to provide a higher operation reliabil-
ity in comparison with a standard stationary system. This means that it has
to ensure a simpler day-to-day operation with high stability of the optical
alignments, polarizations and optical power. Concerning this point our ap-
proach has been to confine all the needed opto-mechanics for the production
of the laser-cooling beams in a compact breadboard. Here new ultra-stable
optical mounts have been employed and optical paths have been reduced
as much as possible. In this way we have obtained an efficient and stable
opto-mechanical device for laser-cooling beams manipulation (power, detun-
ing). All the laser beams are then sent to the atoms by means of optical
fibers. These are connected to beam-expanders that are tightly fastened on
the vacuum system to ensure the best alignment stability. Following the
same approach we have developed a novel “fiber port cluster" to couple into
the same fibers the light needed for the first (461 nm) and the second (689
nm) cooling stage.

All this work has been carried out through a careful design process by
using 3D software (SolidWorks) to study different setup configurations and
numerical simulations to optimize magnetic fields for atoms cooling and trap-
ping. In the following sections the realized modules and the adopted novel
solutions are presented in detail.
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4.2 Vacuum system

In order to perform the laser cooling and trapping presented in Chapter
2 we have to avoid collisions between the atoms and the background gas
molecules. This means that the slowing, cooling and trapping of atoms have
to occur in a vacuum environment. In particular a regime of Ultra High Vac-
uum (UHV) is requested, corresponding to a pressure of about 10~ Torr.
Our vacuum system is shown in Fig.4.2. It’s basically composed of two main
parts: an oven region, where strontium atoms effuse from an hot dispenser,
and a MOT region where cold atoms are collected. These two regions are de-
coupled in terms of background pressure by means of a differential pumping
stage. This is realized by inserting between the two regions a tube 7.5 cm
long and with an internal diameter of 5 mm (see Fig.A.1 in Appendix A).
Such tube ensures a differential pumping ratio of about 1/100. In this way
the vacuum in the MOT chamber is preserved by the degassing produced
in the oven region by the high temperature (350-400 °C) atomic dispenser.
The oven region is pumped by a 40 1/s ion pump (Vaclon Plus 40 by Var-
ian), while the MOT region is pumped by a 55 1/s ion pump (Vaclon Plus
55 by Varian) and a titanium sublimation pump (TSP Cartridge Filament
Source by Varian). With this setup, in operation condition, we achieve a
pressure of 1077 Torr in the oven region, and a pressure of 10~ Torr in the
MOT cell. The two parts are connected by a gate valve that can be closed if
one of the two regions has to be opened to install new windows or recharge
the atomic dispenser. Furthermore each part has a valve for independent
primary pumping.

Between the oven and the chamber is placed the Zeeman slower in order
to slow the thermal atoms coming from the dispenser and increase the loading
efficiency of the magneto-optical-trap. This is made up of a series of solenoids
wrapped around a steel tube 20 cm long and with an external diameter of 16
mm. This tube contains part of the differential pumping tube. In order to
properly align the atomic beam to the differential tube and Zeeman slower
tube, the oven is connected to the rest of the system through a flexible joint.

The optical access for the Zeeman slower laser beam is provided by a
window on the atomic beam axis. To prevent chimical reactions of strontium
and darkening, we used a sapphire window having an anti-riflection coating
only on the outer side of the window. Sapphire is an anisotropic crystal that
displays substantially different optical charactheristics when measured along
different axis. For this reason we have choosen a particular cutting of the
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crystal, called “z-cutting", with crystal orientation parallel to optical axis.
In this way the circular polarization of the Zeeman slower laser beam is not
perturbed by the sapphire window.

The overall length of the vacuum system is 1.2 meter, 36 cm in height
and 40 cm in width, resulting in a total volume size of about 170 liters. The
total weigth is about 80 kg.

In the next sections the main parts of the vacuum system are presented
in detail, following the atoms trajectory, from the oven, through the Zeeman
slower and finally inside the MOT chamber.

4.3 Atomic oven

One of the most critical parts of a cold strontium source is the atomic
oven. The vapour pressure of the strontium is quite low (1 mTorr at 1000
Kelvin), so high temperature (350-400 °C) is usually needed to have a reson-
able number of atoms sublimating from metallic strontium and available for
MOT loading. For a tranportable system a high efficiency atomic oven capa-
ble to reach such working temperature with the lowest power consumption
is needed, providing at the same time a well collimated atomic beam.

windows for
2D cooling

atomic beam

in-vacuum-heated
atomic dispenser

custom
vacuum case

X mechanical
flag shutter

Figure 4.3: Atomic oven. This section view shows the main parts of the oven: 1) the custom
vacuum case with integrated mechanical flag shutter and windows for 2D cooling and spectrosopy,
2) the in-vacuum-heated atomic dispenser. The blue line rapresents the atomic beam.
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electrical ~ CF16 flange

feedthrough with blind-hole thermal

shield

heater

reservoir

capillaries

CF40 thermal steel

flange insulators ~ rod b)

2)]

Figure 4.4: In-vacuum-heated atomic dispenser. a) Photo of the assembled dispenser and alu-
minum black body radiation shield. b) 3D section view of the dispenser. See the text for more
details.

The only way to reach high temperatures with low power consumption is
to reduce as much as possible the heat dispersion from the heating element at
350 — 400 °C to the environment at 20 °C'. In this respect our idea has been
to avoid the direct contact between the room temperature air and the heater
by placing the latter in vacuum. Fig. 4.3 visualizes this idea: a custom made
vacuum case, with a certain number of optical accesses, contains an atomic
dispenser which is heated in vacuum. This dispenser is basically made up of a
stainless steel reservoir (containing the metallic strontium) and the heating
element (see Fig. 4.4). This heater is powered by a tantalium wire (by
FEuro-Tantalum) wrapped around an Alumina multibore tube (by Friatec-
Degussit). Alumina (AlpOgz) is indeed a good electrical insulator (specific
thermal resistance 10'' Q-cm at 400°C) and has at the same time a high
thermal conductivity (13 W/mK at 400 °C). The reservoir can be filled with
about 40 g of metallic strontium and it is surrounded by the heater to have
the best thermal contact.

In order to have a collimated beam, about 50 stainless steel capillaries
(8 mm long and with an internal diameter of 200 ym manufactured by Le
Guellec) have been placed at the exit of the reservoir. So only the atoms
flowing along the direction set by capillaries can leave the reservoir, thus
ensuring a ballistic divergence of the atomic beam of 25 mrad. To minimize
the leaking of atoms along the opposite side, the reservoir is hermetically
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closed (in vacuum) with a CF16 flange by using the conflat sealing standard
for UHV regime. A nickel o-ring instead of a copper one has been chosen
in order to ensure the tightness of the sealing at the working temperature
of 350 — 400°C. In this way remaining atoms with random directions are
not lost but indeed recycled inside the reservoir until they acquire the right
velocity direction to escape through capillaries. This fact implies a longer
life-time operation and indeed less frequent recharges of metallic strontium.
Furthermore the CF16 flange has a blind hole hosting the hot-junction of
a thermocouple (type K by Thermocoaz) in order to measure the dispenser
temperature.

The reservoir is mechanically fixed on a CF40 flange through three stain-
less steel rods 4 cm long and with a diameter of 3mm. The thermal contact
between reservoir and rods is avoided by means of ceramic thermal insula-
tors. The CF40 flange has vacuum feedthroughs to deliver the current to the
heating tantalum wire and for the thermocouple.

By putting the heater in vacuum and by means of ceramic thermal insula-
tors we have limited the heat dispersion by thermal contact but there is still
another source of energy dispersion represented by the black body radiation
emitted by the hot “reservoir+heater” system. In order to recover the energy
lost in this form we have placed the reservoir and the heater inside an alu-
minum shield. This has the internal surface polished with optical quality. In
this way part of the black body radiation is reflected back. Highly polished
aluminum has been chosen for its low emissivity coefficient (e ~ 0.05).

The custom vacuum case containing the in-vacuum-heated atomic dis-
penser has been designed to provide several optical accesses. In particu-
lar four square windows 6 cm x 4 cm , sealed with an indium gasket, can
be used to perform a 2D transverse cooling in order to further reduce the
atomic beam divergence. This is realized by means of two pairs of retrore-
flected near-resonance laser beams. Other two CF16 windows are available
to send and to reflect back a probe beam orthogonal to the atomic beam
(see Fig.4.5). In this way it is possible to realize an orthogonal-crossed-beam
scheme of spectroscopy. The fluorescence signal is collected through a third
CF16 window and it is used to stabilize the frequency of the laser source for
the first cooling stage (A = 461 nm) on the atomic resonance 'Sy — 'P1. In
this way an additional high-temperature strontium vapor cell for laser sta-
bilization is not needed. This solution provides a simpler setup architecture
and furthermore avoids the extra-power consumption requested for a vapor
cell operation.
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Additionally, a mechanical flag shutter has been installed in the custom
vacuum case in order to quickly stop, during the clock transition interroga-
tion, both the atoms and the black body radiation produced by the dispenser
and coupled into the MOT chamber.

Figure 4.5: Atomic oven as seen from different views. In addition to four square windows for
2D cooling there are three optical accesses to perform an orthogonal-crossed-beam spectroscopy.
The fluorescence signal is used to frequency stabilize the first cooling stage laser on the atomic
transition 1Sg — 1P;.
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4.4 Zeeman Slower

Thermal atoms coming from the dispenser at 350-400°C have a most
probable velocity vi = /3kpT/M ~ 430m/s too high to be efficiently
trapped into the Blue MOT that has a capture velocity of about 50 m/s.
In order to slow down atoms a Zeeman slower has been placed between the
oven and the chamber. The operating principle has been already presented
in Subsection 4.4: atoms are slowed down by using the radiation pressure
of a counter-propagating laser beam with a fixed detuning. Atoms during
the slowing dynamics are kept in resonance by a proper magnetic field that
shifts their energy levels in order to compensate the variation of the Doppler
shift. This is summarized by the condition

pB(x)

wo-l—T =wr, + krv(x), (4.1)

where = represents the coordinate of the axis along the slowing direction.
Fig.4.6 shows the experimental realization. Thermal strontium atoms coming
from the oven are slowed down by means of a counter-propagating laser beam
at 461 nm and with polarization . The magnetic field shape B(x) obeying
eq.4.1 is provided by a series of ten solenoids.

In order to reduce power consumption three main solutions have been
adopted. First, these solenoids are wrapped around a stainless steel tube
with an external diameter of only 19 mm in order to be as close as possible
to the atoms. Then, we have chosen a non zero final velocity vy = 50m/s,
according to the capture velocity of the Blue MOT. Finally we have used
the z-axis component of the magnetic field needed for Blue MOT operation

— M=
555p P, IAE:MJ#B B
A M/:
— M= -
atomic
beam
A=461 nm
y =32 MHz ot
Y A, MJ: 0
557'S,

Figure 4.6: Zeeman slowing. A laser beam with A = 461 nm and polarization o slows down
thermal Sr atoms coming from the oven. A proper magnetic field, produced by a series of ten
independent solenoids, shifts the atomic energy level in order to compensate the variation of the
Doppler shift keeping the atoms in resonance during the slowing dynamics.
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Figure 4.7: Magnetic field produced by coils in anti-Helmholtz configuration placed in the MOT
chamber. Both the component along z and x axes are displayed. The latter is used to realize
the final part of the Zeeman slowing process. Both z and = axes origins correspond to the MOT

position.

to perform the last part of the slowing. As it will be shown in the next
subsection Blue MOT needs a magnetic field gradient of about 50 Gauss/cm
which is realized by means of two anti-Helmholtz coils aligned along the
z-axis. Maxwell equation 6) . § = 0 implies

dB, _dB,  1dB.
de dy 2 dz

and since in our experimental setup dB,/dz < 0 we have dBg/dx > 0 and
therefore a minimum of the magnetic field along the x axis. In operation con-
dition this minimum has the absolute value BMOT ~ 90 Gauss (see Fig.4.7).

The shape of the magnetic field for Zeeman slowing can be easily found
by setting in eq.4.1 a constant deceleration regime given by equation:

v(z) = \/v? - 2ax,

where v; is the initial thermal velocity and a is the atom deceleration. In
working condition we have I = Ig; and thus the effective deceleration

hkp T
a= WLZ ~5-10°m/s%.
For this value of deceleration to reach the final velocity vy = 50m/s we need
a Zeeman slower with a total length given by

’U~2—112

Llef~18cm.
a
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By setting this values for slowing dynamics in eq.4.1 we obtain the ideal
magnetic field shape for our Zeeman slower:

2\ =
Bideal(x) = Boy/1 - - |+ Bbjas (42)
v ) L
where By = hvi/u ~ 665 Gauss and Bhias = h(wr, — wo)/p. The bias term is
fixed by the condition

Bigeal(z = L) = fBiV[OT =  Bhpias = fBiV[OT — thvf ~ —167 Gauss .

In this way we have realized a magnetic field with sign inversion having
a maximum positive value given by By + Bpias ~ 498 Gauss (red curve in
Fig.4.8). So our idea of choosing a final velocity close to the MOT capture
velocity (instead of vf ~ 0) and of using the off-axis MOT magnetic field for
the final part of the slowing dynamics allowed us to save a factor Bhias/Bo ~
25% of the requested magnetic field, that in terms of power consumption
(P o B?) means a reduction of ~ 44 %.

The magnetic field given by eq.4.2 provides the ideal shape (red curve in
Fig.4.8) that has to be matched by the calculated magnetic field correspond-
ing to a certain Zeeman slower geometry (blue curve). There are different
ways to design the geometry of the Zeeman slower. Our approach has been
to preliminary set the value of the current to 1 A, the overall length to 18 cm,
the wire diameter to 1 mm and the external tube diameter to 19 mm. Then
we have searched for the geometric configuration of solenoids that best fits
with the ideal shape. The geometry of the Zeeman slower has been param-
eterized in terms of number of solenoids, number of turns along the radial
(nR) and axial (nx) direction for each solenoid. The result of this design
process is shown in Fig.4.8 where the geometrical configuration accepted as
final is illustrated. Notably, the agreement between the ideal shape (red
curve) and the calculated magnetic field (blue curve) is very good. The Zee-
man slower is very close to the MOT chamber in order to reduce the overall
length of the vacuum system.
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Figure 4.8: Design of the magnetic field for Zeeman slowing. The red curve represents the ideal
shape. The blue curve represents the calculated magnetic field produced by ten solenoids. Their
geometry is parametrized in terms of turns along the radial (nR) and axial (nz) direction. The
black dashed circle represents the MOT chamber with an external diameter of 213 mm.
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distance.

Once that the geometry is defined it’s important to find the operation
current I that realizes the condition

dBcalc(I) < dBideal

dx | dx

ensuring that atoms slow down without going out of resonance. This condi-
tion is well satisfied by the choice I = 0.85 A as shown in Fig.4.9.

To find which is the working detuning vy, — 1y that maximizes the highest
atomic speed slowed down by this configuration of solenoids and current we
performed a numerical simulation of the slowing dynamics (see Fig.4.10).
We found that for a working detuning of —317 MHz atoms with speed up to
390 m/s can be efficiently slowed down to the MOT capture velocity 50 m/s.
This speed limit is very close to the most probable velocity 430 m/s leading

to a slowing efficiency

390 m /s
/ F(o)dv ~ 35% . (4.3)
0

m/s

where f(v) is the velocity distribution in an effusive atomic beam at 7" =

375° C given by
M \? Muv?
=2 3 — .
@) (2kBT> v eXp( 2kBT>
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The total length of the copper wire (1 mm diameter) needed to realize
this Zeeman slower geometry is 855 m, leading to a total resistance of about
20 Q2 and therefore to a power consumption of

P=RI?~14W.

For this value of power dissipation no water cooling is needed with a further
reduction of the setup complexity.

Fig.4.11 displays the experimental realization of the Zeeman slower and
its integration with the atomic oven and MOT chamber. The ten solenoids
are electrically connected in series but in principle they can be independently
powered with ten different currents in order to fine tune the magnetic field
shape. The total weight is about 7 kg.
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4.5 MOT Chamber

Slowed strontium atoms are trapped and cooled inside the chamber shown
in Fig.4.11. This chamber provides optical accesses to perform both the
first cooling stage at 461 nm (7' ~ 1mK) and the second cooling stage at
689nm (7T ~ 1pK). Additional optical accesses for repumping lasers (679
nm and 707 nm), probing beam (461 nm), optical lattice (813 nm), clock
spectroscopy (698 nm) and fluorescence detection (461 nm) are also available.
This is a commercial stainless steel UHV cell (by Kimball Physics) with an
external diameter of 213 mm and 106 mm width, which provides conflat
sealing surfaces for two CF150 windows, eight CF40 windows and sixteen
CF16 windows (see fig.4.12).

The geometric configuration of the laser beams is shown in Fig.4.13. The
chamber is connected to the vacuum system through two opposite CF40
accesses. Two CF150 and four CF40 optical accesses are employed to deliver
three orthogonal retroreflected beams to atoms in order to perform the two-
stage MOT (461 and 689 nm). One of the two remaining CF40 aperture is
used for the detection of the atomic fluorescence. Repumpers (679 and 707
nm), probe (461 nm), lattice (813 nm) and clock beam (698 nm) are sent to
atoms through the CF16 optical accesses.

Remarkably, due to the geometry of chamber, a 2D lattice can be easily
implemented. A 3D lattice is also possible by properly designing the flanges
that close the two CF150 accesses.

Figure 4.12: Ultra High Vacuum cell for magnetic-optical-trapping and clock spectroscopy. Di-
mensions are expressed in millimeters. This cell provides several optical accesses with three
different kinds of sealing surfaces: n.2 CF150, n.8 CF40 and n.16 CF16.
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Figure 4.13: Geometrical configurations of the laser beams for cooling, trapping and clock spec-
troscopy.
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Figure 4.14: Reflectance spectrum of the antireflection coating used for our UHV viewports. A
four-layer coating ensures a reflectance level < 1% over the wavelength range of interest 461 —
813 nm.

Due to multi-wavelength operation the vacuum chamber has been sealed
with broad-band antireflection coated fused silica viewports (by Caburn-
MDC' Europe). Fused silica has been chosen because of its isotropic poly-
crystalline structure that implies uniform optical properties in all directions
and so no change of the polarization of the incoming light. These fused silica
viewports have been coated on both sides with an antireflection multilayer
coating optimized for the spectrum of interest ranging from 461 nm to 813
nm (reflectance < 1%, see Fig. 4.14).

The magnetic field gradient needed for the operation of the Blue and
Red MOT is provided by two anti-Helmholtz coils hosted by two custom-
made CF150 flanges. These flanges have been designed to minimize the
distance between the coils and the atomic sample trapped in the center of
the chamber. In this way it is possible to reduce the current needed to realize
the typical magnetic gradient of 50 Gauss/cm requested for MOT. This idea
is illustrated in Fig.4.15 where these custom flanges are shown in green. Each
custom flange provides one CF40 optical access for the retroreflected MOT
beam collinear with the magnetic axis of the coils. The minimum distance
between atoms and coils is basically set by two constraints. First, custom
flanges must not block the CF16 optical accesses. Then, the thickness of
the custom flanges has to be sized in order to ensure a mechanical stiffness
adequate for UHV sealing. In particular by means of a finite element analysis



73

4.5 MOT Chamber

L00°8E19'S
200709695 9
LOOopEy L
200802+ 9
L00r9G5T 6
900-9620'4
900-egZL' L

(W) Judwode[dsIp Jue)[nsal

000+9000'0
200-95SE 6
L00®L0)
L00rel0m e
200-0Zvie
200-98L9'F

‘wiye T Jo Surpeo] ainssald [RUIS)XS Ue I9pUN SoSURY 9SO} JO SSOUHI)S [RITURYIDW o) APN)S 0} pouriojiad usaq seyy
sisA[eue uoryeurIojop y ‘(ueail) seSueyy [erads omy Aq IoquIeTD 9Y) JO I9JU9D Y} IedU PIJSOY ale S[10d [ OIN 1oqureyd TOIN Yl Jo s[e1dq :GI'¥ 2Insig

91¢ ISIV
[99)s SSO[UIEIS
‘[errojew

une |
:Surpeoy assaid

sisA[eue uoneWIOJop
SONSOD

3 l... 1100 JON

Jurs yeay J3ueyy wosno

wnurune

Jopuedxo-weaq
IO

uodmara oy *



74 Transportable Apparatus

(through COSMOS software) we studied the deformation of the flange under
the effect of 1 atm pressure exerting on the external side. The optimized
version of the custom flange has a maximum displacement at the level of
about 1 um, and more importantly it is uniform in the region of the CF40
conflat sealing, thus ensuring a proper UHV sealing. In this configuration the
custom flange holds the MOT coil only 2.6 cm far from the atoms. Each coil
has been realized with an enameled copper wire of 1 mm diameter wrapped
around an internal diameter of 75 mm. The external diameter of each coil is
124 mm and the averaged height is 45 mm, corresponding to a total number of
turns of about 1200. This geometry allowed us to reach the needed magnetic
field gradient of 50 Gauss/cm with only 1.6 A (at 25V), corresponding to
a total power consumption of about 40 W. Fig.4.16 shows the calculated
magnetic field and its slope as a function of the z coordinate.

Each coil has a flat side and a 16° wedge-shape side matched with that
of the hosting flange. This gives a simple way to fix the position of the coil:
an aluminum plate (yellow part in Fig.4.15) is in contact with the flat side of
the coil and presses it against the flange by simply tightening proper screws.
This aluminum plate also works as a passive heat sink since it has many
folds on the external side to increase the total surface. Therefore due to a
power dissipation of only 40 W and to the presence of a passive thermal sink
no water cooling is needed, thus reducing the setup complexity.
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Figure 4.16: Magnetic field and gradient along the z axis produced by MO'T coils in anti-Helmholtz
configuration.
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The light needed for the two-stage MOT is delivered to the atoms by
means of fiber coupled beam-expanders that produce gaussian beams with
an 1/e? diameter of 10 mm (see Fig.4.17). Each beam-expander has an inte-
grated A/4 plate to set the proper circular polarization for both blue (461 nm)
and red (689nm) MOT. In order to ensure the most robust and reliable
alignment of the beams to the atoms, these expanders are directly fastened
to the vacuum chamber. Fig.4.17 shows in detail the geometry of the beam-
expander and the mechanical system to fix it on the cell. In particular the
expander is fixed on steel flange sliding on three steel rods, which are screwed
on threaded holes of the MOT chamber. The position of this sliding flange
can be locked by tightening three screws. A sorbothane sheet between this
sliding flange and the expander allows the fine setting of the beam direction
by means of three adjustment screws. The final position of the expander can
be fixed by means of three locking screws.

Stop screw (2x3x120°)for

/ " lock/unlock of the lens focus
(<] with hex key wrench size 1.5mm
935 18 %ﬂ
(] = FC-APC-adapter

gtAP[ ::::::: tor

F— o1z h8

I
Il

//

318
$32 hg
M27x0.5

=t

Dption: Quarter wave plate

sliding flange locking screw

CF40 viewport
~——— beam expander

/ adjustment screw

sorbothane sheet

threaded rod

Figure 4.17: Technical drawing and artistic view of a MOT beam-expander. It provides a gaussian
beam with a diameter of 10 mm and it is fastened to the MOT chamber.
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4.6 Blue Laser for First Cooling Stage

The first stage cooling of strontium atoms is performed by using the
strong transition 'Sp — 'P1 at 461 nm. Due to the large saturation intensity
on this transition (Ig = 42.5 mW /cm?) usually high power (about 200 mW)
laser radiation at 461 nm is requested. Moreover for a transportable device
it is also preferred the use of semiconductor devices.

While high power semiconductor laser sources are available in the near
infrared region (up to 1.5 W), at the moment no high power blue laser at this
wavelength has been developed. The only choice is then to use frequency
doubling techniques by employing non-linear crystals.

In the following it is described the compact laser source we developed for
the production of more than 200 mW at 461 nm by frequency doubling a
high power 922 nm laser source in a non linear crystal. In Fig.4.19 is shown
a design of this second-harmonic generation (SHG) laser.

4.6.1 High power infrared master laser at 922 nm

The 922 nm master laser is based on a low power extended cavity diode
laser (ECDL) amplified with a tapered amplifier (TA). The ECDL consists of
a diode laser at 922 nm placed in a resonant cavity closed by a piezo actuated
diffraction grating. This grating is mounted so that the light diffracted in
the first order is reflected back into the diode laser, while the light diffracted
in the zeroth order is coupled out (Littrow configuration). The ECDL typi-
cally delivers about 20 mW at 922 nm, it has a spectral linewidth less than
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Figure 4.18: Characterization of the optical power at 922 nm. a) Optical power emitted by the
ECDL as a function of the supply current. b) Optical power available after the amplification stage
as a function of the current supplying the tapered amplifier.
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500 kHz and its wavelength can be fine tuned by moving the piezo-actuated
grating. The light produced by the ECDL is then amplified by a semicon-
ductor tapered amplifier providing in typical operation conditions about 700
mW at 922 nm (see Fig.4.18).

In order to maximize the overall stability of the system and ensure the re-
liability in the long term operation, two optical isolators have been installed.
A 60 dB optical isolator has been placed between the ECDL and the semicon-
ductor tapered amplifier in order to prevent optical feedback in the ECDL,
which otherwise could generate frequency instabilities. A 35 dB optical iso-
lator after the tapered amplifier prevents accidental back reflections into the
amplifier which could also lead to permanent damages. The laser head at
922 nm is assembled in a box 53.2cm x 15cm x 10.5 cm and it provides the
radiation to the frequency doubler box (39.5cm x 22.5cm x 10.5cm).

4.6.2 High efficiency frequency doubler

The frequency doubler consists of a 25 mm long periodically-poled KTiOP4
crystal (PPKTP). The crystal facets are antireflection coated both at 922
and 461 nm (R < 0.2%) and the poling period has been chosen to fulfill
quasi-phase matching at room temperature [93, 94|. Since the single pass
conversion efficiency would not ensure the blue power level requested for first
cooling stage, the non linear crystal has been placed inside a four mirrors
“bow-tie" resonant cavity which boosts the optical power at 922 nm. For
efficient second harmonic generation the spatial mode of the input beam has
to match the fundamental mode of the doubling cavity. For this reason a
cylindrical lens has been placed between the tapered amplifier and the cav-
ity. The coupling of the input beam into the cavity is further optimized by
proper selection of the reflectivity of the coupling mirror M1. This value can
be found by setting to zero the reflected power given by [95]

p= YV p
(1= VRirm)? "’

where R; is the reflectivity of the coupling mirror M1 and 1 — r,, rep-
resents the round-trip losses of the intra-cavity circulating power at 922 nm.
Therefore the optimal reflectivity is given by the so called impedance match-
ing condition Ry = ry,. For the cavity shown in Fig.4.20 round-trip losses of
11.5% have been estimated so an input coupling mirror M1 with reflectivity
of 88.5% at 922 nm has been used. The other three mirrors of the cavity have
a coating with high reflection at 922 nm (R = 99.5%) and high transmission
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Figure 4.20: Geometry of the “bow-tie" cavity used to enhance the second harmonic generation
process. Starting from the radiation at 922 nm provided by the ECDL and then amplified by TA,
two outputs at 461 nm are generated. The distances and the details of each mirror are reported.
The cavity is kept in resonance with the 922 nm laser by two piezo-actuated mirrors. The cavity
length is stabilized by means of Pound-Drever-Hall scheme: the ECDL current is modulated at 10
MHz and the error signal is obtained by demodulating the signal of a fast photodiode detecting
the reflection of the doubling cavity.

T (461 nm) = 97.5%

at 461 nm (T = 97.5%). The doubling crystal is placed between two plano-
convex mirror M1 and M2 with curvature radius r = 100 mm. The distance
between each mirror and the crystal is d1 = 52.5 mm. The other two mirrors
M3 and M4 are plane mirrors and are placed at a distance d3 = 76 mm. The
inter-distance M2-M3 and M4-M1 is the same and is given by d2 = 116 mm.
This geometry corresponds to a stable configuration of the cavity resonator.
The resulting free spectral range (FSR) is given by
FSR = c — 650 MH
" Lo+ 2d1 +2d2 +d3 s
where n, = 1.919 and L. = 25 mm are respectively the index of diffraction

and the length of the non linear crystal. Fig.4.21 shows the longitudinal
modes of the doubling cavity by observing the reflected power at 922 nm.

Under typical operation conditions about 60% of the light is coupled
inside the doubling cavity leading to a production of about 230 mW at 461 nm
corresponding to a 33% overall conversion efficiency .

The cavity is kept in resonance by two piezo-actuated mirrors M3 and
M4. In particular the piezo controlling the M3 mirror compensates the long
therm drifts of the cavity length and it has a stroke of about 1 ym/V which
is enough to scan many FSR with low voltage. The M4 mirror is actuated
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Figure 4.21: Longitudinal modes (red points) of the doubling cavity obtained by changing the
cavity length over one FSR and by detecting the reflected optical power at 922nm. When the
cavity is kept in resonance about 60% of the infrared power is coupled into the cavity. The error
signal (blue triangles) for cavity locking is also shown in millivolt scale.

by a small piezo (thickness 2 mm) with a high unloaded resonance frequency
around 500 kHz providing a high locking bandwidth.

Two different optical outputs at 461 nm are produced, with typical optical
power of 250 mW and 5 mW. The spatial mode quality of these beams allowed
us to reach very high efficiency in single mode fiber coupling. By matching
the beam diameter at 461 nm before and after fiber it has been possible
to achieve single mode fiber coupling efficiency higher than 75%. This high
coupling efficiency is mainly due to the nature of second harmonic generation
process. We have used indeed a noncritical phase matching which avoids the
spatial walk-off and therefore the frequency-doubled beam has the same
spatial mode of the incoming beam at 922nm [93, 94]. In this way more
than 180 mW from output n.1 can be coupled into a single mode fiber and
sent to the “compact breadboard for beams preparation" which produces all
the beams needed for first cooling stage. The output n.2 is also fiber coupled
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Figure 4.22: experimental realization of the blue laser module.

and typically provides 3.5 mW which are processed by the this module to
produce one beam resonant with the cooling transition and one beam red
shifted for the stabilization of the blue laser frequency.

Fiber coupling is realized by means of two commercial fiber couplers (by
Schifter+Kirchhoff ) which have fiber connectors FC. Optical fibers are single
mode polarization maintained and are 8°-inclined polish (“APC" standard)
to avoid back-reflected radiation into the laser.

Fig. 4.22 shows the experimental realization of the blue laser module.
This has been assembled on breadboard 57 cmx38cm filling a total vol-
ume of about 25 liters and with a weight of 20 kg. The estimated power
consumption of the laser source is about 25 W.
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4.7 Compact Breadboard for Beams Preparation

Starting from the light produced by the laser at 461 nm several laser
beams, with different frequencies and optical power levels, are needed to per-
form the first cooling stage. More precisely starting from the two blue laser
outputs, five beams are needed for Zeeman slowing, Blue MOT operation,
2D cooling, resonant probing and blue laser locking. To provide all these
beams a compact breadboard containing all the opto-mechanics for beams
preparation has been designed (see Fig.4.24). This breadboard has two op-
tical fiber inputs which tipically deliver 180 mW and 3.5 mW optical power
provided by the blue laser. The higher power input is used to produce three
beams needed for Blue MOT operation, Zeeman slowing and 2D cooling.
The lower power input provides the light for blue laser locking and resonant
probing. All the five optical outputs are coupled into single mode optical
fibers, which deliver the light to the vacuum system. The beams preparation
is realized by means of high-reflectivity mirrors, polarization cubes, plates
and lenses. All the different detunings can be tuned by using five acousto-
optical modulators (AOM) that shift the frequency of the beams according
to the frequency chart shown in Fig.4.23. This compact breadboard has been
realized by using compact and ultra-stable opto-mechanical mounts devel-
oped for transportable systems in FINAQS and ESA-SAI projects |96, 97].

Zeeman blue blue ) blue laser
slowing laser MOT 2D cooling  Jocking beam
| // | /L | | | >
I [ | " | | | o
320 - 150 - 40 220 0 v (MHz)
| +(2x75) MHz | blue laser
\ | locking beam AOM
} +(@2x75) MHz } probing beam AOM
| - 170 MHz | Zeeman slowing
I beam AOM
| + 110 MHz | blue MOT
[ | beam AOM
| + 130 MHz | 2D cooling

[ | beam AOM

Figure 4.23: Frequency chart for first cooling stage. The light coming from the blue laser (locked
at -150 MHz) is shifted in frequency by using acousto-optical modulators (AOM) in single-pass
and double-pass configurations.
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Figure 4.24: Artistic view of the module for beams preparation. This module processes the light
coming from the blue laser providing all the beams needed for the first cooling stage. The compact
and ultra-stable mounts used in this breadboard are also shown in detail.
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Figure 4.25: Optical circuit of the module for beams preparation. Basically two inputs with
180 mW and 5mW at 461 nm are processed in power and frequency to obtain 30 mW for Blue
MOT, 36 mW for Zeemam slowing, 10mW for 2D cooling, 1.0 mW for resonant probing (in
double pass configuration) and 290 uW for blue laser stabilization (in double pass configuration).

The detail of the optical circuit realized in the compact breadboard is
shown in Fig.4.25. Optical paths have been minimized to improve the sta-
bility of the alignment. In order to reach high efficiency in AOMs coupling
the diameter of the beams has been set to 0.5 mm (1/e?).

Starting from the high power input at 180 mW a series of two polarization
cubes and two half-wave plates split the light in three beams for Blue MOT,
Zeeman slowing and 2D cooling. The power level of each beam is adjusted
by changing the orientation of these two half-wave plates.
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Each beam is sent to its AOM with vertical polarization in order to opti-
mize the diffraction efficiency. Indeed a third half-wave plate is placed before
the 2D cooling AOM to rotate the horizontal polarization. The alignment
of the beams through the fixed AOMs is realized by adjusting the beams
direction. This is realized by means of a couple of mirrors placed before each
AOM. In typical operation condition the obtained diffraction efficiency in
the first order is 75%. Each diffracted beam is then coupled into singlemode
fibers by means of a mirror and an adjustable fiber coupler. Optical fibers
are connected to fiber couplers by using FC-APC connections. The coupling
efficiency of the diffracted beams into singlemode fibers is typically about
65 %.

The light coming from the input at 3.5mW is split in two beams by
two polarization cubes. Again, the power levels are adjusted by two half-
wave plates placed before the polarization cubes. Each beam is sent to its
AOM with vertical polarization by a couple of mirrors. Here two double
pass configurations through AOMs are set. The first provides the beam for
blue laser frequency stabilization. In this case double pass configuration is
used to frequency modulate the locking beam at 100 KHz. Such frequency
modulation allows us to obtain from the atomic beam spectroscopy the error
signal suitable for blue laser stabilization. In this configuration the blue laser
is stabilized with a frequency offset of —150 MHz. To compensate this shift
the beam for resonant probing is produced in a double pass configuration
through an AOM driven at the fixed frequency of 75 MHz. Again both the
beams are coupled into singlemode fibers by means of two mirrors and two
adjustable fiber couplers with FC-APC fiber connectors.

Taking into account all the losses mainly due to AOMs and fibers cou-
pling, starting with two optical inputs of 180 mW and 3.5 mW in normal op-
eration condition about 30 mW are available for Blue MOT operation, 36 mW
for Zeeman slowing, 10 mW for 2D cooling, 1.0 mW for resonant probing and
290 uW for blue laser stabilization.

Fig.4.26 shows the experimental realization of the compact breadboard
for beams preparation. This breadboard is hermetically closed with an alu-
minum cover 30cm x40cm x0.6 cm. Several electrical channels have also
been implemented to deliver radio-frequency to AOMs, to supply eventual
shutters and to install photodiodes for power levels monitoring.
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4.8 Dichroic Fiber Cluster for Blue-Red MOT

The light at 461 nm for Blue MOT is sent through optical fibers from
the compact breadboard to a dichroic fiber cluster (by Schafter+ Kirchhoff).
Here the light is split in three beams which are finally sent by fibers to the
vacuum system. The dichroic fiber cluster has two optical fiber inputs at
689 nm and one input at 461 nm to couple into the same output fibers both
the light needed for Blue and Red MOT (see Fig.4.27). More precisely one
input at 689 nm provides the light for Red MOT and the second input at
689nm (~ 1.5GHz red-detuned) provides the “stirring beam" needed for
operation with 87Sr atoms. For this isotope indeed the magneto-optical
trapping over the 'Sy — 3Py transition is complicated by the presence of
hyperfine states and a “stirring beam" is needed to cycle atoms in hyperfine
states well-suited for trapping [98].

Input 3
461 nm

S

Output 2

Output 1

Figure 4.27: Schematic view of the dichroic fiber cluster to couple into the same output fibers
the light for Blue MOT, Red MOT and “stirring beam".
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Figure 4.28: Optical scheme of the dichroic fiber cluster.

The optical scheme of the dichroic cluster is given in Fig.4.28. Basically
the two lights at 461 nm and 689nm are coupled together by a dichroic
mirror. A number of polarization cubes split the light in three beams for Blue
and Red MOT. The power level of these beams can be tuned by adjusting
the orientation of two half-wave plates placed in front of polarization cubes.
The three optical outputs are fiber coupled into singlemode fibers operating
at two wavelength 461 nm and 689 nm and sent to the vacuum system.

In this way the superposition of the beams for Blue and Red MOT is per-
fect since each beam is produced by the same beam-expander. This should
also ensure a better stability and efficiency of the overall cooling process
since Blue and Red MOT region are placed exactly in the same position.
Additionally, fibers provide gaussian beams with high-quality spatial modes
and regular wavefronts such that extra-heating mechanism due to spatial
intensity fluctuations of the beams [69] can be largely reduced. Further-
more MOT beams travels in the air for less than 1 cm from expanders to the
chamber viewports so spatial intensity fluctuations are strongly suppressed.

This version of dichroic fiber cluster at 461 nm and 689 nm is a first proto-
type and is currently under study. First tests showed that the overall optical
power efficiency is at level of 40% at 461nm and 50% at 689 nm. Further
tests will be performed to study its sensitivity to vibrations and mechanical
shocks in order to develop a version well suitable for transportable applica-
tions. The optical design can be simplified if we specialized this dichroic only
for 88Sr operation, thus eliminating the second input at 689 nm for “stirring
beam". This should also lead to a higher optical power efficiency.



Chapter 5

Experimental results

All the sub-sytems presented in the previous chapter have been com-
pleted and assembled thus realizing the first transportable cold strontium
source. In this chapter such system is presented in terms of the attained
Volume-Mass-Power budget. Furthermore, preliminary results of the ongo-
ing system characterization are presented. In particular the atomic dispenser
has been tested and the produced atomic beam has been used to realize the
first cooling stage. Finally by using an external laser source at 689nm a
preliminary test of the second cooling stage has also been performed.

89
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5.1 Volume-Mass-Power budget

The transportable system has been realized by integrating all the mod-
ules presented in the previous chapter: vacuum system, laser for first cooling
stage, compact breadboard for beams preparation, dichroic fiber cluster.
The result of this integration is shown in Fig.5.1. All the modules have been
fastened on a breadboard 0.9m x 1.2m. In this configuration we have di-
rect access to each module for optimization. The total volume filled by the
transportable setup is about 210 liters. This value is given by the sum of
the volume of each module (see Tab.5.1). In the same way the total mass
of the system has been estimated to be around 120kg. The total power
consumption is about 110 Watts. These values have to be compared with
those of a stationary system. For instance the stationary system for the pro-
duction of ultra-cold strontium atoms built in Florence has been assembled
on a breadboard 2m x 2m, is not modular and the vacuum system has a
maximum height of about 60 cm. Therefore the volume filled by this system
is about 2400 liters, thus a factor of 10 higher than that of the transportable
version. In terms of mass we have estimated for the transportable system
a reduction by a factor of 3 with respect to the stationary. Furthermore
the power consumption of the stationary system results in around 500 W,
basically due to the operation of the high temperature oven (~ 500 °C) and
to the production of the magnetic fields for Zeeman slowing and magneto-
optical trapping. This means for the transportable system a reduction by a
factor of 5 in terms of power consumption.

Transportable Volume Mass | Power
system (dm?) (kg) (W)
vacuum system 12x4x3.6 ~ 170 80 80
blue laser 3.8x5.7x1.2~25 20 25
compact breadboard 3x4x0.76~9 15 5
dichroic cluster 3x2x1=6 5 0
total 210 120 110
Stationary system 20x20x6 = ~ ~
in Florence 2400 300 500

Table 5.1: Final budget of volume, mass and power consumption of the transportable cold stron-
tium source. Analogous values of the stationary system built in Florence are also shown for
comparison.
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Figure 5.1: Experimental realization of the transportable system for ultra cold strontium atoms
production. The system is shown in a front and rear view.
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In order to further optimize the volume filled by the transportable system
all the electronics needed for the experiment operation has been placed in
three consoles hosted under the main breadboard (see Fig.5.2). In this way
the free space available under the main breadboard is used and no additional
rack for electronics is required. The interface with the user is provided by a
single computer that controls the cycle of the experiment.

Figure 5.2: Configuration of the transportable system with all the electronics hosted under the
main breadboard.
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5.2 Atomic Dispenser Characterization

5.2.1 Thermal properties

The atomic dispenser has been designed to reduce the heat dispersion
from the high temperature heater (~ 400°C) to the environment at room
temperature (~ 20°C). To do this several solutions have been adopted. The
heater has been placed into the vacuum to avoid the heat transfer to the air
at room temperature by convention. Also the heat dispersion through direct
contact has been reduced by placing ceramic thermal insulators between the
heater and the rest of the vacuum system. Finally the blackbody radiation
has also been considered by placing the heater inside an aluminum shield
(see 4.3 for further details).

Experimentally these solutions allowed us to realize a high efficient dis-
penser capable to reach typical working temperature of about 360 °C with a
power consumption of less than 17W (1.75 A — 9.6 V). The easiest way to
model the thermal properties of the oven is to write its equilibrium temper-
ature T, in the form

Teq - Tamb = Rth : Pa

where T, is the ambient temperature, P is power consumption and Ry
represents the overall thermal resistance of the oven. By measuring the
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Figure 5.3: Equilibrium temperature reached by dispenser as a function of its power consumption.
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equilibrium temperature of the dispenser as a function of the input power
P (see Fig.5.3) we have experimentally found that Ry, is not constant with
temperature. At the equilibrium temperature of interest Tty = 360°C the
value of Ry, is about 20°C/W. This corresponds to a thermal conductance
of the oven (at Toq = 360°C) given by (Ren) ! = 5.0 x 1072 W/°C.

5.2.2 Atomic beam

The atomic beam produced by the dispenser has been characterized by
performing the orthogonal-crossed-beam spectroscopy shown in Fig.5.4. A
probing beam at 461 nm with optical power Pp.ope = 1mW and diameter
d = 5mm (1/e?) perpendicularly crosses the atomic beam. By changing the
frequency of the probe beam around the atomic resonance and by detecting
the atomic fluorescence it is possible to measure flux and divergence of the
atomic beam.

In these experimental conditions the frequency width of the spectroscopy
signal (see Fig.5.5) is not broadened by the finite interaction time 7 with light
due to the thermal velocity of atoms. At typical dispenser temperature T' =
360 °C the most probable velocity in the atomic beam is v = /3kpT /M ~
420m/s corresponding to a transit-time broadening given by

AVttﬁiz 2 = % ~ 84 kHz,
which is indeed less than the natural linewidth v = 32 MHz of the interro-
gated transition 'Sy — 'Py.

Furthermore, for this configuration (Pyrope = 1mW, d = 5mm) the sat-
uration parameter s is very small. This is given by

I P d?
L _ Borore/(nd) g 192, (5.1)
Is 43mW/cm
therefore the power-broadening Av = v4/1 4 s is also negligible.
Thus in these conditions this orthogonally-crossed-beam spectroscopy al-

S

lows us to measure the frequency broadening due solely to the atomic beam
divergence. The measured frequency width Ay, is indeed related with the
atomic beam divergence « by the relation

_ Avy,

- Avp’

where Avp is the Doppler broadening (eq.2.3) which has for T = 360°C
the value Avp ~ 1.25 GHz. Therefore by measuring Awy,. it is possible to

«

estimate the atomic beam divergence a.
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Figure 5.4: Experimental setup of the orthogonally-crossed-beam method for atomic beam char-
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Figure 5.5: Fluorescence signal (blue points) produced by the atomic beam as a function of
the frequency detuning of the orthogonal probing beam at 461 nm. Red points represents the
corresponding error signal used for blue laser frequency stabilization.

A typical spectroscopy signal obtained by sweeping the blue laser fre-
quency around the atomic resonance transition and by detecting the atomic
fluorescence is shown in Fig.5.4. Remarkably, the frequency width of the flu-
orescence signal is less than the isotope shift 188 — 186 = 124.5 MHz [99, 100]
therefore the signal of each isotope can be resolved. This fact also provides a
simple way to calibrate in frequency the x-axis. The resulting width for 88Sr
signal is only 71 MHz, which implies an atomic beam divergence of only

71 MHz

= {9: Gl ~ 60 mrad ,

(07

so the same order of magnitude of the 25 mrad divergence estimated from

the geometry of capillaries.
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The amplitude of the atomic fluorescence signal can also be used to esti-
mate the flux of atoms produced by the dispenser. The fluorescence optical
power P detected by a photodiode is indeed related with the atomic flux ¢

by the equation
47 P

0= AL hvD e 7’
where df2 is the solid angle as viewed by the photodiode, hv is the energy
of a photon at 461 nm, I'scat; is the scattering rate of photons for the 'Sy —
P, transition (eq.2.5) and 7 = d/v is the transit time. In this way we
have estimated a typical flux of about 3 - 10'! atoms/sec for a dispenser
temperature of 360 °C. Remarkably, this high atomic flux is obtained with a
power consumption of only 17 W. The atomic flux was measured for different

values of dispenser temperature as it is shown in Fig.5.6.
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5.2.3 Blue laser frequency stabilization

The width of the fluorescence signal (71 MHz) has the same order of
magnitude of the natural linewidth of the 1Sy — 'P; transition (32 MHz),
therefore it is suitable for blue laser frequency stabilization. To do this we
have to process the fluorescence signal in order to produce the error signal
(red points in Fig.5.4) needed for laser stabilization. This is realized by
modulating the frequency of the probing beam at 100kHz (by means of
an AOM in double pass configuration) and by demodulating at the same
frequency the fluorescence signal. Finally, the error signal is sent to a PID
(Proportional-Integral-Derivative) controller which applies the corrections on
the piezo actuated grating of the blue laser (see Fig. 4.19).

A possible angular misalignment §6 of the probe beam with respect to the
perpendicular to the atomic beam (see Fig.5.7) should introduce a frequency
shift given by

ov ~ Avy, - 66 ~ 70 MHz/rad ,

which is valid for 6 < 1rad. Previous equation states that a maximum
misalignment of about 3° can be tolerated to have a resulting frequency shift

3 - - atomic

( \ ya : beam

7 i probe
: beam
"~
06
Figure 5.7: Scheme of the orthogonally-crossed-beam method spectroscopy in presence of a
possible angular misalignment §0 between the probe beam and the perpendicular to the atomic
beam. This should introduce a frequency shift in blue laser frequency stabilization.
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Figure 5.8: Comparison between the fluorescence signals obtained with a single (blue) and a
retroreflected probe beam (green). The frequency width variation provides a shift estimate of
~ 1MHz. The amplitude of the fluorescence signal obtained with a retroreflected probe beam is
increased by a factor of 1.7.

less than the natural linewidth of 32 MHz. Experimentally this condition can
be easily reached by realizing the alignment that minimizes the width of the
fluorescence signal. A further proof that the shift is less than the fluorescence
width is provided by retroreflecting the probe beam. In optimal alignment
condition the width of the fluorescence signal is not broadened with respect
to that obtained with a single beam. Fig.5.7 shows that the width difference
is about 2 MHz, therefore the shift is at ~ 1 MHz level. In the configuration
with retroreflected probe beam the saturation effect is negligible (see eq.5.1),
therefore the fluorescence is almost doubled (with quite the same FWHM)
leading to a better signal-to-noise ratio.
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In normal operation we have to take into account the additional atomic
fluorescence due to the Zeeman slower laser beam. Fig.5.9 shows how this
affects the total fluorescence and error signal. In particular, the configuration
with both probe and slowing laser beams (blue points) is compared with that
obtained with probe beam alone (red points).

Significantly, the presence of the slowing beam changes the total fluo-
rescence signal but does not perturb the error signal. This is because the
slowing beam is not modulated and therefore does not contribute to the error
signal production.

In this way we demonstrated that is possible to stabilize the blue laser
frequency on the 'Sq—1P; transition just using the atomic beam fluorescence.
In optimal alignment condition frequency shift in blue laser stabilization is
negligible and the Zeeman slower laser beam does not affect the error signal.
This solution considerably reduces the overall system complexity since the
high temperature Sr vapor cell conventionally used for blue laser stabilization
is not needed here.
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5.3 First Cooling Stage

Thermal atoms produced by the atomic oven are slowed down by the
counter-propagating laser beam for Zeeman slowing and are trapped in the
center of the chamber in a magneto optical trap operating on the 'Sy — 1Py
transition. This so called Blue MOT is realized by means of a magnetic field
gradient of 50 Gauss/cm along the z-axis and three retroreflected orthogonal
laser beams at 461 nm (see 2.1.3 for theoretical details). In typical operation
conditions each beam has an optical power of about 3 mW, a diameter of
10mm (1/e?) and a circular polarization. The frequency red-detuning with
respect to the 'Sy — 'P; transition is 40 MHz. In this conditions we have
observed the typical fluorescence signal of atoms trapped in the Blue MOT
as it is shown in Fig.5.10. Remarkably, this represents the first realization
of a 8Sr Blue MOT by using a transportable setup.

The fluorescence signal is detected by a calibrated photomultiplier in
order to estimate the number of trapped atoms. Additionally by changing the
blue laser frequency it is possible to separately trap three different strontium
isotopes, as shown in Fig.5.10. For the most abundant 3¥Sr isotope a number
of about 1.0 x 10® trapped atoms is estimated.
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’ Zeeman slower optical power 36 mW SSSI_ LY
| | Blue MOT optical power for beam 3 mW | ; ?fs i
3 3 3 Pt
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Figure 5.10: Fluorescence signal produced by atoms trapped into the Blue MOT as a function of
blue laser detuning. Three peaks corresponding to 88Sr, 87Sr and 86Sr isotope are visible.
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Figure 5.12: Partial electronic level structure of atomic strontium. The 15y — 1P, transition
is not perfectly closed and a certain fraction of atoms are optically pumped into the metastable
5p 3P2 state and lost. A possible repumping scheme with two lasers at 679 nm and 707 nm is also
shown.

A further characterization of Blue MOT loading and switching-off dy-
namics has been realized. The 'Sy — 'P; transition used for Blue MOT is
not perfectly closed due to the decay channel of the 5p ' P towards the 4d Dy
state. Atoms in the latter state may decay to the ground state through the
5p 2P within less than 1ms, or may decay to the metastable 5p >Py and be
lost (see Fig.5.12).

Therefore the number of atoms trapped in the Blue MOT (N) can be
described by the equation

dN
A
7 ¢ L

where ¢, is the effective flux of atoms that can be trapped and I'y, is the
number of atoms lost per second due to optical pumping in the metastable
5p 3Py state [101]. The previous equation with the initial condition N(t =
0) = 0 has the solution

N(t) = Ny(1 —e7¥7),

where Ny = ¢/ is the stationary number of trapped atoms and 7 = 1/T'z,
is the loading time of the Blue MOT (or equivalently the decay time). The
value of 7 has been experimentally estimated by measuring both the Blue
MOT loading time 7., and decay time 7,¢; (see Fig.5.13). The resulting
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values are quite comparable and provide a time constant 7 ~ 12.5ms. From
the independent measurement Ny = 1 x 108 performed by detecting the Blue
MOT fluorescence we also obtain an estimate for the effective flux of atoms
¢e = Nyt /7 ~ 8.0 x 10° atom/s. Considering that the atomic flux produced
by dispenser at T = 360°C is about 3 - 10! atoms/s, results that about
3% of these atoms are effectively trapped into the Blue MOT. This value
can be significantly improved by fine tuning the frequency of the Zeeman
slower beam and by optimizing the alignment of the atomic beam across the
differential tube. Nevertheless in this configuration, as it is shown in Fig.5.13,
the number of trapped atoms is increased by a factor of 3 by the presence
of the magnetic field for Zeeman slowing. In normal operation conditions
atoms trapped in the Blue MOT are cooled down to a final temperature at
the mK level.

5.4 Second Cooling Stage

The cold atomic sample produced by Blue MOT is then loaded on a MOT
operating on the 'Sy — 3P transition (Red MOT). Remarkably the latter
operates on an intercombination line (linewidth v = 7.6 kHz, see Fig.3.1)
which corresponds to a Doppler temperature Tp = 180 nK (eq.2.18) which
is less than the ultimate laser cooling limit set by half the photon recoil
temperature 7,/2 = 230nK (eq.2.20) [60]. The dynamics of laser cooling
on this narrow transition presents several peculiar features which are well
described in [70, 71, 72, 73|. Experimentally the Red MOT has been real-
ized by employing an external laser at 689 nm with 20 Hz linewidth which
delivers about 6 mW on the atoms. Laser beams for Blue and Red MOT
are perfectly superimposed by means of the dichroic fiber cluster (already
presented in 4.8). To have an efficient loading process from Blue to Red
MOT it is necessary to spread the spectrum of the laser at 689 nm in order
to cover the Doppler broadening Avp(T = 1mK) ~ 1.6 MHz correspond-
ing to the velocity distribution of atoms trapped in the Blue MOT. This
is realized by sending the 689 nm radiation through an AOM in a double
pass configuration. The radio frequency (~ 80 MHz) driving the AOM is
modulated at 25kHz, with a span of 400 kHz (see Fig.5.14). Optically this
results in a frequency broadening of 800 kHz, corresponding to 32 sidebands,
each one with an optical intensity of 240 yW/cm? (the saturation intensity
is Iy = 3uW/cm?). The central frequency is red detuned by 400 kHz with
respect the 'Sy —3P; transition. This so called “broadband phase" occurs for
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the first 50 ms and is then followed by the proper “single frequency phase"
(see Fig.5.14) where the atomic sample is cooled down to the pK level. The
number of atoms trapped into the Red MOT is estimated by probing the
atomic sample with a resonant laser beam at 461 nm and by detecting the
fluorescence signal with a calibrated photomultiplier. Starting from the ori-
gin t = 0 (timing diagram in Fig.5.14) corresponding to Red MOT load-
ing we measure the number of trapped atoms as a function of the probing
time (see Fig.5.15). This is done for three different experimental conditions.
Red triangles represent the Red MOT population obtained with a continuos
broadband phase. Green rhombuses represents the same population attained
with a limited broadband phase (early 50 ms) followed by the proper single
frequency phase. From the comparison with the number of atoms measured
after Blue MOT switching-off (blue circles) Fig.5.15 shows how this number
is increased by the presence of red beams with about 107 atoms loaded into
the Red MOT. The configuration with single frequency phase allowed us to
trap atoms for several hundreds of milliseconds. By performing an exponen-
tial fit of the atom population decay we estimate a Red MOT life time of
about 240 ms.



Chapter 6

Conclusions and perspectives

The aim of this thesis was to build and experimentally demonstrate the
possibility of a transportable optical clock based on strontium atoms. We
described the realization of a compact system for ultra-cold strontium pro-
duction that represents the core of an optical lattice clock. Several novel
solutions have been developed to reduce volume, mass and power consump-
tion in comparison with a standard stationary system. The transportable
system here presented has been designed matching together the requirements
of compact dimension, hardware modularity and operation reliability. We
showed the design and the realization of each subsystem and the final inte-
gration. In particular we developed a compact vacuum system with solutions
to optimize the laser cooling of strontium atoms. We realized a new high
efficiency atomic oven providing a highly collimated atomic beam. We used
only semiconductor laser sources and we developed a new compact bread-
board for the preparation (detunings and optical power distribution) of the
laser beams needed for cooling and trapping. Finally we used a novel dichroic
fiber cluster to couple into the same fibers both the light needed for the first
and second cooling stage, at 461 nm and 689 nm respectively. In this way
we realized a system in which all the needed lights for cooling, trapping and
clock spectroscopy are delivered to the vacuum system by means of optical

fibers.

Preliminary results of the ongoing system characterization were also pre-
sented. In particular we performed a characterization of the atomic oven
in terms of thermal properties and atomic beam divergence. We produced
an atomic beam flux of ~ 10 atoms/s with a power consumption of only
17W (dispenser temperature ~ 360°C). We measured an atomic beam di-
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vergence of only 60 mrad. High atomic beam collimation allowed us to use
a orthogonally-crossed-beam spectroscopy scheme to frequency stabilize the
laser source at 461 nm on the 'Sy — 'Py transition. In this way we signifi-
cantly reduced the system complexity since an additional high temperature
strontium vapor cell for laser frequency stabilization was not needed. We
performed the first cooling stage and we observed about 10® atoms trapped
into the Blue MOT (without repumpers). We characterized the Blue MOT
loading and switching-off dynamics. A compact Zeeman slower allowed us
to increase the number of trapped atoms by a factor of 3. We performed a
preliminary test of the second cooling stage and we trapped about 107 atoms
into the Red MOT.

The next step will be the integration of this system with a transportable
clock-laser system at 698 nm to realize a fully transportable strontium optical
lattice clock. In this way we will realize a powerful tool for a wide range of
applications. The transportable system will be used as an “optical clock
tester" to be moved to other stationary optical clocks placed in metrological
laboratories spread around the world. In this way it will be possible to
verify the effective reproducibility of different optical frequency references
and to provide important informations toward the future redefinition of the
SI second, based on optical standards. Additionally such transportable clock
should also be used to preliminary demonstrate a new kind of relativity-
based-geodesy, by measuring how the local mass distribution and variation
affects the clock time measurement.

Furthermore, the experimental work done in this thesis can provide im-
portant technological and scientific informations toward the realization of a
new-generation of transportable optical clocks more robust and reliable for
applications on Earth and in Space.
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Technical Drawings
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