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UNDAMENTAL research conducted in the laboratory can sometimes be challenging
F and frustrating, but one should not forget that it can also lead to great results with
outstanding repercussions on our everyday life. The two most striking examples being
the invention of transistors and lasers. The later in particular, developed in 1960 [1],
enabled the possibility of cooling and trapping neutral atoms [2-4] and opened the door
to a significant part of modern experimental atomic physics. Beside the obvious interest
in understanding the structure of matter at the atomic level, where the physical laws
are dominated by quantum mechanics, cold atoms techniques have also quickly become
mature enough for applications and instrumental developments.

Atomic sensors and quantum metrology

Indeed, compared to more conventional technologies, cold atoms offer an alternative and
often better performances concerning precision measurements and sensing [5,6]. Atomic
sensors can be regrouped into four categories:

o Atomic clocks: Their goal is to probe the transition frequency between two atomic
levels using an electromagnetic field. The time is then determined by counting the
number of oscillation periods 7t contained in one second, v4; being the considered
atomic frequency. The oscillating field locked to the atomic transition thus acts
as a time ruler, whose graduations are represented by one oscillation period. As a
result, the higher the frequency the better the precision. A clock is characterized
by its accuracy and stability that define the precision with which we know the
spacing between the graduations and by how much these intervals fluctuates with
respect to each other. While best quartz show a short term stability on the order

of 10713 at one second and a flicker floor in the low 107! after only a few seconds
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INTRODUCTION

7], best atomic clocks now work in the 107'7 range at one second [8] and keep
integrating in the low 107!%. Their fractional uncertainty also lies in the 107!8
level [9]. These extremely precise devices begin to be interesting for fundamental
research, as they start to be able to test the stability of fundamental constants [10],
general relativity [11] and provide information regarding the exploration of dark
matter [12].

o Field sensors: As atomic energy levels are sensitive to magnetic and/or electric
fields, atoms can also be used as a field sensor. Similarly to working principle
of atomic clocks, by monitoring the frequency changes of a given transition, it is
possible to precisely measure the amplitude of the surrounding fields, after prior
calibration [13-16].

o Acceleration sensors: Being massive objects, atoms are sensitive to forces and
in particular to the inhomogeneous Earth gravitational field [17]. This gravita-
tional acceleration, and more generally any kind of accelerations, can be probed
locally with a Mach-Zehnder or Ramsey-Bordé interferometer [18,19]. It consist
in measuring the phase difference between two spatially separated and recombined
atomic clouds, in the direction of acceleration. Indeed, during the separation the
two clouds experience different accelerations and therefore accumulate different
phases, resulting in an interference pattern. Such a gravimeter has been realized
for the first time in 1991 [20] and many times since then [21-26], and now present
better performances than conventional ballistic devices. Only the superconducting
gravimeter surpasses the best atomic ones [27] in term of short term sensitivity.

e Rotational sensors: The same principle can be applied to measure rotational ve-
locities. The spatial separation has then to take place in the plane orthogonal to
the rotation vector, and this time the phase shift between the two atomic clouds
is due to the so-called Sagnac effect [28]. The first atomic gyroscope, realized in
1991 [29], opened the way to atomic rotational sensing [30-34]. In contrast to
conventional gyroscopes [35,36], the atomic ones present better long term stabil-
ities and constitute absolute references, meaning that they do not need specific
calibration.

So far we only considered cold but non-degenerate atomic ensembles. Thanks to
their very high phase-space density and macroscopic coherence properties [37], Bose-
Einstein condensates (BEC) are very interesting candidates for atom interferometry [19,
38,39]. Since their first observation in 1995 [40,41], they have known an immediate
success and have led to a large variety of fascinating experiments [42]. The more recent
development of atom chip technologies [43,44] has also greatly simplified the production
and manipulation of BEC’s, leading to a tremendous growth of on-chip interferometers in
the last decade [45-49]. One of the ultimate goals would be to combine an atomic clock

vii



with a set of gyroscopes and accelerometers on a chip in order to form an autonomous
inertial navigation system applied for submarines and spacecrafts [6].

In all these atom interferometers the quantity of interest is the relative phase between
two atomic ensembles, and it can only be probed through readout of the atomic state,
which is subject to a fundamental noise: the quantum projection noise (QPN). The
measurement of a coherent superposition of atomic states is performed by projecting
it onto one of its eigenstates. Similarly to a coin-tossing game, the outcome of this
measurement is subject to a statistical uncertainty, that is reduced by repeating the
process many times, either successively or in parallel. The measurement uncertainty,
called standard quantum limit (SQL) [50], then scales as 1/v/N, where N is the number
of repetitions. This process actually limits nowadays best atomic sensors [33,51]. While
this rule cannot be overcome in the "classical" world, quantum mechanics provides some
tools to further reduce this limit and opens the path to quantum metrology [52,53].
As a matter of fact, quantum correlations and entanglement [54, 55| can in principle
push away this limit down to the Heisenberg limit [56], for which the measurement
uncertainty scales as 1/N. This field of study has also known a tremendous success
with several implementation of atomic systems working below the standard quantum
limit with direct possible applications in atom interferometry and sensing [14, 57-63].
Here again, BEC’s appear like perfect candidates for quantum metrology, since they
inherently present non-linear interactions leading to spin squeezing [60,61,64-66]. This
scientific breakthrough is at the very core of the second quantum revolution [67] recently
supported by the European Union with a one billion euros flagship [68].

In the framework of developing increasingly more accurate and stable sensing devices
for industrial or fundamental applications, the combination of atom chip technologies,
Bose-Einstein condensates and entanglement protocols is not only appealing but also
genuinely realistic, and could really revolutionize the world of sensing and precision
measurement in the years to come. All of these metrological devices have several fun-
damental applications but they can also be combined in order to form an autonomous
inertial navigation system. This assembly is made possible by the recent development of
atom chip technologies. In that sense, the work presented here represents a small step
towards the development and realization of applied quantum technologies.

Trapped atom clock on a chip (TACC)

The TACC project was, in 2006 and in collaboration between the LKB and SYRTE,
initially designed to be a compact atomic clock, which interrogates Rubidium atoms
magnetically trapped in the vicinity of an atom chip. The idea was to get a robust
metrological device, working at the state of the art with a stability in the low 10713 /,/s,
and eventually contribute to the development of chip-based inertial sensors and space
applications. The latest version of the clock exhibits a stability of 5.8 x 107'% at one
second with 20 000 atoms and a 5 s interrogation time [69].

This set-up is however not only a competitive compact clock but also a remarkable
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INTRODUCTION

platform for fundamental studies and complex manipulations of atoms and quantum
states. For instance, it permitted in 2010 the experimental observation of an intricate
and very general quantum mechanical phenomenon, called identical spin rotation effect
(ISRE) [70]. Owing to the indistinguishability of particles, binary collisions can exchange
the internal states of the two colliding atoms and lead to a an auto-synchronization of
the atomic spins [71], resulting in extremely long coherence times (~ 58 s) and contrast
revivals [72,73]. This effect also enables the observation of spin waves and density-
dependent frequency shifts [74, 75]. However, since the whole process is based on the
symmetrization of the total wave-function, atoms cannot be in the same external state
and have two different internal states at the same time. This is the reason why the ISRE
cannot occur in Bose-Einstein condensates.

In this manuscript, we propose to study another very general quantum mechanical
feature that is spin squeezing [76,77]. In 2001, a proposal suggested to use the elastic
collisions happening in a spinor BEC in order to generate an interaction-mediated spin
squeezing [78]. This process lies on the different collisional properties of the two internal
states occupied by the BEC, and in the case of 8 Rb, some tricks have to be applied in
order to tune these interactions. This has been successfully achieved twice in 2010, by
using either a Feshbach resonance in an optical lattice potential [60], or a state-dependent
microwave potential in a magnetic trap on a chip [61]. Both methods showed a significant
reduction of the relative number fluctuations between the two states below the SQL, and
good enough phase coherence to actually get use of this squeezing [13,79]. Here, were pro-
pose to benefit from the inherent mean field dynamics of a dual-component BEC leading
to a spontaneous spatial separation and recombination of the two states [80-83]. During
the separation, the non-linear interaction considerably increases resulting in significant
spontaneous spin squeezing [84]. Not only this method could significantly improve the
sensitivity of BEC-based interferometers, but it also comes within the framework of
multi-particle entanglement which is a fascinating open topic in itself.

The idea here is thus to get use of our atom chip to benefit from the metrologi-
cal environment provided by TACC to observe a reduction of the phase measurement
uncertainty .

The manuscript is organized as follows:

o We begin by introducing all the concepts involved in the operation of a trapped
atom clock on a chip. The basic principles of magnetic trapping on an atom chip,
atom-field interaction and atomic clocks will be briefly reviewed. A a key element
of the study, Bose-Einstein condensates will then be theoretically described in the
regime used experimentally. Subsequently, the concept of spin squeezing for metrol-

ogy will be introduced and its implementation through inter-atomic interactions
will be tackled.

o The second chapter consists of a rapid overview of the experimental set-up including
the chip, the laser system and the interrogation signals. The temporal sequence,
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from the trapping and cooling to the interrogation and detection of the atoms will
also be presented. Some preliminary results concerning the characterization of our
Bose-Einstein condensates and their oscillation inside the trap will be exhibited
thereafter.

The third chapter deals with the detection system. As it is our only way to probe
the atoms, great care has been devoted to its optimization and calibration. The
basics of time of flight absorption imaging and atom number estimation will be
reviewed. A newly implemented double state detection scheme, allowing the si-
multaneous detection of the two clock states with a single light pulse, will be sub-
sequently presented and characterized. Finally, the performances of the imaging
system in terms of accuracy and stability will be challenged.

The fourth chapter is dedicated to the study of the spontaneous state-dependent
spatial dynamics occurring in a spinor Bose-Einstein condensate, and eventually
leading to spin squeezing. A theoretical model used to numerically reproduce
the experimental data will be introduced. Then, a Ramsey-type interferometric
protocol will be implemented to thoroughly study this phenomenon through two
features: the contrast and the central frequency of the interferometer. The initial
scheme will be modified in order to increase its sensitivity in the presence of sig-
nificant asymmetric population losses. The influence of several parameters such as
the trapping frequencies and atom numbers on the dynamics will also be studied.

The fifth chapter addresses the realization of the atomic state tomography and spin
squeezing measurement. Thank to the spatial dynamics, non-linear interactions
will twist the spin noise distribution of the atomic state, resulting in a squeezed
spin state. A protocol will be implemented in order to probe the spin distribution
and exhibit a reduced atomic noise. Different sources of instability will finally be
analyzed using a clock measurement, to explain our measured squeezing parameter.
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CHAPTER 1. THEORY OF A TRAPPED ATOM CLOCK ON A CHIP

HIS chapter draws up the main aspects of the TACC experiment and provides all the
theoretical tools required to explain the experimental methods and observations. It
starts by reviewing the different physical mechanisms involved in a trapped atom clock
on a chip such as magnetic trapping, Zeeman shifts, atom field interaction, atom loss
processes and so on. Some theoretical tools concerning the time evolution of an atomic
state are also developed in order to support the experimental data later on. Then the
basic principles of atomic clocks are presented making the link with the current status
of the experiment. The connection with atom interferometry is made to illustrate our
interest for spinor Bose-Einstein condensates and quantum metrology. This degenerate
state of matter is then theoretically described under the mean-field formalism and in
the case of a cigar-shaped harmonic trapping. Finally, the spontaneous state-dependent
spatial dynamics of condensed Rubidium atoms is exploited to generate spin squeezing
through the one-axis-twisting Hamiltonian.

1.1 Magnetic trapping on atom chips

Theoretically proposed [85] and experimentally realized [86] in the early eighties, the idea
of magnetic trapping for neutral atoms has become a cornerstone for nowadays ultracold
physics. Combined with the versatility of on-chip micro-circuits, it enables the precise
confinement and manipulation of atomic gases paving the way for the study of numerous
physical phenomena [43,44]. This section is a brief introduction to magnetic trapping of
neutral atoms on an atom chip. The fundamental aspects of the interaction between an
atom and a magnetic field, as well as the generation of such trapping field in the context
of the TACC experiment are presented.

1.1.1 Atom chip technology

The heart of the TACC experiment is a micro-fabricated chip, displayed on figure 1.1,
whose working principle and applications are thoroughly detailed in [44,87,88]. The most
widely used atom chip technology consist of micro-fabricated conductive wires deposited
on an insulated substrate [43,89,90]. The two main advantages of such a device are its
compactness and its versatility. Indeed, in the framework of lab-on-chip technologies,
it is possible to concentrate most of the tools required to interact with the atoms in
a relatively small area [91]. A good example of such versatility is the addition on top
of the "standard" trapping wires of a coplanar wave-guide whose purpose is to generate
the microwave magnetic field that interrogates the atoms. Furthermore, the currently
on-going next generation of the experiment also includes a pair of fibred Fabry-Pérot
cavities [92], increasing the possible atomic manipulations and getting closer to a lab-
on-chip realization. One of the final possible applications being the implementation of
a robust and portable inertial sensor combining an on-chip atomic clock with on-chip
gyroscopes [93,94] and gravimeters [95,96].



1.1. MAGNETIC TRAPPING ON ATOM CHIPS

Figure 1.1: TACC atom chips. Micro-fabricated circuits used in the present experi-
ment (a) and new configuration with integrated fibered micro-cavities (b). Both chips
present a coplanar wave-guide, whose connectors are visible, used to generate the MW
interrogation field. The new configuration also possesses a circular structure to transport
the atoms towards a pair of optical fiber cavities, whose common bridge is visible on its
right side.

Let’s now have a look at the interaction between an atom and a static magnetic field.

1.1.2 Physical principle of magnetic trapping

A neutral atom subject to a small' external magnetic field § experiences a potential
which can be written to first order as

V= -8 = upgrmel Bl (1.1)

where pp is the Bohr magneton, gg is the Landé g-factor of the angular momentum state
F', and mp is the magnetic quantum number resulting from the projection of F' onto §
The trapping or repulsive nature of the potential depends on the sign of gpmpg. If it is
positive, then the atoms will be attracted toward a minimum of the magnetic field and
conversely. Yet, local maxima of the magnetic field in source-free regions are forbidden
by the Maxwell equations [97]. Therefore, only "low-field seekers' (gpmp > 0) can be
trapped. Such states are represented in red on figure 1.5. This reasoning assumes an
adiabatic evolution of the atoms in the magnetic potential. Otherwise, if the atomic spin
does not adiabatically follow the local direction of the magnetic field, it can topple into
a repulsive or non trapping state and be ejected from the trap. Such spin-flip losses are
called Majorana losses [98-100]. To avoid them, magnetic field direction variations have

!The resulting potential has to be smaller than the hyperfine splitting.



CHAPTER 1. THEORY OF A TRAPPED ATOM CLOCK ON A CHIP

to be slower than the Larmor frequency:

d B _ 1Blgr]
: (H—Er”)|<< w =20 B, (1.2)

The left term of equation (1.2) is generally smaller than the maximum trapping frequency.
This condition gives then a higher bound on the achievable trapping frequencies [86].

1.1.3 Magnetic trap basics

The main goal is thus to create a magnetic field distribution containing a local minimum.
The two simplest ways to generate a trap are either to use a pair of coils in the anti-
Helmoltz configuration [86] or, as illustrated on figure 1.2, to combine the field of a
current carrying wire with a homogeneous bias field created by a pair of coils in the
Helmoltz configuration for instance. Such linear quadrupole traps are often used for
generating a Magneto-Optical Trap [101]. The main problem is that the magnetic field
strength vanishes at the trap center preventing condition (1.2) from being satisfied. It
can be shown that a quadratic confinement is required to get a finite magnetic field at
the trap center [102]

1

_|Biasfield |, _, . ,

3Quadrupole field

Wire field

S

Figure 1.2: Principle of a quadrupole magnetic trap. The combination of the field
radiated by a current carrying wire and a homogeneous bias field results in a quadrupole
field that presents a local minimum inside which atoms can be trapped. Taken from [103].

This problem can be circumvented by using dynamic traps such as TOP? traps [104]
or static traps involving a more complex combination of current carrying wires and static
fields such as the widely used loffe-Pritchard traps [85,105]. The dimple trap, presented
in figure 1.3, is a particular kind of Ioffe-Pritchard traps that is used in TACC.

It is moreover possible to theoretically predict the trapping parameters (position,
depth, frequencies) from a given geometry, currents and bias fields. Indeed, the magnetic
field generated by a rectangular wire (z7 < x < g, y1 <y < 4o, 21 < 2 < 29) carrying a
DC current is derived using the Biot-Savart law [106]

2time-averaged orbiting potential.

W



1.1. MAGNETIC TRAPPING ON ATOM CHIPS

(b)

B

X y

Figure 1.3: Dimple trap. (a) Three dimensional Ioffe-Pritchard trap generated by two
crossing wires and a combination of two bias fields. The resulting field in the y-z plane
is shown. Adapted from [89]. (b) Magnetic field strength in the x-y plane.

T2 Y2 22 e ? _ ?’
?(r) = 57(;/11 d:v’/y1 dy’/z1 dz'? ‘X?<_ eI ), (1.3)

%
where j is the current density flowing through the wire and pg is the magnetic perme-
ability. The fields radiated by the different wires and coils are then summed and the
minimum of the norm B(r) = ,/BZ+ B2+ B? is found by looking for the zeros of its

gradient ]V§| = \/(%)2 +(5)2 + (52)%. This gives access to the position of the trap
center {Z,, Ym, zm} corresponding to |V§(mm, Ym, Zm)| = 0. The other trap parameters
(frequencies and axes) are found by deriving the Taylor expansion of the field around the

stationary point and diagonalizing the resulting second order Hessian matrix® [107,108]

azB(xmvymazm) 8B(xmvymazm) 8B(xm7ymazm)

ox? , Oxdy 0x0z
M = Oyox Oy? OyOz ) (14)
6B(xm7ym7zm) 8B(xmvymazm) 823(£m7ymvzm)
020x 020y 022

The off diagonal terms correspond to a three-dimensional rotation of the trap axes. In
the eigenvectors basis, the magnetic field takes the expected harmonic the form

Bm + @ < 2 (X —l’m)2 2 (Y — ym)2 2(Z_ Zm)2> 7 (15)

B(r) ~ Wy Twy 5 + w; 5

3By definition the first order terms vanish at the stationary point.
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where B,, = B(Zm, Ym, zm) is the field at the trap bottom and i{wx,wy,wz} are the
trapping frequencies along the eigen-axes X,Y, Z.

In the case of the dimple trap and for infinitely thin wires, analytical formulas can be
found in the appendix of [87]. More details about magnetic traps associated to TACC
and the inclusion of gravity and gravitational sag can be found in [92,103].

1.1.4 A pseudo-magic trap

In the context of implementing an atomic clock with high metrological requirements,
magnetically trapped atoms may not appear like the most efficient solution. Indeed,
in the trap, the atoms will experience an unstable frequency shift, called Zeeman shift,
which depends on their internal state and position. Indeed, a magnetic field B displaces
the energy levels according to the Breit-Rabi formula [109,110]

Ehfs Ehfs 4777,FX
Ep,, = ——s B+ 1 X2, 1.6

where X = % and Epps = Apps(I +1/2), with I = 3/2 and J = 1/2. The

hyperfine energy levels for the ground state of 8’Rb are displayed on figure 1.4 (a).
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Figure 1.4: Zeeman energy shifts. (a) Energy level shi