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Abstract

General Relativity (GR) and Quantum Mechanics (QM) are the two theories on which relies our
present understanding of physical phenomena respectively at the macroscopic scale of astronomy and
cosmology, and at the microscopic one of the atoms and subatomic particles. In their specific domains,
the two theories have been so far successfully tested to an exquisite degree of accuracy in all their
predictions; both are therefore considered as good candidates for a more general theory incorporating
at once the effects of all the four fundamental forces. The problem arises because the two theories
result mutually incompatible: cornerstone concepts of GR like causality, locality and continuity are
replaced by non definite causal order, entanglement and quantized quantities. A great theoretical effort
has been devoted in the so-called Quantum Gravity to develop a more general framework, capable of
describing the whole reality; nevertheless the field is held back by the lack of experimental work which
can provide guidance by selecting between some of the different ideas and approaches.

The last years saw a growing number of overlap regions between GR and QM, which increased
the interest in Quantum Gravity given the possibility to achieve major progress in the near future.
Quantum and Atom Optics can manipulate light and matter at an unprecedented level, and could soon
produce systems affected by both GR and QM. Several experiments are testing cornerstone concepts
of the two theories, as is the case of the equivalence principle for GR and non-locality for QM, at
the boundaries between the two domains, with the aim of revealing violations and trigger progress.
Increasing performances in matter wave interferometry open the possibility to verify effects produced
by spacetime curvature and not described by QM. The recent observation of gravitational waves (GWs)
opens the possibility to test configurations of extremely small scale and high mass, such as the case of
black holes, neutron stars and potentially one day the early stages of the Universe.

Cold and ultra-cold atoms are the disruptive tool that in the 1980s revived atomic physics and
increasingly lie at the heart of several fundamental and applied research fields, ranging from the simu-
lation of complex systems and phenomena like superfluidity and disordered states, to the absolute mea-
surement of inertial forces, frequency and time. The development of cooling and trapping techniques
based on laser beams and magnetic fields brought in 1995 to the observation of degenerate quantum
gases, which are nowadays routinely produced in several laboratories and even commercialized. The
result has been a plethora of new research possibilities and applications, like quantum computing, ana-
logue gravity and simulation of new states of matter when loaded in complex optical lattice geometries.
Atom optics, based on the matter wave behavior of particles predicted by De Broglie, introduced an ex-
tremely sensitive way of probing inertial and fundamental forces, and especially with gravity is opening
new avenues to test its basic principles, probe space and time with unprecedented precision and accu-
racy, promising to make feasible in the mid term the technological challenge called absolute navigation.

After my PhD obtained developing novel trapping configurations for neutral atoms, the central
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subject of my research activity is represented by matter wave interferometry, investigated from different
points of view: metrology, with the precise measurement of the Newtonian fundamental constant G;
quantum measurements, in relation to enhancing the sensitivity exploiting the intrinsic properties of
QM; inertial sensing, for the development of quantum sensors to measure inertial forces; fundamental
physics, for the possibility of testing GR using atomic interference. For the latter, I am presently
focused on the one hand on exploring QM in a degenerate cavity quantum–electrodynamics (QED)
system, with the target of investigating so far inaccessible aspects of crystallization processes, on the
other hand on adopting atom interferometry (AI) in the recently born field of Gravitational Wave
Astronomy (GWA). AI promises to fill the sensitivity gap in the frequency spectrum between Earth-
and space-based GW detectors based on optical interferometry, a very promising complimentary window
in terms of potential signals going from the merging of intermediate mass binary black holes (BBHs) to
the incoherent signal represented by the stochastic background. The synthesis of the two research lines
is represented by the mid- and long-term goal of testing quantum mechanics and its validity in curved-
spacetime with AI experiments in long baseline and cavity QED setups, with the aim of investigating
the blurry boundary between GR and QM.
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Introduction

The feeling of awed wonder that science can give us is one
of the highest experiences of which the human psyche is
capable. It is a deep aesthetic passion to rank with the
finest that music and poetry can deliver. It is truly one of
the things that make life worth living and it does so, if
anything, more effectively if it convinces us that the time
we have for living is quite finite.

— Richard Dawkins, Unweaving the Rainbow:
Science, Delusion and the Appetite for Wonder

This documents resumes my scientific activity between 2006 and 2019, first as a postdoctoral
fellow and research associate in Florence (Italy), then as postdoctoral fellow in Palaiseau (France) and
since 2013 as a research scientist in Talence (France). During this time, I worked on different topics in
Atomic, Molecular, and Optical physics (AMO), with the subject of Atom Interferometry (AI) playing
as a pivot. Atom trapping and cooling constitutes the required set of techniques to obtain atoms with
an associated de Broglie wavelength [1] small enough to have them behave as waves in specifically
engineered laboratory conditions. A dazzling development of the cooling techniques in the early 90’s
led in 1995 to the observation of the Bose-condensed state of the matter [2, 3, 4], in which the wavelets
associated to each atom of an ensembles interfere constructively to form a macroscopic quantum state.
AI deals with the evolution of matter waves when two (or more) possible paths are accessible, which
makes possible the splitting of the wavefunction associated to a particle, and then the deflection of its
components in order to observe interference phenomena. Nano- or micro-metric obstacles suitable to
manipulate the atomic wave-function have been typically implemented with mechanical nano-gratings
[5, 6] or optical gratings obtained with counter-propagating light beams [7, 8]. From the seminal
experimental demonstrations in 1991 [9], AI has grown relentlessly, and nowadays it touches several
fields in modern atomic physics, from metrology, to gravimetry and gradiometry, time-keeping, with
connections to quantum measurements and diverse applications as is the case of Gravitational Wave
Detection (GWD).

Ch. 1 is focused on AI, starting with a review of the techniques developed to manipulate the
atomic wave-function, and the different mathematical formalisms introduced to obtain the measured
interferometric phase. After a general presentation of the many applications where AI is nowadays
employed, ranging from fundamental physics to applied sciences, I present the experimental work I
carried out in Florence, in the group of Prof. G. M. Tino, to realize an atomic gravity-gradiometer to
determine the Newtonian gravitational constant G. The activity culminated, first, with a measurement
at the 1% level of G [10], and later with an improved value at 0.1% [11]. Since 2013 I am working as
chief scientist at the Matter wave Interferometer–laser Gravitation Antenna (MIGA) experiment, lead
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by Dr. Bouyer in the frame of an EquipEx project. After introducing the key concepts concerning
the possibility and the potential advantages of detecting Gravitational Waves (GWs) with AI, I will
describe the work being carried out at LP2N in Bordeaux to develop a giant interferometer at the
underground laboratory of LSBB in Rustrel (France), with all the related activities. I will conclude
the chapter describing the satellite activity represented by my implication in European studies to take
advantage of AI in future space missions; the objectives of these missions range from improved tests
of GR, e.g. of the weak equivalence principle (WEP) also in its quantum nuances, to applied physics
purposes, e.g. the improved mapping of the Earth’s gravitational field.

Ch. 2 describes how atomic sensors can exploit intrinsically quantum features to obtain an in-
creased sensitivity with respect to protocols based on classical properties only. The sensitivity boost
over classical statistic granted by quantum mechanics would be of immediate advantage in atom inter-
ferometry, as proven in proof-of-concept experiments [12, 13, 14, 15] surpassing the Standard Quantum
Limit (SQL). After making the distinction between quantum-enhanced measurements exploiting en-
tanglement [16] or alternative mechanisms [17], I will present related work I realized with a cavity QED
experiment at the Institut d’Optique first in Palaiseau and then in Talence. We studied theoretically
how to achieve spin squeezing in an atomic ensemble, and then built a weak, non-destructive probe
that we exploited to implement pioneer experiments in quantum feedback and phase locking using an
atomic quantum state as a reference.

Ch. 3 is focused on the results I obtained in the general context of atom trapping and cooling, often
for the specific configuration of cavity QED. I will present an enhanced imaging technique exploiting
light-shift engineering (Sec. 3.1), the direct production of an array of BECs in the high order transverse
cavity modes of a resonator (Sec. 3.2), the progress towards a cavity based matter wave beamsplitter
(Sec. 3.3) and the dark state loading and cooling in a dipole trap (Sec. 3.4, which has been key to
realize an all-optical BEC in microgravity.

The subject of Ch. 4 is the present research activity on the cavity QED experiment, targeting
the observation of self-organisation phenomena in the traveling wave configuration implemented by
our bow-tie cavity. The principal aim is to investigate order emergence in a broader context with
respect to what spectacularly demonstrated in the last years in standing wave resonators. The main
ingredient characterizing our specific geometry is the absence of boundary conditions on the intra-
cavity electric field at the mirrors; as a consequence, the phase of the optical and atomic lattice
that should form in the cavity is a free parameter. The second-order phase transition to the ordered
configuration is not only described in terms of a continuous phase parameter, but determines as well
the entanglement between the atomic and the light component of the system. The scientific program
foresees the realization of other exotic states of matter, like the entanglement between two components
of a single BEC, or a network of entangled BECs. The latter is a potential breakthrough for quantum
communication protocols.

Ch. 5 presents a selection of technological solutions I contributed to develop in the context of
AMO physics, ranging from optics, servoing and electronics to generation and control of magnetic
fields and exploitation of time and frequency (T/F) signals.

More information on the different topics treated in this synthesis can be found in the bibliographic
references reported at the end of each chapters, and as well in the thesis manuscripts of the students
I supervised in these years (see Par. 6.3.1).



Chapter 1

Atom Interferometry for Precision
Measurements

Ed elli a me: “Tu imagini ancora
d’esser di là dal centro, ov’io mi presi
al pel del vermo reo che ’l mondo fóra.

Di là fosti cotanto quant’io scesi;
quand’io mi volsi, tu passasti ’l punto
al qual si traggon d’ogne parte i pesi.”

[And he to me: “Thou still imaginest
Thou art beyond the centre, where I grasped
The hair of the fell worm, who mines the world.

That side thou wast, so long as I descended;
When round I turned me, thou didst pass the point
To which things heavy draw from every side.”]

— Dante, Inferno XXXIV 106-111

Ch. 1 is focused on AI, starting with a review of the techniques developed to manipulate the
atomic wave-function, and the different mathematical formalisms introduced to obtain the measured
interferometric phase. After a general presentation of the many applications where AI is now employed,
ranging from fundamental physics to applied sciences, I will present the experimental work I carried out
in Florence, in the group of Prof. G. M. Tino, to realize an atomic gravity-gradiometer to determine
the Newtonian gravitational constant G. The activity culminated first with a measurement at the 1%
level of G [10], and later with an improved value at 0.1% [11]. Since 2013, I am working at the Matter
wave Interferometer–laser Gravitation Antenna (MIGA) experiment, lead by Dr. Bouyer in the frame
of an EquipEx project. After introducing the key concepts concerning the possibility and the potential
advantages of detecting Gravitational Waves (GWs) with AI, I will describe the work being carried
out at LP2N in Bordeaux to develop a long baseline interferometer at the Laboratoire Souterrain à
Bas Bruit (LSBB; Low Noise Underground Laboratory) in Rustrel. I will draft the roadmap to bring
the initial instrument from its commissioning phase to the measurement campaigns with an enhanced
sensitivity; several actions to boost the instrument performances are already being pushed forward. I
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12 CHAPTER 1. ATOM INTERFEROMETRY

will conclude the chapter describing the satellite activity represented by my implication in studies to
take advantage of AI for fundamental or applied physics purposes in space missions.

1.1 Matter wave interferometry

Luois de Broglie introduced the concept of a wavelength associated to every piece of matter in his
PhD thesis [1]. In his attempt to symmetrise the treatment of matter particles and photons, after the
latter have been predicted [18, 19] and shown [20] to obey matter-wave duality, he assumed the same
wavelength–momentum relation valid for photons to describe particles:

λdB = h/p (1.1)

= h/(mv) (1.2)

where the proportionality factor h is the Planck’s constant, m and v are the particle mass and velocity,
respectively. Remarkably, the particle’s wavelength varies with its velocity, unlike photons that move
always at the speed of light. Only a few years later Schrödinger introduced the linear partial differential
equation that describes the mechanics of quantum objects as an undulatory phenomenon [21], which
was soon spectacularly corroborated by interference experiments with electrons [22, 23] and neutrons
[24]. The weakness of the coupling constant confined interference experiments to light-weight particles
for long time1. The leap forward to proving matter wave interference for more massive object, namely
atoms and molecules, has been the development of cold and ultra-cold atomic, molecular and optical
(AMO) physics. In the last decades, scientific advances in cooling and trapping of atoms and molecules
allow the production of ensembles at increasingly low temperatures i.e. velocity [25, 26], and hence
with increasingly big associated wavelengths. At the same time, technological developments in nano-
lithography and in coherent optical sources brought to the capability of implementing “obstacles”
commensurate with λdB. The first atom interferometry experiments in 1991 used alkali atoms at a
few hundreds nK, which means with a wavelength of ∼ 1 µm [9]; the atom optics elements could then
be realized with material gratings and with periodic optical lattices using two counter-propagating
laser beams.

Two main formulations have been developed to obtain the interferometric phase shift in the case
of two–path configurations, with three or more light pulses: a path integral approach [27, 8, 28, 29,
30, 31], and a density matrix equation in the Wigner representation [32]. The improving experimental
performances of atom interferometry require a refinement over time of the modeling for the phase shift
calculation. Several effects have been investigated especially in the first formulation, such as the finite
speed of light [33] or the wavefront aberration of the light beams [34]. The calculation has been also
extended to the general relativistic case [35, 36].

In the next section, I derive the interferometric phase in a Mach-Zehnder interfer-
ometer. To this aim, I adopt a formalism based on the Heisenberg representation to
describe the dynamics of a two–level atom in an external potential coherently manipu-
lated with a pulsed laser beam [37]; following this approach we recently studied the effect
of non-quadratic potentials and of the finite pulse duration [38]. This specific formula-
tion provides the interferometric phase by adopting a series of unitary transformations
to write the evolution operator in simple terms. Each of these unitary transformations

1A fascinating Sci-Fi book where Planck’s quantum of action is imagined to be large enough to make weird quantum
phenomena pervasive of human life is Mr. Tompkins in Paperback, Cambridge University Press, 1993 by George Gamow.
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Figure 1.1 — [from [38]] Classical trajectories in a Kasevich-Chu [8] interferometer. The dashed and dotted lines
represent the upper and lower interfering paths while the continuous line is the mean path, i.e., the trajectory of a
particle with initial average momentum. At t = T the π pulse exchanges the internal states and the momentum with
respect to the mean path. For a linear potential V (z) the three trajectories converge to the same point at t = 2T ;
this condition is in general not valid for a nonlinear potential.

consists of a sort of “change of reference frame”, sometimes not intuitive to identify, but
which can provide useful insight on the underlying physical meaning of the mathemati-
cal operation. The whole Sec. (1.1.1) is summarized in Eq. 1.16; Sec. (1.1.2) will then
review the fields of applications of AI.

1.1.1 Atom interferometric phase

We consider a simplified two-level model in one dimension. Raman transitions between two stable levels
|1〉 and |2〉 are characterized by a time-dependent Rabi frequency Ω(t), after adiabatic elimination of
the excited level. The atoms are initially prepared in the internal state |1〉 and their initial wavefunction
is assumed to be a Gaussian wavepacket in momentum. The atoms have been prepared with an initial
velocity selection pulse of length τs, which fixes the momentum distribution width as ∼ m/(kτs).

The Hamiltonian describing the effective two-level atom interacting with the Raman laser beams
is [37]

H =

[
p̂2

2m
+ V (ẑ)

]
I − h̄Ω(t) cosφL(ẑ, t)σ1 +

h̄ω21

2
σ3, (1.3)

where h̄ω21 is the energy difference between the two states, σi are the Pauli matrices (i = 1, 2, 3)
and I is the identity matrix. We consider here an external potential at most quadratic in ẑ: V (ẑ) =
mgẑ−mγẑ2/2. We assume that the laser fields are classical, so the non-commuting operators are only
ẑ and p̂. From now on we drop the hat from ẑ and p̂ and their functions, to alleviate the notation.

Mean path

We consider a Kasevich-Chu type interferometer [8], where a sequence of three pulses π/2−π−π/2 of
temporal lengths τ, 2τ and τ , respectively, are separated by two free evolution intervals of length T−2τ
so that the total duration of the interferometric sequence is 2T (see Fig. 1.1). Different sequences of
pulses can also be considered [32, 31]. In present day interferometers the orders of magnitude of τ
and T are 10−5 s and 1 s, respectively. We also assume τs ∼ 10−4 s.
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To keep the optical field in resonance with the atoms during their free fall, a phase-continuous,
linear frequency chirp on the laser fields partially compensates the Doppler effect. Thus, the phase
φL can be written as a function of position and time as

φL(z, t) = ω0t+
αt2

2
− kz. (1.4)

Here ω0 is the frequency difference between the two Raman beams, k is the sum of the Raman beams
wavenumbers and α is the chirp rate. We make the simplifying assumption that k is constant in time,
and we neglect any effect due to the finite speed of light.

The unitary transformation2 generated by U3(t) = exp[iσ3φL(z, t)/2] eliminates the time-dependent
phase φL(z, t). After adopting the rotating–wave–approximation (RWA) [42] to cancel the terms os-
cillating as exp[i2φL(z, t)], the Hamiltonian reads

HI(t) = − h̄Ω(t)

2
σ1 −

h̄

2
δ(t)σ3 +

(
p2

2m
+
h̄2k2

8m
+ V (z)

)
I, (1.5)

where δ(t) is defined as the Doppler-shifted detuning

δ(t) = ∆(t) +
pk

m
, (1.6)

with ∆(t) ≡ ω(t)−ω21 and ω(t) ≡ ω0+αt. The transformed momentum is U3(t)pIU
†
3(t) = pI−h̄kσ3/2:

the momentum of state |1〉 is increased by h̄k/2, that of state |2〉 diminished by the same amount.
The classical upper and lower trajectories are thus translated on the mean path, i.e., the trajectory
with average momentum after the first beam–splitter pulse, as shown in Fig. 1.1.

An additional unitary transformation will eliminate the term proportional to I in HI(t), which
is equivalent to moving to a reference frame in free fall. This operation is straightforward if V (z) is
at most quadratic in z. For the earth’s gravitational field we use the second–order potential V (z) =
mgz−mγz2/2, define Hγ = (p2/2m+mgz−mγz2/2)I, and apply the unitary transformation U0(t) =
exp(iHγt/h̄) to HI. The result is

HII(t) = − h̄
2

[Ω(t)σ1 + δ(t)σ3] , (1.7)

where the momentum p in δ(t) is now replaced by p(t), i.e. the momentum time-evolved according to
the Heisenberg representation with Hamiltonian Hγ :

p(t) = p cosh
√
γt+mz

√
γ sinh

√
γt− mg sinh

√
γt

√
γ

. (1.8)

Similarly, the time-evolved operator z(t) is:

z(t) = z cosh
√
γt+ p

sinh
√
γt

m
√
γ

+
g(1− cosh

√
γt)

γ
. (1.9)

2 Under a generic unitary transformation |ψ′〉 = U(t) |ψ〉, the Hamiltonian transforms as H ′(t) = U(t)HU†(t) +
ih̄(∂tU)U†(t). The time-evolution operator over the generic time interval [t1, t2] obeys the differential equation
ih̄∂t2U(t2, t1) = H(t2)U(t2, t1) with the boundary condition U(t1, t1) = I, whose general solution is the well-known

time-ordered exponential [39]: U(t2, t1) = T exp
(
− i

h̄

∫ t2
t1
H(t′) dt′

)
. Under the generic time-dependent unitary transfor-

mation the evolution operator is also transformed: U ′(t2, t1) = U(t2)U(t2, t1)U†(t1). While U(t2, t1) is usually calculated
through the Dyson series [39], we use the alternative Magnus expansion [40, 41], for which U(t2, t1) is written as the
exponential of a series: U(t2, t1) = exp

(∑+∞
n=1 Mn(t2, t1)

)
. Differently from the Dyson series, the Magnus expansion

preserves the unitarity of U(t2, t1) at any order but, as a drawback, it requires an operator exponentiation. Further
details on the mathematical support of our formulation can be found in the Appendixes of [38].
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Figure 1.2 — [from [38]] Plot of the functions sinφ1(t) (continuous line) and cosφ1(t) (dotted line) for ideal
rectangular pulses in a Mach-Zehnder interferometer. The two functions are formed either by sinusoidal functions or
horizontal lines. In this figure η = τ/T is 0.25 for clarity; typical experimental values for η are in the 10−4 ∼ 10−5

range.

In the Hamiltonian of Eq. (1.7) the effects of the free evolution and of the interferometer pulses
are not separated: while the term proportional to Ω(t) vanishes during the free evolution, its temporal
integral, i.e., the corresponding accumulated phase, cannot be neglected since the pulses have an area
of ∼ π. Therefore, we define a third unitary transformation:

U1(t) ≡ exp[−iφ1(t)σ1/2], (1.10)

φ1(t) ≡
∫ t

0
Ω(t′) dt′. (1.11)

The resulting Hamiltonian

HIII(t) =
h̄

2
δ(t) [sinφ1(t)σ2 − cosφ1(t)σ3] ≡ HIII

L (t) +HIII
S (t) (1.12)

has the required form, being the sum of a dominant term, HIII
L (t), proportional to sinφ1(t)σ2,

plus a small term, HIII
S (t), proportional to cosφ1(t)σ3, which vanishes during the free evolution for

pulses with ideal area (see Fig. 1.2). We neglect HIII
S (t), whose effect is fully taken into account in

[38]. To evaluate the probability amplitude we need the off-diagonal matrix element of the evolution
operator from t = 0 to t = 2T , for which we revert to the Magnus expansion. Since in the present
approximation [H(t), H(t′)] is a c–number, the Magnus series terminates at M2. Defining

φ2(t) ≡
∫ t

0
δ(t′) sinφ1(t

′) dt′,

ψ2(t) ≡
1

8

∫ t

0
dt′
∫ t′

0
cδ,δ(t

′, t′′) sinφ1(t
′) sinφ1(t

′′) dt′′,

(1.13)

we have M1 = −iφ2σ2/2, M2 = −iψ2I, and

U III(2T, 0) = exp(−iψ2) exp

(
−iφ2

2
σ2

)
. (1.14)
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The evolution operator in the mean path frame then reads U II(2T, 0) = U †1(2T )U III(2T, 0). Since

U †1(2T ) = exp[iφ1σ1/2], the transition probability P21 from |1〉 to |2〉 at the output of the interfero-
metric sequence can be evaluated directly:

P21 = | 〈2| exp(iφ1σ1/2) exp(−iψ2) exp(−iφ2σ2/2) |1〉 |2

=
1

2
(1− cosφ1 cosφ2) , (1.15)

where the internal states |n〉, with n = 1 or 2, are evaluated in the reference frame II, i.e., |n(t)〉 =
U0(t)U3(t)|n〉.

Ideally, the total pulse area φ1 in Eq. (1.15) is equal to 2π and the contrast cosφ1 is equal to 1;
slightly imperfect pulses reduce the contrast of the interference fringes. Assuming ideal, rectangular
pulses, it is simple to obtain a closed form expression for φ2 from Eqs. (1.6), (1.8) and 1.9). Here we
report only an approximate expression keeping only terms up to the first order in the small parameter
η = τ/T . This expression depends only on the area, not on the actual shape, of the pulses:

φ2 = T 2(gk−α−kγz0)
(

1− 2π − 4

π
η

)
−kγT 3

[
vm

(
1− 2π − 4

π
η

)
− gT

(
7

12
− 4π − 8

3π
η

)]
, (1.16)

where we have used p0/m = v0 + vr/2 = vm for the motion on the mean path, and vr ≡ h̄k/m is the
recoil velocity.

The formula for P21 (Eq. 1.15)can be easily understood by noting that HIII
L (t) is diagonalized by

the time independent eigenvectors

|±〉 =
|1〉 ± i |2〉√

2
⇒ |1〉 =

|+〉+ |−〉√
2

, |2〉 =
|+〉 − |−〉
i
√

2
(1.17)

with the time dependent eigenvalues

E±(t) = ± h̄δ(t) sinφ1(t)

2
. (1.18)

Due to the interference between |+〉 and |−〉, one must have

P21 =
1

4

∣∣∣∣1− exp

(
i

h̄

∫ 2T

0
E+(t)− E−(t) dt

)∣∣∣∣2 , (1.19)

which is equivalent to Eq. (1.15) for ideal pulses. This is analogous to observing the Rabi oscillations
in the dressed atom picture [43].

Loss of contrast

In general, in a nonlinear potential, the end points of the upper and lower paths do not coincide. The
loss of contrast induced by this effect and the strategies to mitigate it are discussed in Refs. [44, 45]
and experimentally implemented in Refs. [46, 47]. Here we derive in our formalism the conditions to
achieve high contrast in the case of a constant gradient, and in [38] we extended them to an arbitrary
weak perturbing potential.
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We start by evaluating the operators z(t) and p(t) after the unitary transformation generated by
HIII
L at time t = 2T obtaining3

z(2T ) = zm(2T )I +
iσ2
2

[φ2(2T ), zm(2T )]

= zm(2T )I +
σ2vr

2

∫ 2T

0
sinφ1(t) cosh

√
γ(2T − t) dt

' zm(2T )I +
σ2vrγT

3

2
,

(1.20)

and, similarly,

p(2T ) ' pm(2T )I +
σ2mvrγT

2

2
. (1.21)

The eigenvectors of both operators are again |±〉. The separation in position and momentum is
given by the difference between the eigenvalues, i.e. ∆z(2T ) = vrγT

3 and ∆p(2T ) = mvrγT
2.

In Ref. [44] it is shown that the conditions ∆z(2T ) = 0 and ∆p(2T ) = 0 at the end of an
interferometric sequence ensure high contrast independently from the detection time. More generally,
high contrast is obtained when ∆z(2T )−∆td∆p(2T )/m = 0, where ∆td is the time interval between
the last pulse and detection. By slightly changing the duration of the second free–evolution period it
is possible to fulfill only the latter condition.

A better strategy, suggested in Ref. [45] and demonstrated in Refs. [46, 47], is to change the
momentum of the Raman beams by an amount δk at the π pulse. In this way vr is changed by
an amount δvr = h̄δk/m during the second free evolution: by choosing δvr/vr = −γT 2/2, ∆z(2T )
vanishes while the effect of ∆p(2T ) is negligible. Now, however, in Eq. (1.4) we have k = k(t) and an
extra term appears in the Hamiltonian due to the time derivative when the unitary transformation
is applied; such term provides a momentum kick at the π pulse that exactly compensates ∆p(2T ).
The key to the possibility of compensating simultaneously ∆z(2T ) and ∆p(2T ) lies in the relation
m∆z(2T )/∆p(2T ) = T . This condition does not hold in general if V (z) is more than quadratic.

Comparison with previous results

Here we show that Eq. (1.16) is consistent with previous literature.
Except for a sign, sinφ1(t) coincides with the sensitivity function introduced in Ref. [48] for

rectangular pulses and it is immediately applicable to more general cases, i.e., Gaussian or imperfect
pulses. If we use the expression for δ(t) given in Eq. (1.6) and, moving to the expectation values,
apply the Ehrenfest’s theorem replacing p/m with ż, we can integrate by parts the first expression in
Eq. (1.13) in the case of ideal rectangular pulses of negligible duration:

φ2 = −
∫ 2T

0
[φL(t) + kzm(t)]Ω(t) cosφ1(t) dt

' −D2[φL]− kD2[zm],

(1.22)

where φL(t) is the primitive of ∆(t) and, to simplify the notation, we have defined D2[f ] ≡ f(2T ) −
2f(T )+f(0). The boundary term of the integration by parts vanishes, for ideal pulses, as sinφ1(2T ) =
sinφ1(0) = 0. In D2[φL] the terms constant and linear in t disappear so −D2[φL] = αT 2 while, since
z(t) and p(t) are linear in z and p in Eqs. (1.8, 1.9), then 2zm(t) = zu(t) + zl(t), so

D2[zm] =
zu(2T ) + zl(2T )

2
− (zu(T ) + zl(T )) + zm(0), (1.23)

3 For this passage one uses the results described in the previous note.
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Figure 1.3 — [from [38]] Plot of the function S(t) =
∫ t

0
sinφ1(t′) dt′ for η = 0.25 (continuous line) and η = 0

(dotted line) for square pulses.

which is the result given in Ref. [49].

Next, we compare Eq. (1.22) with the path integral prescription, as described, for example, in Ref.
[30], where the phase shift is evaluated as the sum of three terms, δφL + δφp + δφs. The “laser” term
δφL is given by

δφL = φL(0) + kzm(0)− 2φL(T )− k[zu(T ) + zl(T )]

+ φL(2T ) + kzl(2T ),
(1.24)

where φL(t) ≡ φL(0, t) and φL(z, t) is given by Eq. (1.4).

The “propagation” term δφp is given by

δφp =
1

h̄

(∫
u
Ldt−

∫
d
Ldt
)
≡ 1

h̄

∮
cp
Ldt, (1.25)

where the two integrals are along the upper and lower classical paths and L is the Lagrangian. To
simplify the notation the difference of the two integrals is denoted as a circulation integral along the
classical path, cp, even if this is open.

In the case of a quadratic potential it is easy to see that the kinetic and the potential energies give
equal contributions to the integral so δφp = 0.

Finally the “separation” term is defined, as

δφs =
k(zu(2T )− zl(2T ))

2
, (1.26)

where we have taken into account that the average momentum of the two states in an output channel
must be measured on the mean path. Clearly the path integral prescription gives the same result as
Eq. (1.22).

Another possibility to evaluate φ2 involves integrating by parts the term kp(t)/m in δ(t) in the
other order, replacing ṗ with −∂zV and obtaining, in the same hypothesis as above, the contribution
to φ2 due to V , φV2 as

φV2 '
vr
h̄

∫ 2T

0
S(t)∂zV (t) dt, (1.27)
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where S(t) is the primitive of sinφ1(t) [see Fig. 1.3]. Noting that for a quadratic potential V (z +
∆z)− V (z −∆z) = 2∆z∂zV (z) we can write

φV2 =
1

h̄

∮
c
V (t) dt, (1.28)

where the closed path c is delimited by zm(t) ± vrS(t)/2. We can also express φV2 as the difference
of two integrals on the upper and lower classical paths by taking zu(t) − zl(t) ≡ S(t)vr + δz(t) as a
definition of δz(t) to obtain

φV2 =
1

h̄

∮
cp
V (t) dt− 1

h̄

∫ 2T

0
δz(t)∂zV dt

=
1

h̄

∮
cp
V (t) dt+

p(2T )[zu(2T )− zl(2T )]

h̄

− 1

h̄

∫ 2T

0
p(t)δv(t) dt,

(1.29)

where δv = δż and δv = 0 during the free evolution. Here the phase shift can be interpreted as a
propagation term depending only on the potential, a separation term, and finally a term that contains
the correction for the finite duration of the pulses.

Other configurations

The representation free method we adopted to calculate the interferometric phase gives results in
agreement with what obtained with more traditional approaches. In [38] we adopted it to treat the
effect of the small term HIII

S (t) in Eq. 1.12, and that of a gravitational potential more than quadratic in
ẑ, i.e. V (ẑ) = mgẑ+V(ẑ), where V(ẑ) is sufficiently weak to be treated as a small perturbation. More
in general, this method can be extended to calculate the high–order corrections imposed by multi-pulse
sequences adopted to increase the momentum separation of the interfering trajectories [50, 51] or to
enhance the instrument sensitivity at a specific frequency [52]. Other sensor geometries optimized to
be sensitive to other inertial effects, like rotation or gravity gradients, can also be described in this
way.

1.1.2 Atom Interferometry: applications

The first experimental demonstrations of matter wave interferometry with atoms [9] opened a wealth
of new possibilities, ranging from tests of the foundations of quantum mechanics and general relativity,
measurements of fundamental constants, to applications in metrology, as is the case for the measure-
ment of time and frequency and inertial forces. The main results are here summarized, together with
several bibliographic references to delve into the subject.

Fundamental physics

Atoms are nearly ideal probes of space and time: they can be set in a coherent superposition of their
internal or external degrees of freedom [53]. In the first case they are turned into exquisite primary
standards for time and frequency measurements [54], nowadays allowing for clock synchronization
surpassing the 18th decimal [55]. Among other research contexts, their extreme performances in
terms of accuracy and precision are at the basis of their adoption to investigate possible variations of
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fundamental constants [56], put bounds on dark matter theories [57], and search for beyond-standard-
model (BSD) physics [58].

When the atomic matter-wave is split on an external degree of freedom – typically momentum
– the system follows at once separate trajectories and is made later to interfere; it becomes thus a
sensor of spatially dependent effects, as is the case of gravity [59, 60], inertial effects [61, 62], and
even the tidal force induced by the spacetime curvature [63]. Specific configurations of external source
masses have been devised to measure the Newtonian gravitational constant G [64, 10], study the
gravitational version of the Aharonov-Bohm experiment [65] and the attractive force determined on
atoms by the blackbody radiation [66], and set limit on the dark energy forces [67, 68, 69]. Precisely
tailored electro-magnetic fields could instead be used to test atom neutrality [70].

Matter wave interferometry is increasingly investigated as a “Swiss army knife” with a variety of
applications to study fundamental physics: (i) it allows the measurement of constants of nature, like
the aforementioned gravitational one and the fine structure constant [71]; (ii) is a formidable tool to
test several aspects of general relativity [72], ranging from the verification of the different postulates of
the Einstein’s equivalence principle (EEP) [73, 74, 75, 47] even in its quantum formulations [76, 77, 78],
to the possible detection of GWs in the mid-band frequency range (see [79], references therein and Sec.
1.3); (iii) given the macroscopic separation of the trajectories followed by the different components of
the wavefunction (in [80] a 54 cm separation was demonstrated), AI could effectively offer the key to
investigate decoherence models developed to explain the transition of the quantum realm to classicality
[81, 82, 83]; (iv) it is investigated in very diverse contexts, like tests of the standard model [84], and
antimatter interferometry [85].

Applied physics

The outstanding performances of interferometric quantum sensors make them ideal not only to test the
foundations of physics, but also as exceptional instruments in applied contexts; unlike their classical
counterparts, the measurement is ultimately operated in terms of the frequency of an atomic transition,
and results hence absolute. Such feature is of key importance in long term measurement campaigns,
for example to determine the gravitational acceleration [59, 86, 87], the gravitational gradient of
acceleration [60, 88], and the rotation rate [89, 90, 62]. Inertial stations capable of measuring the full
inertial base – i.e. rotations and accelerations along three orthogonal axes – have been demonstrated
as laboratory setup [61]. The same instrument can even measure at the same time the gravitational
acceleration and its gradient [88, 91]. An increasing effort of miniaturization [92, 93, 94] and augmented
data rate [95, 96] is opening towards the deployment of atom interferometers in diverse field as geodesy
[97], geophysics [98, 99, 100], and inertial navigation [101]. For the latter application, a recent study
proposed the implementation of multi-dimensional atom optics to create coherent superposition of
atomic wave packets along three spatial directions, and achieve thus simultaneous sensitivity to all
the three components of acceleration and rotations [102].

A whole branch of atom interferometry adopts experimental setups in freely-falling environments,
as is the case of the capsules dropped in the Bremen tower [103], and parabolic flights operated
on Einstein elevators [104], aircrafts [105], and rockets [106]. The final target of these activities is
represented by the possibility in the near future to operate atom interferometers in space, on the ISS
[107] or a satellite [74, 97]. The perpetual free-fall of space eliminates the issue represented by the
atomic motion with respect to the vacuum apparatus, which on Earth typically requires tall atomic
fountains [108] or suspension methods for the atoms [109, 110, 25, 111]. The result will be compact
devices with long interrogation times and hence high sensitivities, adapt to perform tests of general
relativity as described in the previous paragraph, and to operate space geodesy [97].
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In the next sections I present my research activities related to AI since I obtained
my PhD. In details, Sec. (1.2) focuses on the determination of the Newtonian constant
G; Sec. (1.3) describes how AI will contribute to GW astronomy; Sec. (1.4) is dedicated
to the ongoing experiment MIGA, which consists of an underground demonstrator for
GW detection with AI; Sec. (1.5) summarizes my implication in different experiments
and study missions for portable and spatial AI.

1.2 MAGIA experiment: measuring G by AI

In the period 2005-08 I worked first as a postdoctoral fellow and then as a Research Assistant in
the group Prof. G. M. Tino in Florence (Italy), at a metrological experiment aiming to accurately
determine the Newtonian gravitational constant G by atom interferometry. The experiment adopted
an original doubly-differential scheme to precisely detect the gravitational effect of heavy source masses
by atom interferometry [112]. Two atomic clouds launched in free fall in a fountain configuration and
vertically separated are used to simultaneously measure the vertical acceleration; in this way one
differentially cancels the the main gravitational contribution of planet Earth, i.e. its bias acceleration
g0 ∼ 9.81 m/s and is down to its gradient contribution ∇zg ∼ 3000 E (1 E=10−9 s−2) [60]. Such
gradiometric measurement is repeated twice for different configurations of heavy source masses (see
Fig. 1.4, left), in order to differentially remove the linear contribution of the Earth’s gravity so as to
remain with the source masses’ contribution only. A careful geometrical and density characterization
of these masses leaves the Newtonian constant G as the unique unknown constant, obtained from the
atom interferometric measurement.

We obtained the first proof-of-concept measurement of G after completing the experimental appa-
ratus and, using a first set of source masses realised in lead [10]. Key to this first result has been the
implementation of a juggled launch sequence, to have two atomic ensembles with a high atom num-
ber flying on simultaneous parabolic trajectories vertically separated by ∼30 cm. The measurement
precision was at a 1% level, not enough to be considered for the weighted mean of G reported in the
CODATA 2006 [113]. Nevertheless, our measurement is there mentioned together with that realized
in the group of Kasevich at Stanford [64] as a new potentially valuable method: Although neither of
these results is significant for the current analysis of G, future results could be of considerable interest
(from [113]).

A significant overhaul of the setup led in 2008 to a new improved value with a total uncertainty
at the 1.7×10−3 level, mainly limited by the statistical component [11]. Key improvements have been
the replacement of the lead masses with a higher density tungsten set [114], and the adoption of
an optimal reciprocal positioning of the masses and the atomic probes in order to get rid of main
systematic effects (Fig. 1.4). Despite a further improvement by a factor 10 achieved in 2014 by my
previous colleagues [115], once more in the CODATA 2014 [116] measuring G by atom interferometry
has not been taken into account to evaluate the recommended value, but is referenced because Although
not competitive, the conceptually different approach could help identify errors that have proved elusive
in other experiments (from [116]). Its main merit could be to help finding hidden systematics thanks
to the radically new approach of determining G, given that since the beginning and for more than
200 years [117, 118] is has been measured essentially in the same way, i.e. by evaluating the torque
on macroscopic masses suspended to fibers4. Atom interferometry adopts instead quantum probes in

4The unique exception is a measurement obtained by closing the second arm of a Michelson interferometer with a
freely falling corner cube [119]
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Figure 1.4 — [from [11]] (Left) Schematic of the gravity gradiometer setup with the Raman beams propagating
along the vertical direction. During the G measurement, the position of the source masses is alternated between
the close and far configuration. (Right) Modulation of the differential phase shift measured by the atomic gravity
gradiometer when the distribution of the source masses is alternated between the two configurations. Each phase
measurement is obtained by fitting a 24–point scan of the two phase–linked interference fringes to an ellipse.

free fall, and measures the gravity gradient and not the gravity acceleration.

On-going efforts in the research groups in Florence [120] and Stanford [121] target a reduction of
one order of magnitude on the overall uncertainty for the measurement of G, so as to become really
competitive with the traditional methods. In this regard, [121] already proved a compatible sensitivity
and stability of the measurement, but the challenge is to control systematic effects at the required
level. It is worth mentioning that two different approaches have been recently proposed to improve
the performance of atom interferometers in measuring G: the first promises to increase the SNR of the
measurement by confining the atoms in hollow-core-fibers (HCF) to drastically reduce the distance
between the atomic ensemble and the source masses [122]; the second exploits weak measurements to
amplify the atomic motion and then the measured signal [123].

1.3 Atom Interferometry for GW detection

GWs are predicted by GR, and their indirect observation relied on the accelerated pulsar rate in
binary systems as first measured by J. H. Taylor and J. M. Weisberg [124]. The first direct detection
of GWs in 2015 arrived after 50 years of technological development thanks to LIGO-Virgo, when the
coalescing phase of a binary black hole system was detected by the two giant Michelson interferometers
operated in US [125]. Virgo soon joined the race, and in only three years several landmark discoveries
have been achieved; to mention a few, the detection so far of 11 BBH mergers [126], the standard-siren
measurement of the Hubble constant [127], the observed merger of binary neutron stars [128], which
resulted in a multi-messenger detection thanks to several electro-magnetic coincident observations and
gave a first measurement of the gravity propagation speed, equal to c within 1 part in 1015.

Despite being so successful, only a tiny frequency window (40 Hz – 1 kHz) of the gravitational
spectrum is open to observe the Universe, and the development in the field is mainly driven by two
objectives: (i) broaden the worldwide network of active instruments (LIGO-India and KAGRA should
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join the measurement runs in the early 2020s), to increase the confidence margin in each detection
event and to improve the parameter estimation - especially as concerning directionality - thanks to
the increased amount of data; (ii) enlarge the observation window with improved instruments (e.g.
Einstein-Telescope project) or add new ones with novel detection methods (LISA and DECIGO space-
based optical interferometers in the mHz to deci-Hz band; several Pulsar Timing Array projects in
the nano-Hz range; EinsteinHome project [129] to find continuous GWs from pulsars in the tens of
Hz range), to increase our knowledge of cosmology and astrophysics by detecting new kinds of GW
sources and approaching the temporal observation horizon to the Early Universe.

Earth-based instruments have the advantage of requiring only a fraction of the funding of space-
based devices, and allow a far simpler maintenance. Nevertheless, two critical issues must be faced:
(i) the masses probing spacetime must achieve a high quality free fall in the measurement bandwidth,
task of increasing difficulty when approaching frequencies around 1 Hz or below and analyzed in [130],
where several solutions are proposed (notably, one adopts atoms in free fall along geodesics, and AI
to track their motion); (ii) the GW signal must be discriminated form the huge background caused
by Gravity-Gradient Noise (GGN) [131], i.e. the gravity signal due to all what is moving nearby
the instrument whether due to seismic, atmospheric, human or any other sources of activity. The
standard approach to cancel – or at least mitigate – the impact on GGN on the GW measurement
relies on optimized arrays of seismometers surrounding the optical interferometer to monitor seismic
and atmospheric perturbations [132]. As we proposed in [133], the AI approach to GWD can adopt
more than two ensembles of atoms on the optical link used to track spacetime evolution, which allow
to separate pure gradients from signals with a more complex spatial signature, hence to mitigate the
limitation represented by GGN.

A common problem for all the different approaches is how to optimize the data analysis in order to
get the best output from the data streams. Different methods have been already adopted, like massive
parallel computing adopted in LIGO-Virgo and with EinsteinHome, and combine data from different
sources as is the case of multi-messenger astronomy and the detection of coalescing binary neutron
stars that can count on both gravitational and electromagnetic data. A recently proposed technique
uses data collected at different times and in different frequency bands with a potential high payout: by
coupling LISA and advanced LIGO [134] it would be possible to have precise pre-alerts, improved sky
localization and parameter estimation, and in general a more complete view of the detection events.

In this context AI is a novice technique, with the first feasible proposal being only 10 years old [79]
(previous attempts were more speculative [135, 136, 137]). The basic scheme consists in monitoring the
evolution of an optical link at its two far end not with suspended mirrors set in free fall in a well defined
frequency window, but with atomic matter waves in free fall. The AI approach presents similarities
to the optical interferometry one – tracking the motion of the gravity probes along geodesics with
an optical link; being subject to laser technical noise in the initial configuration, which demands two
orthogonal baselines – but also pivotal differences – quantum instead of classical probe masses, and
possibility to put them in free fall also on Earth and not only in space; feasibility of a single baseline
detector configuration using atoms normally adopted for timekeeping [138]; tweaking of the sensitivity
function by simply changing the pulse sequence, useful to peak it at specific frequency intervals [52];
possibility to mitigate GGN using arrays of probes along the optical link [133]. Interestingly, a recent
proposal to adopt atomic clocks for GWD [139] has been proved to be fully equivalent to the standard
AI approach [140].

After an initial phase when several Earth- and space-based configurations specifically oriented
towards GWD were considered, we are now in a second phase that sees demonstrator instruments being
developed: the horizontal, 150 m long MIGA [141] will soon be installed at LSBB, and its underground
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infrastructure is being realized; the 100 m long MAGIS-100 [142] will make use of an existing vertical
shaft at FERMILab; a horizontal, 3×1 km device is in construction in Wuhan (China) [143]. Other
activities are being proposed at the national (UK with AION [144], Italy) and international level
(European ELGAR project [145], and AEDGE proposal [146]) to build other facilities targeting the
mid-band frequency band (10 mHz – 10 Hz) on Earth or in space. At the same time, initial studies
are addressing the potential payoff of having gravitational observatories in this band, in terms of
possible sources [147] or an improved knowledge of the events eventually detected at higher frequency
by optical interferometers [148].

This first generation of instruments will have a peak sensitivity of 10−13–10−14 Hz−1/2 in terms of
strain PSD, which means 5 orders of magnitude short in relation to the strongest expected signals in the
target window. Several technological and fundamental issues must be tackled to achieve the required
performance, starting with improved manipulation techniques required to boost the sensitivity, as is
the case of large momentum splitting [50, 149, 150] and spin squeezing [151, 152], and combining
them on the same experimental setup; data analysis protocols for AI based GWD have to be devised;
known background noises, as GGN, as well as unknown potential systematic effects must be carefully
addressed to evaluate and mitigate their impact [153].

1.3.1 Role of AI in Gravitational Wave Astronomy

The prospect of achieving strain sensitivities compatible with a detection in the infrasound band
with AI responds to the need of widening the observation window opened by LIGO-Virgo in the
gravitational spectrum. A future AI based GWD will be complimentary to the Earth based (LIGO-
Virgo) and the planned space (LISA) optical interferometers, filling the sensitivity gap between them
in the frequency spectrum. An open issue concerns the identification of potential GW sources in the
specific bandwidth: astro-physical sources of GWs at ≈ 0.1 Hz have been studied in [147, 154, 155],
and other more exotic sources have been taken into account like environmental effects from scalar
fields and Dark Matter (DM) particles around merging compact objects [156, 157, 158], cosmological
phase transitions [159], and the formation of primordial black holes [160]. Unlike for LISA where
millions of BHBs and NS-NS inspirals will clog the observation band, astro-physical events will rather
separately sweep the AI target band in the infrasound, opening towards the detection of stochastic
GW background from the early evolution of the Universe [161, 153, 162].

More in general the role of AI in GW astronomy has to be defined. A first work [148] has shown
what would have meant having a working AI based GWD – on Earth or even better in space – for the
GW150914 event, i.e. the first detection operated by LIGO-Virgo: the chirping GW frequency signal
would have spent almost 10 months in the detection band, giving time and data for a much improved
sky localization and a precise alert signal to the optical interferometers for the optimal detection of
the merging. But other fascinating possibilities have to be investigated in relation to the so-called
Multiband GW Astronomy, studied in [134] for the coupling of eLISA and Adv-LIGO: combining the
two instruments will make possible precise gravity and cosmology tests by tracking compact binary
inspirals till their merging, and as well the mutual validation and calibration of the two instruments.
Combining an AI based GWD with optical interferometry instruments (see Fig. 1.5-right) will give
multiple outcomes: (i) the coupling to the very low frequency eLISA will make the AI-GWD the high
frequency side instrument, targeting the merging of massive binary systems (103 to 104 M�) which
will never reach the LIGO-Virgo detection window; (ii) the coupling to LIGO-Virgo will instead give
to the AI-GWD the task of tracking the inspiral phases of events later to be detected by the optical
interferometer. Another possibility is to use an AI-GWD to mitigate the effect of GGN on Earth
based optical GWD [133]: adopting the two approaches on the same optical link would improve the
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AI - GWD

Figure 1.5 — [adapted from [134]] Multiband GW astronomy: the sensitivity curve of a future AI based GWD
(red) is compared to the sensitivity curves of Adv-LIGO (yellow) and eLISA (violet). The blue curves represent
characteristic amplitude tracks of BHB sources; the track completed by GW150914 is shown in black. AI will fill the
sensitivity gap between space and Earth based optical GWDs, opening the possibility to follow the inspiral phase of
merging events that will be detected by the advanced-LIGO, or to see the merging of events at lower frequency.

sensitivity curve at low frequency for the optical instrument, specially if the AI array geometry is
adopted to map the GGN. It will be interesting to evaluate the impact of different generations of AI
GWD for this specific purpose, starting with the MIGA demonstrator.

1.4 MIGA experiment: demonstrator for GW detection and geo-
physics

Since 2013 I moved to LP2N–Bordeaux, and I am working at the Matter wave-laser based Interfer-
ometer Gravitation Antenna (MIGA) experiment as chief scientist. The project has been financed
as an Équipement d’Excellence (ÉquipEx program), and its PI is Dr. P. Bouyer. MIGA will realize
a 150 m long, horizontal atom gradiometer to study gravity at large scale. The experiment will be
realized at the underground facility of the LSBB in Rustrel–France, a site located away from major
anthropogenic disturbances and showing very low background noise. Three atom interferometers will
be simultaneously interrogated by the resonant mode of an optical cavity. The instrument will be a
demonstrator for GW detection in the mid-frequency band (10 mHz–10 Hz). In the initial instrument
configuration, standard atom interferometry techniques will be adopted, which will bring to a peak
strain sensitivity of 2·10−13/Hz−1/2 at 2 Hz. This demonstrator will enable to: (i) study the techniques
to push further the sensitivity for the future development of gravitational wave detectors based on
large scale atom interferometers; (ii) devise specific measurement protocols for GW astronomy; (iii)
test noise rejection protocols to mitigate the issue represented by GGN. Moreover, MIGA will bring
the study of both fundamental and applied aspects of gravitation to a new level, thanks to its tenfold
size increase with respect to existing experiments. The result will be an equally tenfold increase in the
gravity-gradient sensitivity, with important implications for geophysical studies at the underground
laboratory – we are studying how to couple the AI based instrument to other instrumentation moni-
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Figure 1.6 — [from [141]] Projection of the different noise sources on strain sensitivity, for the specific case of the
MIGA instrument and typical seismic conditions at the underground site of LSBB.

toring the underground environment, like seismometers, tiltmeters and radar spectrometers, in order
to extend the concept of hybrid classical-quantum sensor introduced in [163].

1.4.1 Atomic gradiometer as GW sensor

The use of an atomic gravity-gradiometer as a GW detector has been first considered in [36], where
two configurations are considered, one terrestrial and another satellite based. This solution builds
on the sensitivity of each atomic sensor to the local phase of an optical link, and exploits them as
“quantum replacements” of the optical components in a Michelson-Morley interferometer. Several
studies followed, with improved multi-pulses configurations to shape the sensitivity curve [52] or
remove certain kinds of backgrounds [164, 165], specific space configurations [164, 166, 167, 139], or
clever solutions to address certain noise sources, e.g. the laser technical noise [138] and GGN [133].

The ultimate limit for these detectors is represented by the phase sensitivity of the instrument,
which is typically given by the quantum projection noise (QPN) [168] improved by two techniques:
(i) the statistic noise reduction obtained by the exploitation of non classical atomic states [151, 152];
(ii) the repeated imprinting of the optical link phase on the atomic wavefunction by means of large
momentum transfer (LMT) atom optics [50, 149, 150]. However, several factors will effectively limit the
detector sensitivity before reaching the quantum limit, and each one with specific spectral signatures.
A detailed review of these factors has been presented in [36], where however the focus is on the
stochastic component of each background source. Noise contributions with long coherence time, that
cannot be efficiently mitigated by averaging, are assumed to be cancelled by correlating the signals of
far located detectors [161].

In [141] we studied the instrument sensitivity curve for the MIGA instrument, without taking
into account any data analysis techniques. In details, we studied the impact of the technical noise
of the interrogation laser, the vibrations of the instrument elements, the fluctuations of the atomic
initial conditions, and of GGN. As shown in Fig. 1.6, all these backgrounds will not impact the initial
sensitivity of MIGA, but will soon become dominating when the instrument performances will be
improved. Increasingly stringent requirements will be set on the phase and frequency noise of the
interferometric laser, on the timing of the interferometer sequence, and on the residual motion of the
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Figure 1.7 — [from [88]] (Left) Fringes for T=160 ms reconstructed by computing the phase φ in (a) from the
upper interferometer, in (b) from the two simultaneous Raman atom interferometers, subject to the same seismic
noise and with a fix phase offset given by the Earth gravity gradient and their vertical separation. (Right) Earth’s
gravity as a function of time, measured with a single interferometer (red), and with the dual one (blue); in black is
shown the predicted Earth’s tide according to the Earth Gravitational Models (EGMs) [169].

retro-reflecting mirror. The latter effect will need high quality isolation and suspension systems, which
adopt and push forward key concepts devised for GW detection at low frequency based on optical
interferometry. Nevertheless, the main limitation in a large section of the sensitivity window will be
represented by GGN: to mitigate its impact we introduced a configuration based on an array of sensors
(see ref. [133]), as described in the next section.

1.4.2 Signal from an array of AIs

The possibility to utilize two or more atomic sensors on the same optical link can be exploited to gain
spatial information on the gravity field. In Florence, we already demonstrated that two interferometers
allow the simultaneous measurement of gravity and its gradient [88], and my previous colleagues further
worked on the topic by measuring gravity curvature using three atomic sensors in [170]. These finding
could have important applications in geophysics: our scheme reduces the effect of seismic noise on the
gravity measurement, and we demonstrated a 3 times higher sensitivity on the acceleration (Fig. 1.7).
The experiment reports the first implementation of sensitivity enhancement in gravity probing using
correlated measurements, method similar to phased array detection in radio-astronomy.

With these basis, we devised a scheme to tackle GGN, which is a fundamental problem affecting
gravity-gradient sensors using two probe masses as is the case of LIGO-Virgo. We proposed to bypass
this limitation with an array of gravity-gradiometers run simultaneously and coherently manipulated
with the same optical link (see Fig. 1.8-left) [133]. By appropriately choosing the gradiometer baseline,
and the spacing between successive gradiometers it is possible to efficiently average the effect of seismic
or/and atmospheric perturbations (Fig. 1.8-right). Adopting at least 3 sensors instead of the common
2 has become the baseline configuration in the recent proposals for AI based GWD on Earth, as is the
case of MAGIS-100 being realized in US [142].

We are now evaluating optimized configurations to increase the rejection factor in specific frequency
bands, and considering real atmospheric and seismic noise data collected at LSBB [171, 172]. In 2018
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Figure 1.8 — [from [133]] (left) Array of gravity-gradiometers to sample the spatial variations of GNN and average
its effect, so as to increase the signal-to-noise ratio for a GW detection. (right) Strain sensitivity curve for an array of
interferometers (red curve), after mitigating the effect of atmospheric (black dashed-dotted curve) and seismic (blue
dashed curve) so as to obtain the continuous curves. The detection noise is shown in green.

we realized a measurement campaign at the site where the MIGA antenna will be installed, and we
compared noise spectra recorded in the galleries and outside. Projecting the real noise curves into
strain PSD for the foreseen antenna geometry confirmed that GGN will not limit the sensitivity of the
demonstrator in its initial phase. Nevertheless, the instrument will allow the study of GGN signals by
integrating the signal over a few tens of seconds; this possibility relies on the intrinsic accuracy of the
AI based measurement. In this way it will be possible to validate and refine GGN noise models by
comparing the Allan variance of the averaged atomic phase with its expected value from the projection
of external seismic and pressure measurements.

1.4.3 MIGA instrument

The realization of the very-large baseline atom interferometer (VLBAI) represented by MIGA repre-
sents a new paradigm in AI: till now the common experiments in the field could fit on standard optical
bench-tops, and only in a handful of cases they reached the 10 m size [108, 173, 174] or required
bigger infrastructures [103, 105, 106]. The underground experiment we are building required a new
approach for its realization, with the formation of a consortium where each partner is dedicated to
a specific sub-system (a scheme of the experimental setup is shown in Fig. 1.9). Namely, SYRTE
Observatoire de Paris realizes the atomic sensors, the company µQuans the laser system, CELIA the
high power laser for the coherent manipulation, and LSBB the underground infrastructure. At LP2N
we realize the cavity enhanced interrogation of the atoms, and we coordinate the activities of the
other partners. In this regard, my specific activity has been multifaceted: I contributed to the design
of the laser architecture developed by the µQuans company for the preparation of the Rb atomic
clouds [175]; devised the cavity locking scheme (see Fig. 1.10), on the basis of the know-how acquired
on the cavity QED experiment described in the following chapters, and that allows to implement a
cavity enhanced pulsed sequence by tracking the cavity length fluctuations with a telecom laser; I
am in charge of realizing a strontium atomic fountain, a key development for MIGA, in the frame of
the ANR project “ALCALINF” (see Sec. 1.4.5); I developed the complex real-time control system
required to synchronize several distant atomic sensors, in collaboration with Dr. Prevedelli (Bologna
Univ. – Italy) [176]; I contributed to the definition of the requirements for the tunnel boring and for
the 150 m long UHV system.
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Figure 1.9 — [from [141]] Overview of the MIGA instrument with the main sub-systems, not in scale. Three
atomic heads at positions X1,2,3 launch atomic clouds in an almost vertical parabolic flight (dotted lines); the atoms
are manipulated in the upper part of the parabola with a Bragg interferometric sequence with light pulses at 780 nm
(red horizontal lines) resonant with two horizontal cavities. The ultra-high-vacuum system encompassing the optical
cavities, the mirrors payloads and their stabilization system is represented in gray; the atomic heads are connected
to its lower side. The control system of the experimental setup, the laser systems dedicated to each atomic head,
and the µ-metal shield enclosing each interferometric region and the related atomic head are not represented in the
figure.

1.4.4 Cavity enhanced AI

A specific topic we are studying in relation to MIGA and LP2N’s main contribution to the project
is cavity-enhanced AI; this subject shares a consistent overlap with the techniques I developed on
the cavity QED experiment. Generating the light pulses for the coherent manipulation of matter
waves with a resonator bring three advantages: (i) power enhancement; (ii) spatial filtering; (iii)
interferometric control of the light wavefront [177]. The related drawback is given by the obvious need
to maintain the light frequency locked to the resonator, task that becomes more demanding when the
experimental sequence requires a pulsed beam. The adopted solution relies on the stability transfer
obtained via frequency doubling of a telecom laser at 1560 nm continuously locked to the interrogation
resonator (see Fig. 1.10). The cavity optics need a double reflecting coating at 1560 nm, used for the
continuous tracking of the cavity, and 780 nm, required for the coherent manipulation of Rb atoms
via pulses generated with an AOM.

To test the cavity aided interferometry on freely-falling atoms we realized a prototype experiment,
where cold Rb atoms launched in a fountain configuration are probed along the horizontal direction
using the e.m. field of a compact optical cavity. Since the experiment uses atoms at the µK tem-
perature, the ballistic expansion of the atomic cloud results a limiting factor for the fringe contrast.
Having a wide manipulation beam is thus key for maintaining a good SNR, not an easy target with
a short cavity configuration. To solve such problem we revisited optical solutions devised in the ’70s
to reduce the transit broadening in high resolution spectroscopy using parabolic mirrors [178]: using
a lens inside the cavity we could obtain a configuration that combines a big waist and a short length
[179] (Fig. 1.11). This solution and its implication in AI and more in general in AMO physics are the
subject of a patent [180]. It must be remarked, however, that the specific problem of having a wide
cavity waist will not affect longer configurations, as is the case of the MIGA demonstrator.

Another subtle limitation that affects cavity-enhanced AI has been pointed out by the group of A.
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Figure 1.10 — [from [141]] Scheme of the laser interrogation system. A master laser at 1560 nm (in green) is
amplified and locked to a reference cavity, before being frequency doubled to obtain the interrogation radiation at
780 nm (in red). The master laser is frequency locked to one of the two interrogation cavities, whereas the component
at 780 nm is pulsed via an AOM.

Figure 1.11 — [from [179]] Parallel-plane resonator with a lens at its center to obtain a wide waist on the right
side of the configuration, and make possible the manipulation there of a thermal cloud.

Freise in Birmingham. The coherent manipulation of matter waves requires multiple, short and intense
light pulses [177, 179, 181], which implies high cavity finesse F . Increasing the strain sensitivity in
gradiometric configurations considered for GW detection requires a long cavity length L [36, 79, 133,
141]. Increasing F and L of the cavity has the effect of reducing its linewidth:

∆ν = c/ (2nLF) , (1.30)

where c is the speed of light in vacuum, and n the index of refraction inside the cavity. Despite
seeming promising to reduce the cavity linewidth to increase the sensor performances, a limitation
exists for ∆ν, beyond which the pulses used to manipulate the matter waves undergo important
deformation, and the effective optical power enhancement worsens. In short, the inherent frequency
response of the cavity sets a physical limit to the product LF , and forbids long baseline detectors
based on high optical gain resonators for manipulating matter waves.

This issue directly seems to hamper the very basic scheme of MIGA based on long, high finesse
cavities for AI. To circumvent it, we proposed a novel scheme to coherently manipulate the atomic
wavefunction in a narrow linewidth cavity, “designing” the interaction pulses not changing the intensity
of the intra-cavity laser, but acting on an auxiliary process, whose function is to enable or inhibit the
coherent process that relies upon the cavity enhanced laser. The latter is always injected in the optical
resonator, hence its intensity is constant in time. The main approach we analyzed exploits light-shift
engineering of the atomic levels, a technique adopted in several contexts concerning cold atoms, e.g.
to cancel the trapping light perturbation in optical lattice clocks [182], laser cool atoms to BEC [183],
precisely characterize the geometry of an optical cavity [184], and compensate gravity [111]. We are
also considering an alternative protocol based on magnetic field induced spectroscopy [185] to control
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the coherent process.
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Figure 1.12 — [from [186]] Schematic of the proposed experimental setup not to scale: the atomic ensemble,
initially in the state |1〉, crosses the cavity-enhanced IB with a positive horizontal velocity equal to half the recoil
velocity vr/2, and is split in the region A (see inset). The two parts of the wavefunction are horizontally reflected
with a π pulse in the regions B and C; in D their vertical velocity is reflected, and after a second horizontal velocity
reflection in C and B, respectively, they are recombined in A with a last π/2 pulse. The two trajectories at the
output of the interferometer are shown in gray. The horizontal DB (yellow) is not resonant with the cavity, is shone
on the atoms and vertically follows their motion to have an optimal overlap. CB is the beam required to compensate
the differential light shift induced on the clock transition by IB. Mi: cavity mirrors.

We studied the scheme for strontium atoms, manipulated on the narrow clock transition at 698 nm
by an interferometric beam (IB), as shown in Fig. 1.13-left. The 2 m long, F=105 cavity considered
in Fig. 1.12 has a linewidth of 750 Hz, which means a photon lifetime τγ ∼ 220 µs. The action of
IB, always injected in the cavity, is controlled through a dressing beam (DB) that shifts the levels
|1〉 and |2〉 so as to break the resonance condition for IB. The DB must satisfy several conditions,
namely induce an associated negligible scattering of photons while generating a large light shift on
the clock transition: in the visible spectrum only a narrow frequency band fulfills the requirements to
implement AI, as shown in colors in Fig. 1.13-right. Interferometric pulses with a duration comparable
or even smaller than τγ can thus be implemented, without modulating the IB driving the two photon
transition. The result is that cavities with a very narrow linewidth – hence long baseline required for
GWD and high Finesse needed to clean the spatial mode – can be used in AI.

1.4.5 MIGA road-map

The two orthogonal, dedicated galleries for the MIGA antenna have been bored in the first half of
2019, and they will be finalized as concerning the electrical and connectivity installations by the end
of the year. The company SAES-RIAL already started to realize the 25 sections of vacuum pipe,
each 6 m long, that will constitute the vacuum enclosure of the optical link, as can be seen in Fig.
1.14. At the same time the colleagues at SYRTE are completing the 3 atomic sensors to be installed
along the antenna arm, and the related laser systems are already functioning. Our – most probably
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Figure 1.13 — [from [186]] (left) Diagram with the relevant levels for 87Sr atoms. The red arrow shows the IB
resonant to the |1〉 → |2〉 transition at 698 nm adopted for the coherent manipulation of matter waves; the yellow
arrows the DB used to shift the two levels |1〉 and |2〉. The action of the DB is considered when varying its wavelength
over the range [380–700] nm, indicated by the vertical bars referenced to the two levels |1〉 and |2〉. The narrow
red band indicates the spectral interval where the DB constitutes an effective switch for the coherent action of IB,
by light shifting in a differential fashion the clock levels |1〉,|2〉. The level structure has been taken from [187, 188].
(right) Ratio Ξ(λ) between the light shift induced on the |1〉− |2〉 transition and the overall scattering rate by a laser
at a wavelength λ, with 380 nm< λ <700 nm. In black (blue) the curve when the polarization of the DB is parallel
(perpendicular) to the magnetic field. The region where Ξ(λ) > 2.8× 107 is indicated with a vertical red band. The
relevant transitions contributing to the atomic polarizability in the visible spectrum are indicated with vertical lines.

too optimistic – plan reserves the first half of 2020 to the installation of the instrument, whereas the
second half of the year will be dedicated to its commissioning.

Following such schedule, in 2021 the MIGA instrument will be fully operative. Running the ex-
periment will be on its own an important achievement given its unprecedented baseline size. The
main task will be then to finely tune the machine to achieve the expected PSD strain peak sensitivity
of 2 · 10−13 Hz−1/2; this task will require the optimization of all the instrument sub-units, and of
the measurement protocol. The three initial atomic sensors separated by ∼70 m will need a precise
synchronization to optimize the overall SNR. Last, a metrological and physical approach to the mea-
surements will be essential: large amount of data will need precise time-stamp to track time dependent
signals; systematic effects must be identified and evaluated; complex experimental sequences, based
e.g. on interleaved measurements [189, 62], must be devised and implemented.

Once attained the expected performance, it will be time to overhaul the experiment to push the
sensitivity to better levels. As said, the MIGA gravitation antenna will be a demonstrator for AI
based GWD: its strain sensitivity will be too low by at least 5 orders of magnitude to observe the
GW signals expected in the band of interest. Filling this gap demands a major effort at several levels:
upgrade of the experimental setup, definition of data analysis and measurement protocols, addressing
systematic effects, test new geometries and experimental procedures. Several of these actions are
already being addressed with specific research activities at LP2N, that range from the development of
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Figure 1.14 — [from [141]] Design of the galleries dedicated to the MIGA experiment at LSBB. The three atom
interferometers of the antenna are located at (a), (b) and (c). The optical setups for cavity injection will be hosted
in room (a).

new experimental techniques, and data analysis protocols as summarised in the following. On these
topics we are leading the ELGAR (European Laboratory for Gravitation and Atom-interferometric
Research) consortium at the European level; its target is to enable GW detection in the mid-frequency
band, building on the first generation demonstrators like MIGA [145].

Sensitivity enhancement An AI-based GWD with a PSD strain sensitivity at 10−18 Hz−1/2 or
below in the target frequency band will require the simultaneous implementation of several state-of-
the-art techniques, so far only separately demonstrated on dedicated experiments. That is the case
of: (i) LMT techniques [50, 149, 150] to linearly increase the phase sensitivity with the number of
photons coherently exchanged; (ii) improvement of the phase resolution capability, by implementing
non-classical input states to beat QPN [152, 151], and adopting a higher atomic flux to make use of
standard statistical enhancement; (iii) increase the baseline of the antenna to linearly improve the
strain sensitivity. Different relevant approaches are being investigated in several French and Euro-
pean laboratories, and it will be crucial to define common requirements, geometries and experimental
procedures for a next generation instrument that will contribute to the measurement runs in GWD.
More in details, within the MIGA consortium LMT techniques are being investigated at LP2N and
SYRTE-Observatoire de Paris, and I extensively studied the possibility to exploit quantum enhanced
measurements in atom interferometry [190, 191]. The cavity approach pursued by MIGA has been
recently put in question [192], in relation to the impossibility of using a narrow linewidth cavity –
required to have a long baseline L (i.e. strain sensitivity) and a high Finesse F (i.e. good quality of the
cavity mode) – to produce the short light pulses needed to implement the interferometric sequence.
As explained above (Sec. 1.4.4), we studied an innovative solution to bypass such issue, based on
light-shift engineering techniques [186]. Adopting the cavity configurations considered for advanced
optical interferometers like ET (i.e. L=10 km and F=102) seems feasible.

Systematic effects and data analysis At least as important as reaching the required sensitivity
will be an in-depth analysis and estimation of a broad spectrum of systematic effects, ranging from
uncertainties in the preparation of the internal/external degrees of freedom of the atomic samples, to
black-body radiation, atomic interactions, and coupling with the environment to mention a few. In
addition, low frequency GWD has to face the main issue represented by GGN, caused by the move-
ments of all nearby masses, either of seismic, atmospheric or different origin. We recently proposed
an innovative method exploiting arrays of atom interferometers simultaneously operated on the same



34 CHAPTER 1. ATOM INTERFEROMETRY

Figure 1.15 — [from [141]] GW strain sensitivity curves of the AI array proposed in [133] and those of eLISA,
aLIGO and ET, compared to different low frequency GW sources taken from http://gwplotter.com/

optical link to discriminate between a potential GW and GGN [133]; the solution would mitigate the
problem of differential gravity noise that limits LIGO-Virgo at the lower end of its sensitivity curve,
and will ultimately allow the detection of GWs in the mid-frequency band with AI (see Fig. 1.15). We
are now extending this work, studying configurations of atomic sensors optimized for the suppression
of GGN in specific frequency bands, and using the LSBB as test-site to measure real noise spectra on
which to evaluate the noise rejection algorithms [172].

Analysis of data from optical GWDs involves challenging problems in mathematics, statistics and
signal processing: extremely weak signals must be isolated in a much louder instrumental noise,
background rates must be estimated in the presence of non-Gaussian data, and signals described by
multi-dimensional parameter spaces have to be detected and estimated. AI based GWD will have
to develop similar analysis tools to process the data streams available in the future instruments; we
envisage a dedicated research line to start addressing this subject, in collaboration with experts on
LIGO-Virgo data analysis.

Atom interferometry using single-photon transitions As in LIGO-Virgo, laser frequency
noise imposes the adoption of a two orthogonal arm configuration in AI-based GW detectors relying
on two-photon transitions. A new detection protocol based on the advances of optical lattice clocks
[193, 194, 55] can operate a single baseline GW detector immune to frequency laser noise [138]. Several
laboratories started dedicated experiments to develop such scheme [195, 196], and begin to study the
possibilities it opens, such is the case of improved sky localization in GW detection by exploiting the
motion of the Earth around the Sun or of a satellite setup around the Earth [52]. In this context,
I am coordinating at LP2N the realization of a strontium atom gradiometer in the frame of the
ANR “ALCALINF”; its target is to realize a 8 m tall fountain to implement AI free of the technical
limitation imposed by the laser phase/frequency noise, an use it to develop GW measurement schemes
for vertically separated atomic sensors. The experiment already produced its first cold atoms: a
compact atomic source similar to [197] and developed in collaboration with Majulab in Singapore
routinely produces a 2D magneto-optical trap (MOT) and then an atomic beam that has been already
detected in the science chamber. The laser system for the second stage red MOT (narrow cooling laser
at 689 nm plus repumpers at 679 nm and 707 nm), as well as the narrow, cavity stabilized clock laser
at 698 nm are implemented. The activity is presently slowed down by the difficulty of obtaining the
required optical power for the first stage blue MOT at 461 nm, for which we developed a fibered based

http://gwplotter.com/
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amplifier [198] that we are actually testing for the second harmonic generation in a linear cavity.

This experimental activity originated the novel cavity interrogation scheme described in Sec. 1.4.4
to produce effective pulses shorter than the photon lifetime in the resonator [186]; we plan to push
forward this idea by considering a rapid succession of vertical atomic launches in a lattice, by means
of an auxiliary process acting as a switch.

1.5 AI for experiments operated in space

Reseach activity mainly carried out within the frame of three projects financed by ESA:
“QWEP” and “STE-QUEST” to study a WEP tests in space; “CAI-GG” for space
geodesy. Following this activity, I have been recently admitted to the Fundamental
Physics Advisory Group of CNES.

Space is the ideal environment to operate an atom interferometer, given the perpetual free fall
condition that removes the limitation set by the gravitational acceleration, namely the relative motion
of the freely-falling atomic ensemble with respect to the experimental apparatus. This unique issue
has several technical consequences that make the realization of long interrogation times T on Earth
challenging: first of all the UHV setup must grow quadratically in size with T , to avoid the atom
colliding with the internal surfaces of the vacuum setup; controlling the systematic effects over a large
region becomes increasingly demanding; the gravitational acceleration determines a linearly varying
Doppler shift that must be compensated to probe the atoms. In addition, often limiting issues of
Earth-based experiments, like seismic noise and GGN, are substantially reduced in space.

Surrogate solutions to reproduce space representative conditions are: (i) atomic levitation [199, 200,
109, 201, 202, 111]; (ii) atomic bouncing [110, 203, 25] – an effective levitation with the action against
the gravity pull “concentrated” in periodic pulses instead of being constant in time; (iii) temporary
free-fall in microgravity conditions [103, 105, 106, 104]. All these techniques are of key importance
to develop and test the technology in view of spatial missions, but they are affected by limitations.
Levitating schemes suffer of vibration noise coupled in by the trapping potential, and in the case of
magnetic trapping gravity limits the minimum achievable confinement strength, hence temperature
[204]. Microgravity environments obtained on parabolic flights, rockets, or Einstein elevators offer
only short time intervals of free fall.

On the other hand, space can allow very long interferometric sequences, hence intrinsic sensitivity,
by optimally exploiting the extremely low expansion energy of pico- or femto-kelvin ensembles obtained
by releasing a BEC and later collimating it with the “delta kick” technique [205, 103, 80]. Space is
therefore the ideal environment to combine the extreme precision and accuracy achievable with atomic
inertial sensors. As a consequence, a big effort has been focused in the last 10 years on preparing
missions for space-based atom interferometry, and thanks to this heritage there is now a first cold atom
experiment running on the ISS, which is planned to produce interferometric fringes soon: the Cold
Atom Lab (LAB) developed by NASA [107]. CAL is a multi-purpose platform with several targeted
research applications, ranging from the observation of new ultra-low temperature regimes and long
probe times to pilot atom interferometry experiments. The field of space AI is however in turmoil,
as proven by the recent surge in the number of AI proposals for fundamental and applied science in
space [164, 138, 167, 139, 206, 52, 97], also in response to the ESA call “Voyage 2050” [146, 207].

During the last 8 years, I dedicated a consistent share of my activity to the sub-field of air- and
space-borne AI, spanning different guidelines:
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Figure 1.16 — [from [208]] (left) General concept of the STE-QUEST mission. The clock on the satellite is
compared with one or more ground clocks as the satellite orbits earth on a highly elliptic orbit. During the perigee
the local acceleration of two rubidium isotopes is measured and compared. (right) CAD drawing of the STE-QUEST
physics package.

� specific contributions to the ICE (Interférométrie Cohérente pour l’Espace) experiment lead by
P. Bouyer and B. Battelier, and operated on the 0-g plane of Novespace. In details, I helped im-
proving the data extraction technique from the two species correlated interferometers operated
simultaneously to test the WEP [209]; contributed to solve a thorny mechanical issue during a
parabolic flight campaign, which allowed the realization of the first double interferometer oper-
ated in weightlessness [105]; collaborated to the recent realization of a Rb BEC in microgravity
[104], by adapting the dark state cooling technique developed on the cavity experiment [210];

� participation to international collaborations to study possible space missions employing AI to
test the Weak Equivalence Principle on the ISS (ESA study “Q-WEP”, targeted accuracy on
WEP: 10−14) and on a satellite (proposal “STE-QUEST” for a Cosmic Vision Mission, targeted
accuracy on WEP: 10−15) [208, 74, 211, 212, 207] (see Fig. 1.16). My contribution concerned the
telecom technology at 1.5 µm and successive doubling to obtain radiation at 780 nm to address
rubidium atoms; the study of the optical dipole trap for the two atomic species (isotopes 85Rb
and 87Rb); the definition of the instrument specifications and requirements;

� participation to the ESA study “CAI-GG” to perform high resolution space geodesy with a
satellite-based gravity-gradiometer [97]. My specific role concerned the study of the high reso-
lution atomic detection system to recover diverse components of the inertia tensor;

� study the potential future contribution of AI to the field of GW detection, as described in
detail in Sec. 1.3.1. Even if the present effort is directed toward the realization of an Earth-
based demonstrator, there is no doubt that space will be the ideal setting to take advantage
of the intrinsic performances of AI in relation to GWD. In this direction heads the White
Paper proposing “AEDGE” [146], a cold atom experiment in space to search for ultra-light dark
matter, and to detect GWs in the frequency range between the most sensitive ranges of LISA
and LIGO-Virgo (see Fig. 1.17).
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Figure 1.17 — [from [146]] (left) Comparison of the strain measurements possible with AEDGE and other ex-
periments, showing their sensitivities to BH mergers of differing total masses at various redshifts z, indicating also
the time remaining before the merger. The solid lines correspond to equal mass binaries and the dashed ones to
binaries with very different masses, namely 3000M� and 30M�. Also shown is the possible GGN level for a km-scale
terrestrial detector, which would need to be mitigated for its potential to be realized. This figure illustrates the po-
tential for synergies between AEDGE and detectors observing other stages of BH infall and merger histories. (right)
Comparison of the sensitivities of AEDGE, ET and LISA with threshold SNR=8. In the lighter regions between the
dashed and solid lines the corresponding detector observes only the inspiral phase.
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Chapter 2

Quantum Measurements with Cold
Atoms

Cerca una maglia rotta nella rete
che ci stringe, tu balza fuori, fuggi!
Va, per te l’ho pregato, - ora la sete
mi sarà lieve, meno acre la ruggine. . .

[Look for a flaw in the net that binds us
tight, burst through, break free!
Go, I’ve prayed for this for you–now my thirst
will be easy, my rancor less bitter. . . ]

— Eugenio Montale, In limine [Threshold]

Ch. 2 describes how atomic sensors can exploit intrinsically quantum features to obtain an in-
creased sensitivity with respect to protocols based on classical properties only. The sensitivity boost
over classical statistic granted by quantum mechanics would be of immediate advantage in atom in-
terferometry, as proven in proof-of-concept experiments surpassing the SQL [12, 13, 14, 15]. After
making the distinction between quantum-enhanced measurements exploiting entanglement [16] or al-
ternative mechanisms [17], I will present related work I realized with a cavity QED experiment at the
Institut d’Optique first in Palaiseau and then in Talence. We studied theoretically how to achieve
spin squeezing in an atomic ensemble, and then built a weak, non-destructive probe that we exploited
to implement pioneer experiments in quantum feedback and phase locking using an atomic quantum
state as a reference.

The research activity described in Ch. 2–4 is based on the high finesse ring cavity I
built during my “QNDINTERF” Marie-Curie fellowship. The main targets consisted in
developing new techniques for atom interferometry, exploiting non-classical input states
and BEC to enhance the instrument sensitivity.

2.1 Quantum-enhanced measurements

Quantum-enhanced measurements rely on quantum mechanical effects to increase the measurement
sensitivity beyond what allowed by purely classical means, and represent an obvious edge for both
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Figure 2.1 — [from [226]] Water clock, with the float allowing the automatic control of water level in the inter-
mediate tank.

fundamental and applied science. To date the field has been dominated by the adoption of highly
entangled states [16], which are thoroughly studied in diverse contexts ranging from computing, com-
munication, and metrology. A plurality of approaches have been demonstrated to generate entangled
states in AMO physics: different kinds of nonlinearity, like those caused by collisions (see [213] and
references therein) or atom-light interactions which can be sub-divided in those obtained with: quan-
tum non-demolition (QND) measurements [214, 152]; transfer of non-classical photon states to atoms
[215]; light mediated effective interactions of separated atoms [13]. A novel and and yet non-exploited
method to generate entanglement between atoms of different species is based on Feshbach resonances
[216]: molecular degenerate gases [26] can be obtained via the coherent adiabatic association in a
deeply degenerate atomic mixture, but the inversion of the process will produce a massive number of
entangled atom pairs suitable to test quantum mechanics in a novel fashion [217].

The multitude of cooling and trapping techniques developed for atoms, ions, and molecules, as well
as those for their precision detection and counting, are at the basis of many experiments where highly
non-classical states have been demonstrated [13, 213, 152] and are planned to be adopted to boost
instrument sensitivity. Atomic inertial sensors and clocks, already representing the state-of-the-art
in terms of precision and accuracy, are expected to improve their sensitivity manifold by a massive
adoption of entanglement [218, 152].

Despite all these appealing features, highly non-classical states are challenging to generate and
extremely fragile: even the scattering of a single photon can irremediably destroy a N00N-state [219]!
Nevertheless, multi-particle entanglement is only one of the methods by which quantum mechanics
can determine an advantage over classical approaches in measuring: alternative resources that can
be harnessed are more general quantum correlations as is the case of quantum discord [220], particle
indistinguishability [221], fast scaling of parameters introduced by non-linear Hamiltonians [222, 223,
224] or non-equilibrium steady states [225], as is the case of phase transitions.

2.2 Quantum Feedback on an atomic state

During my Marie-Curie fellowship as a postdoc in the group of Prof. A. Aspect in Palaiseau (France),
I developed a cavity experiment to improve quantum sensors by exploiting Bose-condensed and non-
classical input states. On this experimental setup we obtained a series of results, described also in
the following chapters, like the non-destructive characterization of the cavity geometry using a light
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Figure 2.2 — Graphical view of our measurement-and-correction experiment: a CSS is probed with laser imple-
menting a WM; the partial information retrieved on the atomic state is used to compute a correction signal, which
is applied through a RF antenna. The signal perturbing the atomic state is also sent via the same RF antenna.

shift engineering technique [184] (Sec. 3.1), and the first all-optical BEC and BEC array completely
realized in a resonator [227] (Sec. 3.2). The original research line on which is focused this chapter
started with the development of a heterodyne non-demolition probe targeting spin squeezing [228],
and that we employed to follow the internal atomic state dynamics with minimal destructivity [229].
It soon turned out, however, that our weak probe could be used to implement feedback schemes on
atomic states, another technique that opens new avenues for atomic sensing thanks to purely quantum
features.

Control theory based on feedback is a well established technique, introduced in ancient Greece
with the water clock (see Fig. 2.1), whose key element represented by the float strongly increases the
instrument accuracy. Control loops based on retro-action are nowadays pervasive, and can be found
in diverse contexts like electronics, self-driving vehicles, and high-frequency trading (HFT). All these
examples of automatic system control share a few basic elements, which are the access to the system
status via a classical measurement, the calculation of an error signal that give a “distance” of the
present state from the sought one, the calculation of a correction value using the error signal and its
dynamics, and the application of such correction to the system via an actuator.

When one considers feedback loops in a quantum context, things become immediately more com-
plex, in relation to the weird features introduces by the law of quantum mechanics [230]: performing a
measurement on a quantum system changes its status, because of the associated state projection and
loss of coherence; the measurement process is not instantaneous, but consists of a first phase where
the measured system and the “pointer” probing device are entangled, and only later the effective
read-out of the pointer projects the status of the entangled system; measuring a specific observable
has an effect on the associated non-commuting operators, in what is called back-action noise [231].
Complexity often brings opportunities, and indeed amazing results have been obtained in the field of
quantum measurements: quantum phase magnification allows entanglement-enhanced measurement
without low noise detection [232]; the average trajectories of single photons have been observed in a
two-slit interferometer using weak measurement [233]; photon number states have been prepared and
stabilized using real-time quantum feedback [234].

Our contribution to the field builds on QND measurements in the weak regime, in order to control
the status of a quantum system. We first proved such a concept in an experiment where we protected
a coherent spin state (CSS) against the action of noise. The two key ingredients that we adopted are:
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Figure 2.3 — [from [190]] (Left) Simplified scheme of the relevant Rb atomic levels and of the heterodyne probe.
(Right) Evolution of the collective spin on the Bloch sphere when subject to a binary random collective rotation. A
π/2 rotation around Y prepares a balanced population difference. The state experiences a random rotation of ±α
around Y , which is detected using a weak nondestructive measurement and then corrected.

� QND measurement: process to determine an observable that is an eigenstate of the ideal Hamil-
tonian of the measured system. Such measurement has an effect on the system only if the system
is in a superposition state of the energy operator; after its projection on an eigenstate of H, the
QND measurement has no impact on the system, hence it can be repeated at will;

� weak measurement (WM): a measurement whose resolution is far worse than the QPN; whenever
a high uncertainty can be tolerated, a WM allows to preserve the initial quantum coherence and
induces minimal destructivity.

For a more in depth discussion of quantum noise and measurement one can see [230] and references
therein. A graphical view of our quantum measurement-and-correction experiment is shown in Fig.
2.2, where a set of atomic spins are probed with a laser beam, and the measured signal is used to
feedback onto the atomic state with an RF antenna.

The observable we chose for the quantum state is the population unbalance Jz = N1−N2/(N1+N2)
for the 87Rb atomic ensemble, defined with respect to the two magnetically insensitive hyperfine levels
52S1/2, F = 1, 2,mF = 0. The atoms are coherently manipulated on the Bloch sphere with a RF field
produced by an antenna. To measure Jz we implemented a heterodyne non-destructive light probe,
which combines a carrier laser on the D2 transition of Rb [235] passing through a high frequency
electro-optic modulator (EOM): two sidebands with opposite phase are produced at the modulation
frequency. The latter is chosen so that each sideband weakly interacts with the atomic population
of one of the two levels of interest (see Fig. 2.3, left), which determines a dispersive dephasing
of the beam with Jz. The population unbalance signal encoded in the sidebands is obtained by
demodulating the readout of a fast photodiode. The scheme has two major advantages over a Mach-
Zehnder interferometer, where reference and probe beam are geometrically separated: first, there is
a unique beam, with three frequency components, which determines a very low sensitivity to path
vibrations that are commonly rejected; second, the system can work at the shot noise for the weak
sideband thanks to the presence of the strong, far-off-resonance carrier. The measurement is realized
in AC at a high modulation frequency, which cancels the 1/f noise issue, but requires a demanding
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Figure 2.4 — [from [190]] (Left) Effect of the cycle consisting of binary collective noise, measurement and correction
as a function of the number of photon per sideband in the probe pulse: in solid squares the residual coherence, and
in open circles the success probability. An optimal coherence recovery of 0.993 is achieved with 9.1×106 photons.
(Right) State occupancy as a function of the number of cycles: the measurement-and-correction approach slows the
state diffusion and the coherence loss.

high frequency detection electronics. We theoretically studied the spin-squeezing and Dicke state
preparation using such heterodyne detection [228], and adopted it experimentally to non-destructively
measure Rabi oscillations induced with microwave radiation [229].

To probe trapped ensembles we had to solve the problem represented by the differential light shift
induced by the dipole trap at 1560 nm, which induces an inhomogeneous shift on atoms sitting at
different trap positions. To this aim we locked a second laser to the cavity, but on the blue side of
the 52P3/2–42D3/2,5/2 transitions at 1529 nm; this allows to engineer the atomic light shift, and in
particular to make it homogeneous on the D2 transition.

Probing the atoms confined in the cavity-enhanced dipole trap, allows one to exploit the improved
coupling strength provided by the higher optical density; this in turn determines a bigger phase signal
on the probe photons for a fixed destructivity, i.e. spontaneous emission. Moreover, the complications
related to probing an expanding cloud are completely avoided. We used the improved detection to
demonstrate the feedback control of the internal states of an atomic ensemble and its protection
against synthetic collective noise [190, 236]: the CSS is rotated by a fixed angle α and random
direction around a fixed axis, the resulting state is weakly probed to infer the direction sign and apply
a correction (see Fig. 2.3, right). The efficiency of the feedback is studied for such binary noise model
and characterized in terms of the trade-off between information retrieval and destructivity from the
optical probe: the left side Fig. 2.4 remarkably shows how the final coherence of the atomic ensemble
after one measurement-and-correction cycle grows initially with an erf -like shape, and then decreases
exponentially as a function of the sideband intensity. The optimal condition is found for 9.1×106

photons per sideband, where the ensemble coherence, reduced by the noise from unity to 1/
√

2 ∼ 0.7,
is recovered to 99.3(1)%. We also implemented more complex feedback scenarios which provide a
way towards novel atom interferometry schemes using repeated measurements and feedback: first, the
cycle made of disturbance-measurement-correction was repeated several times to study the atomic
state dynamics (Fig. 2.4, right), which has shown a factor 10 damping of the spin diffusion; second,
a more demanding and realistic noise model was adopted, consisting in an analog instead of binary
rotation. Also in this configuration we demonstrated a consistent coherence recovery, and thus the
robustness of the scheme.
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Figure 2.5 — Representation of a PLL between a classical oscillator and an atomic reference: their phase dynamics
is constrained by the cogwheels and the common transmission belt.

2.3 Atomic phase lock loop

Research activity carried out within the frame of the Euramet JRP project “QESOCAS”,
and the LAPHIA project “APPL-CLOCK”; they targeted to develop quantum enhanced
protocols for atomic clocks and atomic sensors. The enhanced clock protocol is the
subject of an international patent [237].

Figure 2.6 — [from [191]] (top) Scheme of the experimental setup to interrogate and correct the quantum state of
an atomic ensemble, using a weak non-destructive probe and microwave pulses. (bottom) Allan frequency standard
deviation for a normal Ramsey clock with interrogation time T=1 ms (red line) and for a clock implementing the
phase lock between the LO and the atomic superposition state for 9 successive, correlated interrogations on the same
atomic ensemble, for a total interrogation time of 9 ms (blue line). The continuous black line lies a factor 9 below
the red curve and represents the theoretically achievable stability level for the phase-lock sequence. The dashed
black line lies a factor 3 below the red curve and is the optimum level for nine consecutive but uncorrelated Ramsey
measurements with duration T each and the same total cycle time.

We then implemented quantum feedback in a configuration with a much broader and immediate
potential impact: a timekeeping device. In standard atomic clocks the frequency of a macroscopic
local oscillator (LO) – typically a microwave source or an ultra-stable laser – is periodically compared
to an absolute reference, represented by an atomic transition. This is achieved by measuring the
phase accumulated during an interrogation interval T that separates two π/2 pulses in a Ramsey
interferometer [238]. The frequency sensitivity scales as 1/T, hence the advantage of having a longer
interrogation time. Nevertheless, actual atomic clocks are limited by the LO precision, since it is
not possible to detect the relative dephasing unambiguously if the accumulated phase exceeds ±π/2.
Moreover, the measurement destroys the atomic coherence, hence in this scheme the phase remains
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free. With our approach, it is possible to maintain the information on the collective spin phase over
many interrogation cycles, which makes feasible to phase-lock-loop (PLL) a LO on an atomic reference,
as graphically shown in Fig. 2.5.

First of all we demonstrated that the weak measurement detection allows to follow the spin evolu-
tion over several interrogation cycles, shifting the LO frequency and observing the precession. This is
possible thanks to the minimal impact of each measurement on the state of the individual spins in the
atomic ensemble. We then closed the feedback loop, using the weak signal to control a phase actuator
on the LO: we realized in this way the first reported PLL where a classical LO is tightly reference to
a quantum state (see Fig. 2.6, top). Last, we implemented an atomic clock with an effective interro-
gation time increased thanks to repeated WMs of the spin vector [191]; the sensitivity improvement is
evident when this scheme is compared to the performance of a standard single Ramsey interrogation
clock (Fig. 2.6, bottom). The resulting gain improvement for N=9 successive measurements in terms
of the Allan deviation, is equal to 4.75(0.25), which is more than

√
9, i.e. the maximum enhancement

classically achievable by averaging over the samples. This result demonstrates an at least partial corre-
lation between the successive measurements. Remarkably, our protocol has been partly implemented
at NIST, in a spectroscopic measurement enhanced via a two-ensembles correlated measurement [239].
Our quantum enhancement technique harnesses correlation in time as a quantum resource, and we
postulated in [191] that it could be then combined with particle entanglement to obtain a twofold
sensitivity boost; such idea has been later developed in [240], where they introduced the Quantum
Allan variance as a general measure to describe the instability of quantum frequency standards.
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Chapter 3

Atom Trapping and Cooling

Only describe, don’t explain.

— Ludwig Wittgenstein

Ch. 3 is focused on the results I obtained in the general context of atom trapping and cooling, often
for the specific configuration of cavity QED. I will present an enhanced imaging technique exploiting
light-shift engineering (Sec. 3.1), the direct production of an array of BECs in the high order transverse
cavity modes of a resonator (Sec. 3.2), the progress towards a cavity based matter wave beamsplitter
(Sec. 3.3) and the dark state loading and cooling in a dipole trap (Sec. 3.4, which has been key to
realize an all-optical BEC in microgravity.

3.1 Light shift tomography of an optical cavity

The experimental setup on which is focused this chapter and next one is the traveling wave cavity
that I constructed during my Marie-Curie fellowship. The resonator has a bow-tie geometry, and is
resonant both at 1560 nm and 780 nm (see Fig. 4.2, left), wavelengths used for trapping the atoms and
probing them, respectively. The experiment adopts a few very innovative solutions: it uses a traveling
resonator to optically trap the atoms, feature that motivates the present research line concerning
non-trivial emergent phenomena within the frame of an ANR-FWF project just financed (Ch. 4); it
adopts light in the telecom C band at 1560 nm to trap the atoms, which produces a strong differential
light shift on the two levels of the Rb D2 transition at 780 nm used to probe the atoms. The latter
effect is due to the upper transitions 52P3/2–42D3/2,5/2 at 1529 nm, whose relevant atomic levels are
strongly shifted by the trapping light (see Fig. 4.2, right).

Atoms at different locations, i.e. potential depths, can thus be selectively imaged by changing the
780 nm probe detuning with regard to the atomic resonance. Such tomographic technique to image the
trapping potential using light shift has been introduced by Brantut et al. in [241]. We exploited this
effect to precisely map in situ and non-destructively the cavity optical potential [184]. We could thus
infer the cavity geometry with a micrometric accuracy, finding a remarkable agreement between the
realized optical setup and the design specifications. Since the cavity is non degenerate, its transverse
modes are separated in frequency, and it is possible to selectively pump each of them by adopting
the right frequency shift and a suitable phase mask on the injection laser. As a result we could map
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Figure 3.1 — (left) [from [227]] Scheme of the bow-tie traveling cavity, injected with light at 1.5 µm and 780 nm,
both on the fundamental and high order transverse modes. (right) [from [210]] Lowest energy levels of 87Rb. The
transitions at 1529 nm are responsible mF ′-dependent excited state light shifts to the 5P3/2 excited state.

the potential profile of the first 3 Hermite-Gauss modes with nodes along the horizontal direction, i.e.
TEM00,10,20, as shown in Fig. 3.2.

This initial study of light shift engineering has been followed by several other specific applications,
as is the case of the homogeneous probing of Rb atoms trapped in a 1560 nm beam by using a light-
shift compensation beam at 1529 nm (technique described in Sec. 2.2), or the possibility to realize
AI in a narrow cavity linewidth (technique described in Sec. 1.4.4). Recently a dedicated research
line has been devoted to the subject at LP2N, with the target of achieving sub-wavelength lattices
structures and probing [242].

3.2 BEC array in a non-degenerate cavity

After characterizing the geometry of the high order transverse cavity modes, we could load cold
rubidium atoms in them. Pumping the generic TEMnm mode with telecom radiation gives rise to an
array of (n+1)2×(m+1) trapping nodes, and such scalability is at the basis of several applications
described in the following: we trapped and later condensed atoms in higher modes, obtaining an array
of simultaneous BECs [227]; we changed the trap geometry for thermal atoms from a single-well to
a four-well one, and we plan to study the process in its coherent version for AI (Sec. 3.3); we are
studying the possibility to couple different BECs in a high order mode using the cavity, to generate
massive entanglement or a PLL based on superradiance (Ch. 4).

The realization of Bose-Einstein condensation in the cavity required a careful study of the evap-
orative process dynamics, in relation to the constraint of using a crossed dipole trap with the same
beam on the two arms. Such configuration forbids the separate control of the trap depth and cur-
vature, which in turn prevents a run-away evaporation [243]. The solution we adopted to keep a
good collisional rate – hence thermalization – along all the process, relies on placing a vertical dimple
crossing the cavity in its central region. In the final part of the evaporation the dimple has the role of
maintaining almost fixed the horizontal frequencies, while the evaporation becomes vertically driven:
in this way BEC is obtained in about 2 s, with a transition temperature Tc = 190 nK, and N0 = 5 ·104.

In the next step we repeated the evaporation process after loading the TEM01 mode, which shows
two trapping regions on top of each other: in this way we simultaneously obtain two BECs (Fig. 4.2,
left), and more complex array geometries can be created by using other cavity modes. As described
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Figure 3.2 — [from [184]] (3 on the left, top line) Absorption images with the 1560 nm laser locked to the TEM00

(a), TEM10 (b), and TEM20 (c) mode of the cavity, with the detuning of the probe light set to 5 Γ to the red of the
transition. (3 on the left, bottom line) Integral optical density obtained by projecting the upper images on the 45◦

dashed line crossing one arm of the cavity. (right) Optical potential depth induced by the laser at 1560 nm locked to
the first three transverse modes of the cavity. Each series of points is fitted with the corresponding Hermite-Gauss
mode.

in [227], we plan to exploit this unique feature of our experiment in three original ways:

� implementing homogeneous trapping potentials by simultaneously injecting a well defined com-
bination of high order modes – solution that would allow to eliminate the shift generated by
the harmonic potential in several experiments studying condensed matter phenomena and gauge
fields;

� obtaining cavity aided atom optics elements (Sec. 3.3);

� couple different BECs via the same cavity mode using self-ordering phenomena (Ch. 4), to im-
plement a quantum network of Bose-condensed samples [244]. The scheme could have potential
applications in quantum computing and communication.

3.3 Cavity based matter wave beamsplitter

Research activity being carried out within the frame of the project TAIOL, financed by
European Union with the program QuantERA 2018.

BECs are the ultimate sources of coherent matter waves, thanks to their very low temperature
and high phase space density, which in turn are at the basis of the very high brilliance of atom lasers
and ultra-low expansion rates of delta-kick collimated samples. The field of applications is immense,
and ranges from quantum sensing, to studies of extreme consequences of general relativity [245] or
quantum field theory effects [246] with analogue systems. The application of coherent matter waves in
phase sensitive experiments, like interferometers, requires the coherent splitting of a BEC into a double
well. Standard matter-wave beamsplitters rely on optical potentials [8] or RF-dressed potentials on an
atom chip [247]. The latter have shown promising results but suffer from three problems: (i) magnetic
fields cannot be modulated quickly; (ii) spurious effects due to switching of the magnetic fields; (iii)
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Figure 3.3 — [from [227] (left) Optical density profile showing 2 BECs obtained in the TEM01 transverse cavity
mode. (right) By switching between TEM00, TEM10 and back we split in 4 and recombined an atomic ensemble.

undesirable effects of the magnetic fields on the atomic transitions. Optical potentials bypass these
problems, but are complex, requiring multiple carefully aligned beams in conjunction with advanced
optics, and high power to effectively confine the atoms.

The cavity-based method we propose is all-optical, avoids the problems with RF-dressed potentials,
and allows a simple optical arrangement with lower input power due to cavity buildup effects. To per-
form the beamsplitting operation, we first load 106 atoms in the TEM00 mode, and then adiabatically
inject the TEM10 mode with a laser beam with the right frequency and phase profile, obtained with
a phase mask. This operation deforms the initial single well in four distinct trapping region, where
the atoms are separated (Fig. 4.2, right). A major advantage of our cavity beam-splitter scheme is
that during the entire process, odd-powered potential components are suppressed by the cavity mode
structure; this is a necessary condition for achieving coherent beam-splitting operations. Odd-powered
spatial geometries during the splitting phase mix center-of-mass and internal relative degrees of free-
dom, leading to mixing of internal modes, and causing both decoherence and heating. The splitting
process can eventually be reversed to recombine the 4 atomic clouds. The overall efficiency of the
process in terms of atom transfer is greater than 95%, whereas a factor 2 increase in the temperature
has been measured.

In collaboration with Dr. Gaaloul at LUH (Hannover, Germany), we are studying ho to implement
optimized ramp based on optimal control theory [248] to obtain the coherent splitting and recombi-
nation of a BEC using the cavity modes. The preliminary numerical results provided by the German
colleagues indicate that the objective is feasible.

3.4 Dark state loading and cooling in a dipole trap

At the end of 2018 we have been financed by ANR (project “EOSBECMR”) and LAPHIA (project
“OE-TWR”) for the study of self-organisation phenomena in a traveling wave cavity configuration
(see Ch. 4). Such research activity is carried out together with the theoretical group of Helmut Ritsch
(Innsbruck, Austria), pioneer of self-ordering and superradiance in optical resonators, and expert of
cavity optomechanics and cavity cooling. Before tackling the fundamental physics questions of order
emergence and induced crystallization in the resonator, we decided to improve the quality of the
atomic source, i.e. the single - or multiple - BEC obtained in the cavity. Such optimization phase
took more time than initially foreseen, but brought also an unexpected insight into the loading and
cooling of atoms in a dipole trap by exploiting dark states.

Producing a BEC requires the previous preparation of a cold, high density atomic sample. Typical
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Figure 3.4 — (left) [from [210]] (a) Atoms loaded into the FORT as a function of the cooling laser detuning
from the F = 2 → F ′ = 3 resonance during the sub-Doppler cooling phase, for an independent repumper (empty
blue circles), and for a repumper in Raman condition with the cooler (filled red circles). (b) Population fraction of
atoms in F = 2 with the repumper in the two configurations as above; N1,2 indicate the atomic populations of the
F = 1, 2 manifolds. The violet points result from a numerical evaluation of the DSs forming at each detuning (right)
[from [104]] (a) Schematic of the Einstein elevator. The payload (I), including the science chamber, cooling beam
optics and imaging system, is driven vertically along two air-bearing translation stages. (b) Acceleration profile of
the science chamber for sequential parabolas of 400 ms, separated by a dead time of 12 s required to let the motors
cool down. (c) Absorption image of the BEC transition after a time-of-flight of 50 ms in 0-g. The projection of the
vertical axis shows the typical double structure of the cloud.

protocols are based on a multi-stage cooling process, beginning with laser cooling in a MOT, sub-
Doppler cooling, loading into a conservative magnetic or optical dipole trap, followed by evaporative
cooling. Although quite efficient, this is only possible for a small subset of alkali and alkali-earth-like
atoms that can be initially cooled to low temperature by optical means.

The sub-Doppler cooling phase uses light red detuned from a cycling transition, and exploits laser
polarization gradient to produce dissipation mechanisms based on optical pumping or population
unbalance between different ground levels [249]; in both cases one obtains efficient friction forces,
determined respectively by light lift or radiation pressure. Coupling polarization gradient cooling to
the presence of dark states [250] is known as gray molasses (GM) [251]; the dark states decoupled from
the optical field are coherent superpositions of internal states and external momentum states for the
atoms. Remarkably, their creation does not require cycling F → F ′ = F + 1 transitions, but can rely
on any transitions of the F → F ′ ≤ F form. As a consequence, GM cooling can be applied to a broad
class of neutral particles; just to give an example it has been crucial to recently obtain a degenerate
Fermi gas of polar potassium-rubidium molecules [26].

To prevent expansion of the cold atom cloud, it is tempting to combine dark-state sub-Doppler
cooling with spatial confinement in a far-off resonant optical dipole trap (FORT). However, standard
dark states composed by superposing different momenta [252] are eigenstates of the free Hamiltonian
but not of the Hamiltonian in the trapped case. This leads to a finite lifetime of the dark states and
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their eventual coupling to the light field, i.e. excitation and heating, while the spatial dependence of the
trapping potential complicates polarization gradient cooling mechanisms. We were able to efficiently
couple GM cooling with direct loading in a dipole trap, on two different rubidium experiments: the
ICE experiment run on an Einstein Elevator, lead by Dr. Battelier, where the technique has been
crucial to obtain the first reported BEC in microgravity [104]; the cavity QED experiment described
in Ch. 2 and Ch. 4, where we actually developed the technique [210].

Whereas GM have been typically performed on the D1 transition in alkali, we adopted a recent
protocol demonstrated in [253] to implement dark state cooling on the D2 transition of 87Rb: “quasi-
dark” state cooling is feasible thanks to the large hyperfine structure separation. The two mechanisms
that we devised to couple the high and quickly achievable atomic phase-space density with the loading
in the optical trap are very different: in the ICE setup, GM cooling provides the cold and dense atomic
reservoir nearby a 1550 nm FORT, whose strong light shifts generates a transparency volume where
atoms can be stored without interacting with the near-resonant photons. On top of this, the FORT
beam is spatially modulated to create a time-averaged (or painted) potential, which grants a high
capture volume and fast evaporative cooling with a high collision rate. In this way we can produce
a BEC in 1.4 s with a critical temperature of 140 nK before the Einstein elevator reaches the 0-g, i.e
microgravity, phase of its trajectory (see Fig. 3.4, right).

The GM cooling mechanism adopted on ICE is the same as in [253], namely it exploits dark states
that combines Zeeman states of the same hyperfine manifold (Zeeman dark states or ZDSs); the spatial
modulation of the FORT allows then the accumulation of the cold atoms in the region where they are
uncoupled to the light. On the cavity QED experiment the approach is different: it adapts GM to
the presence of the FORT, and brings to a tenfold increase in the loaded atom number. The FORT
strongly modifies the relative energy of the Rb levels on the D2 transition, in relation to the presence
of a doublet at 1529 nm from the excited 3P3/2 state (see Fig. 4.2, right). As a consequence the
sub-Doppler cooling mechanisms are complicated, but dark states exist that make use of both ground
state hyperfine manifolds [250] (Hypefine dark states or HDSs).

GM cooling reposes on the coherent coupling between the levels forming the dark state; HDSs
exploiting both ground states of the hyperfine manifold require thus the phase lock of the cooling and
repump light. To achieve such configuration, we installed an EOM on the cooling laser, and produce
the repumper by modulating the crystal at the hyperfine splitting frequency, equal to ωhf=6.834 GHz.
Such repumper replaces the standard one, locked on the F = 1→ F ′ = 2 transition, at the end on the
MOT phase and when begins the sub-Doppler cooling phase. At this point the depth of the FORT is
increased up to 170 µK to trap atoms and, simultaneously the red detuning δRaman of the two lasers
in Λ configuration from the F ′ = 3 level is shifted to the desired value. This operation is actuated in
200 µs and the beams remain illuminated for only 1 ms. The frequency δRaman has been scanned from
-4 Γ to -75 Γ, and each time the loading efficiency in the FORT evaluated using the number of trapped
atoms as as a figure of merit, as shown on the left side of Fig. 3.4 with the red points. The comparison
with the blue points, obtained repeating the procedure with the standard repumper shows:

� a generally similar behavior between the two regimes, with the loading exploiting GM (red
points) always more efficient than the standard molasse (blue points). However, two striking
features described next stand out for the dark state cooling;

� for GM-based loading, a sharp optimal peak at -43.5 Γ, close to the F ′ = 2 resonance, and in
coincidence to the peak in atomic density reported for Λ-enhances cooling in free space [253].
Optimal HDS cooling condition for atoms outside and on the edges of the FORT provides at
once the ideal atomic bath for the FORT loading, and a dissipation mechanism to slow the atoms
entering the conservative potential;
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� the optimal GM-based loading peak sits atop a broader shape present also for the standard
molasse case. However, that broader shape does not abruptly end at the position of the F =
2→ F ′ = 2 resonance, and is explained in terms of atoms being loaded from within the trapping
volume of the FORT. We verified this hypothesis by varying the FORT power, and observing
the related behavior of the broad peak [210], which can be resumed in a wider width with deeper
FORT. At the same time, the sharp peak at -43.5 Γ changes only in amplitude, but not in
position;

� a similar loading behavior is observed when δRaman is tuned nearby the F ′ = 1 resonance, only
with a lower efficiency, explained in term of a loss determined by the sweeping of the laser
frequency through the resonance with the F ′ = 2 level, which causes atomic heating;

� the explanation of the experimental observations in terms of cooling and loading enhanced by the
presence of HDSs has found confirmation with the measured behavior of the population fraction
of atoms in the F = 2 manifold, in good agreement with the results of a numerical evaluation of
the dark states forming at each detuning (see left, upper Fig. 3.4, comparison of red and violet
points).

3.4.1 Optical cooling in the dipole trap

Optically trapped atoms experience position dependent excited state light shifts, in relation to the
local FORT power. Changing the detuning of HDS cooling will hence address atoms at different
places in the optical potential creating spatially dependent HDSs. The position of an atom within
a conservative trap is also energy dependent, with higher momentum/energy states spending more
time near the edges - where the light shift is smaller - and lower momentum/energy states residing
near the center - where the light shift is larger. Therefore at any particular detuning only atoms of a
particular momentum/energy will be optimally cooled. This opens up the possibility of a novel type
of cooling: by starting with small detunings hotter atoms at the edges of the FORT will be selectively
cooled, falling into the FORT where a further shift in the Raman beams to larger detunings will cool
the atoms to even lower momentum/energy states. A single sweep on the Raman beam detuning can
progressively cool all the atoms in the FORT, potentially up to the recoil temperature h̄2k2/(2mkB).
Excited state effects will be minimized, since the protocol relies on dark states, and remarkably, no
atoms are lost in the process, given that the energy is carried away via spontaneous emission and not
by evaporation.

We tested the protocol on the atoms loaded in the FORT by sweeping δRaman in 6 ms from -55 Γ
to -68 Γ, and then measuring the temperature in time-of-flight: the temperature drops from the initial
value of 198 µK to 48 µK (Fig. 3.5). If the detuning is further increased, all atoms are lost as the
laser frequency becomes resonant with the F = 2 → F ′ = 2 transition at the center of the FORT,
where the detuning is maximal. We plan to push forward these very encouraging preliminary results,
having the all-optical cooling to BEC as the ultimate target. Some guidelines can be already drawn:

� the dissipative mechanism removes energy via exchange with the Raman lasers, not by removing
the high energy tail of the momentum distribution. GM cooling in the FORT does not determine
atom loss, unlike evaporation;

� GM cooling is based on a coherent process, and result hence orders of magnitude faster than
standard molasses cooling. The result is cooling without a significant expansion of the atomic
ensemble, and brings thus to higher phase space densities. This feature is of key importance
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Figure 3.5 — [from [210]] (a) Ballistic expansion of the atomic cloud released from the FORT: the temperature is
198 µK before the cooling sweep (black points) and 48 µK after it (red points). The solid lines are time-of-flight fits
to the experimental data. Absorption images of the atoms 700 µs after the release from the FORT before (b) and
after (c) the cooling sweep: the atoms become more confined to the center of the trap, both in the wings and in the
crossing region.

in several contexts, like loading in a narrow potential, later achievement of BEC, realization of
non-classical states at high optical density;

� the same laser system adopted for the MOT phase can be used for loading in the FORT and the
successive cooling inside it;

� no cycling transition is needed, which opens towards cooling of different atoms and molecules
that cannot yet exploit laser cooling;

� a higher momentum/energy selectivity, and then efficiency for the cooling protocol, can be
achieved inside the trap by increasing the FORT depth, so as to create larger excited state light
shifts;

� the main limitation on the FORT power and then of the cooling protocol is given by the presence
of the F = 2 → F ′ = 3 transition: its light shift must be smaller than 45 Γ, to avoid heating
the cold atoms at the center of the trap when acting on its flanks. The straightforward solution
consists in performing the GM scheme on the D1 transition, which has no F ′ = 3 state. We
predict that recoil atomic temperatures in timescales of a few ms would be feasible without loss
of atoms by adopting GM on the D1 line.

We have demonstrated the potential of a new type of all-optical cooling performed inside an optical
trap using HDSs. The method could open new avenues in the production of ultra-cold atomic and
molecular gases in relation to its key features: high speed, minimal scattering, no atom loss and no
need of cycling transitions. Remarkably, cooling and loading happen simultaneously, which solves the
mode matching issue for the atomic transfer in the final conservative potential and skips altogether
the intermediate step often relying on magnetic trapping. The cooling scheme looks optimal for the
rapid production of ultra-cold gases in unusual geometries, like in hollow-core crystal fibers [122, 254],
and environments, like on satellites [74, 106, 97].
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Chapter 4

Order emergence in a travelling wave
cavity

To see a World in a Grain of Sand
And a Heaven in a Wild Flower,
Hold Infinity in the palm of your hand
And Eternity in an hour.

— William Blake, Auguries of Innocence

The subject of Ch. 4 is the present research activity on the cavity QED experiment, targeting the
observation of self-organisation phenomena in the traveling wave configuration implemented in the
bow-tie cavity. The principal aim is to investigate order emergence in a broader context with respect
to what spectacularly demonstrated in the last years in standing wave resonators. The main ingredient
characterizing our specific geometry is the absence of boundary conditions on the intra-cavity electric
field at the mirrors; as a consequence, the phase of the optical and atomic lattice that should form in
the cavity is a free parameter. The second-order phase transition to the ordered configuration is not
only described in terms of a continuous phase parameter, but determines as well the entanglement
between the atomic and the light component of the system. The scientific program aims to realize
other exotic states of matter, like the entanglement between two components of a single BEC, or
a network of entangled BECs. The latter is a potential breakthrough for quantum communication
protocols.

The research activity is carried out within the frame of two related projects, one
financed by ANR (“EOSBECMR”) and the other by LAPHIA (“OE-TWR”) for the
study of self-organisation phenomena in a traveling wave cavity.

Matter–light interaction involves exchange of energy and momentum. In cavity QED with ultracold
particles in high Q resonators, only a single photon is needed to confine the motion of an atom [255] and
a single atom can significantly change the field dynamics, allowing the recent experimental realization
[256] of theoretical models and applications presented almost 20 years ago [257]. Trapping a quantum
degenerate gas in a cavity brings a wealth of quantum phenomena, such as atom-field entanglement,
with unprecedented control [258]. As the light fields and atoms are dynamical, photon mediated long-
range forces generate long range order and phonon-like excitations with widely controllable properties.
Experimentally, these features allowed the study of zero temperature opto-mechanics [259], the Dicke
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Figure 4.1 — [from [256]] Scheme of the Dicke phase transition observed in a BEC trapped in an optical cavity
and pumped with a standing-wave laser, whose frequency is far red-detuned with respect to the atomic transition
line but close to a particular cavity mode. The photons scattered by the atomic ensemble into the cavity have a
phase dependent on the specific atomic position; (a) below a critical power, the build-up of a coherent cavity field
is suppressed as a result of destructive interference of the individual scatterers. (b) Above a critical pump power
the atoms self-organize onto either the even or odd sites of a chequerboard pattern, thereby maximizing cooperative
scattering into the cavity. This dynamical quantum phase transition determines the spontaneous symmetry breaking
both in the atomic density and in the relative phase between the pump and cavity fields.

superradiant phase transition [256], the formation of an intra-cavity atom-photon crystal and of an
atomic supersolid [260]. Quantum phase diagrams for a BEC in an intra-cavity optical lattice with
tunable length, showed photonic interactions exhibiting superfluid, insulating and supersolid regions
[261], whereas infinite range interactions demonstrated a superradiant Mott insulating phase [262].

4.1 Self-organisation in a traveling wave cavity

In the past fifteen years, many phenomena of long-standing interest in condensed-matter physics have
been realized in ultra-cold atomic settings [263], mainly thanks to the high degree of control attained
and their ideal isolation from environment, that allow an efficient description in terms of thoroughly
understood tunable Hamiltonians. To date, most ultra-cold atomic realizations have focused on simu-
lating the physics of electrons propagating through static lattices (via, e.g., realizations of the Hubbard
model [264]) or on constructing novel quantum fluids (e.g., Tonks-Girardeau gases [265] or unitary
Fermi gases [266]). Soft matter issues like supersolidity [267] and glassiness have proven inaccessible
to ultra-cold atomic physics because the lasers creating the lattice potentials are insensitive to the
atomic motion taking place within those potentials, while they require emergent, compliant lattices
capable of exhibiting dynamics, defects, and melting.

A possible approach to realize such phenomena uses atoms interacting with a potential created by
dynamic cavity fields instead of static lasers. The physics of many atoms coupled to the electromagnetic
cavity modes, i.e., many-body cavity QED, focused first on the novel implications of the atom-cavity
coupling for standard ultracold-atomic phenomena such as the superfluid-Mott-insulator transition
[268, 269] or the collective excitation of a BEC [270, 271].

More recently a different class of condensed-matter phenomena, involving the dynamics of spatially
ordered states, has attracted interest; their experimental realization requires ultra-cold atoms confined
in degenerate optical cavities. The presence of more than one electromagnetic mode to interact with
opens the possibility to observe Brazovskii transitions [272] to the liquid crystal phase, and then
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to investigate a plethora of effects like frustration, dynamics of defects, and supersolidity. The most
advanced experiments in this context are represented by the tunable cavity setup of B. Lev in Stanford
[273], where interatomic interaction can be varied from short- to long-range [274], and the setup based
on two competing cavities of T. Esslinger at ETH in Zurich, implementing two simultaneous order
parameters [275].

The many-body cavity QED experiment already adopted for the quantum measurement protocols
(Ch. 2) and for the dark-state enhanced cooling (Ch. 3) has a relevant feature to study ‘emergent’
properties, in the form of spontaneous formation of a patterned atomic structure at a macroscopic
level: the bow-tie geometry of the cavity determines its traveling wave configuration, hence there are
no boundary conditions for the intra-cavity lattice at the mirrors. This features opens the possibility
to study order formation in the presence of a continuous order parameter – the phase of the lattice and
also of the atomic pattern. The broad scientific target is to shed light on cooperative effects in atomic
systems and order emergence phenomena in new regimes relevant for many effects characterizing glassy
materials, like frustration, defect dynamics and melting.

Emergent physics with a BEC in a traveling wave cavity

A cavity held BEC, as we recently obtained [227], will be investigated for observing an emergent crys-
tallization state with a continuous order parameter. An independent pump laser will be incident on
the atoms transversely with respect to the cavity plane, and playing with its intensity and detuning
with respect to the atomic resonance and to the cavity resonance will unveil the superradiant phase
transition. The verification and successive characterization of the cavity induced emergent states will
be done by implementing a novel spectroscopy scheme, based on the study of correlation properties
(G2 spectroscopy) of both the atomic crystal an the light leaking out of the resonator. The measure-
ment of the statistical correlations in momentum space can be used to investigate cavity mediated
momentum correlation/entanglement for the atoms. Cauchy-Schwarz type inequalities for the atoms
in momentum space will be adopted and their violation tested to establish the creation of quantum
correlated states. An alternative non-destructive approach exploits the correlations of the light emit-
ted from the cavity: at weak coupling, the intracavity-photon correlations are directly related to the
atomic momentum correlations, thus measuring two-photon correlations for the photons exiting the
cavity should reveal the correlations in the atomic momentum [276]. Such spectroscopic method, intro-
duced first in quantum information and communication, would represent a breakthrough in quantum
non-demolition measurements on a cavity QED system.

Two-Component BEC Coupled to a Ring Cavity

The concept of self-ordering can be extended in a ring cavity by adding an extra order of complexity:
a multi-component spinor BEC. By adjusting different parameters of the system, we can engineer a
variety of phenomena ranging from genuine self-ordering with the spin degree of freedom to cavity-
mediated anti-ferromagnetic ordering. Thus far, almost all of the experimental works and most of
the theoretical studies of coupled BEC-cavity systems are restricted to single-component – also called
scalar – BECs. A two-component BEC coupled to a ring cavity has been recently predicted to exhibit
intriguing phenomena: the emergence of a synthetic strong magnetic field and spin-orbit coupling,
a cavity-mediated Hofstadter spectrum, disorder-driven density and spin self-ordering, and a variety
of spin and magnetic orders [277, 278, 279, 280] to mention a few. With the bow-tie traveling wave
resonator we will introduce controllable dynamic spin dependent long-range interactions, and couple
multiple BECs to perform cutting edge experiments at the forefront of ultra-cold atomic research.
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Figure 4.2 — The two BECs produced in the bow-tie cavity setup [227] will be phase-locked by using the resonator
to transfer the crystallization induced on one condensate via external optical pumping with an optical lattice.

We will experimentally study the dynamics of a two-component BEC coupled to four modes of
the ring cavity in opposite and parallel pumping configuration. In both pumping schemes, the system
is initially translation invariant, since the two non-degenerate and pumped modes do not interfere
with one another, being their polarization orthogonal. The un-pumped degenerate cavity modes are
then populated due to the scattering of photons from the pumped modes via two-photon Raman
processes. The interference of each pair of degenerate, counter-propagating modes leads to emergence
of a dynamical optical potential for each pseudo-spin state, whose position is completely random and
independent of the other one. The self-ordering of each component constitutes a real crystallization,
accompanied with a genuine translation symmetry breaking, reminiscent of the real crystallization
mechanism in solid material, in contrast to a standing wave cavity. Moreover, emergent spin ordering
could result due to the pseudo-spin degrees of freedom.

In addition to the cavity inducing a dynamic, compliant light field, the shared light field can
also be used to mediate long range interactions between atoms trapped inside a ring cavity. Photon
mediated spin-spin interactions can be generated between ultracold-atoms trapped inside a ring cavity
[256, 281], with the aim of studying quantum magnetic states of an ‘emergent’ nature and simulating
heavy-fermion materials and metallic spin glasses.

4.1.1 Realize a quantum network of BECs

The non-degenerate resonator implementing our experimental platform can be selectively pumped on
its high order transverse modes, which we exploited to obtain an array of BECs [227]. Cavity mediated
photons can create long-range interactions between these independent condensates, with a wealth of
possible applications: (i) creating correlations between the BECs via a common cavity mode; (ii)
achieving entanglement between two independent spinor BECs; (iii) inducing a self-ordering state on
one BEC via the cavity-mediated long-range interactions from the second BEC.

The sub-recoil nature of the cavity (≈ 10 kHz vs a recoil frequency ωr = 2π ·3.77 kHz) implies that
the light shift per photon exceeds the cavity resonance linewidth, leading to atom-cavity dynamics
that are sensitive to the quantized motion of the atoms inside the cavity. For sufficiently large mode



4.1. SELF-ORGANISATION IN A TRAVELING WAVE CAVITY 63

volume or high finesse of the cavity, the otherwise tiny back-action of the moving atoms upon the
light field becomes significant. The consequence is an inherently collective character of the atomic
motion and a corresponding non-linear dynamics of the intra-cavity field. The resulting multi-BEC
system within a single sub-recoil cavity mode coupled to their quantized motion closely resembles the
quantum network of cavities connected via optical fibers [282, 283], and will create entangled states
between different BECs.

The possibility to transfer the crystallization between two BECs will be investigated, by imple-
menting the following protocol on the two ensembles trapped in the ring cavity (see Fig. 4.2): driving
BEC1 into self-ordered state; the photons scattered into the cavity can interact with BEC2; two-
photon scattering events between the intra-cavity field and BEC2 can bring it into its own self-ordered
state. As both BECs share a common cavity mode, the phase of their ordering should be correlated.
Correlations between two independent self-ordered states can thus be created and manipulated: the
modulation in phase of the laser pumping BEC1 should determine the modulation of the phase of the
BEC2 ordering. This can be proved by weakly probing BEC2 with an external laser and examining
the phase of such weak probe with the pump of BEC1 via homodyne spectroscopy. When the phase of
the two self-ordered states are correlated, we should see a defined, constant phase between the weak
probe and the pump, which would implement a super-radiance mediated PLL between the BECs.





Chapter 5

Technology for AMO physics

We can only see a short distance ahead, but we can
see plenty there that needs to be done.

— Alan Turing, Computing machinery and
intelligence

Ch. 5 presents a selection of technological solutions I contributed to develop in the context of
AMO physics, ranging from optics, servoing and electronics to generation and control of magnetic
fields and exploitation of time and frequency (T/F) signals.

5.1 Serrodyne based Pound-Drever-Hall

The frequency stabilization of lasers is required in a wide range of applications, such as optical atomic
clocks [54], gravitational wave detectors [126], and quantum optomechanical setups [284]. In these
systems, the correction bandwidth and correction range are two key parameters to reach a low noise
stabilization as well as to ensure robustness against perturbations from the environment. Nevertheless,
many commonly used lasers, such as fiber, dye, or diode-pumped solid state lasers, have only piezo-
electric transducers (PZTs) as a means of frequency correction. Typically, the correction bandwidth
is thus limited to a few kilohertz. As a consequence, for higher frequencies, an external actuator is
usually needed to extend the correction range. An AOM can only reach a few hundred kHz bandwidth
and a dynamic range of up to a few tens of MHz. Instead, an EOM allows a higher correction band-
width of several MHz, but frequency shifts cannot be sustained for long, hence it operates on a small
correction range. An optimal frequency actuator has been proposed that pairs the high bandwidth of
an EOM with the large dynamic range of an AOM [285], but its implementation is challenging.

We implemented a novel servo system which uses an EOM as the unique frequency actuator to
stabilize a laser on an optical cavity: we can combine a very high dynamic range to the fast response
of the EOM thanks to the serrodyne frequency modulation technique. In simple terms, the EOM is
driven with a linear phase ramp, to obtain a frequency shift; to avoid the EOM’s phase saturation, the
accumulated phase value is reset whenever it reaches a fixed integer multiple of 2π. The RF port of the
EOM results thus driven by a saw-tooth-like signal, whose slope determines the laser frequency shift.
The saw-tooth signal is produced with a non-linear-transmission-line (NLTL), driven by a voltage
controlled oscillator (VCO), whose frequency is in turn controlled by a Pound-Drever-Hall error signal
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Figure 5.1 — (left) [from [286]] Setup of the laser stabilization to the bow-tie optical cavity based on serrodyne
frequency shifting. The laser is injected in the cavity after an all-fibered path. The Poud-Drever-Hall correction loop
uses the serrodyne frequency and the laser piezoelectric devices as actuators at high (till 2.3 MHz) and low (¡100 Hz)
bandwidth.

of the laser/cavity system. The process by which the NLTL produces the saw-tooth-like shape is
similar to the wave surging when approaching the seaside: the changing distance of the sea bottom
makes the propagation velocity amplitude dependent, and the wave fronts becomes thus steeper.

The microwave NLTL we adopted (Picosecond Pulse Labs, mod. 7112-110) uses an input frequency
between 300 MHz and 700 MHz, and generates harmonics till 20 GHz. We obtain with it a 80% transfer
of the laser frequency. The laser is servo-controlled to the cavity with 2.3 MHz correction bandwidth
and 220 MHz correction range, both about one order of magnitude higher than what achieved with
a standard AOM-based correction loop. Moreover, the system is all fibered, which avoids the power
loss determined by passing in free space.

5.2 Active control of magnetic field and its bias

Controlling magnetic fields is of fundamental importance in several AMO physics contexts: not only
they shift the atomic levels via the Zeeman effect, and result thus crucial to obtain optimally polarized
atomic samples, but they permit as well to produce ultracold molecules from atoms [26], and entan-
gled atomic couples from the dissociation of molecules [216] via the Feshbach resonances [289]. Other
contexts require the precise measurement of magnetic fields, among the others biological sciences
(monitoring of tiny brain or plants magnetic activity), geology (ore prospecting), automotive (prox-
imity sensors). During my first postdoctoral fellowship in Trento I developed first a high bandwidth
magnetoresistive magnetometer [290, 291], and then a non–invasive system to simultaneously control
the magnetic field strength and its gradient along one direction (Fig. 5.2, left) [287]. To implement
the feedback loop we had to solve two problems: first, the sensing system shows a different response
with respect to the external and the correction field gradients. An archetypal situation is provided by
a feedback loop system that controls the illumination of a room where the external light is predom-
inantly yellow, the compensation lamp predominantly green, and the light level sensor has different
efficiencies at different colors. The solution of this problem required the precise characterization of
the different sensitivity of the system to: (i) external magnetic fields; (ii) magnetic field generated for
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Figure 5.2 — (left) [from [287]] Scheme of the system controlling the magnetic field strength and gradient along
the z direction. The sensor heads Si measure the field along the z axis; the field proportional values generated by the
consoles Mi are sent to to the controller C. This device real-time processes the readouts and generates two voltage
error signals to pilot the current drivers Di, each feeding a compensation coil Ci. (right) [from [288]] Scan of the
atomic fluorescence around a Hanle resonance as a function of the magnetic field components.

the corrections. The second problem is represented by the two quantities to be controlled (Bz and
∂zBz) not being independent of each other, which required a matrix analysis and implementation of
the feedback loop.

The active, simultaneous compensation of field strength and gradient is particularly appropriate
whenever the magnetic field cannot be measured in situ with a sensor, as well as when a non vanishing
magnetic field or a particular gradient is required – these field configurations are not achievable with
the standard configurations relying on µ-metal shields, which also determine a consistent reduction
of the optical access. As an example, we could produce an uniform field over an extended region, by
actively controlling the magnetic field to vanish its gradient; such configuration is of great interest in
ground state level crossing resonances experiments, because it can generate not only a specific position
where the resonance is obtained, but an entire region. We verified experimentally such configuration,
and measured the enhanced absorption Hanle effect resonances in 85Rb (Fig. 5.2, right) [288].

5.3 High efficiency magnetic field sources

Specific configurations of magnetic field must be generated for different purposes in typical cold atom
experiments: bias magnetic fields are produced along the three directions to compensate the envi-
ronmental magnetic field; a magnetic quadrupole is required for the MOT; achieving a BEC in a
magnetic trap needs a minimum of the modulus of the magnetic field, with a field far from zero at the
trap bottom to avoid Majorana spin-flips. The standard solution to obtain the required field uses a
set of circular electromagnets, each with a large number of windings. Additional constraints impose
different choices, as is the case of the large amount of power to be dissipated in magnetic traps or
in Feshbach coils: the heat produced can be taken away by a coolant flowing in conductive copper
tubes with a cylindrical bore. This solution, however, introduces further design concerns due to the
viscous resistance R that is opposed by the pipe to the coolant flow, the dependence of R on the pipe
length L and bore cross-section σ, and the technical limitation on the coolant pressure. To overcome
these difficulties posed by hydrodynamics, we developed a new kind of water-cooled electromagnet in
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Figure 5.3 — [from [292]] Assembly of the two coils (left) to form the final magnet (right). The graphical rendering
of the magnet also shows the tightening screws, the electric connections, and the quick release hydraulic couplings
with related tubes for the coolant.

which the windings form a single rectangular duct of large section (see Fig. 5.3) [292]. The resulting
setup combines an efficient heat removal with low coolant pressure, features that can be exploited to
increase the electric current in the electromagnet, so as to optimize the trapping parameters.

On the basis of this prototype, we developed a high performance Ioffe-Pritchard trap [293], which
we designed to cope with a set of specific geometric constraints [294]: the shape and size of the glass
vacuum cell for the atoms, and other sections of the UHV system make circular electromagnets a
sub-optimal choice. To numerically find the best solution to such a multi-parameter problem we used
a Monte-Carlo algorithm, which determined the optimal magnet shape. Fig. 5.4 shows the calculated
shape of the cloverleaf magnetic trap (left) and its experimental realization (right). The conductive
spirals with the calculated shape have been realised by electro–erosion on bulk copper plates, and the
sealing of the device required the development of waterproof and insulating layers, realized in Teflon
and silicone.

Figure 5.4 — (left) [from [294]] Optimized cloverleaf-like magnetic trap configuration obtained with
a Monte-Carlo algorithm to cope with the geometrical constraints set by the vacuum setup; (right) its
experimental realization.
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5.4 Real-time control system for AMO physics experiments

Experiments in AMO physics require precise and accurate control of digital, analog, and radio fre-
quency (RF) signals. During the years, I developed a few different solutions, based on real-time control
(RTC) systems like RT-Linux and RTAI. More recently, together with Dr. Prevedelli I developed a
hardware control system based on an FPGA core which controls various modules via a simple inter-
face bus [176]. The system supports an operating frequency of 10 MHz and a memory depth of 8 M
instructions, both easily scalable. Successive experimental sequences can be stacked with no dead time
and synchronized with external events also for specific sub-sequences. Two or more control systems
can be cascaded and precisely synchronized, a feature useful to operate large experimental setups in
a modular way.

The system is general purpose, and could serve to control a large class of experiments not only in
AMO physics. Nevertheless, it has been designed to fulfill the experimental requirements of the three
experiments I already described in this manuscript, i.e. the MIGA experiment, the strontium atom
interferometer, and the cavity QED experiment adopting a traveling wave resonator.

The strict temporal resolution required, typically of the order of 10 µs or better, determines the
RTC character of our system. It is generally not possible to fulfil such a constraint with a modern
general purpose multitasking operating system (OS), so dedicated OSs have been developed. The
software approach to RTC has certainly the advantage of simplicity, versatility and, in case of open-
source solutions, low cost; nevertheless, a hardware approach has generally superior performances in
terms of temporal resolution. In our system, the RTC is implemented with a commercial FPGA (Field
Programmable Gate Array) board, which sends commands at pre-programmed times on a data bus to
which are connected peripherals boards. The large table of time/commands is stored on a SDRAM,
and is processed to obtain a maximum rate of one action every 100 ns. The most common peripherals
boards we developed are: Digital Outputs, Analog Outputs, DDS-based RF generators, a general
purpose Analog I/O module for complex operations. The modular nature of the system makes it easy
to adapt parts of it to other applications, or to engineered it to be compatible with portable or space
applications in terms of weight, volume, and power consumption.

5.5 Optical clock signal at LP2N

Research activity being carried out within the frame of the project “USOFF”, financed
by the Aquitaine Region.

The ultimate performance in time and frequency standard in terms of both precision and accuracy1

is nowadays provided by optical lattice clocks [54, 55]. Realizing and running such an experiment is
a complex and expensive task, which requires a noteworthy know-how and is up to now a prerogative
of a handful of metrological laboratories in the world. A recent approach to provide the ultra-stable
frequency signal of lattice clocks to a wider range of potential users exploits the telecom network to
distribute the T/F signal over hundreds and even thousands of km [295]. Several projects at the
national and continental scale [296] are developing and implementing the required technology for the
capillary distribution of the signals produced at the national metrological labs. Such facility will
boost fundamental and applied sciences in several contexts, ranging from geodesy [297], to astronomy
[298] and precision gravimetry [299] to mention a few. Another field that will benefit from a wider

1Only the intrinsic accuracy is here taken into account; that due to the Cs clock on which the SI time signal is defined
is not considered.
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dissemination of ultra-stable frequency signal is T/F comparison, which is still a challenging problem,
due to the clock signal degradation over large distances. A common technique relies on transmissions
using satellites as signal repeaters, but it is limited to 10−15 level because of the noise introduced
by the atmosphere. Portable clocks are good for specific purposes, but do not represent a solution
for a wide signal distribution. Very high quality transfer, compatible with the best existing optical
clocks, can instead be realised using the Internet fiber network. The French EquipEx REFIMEVE+
[300] builds on these results, and is making accessible the stable optical clock signal produced by the
National Metrological Lab throughout France.

In 2018 I received a grant form the Region Nouvelle-Aquitaine to exploit on the Talence-Bordeaux
campus the REFIMEVE+ optical clock signal that will be soon delivered by the Observatoire de
Paris. The two main objectives of the project are: (i) to build a metrological laboratory at LP2N,
where the optical signal provided by REFIMEVE+ will be referenced to local frequency references
(notably: an ultra-stable optical cavity using an optical frequency comb, and the GPS signal); (ii) to
implement an embryonic local distribution network, to provide the stabilized signal via optical fiber
to several partner laboratories on the Talence-Bordeaux campus. In perspective, the distribution will
be made progressively more capillary. Once the infrastructure will be operative, the ultra-stable T/F
signals will be exploited by the different partners of the consortium in several contexts, both related
to fundamental science and more applied ones:

� (LP2N) implementation of a new class of matter-wave interferometers, for the coherent manipula-
tion of ultra-cold atoms by means of optical cavities (Equipex MIGA), the study of the quantum
decoherence for macroscopically delocalised states (ANR ALCALINF), and the measurement of
the weak equivalence principle (project ICE);

� (LAB) R&D activity for the synchronization of large networks of radio-telescopes, and to provide
the T/F base to the VLBIs;

� (CELIA) development and characterization of high power pulsed lasers;

� (XLIM) development of a new class of highly miniaturized optical reference based on molec-
ular photonic micro-cells for integrated photonic solutions in T/F, space and environmental
applications;

� (Companies: ALS, Amplitude Systems, Alphanov, µQuans) development of ultra-fast (femtosec-
ond mode-locked laser) and ultra-stable laser sources, development of opto-electronical systems
for the T/F distribution and atomic clocks.
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- 2008 Manuele Landini (M2, now researcher in the group of H.C. Nägerl at IQOQI Innsbruck)

• Supervision of Engineer:
- 2016–now Arnaud Tizon (AI in micro-electronics at LP2N)

6.4 Research funding and participation

6.4.1 Research funding as PI

• 2019–21 EOSBECMR – Emergent Orders of Spinor BECs in a Multimode Ring Resonator
ANR–FWF PRCI (PI at LP2N: Dr. A. Bertoldi; PI at Univ. Innsbruck: Dr. F. Mivehvar) – ANR: 345 ke;
FWF: 200 ke
To demonstrate self-organization in a traveling wave cavity, order transfer between two BECs, macroscopic
entanglement of BECs via cavity coupling.

• 2018–21 USOFF – Ultra Stable Optical Frequency Fibre distribution network
Region Nouvelle Aquitaine Project – 506 ke
To develop a metrological laboratory at LP2N to receive and treat optical clock signal from LNE-SYRTE;
redistribute REFIMEVE+ on the Talence-Bordeaux campus for scientific applications in AI, radio-astronomy
and laser development.

• 2018–19 OE-TWR – Order Emergence in a Traveling Wave Resonator
LAPHIA IdEx Risky Project – 65 ke
To observe atom-cavity coupling and emergent phenomena in traveling wave cavity.

• 2016 Ultra-stable clock laser for strontium atom interferometer
LAPHIA scholarship for Invited Professor at LP2N. PIs: Dr. M. Prevedelli (Univ. Bologna), Dr. A. Bertoldi
– 30 ke
To develop a clock laser at 698 nm, stabilized on a cavity reference.

• 2015–18 Quantum coherent enhancement of atom interferometric inertial sensors
UK-France joint PhD program. PIs: Dr. T. Freegarde (Univ. Southampton, UK) and Dr. A. Bertoldi – 160
k£
To study pulse shaping techniques in AI, and measurement-and-correction protocols in atomic gyroscopes.

• 2015–16 IASIG-3D – Interférométrie Atomique avec du Strontium et Imagerie Gravitationnelle
3D
Project Region Aquitaine – 220 ke
With this project we introduced the GGN mitigation technique based on arrays of atom interferometers, and
developed a fibered solution for the blue light at 461 nm used for the first laser cooling stage of strontium.

• 2014–15 APLL-CLOCK – Atomic phase-locked loop for timekeeping
LAPHIA IdEx Passport Project – 72 ke
This project allowed to implement an enhanced atomic clock exploiting coherence preserving measurements on
the same atomic state.
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• 2009 - 2011 - QNDINTERF (Quantum Non Demolition INTERFerometry)
Marie Curie Individual Fellowship, IEF Grant No. PIEF-GA-2009-235375 – 184 ke.
To develop a cavity QED setup for quantum measurements on rubidium atoms, and to study non-classical input
states to enhance AI.

6.4.2 Research funding as PI at LP2N

• 2018–21 TAIOL – Trapped Atom Interferometry in Optical Lattice
QuantERA 2018. Coordinator: Dr. F. Pereira dos Santos (SYRTE, Paris, France); PI at LP2N: Dr. A. Bertoldi
– LP2N: 150 ke.
To develop coherent splitting and recombination of BECs on the high order cavity modes of a traveling wave
cavity.

• 2014–17 GG-ITT – Gradiometry in space
ESA ITT 2014. Coordinator: Dr. F. Pereira dos Santos (SYRTE, Paris, France); PIs at LP2N: Dr. A. Bertoldi
and Dr. B. Battelier – LP2N: 60 ke.
To study the experimental setup and related requirements of a satellite based AI gravity-gradiometer to measure
the Earth gravity field.

• 2013–15 QESOCAS – Quantum Engineered States for Optical Clocks and Atomic Sensors
EMRP JRP-EXL01. Coordinator: Sebastien Bize (SYRTE, France); PIs at IOGS: Dr. A. Bertoldi and Dr. P.
Bouyer – (LP2N: 170 ke).
To study advanced techniques for atomic clock; at LP2N we developed a clock relying on successive phase
coherent measurements on the same quantum state.

• 2012–13 AI-ISS (QWEP) – Quantum test of the Weak Equivalence Principle in space
ESA ITT 2011. Coordinator: Astrium Gmbh (Germany); PIs for France: Dr. A. Bertoldi and Dr. P. Bouyer –
LP2N: 50 ke.
To study the feasibility of a weak equivalence test at 10−14 on the International Space Station.

6.4.3 Participation to Scientific Projects

• 2017–20 ALCALINF – Atom Interferometry with Alkaline-Earth atoms
ANR Project. Coordinator: Dr. P. Bouyer.
Realization of an atom interferometer with strontium atoms, to perform single photon Aton Interferometry.

• 2015–16 MIGA-PHYS – Physics beyond MIGA
LAPHIA Collaborative Project. Coordinator: Dr. P. Bouyer(LP2N, Bordeaux, France).
To study correlated interferometry with arrays of gravity-gradiometers.

• 2012–16 STE–QUEST (Space–Time Explorer and Quantum Equivalence Principle Space Test)
class M3 mission proposal for Cosmic Vision 2015-2025, reached Q3 phase. PI: Dr. E. Rasel (University of
Hanover, Germany)
This study considered the feasibility of a weak equivalence test at 10−15 on the International Space Station.

• from 2012 MIGA (Matter wave - laser based Interferometer Gravitation Antenna)
EQUIPEX 2011. PI: Dr. P. Bouyer (LP2N, Bourdeaux, France).
To develop a demonstrator for GW detection with AI at the underground site of LSBB.

• 2010–15 - iSENSE (Integrated Quantum Sensors)
STREP project, 7th EU Framework Program. Coordinator: Prof. K. Bongs (University of Birmingham, UK).
To develop an integrated, portable gravimeter for applied sciences.
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• from 01/05/2008 - BIARO (Bose-Einstein Condensation and Quantum Non Demolition mea-
surements in a high finesse resonator)
IFRAF project (French Institute for Cold Atoms). PIs: Dr. P. Bouyer (Institut d’Optique, France), Dr. A.
Landragin (SYRTE, France).
To develop a cavity QED experiment for the study of non-classical states for AI.

• 2005 - 2008 - FINAQS (Future Inertial Atomic Quantum Sensors)
STREP project within NEST-2003-1 ADVENTURE, 6th EU Framework Program. Coordinator: Prof. W.
Ertmer (Institute für Quantenoptik, Universität Hanover, Germany).
To develop AI techniques in several European laboratories, both targeting metrological applications and fun-
damental physics.

• 2005 - 2008 - MAGIA (Accurate Measurement of G by Atom Interferometry)
INFN (National Institute for Nuclear Science) project. PI: Prof. G. M. Tino (University of Firenze, Italy).
To develop an atomic gravity-gradiometer for the determination of the Newtonian constant G.

• 2006 - 2007 - SLCA (Space Source for Laser Cooled Atoms)
ESA project, n. 18330/05/NL/PM.
To develop a space qualified atomic source for AI.

• 2000 - 2003 - PHOTON MATTER
INFN PRA (Advanced Research Project). Coordinator: Prof. M. Inguscio (LENS and University of Florence,
Italy).
To develop atom cooling and trapping techniques.

6.5 Scientific production

Google Scholar profile: https://scholar.google.com/citations?user=MEzqBsoAAAAJ&hl

6.5.1 Peer reviewed articles

[1] Y. El-Neaj, C. Alpigiani, and S. A.-P. et al. AEDGE: Atomic Experiment for Dark Matter and
Gravity Exploration in Space. In: EPJ Quantum Technol. 7 (6 2020). White Paper in response to
ESA Science Programm call “Voyage 2050”. DOI: 10.1140/epjqt/s40507-020-0080-0

[2] D. O. Sabulsky, J. Junca, et al. A fibered laser system for the MIGA large scale atom interfer-
ometer. In: Sci. Rep. 10.1 (Feb. 2020). DOI: 10.1038/s41598-020-59971-8

[3] D. S. Naik, H. Eneriz-Imaz, et al. Loading and cooling in an optical trap via hyperfine dark
states. In: Phys. Rev. Res. 2.1 (Feb. 2020). DOI: 10.1103/physrevresearch.2.013212

[4] A. Bertoldi, C.-H. Feng, et al. A control hardware based on a field programmable gate array
for experiments in atomic physics. In: Rev. Sci. Instrum. 91.3 (Mar. 2020), p. 033203. DOI:
10.1063/1.5129595

[5] G. Condon, M. Rabault, et al. All-Optical Bose-Einstein Condensates in Microgravity. In: Phys.
Rev. Lett. 123.24 (Dec. 2019), p. 240402. DOI: 10.1103/physrevlett.123.240402

[6] A. Trimeche, B. Battelier, et al. Concept study and preliminary design of a cold atom interfer-
ometer for space gravity gradiometry. In: Class. Quantum Grav. 36.21 (Oct. 2019), p. 215004.
DOI: 10.1088/1361-6382/ab4548

[7] J. Junca, A. Bertoldi, et al. Characterizing Earth gravity field fluctuations with the MIGA
antenna for future gravitational wave detectors. In: Phys. Rev. D 99.10 (2019). DOI: 10.1103/
physrevd.99.104026
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[8] A. Bertoldi, F. Minardi, and M. Prevedelli. Phase shift in atom interferometers: Corrections
for nonquadratic potentials and finite-duration laser pulses. In: Phys. Rev. A 99.2 (3 2019),
p. 033619. DOI: 10.1103/PhysRevA.99.033619

[9] D. S. Naik, G. Kuyumjyan, et al. Bose–Einstein condensate array in a malleable optical trap
formed in a traveling wave cavity. In: Quantum Sci. Technol. 3.4 (2018), p. 045009. DOI:
10.1088/2058-9565/aad48e

[10] B. Canuel, A. Bertoldi, et al. Exploring gravity with the MIGA large scale atom interferometer.
In: Sci. Rep. 8.1 (2018), p. 14064. DOI: 10.1038/s41598-018-32165-z

[11] S. Rota-Rodrigo, B. Gouhier, et al. Watt-level single-frequency tunable neodymium MOPA fiber
laser operating at 915–937 nm. In: Opt. Lett. 42.21 (2017), p. 4557. DOI: 10.1364/ol.42.004557

[12] I. Riou, N. Mielec, et al. A marginally stable optical resonator for enhanced atom interferom-
etry. In: J. Phys. B 50.15 (2017), p. 155002. DOI: 10.1088/1361-6455/aa7592

[13] B. Barrett, A. Bertoldi, and P. Bouyer. Inertial quantum sensors using light and matter. In:
Phys. Scr. 91.5 (2016), p. 053006. DOI: 10.1088/0031-8949/91/5/053006

[14] W. Chaibi, R. Geiger, et al. Low frequency gravitational wave detection with ground-based
atom interferometer arrays. In: Phys. Rev. D 93.2 (2016). DOI: 10.1103/physrevd.93.021101

[15] B. Barrett, L. Antoni-Micollier, et al. Correlative methods for dual-species quantum tests of
the weak equivalence principle. In: New J. Phys. 17.8 (2015), p. 085010. DOI: 10.1088/1367-
2630/17/8/085010

[16] R. Kohlhaas, A. Bertoldi, et al. Phase Locking a Clock Oscillator to a Coherent Atomic Ensem-
ble. In: Phys. Rev. X 5.2 (2015). DOI: 10.1103/physrevx.5.021011

[17] T. Schuldt, C. Schubert, et al. Design of a dual species atom interferometer for space. In: Exp.
Astron. 39.2 (2015), pp. 167–206. DOI: 10.1007/s10686-014-9433-y

[18] T. Vanderbruggen, R. Kohlhaas, et al. Feedback control of coherent spin states using weak
nondestructive measurements. In: Phys. Rev. A 89.6 (2014). DOI: 10.1103/physreva.89.063619

[19] D. N. Aguilera, H. Ahlers, et al. STE-QUEST—test of the universality of free fall using cold
atom interferometry. In: Class. Quantum Grav. 31.11 (2014), p. 115010. DOI: 10.1088/0264-
9381/31/11/115010

[20] G. Tino, F. Sorrentino, et al. Precision Gravity Tests with Atom Interferometry in Space. In:
Nucl. Phys. B Proc. Suppl. 243-244 (2013), pp. 203–217. DOI: 10.1016/j.nuclphysbps.2013.09.023

[21] L. Ricci, L. M. Martini, et al. A current-carrying coil design with improved liquid cooling
arrangement. In: Rev. Sci. Instrum. 84.6 (2013), p. 065115. DOI: 10.1063/1.4811666
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6.5.3 Hardware & Software Repository

[1] M. Prevedelli, A. Bertoldi, C.-H. Feng, H. Eneriz Imaz, M. Carey, D. S. Naik, and P. Bouyer, 2̆01cYet
another control system for AMO physics,2̆01d Zenodo, December 2019, https://doi.org/10.5281/

zenodo.3571496.

Articles in Review

[1] L. Blanchet, K. Bongs, et al. Exploring the Foundations of the Physical Universe with Space
Tests of the Equivalence Principle. In: (2019). White Paper in response to ESA Science Programm
call “Voyage 2050”. arXiv: 1908.11785 [physics.space-ph]

[2] B. Canuel et al. ELGAR - a European Laboratory for Gravitation and Atom-interferometric
Research. In: subm. to Class. Quantum Grav. (2019)

[3] C. Schubert, J. Hartwig, et al. Differential atom interferometry with 87 Rb and 85 Rb for testing
the WEP in STE-QUEST. in: (2013). arXiv: 1312.5963 [physics.atom-ph]

6.5.4 Peer Reviewed Conference Proceedings
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laser operating at 915-937 nm. In: Fiber Lasers XV: Technology and Systems. Ed. by A. L. Carter
and I. Hartl. SPIE, 2018. DOI: 10.1117/12.2287133

[2] G. Lefevre, G. Condon, et al. Studies of general relativity with quantum sensors. In: Prooc. 52th
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[5] B. Canuel, S. Pelisson, et al. MIGA: combining laser and matter wave interferometry for mass
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[6] R. Geiger, L. Amand, et al. Matter-wave laser Interferometer Gravitation Antenna (MIGA):
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Moriond, La Thuile, Aosta Valley, Italy (21–28 March 2015). 2015. arXiv: 1505.07137 [physics.atom-ph]
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[9] B. Barrett, P.-A. Gominet, et al. Mobile and remote inertial sensing with atom interferometers.
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[10] M. de Angelis, M. Angonin, et al. iSense: A Portable Ultracold-Atom-Based Gravimeter. In:
Procedia Computer Science 7 (2011), pp. 334–336. DOI: 10.1016/j.procs.2011.09.067

[11] G. M. Tino, A. Alberti, et al. Precision gravity tests by atom interferometry. In: Laser Spec-
troscopy. World Scientific Publishing Company, 2008. DOI: 10.1142/9789812813206_0008

[12] A. Bertoldi, L. Cacciapuoti, et al. Atom interferometry for precision tests of gravity: Mea-
surement of G and test of Newtonian law at micrometric distances. In: The Eleventh Marcel
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6.5.5 Oral presentations at conferences and workshops

• (INVITED) Atomic Experiment for Dark Matter and Gravity Exploration in Space, invited
discussion leader on “Probes of particle physics with high-precision optics” at the workshop “Gravitational
Wave Probes of Fundamental Physics”, EuCAPT Amsterdam (The Netherlands), November 11-13, 2019.

• (INVITED) Dark state cooling of Rb in a telecom dipole trap, workshop “Hollow core Fiber Key
enabling technology for time/frequency applications”, Xlim in Limoges (France), November 19-20, 2019.

• Atom Interferometry based GW detection in the mid-band, workshop “Hollow core Fiber Key
enabling technology for time/frequency applications”, Xlim in Limoges (France), November 19-20, 2019.

• (INVITED) MIGA, ELGAR and Gravitational Wave detection at low frequency with Atom
Interferometry, Workshop on “Terrestrial infrasound gravitational wave detection with atom interferometry”,
Hanover (Germany), February 25-27, 2019.

• (INVITED) Measurement-and-correction schemes in Atom Interferometry, Workshop on Atom
Interferometry GDR cold atoms, Toulouse (France), December 05-06, 2018.

• (INVITED) Atom Interferometers and GW detection, 3 hours lecture at “Gravitational Waves 2018”,
Physics School in Les Houches (France), July 25-26, 2018.

• (INVITED) MIGA and Atom Interferometry for Gravitational Wave Detection, 15th Marcel
Grossmann Meeting, University Roma ”La Sapienza” (Roma–Italy), July 3, 2018.

• (INVITED) Atomic physics and Gravitational Wave detection, AtomQT workshop, Heraklion
(Crete-Greece), April 18, 2018.

• (INVITED) Phase-locking an atomic clock, 5th LAPHIA Symposium 2017, Talence (France), December
11-13, 2017.

• (INVITED) Matter wave interferometry for GW detection, GWPAW 2017, Annecy (France), May
30-June 2, 2017.

• (INVITED) Phase-locking an atomic clock, AIV XXIII Conference, Florence (Italy), April 5-7, 2017.

• (INVITED) MIGA and very long baseline atom interferometry at LSBB, iDUST, Rustrel, June
1-3, 2016.

• Phase locking an atom interferometer, EFTF, York (UK), 7 April 2016.

• Gravitational Wave physics and geoscience with the MIGA instrument, LSBB Days Workshop,
Rustrel, June 3-4, 2015.

• MIGA installation at LSBB, LSBB Days Workshop, Rustrel, June 3-4, 2015.

http://doi.org/10.1016/j.procs.2011.09.067
http://doi.org/10.1142/9789812813206_0008
http://doi.org/10.1142/9789812834300_0449
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• Improving atomic clocks using coherence preserving measurements, LP2N Days Workshop, Talence,
May 26-27, 2014.

• (INVITED) Weak measurements and feedback control of trapped atomic ensembles, QMAP
Workshop, GRDI Franco-Chinois ”Quantum Manipulation of Atoms and Photons”, Palaiseau, September 25,
2013.

• (INVITED) Atom Interferometry for STE-QUEST, CNES review of the Cosmic Vision M3 Proposals,
Paris, June 13, 2013.

• (INVITED) Atom Interferometry test of the Weak Equivalence Principle, MICROSCOPE II
Workshop, Palaiseau, January 29-30, 2013.

• Weak measurements and feedback to protect atomic coherence, iSENSE meeting workshop, Paris
(France), 22 Mars 2012.

• Levitation scheme and vacuum chamber for iSENSE, iSENSE yearly meeting workshop, Brussels
(Belgium), 14 September 2011.

• Vacuum setup and levitating gravity sensor for iSENSE project, iSENSE workshop, Birmingham
University (UK), 06 October 2010.

• A toroidal magneto–optical trap for neutral atoms, INFN School, Capri (Italy), October 2001.

6.5.6 Invited Colloquia

• Low frequency Gravitational Wave detection with Atom Interferometry, Albert Einstein Institute
(AEI), MPQ Postdam (Germany), 15 May 2019.

• MIGA and Gravitational Wave Detection at low frequency with Atom Interferometry, XLim,
Limoges (France), 25 April 2019.

• MIGA and Gravitational Wave detection at low frequency with Atom Interferometry, IQOQI
Innsbruck (Austria), 21 March 2019.

• MIGA and Gravitational Wave detection at low frequency with Atom Interferometry, Bordeaux
Laboratory for Astrophysics (LAB), Pessac (France), 5 December 2018.

• MIGA and Atom Interferometry for low frequency Gravitational Wave detection, ARTEMIS,
Nice (France), 26 November 2018.

• MIGA and Atom Interferometry for low frequency Gravitational Wave detection, Amsterdam
(The Netherlands), 7 November 2018.

• MIGA and Atom Interferometry for low frequency Gravitational Wave detection, Trento (Italy),
31 October 2018.

• MIGA and Atom Interferometry for Gravitational Wave detection at low frequency, ICFO,
Barcelone (Spain), 7 September 2018.

• MIGA and Gravitational Wave detection with atom interferometry at low frequency, Nanyang
Technological University, Singapore, 13 February 2018.

• Multiband GW astronomy coupling atomic and optical interferometers, AEI (Albert Einstein
Institute) Max Planck Institute for Gravitational Physics, Hannover, Germany, 9 November 2017.

• MIGA and GW detection with atom interferometry at low frequency, School of Physics and
Astronomy, Birmingham, UK, 3 October 2017.

• MIGA gravity gradiometer for infrasound GW detection, LAPP, Annecy, France, 30 May 2017.
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• Atom interferometry with feedback and phase lock loops, Universidad del Pais Vasco UPV/EHU,
Leioa - Bilbao, Spain, 20 December 2016.

• Phase locking in atom interferometry, School of Physics and Astronomy, University of Southampton,
Southampton (UK) 21 July 2016.

• Cold atoms, weak measurements and feedback for timekeeping, Lectio Magistralis at the opening of
the Academic year, PhD School, University of Trento, Italy, 27 February 2013.

• Protecting ensemble atomic coherence with weak measurements and feedback, Graduate College
course in cold atoms and metrology, University of Hannover, Germany, 13 December 2012.

• Heterodyne non-demolition measurements on cold atoms, Imperial College, London (UK), 21 July
2011.

• Heterodyne non-demolition measurements on cold atoms, Observatoire de Paris, Paris (France), 09
June 2011.

• Cold atoms, quantum non demolition measurements, and squeezing in a high finesse optical
cavity, BEC–INFM – Trento University, Trento (Italy), 13 October 2009.

• Measuring G by atom interferometry, IOTA – Institut d’Optique, Paris–Sud XI University, Paris
(France), 15 February 2008.

• Measurement of the gravitational constant G by atom interferometry, ICFO – Institut de Ciències
Fotòniques, Castelldefels (Spain), July 2007.

• Combined static potentials for confinement of neutral species, LENS, Florence (Italy), 11/2004.

6.5.7 In the press

• November 2019, PhysicsWorld, “European physicists propose huge underground gravitational-wave labora-
tory”.

• November 2016, La Revue Parlementaire, “La France à la pointe des technologies quantiques”, Les Dossier
de la RP, Nouvelle Aquitaine, p. 13.

• November 2016, Institut de physique - actualité scientifiques, www.cnrs.fr/inp, “Vers un détecteur d’ondes
gravitationnelles terrestre à basse fréquence utilisant l’interférométrie atomique”.

• 20 october 2016, Le Monde - Sciences et Techno, ”Les secousses souterraines de l’espace-temps”.

• June 2015, Institut de physique - actualité scientifiques, www.cnrs.fr/inp, “Synchroniser les oscillations d’un
quartz avec un système quantique”.

6.6 Teaching

During my Ph.D. I started to teach different courses at the Bachelor of Science in Mathematics (Computer
science, algorithms and data structures) and Physics (Advanced Electronics and Laboratory of solid
matter physics).

In the last few years I am in charge of the “Travaux Dirigés” at the Institut d’Optique in Bordeaux (LP2N)
for Radiometry and photometry and Optical reflection and anamorphosis, and in the last couple of
years of the course Quantum Optics and Cold Atoms at the Master Degree of the Univ. of Bordeaux.
Since 2019 I teach part of the course Coherent manipulation of matter with light at the Master Degree
of the Univ. of Bordeaux.
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I gave a few lectures to Ph.D schools in Trento (Neutral atom cooling and Matter Wave Inter-
ferometry), at the Leibniz University of Hanover (Protecting ensemble atomic coherence with weak
measurements and feedback) and at Les Houches (Atom Interferometers and GW detection).

•Member of the PhD Committee of S. Coop (06/09/2018) – ICFO Barcelone (Spain); G. Lefèvre (10/05/2019),
G. Kuyumjyan (11/12/2017), I. Riou (25/04/2017), E. Cantin (03/11/2015) at LP2N (France).

• 2019 Teaching of Coherent manipulation of matter with light, Master Degree “Laser Matière et
Nanosciences” at the Univ. Bordeaux, France — (6 h/year).

• July 2018 3 hours lecture on Atom Interferometers and GW detection at “Gravitational Waves 2018”,
Physics School in Les Houches (France), July 25-26, 2018.

• 2017 ”Autorisation à diriger une thèse” (ADT).

• 2012 and 2018 Qualification aux fonctions de mâıtre de conférences, section 30 (Milieux dilués et optique).

• 2017 / 2018 Teaching assistance for the course Quantum Optics and Cold Atoms, Master Degree “Laser
Matière et Nanosciences” at the Univ. Bordeaux, France — (12 h/year).

• 2016 Teaching assistance for the course Optical reflection and anamorphosis, Master Degree at the
Institut d’Optique Graduate School, France — (20h).

• 2015 / 2016 / 2017 / 2018 / 2019 Teaching assistance for the course Radiometry and photometry,
Master Degree at the Institut d’Optique Graduate School, France — (15 h/year).

• December 2012 2 hour course on Protecting ensemble atomic coherence with weak measurements
and feedback at Graduate College course in Cold Atoms and Metrology, University of Hanover, Germany.

• 2008 Doctoral School in Physics (University of Trento, Italy), lecturer for the course Neutral atom cooling
techniques and Matter Wave Interferometry — 9 h.

• 2003 Teaching assistance for the course Advanced electronics, B.Sc. Degree in Physics (University of
Trento) — 25 h.

• 2002 Teaching assistance for the course Laboratory of solid matter physics, B.Sc. Degree in Physics
(University of Trento) — 50 h.

• 2001 and 2002 Teaching assistance for the course Computer science: algorithms and data structures,
B.Sc. Degree in Mathematics (University of Trento) — 50 h/year.

• 1999 and 2000 Tutorship of Physics, Mathematics, and Statistics at the Economy Department (University
of Trento) — 70 h + 20 h.

• 1998 Organization of the showing The Laser, for the Scientific and Technological Week, University of Trento.

6.7 Science Review Activity and other Responsabilities

6.7.1 Academic Referee for scientific journals

Publons profile: https://publons.com/author/1324730/andrea-bertoldi#profile

• APS (Phys. Rev. Lett. – 2009, Phys. Rev. Appl. – 2016, Phys Rev. A – 2012, Phys Rev. D – 2015)

• OSA (Opt. Expr. – 2015, Opt. Lett. – 2010, Appl. Opt. – 2012)

https://publons.com/author/1324730/andrea-bertoldi#profile
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• Springer (Experimental Astronomy – 2011)

• IOP (New J. Physics – 2013, Meas. Sci. Technol. – 2015)

• Nature Pub. Group (Sci. Rep. – 2017)

6.7.2 Project reviewer

• Scientific Evaluation Panel QuantERA - 2019

• EURAMET (European Association of National Metrology Institutes) - 2014

• ANR (Agence Nationale de la Recherche) France - 2018

• MIUR (Ministero dell’Istruzione dell’Università e della Ricerca) Italy - 2018

• FWF (The Austrian Science Fund) Austria - 2019

6.7.3 Organization of events

• LAPHIA Seminar of Prof. B. Allen from Albert Einstein Institute (Hanover–Germany) The direct obser-
vation of gravitational waves, Talence, France, 16 May 2018.

• International School and Conference on Frontiers on Matter Wave Optics FOMO 2016 , Archa-
chon, France, 3–10 and 10–17 September 2016.

• SIGRAV Graduate School on Experimental gravitation in space , Firenze, Italy, 25–27 September
2006.

• International Workshop on Advances in precision tests and experimental gravitation in space ,
Firenze, Italy, 28–30 September 2006 (ESA, University of Firenze, GREX, SIGRAV).

6.7.4 Responsibilities

• 2013–19 In charge of the Formation at the Institut d’Optique d’Aquitanie – LP2N, Talence, France.

• 2016–19 Supervision of the activity of A. Tizon, engineer expert in digital electronics at LP2N, Talence,
France.

• 2015–16 Organization of the weekly meeting in the Cold Atom in Bordeaux group (LP2N, Talence,
France).

• 2011/12/13 Organization of the weekly meeting in the Atom Optics group (Institut d’Optique,
Palaiseau, France).
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[179] I. Riou, N. Mielec, G. Lefèvre, M. Prevedelli, A. Landragin, P. Bouyer, A. Bertoldi, R. Geiger, and B. Canuel.
A marginally stable optical resonator for enhanced atom interferometry. In: J. Phys. B 50.15 (2017),
p. 155002. DOI: 10.1088/1361-6455/aa7592.

[180] B. Canuel, A. Bertoldi, I. Riou, P. Bouyer, R. Geiger, and N. Mielec. Optical resonator with large prope
mode for atom interferometry. France Patent 3054773. 2018.

[181] M. Jaffe, V. Xu, P. Haslinger, H. Müller, and P. Hamilton. Efficient Adiabatic Spin-Dependent Kicks in an
Atom Interferometer. In: Phys. Rev. Lett. 121 (4 2018), p. 040402. DOI: 10.1103/PhysRevLett.121.040402.

[182] H. Katori, M. Takamoto, V. G. Pal’chikov, and V. D. Ovsiannikov. Ultrastable Optical Clock with Neutral
Atoms in an Engineered Light Shift Trap. In: Phys. Rev. Lett. 91.17 (Oct. 2003), p. 173005. DOI: 10.1103/
physrevlett.91.173005.

[183] S. Stellmer, B. Pasquiou, R. Grimm, and F. Schreck. Laser Cooling to Quantum Degeneracy. In: Phys. Rev.
Lett. 110.26 (June 2013), p. 263003. DOI: 10.1103/physrevlett.110.263003.

[184] A. Bertoldi, S. Bernon, T. Vanderbruggen, A. Landragin, and P. Bouyer. In situ characterization of an
optical cavity using atomic light shift. In: Opt. Lett. 35.22 (2010), p. 3769. DOI: 10.1364/OL.35.003769.

[185] A. Taichenachev, V. Yudin, C. Oates, C. Hoyt, Z. Barber, and L. Hollberg. Magnetic Field-Induced Spec-
troscopy of Forbidden Optical Transitions with Application to Lattice-Based Optical Atomic
Clocks. In: Phys. Rev. Lett. 96.8 (Mar. 2006), p. 083001. DOI: 10.1103/physrevlett.96.083001.

[186] A. Bertoldi, C.-H. Feng, D. S. Naik, B. Canuel, P. Bouyer, and M. Prevedelli. Atom interferometry in a high
finesse cavity. In: submitted to Phys. Rev. Lett. (2019).

[187] The National Institute of Standards and Technology (NIST) database. available at http://www.nist.gov/pml/

data.

[188] A. D. Ludlow. “The Strontium Optical Lattice Clock: Optical Spectroscopy with Sub-Hertz Accuracy”. PhD
thesis. Univ. of Colorado, 2008.

[189] G. W. Biedermann, K. Takase, X. Wu, L. Deslauriers, S. Roy, and M. A. Kasevich. Zero-Dead-Time Operation
of Interleaved Atomic Clocks. In: Phys. Rev. Lett. 111.17 (Oct. 2013). DOI: 10.1103/physrevlett.111.
170802.

http://doi.org/10.1117/12.2228825
http://doi.org/10.1103/physrevd.99.104026
http://doi.org/10.1007/s10714-011-1167-9
http://doi.org/10.1007/s10714-011-1167-9
http://doi.org/10.1088/1367-2630/17/3/035011
http://doi.org/10.1038/s41598-020-59971-8
http://doi.org/10.1063/1.5129595
http://doi.org/10.1126/science.aaa8883
http://doi.org/10.1103/physrevlett.37.1339
http://doi.org/10.1103/physrevlett.37.1339
http://doi.org/10.1088/1361-6455/aa7592
http://doi.org/10.1103/PhysRevLett.121.040402
http://doi.org/10.1103/physrevlett.91.173005
http://doi.org/10.1103/physrevlett.91.173005
http://doi.org/10.1103/physrevlett.110.263003
http://doi.org/10.1364/OL.35.003769
http://doi.org/10.1103/physrevlett.96.083001
http://www.nist.gov/pml/data
http://www.nist.gov/pml/data
http://doi.org/10.1103/physrevlett.111.170802
http://doi.org/10.1103/physrevlett.111.170802


BIBLIOGRAPHY 97

[190] T. Vanderbruggen, R. Kohlhaas, A. Bertoldi, S. Bernon, A. Aspect, A. Landragin, and P. Bouyer. Feedback
Control of Trapped Coherent Atomic Ensembles. In: Phys. Rev. Lett. 110 (21 2013), p. 210503. DOI:
10.1103/PhysRevLett.110.210503.

[191] R. Kohlhaas, A. Bertoldi, E. Cantin, A. Aspect, A. Landragin, and P. Bouyer. Phase Locking a Clock Oscil-
lator to a Coherent Atomic Ensemble. In: Phys. Rev. X 5 (2 2015), p. 021011. DOI: 10.1103/PhysRevX.
5.021011.
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P. Bouyer, A. Landragin, D. Massonnet, T. Lévèque, A. Wenzlawski, O. Hellmig, P. Windpassinger, K. Sengstock,
W. von Klitzing, C. Chaloner, D. Summers, P. Ireland, I. Mateos, C. F. Sopuerta, F. Sorrentino, G. M. Tino,
M. Williams, C. Trenkel, D. Gerardi, M. Chwalla, J. Burkhardt, U. Johann, A. Heske, E. Wille, M. Gehler, L.
Cacciapuoti, N. Gürlebeck, C. Braxmaier, and E. Rasel. Design of a dual species atom interferometer for
space. In: Exp. Astron. 39.2 (2015), pp. 167–206. DOI: 10.1007/s10686-014-9433-y.
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[272] S. A. Brazovskǐı. Phase transition of an isotropic system to a nonuniform state. In: Zh. Eksp. Teor. Fiz.
68 (1975), pp. 175–185.

[273] A. J. Kollár, A. T. Papageorge, K. Baumann, M. A. Armen, and B. L. Lev. An adjustable-length cavity
and Bose–Einstein condensate apparatus for multimode cavity QED. In: New J. Phys. 17 (4 2015),
p. 043012. DOI: 10.1088/1367-2630/17/4/043012.

[274] V. D. Vaidya, Y. Guo, R. M. Kroeze, K. E. Ballantine, A. J. Kollár, J. Keeling, and B. L. Lev. Tunable-Range,
Photon-Mediated Atomic Interactions in Multimode Cavity QED. In: Phys. Rev. X 8 (1 2018), p. 85.
DOI: 10.1103/PhysRevX.8.011002.
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