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Summary. — In this article, three experiments aimed at the detection of gravitational eﬀects with atomic sensors are reported. In the ﬁrst experiment, a gradiometer is used to perform a precision measurement of the Newtonian gravitational
constant G. In the second experiment, a similar apparatus is used to provide a test
of the Weak Equivalence Principle for atoms in diﬀerent internal states and in a coherent superposition of internal states. Finally, in the third experiment, a new kind
of interferometer operating on a single-photon transition is described. This sensor
is a promising candidate for the detection of low-frequency gravitational waves.

1. – Introduction
Atoms can be used as sensors to probe gravitational interactions owing to their nonzero mass. When the temperature of an atomic ensemble is reduced to values close to
absolute zero, the quantum wave nature of matter emerges, which makes it possible to
perform interference experiments that are sensitive to gravity [1]. Similarly to light optics,
the main ingredient for the operation of atomic interferometers is coherence, that is, the
existence of a well deﬁned phase of the matter wave.
While matter objects are used in light interferometry to split and reﬂect laser beams,
in atom interferometry it is possible to use laser beams to split and reﬂect matter waves.
Splitting and reﬂection of matter waves can be performed in a number of ways that exploit
the interaction of light with atoms. One option is to shine laser light onto atoms with a
frequency matching that of an atomic resonance. It is well-known that this leads to Rabi
oscillations in the population of the states involved in the transition. If the interaction
parameters —namely the radiation intensity and the time duration— are properly tuned,
one can produce a coherent superposition of two states (a beam splitter) or a population
inversion (a mirror). A laser interaction that produces an equal superposition of two
states is named a π/2 pulse whereas an interaction that produces population inversion
is known as a π pulse because of the conditions imposed on the product Ωτ between
the Rabi frequency and the interaction time. For atoms travelling in free space, the
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Fig. 1. – Three options that allow to implement the beam splitters and mirrors in an atom
interferometer. The double arrows indicate the incident lasers’ frequencies. The horizontal
lines represent stable atomic states while the fuzzy lines represent states with a short lifetime.
(a) A single-photon transition that requires a single laser frequency and two long-lived states.
(b) A two-photon Raman transition between the states |g1 , p0  and |g2 , p0 + 2h̄k via the excited
state |e, p0 + h̄k. (c) A ﬁrst-order Bragg transition between states that only diﬀer by the
center-of-mass momentum.

absorption or the emission of a photon occurring in a Rabi oscillation lead to the recoil
of the atom making it possible to split and reﬂect matter waves in real space.
While a single-photon transition as the one now described appears as the simplest
choice for an atom interferometer, it seldom represents a practical option because optically excited states often have a limited lifetime of a few nanoseconds, a situation that
would severly limit the duration of the interferometer. An interesting exception to this
statement will be discussed in sect. 4. In most cases, however, multiphoton transitions
are used that only involve stable substates of the atomic ground level. This is the case,
for example, in stimulated Raman transitions for which the initial and ﬁnal states diﬀer
by the internal excitation and by the external (center-of-mass) motion [2, 3]. A similar
situation occurs for Bragg diﬀraction, the matter-wave analog of the diﬀraction of X-rays
oﬀ a crystal. In this case, multi-photon transitions can be driven that involve states only
diﬀering by the external motion [4, 5]. A schematic representation of these three options
that can be used to implement the interferometer transitions is shown in ﬁg. 1.
One of the most common interferometer arrangements is the Mach-Zehnder interferometer, a scheme where a matter wave is split, reﬂected and recombined. An illustration
of such a device is shown in ﬁg. 2. While in the optical interferometer, the accumulated
phase diﬀerence between the two arms is detected as a count rate diﬀerence between two
photodetectors at the output, in the atomic version it is estimated through the measured population diﬀerence between the two states exiting the interferometer. As stated
at the beginning of this introduction, the main diﬀerence between these two setups lies
in the pronounced sensitivity of the atomic interferometer to gravitational interactions.
In the simplest example of a uniform gravity ﬁeld with acceleration g, it can be shown
that the accumulated phase shift is given by the expression [6]
(1)

Φ = keﬀ gT 2 + (φ1 − 2φ2 + φ3 ),
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Fig. 2. – Scheme of the Mach-Zehnder atom interferometer in the presence of gravity acceleration g. Because of the beam splitter (π/2) and mirror (π) pulses, the atomic trajectories
separate spatially. Absorption of one or more photons causes the transition between momentum
states |p0  → |p0 + h̄keﬀ  whereas stimulated emission causes the transition |p0 + h̄keﬀ  → |p0 .
At the output of the interferometer, at t > 2T , the accumulated phase shift is estimated by
measuring the population diﬀerence between the two states.

where T is the time interval between interferometer pulses, h̄keﬀ is the eﬀective momentum transferred by the pulses to the atoms and φ1 , φ2 , φ3 are the laser phases at the ﬁrst,
second and third pulses, respectively. The quantity h̄keﬀ corresponds to the momentum
of a single photon in the case of a direct optical transition or to the sum of the photon
momenta exchanged in a multi-photon transition. Despite its simplicity, eq. (1) sums up
quite well most of the eﬀort that is necessary to increase the sensitivity to accelerations.
Indeed, maximizing the signal Φ requires exchanging multiple photon momenta and requires increasing the interferometer duration 2T . On the other hand, the phase shift
is estimated through a population measurement, a process that contains intrinsic noise
due to the projection of quantum superpositions onto the basis of the interferometer
states [7]. When the particles are uncorrelated,
this noise sets a lower boundary to the
√
attainable phase resolution ΔΦ = 1/ N , known as the atom shot noise, where N is the
number of atoms. As a result, the eﬀort of improving the phase resolution translates into
increasing the atom ﬂux and into the generation of multi-particle entanglement that can
improve the atom number scaling of the phase resolution [8].
The atom shot noise limit can be reached in current state-of-the-art interferometers [9]
and an example of this situation will be discussed in the following. However, depending
on the speciﬁc setup, one must face signiﬁcant challenges to reach this level. Indeed,
the simple accelerometer really acts as a ruler —made up of the laser wavefronts—that
imprints the laser phase onto the atoms, as shown by the presence of the phases φi in
eq. (1). As a result, any laser ﬂuctuation or wavefront imperfection will add noise to the
interferometer. Many noise sources like these can be largely suppressed in gradiometer
conﬁgurations where the phase shift diﬀerence between two interferomters sharing the
same (imperfect) laser is measured. Electromagnetic interactions can also cause uncertainties because, despite the atoms being neutral, they possess charge distributions that
are subject to forces. In this sense, it is meaningful to choose the atomic species and the
transitions in order to avoid this sensitivity [10, 11].
In this article, three experiments are described that take advantage of the cancellation
in the gradiometer conﬁguration of many sources of uncertainty and that can sense
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gravitational interactions. The ﬁrst is a gradiometer that can sense the presence of
nearby source masses thereby providing a measurement of the Newtonian gravitational
constant. The second is a gradiometer operated in order to measure the diﬀerence in
the free fall rate of two atomic clouds in diﬀerent internal states so as to yield a test
of the quantum version of the equivalence principle. In a third experiment, a singlephoton transition connecting two long-lived states is used to implement a gravimeter
and a gradiometer that is potentially insensitive to laser phase noise for arbitrarily large
cloud separations. Because of this feature, this new kind of interferometer is a promising
candidate for the detection of low-frequency gravitational waves.
2. – Measurement of the Newtonian gravitational constant
Despite the numerous past measurements [12] and importance of the Newtonian gravitational constant G, this remains the least known fundamental constant. The reasons
for this poor knowledge of G lie in the intrinsic weakness of the gravitational interaction
and in the impossibility of screening it so that any mass in the surroundings of an apparatus can potentially contribute to the measurement. On the other hand, theory cannot
provide a link between gravity and the other forces nor it can give a prediction of its
strength. As a consequence of these diﬃculties, since the ﬁrst experiment by Cavendish
in 1798 [13], the precision in the measurement of G improved by only two orders of magnitude in over two centuries and there exist large discrepancies between measurement
results. A common feature of all experiments performed so far is the use of macroscopic
masses both for the ﬁeld source and for the ﬁeld sensor. The aim of the MAGIA experiment developed and performed in Florence between 2002 and 2013 was to provide an
independent measurement of G using cold atoms instead of macroscopic masses as ﬁeld
sensors [9, 14, 15]. The advantages of this approach lie in the high reproducibility and
high control of atomic properties as well as in the achievable high sensitivity to gravity
of atom interferometers.
The idea of the experiment is the implementation of an atom interferometer based
on two-photon Raman transitions operated in the gradiometer conﬁguration. The
instrument is arranged in order to sense the gravity gradient generated by nearby
tungsten cylinders whose height is modulated so as to extract the interferometer
phase shift due to those masses only. The main part of the setup is shown in
ﬁg. 3(a).
The atomic source is formed by 87 Rb atoms trapped in a magneto-optical trap (MOT)
at a temperature of 4 μK. The atoms are vertically launched in the interferometer tube
(surrounded by the tungsten masses) with the same MOT laser beams, using the moving
molasses technique. The Raman system is formed by two lasers entering the interferometer region from below and retroreﬂected by a mirror above the vacuum system,
thus forming two couples of counterpropagating beams. These lasers are tuned to the
two-photon resonance of the F = 1 ↔ F = 2 transition of the rubidium hyperﬁne
structure. Using this method, a narrow atomic velocity class is selected with a width of
2.6 mm/s [16], corresponding to a temperature of 70 nK, and an atom number of 105 –
106 . The same Raman beams are then used to perform the Mach-Zehnder π/2-π-π/2
pulse sequence on the two clouds of the gradiometer. With a total interferometer time
2T = 320 ms, a signal-to-noise ratio of 103 in the detection of the interference fringe was
obtained. Remarkably, this number corresponds to atom shot noise-limited sensitivity for
106 atoms and leads to a sensitivity to gravity of 10−9 g, after averaging for one second.
In the presence of the tungsten source masses, formed by 24 cylinders with a total mass
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Fig. 3. – (a) Setup of the MAGIA experiment with the MOT chamber and the interferometer tube
surrounded by the tungsten source masses. (b) Relative populations of the two interferometers
in the gradiometer. The points lie on two ellipses corresponding to two positions of the masses
relative to the atoms.

of 516 kg, the added acceleration is 5 × 10−8 g. In these conditions, averaging for 100
hours led the instrument to a relative precision of 10−4 for the measurement of G.
There is however a number of systematic eﬀects that should be taken into account
before the correct value of G is extracted. One very important eﬀect arises from the
Coriolis force which, because of the Earth’s rotation and because of the atomic transverse velocity distribution, can cause shifts and loss of fringe contrast. However, since
the reference frame for the gravity measurement is given by the upper Raman mirror,
a rotation applied to the mirror can compensate the Coriolis shift. A very important
source of uncertainty is the atomic trajectory. Indeed, because the ﬁeld of the masses is
position-dependent, it is essential to precisely characterize the atomic positions during
the interferometer. Among all systematic eﬀects, this uncertainty is the main limit to
the determination of G. Many other systematic eﬀects such as light shifts and wavefront
distortions could be suppressed by reversing the sign of the momentum transfer to the
atoms. This cancellation works because many shifts are either even or odd in the momentum transfer. In the MAGIA experiment, the reversal could be achieved simply by
tuning the Raman beams’ frequencies thus selecting a particular couple of beams that
resonates with the atoms.
The eﬀort spent in realizing this experiment led to the suppression of systematic
shifts to the level of 92 ppm (parts per million) whereas the shot noise contribution is
116 ppm. Aside from improving the determination of the main systematic shifts in this
measurement, this remarkable result shows that it is meaningful to either increase the
atom ﬂux or attempt to beat the shot noise limit with entangled states.
3. – Quantum test of the Weak Equivalence Principle
The same apparatus described for the measurement of the Newtonian constant can
also provide a test of the Weak Equivalence Principle (WEP), also known as the universality of free fall. The Principle states that the trajectory of a chargeless body is
independent of its internal structure and composition. Equivalently, for a given object,
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the Principle states the numerical equality between its weight, given by the gravitational
mass mg and its inertia, given by the inertial mass mi . Violations of the WEP are quantiﬁed in terms of the Eötvös parameter η, given by the diﬀerence of the accelerations
aA − aB of two objects with diﬀerent internal structure and composition, normalized to
the average acceleration:





 aA − aB 

 = 2  (mi /mg )A − (mi /mg )B  .
(2)
η = 


(aA + aB )/2
(mi /mg )A + (mi /mg )B 
Many experiments with macroscopic masses have been performed to date that provide
stringent tests of the universality of free fall. These experiments involved torsion balances [17] and lunar laser ranging measurements [18]. Finally, the record is currently set
by the MICROSCOPE space mission [19] whose preliminary data constrain the Eötvös
parameter to less than about 10−14 . There naturally is a substantial interest in testing
the WEP with quantum objects such as atoms instead of microscopic masses. Indeed, in
this case, not only one can employ diﬀerent species but tests can also be performed with
particles in diﬀerent states of their internal excitation. As a result, there is a generation
of experiments aiming at testing the WEP with atoms thus providing limiting values of
η in the range 10−7 –10−8 [20-24]. All these measurements can however be interpreted
in terms of classical tests. One of the distinctive features of quantum mechanics is the
existence of coherent superpositions of atomic states and one might ask whether particles in these states fall at the same rate as a particle in an eigenstate of the internal
Hamiltonian. While in the classical case we say that if the WEP is valid, then the ratio
mg /mi must be unity, in the quantum case we must consider inertial and gravitational
mass operators M̂i and M̂g and say that the product M̂g M̂i−1 must equal the identity.
Possible deviations from this behavior will be represented, for a system with two internal
states, as


r1 r
M̂g M̂i−1 =
(3)
.
r∗ r2
In this expression r1 = r2 = 1 and r = 0 if the quantum WEP is valid. Diﬀerent values of
r1 and r2 indicate violations of the classical WEP whereas non-zero values of r indicate
violations of the quantum version of the WEP.
In the experiment performed in our group [25], the two atomic states considered are
the hyperﬁne levels |F = 1, mF = 0 ≡ |1 and |F = 2, mF = 0 ≡ |2 of the 87 Rb
atom. Similarly to the determination of the Newtonian constant, the diﬀerence of accelerations between atoms in diﬀerent states is determined with a two-cloud interferometer
in the gradiometer conﬁguration. In particular, the beam splitters and mirrors are realized through third-order Bragg diﬀraction so that each single cloud remains in the
same internal state for the duration of the interferometer. Three accelerations enter the
measurement: for a cloud in state |i, the acceleration is gri , for i = 1,
√2. On the other
hand, for a cloud in the equal superposition state |s = (|1 + eiφs |2)/ 2, the measured
acceleration is


r1 + r2
+ |r| cos(φs + φr ) ,
as = g
(4)
2
where r = |r|eiφr . In the experiment, a microwave at the frequency of the |1 ↔ |2
hyperﬁne transition induces the superposition |s with a phase φs that varies randomly
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from one experiment cycle to the other. In the experiment, a reference phase shift Φ11
is measured by operating the interferometer with the two clouds in the same state |1.
The classical version of the WEP is then tested by measuring Φ12 , the interferometer
phase when the two clouds are in the diﬀerent states |1 and |2, which is proportional
to r1 − r2 . Finally, the quantum version of the WEP is tested by measuring Φ1s , i.e.,
the diﬀerential acceleration of a cloud in state |1 and a cloud in state |s. In this case,
the presence of a non-zero value of r is observable as an excess phase noise because of
the dependence on the noisy phase φs in eq. (4).
The results of these measurements could limit violations of the classical WEP to
the level η = (1.4 ± 2.8) × 10−9 , a result almost two orders of magnitude better than
previous ones obtained for atoms in diﬀerent electronic states. For the comparison of the
accelerations between atoms in state |1 and atoms in state |s, the limit to quantum
WEP violations was found to be ηs = (3.3 ± 2.9) × 10−9 . Finally, the measurements
could provide limits on the value of |r|. Indeed, by attributing all the observed noise in
Φ1s to quantum WEP violations, it is possible to see that |r| < 5 × 10−8 .
4. – Atom Interferometry on a single-photon transition
In the two experiments previously described, multi-photon transitions are used to
implement the beam splitters and mirrors of the Mach-Zehnder interferometer. This
choice avoids many problems related to the ﬁnite lifetime of optically excited states and
the only eﬀect of these states lies in oﬀ-resonance scattering. An interferometer operated
on a single-photon transition, on the other hand, requires the existence of a long-lived
excited state because, during the interferometer, the atoms must spend time in the
excited state. In this situation, two diﬃculties emerge: ﬁrst, if the lifetime of the excited
state is long, the optical transition must have a narrow linewidth and second, a narrow
linewidth implies a weak interaction with laser ﬁelds. Technically, these diﬃculties imply
that an ultra-stable and high-power laser is necessary.
Despite these challenges, an interferometer operating on such an optical clock transition has a considerable advantage over Raman and Bragg interferometers [26, 27]. To
understand this point let us ﬁrst consider a gradiometer operating on a two-photon transition induced by counterpropagating waves, where each of the two clouds is close to
the laser sources. When the separation L between the sensors is large, the pulses from
the two sides must be sent with a time delay L/c so that they temporally overlap at the
positions of the clouds and induce the transition. Because of this delay, the laser’s phase
noise will add to the diﬀerential interferometer phase and cause a background for gravity
signals at frequencies higher than c/L, which amounts to 30 kHz when L = 10 km. This
noise is instead absent when the gradiometer is operated on a single-photon transition.
In this case, the photon phase is set at the time of emission from the source and accumulates no further noise in the path from one cloud to the other, provided that this path is
in vacuum.
These considerations gain relevance in the design of gravitational wave (GW) detectors
where extremely large baselines are required to attain the necessary strain sensitivity.
Such a detector would sense the passage of a GW through the variation of the length L
that would shift the phase impressed onto the atoms. The interest of atom interferometers
as GW detectors lies in the capability of covering a frequency range (1 mHz–10 Hz) where
optical interferometers have a smaller sensitivity.
In our group, a proof-of-principle implementation of a gradiometer operating on a
single-photon transition was realized [28]. In this experiment, the 1 S0 -3 P0 optical clock
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transition of 88 Sr at 698 nm was used to implement the beam splitters and mirrors. The
laser light was generated by a semiconductor laser system consisting of an extendedcavity diode laser (ECDL), a slave laser as a preampliﬁer and a tapered ampliﬁer. The
light of the ECDL was stabilized by locking to a high-ﬁnesse ultra-stable cavity. With
these stabilization and ampliﬁcation stages, it is possible to send about 80 mW of optical
power to the atoms, with a laser linewidth of about 1 Hz.
In the ﬁrst experiments performed with this new kind of sensor, a gravimeter was implemented. In this conﬁguration, strontium atoms were laser cooled in a MOT, trapped
and released from an optical lattice and velocity selected by a π pulse of the clock laser,
ﬁnally achieving about 104 atoms at an eﬀective temperature of about 1 nK. After velocity selection, the Mach-Zehnder interferometer sequence was performed with interaction
times up to 2T = 10 ms. The results showed that, as expected, the interferometer is sensitive to the laser’s phase noise. This includes the intrinsic laser phase ﬂuctuations as well
as all the vibrations of the optical components in the path to the atoms. While many
of these noise sources are extremely hard to remove or reduce, the noise cancellation
technique applied to a 10 m ﬁber bringing the light to the atoms showed an improvement
of the fringe visibility, as can be seen from the data in ﬁg. 4.
The most interesting application of the interferometer operated on the optical clock
transition is the gradiometer because of the reasons stated at the beginning of this section.
This conﬁguration should indeed lead to results that are opposite to the gravimeter in
terms of sensitivity to laser phase noise. Here, a double lattice launch was implemented,
where a fraction of the atoms from the MOT is ﬁrst trapped and launched through an
optical lattice and a part of the residual free-falling atoms is subsequently trapped and
launched in a second stage of the optical lattice. At the end of this procedure, two
atomic clouds with about 105 atoms each are launched with a separation of 1.9 mm and
a velocity diﬀerence of 3.4 cm/s. Again, after velocity selection, about 104 atoms per
cloud are selected and the Mach-Zehnder gradiometer sequence is performed. Because of
the small interaction times T that were possible in our setup, the phase shift diﬀerence
between the two accelerometers due to gravity gradients alone was too small to be detected. Characterizing the sensitivity of the interferometer was however possible because
of the velocity diﬀerence between the two clouds and the pronounced velocity selectiv-

Fig. 4. – Interference fringes of the gravimeter operated on the clock transition for an interaction
time 2T = 10 ms. (a) In the presence of the ﬁber noise, the fringe cannot be distinguished.
(b) With the ﬁber noise cancellation setup the fringe becomes visible as the ﬁt (solid line)
shows.
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Fig. 5. – Ellipse recorded in the gradiometer conﬁguration by plotting the interference fringe of
the upper interferometer vs. the fringe of the lower interferometer, in the presence of the added
artiﬁcial phase shift.

ity of the clock transition. As a result, we drove an acousto-optic modulator with two
radiofrequency (RF) components so that the two corresponding optical frequencies could
interact with the two clouds. Aside from providing the possibility of interacting with
the two clouds simultaneously despite the velocity diﬀerence, this method also allows
to imprint an artiﬁcial phase shift onto the gradiometer simply by tuning the relative
phase of the two RF components. With this added tuning capability, it was possible to
establish that the gradiometer for 2T = 10 ms is largely insensitive to laser phase noise
and that, with our apparatus, the sensitivity was only a factor ﬁve worse than the atom
shot noise limit. The data for the interference fringes of the upper interferometer vs.
the lower one are shown in ﬁg. 5. From this plot, the correlation of the fringes in the
diﬀerential conﬁguration is evident.
5. – Conclusions
In this article, three experiments that can sense gravitational eﬀects were described.
In the ﬁrst two experiments, a rubidium gradiometer was used both to provide the ﬁrst
precision measurement of the Newtonian constant G and to provide the ﬁrst test of the
quantum version of the WEP. In the third experiment, performed with strontium atoms,
an interferometer operating on a single-photon transition was implemented, showing effective laser noise cancellation in the gradiometer conﬁguration and showing that this
type of sensor is indeed a good candidate for the detection of low-frequency gravitational
waves. In these three experiments, the atom shot noise limit of phase estimation was
either reached or approached. As a result, it is meaningful to study and implement
schemes that can produce metrologically useful entangled states. In this group, considerable eﬀort is now devoted to the implementation of a Bragg diﬀraction-based spin
squeezed interferometer with strontium atoms [29], also motivated by recent progress
in the production of squeezed states of alkaline-earth-like atoms [30]. Additionally, the
strontium optical clock transition is being considered for tests of the WEP with optically
separated states.
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