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We describe two experiments where atom interferometry is applied for precision mea-

curements of gravitational effects. In the frst. we measure the Newtornian gravitational |
constant (7 using an atom interferometry gravity-gradiometer which combines a rubidium
fountain, a juggling scheme for fast latinch of two atomic clouds, and Raman interferoms-
etry. We show that ihe sensor is able to detect the gravitational field produced by source

masses and €7 is measured with better than 10~2 accuracy. In the second experiment,
using ultra-cold strontiwm atoms in a vertical optical lattice and observing persistent
Bloch oscillations for several seconds, we measure gravity acceleration with micromet-
rie spatial resolution. We discuss the prospects for the study of gravitational forces at
short distances and show that unexplored regions can be investigated in the search for

deviations from Newtonian gravity.

1. Introduction

Recent avances in atom interferometry led to the demonstration of different schemes |
for fundamental physies experiments and for applications: atom interferometry was
used for precision measurements of gravity acceleration.! Earth's gravity gradient 29
rotations™ and i/m.%7 An overview of basic principles and seminal theoret ical and
experimental work can be found in Ref. 8. Atom interferometers are proumising sen-
sors for the investigation of the gravitational interaction such as equivalence prinei-
ple tests. 210 1/r? law test 1112 gravitational waves detection'™ 19 and for possible
applications in geophysics. "7

Quantum devices based on wltracold atoms show extraordinary features in terms
of sensitivity and spatial resolution. which are important for studies of surfaces,
Casimir effocts,'® and searches for deviations from Newtonian gravity predicted by
theories bevond the standard model. 1220 In section 2 we describe the operation of
an atom interferometer conceived for measuring the gravitational constant ¢ and
we report a measurement with better than 1072 accuracy. In section 3. we show that
nsing laser-cooled strontium atoms in optical lattices, persistent Bloch oscillations

are observed for about 10 s, and oravity is determined with ppm sensitivity on
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micrometer scale. We show that this method can improve the sensitivity in the
search of deviations from Newtonian gravity in the micrometer distance range.

|

2. Measurement of G

After Clavendish first measurement, more than 300 experiments have been performed
to measure G. but the results are not in agreement. In 2002 the recommended
CODATA?! value (G=6.6742(10) x 10 otk s~ 2) uncertainty was reduced by |
one order of magnitude down to 150 ppm compared to the previous one (CODATA
1998). and this is still much higher than the uncertainty of any other physical
constant. Problems in measuring G with high accuracy arise from the weakness of
the gravitational force, from the impossibility of shielding it and from the difficulty 1‘
of realizing well defined masses and positioning them at well known distances. ‘
We have applied Raman interferometry technigues wit h Rb atoms to determine
the Newtonian gravitational constant G.2*%* We implemented a new measurement
scheme aiming to get rid of. or at least to better identify, such systematic effects.
I our experiment freely falling microscopic bodies (atoms) are used as probes of
the eravitational field induced by heavy and well characterized source masses. The
vertical acceleration is simultancously measured in two vertically separated posi-
tion with two atomic samples, that are launched in rapid sequence with a juggling
method. From the differential acceleration measurements, and from the knowledge
of the added mass distribution, we determine the value of G. The result of another

conceptually similar experiment was recently reported in Ref. 24.

2.1. Ezperimental apparatus and procedure

The experimental apparatus, described in detail in Ref. 23. is sketched in Ligure 1.
[t consists of a Raman interferometer used as a gravity-gradiometer and two sets
of heavy source masses (SM). Rb atoms are laser cooled and trapped and launched
upwards into a 1 m long. magnetically shiclded tube where the interferometer se-
quence takes place. While falling down. they are detected at their passage through
the central vacuum chamber. The two sets of SM are symmetrically arranged around
the tube and can be vertically moved with high precision. The gradiometer requires
two clouds of cold atoms moving with the same velocity at the same time, bt
vertically displaced. A vertical separation of 35 cm for atoms launched 60 em and

95 e above the MOT results in a lannch delay between the two clouds of about

100 ms. The two atomic clouds are prepared using the juggling technique.

During the ballistic flight of the first clond of atoms. a second cloud is loaded.
Tust before the first clond falls down in the MOT region, the second one is launched.
Then the first cloud. used as a cold and intense source of atoms, is recaptured, cooled
and lannched upwards within less than 50 ms. [ our experimental sequence, the
first eloud is launched 60 em npwards, which leads to a loading time of 650 ms for
the second cloud. In this way, the number of atoms launched in each of the two

clouds used in the gradiometer is 5 - 107, After the launch. the atoms are selected
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Fig. 1. Experimental setup showing the vacuum system, and the two source masses configurations.
The apogees of the atoms trajectories are indicated.

both in velocity and by their mp state. The selection procedure uses vertical beams
so that the state preparation can take place simultaneously on both clouds. After
the selection sequence, the atoms end up in the F=1,mp=0 state with a horizontal
temperature of 4 4K and a vert ical temperature of 4() nk, corresponding to velocity
distribution widths (HWHM) respectively of 3.3 v, an 0.3 (} -

A sequence of three vertical velocity selective Raman pulses is used to realize
the interferometer. The first (7/2 pulse) splits the atomic wave packet, the second
(7 pulse) induces the internal and external state inversion and the third (7/2 pulse)
recombines the matter waves after their different space-time evolution. Stimulated
Raman transitions are driven by two extended cavity phase-locked diode lasers,
with a relative frequency difference equal to the 5"TRb ground state hyperfine split-
ting frequency (e 87r,=6.835 GHz) and amplified by a single tapered amplifier. A
detailed description of the laser locking system can be found in Ref. 26.

To compensate for the Doppler shift of the atomic resonance during the atomic
free fall trajectory, the Raman beams frequency difference is linearly swept. The
mterferometric sequence is defined in such a way that the = pulse is sent 5 ms before
the atoms reach the top of their trajectory, when their velocity is stil] high enough
to discriminate between upwards and downwards propagating Raman beams. For a
Raman beam intensity of 30 mW’/rur!. the 7 pulse lasts 100 US.

The interferometric phase shifts are detected using the relative phase of the
Raman beams as a reference. To scan the interferometric fringes, a controlled phase
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Fig. 2. Gravitational phase shift measurements made with Pb cylinders in configuration 1 (empty
squares) and 2 (filled squares) (see Fig. 1), BEach data point results from an elliptic fit over 288
gradiometric sequences, with the local oscillator phase step set to 5%, In the two insets ahove, the
full data set for two measurements in different configurations are shown. The acquisition interval
|

for each point is 20 minutes.

is then determined for a different position of the SM (Figure 1. configuration 2);
moving them to the external positions with respect to the atoms clouds, the sign of
the induced acceleration is inverted. By evaluating the difference of such consecutive
measurements a reduction of systematic effects?” is achieved, due for instance to
spatially inhomogencous spurious accelerations. which are constant on the time
scale of SM repositioning. Among these effects, the Earth's gravity gradient ¢’ is
the most important. Other minor contributions are due to inhomogeneous electric
and magnetic fields as well as to inertial forces.

In Figure 2, the differential phase shifts measured for the two sets of Pb cylinders,
alternatively in the two configurations. are reported. Considering the differences
between two consecutive measurements. the resulting phase shift from the whole
data set is 144(5) mrad, which corresponds to a sensitivity of 3- 107" and a relative
uncertainty of 4- 1072 in the measurement of (. The total acquisition time was less
than 5 h.

The eylinders for the final G measurement are made of a non magnetic tungsten
alloy and the characterization tests on these SM are ongoing. The proposed accuracy
of AG/G=10"" for the final measurement of G can be reached only optimizing
all the parameters so far considered.?*2* W SM will be used. heavier and better
characterized in terms of geometry and density distribution than Pb SM. Atomic
motion’s initial parameters also will be eritical for the final accuracy. The sensitivity
to initial atomic position and velocity can be dramatically reduced by choosing
the optimum combination of the two SM configuration and atoms’ trajectories.
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Fig. 3. Simulated acceleration along the vetrical axis in the interferometer region. The Karth's
gravity gradient, W SM and the moving mass of the support have been taken into account. Both
configurations are reported. Atoms trajectories will be in the two regions that are Hat in both

configurations, in order to reduce the dependence on initial atomic motion’s arameters.,
g I

Configuration 1 (Figure 3) will be obtained with the two sets of SM placed as
close as possible. Once the interferometer time T has been chosen (typically T=150
ms), the two atomic trajectories will be selected by maximizing the simulated phase
difference between the two interferometers. After this. atoms will be launched always
up to the same best heights and the interferometer will be realized always at the
same time. Only the SM will be then moved into configuration 2 (Figure 3). that is
chosen in such a way that the new phase difference term (with an opposite sign) can
be as insensitive as possible to the atomic motion’s initial conditions. In this way
the interferometers will be realized in those vertical regions where the acceleration
is stationary in both configurations. A less demanding condition on initial atomic
motion’s parameters. By optimizing the atoms masses relative position in this way
AG/G=10"" can be reached with an initial position uncertainty of 1 mm and an

initial velocity uncertainty of 5 mm/s.

3. Accurate force sensor with micrometric resolution

The confinement of ultracold atoms in optical lattices, regular structures created by
interfering laser beams where the atoms are trapped by the dipole force. provides
clean model systems to study quantum physics problems.2® For example, Bloch
oscillations, predicted for electrons in a periodic erystal potential in presence of a
static electric field®” but not observed in natural crystals, were directly observed
using atoms in an optical lattice.?!

In our experiment, laser-cooled *®Sr atoms are trapped in a 1-dimensional verti-
cal optical lattice. The insensitivity to stray fields and collisions makes Sr in optical

- . - . 299 . » .
lattices, a candidate also for future clocks,*? a unique sensor for small-scale forces.

The combination of the periodic optical potential and the linear gravitational po-
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Fig. 4. Simplified scheme of the apparatus used to observe Bloch oscillations and to measure
g: Sr atoms are laser cooled and trapped at a temperature of about 400 nK in a red magneto-
optical-trap (MOT). The MOT laser beams are then switched-off and the atoms are transferred
in a vertical 1-dimensional optical lattice generated by a laser beam retroreflected by a mirror:
atoms are confined in series of layers at the maxima of the standing wave by the dipole force. We
measure the momentum distribution of the atoms, after the coherent evolution in the potential
given by the periodic potential plus gravity, by a time-of-flight measurement, after a free fall of 12
ms, using a resonant probe laser heam and absorption imaging on a CCD camera.

tential gives rise to Bloch oscillations at frequency g given by

myAL .

v = ———'2}1 (J)
where m is the atomic mass, ¢ is the acceleration of gravity, Az, is the wavelength
of the light producing the lattice. and h is Plancks constant, Since both Ap and
m are well known, the overall force along the lattice axis can be determined by
measuring the Bloch frequency vp. In order to do a force measurement with given
interrogation time, the atomic wavefimetion has to undergo a coherent evolution
on the same time timescale. The most common effects limiting the coherence time
for ultracold atoms are perturbations due to clectromagnetic fields and atom-atom
interactions. *8Sr is in this respect a good choice because in the ground state it has
zero orbital, spin and nuclear angular momentuim that makes it insensitive to stray
electric and magnetic fields that otherwise need to be shielded. In addition. ®Sr has
remarkably small atom-atom interactions:** this prevented so far the achievement
of Bose-Einstein condensation for this atom? but becomes an important feature
in experiments where collisions lead to a loss of colierence limiting the measurement
time and the potential sensitivity.

Given the small extension of ultracold Sr atoms confined in optical lattice po-
tential. and its insensitivity to stray fields and elastic collisions, Sr in optical lat-
tices results to be a unique sensor for small-scale forces with better performances
and reduced complexity compared to proposed schemes using degenerate Bose®?
or Fermi®® gases. This improves the feasibility of new experiments on gravity i

unexplored regions,
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3.1. Ezxperimental apparatus

The experimental setup used in this work is schematically shown in Fig. 4. The
method used to produce ultracold Sr atoms was already described in Ref. 37. The
experiment starts with trapping and cooling ~ 5 x 107 3¥Sr atoms at 3 mK in a
magneto-optical trap (MOT) operating on the 'Sy-'P;blue resonance line at 461
nm. The temperature is then further reduced by a second cooling stage in a red
MOT operating on the 'Sy-*Pinarrow transition at 689 nm and finally we obtain
~ 5 x 10 atoms at 400 nK. After this preparation phase, that takes about 500 ms.
the red MOT is switched off and a one-dimensional optical lattice is switched on
adiabatically in 50 ps. The lattice potential is originated by a single-mode frequency-
doubled Nd:YVO4 laser (A, = 532 nm) delivering up to 350 mW on the atoms with
a beam waist of 200 yan. The beam is vertically aligned and retro-reflected by a
mirror producing a standing wave with a period Ay /2 = 266 nm. The corresponding
photon recoil energy is Ep = hz/'_?m,\'i = kp x 381 nK. As expected from band
theory ® the amplitude of the oscillation in momentim space decreases as the lattice
depth is increased. This suggests that in order to measure the Bloch frequency with
maximum contrast the intensity of the lattice laser should be reduced. On the other
hand, reducing the intensity results in a loss in the number of trapped atoms because
of the smaller radial confinement. For this reason. we used a lattice depth of 10 Ep.
For a lattice potential depth corresponding to 10 Er. the trap frequencies are 50
kHz and 30 Hz in the longitudinal and and radial direction. respectively. Before
being transferred in the optical lattice, the atom cloud in the red MOT has a disk
shape with a vertical size of 12 ym rms. In the transfer. the vertical extension is
preserved and we populate about 100 lattice sites with 2% 10° atoms with an average
spatial density of ~ 10" em =3, After letting the atoms evolve in the optical lattice,
the lattice is switched off adiabatically and we measure the momentum distribution
of the sample by a time-of-flight measurement. after a free fall of 12 ms. using a
resonant probe laser beam and absorption imaging on a CCD camera. Fig. 5 shows
time-of-flight images of the atoms recorded for different times of evolution in the
optical lattice potential after switching-off the MO, In the upper part of the frames,
the atoms confined in the optical lattice can be seen performing Bloch oscillations
due to the combined effect of the periodic and eravitational potential. The average

force arising from the photon recoils transferred to the atoms compensates gravity.

3.2. Data analysis

The images obtained by absorption imaging. as the ones shown in Fig. 5, are in-
tegrated along the horizontal direction and fitted with the sum of two Gianssian
functions. From each image. two quantities are extracted : the first is the vertical
momentuin distribution of the lower peak . The second is the width of the atomic
momentum distribution (i.e. the second momentum of the distribntion) . We find
that the latter is less sensitive against noise-indnced perturbations to the vertical

momentum. We observed ~ 4000 Bloch oscillations in a time t = T s. During this
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Fig. 5. Time-of-Hight images of the atoms recorded for different times of evolution in the op-
tical lattice potential after switching-off the MOT. In the upper part of each frame, the atoms
confined in the optical lattice perform Bloch oscillations for the combined effect of the periodic
and gravitational potential. The average force arising from the photon recoils transferred to the
atoms compensates gravity. In the lower part, untrapped atoms fall down freely under the effect

of gravity,

time, about 8000 photon momenta are coherently transferred to the atoms. Oscilla-
tions continue for several seconds and the measured damping time of the amplitude
is 7~ 125, To our knowledge. the present results for number of Bloch oscillations.
duration, and the corresponding munber of coherently transferred photon momenta.
are by far the highest ever achieved experimentally in any physical system.

From the measured Bloch frequency vy = 574.568(3) Hz we determine the grav-

ity acceleration along the optical lattice g = 9.80012(5) ms 2. The overall estimated
sensitivity is 5x 109 p and. neglecting the 500 ms preparation of the atoniic sample,
we have a sensitivity of 4 x 105 g at 1 second. We expect that a sensitivity of 107
g can be achieved using a larger number of atoms. and reducing the initial temper-
ature of the sample. Apart from collisional relaxation, which should contribute to
decoherence on a minnte timescale, the main perturbation to quantum evolution
18 represented by vibrations of the retro-reflecting mirror.*® Minor contributions to
decoherence may come from the axial momentum dispersion of the lattice at 10-9

due to its radial extension,

3.3. Testing the Newtonian gravity law

The micrometric spatial extension of the atomic cloud in the vertical direction,
and the possibility to load it into the optical potential at micrometric distance
from a surface, makes the scheme we demonstrated particularly suitable for the
investigation of forces at small spatial scales. The possibility of vestigating the
gravitational force at small distances by atomic sensors was proposed in Ref. 11.
discussed in detail in Ref. 40. and preliminarly demonstrated in Ref. 41, Deviations
from the Newtonian law are usually described assuming a Yukawa-type potential

. iy RS
Vi) = =20 4 =TS
o

) (4)

where G is Newton gravitational constant, m, and Mz are the masses, r is the
distance between them. The paraimeter ¢ gives the relative strength of departures
from Newtonian gravity and A is its spatial range. Experiments searching for pos-

sible deviations have set bounds for the parameters o and A Recent results using




2528

microcantilever detectors lead to extrapolated limits a ~ 10* for A ~ 10 gm and
for distances ~ 1 pum it was not possible to perform direct experiments so far, ™20

The small size and high sensitivity of the atomic probe allows a direct, model-
independent measurement at distances of a few pm from the source mass with no
need for modeling and extrapolation as in the case of macroscopic probes. This
allows to directly access unexplored regions in the a« — A plane. Also, in this case
quantum objects are used to investigate gravitational interaction.

Our results indicate that our Sr atoms when brought close to a thin layer can

J . . . . 2 -~
be used as probe for the gravitational field generated by the massive layer.*? If we

consider, in fact, a material of density p and thickness d, the added acceleration of

gravity in proximity of the source mass is a = 27Gpd so that when d ~ 10 pm and
p == 10 g/em?®) as for tungsten crystals the resulting acceleration is a ~ 4 x 10!
ms . Measuring vg at a distance ~ 4 pm away from the surface would allow
to improve the constraint on a by two orders of magnitude at the corresponding
range A ~ 4 pm. Spurious non-gravitational effects (Van der Waals, Casimir forces),
also present in other experiments, can be reduced by using an electrically conductive
screen and performing differential measurements with different source masses placed
behind it. Moreover, by repeating the same experiment with the 4 stable isotopes (3
bosons, 1 fermion, with atomic mass ranging from 84 to 88). we can further discern

among gravitational and other forces.
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