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Motivation

.

Tests of universality of free fall (UFF)
Why atoms?

Why atoms ?

•

Central to Einstein’s equivalence principle.

•

Tests of UFF with macroscopic masses:

‣ free fall, lunar laser ranging (LLR)
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with a signal-to-noise ratio of 1,000 after about one hour. The resulting
value of the differential phase shift is 0.547870(63) rad, and it was from
this that we obtained G. The cylinders produce 97.0% of the measured
differential phase shift, the cylinder supports produce 2.8% (ref. 20) and
the additional moving masses (translation stages, optical rulers, screws)
produce the remaining 0.2%.
The sources of uncertainty affecting the value of G are presented in
Table 1. Positioning errors account for uncertainties in the positions of
the 24 tungsten cylinders along the radial and vertical direction, both
in configuration C and configuration F. Density inhomogeneities in the
source masses were measured by cutting and weighing a spare cylinder20,
and were modelled in the data analysis. Precise knowledge of the atomic
trajectories is of key importance in analysing the experimental results
and deriving the value of G. The velocities of the atomic clouds, and

demonstrated for a single interferometer , we implemented
scheme for the mirror retroreflecting the Raman beams in ou
interferometer.
Extracting the value of G from the data involved the followi
calculation of the gravitational potential produced by the source
calculation of the phase shift for single-atom trajectories; Mon
simulation of the atomic cloud; and calculation of the correc
the effects not included in the Monte Carlo simulation (Tabl
After an analysis of the error sources affecting our measurem
obtain the value G 5 6.67191(77)(62) 3 10211 m3 kg21 s22. Th
tical and systematic errors, reported in parenthesis as one standa
ation, lead to a combined relative uncertainty of 150 p.p.m. In F
result is compared with the values of recent experiments and Co
on Data for Science and Technology (CODATA) adjustments. O

Measurement of Newton’s gravitational constant G
By far the less accurately determined of all fundamental
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Figure 3 | Comparison with previous r
Result of this experiment for G compare
values obtained in previous experiments
the recent CODATA adjustments. Only
experiments considered for the current C
2010 value, and the subsequent BIPM-13
included. For details on the experiments
identification with the abbreviations use
figure, see ref. 3 and the additional refere
Methods.

Rosi et al., Nature 510, 518 (2014)

•

Earth observations: mapping Earth’s gravitational field

•
•

Gravity gradiometry from space (spatial resoultion & 100 km )

•

Example: ground water depletion and stressed aquifers

NASA GRACE Mission

Observing time evolution of mass distribution with applications
to geophysics, hydrology, oceanography ...

Atom interferometry can make a significant contribution
in all these cases

BUT
Gravity gradients (and rotations) pose a major challenge
due to the dependence on the initial position and velocity
of the atomic wave packets.

Outline
1. Motivation
2. Precise gravitational measurements with atom interferometry:
- atom-interferometry-based gravimeters
- long-time interferometry (& microgravity platforms)

3. Challenges in UFF tests due to gravity gradients
4. Overcoming loss of contrast and initial co-location problem
5. Compensation of large rotation rates

Precise gravitational measurements
with atom interferometry (AI)

AI-based gravimeters
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The evolution of the wave packets can be decomposed
into two independent aspects:

‣ expansion dynamics of a centered wave packet
‣ central position and momentum which follow classical
trajectories including the kicks from the laser pulses

AI-based gravimeters
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- simultaneous differential measurement

We simultaneously measure the gravitationally induced phase shift in two Raman-type matter-wave
interferometers operated with laser-cooled ensembles of 87 Rb and 39 K atoms. Our measurement yields an
Eötvös ratio of ηRb;K ¼ ð0.3 # 5.4Þ × 10−7 . We briefly estimate possible bias effects and present strategies
for future improvements.

- common mirror

effect of vibration noise

highly suppressed

DOI: 10.1103/PhysRevLett.112.203002

PACS numbers: 37.25.+k, 03.75.Dg, 04.80.Cc, 06.30.Gv

Eötvös parameter: ⌘ Rb,K < 5 · 10 7
way to test the UFF with matter-wave interferometers both
The universality of free fall (UFF) emerges [1] from the

onbounds
ground andfor
in microgravity.
equality of the inertial and the gravitational mass,
which
improved
dilaton models and SME
Matter-wave tests of the UFF differ from their classical
Hertz 87
[2] already in 1884 called a “wonderful mystery.” In
39
Rb
K
counterparts in several aspects. (i) The coherence lengths of
1915, Albert Einstein made this postulate into one of the
these quantum objects differ [23] by orders of magnitude as
cornerstones of general relativity. Although UFF has been
Future
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classical ones. space
(ii) Matter
waves allow us to
verified in numerous tests [3,4], today different scenarios
perform both tests of the redshift and of the free fall using
reconciling general relativity and quantum mechanics allow
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species.
(iii) Quantum tests are performed with
a violation of the UFF. For this reason, more precise tests
spin-polarized ensembles, a feature that is only available in
are presently pursued [5–7] and new measurement techa few specific scenarios outside of matter-wave tests
niques are developed. One intriguing approach consists of
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We used quantum interference of atomic Cs
to directly probe the gravitational scalar potential.
The performance of instruments based on this
technique meets or exceeds that of other state-ofthe-art gravity (14) or gravity-gradient (15) de-

tion of ground and excited states, |g,p〉 → (|g,p〉 +
|e,p + ħk〉)/√2, with the excited state gaining a
photon recoil ħk relative to the ground state part
of the wavepacket (k = 2p/l). A “mirror” p pulse
drives an atom from the ground to the excited
state, |g,p〉 → |e,p + ħk〉, imparting a photon
recoil kick, or vice versa, which causes a
stimulated emission of a photon and reduction
of momentum. We applied a p/2-p-p/2 interferometer sequence with a pulse separation T (Fig. 2).
The initial p/2 pulse separates the two wavepackets because of the difference in their momentum. The p pulse redirects the wavepacket
momentum, causing the two components to overlap again at time 2T, when the final p/2 pulse
induces their interference. Momentum recoil
creates different trajectories for the wavepackets
that acquire a relative gravitationally induced
atomic phase shift during the interferometer,
2

Gradiometry and measurements of G
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that contains both atomic ensembles (20).
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Fig. 2. Recoil space diagram of the atoms through
the interferometer showing the separation (exagRosi
et al., Nature
510, 518
gerated) of the atomic
wavepackets
(20). A, initial
p/2 pulse; B1, final p/2 pulse (upper trajectory);
B2, final p/2 pulse (lower trajectory); C, p pulse
(upper trajectory); D, p pulse (lower trajectory).
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Long-time interferometry

•

Higher sensitivity

long-time interferometry
= ke↵ a T 2

•

Natural compact set-ups in microgravity platforms
(freely falling frame)

•

Challenges:

‣ growing size of atom cloud

BECs, atomic lensing

‣ rotations
‣ gravity gradients

(effects grow cubically with time)

Microgravity platforms
g ⇠ 10
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g
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Challenges in UFF tests
due to gravity gradients

Initial co-location

•

Systematics associated with initial central position & momentum
of the two species can a mimic violation of UFF:
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z0 . 1 nm

v0 . 102 pm/s

No limitation in principle, but challenging in practice.
Minimum time for verification set by Heisenberg’s uncertainty principle.
nN

p

z

~/2

(time required may exceed
entire mission lifetime)

Loss of contrast

•

Gravity gradients (tidal forces) lead to open interferometers:
freely falling frame
(Einstein elevator)
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Relative displacement between interfering wave packets at exit port
fringe pattern in density profile

loss of contrast
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Overcoming loss of contrast
and initial co-location problem

•

Phase shift contribution connected with initial co-location directly
related to z, p :
1
=
p · x0 + 2 v0 T
~

•

1
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A. Roura, Phys. Rev. Lett. 118, 160401 (2017)
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Initial co-location as well as loss of contrast
are simultaneously taken care of.

•

Required single-photon frequency change:

‣ for longer times in space
T = 5s

⌫ ⇠ 14 GHz

‣ for moderate times (and higher
sufficient

•

2n = 50

T = 1s

) AOMs may be
⌫ ⇠ 0.6 GHz

Dependence on the mirror position, but highly suppressed in the
differential measurement.

PRL 118, 160401 (2017)

PHYSICAL REVIEW LETTERS

week ending
21 APRIL 2017

Circumventing Heisenberg’s Uncertainty Principle in Atom Interferometry
Tests of the Equivalence Principle
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•

Atom interferometry tests of universality of free fall based on the differential measurement of two
different atomic species provide a useful complement to those based on macroscopic masses. However,
when striving for the highest possible sensitivities, gravity gradients pose a serious challenge. Indeed, the
relative initial position and velocity for the two species need to be controlled with extremely high accuracy,
which can be rather demanding in practice and whose verification may require rather long integration times.
Furthermore, in highly sensitive configurations gravity gradients lead to a drastic loss of contrast. These
difficulties can be mitigated by employing wave packets with narrower position and momentum widths, but
this is ultimately limited by Heisenberg’s uncertainty principle. We present a promising scheme that
overcomes these problems by compensating the effects of the gravity gradients and circumvents the
fundamental limitations due to Heisenberg’s uncertainty principle. Furthermore, it relaxes the experimental
requirements on initial colocation by several orders of magnitude.

Besides tests of UFF, application to gradiometry measurements:
(relaxing coupling of static to initial-position/velocity jitter & bias)

‣ mapping of Earth’s gravitational field from space
DOI: 10.1103/PhysRevLett.118.160401

The equivalence principle is a cornerstone of general
relativity and Einstein’s key inspirational principle in his
quest for a relativistic theory of gravitational phenomena.
Experiments searching for small violations of the principle
are being pursued in earnest [1] since they could provide
evidence for violations of Loretnz invariance [2] or for
dilaton models inspired by string theory [3], and they could
offer invaluable hints of a long sought underlying fundamental theory for gravitation and particle physics. A central
aspect that has been tested to high precision is the universality
of free fall (UFF) for test masses. Indeed, torsion balance

atom interferometry can reach a precision of the order of
10−9 g in 1 sec [15] and are mainly limited by the vibrations of
the retroreflecting mirror. When performing simultaneous
differential interferometry measurements for both species
and sharing the retroreflecting mirror (as sketched in Fig. 1),
common-mode rejection techniques can be exploited to
suppress the effects of vibration noise and enable higher
sensitivities for the measurement of differential accelerations
[7,16–19]. Thus, although tests of UFF based on atom
interferometry have reached sensitivities up to 10−8 g so
far, there are already plans for future space missions that aim

‣ accurate measurements of G
‣ gravitational antennas

−13

•

Experimental demonstration for gradiometry measurements (Florence):
G. D’Amico et al., Phys. Rev. Lett. 119, 253201 (2017)

•

Atomic fountain experiments in Stanford’s 10-meter tower:

‣ gravity-gradient compensation scheme
successfully implemented

‣ very effective in overcoming the
initial-colocation problem

‣ key ingredient in efforts to test UFF
with atom interferometry at 10
Overstreet et al., Phys. Rev. Lett. (2018)
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Gradiometry & determination of G

•

G. Rosi, Metrologia 55, 50 (2018)

•
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Compensation
of large rotation rates

•

Compensation of rotations with a tip-tilt mirror
as seen from a non-rotating frame:

•

Tip-tilt mirror leads to change in ke↵
along the longitudinal direction:
0
ke↵ ! ke↵
= cos(⌦T ) ke↵

•

It can be compensated with following
change for the second pulse:

ke↵ ⇡

(1/2)(⌦ T )2 ke↵

0
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•
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0
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•

It can be compensated with following
change for the second pulse:
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(1/2)(⌦ T )2 ke↵

0
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•

Simultaneous compensation of gravity gradients
and large rotation rates:
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•

Quantitative example for BECCAL

‣ ISS’s angular velocity and gravity gradient:
⌦ISS ⇡ 1.13 mrad/s
⇡ 2.5 ⇥ 10

6

s

2

‣ required frequency change for T
⌫ ⇡ 1.5 GHz

(partial cancellation)

= 2.6 s :

Conclusion

•

Gradiometry and tests of UFF based on AI can provide a
useful complement to those based on macroscopic masses.

•

Gravity gradients pose a great challenge in practice as well as
an ultimate limitation from HUP due to:

‣ initial co-location of the two species
‣ loss of contrast

•

I have presented a novel scheme that can simultaneously
overcome both difficulties.

•

It can be combined with a tip-tilt mirror to compensate large
rotation rates.
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