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Search for new physics

• Limitations of particle colliders. 

• Alternative probes of physics beyond the SM & the interplay between gravity and quantum mechanics: 

‣ cosmology, early universe (indirectly) 

‣ precision measurements (e.g. eEDM, tests of the equivalence principle) 

‣ interplay between gravity & QM: quantum test particle / quantum source 

• Tools for precision measurements:  atomic quantum sensors 

                                                         such as atomic clocks and atom interferometers 

                                                         (e.g. most accurate measurements of the fine-structure constant)
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Outline

1. Tools for precision measurements:  atomic clocks & atom interferometers 

2. Gravitational measurements for fundamental physics 

3. General relativistic effects in the quantum regime 

‣ Quantum-clock interferometry 

‣ Spacetime curvature and proper-time difference 

‣ Two-photon interferometry with frequency-entangled pairs 

4. Conclusions 

5. Scalar Aharonov-Bohm effect  …
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Tools for precision measurements: 

atomic clocks & atom interferometers
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Atom interferometers as accelerometers
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• Proper time encoded in the relative phase between the two internal states (clock states).
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Two-level atom as a quantum clock
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• Comparison of independent clocks  (after read-out pulse):
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• Theoretical description of the clock: 

‣ two-level atom  (internal state): 

‣ classical action for COM motion:
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Two-level atom as a quantum clock
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• Theoretical description of the clock: 

‣ two-level atom  (internal state): 

‣ classical action for COM motion:
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Gravitational measurements 

for fundamental physics
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Equivalence principle tests and gravitational constant
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of the other. Experimental points are distributed around an ellipse. The
differential phase shift is extracted from the eccentricity and the rota-
tion angle of the ellipse fitting the data22. The instrument sensitivity for
differential acceleration is 3 3 1029g for 1 s of integration (g is the accel-
eration due to Earth’s gravity).

The source mass is composed of 24 tungsten alloy cylinders, for a
total mass of about 516 kg. Each cylinder is machined to have a diameter
of 99.90 mm and a height of 150.11 mm. They are positioned on two
titanium platforms and distributed with hexagonal symmetry around
the vertical axis of the tube (Fig. 1). The cylinders’ centres lie around
two circles with nominal radii 2R and 2R

ffiffiffi
3
p

, respectively, where R is

the radius of a single cylinder. The vertical positioning of the two plat-
forms is ensured by precision screws synchronously driven by stepper
motors and by an optical readout system. The reproducibility of the
positioning was verified with a laser tracker to be within 1 mm (ref. 20).
With respect to the position of the apogee of the lower atomic cloud,
the centres of the lower and upper sets of cylinders lie at respective
vertical distances of 40 and 261 mm in one configuration (the C con-
figuration) and at 274 and 377 mm in another (the F configuration).

The value of the Newtonian gravitational constant was obtained from
a series of gravity gradient measurements performed by periodically
changing the vertical position of the source masses between configurations
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Figure 1 | Sketch of the experiment. The Rb atom interferometer operates
as a gravity gradiometer and the W masses are used as the source of the
gravitational field. For the measurement of G, the position of the source masses
is alternated between configurations F and C. Plots of gravitational acceleration
(az) produced along the symmetry axis by the source masses are also shown

for each configuration; a constant value for Earth’s gravity was subtracted. The
spatial regions of the upper and lower atom interferometers are indicated by the
thick lines. The vertical acceleration plots show the effect of source mass in
cancelling the local gravity gradient at the positions of the atomic apogees.
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Figure 2 | Experimental data. a, Typical Lissajous figures obtained by plotting
the output signal of the upper atom interferometer versus that of the lower
one for the two configurations of the source masses. b, Modulation of the
differential phase shift for the two configurations of source masses for a given
direction of the Raman beams’ k vector. Each phase measurement is obtained
by fitting a 360-point scan of the atom interference fringes to an ellipse.
The error bars, not visible on this scale, are given by the standard error of the

least-squares fit to the ellipse. c, Results of the measurements to determine G.
Each point is obtained by averaging the signals recorded for the two directions
of the Raman k vector (Methods). Data acquisition for each point took
about one hour. These data were recorded on different days during one week in
July 2013. The error bars are given by the combined errors in the phase angles of
four ellipses. d, Histogram of the data in c.
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12ℏk momentum. The pulses addressing each interfero-
meter arm are interleaved, and the time interval between
successive transitions is 3 ms. Collectively, these pulses
split the clouds symmetrically in the vertical direction. The
symmetric interferometer geometry guarantees that the
midpoint trajectory [17] of each isotope remains essentially
unperturbed. The interferometer duration 2T is 1910 ms,
and the maximum wave packet separation for 12ℏk is
6.9 cm (6.7 cm) for 85Rb (87Rb). After a total drift time of
2.5 s, the output ports (separated by 2ℏk momentum [18])
are imaged with two orthogonal CCD cameras along the
horizontal directions. One isotope is imaged with a time
delay of 1 ms so that the two species can be individually
resolved. The phase of each interferometer is given by the
population ratio of its output ports. Figure 1(a) shows a
schematic of the interferometer sequence.
In an EP test configuration, the differential phase between

85Rb and 87Rb is close to zero. To distinguish small positive
from small negative differential phases, a precise phase offset
is needed. By adjusting the angles of the interferometry
beams, we imprint a horizontal phase gradient so that each
image contains a full interference fringe. This “detection
fringe” is highly common to both isotopes and allows the
contrast and phase of each interferometer to be extracted
from a single shot; see Supplemental Material for additional
details [19]. Figure 1(b) shows a fluorescence image in
which the detection fringe is visible.
The differential phase shift Δϕ ¼ nkΔgT2 is propor-

tional to the relative acceleration Δg between the atoms.

We achieve a single-shot differential phase resolution of up
to 8 mrad in an 8ℏk interferometer, determined from the
observed standard deviation of the differential phase in a set
of 20 shots. This resolution corresponds to a relative
acceleration sensitivity of 1.4 × 10−11 g per shot with duty
cycle 15 s. The observed noise is close to the atomic shot
noise limit with ∼105 atoms per interferometer and inter-
ference contrast of 70%. In each data run, the initial beam
splitter direction, number of photon recoils n per beam
splitter (4, 8, or 12), detection fringe direction, and imaging
order are permuted. The differential phase is averaged over
initial beam splitter direction, detection fringe direction,
and imaging order to suppress systematic errors. A full run
consists of about 20 shots in each configuration (480 shots
total). The statistical sensitivity is derived from three full
runs taken on three separate days. Throughout the data-
taking and analysis process, the EP result was blinded by
the addition of an unknown offset to each differential phase
measurement.
Systematic errors arise from effects that shift the 85Rb

interferometer phase relative to the 87Rb phase. In our
experiment, there are three significant sources of systematic
error: differences in kinematic d.o.f., differences in the
interaction with the electromagnetic field, and imaging
errors. A summary of the systematic errors is presented in
Table I. The most significant systematic effects are
described in the text below, and additional errors are
discussed in the Supplemental Material [19]. The final

(a) (b)

FIG. 1. (a) Schematic of simultaneous 85Rb and 87Rb interfero-
meter in the initial rest frame of the atoms (not to scale). In pulse
zone 1 (t ¼ 0), each atom cloud is split into two interferometer
paths with ℏk1 momentum difference. In pulse zone 2 (t ¼ T),
the paths are reflected toward each other with wave vector k2. In
pulse zone 3 (t ¼ 2T), the paths are recombined and interfered
with wave vector k3. The effective wave vectors k1, k2, and k3

differ slightly in orientation and magnitude to create a tailored
phase response to kinematic initial conditions. The midpoint
trajectory of each isotope remains essentially unperturbed
throughout the interferometer; the 85Rb and 87Rb midpoint
trajectories are overlapped to within 65 μm. (b) Single fluores-
cence image (14.8 mm × 25.6 mm) of 85Rb and 87Rb output ports
(0ℏk and −2ℏk) with 8ℏk beam splitters. The detection fringe
allows precise single-shot phase extraction.

TABLE I. Error budget in units of 10−12 g. The parameter Δz
(Δvz) includes all errors that are linearly proportional to the initial
vertical position (velocity) difference between the two isotopes.
Likewise, Δx (Δvx) includes all errors proportional to the initial
position (velocity) difference in the detection fringe direction, and
Δy (Δvy) includes all errors proportional to the initial position
(velocity) difference in the orthogonal horizontal direction. See
main text and Supplemental Material [19] for descriptions of
other systematic errors. All uncertainties are 1σ. For entries in
which no shift value is recorded, the shift is zero.

Parameter Shift Uncertainty

Total kinematic 1.5 2.0
Δz 1.0
Δvz 1.5 0.7
Δx 0.04
Δvx 0.04
Δy 0.2
Δvy 0.2
Width 1.6

ac-Stark shift 2.7
Magnetic gradient −5.9 0.5
Pulse timing 0.04
Blackbody radiation 0.01
Total systematic −4.4 3.4
Statistical 1.8

PHYSICAL REVIEW LETTERS 125, 191101 (2020)

191101-2

Asenbaum et al., Phys. Rev. Lett. 125, 191101 (2020) Rosi et al., Nature 510, 518 (2014)

Test of universality of free fall (UFF) gravitational constant G

87Rb85Rb

⌘AB = 2 |gA�gB |
gA+gB
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• Systematics associated with initial central position & momentum of the two atomic species can mimic 

a violation of UFF: 

• Such sensitivity to initial conditions due to gravity gradients is one of the main systematic effects in 

most precision measurements based on atom interferometry.
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Major challenges posed by gravity gradients
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• Tidal forces lead to an open interferometer: 

• Sensitivity to initial conditions directly related to 
such relative displacement between the two 
interfering wave packets at each exit port.
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freely falling frame
(Einstein elevator)

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

Albert Roura
Institut für Quantenphysik, Universität Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany

(Received 26 July 2016; published 17 April 2017)

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.

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 funda-
mental theory for gravitation and particle physics. A central
aspect that has been tested to highprecision is the universality
of free fall (UFF) for test masses. Indeed, torsion balance
experiments have reached sensitivities at the 10−13 g level [4]
and it is hoped that this can be improved 2 orders of
magnitude in a forthcoming satellite mission [5].
An interesting alternative that has been receiving increas-

ing attention in recent years is to perform tests of UFF with
quantum systems and, more specifically, using atom inter-
ferometry. Instead of macroscopic test masses these kinds of
experiments compare the gravitational acceleration experi-
enced by atoms of different atomic species [6–10]. They offer
a valuable complement to traditional tests with macroscopic
objects because a wide range of new elements with rather
different properties can be employed, so that better boundson
models parametrizing violations of the equivalence principle
can be achieved even with lower sensitivities to differential
accelerations [8,11]. Furthermore, given the different kind of
systematics involved, they could help to gain confidence in
eventual evidence for violations of UFF.
By using neutral atoms prepared in magnetically insensi-

tive states and an appropriate shielding of the interferometry
region, one can greatly suppress the effect of spurious forces
acting on the atoms, which constitute excellent inertial
references [12–14]. State of the art gravimeters based on

atom interferometry can reach a precision of the order of
10−9g in 1 sec [15] and aremainly limited by thevibrations 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 themeasurement of differential accelerations
[7,16–19]. Thus, although tests of UFF based on atom
interferometry have reached sensitivities up to 10−8g so
far, there are already plans for future space missions that aim
at sensitivities of 10−15g [20,21] by exploiting the longer
interferometer times available in space and the fact that the
sensitivity scales quadratically with the time.

FIG. 1. Sketch of an atom interferometry setup for differential
acceleration measurements of two different atomic species.
The various laser beams driving the diffraction processes for
both species share a common retroreflection mirror so that
vibration noise is highly suppressed in the differential phase-
shift measurement.
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acting on the atoms, which constitute excellent inertial
references [12–14]. State of the art gravimeters based on

atom interferometry can reach a precision of the order of
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the retroreflecting mirror. When performing simultaneous
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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 themeasurement of differential accelerations
[7,16–19]. Thus, although tests of UFF based on atom
interferometry have reached sensitivities up to 10−8g so
far, there are already plans for future space missions that aim
at sensitivities of 10−15g [20,21] by exploiting the longer
interferometer times available in space and the fact that the
sensitivity scales quadratically with the time.
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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.
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aspect that has been tested to highprecision is the universality
of free fall (UFF) for test masses. Indeed, torsion balance
experiments have reached sensitivities at the 10−13 g level [4]
and it is hoped that this can be improved 2 orders of
magnitude in a forthcoming satellite mission [5].
An interesting alternative that has been receiving increas-
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(i) Quantum-clock interferometry

Sinha & Samuel, Class. Quantum Grav. 28, 145018 (2011)

Zych et al., Nat. Commun. 2, 505 (2011)
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where U0 ¼ Uðx̄0Þ is the value of the gravitational poten-
tial at the central position of the trapped wave packets. On
the other hand, evaluating Eq. (3) for the freely falling
trajectory (parallel to g) in a uniform gravitational field
yields

Sn ¼ −mnc2ð1þ U0=c2ÞΔt −
1

24
mng2Δt3; ð20Þ

where g ¼ jgj and Δt is the time interval between the first
and second intersections of the freely falling spacetime
trajectory with the static one at x ¼ x̄0. The Δt3 phase
contribution for uniform force fields, as well as possible
ways of measuring it with atom interferometry, has been
investigated in Ref. [35], and its connection with the
relativistic time dilation for a freely falling particle has
been pointed out in Ref. [36]. From Eq. (20), one can
immediately obtain the following phase difference between
the internal states, which determines the outcome of the
atomic clock’s read-out:

ϕ2−ϕ1¼−
!
Δmc2

ℏ

"#
ð1þU0=c2ÞΔtþ

1

24

g2

c2
Δt3

$
: ð21Þ

The term proportional to g2Δt3, which can be interpreted
as the proper-time difference between the two trajectories
in Fig. 2, can be measured by comparing the read-outs of
the static and freely falling clocks, determined, respec-
tively, by Eqs. (19) and (21). As explained in Sec. II B, in
practice, one actually determines the transition frequency
in a Ramsey spectroscopy measurement, and the resulting
frequencies for the two clocks are proportional to
the corresponding redshift factor Δτ=Δt in each case,
which differ by ðg2=c2ÞΔt2=24. For Δt ¼ 1 s, this differ-
ence amounts to a relative frequency difference
Δν=ν ∼ 5 × 10−17. While this precision is feasible for static
clocks based on optical transitions of cold atoms trapped in
magic-wavelength optical lattices, it is about an order of
magnitude more demanding than the highest precision
achievable to date with atomic clocks based on microwave
transitions of cold atoms freely falling in atomic fountains.
Improvements in the latter would therefore be necessary in
order to see this effect when comparing the two [37].
Alternatively, in larger atomic fountains such as Stanford’s
10-meter tower [38], where times in excess of Δt ¼ 2 s can
be reached, the resulting frequency difference would
increase by an order of magnitude and become comparable
to the current sensitivity of microwave-based clocks.
As a matter of fact, there are much larger special and

general relativistic time-dilation effects to which atomic
clocks are sensitive, but they would affect the two clocks
being compared here in the same way. They are associated
with different Earth rotation velocities for different latitudes
(corresponding to differences of the order of 102 m=s) and

with laboratory height differences of the order of 102

or 103 m.
The example analyzed in this subsection involves inde-

pendent atoms (in a superposition of internal states)
propagating along the two trajectories and is equivalent
to comparing classical clocks following those trajectories.
In contrast, we next consider a quantum superposition for
each single atom of wave packets following two spatially
separated paths.

V. QUANTUM-CLOCK INTERFEROMETRY

A. Proper time and quantum-clock interferometry

Let us consider an atom interferometer with the central
trajectories of the atomic wave packets propagating
along the different interferometer branches schematically
depicted in Fig. 3. If we assume, for simplicity, that the
evolution of the centered wave packets along the two
interferometer arms (a and b) is approximately the same,
the state at the first exit port (I) is given by

jψ Ii ¼
1

2
ðeiϕa jψaiþ eiϕb jψbiÞ ≈

1

2
ð1þ eiδϕÞeiϕa jψai;

ð22Þ

where the phase shift δϕ ¼ ϕb − ϕa is the difference
between the phases accumulated along the two branches
by the interfering wave packets. These phases include the
propagation phase described in Sec. IV for both free and
guided propagation, corresponding to Eqs. (11) and (13), as
well as the laser phases associated with any laser pulses
employed to diffract the atomic wave packets. Further
details can be found in Appendix C, where the description
of a full atom interferometer including relativistic effects is
provided.
From Eq. (22), the following probability for each atom to

be detected in exit port I is immediately obtained:

FIG. 3. Central trajectories for the interfering wave packets of a
quantum clock at exit port I. Nontrivial effects arise when the
proper times along the two interferometer branches (a and b)
differ. Analogous results hold for exit port II.

GRAVITATIONAL REDSHIFT IN QUANTUM-CLOCK … PHYS. REV. X 10, 021014 (2020)
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tial at the central position of the trapped wave packets. On
the other hand, evaluating Eq. (3) for the freely falling
trajectory (parallel to g) in a uniform gravitational field
yields

Sn ¼ −mnc2ð1þ U0=c2ÞΔt −
1

24
mng2Δt3; ð20Þ

where g ¼ jgj and Δt is the time interval between the first
and second intersections of the freely falling spacetime
trajectory with the static one at x ¼ x̄0. The Δt3 phase
contribution for uniform force fields, as well as possible
ways of measuring it with atom interferometry, has been
investigated in Ref. [35], and its connection with the
relativistic time dilation for a freely falling particle has
been pointed out in Ref. [36]. From Eq. (20), one can
immediately obtain the following phase difference between
the internal states, which determines the outcome of the
atomic clock’s read-out:

ϕ2−ϕ1¼−
!
Δmc2

ℏ

"#
ð1þU0=c2ÞΔtþ

1

24

g2

c2
Δt3

$
: ð21Þ

The term proportional to g2Δt3, which can be interpreted
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in Fig. 2, can be measured by comparing the read-outs of
the static and freely falling clocks, determined, respec-
tively, by Eqs. (19) and (21). As explained in Sec. II B, in
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be reached, the resulting frequency difference would
increase by an order of magnitude and become comparable
to the current sensitivity of microwave-based clocks.
As a matter of fact, there are much larger special and
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clocks are sensitive, but they would affect the two clocks
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(corresponding to differences of the order of 102 m=s) and
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In contrast, we next consider a quantum superposition for
each single atom of wave packets following two spatially
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where the phase shift δϕ ¼ ϕb − ϕa is the difference
between the phases accumulated along the two branches
by the interfering wave packets. These phases include the
propagation phase described in Sec. IV for both free and
guided propagation, corresponding to Eqs. (11) and (13), as
well as the laser phases associated with any laser pulses
employed to diffract the atomic wave packets. Further
details can be found in Appendix C, where the description
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FIG. 3. Central trajectories for the interfering wave packets of a
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The creation of delocalized coherent superpositions of quantum systems experiencing different
relativistic effects is an important milestone in future research at the interface of gravity and quantum
mechanics. This milestone could be achieved by generating a superposition of quantum clocks that follow
paths with different gravitational time dilation and investigating the consequences on the interference signal
when they are eventually recombined. Light-pulse atom interferometry with elements employed in optical
atomic clocks is a promising candidate for that purpose, but it suffers from major challenges including its
insensitivity to the gravitational redshift in a uniform field. All of these difficulties can be overcome with
the novel scheme presented here, which is based on initializing the clock when the spatially separate
superposition has already been generated and performing a doubly differential measurement where the
differential phase shift between the two internal states is compared for different initialization times. This
scheme can be exploited to test the universality of the gravitational redshift with delocalized coherent
superpositions of quantum clocks, and it is argued that its experimental implementation should be feasible
with a new generation of 10-meter atomic fountains that will soon become available. Interestingly, the
approach also offers significant advantages for more compact setups based on guided interferometry or
hybrid configurations. Furthermore, in order to provide a solid foundation for the analysis of the various
interferometry schemes and the effects that can be measured with them, a general formalism for a
relativistic description of atom interferometry in curved spacetime is developed. It can describe freely
falling atoms as well as the effects of external forces and guiding potentials, and it can be applied to a very
wide range of situations. As an important ingredient for quantum-clock interferometry, suitable diffraction
mechanisms for atoms in internal-state superpositions are investigated too. Finally, the relation of the
proposed doubly differential measurement scheme to other experimental approaches and to tests of the
universality of free fall is discussed in detail.

DOI: 10.1103/PhysRevX.10.021014 Subject Areas: Atomic and Molecular Physics,
Gravitation, Quantum Physics

I. INTRODUCTION

In this article, a general formalism describing relativistic
effects in atom interferometry for atoms propagating in
curved spacetime is developed. This formalism is then
exploited in Sec. VI to present a novel scheme for quantum-
clock interferometry, which is sensitive to gravitational-
redshift effects and whose experimental implementation
should be within reach of the 10-meter atomic fountains of
Sr and Yb atoms that will soon become available at
Stanford and HITec (Hannover), respectively.
Remarkable advances in atom interferometry have

enabled the creation of macroscopically delocalized

quantum superpositions with atomic wave packets sepa-
rated up to half a meter [1]. Nevertheless, in all cases
realized so far, the differences in the dynamics of the two
wave packets of the superposition can be entirely described
in terms of Newtonian mechanics. While the impressive
precision of atomic clocks based on optical transitions
enables the measurement of the gravitational redshift for
height differences as little as one centimeter, this result is
achieved by comparing two independent clocks. In con-
trast, creating delocalized coherent superpositions of quan-
tum systems experiencing different relativistic effects
remains an important milestone in future research at the
interface of gravity and quantum mechanics.
This result couldbe achievedbygenerating a superposition

of quantum clocks that follow paths with different gravita-
tional time dilation and investigating the consequences on the
interference signal when they are eventually recombined [2].
More specifically, the proper-time differences between the
two interferometer arms imprint which-way information on

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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(i) Quantum-clock interferometry

• Relativity of simultaneity for spatially separated 
events. 

• Simultaneous initialization in the lab frame, 
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for nonrelativistic velocities and weak gravitational fields
leading to Eq. (3) was used in the last equality. The proper
times Δτa and Δτb correspond to the dashed segments of
the central trajectories depicted in Fig. 1.
In principle, one could try to compare the interference

contrast C for state-independent detection obtained at differ-
ent times in order to measure the loss of contrast described in
Sec. VA. (The vibration noise of the retroreflection mirror
naturally provides a uniform, random, phase-shift distribu-
tion for repeated shots, so the contrast can be determined
through a suitable statistical analysis of the distribution of
outcomes [66].) However, the alternative method based on
the doubly differential measurement presented above and
encoded in Eq. (43) clearly has many advantages. First, as
already pointed out in Sec. V B, important systematic effects
and noise sources are highly suppressed in differential phase-
shift measurements through common-mode rejection, and
much higher sensitivities than in a direct contrast measure-
ment can be achieved. Second, subtracting the differential
phase shifts for different initialization times while leaving
everything else unchanged provides further immunity over
the whole duration of the interferometer to unwanted effects
that are independent of the internal state as well as to any
unwanted effects (even state-dependent ones) that take place
before the earliest or after the latest of the two initialization
times and are hence common to both differential phase-shift
measurements. Finally, as shown by Eq. (43), the gravita-
tional time dilation can be directly read out from the
measurement. This fact can be exploited to test the univer-
sality of the gravitational redshift in this context as explained
in Sec. VII.

B. Description in the freely falling frame

It is instructive to reanalyze, in a freely falling frame, the
quantum-clock interferometry scheme just proposed, espe-
cially given that the insensitivity of standard light-pulse
atom interferometers to gravitational time dilation argued in
Sec. V C could be most clearly seen in such frames.

Figure 7 displays the central trajectories of the interfer-
ometer in a freely falling frame, more specifically, in the
frame where the trajectories are at rest after the first pair of
Bragg pulses. The key point is that while the constant-
phase hypersurfaces for the initialization pulse correspond
to constant-time hypersurfaces in the laboratory frame, they
are no longer hypersurfaces of simultaneity in the freely
falling frame: They appear as tilted straight lines in the
1þ 1 spacetime diagram of Fig. 7. As a result, their
intersection points with the two central trajectories exhibit
the following time difference in the freely falling frame:

δτc ¼ −vðtÞΔz=c2 ¼ gðt − tapÞΔz=c2; ð44Þ

where vðtÞ ¼ −gðt − tapÞ is the relative velocity between
the freely falling frame and the laboratory frame, and
we have again considered, for simplicity, the regime of
weak gravitational fields and nonrelativistic velocities;
thus, terms suppressed by higher powers of 1=c2

have been neglected. The time at which the apex of the
central trajectories is reached has been denoted by tap.
Alternatively, one can obtain the time difference in Eq. (44)
from the fact that the effective phase factor for the two-
photon transition driven by the initialization pulse, which is
spatially independent in the laboratory frame, becomes
exp ð−iω̄cðτc − τðiÞc Þ þ ik̄0 · ðx0 − x0

iÞ) in the comoving
frame, as explained in Appendix D.
From Eq. (44), it is clear that the proper time elapsed

along the two interferometer arms between initialization
pulses at laboratory times ti and t0i differs by

δτcðt0iÞ − δτcðtiÞ ¼ (vðtiÞ − vðt0iÞ)Δz=c2 ¼ gðt0i − tiÞΔz=c2;
ð45Þ

from which the differential-phase-shift difference immedi-
ately follows:

FIG. 7. In the freely falling frame, the proper-time difference between the dashed segments in the doubly differential measurement is a
consequence of the lack of simultaneity for the spatial hypersurfaces associated with the initialization pulses.
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Atomic clocks can measure the gravitational redshift predicted by general relativity with great accuracy
and for height differences as little as 1 cm. All existing experiments, however, involve the comparison of
two independent clocks at different locations rather than a single clock in a delocalized quantum
superposition. Here we present an interferometry scheme employing group-II-type atoms, such as Sr or Yb,
capable of measuring the gravitational time dilation in a coherent superposition of atomic wave packets at
two different heights. In contrast to other recent proposals, there is no need for pulses that can efficiently
diffract both internal states. Instead, the scheme relies on very simple atom optics for which high diffraction
efficiencies can be achieved with rather mild requirements on laser power. Furthermore, the effects of
vibration noise are subtracted by employing a simultaneous Rb interferometer that acts as an inertial
reference. Remarkably, the recently commissioned VLBAI facility in Hannover, a 10-m atomic fountain
that can simultaneously operate Yb and Rb atoms and enables up to 2.8 s of free evolution time, meets all
the requirements for a successful experimental implementation.
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I. INTRODUCTION

Light-pulse atom interferometers [1,2] can create
quantum superpositions of atomic wave packets with
spatial separations reaching the half-meter scale [3],
and have shown a great potential as inertial sensors
[4,5] for both practical applications and highly sensitive
measurements in fundamental physics [6]. The latter
include the accurate determination of fundamental con-
stants [7–10] as well as high-precision tests of QED
[8–10], the universality of free fall (UFF) [11–14], and
certain dark-energy models [15–17].
On the other hand, the remarkable accuracy achieved by

atomic clocks [18–20], which has been exploited in
searches of ultralight dark-matter candidates [21] and of
tiny violations of Lorentz invariance [22,23], enables
measurements of the gravitational redshift that have con-
firmed the agreement with Einstein’s predictions to one part
in 105 [24,25] and for height differences as small as 1 cm

[26,27]. So far these experiments have always relied on the
comparison of several independent clocks. Nevertheless, in
order to investigate general relativistic effects in a truly
quantum regime, it would be of great interest to measure
the effects of gravitational time dilation for a single clock in
a quantum superposition of wave packets peaked at differ-
ent heights.
Contrary to initial claims [28], commonly employed

atom interferometers cannot be exploited to measure the
gravitational redshift [29,30]. In fact, even quantum-clock
interferometry experiments [31,32] where atoms are pre-
pared in a superposition of two internal states and then sent
through a light-pulse atom interferometer are insensitive to
gravitational time-dilation effects in a uniform gravitational
field [33,34]. As shown in Ref. [33], on the other hand, this
lack of sensitivity can be overcome by initializing the
quantum clock when the spatially separated superposition
of atomic wave packets has already been generated.
However, that scheme (and related ones [35]) involves
laser pulses capable of efficiently diffracting both internal
states. And such pulses entail very demanding requirements
on laser power or rather complex setups for implementing
new diffraction techniques that have not been demonstrated
yet and will need years of further development. Moreover,
some of these interferometer configurations [35] are also
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the resonance condition due to the initial velocity of the
atoms cancel out at linear order and only much smaller
terms quadratic in the velocity contribute. Finally, the
spatial dependence of the effective phase associated with
the two-photon process cancels out in the laboratory frame
and the hypersurfaces of constant phase correspond to
simultaneity hypersurfaces in this frame, which is crucial to
guarantee the proper synchronization of the inversion
pulses acting on the two interferometer arms. In fact,
due to the relativity of simultaneity for spatially separated
events, these pulses do not act simultaneously on both arms
in the freely falling frame [33], and this is actually how the
insensitivity to gravitational redshift for a uniform field is
circumvented in this case.
As shown by Eq. (7), the new interferometry scheme

displayed in Fig. 2 can successfully measure the difference
of gravitational time dilation between the two arms during
the free evolution between the two inversion pulses. In
order to confirm that these measurements can indeed be
interpreted as tests of the universality of gravitational
redshift (UGR) with macroscopically delocalized quan-
tum superpositions, we will follow the approach of
Ref. [33] and consider a dilaton model [57,58] as a
consistent framework for parametrizing violations of
the equivalence principle. For weak gravitational fields
the effect of the dilaton field amounts to replacing the
potential term in Eq. (6) with mnð1þ βnÞUðt0;XÞ, where
the parameters βn encode deviations from a metric theory
of gravity and are directly related to the Eötvös parameter
ηe-g characterizing the violations of UFF for the two
internal states: ηe-g ≈ ðβ2 − β1Þ. With this new propaga-
tion phase one can rederive the result for the differential
phase shift in Eq. (7) and find that the proper-time
difference Δτb − Δτa is replaced by

Δτ̄b − Δτ̄a ≈ ð1þ αe-gÞðgΔz=c2Þðtf − tiÞ; ð8Þ

where αe-g parametrizes the violations of UGR and is
given by

αe-g ¼
m1

Δm
ðβ2 − β1Þ; ð9Þ

which reveals the close connection between UGR and
UFF [59]. The result in Eqs. (8) and (9) coincides with
what is obtained for the comparison of two independent
clocks with a height difference Δz. In this case, however, a
single clock is in a quantum superposition of two spatially
separated wave packets.
It should be noted that in order to compare with the

expected general relativistic result in Eq. (7) and place
bounds on the parameter αe-g, both the gravitational
acceleration g and the energy difference ΔE ¼ Δmc2 as
well as Δz and ðtf − tiÞ should be measured independently.
The energy difference ΔE can be determined by standard

FIG. 4. Schematic diagram of the VLBAI facility, a 10-m
atomic fountain capable of simultaneously operating Rb and Yb
atom interferometers. The directions of the laser beams employed
for the inversion (red) and Bragg-diffraction (green and blue)
pulses are also displayed. The upward propagating beams
have been retroreflected by the vibrationally isolated mirror
at the bottom.

FIG. 3. Relevant energy levels and transitions for Yb atoms.
The two-photon E1–M1 transition (red arrows) employed for the
inversion pulses can be interpreted as the absorption of two
counterpropagating equal-frequency photons. On the other hand,
the Bragg transition (blue and green arrows) on which the
diffraction pulses are based involves the absorption and stimu-
lated emission of two counterpropagating photons with a slight
frequency difference Δω=2π that accounts for the change of the
atom’s kinetic energy. The two clock states are respectively
indicated with orange and purple color.
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III. QUANTUM-CLOCK INTERFEROMETRY

A natural way of observing time-dilation effects in
delocalized quantum superpositions is by performing a
quantum-clock interferometry experiment [31] with the
same kind of atoms employed in optical atomic clocks,
such as Sr or Yb. In this case, one prepares an equal-
amplitude superposition of the two internal clock states
which is then used as the initial state of a light-pulse atom
interferometer, where the atomic wave packet is split,
redirected, and finally recombined by a series of laser
pulses acting as diffraction gratings. As emphasized in
Ref. [32], any differences in the time dilation along the two
arms lead to a contrast reduction of the interferometric
signal. However, this effect is far too small to be observable
within the parameter regimes accessible to current experi-
ments [33]. Furthermore, this kind of interferometer is
insensitive to gravitational time dilation in a uniform field.
This lack of sensitivity can be easily understood by
considering a freely falling frame [33], where the central
trajectories correspond to straight lines independent of the
gravitational acceleration g, and has also been explicitly
shown in a nonrelativistic calculation [34].
As recently proposed [33], these difficulties can be

circumvented by initializing the clock (i.e., generating
the superposition of internal states) after the superposition
of spatially separated wave packets has already been
created and then performing a state-selective measurement
of the exit ports in order to determine the interferometer
phase shift for each of the two internal states. The differ-
ential phase shift between the two states contains in that
case very valuable information. In fact, a doubly differential
measurement comparing the outcomes of the differential
measurements for two different initialization times ti and t0i,
as illustrated in Fig. 1, is directly related to the gravitational
redshift between the two arms. Indeed, the difference
between the two differential measurements corresponds
to the additional time spent in the excited state for the
earlier initialization (dashed segments) as well as the
different gravitational time dilation for the two arms during
that period due to the height difference.
An important aspect of the scheme of Fig. 1 is that the

phase shift for both internal states is simultaneously
measured in a single shot through state-selective detection.
This is because the differential phase-shift measurement
benefits from common-mode rejection of unwanted effects
acting commonly on both internal states, and the simulta-
neous measurement guarantees that such cancellation also
holds for effects that are not stable from shot to shot such as
vibration noise of the retroreflection mirror, which is
otherwise the typical dominant noise source for long
interferometer times. However, the main challenge of such
a scheme is that the diffraction pulses applied after the
initialization pulse should be capable of efficiently dif-
fracting atoms in either of the two internal states and should
actually have comparable Rabi frequencies in both cases.

A natural option for the simultaneous diffraction of both
internal states is Bragg diffraction [44] at the magic
wavelength [45], which guarantees that the optical poten-
tials, and hence the Rabi frequencies, are indeed the same
for jgi and jei. This wavelength is, however, far detuned
from any transition and requires rather large laser inten-
sities in order to achieve Rabi frequencies that are not too
low. Lower Rabi frequencies require longer pulses and lead
to reduced diffraction efficiencies due to higher velocity
selectivity [46], which becomes a serious limiting factor
even for atomic clouds with narrow momentum distribu-
tions. Furthermore, the spatial extent of atomic clouds
freely evolving for several seconds also constrains the
minimum beam size [47], which altogether places very
demanding requirements on laser power. Indeed, this is
clearly illustrated by the following quantitative example for
Yb atoms: 5 W of laser power and a 1-cm beam waist lead
to a Rabi frequencyΩ ≈ 2π × 11 Hz, and even for a narrow
momentum distribution with Teff ¼ 1 nK such a Rabi
frequency would imply a diffraction efficiency for a single
π=2 pulse of less than 3% compared to an ideal pulse.
An alternative diffraction mechanism proposed in

Ref. [33] involves a combination of simultaneous pairs
of pulses driving single-photon transitions between the
two clock states. The application of these single-photon

FIG. 1. Central trajectories for a reversed Ramsey-Bordé
interferometer [43], which involves two pairs of laser pulses
acting as diffraction gratings (gray dashed lines), in a uniform
gravitational field. A differential phase-shift measurement of the
ground (orange) and excited (purple) states is performed for
various initialization times (ti and t0i). Comparison of the out-
comes for the two different initialization times is directly related
to the proper-time difference between the dashed segments in
the two arms (a and b), which is a consequence of gravitational
time dilation.
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Atomic clocks can measure the gravitational redshift predicted by general relativity with great accuracy
and for height differences as little as 1 cm. All existing experiments, however, involve the comparison of
two independent clocks at different locations rather than a single clock in a delocalized quantum
superposition. Here we present an interferometry scheme employing group-II-type atoms, such as Sr or Yb,
capable of measuring the gravitational time dilation in a coherent superposition of atomic wave packets at
two different heights. In contrast to other recent proposals, there is no need for pulses that can efficiently
diffract both internal states. Instead, the scheme relies on very simple atom optics for which high diffraction
efficiencies can be achieved with rather mild requirements on laser power. Furthermore, the effects of
vibration noise are subtracted by employing a simultaneous Rb interferometer that acts as an inertial
reference. Remarkably, the recently commissioned VLBAI facility in Hannover, a 10-m atomic fountain
that can simultaneously operate Yb and Rb atoms and enables up to 2.8 s of free evolution time, meets all
the requirements for a successful experimental implementation.
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I. INTRODUCTION

Light-pulse atom interferometers [1,2] can create
quantum superpositions of atomic wave packets with
spatial separations reaching the half-meter scale [3],
and have shown a great potential as inertial sensors
[4,5] for both practical applications and highly sensitive
measurements in fundamental physics [6]. The latter
include the accurate determination of fundamental con-
stants [7–10] as well as high-precision tests of QED
[8–10], the universality of free fall (UFF) [11–14], and
certain dark-energy models [15–17].
On the other hand, the remarkable accuracy achieved by

atomic clocks [18–20], which has been exploited in
searches of ultralight dark-matter candidates [21] and of
tiny violations of Lorentz invariance [22,23], enables
measurements of the gravitational redshift that have con-
firmed the agreement with Einstein’s predictions to one part
in 105 [24,25] and for height differences as small as 1 cm

[26,27]. So far these experiments have always relied on the
comparison of several independent clocks. Nevertheless, in
order to investigate general relativistic effects in a truly
quantum regime, it would be of great interest to measure
the effects of gravitational time dilation for a single clock in
a quantum superposition of wave packets peaked at differ-
ent heights.
Contrary to initial claims [28], commonly employed

atom interferometers cannot be exploited to measure the
gravitational redshift [29,30]. In fact, even quantum-clock
interferometry experiments [31,32] where atoms are pre-
pared in a superposition of two internal states and then sent
through a light-pulse atom interferometer are insensitive to
gravitational time-dilation effects in a uniform gravitational
field [33,34]. As shown in Ref. [33], on the other hand, this
lack of sensitivity can be overcome by initializing the
quantum clock when the spatially separated superposition
of atomic wave packets has already been generated.
However, that scheme (and related ones [35]) involves
laser pulses capable of efficiently diffracting both internal
states. And such pulses entail very demanding requirements
on laser power or rather complex setups for implementing
new diffraction techniques that have not been demonstrated
yet and will need years of further development. Moreover,
some of these interferometer configurations [35] are also
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the resonance condition due to the initial velocity of the
atoms cancel out at linear order and only much smaller
terms quadratic in the velocity contribute. Finally, the
spatial dependence of the effective phase associated with
the two-photon process cancels out in the laboratory frame
and the hypersurfaces of constant phase correspond to
simultaneity hypersurfaces in this frame, which is crucial to
guarantee the proper synchronization of the inversion
pulses acting on the two interferometer arms. In fact,
due to the relativity of simultaneity for spatially separated
events, these pulses do not act simultaneously on both arms
in the freely falling frame [33], and this is actually how the
insensitivity to gravitational redshift for a uniform field is
circumvented in this case.
As shown by Eq. (7), the new interferometry scheme

displayed in Fig. 2 can successfully measure the difference
of gravitational time dilation between the two arms during
the free evolution between the two inversion pulses. In
order to confirm that these measurements can indeed be
interpreted as tests of the universality of gravitational
redshift (UGR) with macroscopically delocalized quan-
tum superpositions, we will follow the approach of
Ref. [33] and consider a dilaton model [57,58] as a
consistent framework for parametrizing violations of
the equivalence principle. For weak gravitational fields
the effect of the dilaton field amounts to replacing the
potential term in Eq. (6) with mnð1þ βnÞUðt0;XÞ, where
the parameters βn encode deviations from a metric theory
of gravity and are directly related to the Eötvös parameter
ηe-g characterizing the violations of UFF for the two
internal states: ηe-g ≈ ðβ2 − β1Þ. With this new propaga-
tion phase one can rederive the result for the differential
phase shift in Eq. (7) and find that the proper-time
difference Δτb − Δτa is replaced by

Δτ̄b − Δτ̄a ≈ ð1þ αe-gÞðgΔz=c2Þðtf − tiÞ; ð8Þ

where αe-g parametrizes the violations of UGR and is
given by

αe-g ¼
m1

Δm
ðβ2 − β1Þ; ð9Þ

which reveals the close connection between UGR and
UFF [59]. The result in Eqs. (8) and (9) coincides with
what is obtained for the comparison of two independent
clocks with a height difference Δz. In this case, however, a
single clock is in a quantum superposition of two spatially
separated wave packets.
It should be noted that in order to compare with the

expected general relativistic result in Eq. (7) and place
bounds on the parameter αe-g, both the gravitational
acceleration g and the energy difference ΔE ¼ Δmc2 as
well as Δz and ðtf − tiÞ should be measured independently.
The energy difference ΔE can be determined by standard

FIG. 4. Schematic diagram of the VLBAI facility, a 10-m
atomic fountain capable of simultaneously operating Rb and Yb
atom interferometers. The directions of the laser beams employed
for the inversion (red) and Bragg-diffraction (green and blue)
pulses are also displayed. The upward propagating beams
have been retroreflected by the vibrationally isolated mirror
at the bottom.

FIG. 3. Relevant energy levels and transitions for Yb atoms.
The two-photon E1–M1 transition (red arrows) employed for the
inversion pulses can be interpreted as the absorption of two
counterpropagating equal-frequency photons. On the other hand,
the Bragg transition (blue and green arrows) on which the
diffraction pulses are based involves the absorption and stimu-
lated emission of two counterpropagating photons with a slight
frequency difference Δω=2π that accounts for the change of the
atom’s kinetic energy. The two clock states are respectively
indicated with orange and purple color.
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atom’s kinetic energy. The two clock states are respectively
indicated with orange and purple color.
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transitions to atom interferometry has already been dem-
onstrated for 88Sr atoms [48,49], but a large magnetic field
was necessary to turn the otherwise forbidden transition for
bosonic isotopes into a weakly allowed one. Since the use
of such magnetic fields does not seem viable for high-
precision measurements, fermionic isotopes, which are
harder to cool down to the required ultralow temperatures,
will need to be employed instead. Substantial efforts in this
direction are expected in the near future because several
large-scale projects [50,51] will rely on atom interferom-
eters based on such transitions. However, a number of years
of further development will still be necessary to reach the
required maturity level. Furthermore, using this kind of
pulse involves more sophisticated setups and frequency
stabilization methods. Instead, simpler diffraction tech-
niques available to any laboratory working on light-pulse
atom interferometry, such as standard Bragg diffraction,
would be desirable.

IV. ALTERNATIVE INTERFEROMETRY SCHEME

In order to address these challenges and look for
alternatives involving much simpler atom optics, let us
consider the possibility of measuring the phase shift
accumulated by the two internal states in separate shots
rather than simultaneously. This can be accomplished in
two shots as shown in Fig. 2. First, in one shot (A) the

initialization pulse (a π=2 pulse) at time ti is replaced with
an inversion pulse (a π pulse) that swaps the internal state
from jgi to jei instead of generating an equal-amplitude
superposition. Furthermore, at some later time tf in the
same shot one applies a second inversion pulse that swaps
the internal state back to jgi. Next, one repeats the
measurement in a subsequent shot (B) with no inversion
pulses but the same laser-pulse sequence otherwise. The
differential phase shift between the two shots is then given
by the proper time spent by the atoms in the excited state
and how it differs for the two arms (a and b) due to the
gravitational redshift:

δϕA − δϕB ¼ −Δmc2ðΔτb − ΔτaÞ=ℏ
¼ −ΔmgΔzðtf − tiÞ=ℏ; ð7Þ

where Δz is the vertical separation between the two arms,
and g is the gravitational acceleration along the z direction,
which coincides with the direction of the laser beams.
Interestingly, in contrast with the scheme depicted in Fig. 1,
this is achieved with a single differential measurement.
More importantly, the application of the second inver-

sion pulse implies that the second pair of diffraction
pulses also act on atoms in the ground state, which means
that all the diffraction pulses in both shots act on the same
internal state, and the challenge associated with the
diffraction of different internal states is entirely overcome.
In fact, an efficient diffraction mechanism for Sr and Yb
atoms in the ground state has already been demonstrated
in Refs. [52,53] and is readily available. It employs Bragg
diffraction based on the 1S0 − 3P1 intercombination tran-
sition, a two-photon process schematically indicated with
blue and green arrows in Figs. 3 and 4. Alternatively,
Bragg diffraction based on the 1S0 − 1P1 transition is also
possible [54]. Furthermore, large momentum transfer
(LMT), which allows reaching higher Δz with shorter
times T 0 and leaving more time available for ðtf − tiÞ, was
demonstrated in both cases too. Finally, as done in
Refs. [52–54], these diffraction pulses can also be used
with bosonic isotopes, which have a simpler spectroscopic
structure that makes them simpler to cool and can even
reach Bose-Einstein condensation [53,55].
Besides the diffraction pulses, the inversion pulses also

play a central role. They are based on the two-photon E1–
M1 transition between the two clock states investigated in
Ref. [56]. It is indicated with red arrows in Figs. 3 and 4,
and employs equal-frequency counterpropagating photons
whose frequencies equal half the frequency of the clock
transition. In contrast to the single-photon case, they can
drive the transition between the clock states for bosonic
atoms without the need for strong magnetic fields to be
applied, and have three important and closely related
properties. First, in the laboratory frame the transition
implies no momentum transfer to the atomic wave packet.
Second, this is a Doppler-free transition; i.e., corrections to

(a)

(b)

FIG. 2. Central trajectories for a reversed Ramsey-Bordé
interferometer in the laboratory frame. (a) In this frame the
inversion pulses applied at times ti and tf in shot A act
simultaneously on both arms. Nevertheless, the proper time spent
in the excited state (purple) is slightly different for the two arms
due to gravitational time dilation. (b) By repeating the measure-
ment without inversion pulses in shot B and subtracting the phase
shifts obtained in the two cases, one gets the same result as in the
quantum-clock interferometry scheme of Fig. 1.
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• Effect of spacetime curvature on a delocalized wave function. 

• Proper-time time difference between the two interferometer arms. 

• Gravitational analog of the scalar Aharonov-Bohm effect.
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(ii) Spacetime curvature and proper-time difference
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I
n Einstein’s theory of general relativ-
ity, gravity is a manifestation of space-
time curvature. As predicted by general 
relativity and confirmed by numerous 
measurements, clocks moving at dif-
ferent velocities or located in different 

regions of a gravitational field tick at dif-
ferent rates (1), a phenomenon known as 
relativistic time dilation. Under appropri-
ate conditions, time dilation can affect the 
oscillation phase of quantum waves and 
give rise to a measurable effect in interfer-
ence experiments. On page 226 of this is-
sue, Overstreet et al. (2) present an atom 
interferometry experiment in which this 
effect has been measured for gravitational 
time dilation. In addition to the impor-
tance of the results for fundamental phys-
ics, the methods used can lead to more 
accurate measurements of Newton’s gravi-
tational constant, which parametrizes  the 
strength of the gravitational interaction 
and is by far the least accurately known of 
all fundamental constants (3).

In quantum mechanics, microscopic par-
ticles can behave as waves, and each particle 
is characterized by a “wave packet.” Forces 
modify a wave packet’s propagation in the 
same way they would alter a particle’s tra-
jectory in classical mechanics. However, 
uniform changes to the potential energy 
can modify the oscillation phase of the wave 
packet without affecting its trajectory—a 
phenomenon with no classical counterpart. 
As early as the 1950s, Aharonov and Bohm 
(4) conceived an interferometry experiment 
with charged particles to observe this quan-
tum effect. Since then, several versions of 
the experiment involving electromagnetic 
fields have been realized (5, 6). By contrast, 
analogous measurements for the much 
weaker gravitational interaction had re-
mained elusive and have only been possible 
thanks to extremely sensitive atom interfer-
ometers with arm separations of up to half 
a meter (7).

Atom interferometers rely on the wave 
nature of quantum  particles and can serve 

as highly sensitive inertial sensors for both 
fundamental physics measurements and 
practical applications (8). In the atomic 
fountain setup used by Overstreet et al., 
the atoms are launched vertically at the 
bottom of a 10-m vacuum tube and follow 
a free-fall trajectory (see the figure). Short 
laser pulses are applied at different times 
and act as light gratings that split, redirect, 
and recombine the atomic wave packets. 
Each atom is thus in a quantum superpo-
sition simultaneously following two differ-
ent trajectories, sometimes referred to as 
the upper and the lower arm. Differences 
between the phase changes experienced by 
the wave packets as they evolve along the 
two arms can be read out from the interfer-
ence signal. 

There are two kinds of contributions to 
these phase changes. One corresponds to 
the propagation of the wave packets and is 
proportional to the proper time along each 
arm, which is the time that an ideal clock 
following the same trajectory would mea-
sure and includes relativistic time-dilation 

effects. The other contribution is connected 
to the laser pulses. Every time a wave 
packet is diffracted by a laser pulse, it gets 
a momentum kick, but it also experiences a 
phase change that depends on its position 
with respect to the light-grating wavefronts.

About a decade ago, researchers pro-
posed a hypothetical experiment for realiz-
ing a gravitational analog of the Aharonov-
Bohm experiment (9). In this proposal, 
atoms in the two arms spend a sufficiently 
long time at two specific points where the 
net gravitational force from a pair of mas-
sive spherical shells vanishes. Yet, the dif-
ferent value of the gravitational potential 
at these two points leads to a measurable 
phase difference. Within the framework 
of general relativity, this phase difference 
corresponds to the proper-time difference 
between the two interferometer arms due 
to gravitational time dilation. Such a hy-
pothetical experiment, however, has not 
been realized yet because any imperfection 
in the optical lattice needed for suspend-
ing the atoms in Earth’s gravity field would 
overwhelm the interference signal.

By comparison, standard atom interfer-
ometers such as the one used by Overstreet 
et al. are much less sensitive to imperfec-
tions of the laser fields, because each laser 
pulse is applied only for a short time and 
atoms are otherwise freely falling. The 
momentum kicks applied by vertical laser 
beams separate the two arms along the 
vertical direction. Therefore, the different 
gravitational time dilation experienced by 
atoms at different heights should lead to a 
proper-time difference between the upper 
and lower arm. Nevertheless, in a uniform 
gravitational field, this difference is exactly 
cancelled out by changes in kinetic energy 
caused by the gravitational acceleration, as 
can be understood by considering a freely 
falling reference frame (10). The interferom-
eter outcome is thus entirely a consequence 
of the phase changes associated with the 
laser pulses, whose net contribution is pro-
portional to the relative acceleration be-
tween the atoms and the light gratings.

By contrast, for sufficiently large arm 
separations, the effects of space-time cur-
vature, which is linked to gravity gradients, 
lead to non-negligible deviations from a 

An atom interferometer measures the quantum phase due to gravitational time dilation 
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I
n Einstein’s theory of general relativ-
ity, gravity is a manifestation of space-
time curvature. As predicted by general 
relativity and confirmed by numerous 
measurements, clocks moving at dif-
ferent velocities or located in different 

regions of a gravitational field tick at dif-
ferent rates (1), a phenomenon known as 
relativistic time dilation. Under appropri-
ate conditions, time dilation can affect the 
oscillation phase of quantum waves and 
give rise to a measurable effect in interfer-
ence experiments. On page 226 of this is-
sue, Overstreet et al. (2) present an atom 
interferometry experiment in which this 
effect has been measured for gravitational 
time dilation. In addition to the impor-
tance of the results for fundamental phys-
ics, the methods used can lead to more 
accurate measurements of Newton’s gravi-
tational constant, which parametrizes  the 
strength of the gravitational interaction 
and is by far the least accurately known of 
all fundamental constants (3).

In quantum mechanics, microscopic par-
ticles can behave as waves, and each particle 
is characterized by a “wave packet.” Forces 
modify a wave packet’s propagation in the 
same way they would alter a particle’s tra-
jectory in classical mechanics. However, 
uniform changes to the potential energy 
can modify the oscillation phase of the wave 
packet without affecting its trajectory—a 
phenomenon with no classical counterpart. 
As early as the 1950s, Aharonov and Bohm 
(4) conceived an interferometry experiment 
with charged particles to observe this quan-
tum effect. Since then, several versions of 
the experiment involving electromagnetic 
fields have been realized (5, 6). By contrast, 
analogous measurements for the much 
weaker gravitational interaction had re-
mained elusive and have only been possible 
thanks to extremely sensitive atom interfer-
ometers with arm separations of up to half 
a meter (7).

Atom interferometers rely on the wave 
nature of quantum  particles and can serve 

as highly sensitive inertial sensors for both 
fundamental physics measurements and 
practical applications (8). In the atomic 
fountain setup used by Overstreet et al., 
the atoms are launched vertically at the 
bottom of a 10-m vacuum tube and follow 
a free-fall trajectory (see the figure). Short 
laser pulses are applied at different times 
and act as light gratings that split, redirect, 
and recombine the atomic wave packets. 
Each atom is thus in a quantum superpo-
sition simultaneously following two differ-
ent trajectories, sometimes referred to as 
the upper and the lower arm. Differences 
between the phase changes experienced by 
the wave packets as they evolve along the 
two arms can be read out from the interfer-
ence signal. 

There are two kinds of contributions to 
these phase changes. One corresponds to 
the propagation of the wave packets and is 
proportional to the proper time along each 
arm, which is the time that an ideal clock 
following the same trajectory would mea-
sure and includes relativistic time-dilation 

effects. The other contribution is connected 
to the laser pulses. Every time a wave 
packet is diffracted by a laser pulse, it gets 
a momentum kick, but it also experiences a 
phase change that depends on its position 
with respect to the light-grating wavefronts.

About a decade ago, researchers pro-
posed a hypothetical experiment for realiz-
ing a gravitational analog of the Aharonov-
Bohm experiment (9). In this proposal, 
atoms in the two arms spend a sufficiently 
long time at two specific points where the 
net gravitational force from a pair of mas-
sive spherical shells vanishes. Yet, the dif-
ferent value of the gravitational potential 
at these two points leads to a measurable 
phase difference. Within the framework 
of general relativity, this phase difference 
corresponds to the proper-time difference 
between the two interferometer arms due 
to gravitational time dilation. Such a hy-
pothetical experiment, however, has not 
been realized yet because any imperfection 
in the optical lattice needed for suspend-
ing the atoms in Earth’s gravity field would 
overwhelm the interference signal.

By comparison, standard atom interfer-
ometers such as the one used by Overstreet 
et al. are much less sensitive to imperfec-
tions of the laser fields, because each laser 
pulse is applied only for a short time and 
atoms are otherwise freely falling. The 
momentum kicks applied by vertical laser 
beams separate the two arms along the 
vertical direction. Therefore, the different 
gravitational time dilation experienced by 
atoms at different heights should lead to a 
proper-time difference between the upper 
and lower arm. Nevertheless, in a uniform 
gravitational field, this difference is exactly 
cancelled out by changes in kinetic energy 
caused by the gravitational acceleration, as 
can be understood by considering a freely 
falling reference frame (10). The interferom-
eter outcome is thus entirely a consequence 
of the phase changes associated with the 
laser pulses, whose net contribution is pro-
portional to the relative acceleration be-
tween the atoms and the light gratings.

By contrast, for sufficiently large arm 
separations, the effects of space-time cur-
vature, which is linked to gravity gradients, 
lead to non-negligible deviations from a 
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I
n Einstein’s theory of general relativ-
ity, gravity is a manifestation of space-
time curvature. As predicted by general 
relativity and confirmed by numerous 
measurements, clocks moving at dif-
ferent velocities or located in different 

regions of a gravitational field tick at dif-
ferent rates (1), a phenomenon known as 
relativistic time dilation. Under appropri-
ate conditions, time dilation can affect the 
oscillation phase of quantum waves and 
give rise to a measurable effect in interfer-
ence experiments. On page 226 of this is-
sue, Overstreet et al. (2) present an atom 
interferometry experiment in which this 
effect has been measured for gravitational 
time dilation. In addition to the impor-
tance of the results for fundamental phys-
ics, the methods used can lead to more 
accurate measurements of Newton’s gravi-
tational constant, which parametrizes  the 
strength of the gravitational interaction 
and is by far the least accurately known of 
all fundamental constants (3).

In quantum mechanics, microscopic par-
ticles can behave as waves, and each particle 
is characterized by a “wave packet.” Forces 
modify a wave packet’s propagation in the 
same way they would alter a particle’s tra-
jectory in classical mechanics. However, 
uniform changes to the potential energy 
can modify the oscillation phase of the wave 
packet without affecting its trajectory—a 
phenomenon with no classical counterpart. 
As early as the 1950s, Aharonov and Bohm 
(4) conceived an interferometry experiment 
with charged particles to observe this quan-
tum effect. Since then, several versions of 
the experiment involving electromagnetic 
fields have been realized (5, 6). By contrast, 
analogous measurements for the much 
weaker gravitational interaction had re-
mained elusive and have only been possible 
thanks to extremely sensitive atom interfer-
ometers with arm separations of up to half 
a meter (7).

Atom interferometers rely on the wave 
nature of quantum  particles and can serve 

as highly sensitive inertial sensors for both 
fundamental physics measurements and 
practical applications (8). In the atomic 
fountain setup used by Overstreet et al., 
the atoms are launched vertically at the 
bottom of a 10-m vacuum tube and follow 
a free-fall trajectory (see the figure). Short 
laser pulses are applied at different times 
and act as light gratings that split, redirect, 
and recombine the atomic wave packets. 
Each atom is thus in a quantum superpo-
sition simultaneously following two differ-
ent trajectories, sometimes referred to as 
the upper and the lower arm. Differences 
between the phase changes experienced by 
the wave packets as they evolve along the 
two arms can be read out from the interfer-
ence signal. 

There are two kinds of contributions to 
these phase changes. One corresponds to 
the propagation of the wave packets and is 
proportional to the proper time along each 
arm, which is the time that an ideal clock 
following the same trajectory would mea-
sure and includes relativistic time-dilation 

effects. The other contribution is connected 
to the laser pulses. Every time a wave 
packet is diffracted by a laser pulse, it gets 
a momentum kick, but it also experiences a 
phase change that depends on its position 
with respect to the light-grating wavefronts.

About a decade ago, researchers pro-
posed a hypothetical experiment for realiz-
ing a gravitational analog of the Aharonov-
Bohm experiment (9). In this proposal, 
atoms in the two arms spend a sufficiently 
long time at two specific points where the 
net gravitational force from a pair of mas-
sive spherical shells vanishes. Yet, the dif-
ferent value of the gravitational potential 
at these two points leads to a measurable 
phase difference. Within the framework 
of general relativity, this phase difference 
corresponds to the proper-time difference 
between the two interferometer arms due 
to gravitational time dilation. Such a hy-
pothetical experiment, however, has not 
been realized yet because any imperfection 
in the optical lattice needed for suspend-
ing the atoms in Earth’s gravity field would 
overwhelm the interference signal.

By comparison, standard atom interfer-
ometers such as the one used by Overstreet 
et al. are much less sensitive to imperfec-
tions of the laser fields, because each laser 
pulse is applied only for a short time and 
atoms are otherwise freely falling. The 
momentum kicks applied by vertical laser 
beams separate the two arms along the 
vertical direction. Therefore, the different 
gravitational time dilation experienced by 
atoms at different heights should lead to a 
proper-time difference between the upper 
and lower arm. Nevertheless, in a uniform 
gravitational field, this difference is exactly 
cancelled out by changes in kinetic energy 
caused by the gravitational acceleration, as 
can be understood by considering a freely 
falling reference frame (10). The interferom-
eter outcome is thus entirely a consequence 
of the phase changes associated with the 
laser pulses, whose net contribution is pro-
portional to the relative acceleration be-
tween the atoms and the light gratings.

By contrast, for sufficiently large arm 
separations, the effects of space-time cur-
vature, which is linked to gravity gradients, 
lead to non-negligible deviations from a 
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I
n Einstein’s theory of general relativ-
ity, gravity is a manifestation of space-
time curvature. As predicted by general 
relativity and confirmed by numerous 
measurements, clocks moving at dif-
ferent velocities or located in different 

regions of a gravitational field tick at dif-
ferent rates (1), a phenomenon known as 
relativistic time dilation. Under appropri-
ate conditions, time dilation can affect the 
oscillation phase of quantum waves and 
give rise to a measurable effect in interfer-
ence experiments. On page 226 of this is-
sue, Overstreet et al. (2) present an atom 
interferometry experiment in which this 
effect has been measured for gravitational 
time dilation. In addition to the impor-
tance of the results for fundamental phys-
ics, the methods used can lead to more 
accurate measurements of Newton’s gravi-
tational constant, which parametrizes  the 
strength of the gravitational interaction 
and is by far the least accurately known of 
all fundamental constants (3).

In quantum mechanics, microscopic par-
ticles can behave as waves, and each particle 
is characterized by a “wave packet.” Forces 
modify a wave packet’s propagation in the 
same way they would alter a particle’s tra-
jectory in classical mechanics. However, 
uniform changes to the potential energy 
can modify the oscillation phase of the wave 
packet without affecting its trajectory—a 
phenomenon with no classical counterpart. 
As early as the 1950s, Aharonov and Bohm 
(4) conceived an interferometry experiment 
with charged particles to observe this quan-
tum effect. Since then, several versions of 
the experiment involving electromagnetic 
fields have been realized (5, 6). By contrast, 
analogous measurements for the much 
weaker gravitational interaction had re-
mained elusive and have only been possible 
thanks to extremely sensitive atom interfer-
ometers with arm separations of up to half 
a meter (7).

Atom interferometers rely on the wave 
nature of quantum  particles and can serve 

as highly sensitive inertial sensors for both 
fundamental physics measurements and 
practical applications (8). In the atomic 
fountain setup used by Overstreet et al., 
the atoms are launched vertically at the 
bottom of a 10-m vacuum tube and follow 
a free-fall trajectory (see the figure). Short 
laser pulses are applied at different times 
and act as light gratings that split, redirect, 
and recombine the atomic wave packets. 
Each atom is thus in a quantum superpo-
sition simultaneously following two differ-
ent trajectories, sometimes referred to as 
the upper and the lower arm. Differences 
between the phase changes experienced by 
the wave packets as they evolve along the 
two arms can be read out from the interfer-
ence signal. 

There are two kinds of contributions to 
these phase changes. One corresponds to 
the propagation of the wave packets and is 
proportional to the proper time along each 
arm, which is the time that an ideal clock 
following the same trajectory would mea-
sure and includes relativistic time-dilation 

effects. The other contribution is connected 
to the laser pulses. Every time a wave 
packet is diffracted by a laser pulse, it gets 
a momentum kick, but it also experiences a 
phase change that depends on its position 
with respect to the light-grating wavefronts.

About a decade ago, researchers pro-
posed a hypothetical experiment for realiz-
ing a gravitational analog of the Aharonov-
Bohm experiment (9). In this proposal, 
atoms in the two arms spend a sufficiently 
long time at two specific points where the 
net gravitational force from a pair of mas-
sive spherical shells vanishes. Yet, the dif-
ferent value of the gravitational potential 
at these two points leads to a measurable 
phase difference. Within the framework 
of general relativity, this phase difference 
corresponds to the proper-time difference 
between the two interferometer arms due 
to gravitational time dilation. Such a hy-
pothetical experiment, however, has not 
been realized yet because any imperfection 
in the optical lattice needed for suspend-
ing the atoms in Earth’s gravity field would 
overwhelm the interference signal.

By comparison, standard atom interfer-
ometers such as the one used by Overstreet 
et al. are much less sensitive to imperfec-
tions of the laser fields, because each laser 
pulse is applied only for a short time and 
atoms are otherwise freely falling. The 
momentum kicks applied by vertical laser 
beams separate the two arms along the 
vertical direction. Therefore, the different 
gravitational time dilation experienced by 
atoms at different heights should lead to a 
proper-time difference between the upper 
and lower arm. Nevertheless, in a uniform 
gravitational field, this difference is exactly 
cancelled out by changes in kinetic energy 
caused by the gravitational acceleration, as 
can be understood by considering a freely 
falling reference frame (10). The interferom-
eter outcome is thus entirely a consequence 
of the phase changes associated with the 
laser pulses, whose net contribution is pro-
portional to the relative acceleration be-
tween the atoms and the light gratings.

By contrast, for sufficiently large arm 
separations, the effects of space-time cur-
vature, which is linked to gravity gradients, 
lead to non-negligible deviations from a 
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Observation of a gravitational Aharonov-Bohm effect
Chris Overstreet1†, Peter Asenbaum1,2†, Joseph Curti1, Minjeong Kim1, Mark A. Kasevich1*

Gravity curves space and time. This can lead to proper time differences between freely falling, nonlocal
trajectories. A spatial superposition of a massive particle is predicted to be sensitive to this effect. We
measure the gravitational phase shift induced in a matter-wave interferometer by a kilogram-scale
source mass close to one of the wave packets. Deflections of each interferometer arm due to the source
mass are independently measured. The phase shift deviates from the deflection-induced phase
contribution, as predicted by quantum mechanics. In addition, the observed scaling of the phase shift is
consistent with Heisenberg’s error-disturbance relation. These results show that gravity creates
Aharonov-Bohm phase shifts analogous to those produced by electromagnetic interactions.

I
n classical physics, the state of a particle
is given by its position and momentum.
Because the trajectory of a classical par-
ticle is determined by its interactions with
local fields, the deflection of a particle can

be used to observe a field. However, a classical
particle cannot measure the action along its
trajectory.
The situation is different in quantum me-

chanics. As Aharonov and Bohm argued in
1959, a particle in a spatial superposition is
sensitive to the potential energy difference
between its wave packets even if the field
vanishes along their trajectories (1). A matter-
wave interferometer can therefore measure
a phase shift due to the potential even if the
interferometer arms are not deflected. This
phase shift fAB is given by the action dif-
ference DS between arms according to the
expression fAB ¼ DS=ħ (1). The Aharonov-
Bohm effect can be described in terms of a
quantum particle interacting with a classical
electromagnetic potential (1) or in terms of a
quantum particle interacting locally with a
quantized electromagnetic field and source (2).
The Aharonov-Bohm effect induced by a

magnetic field was first observed in 1960 (3).
Since then, experiments have identified related
effects in a variety of systems (4, 5). The suc-
cessful observation of Aharonov-Bohm phase
shifts in the electromagnetic domain raises a
question: Can analogous phase shifts be caused
by gravity as well? Quantum mechanics pre-
dicts that gravity can create an action differ-
ence between interferometer arms, giving rise
to a “gravitational Aharonov-Bohm effect” (6).
In general relativity, this phenomenon is de-
scribed by the gravitationally induced proper
time difference between the geodesics corre-
sponding to the interferometer arm trajec-
tories. This effect has not previously been

observed. Its experimental detection in an
atom interferometer was proposed in (7).
Prior experiments (8) were not sensitive to

the gravitational Aharonov-Bohm effect because
DS ≈ 0when thewave packet separation is small
compared to the length scale of the gravitational
potential (9, 10). The interferometer phase in
this regime is proportional to the deflection
of the atomic wave packet with respect to its
beam splitters (11, 12) and is independent of
the particle massm. However, when the wave
packet separation is large, DS becomes non-
zero. Qualitatively, an interferometer enters
this nonlocal regime when the wave packet
separation becomes larger than the distance
between the source mass and an interferom-
eter arm.
We use a light-pulse 87Rb atom interferom-

eter (12) with large–momentum-transfer beam
splitters (52ħk, where k is the laser wave
number) and large wave packet separation
(25 cm) tomeasure the phase shift induced by
a tungsten sourcemass. At its closest approach,
one interferometer arm passes within 7.5 cm

of the source mass, which alters its proper
time (Fig. 1A). The source mass also deflects
the interferometer arms. To quantify the in-
fluence of deflections on the phase shift, we
measure the deflections with a pair of 4ħk
interferometers (2-cmwave packet separation).
The phase shift of the 52ħk interferometer
deviates strongly from the deflection-induced
phase contribution. We show that fAB ≠ 0,
demonstrating the gravitational Aharonov-
Bohm effect in this system.
In the experiment (13, 14), a cloud of 87Rb

is evaporatively cooled to ∼1 mK in a magnetic
trap, magnetically lensed to a velocity width
of 2mm/s, and launched into a 10-m vacuum
chamber at 13 m/s by an optical lattice. The
lattice depth is decreased for a short interval
during the launch to release half of the atoms
at a lower velocity [see materials andmethods
for details (15)]. After the launch, the two
clouds are decelerated to a relative momen-
tum of 2ħk by sequential Bragg transitions
and are used as the inputs of a single-source
gradiometer (16) with baseline 24 cm (Fig. 1B).
The matter-wave beam splitters and mirrors
consist of laser pulses that transfer momen-
tum to the atoms via Bragg transitions. The
midpoint trajectory of each 4ħk interferom-
eter is matched to the trajectory of one arm
of the 52ħk interferometer. The 52ħk, upper
4ħk , and lower 4ħk gradiometers are im-
plemented in separate shots. The upper inter-
ferometer in each gradiometer is sensitive to
the source mass, whereas the lower interfer-
ometer mainly acts as a phase reference. This
reference is necessary to remove contributions
to the phase shift arising from fluctuations
in the phase of the optical field. The time
between the initial beam splitter pulse and
the mirror pulse (interferometer time T) is
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Fig. 1. Experimental setup.
(A) Interferometer arms, tungsten
source mass, and laser beam
splitter. One arm of a light-pulse
atom interferometer approaches
the source mass, while the other
arm remains far away. (B) Space-
time diagram of gradiometer
geometries in a freely falling
reference frame. The red, blue,
and black dotted lines represent
the trajectories of the 52ħk, upper
4ħk, and lower 4ħk gradiometers,
respectively, while the solid black
line represents the trajectory
of the source mass. Interferometer
pulses (gray dashed lines) occur
at times t ¼ 0, t ¼ T, and t ¼ 2T.
(C) Fluorescence images of
interferometer output ports, 4ħk
(left) and 52ħk (right).
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Observation of a gravitational Aharonov-Bohm effect
Chris Overstreet1†, Peter Asenbaum1,2†, Joseph Curti1, Minjeong Kim1, Mark A. Kasevich1*

Gravity curves space and time. This can lead to proper time differences between freely falling, nonlocal
trajectories. A spatial superposition of a massive particle is predicted to be sensitive to this effect. We
measure the gravitational phase shift induced in a matter-wave interferometer by a kilogram-scale
source mass close to one of the wave packets. Deflections of each interferometer arm due to the source
mass are independently measured. The phase shift deviates from the deflection-induced phase
contribution, as predicted by quantum mechanics. In addition, the observed scaling of the phase shift is
consistent with Heisenberg’s error-disturbance relation. These results show that gravity creates
Aharonov-Bohm phase shifts analogous to those produced by electromagnetic interactions.

I
n classical physics, the state of a particle
is given by its position and momentum.
Because the trajectory of a classical par-
ticle is determined by its interactions with
local fields, the deflection of a particle can

be used to observe a field. However, a classical
particle cannot measure the action along its
trajectory.
The situation is different in quantum me-

chanics. As Aharonov and Bohm argued in
1959, a particle in a spatial superposition is
sensitive to the potential energy difference
between its wave packets even if the field
vanishes along their trajectories (1). A matter-
wave interferometer can therefore measure
a phase shift due to the potential even if the
interferometer arms are not deflected. This
phase shift fAB is given by the action dif-
ference DS between arms according to the
expression fAB ¼ DS=ħ (1). The Aharonov-
Bohm effect can be described in terms of a
quantum particle interacting with a classical
electromagnetic potential (1) or in terms of a
quantum particle interacting locally with a
quantized electromagnetic field and source (2).
The Aharonov-Bohm effect induced by a

magnetic field was first observed in 1960 (3).
Since then, experiments have identified related
effects in a variety of systems (4, 5). The suc-
cessful observation of Aharonov-Bohm phase
shifts in the electromagnetic domain raises a
question: Can analogous phase shifts be caused
by gravity as well? Quantum mechanics pre-
dicts that gravity can create an action differ-
ence between interferometer arms, giving rise
to a “gravitational Aharonov-Bohm effect” (6).
In general relativity, this phenomenon is de-
scribed by the gravitationally induced proper
time difference between the geodesics corre-
sponding to the interferometer arm trajec-
tories. This effect has not previously been

observed. Its experimental detection in an
atom interferometer was proposed in (7).
Prior experiments (8) were not sensitive to

the gravitational Aharonov-Bohm effect because
DS ≈ 0when thewave packet separation is small
compared to the length scale of the gravitational
potential (9, 10). The interferometer phase in
this regime is proportional to the deflection
of the atomic wave packet with respect to its
beam splitters (11, 12) and is independent of
the particle massm. However, when the wave
packet separation is large, DS becomes non-
zero. Qualitatively, an interferometer enters
this nonlocal regime when the wave packet
separation becomes larger than the distance
between the source mass and an interferom-
eter arm.
We use a light-pulse 87Rb atom interferom-

eter (12) with large–momentum-transfer beam
splitters (52ħk, where k is the laser wave
number) and large wave packet separation
(25 cm) tomeasure the phase shift induced by
a tungsten sourcemass. At its closest approach,
one interferometer arm passes within 7.5 cm

of the source mass, which alters its proper
time (Fig. 1A). The source mass also deflects
the interferometer arms. To quantify the in-
fluence of deflections on the phase shift, we
measure the deflections with a pair of 4ħk
interferometers (2-cmwave packet separation).
The phase shift of the 52ħk interferometer
deviates strongly from the deflection-induced
phase contribution. We show that fAB ≠ 0,
demonstrating the gravitational Aharonov-
Bohm effect in this system.
In the experiment (13, 14), a cloud of 87Rb

is evaporatively cooled to ∼1 mK in a magnetic
trap, magnetically lensed to a velocity width
of 2mm/s, and launched into a 10-m vacuum
chamber at 13 m/s by an optical lattice. The
lattice depth is decreased for a short interval
during the launch to release half of the atoms
at a lower velocity [see materials andmethods
for details (15)]. After the launch, the two
clouds are decelerated to a relative momen-
tum of 2ħk by sequential Bragg transitions
and are used as the inputs of a single-source
gradiometer (16) with baseline 24 cm (Fig. 1B).
The matter-wave beam splitters and mirrors
consist of laser pulses that transfer momen-
tum to the atoms via Bragg transitions. The
midpoint trajectory of each 4ħk interferom-
eter is matched to the trajectory of one arm
of the 52ħk interferometer. The 52ħk, upper
4ħk , and lower 4ħk gradiometers are im-
plemented in separate shots. The upper inter-
ferometer in each gradiometer is sensitive to
the source mass, whereas the lower interfer-
ometer mainly acts as a phase reference. This
reference is necessary to remove contributions
to the phase shift arising from fluctuations
in the phase of the optical field. The time
between the initial beam splitter pulse and
the mirror pulse (interferometer time T) is
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Fig. 1. Experimental setup.
(A) Interferometer arms, tungsten
source mass, and laser beam
splitter. One arm of a light-pulse
atom interferometer approaches
the source mass, while the other
arm remains far away. (B) Space-
time diagram of gradiometer
geometries in a freely falling
reference frame. The red, blue,
and black dotted lines represent
the trajectories of the 52ħk, upper
4ħk, and lower 4ħk gradiometers,
respectively, while the solid black
line represents the trajectory
of the source mass. Interferometer
pulses (gray dashed lines) occur
at times t ¼ 0, t ¼ T, and t ¼ 2T.
(C) Fluorescence images of
interferometer output ports, 4ħk
(left) and 52ħk (right).
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Observation of a gravitational Aharonov-Bohm effect
Chris Overstreet1†, Peter Asenbaum1,2†, Joseph Curti1, Minjeong Kim1, Mark A. Kasevich1*

Gravity curves space and time. This can lead to proper time differences between freely falling, nonlocal
trajectories. A spatial superposition of a massive particle is predicted to be sensitive to this effect. We
measure the gravitational phase shift induced in a matter-wave interferometer by a kilogram-scale
source mass close to one of the wave packets. Deflections of each interferometer arm due to the source
mass are independently measured. The phase shift deviates from the deflection-induced phase
contribution, as predicted by quantum mechanics. In addition, the observed scaling of the phase shift is
consistent with Heisenberg’s error-disturbance relation. These results show that gravity creates
Aharonov-Bohm phase shifts analogous to those produced by electromagnetic interactions.

I
n classical physics, the state of a particle
is given by its position and momentum.
Because the trajectory of a classical par-
ticle is determined by its interactions with
local fields, the deflection of a particle can

be used to observe a field. However, a classical
particle cannot measure the action along its
trajectory.
The situation is different in quantum me-

chanics. As Aharonov and Bohm argued in
1959, a particle in a spatial superposition is
sensitive to the potential energy difference
between its wave packets even if the field
vanishes along their trajectories (1). A matter-
wave interferometer can therefore measure
a phase shift due to the potential even if the
interferometer arms are not deflected. This
phase shift fAB is given by the action dif-
ference DS between arms according to the
expression fAB ¼ DS=ħ (1). The Aharonov-
Bohm effect can be described in terms of a
quantum particle interacting with a classical
electromagnetic potential (1) or in terms of a
quantum particle interacting locally with a
quantized electromagnetic field and source (2).
The Aharonov-Bohm effect induced by a

magnetic field was first observed in 1960 (3).
Since then, experiments have identified related
effects in a variety of systems (4, 5). The suc-
cessful observation of Aharonov-Bohm phase
shifts in the electromagnetic domain raises a
question: Can analogous phase shifts be caused
by gravity as well? Quantum mechanics pre-
dicts that gravity can create an action differ-
ence between interferometer arms, giving rise
to a “gravitational Aharonov-Bohm effect” (6).
In general relativity, this phenomenon is de-
scribed by the gravitationally induced proper
time difference between the geodesics corre-
sponding to the interferometer arm trajec-
tories. This effect has not previously been

observed. Its experimental detection in an
atom interferometer was proposed in (7).
Prior experiments (8) were not sensitive to

the gravitational Aharonov-Bohm effect because
DS ≈ 0when thewave packet separation is small
compared to the length scale of the gravitational
potential (9, 10). The interferometer phase in
this regime is proportional to the deflection
of the atomic wave packet with respect to its
beam splitters (11, 12) and is independent of
the particle massm. However, when the wave
packet separation is large, DS becomes non-
zero. Qualitatively, an interferometer enters
this nonlocal regime when the wave packet
separation becomes larger than the distance
between the source mass and an interferom-
eter arm.
We use a light-pulse 87Rb atom interferom-

eter (12) with large–momentum-transfer beam
splitters (52ħk, where k is the laser wave
number) and large wave packet separation
(25 cm) tomeasure the phase shift induced by
a tungsten sourcemass. At its closest approach,
one interferometer arm passes within 7.5 cm

of the source mass, which alters its proper
time (Fig. 1A). The source mass also deflects
the interferometer arms. To quantify the in-
fluence of deflections on the phase shift, we
measure the deflections with a pair of 4ħk
interferometers (2-cmwave packet separation).
The phase shift of the 52ħk interferometer
deviates strongly from the deflection-induced
phase contribution. We show that fAB ≠ 0,
demonstrating the gravitational Aharonov-
Bohm effect in this system.
In the experiment (13, 14), a cloud of 87Rb

is evaporatively cooled to ∼1 mK in a magnetic
trap, magnetically lensed to a velocity width
of 2mm/s, and launched into a 10-m vacuum
chamber at 13 m/s by an optical lattice. The
lattice depth is decreased for a short interval
during the launch to release half of the atoms
at a lower velocity [see materials andmethods
for details (15)]. After the launch, the two
clouds are decelerated to a relative momen-
tum of 2ħk by sequential Bragg transitions
and are used as the inputs of a single-source
gradiometer (16) with baseline 24 cm (Fig. 1B).
The matter-wave beam splitters and mirrors
consist of laser pulses that transfer momen-
tum to the atoms via Bragg transitions. The
midpoint trajectory of each 4ħk interferom-
eter is matched to the trajectory of one arm
of the 52ħk interferometer. The 52ħk, upper
4ħk , and lower 4ħk gradiometers are im-
plemented in separate shots. The upper inter-
ferometer in each gradiometer is sensitive to
the source mass, whereas the lower interfer-
ometer mainly acts as a phase reference. This
reference is necessary to remove contributions
to the phase shift arising from fluctuations
in the phase of the optical field. The time
between the initial beam splitter pulse and
the mirror pulse (interferometer time T) is
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Fig. 1. Experimental setup.
(A) Interferometer arms, tungsten
source mass, and laser beam
splitter. One arm of a light-pulse
atom interferometer approaches
the source mass, while the other
arm remains far away. (B) Space-
time diagram of gradiometer
geometries in a freely falling
reference frame. The red, blue,
and black dotted lines represent
the trajectories of the 52ħk, upper
4ħk, and lower 4ħk gradiometers,
respectively, while the solid black
line represents the trajectory
of the source mass. Interferometer
pulses (gray dashed lines) occur
at times t ¼ 0, t ¼ T, and t ¼ 2T.
(C) Fluorescence images of
interferometer output ports, 4ħk
(left) and 52ħk (right).
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By Albert Roura 

I
n Einstein’s theory of general relativ-
ity, gravity is a manifestation of space-
time curvature. As predicted by general 
relativity and confirmed by numerous 
measurements, clocks moving at dif-
ferent velocities or located in different 

regions of a gravitational field tick at dif-
ferent rates (1), a phenomenon known as 
relativistic time dilation. Under appropri-
ate conditions, time dilation can affect the 
oscillation phase of quantum waves and 
give rise to a measurable effect in interfer-
ence experiments. On page 226 of this is-
sue, Overstreet et al. (2) present an atom 
interferometry experiment in which this 
effect has been measured for gravitational 
time dilation. In addition to the impor-
tance of the results for fundamental phys-
ics, the methods used can lead to more 
accurate measurements of Newton’s gravi-
tational constant, which parametrizes  the 
strength of the gravitational interaction 
and is by far the least accurately known of 
all fundamental constants (3).

In quantum mechanics, microscopic par-
ticles can behave as waves, and each particle 
is characterized by a “wave packet.” Forces 
modify a wave packet’s propagation in the 
same way they would alter a particle’s tra-
jectory in classical mechanics. However, 
uniform changes to the potential energy 
can modify the oscillation phase of the wave 
packet without affecting its trajectory—a 
phenomenon with no classical counterpart. 
As early as the 1950s, Aharonov and Bohm 
(4) conceived an interferometry experiment 
with charged particles to observe this quan-
tum effect. Since then, several versions of 
the experiment involving electromagnetic 
fields have been realized (5, 6). By contrast, 
analogous measurements for the much 
weaker gravitational interaction had re-
mained elusive and have only been possible 
thanks to extremely sensitive atom interfer-
ometers with arm separations of up to half 
a meter (7).

Atom interferometers rely on the wave 
nature of quantum  particles and can serve 

as highly sensitive inertial sensors for both 
fundamental physics measurements and 
practical applications (8). In the atomic 
fountain setup used by Overstreet et al., 
the atoms are launched vertically at the 
bottom of a 10-m vacuum tube and follow 
a free-fall trajectory (see the figure). Short 
laser pulses are applied at different times 
and act as light gratings that split, redirect, 
and recombine the atomic wave packets. 
Each atom is thus in a quantum superpo-
sition simultaneously following two differ-
ent trajectories, sometimes referred to as 
the upper and the lower arm. Differences 
between the phase changes experienced by 
the wave packets as they evolve along the 
two arms can be read out from the interfer-
ence signal. 

There are two kinds of contributions to 
these phase changes. One corresponds to 
the propagation of the wave packets and is 
proportional to the proper time along each 
arm, which is the time that an ideal clock 
following the same trajectory would mea-
sure and includes relativistic time-dilation 

effects. The other contribution is connected 
to the laser pulses. Every time a wave 
packet is diffracted by a laser pulse, it gets 
a momentum kick, but it also experiences a 
phase change that depends on its position 
with respect to the light-grating wavefronts.

About a decade ago, researchers pro-
posed a hypothetical experiment for realiz-
ing a gravitational analog of the Aharonov-
Bohm experiment (9). In this proposal, 
atoms in the two arms spend a sufficiently 
long time at two specific points where the 
net gravitational force from a pair of mas-
sive spherical shells vanishes. Yet, the dif-
ferent value of the gravitational potential 
at these two points leads to a measurable 
phase difference. Within the framework 
of general relativity, this phase difference 
corresponds to the proper-time difference 
between the two interferometer arms due 
to gravitational time dilation. Such a hy-
pothetical experiment, however, has not 
been realized yet because any imperfection 
in the optical lattice needed for suspend-
ing the atoms in Earth’s gravity field would 
overwhelm the interference signal.

By comparison, standard atom interfer-
ometers such as the one used by Overstreet 
et al. are much less sensitive to imperfec-
tions of the laser fields, because each laser 
pulse is applied only for a short time and 
atoms are otherwise freely falling. The 
momentum kicks applied by vertical laser 
beams separate the two arms along the 
vertical direction. Therefore, the different 
gravitational time dilation experienced by 
atoms at different heights should lead to a 
proper-time difference between the upper 
and lower arm. Nevertheless, in a uniform 
gravitational field, this difference is exactly 
cancelled out by changes in kinetic energy 
caused by the gravitational acceleration, as 
can be understood by considering a freely 
falling reference frame (10). The interferom-
eter outcome is thus entirely a consequence 
of the phase changes associated with the 
laser pulses, whose net contribution is pro-
portional to the relative acceleration be-
tween the atoms and the light gratings.

By contrast, for sufficiently large arm 
separations, the effects of space-time cur-
vature, which is linked to gravity gradients, 
lead to non-negligible deviations from a 

An atom interferometer measures the quantum phase due to gravitational time dilation 
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Interferometry experiment 
in an atomic fountain
The atoms are launched vertically at the bottom of 
a 10-m vacuum tube and follow a free-fall trajectory. 
Laser pulses were applied at three different times 
to split, redirect, and recombine the atomic wave 
packets. The gravitational influence of the ring mass 
on the upper interferometer arm can be detected in 
the interference signal.
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• Two-photon interference (similar to Hong-Ou-Mandel) with frequency-entangled pairs. 

• Genuinely quantum interferometer with no classical analog.
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Figure 2 Simplified scheme of the optical COW experiment in space. A time-bin superposition is
generated by injecting a single photon wavepacket into a unbalanced MZIs. The photon is sent
towards a satellite, where an identical MZI is located. Interference detected at the satellite reveals
the gravitationally induced phase shift.

obtain a closed form is the phase di↵erence due to the di↵erence in the emission

times. When the two MZIs are properly calibrated, a phase shift due to the gravi-

tational redshift will be observed. In this case, if the satellite is not geostationary,

the main challenge is represented by the necessity to compensate for the first-order

Doppler e↵ect. To solve the above issue, an improvement of the above scheme was

recently proposed to measure the Doppler shift introduced by the relative motion

of the satellite to ground, and to remove it from the final result [41, 42]: in addition

to MZIs on the spacecraft and the ground station, satellite retroreflectors located in

space are used to send some portion of the upcoming light back to the ground. The

latter, detected on ground, can be used to measure the first-order Doppler e↵ect,

since gravitational e↵ects compensate in the two-way propagation. The Doppler

shift was assessed in previous experiments [24] and exploited as the modulator of

the time-bin qubit phase as a function of the instantaneous velocity of the satellite.

This modulation, though passive, may also be seen as a resource when ascertaining

the visibility of the interference phenomena.

The photon temporal superposition state along the space channel may be kept in

a single polarization by exploiting suitable corner cube technology for the retrore-

flectors, as demonstrated for space quantum communications [43], thus allowing for

a large parameter space for the observables under test; the latter use was pivotal in

the test in space of the Wheeler “delayed choice Gedanken-experiment”, address-

ing the well-known wave-particle duality of quantum physics [44, 45]. We note that

the scheme proposed in [41, 42] exploits classical light in order to test the Einstein

Equivalence Principle in the optical domain. However, extending the scheme by

using single-photon wavepackets will allow the measurement of a gravitationally

induced phase shift on a quantum state. Finally, the temporal resolution for the

discrimination of the interference is a sensible parameter for the experimental de-

sign. Present limits in the case of a link to a MEO satellite are of order of a quarter

of nanosecond [45].

The gravitational phase shift measured by the experiment depicted in Fig. 2 is

connected with a small shift, caused by the gravitational field, of the time di↵erence

between the modes encoding the time bins. This shift is of the order of 10�10 times

Mohageg et al. EPJ Quantum Technology            ( 2022)  9:25 
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Abstract
The National Aeronautics and Space Administration’s Deep Space Quantum Link
mission concept enables a unique set of science experiments by establishing robust
quantum optical links across extremely long baselines. Potential mission
configurations include establishing a quantum link between the Lunar Gateway
moon-orbiting space station and nodes on or near the Earth. This publication
summarizes the principal experimental goals of the Deep Space Quantum Link. These
goals, identified through a multi-year design study conducted by the authors, include
long-range teleportation, tests of gravitational coupling to quantum states, and
advanced tests of quantum nonlocality.

Keywords: Quantum optics; Foundational quantum mechanics; General relativity

1 Introduction: the case for deep space quantum optics
Space-based quantum optical links support future networking applications for quantum
sensing, quantum communications, and quantum information science [1–4]. In addition,
such links enable new scientific experiments impossible to reach in terrestrial experiments
[5]. The Deep Space Quantum Link (DSQL) is a spacecraft mission concept that aims to
use extremely long-baseline quantum optical links to test fundamental quantum physics
in novel special and general relativistic regimes [6–8]. The authors of this manuscript en-
gaged in a two-year long study of how quantum optics in space could be used to conduct
new tests of fundamental physics, in compliment to proposed tests utilizing matter or
clocks. This manuscript describes the findings of the NASA-funded study, and describes
some of the technology requirements and outstanding mission design studies necessary
to move forward with the mission. DSQL is currently in the pre-project developmental
phase, with expected mission integration planned to begin in the late 2020’s. One or more

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise
in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

(iii) Two-photon interferometry with frequency-entangled pairs
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• Identically calibrated optical delay lines in spacecraft 
and ground station. 

• Sensitive to the gravitational redshift.
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Figure 2 Simplified scheme of the optical COW experiment in space. A time-bin superposition is
generated by injecting a single photon wavepacket into a unbalanced MZIs. The photon is sent
towards a satellite, where an identical MZI is located. Interference detected at the satellite reveals
the gravitationally induced phase shift.

obtain a closed form is the phase di↵erence due to the di↵erence in the emission

times. When the two MZIs are properly calibrated, a phase shift due to the gravi-

tational redshift will be observed. In this case, if the satellite is not geostationary,

the main challenge is represented by the necessity to compensate for the first-order

Doppler e↵ect. To solve the above issue, an improvement of the above scheme was

recently proposed to measure the Doppler shift introduced by the relative motion

of the satellite to ground, and to remove it from the final result [41, 42]: in addition
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latter, detected on ground, can be used to measure the first-order Doppler e↵ect,

since gravitational e↵ects compensate in the two-way propagation. The Doppler

shift was assessed in previous experiments [24] and exploited as the modulator of

the time-bin qubit phase as a function of the instantaneous velocity of the satellite.

This modulation, though passive, may also be seen as a resource when ascertaining

the visibility of the interference phenomena.

The photon temporal superposition state along the space channel may be kept in

a single polarization by exploiting suitable corner cube technology for the retrore-

flectors, as demonstrated for space quantum communications [43], thus allowing for

a large parameter space for the observables under test; the latter use was pivotal in

the test in space of the Wheeler “delayed choice Gedanken-experiment”, address-

ing the well-known wave-particle duality of quantum physics [44, 45]. We note that

the scheme proposed in [41, 42] exploits classical light in order to test the Einstein

Equivalence Principle in the optical domain. However, extending the scheme by

using single-photon wavepackets will allow the measurement of a gravitationally

induced phase shift on a quantum state. Finally, the temporal resolution for the

discrimination of the interference is a sensible parameter for the experimental de-

sign. Present limits in the case of a link to a MEO satellite are of order of a quarter

of nanosecond [45].
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Newtonian expansion [41], which are suppressed by higher powers of 1/c, have been
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• Identically calibrated optical delay lines in spacecraft 
and ground station. 

• Sensitive to the gravitational redshift.
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• Single-baseline version: 

‣ correlated frequency and polarization 

‣ polarizing beam splitters + half-wave plates
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• Atomic clocks and atom interferometers are powerful tools for precision measurements 

in fundamental physics. 

• Other applications: 

‣ search of ultralight dark matter 

‣ search of light dark-energy candidates  (chameleons, symmetrons) 

• The sensitivity and accuracy of atomic quantum sensors can also be exploited for 

practical applications:    geophysics, Earth observation, civil engineering, navigation …

29
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Fundamental physics and practical applications

Wave–particle duality1 underpins the 
possibility of matter displaying the same 
type of interference phenomena as light. 
Indeed, matter- wave interference has been 
demonstrated for a variety of systems, 
including electrons2,3, neutrons4,5, atoms6–9 
and even biomolecules10. However, 
atoms have become the prime choice for 
matter- wave interferometry precision 
measurements thanks to their precise 
controllability (enabled by their internal 
structure, whose quantum states can be 
manipulated with electromagnetic fields) 
and their lack of electric charge, which 
ensures little interaction with unwanted 
environmental influences, such as electric 
and magnetic fields.

Many atom interferometers conceptually 
resemble an optical Mach–Zehnder 
interferometer. In such an interferometer, 
a light beam is split by a beamsplitter into two 
beams, which, after a certain distance, are 
redirected towards each other with mirrors 
and mixed in another beamsplitter, when 
they overlap again. This leads to interference 
visible in the power emerging from the 
two output ports of the final beamsplitter. 
Today, most atom interferometers rely on 
light- pulse atom- optical elements: light 
takes the role of mirrors and beamsplitters 
for the matter waves, effectively inverting 
the roles of light and matter in a traditional, 
optical interferometer. When laser light 

creates the matter- wave counterpart of a 
Mach–Zehnder interferometer (FIG. 1b).

Since the first laboratory demonstration 
of atom interferometers over 25 years ago8,12, 
many variants have been developed and, 
nowadays, these devices are used in 
applications ranging from the foundations 
of physics13–15 to commercial quantum 
technologies16. This Perspective describes 
the applications and highlights the 
challenges in taking atom interferometers 
from proof- of-principle laboratory- based 
systems to portable devices used in real- 
world environments. This journey from the 
lab to the users is summarized in FIG. 2.

Precision for fundamental physics
Tests of fundamental physics provide 
a relatively straightforward first step 
on the road from laboratory proof- 
of-principle experiments to applications, 
as the instrument stays in a well- controlled 
laboratory environment, is operated 
by scientists and the main focus is on 
increasing precision. We review several 
developments, starting with the use of 
atom interferometry as a tool to determine 
fundamental constants.

Fundamental constants
Atomic masses and fine- structure 
constant α. When an atom absorbs a photon, 
it also absorbs the photon’s momentum, 
resulting in a change of its kinetic energy 
by an amount equal to the recoil energy. 
Extending the laser- pulse sequence in an 
atom interferometer to four π/2 pulses 
creates two closed interferometers (FIG. 3a). 
The difference between the phase shifts of 
the two interferometers17 is proportional 
to the recoil energy acquired during the 
beamsplitter π/2 pulses.

Combining this interferometer scheme 
with a precise determination of the 
wavelength of the light used for the laser 
pulses allows to obtain a precise value of 
h/mX, where h denotes Planck’s constant and 
mX is the mass of the atomic species17. In the 
new SI units18, where the value of h is fixed, 
this approach provides a direct measurement 
of the inertial mass at microscopic scales. 
A link to macroscopic scales can then be 
established through the silicon spheres of the 
Avogadro Project19, whose total number of 
atoms can be very accurately determined.

resonant with an atomic transition interacts 
with an atom, it coherently drives the 
populations in the ground and excited states 
in an oscillatory manner, the so- called Rabi 
oscillations11 (FIG. 1a). Starting with the atoms 
in the ground state and timing the laser 
pulse to stop after a quarter of an oscillation, 
that is, after a π/2 phase evolution of the  
Rabi oscillation, will put the atoms into 
an equal-probability superposition of the 
ground and excited states. This so-called  
‘π/2 pulse’ acts as a 50:50 beamsplitter. 
Similarly, a ‘π pulse’ is timed to last half an 
oscillation and inverts the population of the 
ground and excited states, acting as a mirror.

Taking into account the photon 
momentum, these laser pulses create a 
superposition not only of internal but  
also of momentum states. The excited part  
of the superposition, which has absorbed 
the photon and acquired the photon 
momentum, will move away from the 
part left in the ground state, allowing 
the atoms to simultaneously travel along 
different trajectories. When these paths 
differ in height, the resulting interference 
phase will depend on the gravitational 
potential difference between the trajectories, 
and the interferometer becomes a very 
sensitive gravity sensor. The simplest 
case of an atom- interferometer gravity 
sensor relies on three light pulses in a 
π/2−π−π/2 sequence, which effectively 
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Wave–particle duality1 underpins the 
possibility of matter displaying the same 
type of interference phenomena as light. 
Indeed, matter- wave interference has been 
demonstrated for a variety of systems, 
including electrons2,3, neutrons4,5, atoms6–9 
and even biomolecules10. However, 
atoms have become the prime choice for 
matter- wave interferometry precision 
measurements thanks to their precise 
controllability (enabled by their internal 
structure, whose quantum states can be 
manipulated with electromagnetic fields) 
and their lack of electric charge, which 
ensures little interaction with unwanted 
environmental influences, such as electric 
and magnetic fields.

Many atom interferometers conceptually 
resemble an optical Mach–Zehnder 
interferometer. In such an interferometer, 
a light beam is split by a beamsplitter into two 
beams, which, after a certain distance, are 
redirected towards each other with mirrors 
and mixed in another beamsplitter, when 
they overlap again. This leads to interference 
visible in the power emerging from the 
two output ports of the final beamsplitter. 
Today, most atom interferometers rely on 
light- pulse atom- optical elements: light 
takes the role of mirrors and beamsplitters 
for the matter waves, effectively inverting 
the roles of light and matter in a traditional, 
optical interferometer. When laser light 

creates the matter- wave counterpart of a 
Mach–Zehnder interferometer (FIG. 1b).

Since the first laboratory demonstration 
of atom interferometers over 25 years ago8,12, 
many variants have been developed and, 
nowadays, these devices are used in 
applications ranging from the foundations 
of physics13–15 to commercial quantum 
technologies16. This Perspective describes 
the applications and highlights the 
challenges in taking atom interferometers 
from proof- of-principle laboratory- based 
systems to portable devices used in real- 
world environments. This journey from the 
lab to the users is summarized in FIG. 2.

Precision for fundamental physics
Tests of fundamental physics provide 
a relatively straightforward first step 
on the road from laboratory proof- 
of-principle experiments to applications, 
as the instrument stays in a well- controlled 
laboratory environment, is operated 
by scientists and the main focus is on 
increasing precision. We review several 
developments, starting with the use of 
atom interferometry as a tool to determine 
fundamental constants.

Fundamental constants
Atomic masses and fine- structure 
constant α. When an atom absorbs a photon, 
it also absorbs the photon’s momentum, 
resulting in a change of its kinetic energy 
by an amount equal to the recoil energy. 
Extending the laser- pulse sequence in an 
atom interferometer to four π/2 pulses 
creates two closed interferometers (FIG. 3a). 
The difference between the phase shifts of 
the two interferometers17 is proportional 
to the recoil energy acquired during the 
beamsplitter π/2 pulses.

Combining this interferometer scheme 
with a precise determination of the 
wavelength of the light used for the laser 
pulses allows to obtain a precise value of 
h/mX, where h denotes Planck’s constant and 
mX is the mass of the atomic species17. In the 
new SI units18, where the value of h is fixed, 
this approach provides a direct measurement 
of the inertial mass at microscopic scales. 
A link to macroscopic scales can then be 
established through the silicon spheres of the 
Avogadro Project19, whose total number of 
atoms can be very accurately determined.

resonant with an atomic transition interacts 
with an atom, it coherently drives the 
populations in the ground and excited states 
in an oscillatory manner, the so- called Rabi 
oscillations11 (FIG. 1a). Starting with the atoms 
in the ground state and timing the laser 
pulse to stop after a quarter of an oscillation, 
that is, after a π/2 phase evolution of the  
Rabi oscillation, will put the atoms into 
an equal-probability superposition of the 
ground and excited states. This so-called  
‘π/2 pulse’ acts as a 50:50 beamsplitter. 
Similarly, a ‘π pulse’ is timed to last half an 
oscillation and inverts the population of the 
ground and excited states, acting as a mirror.

Taking into account the photon 
momentum, these laser pulses create a 
superposition not only of internal but  
also of momentum states. The excited part  
of the superposition, which has absorbed 
the photon and acquired the photon 
momentum, will move away from the 
part left in the ground state, allowing 
the atoms to simultaneously travel along 
different trajectories. When these paths 
differ in height, the resulting interference 
phase will depend on the gravitational 
potential difference between the trajectories, 
and the interferometer becomes a very 
sensitive gravity sensor. The simplest 
case of an atom- interferometer gravity 
sensor relies on three light pulses in a 
π/2−π−π/2 sequence, which effectively 
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Extensive searches48 for massive dark- 
matter candidates known as WIMPs 
(weakly interacting massive particles) 
have not yet provided a widely accepted 
direct observation, spurring a growing 
experimental interest in exploring a wider 
range of dark- matter hypotheses. In this 
respect, the possibility that dark matter 
could be attributed to coherent oscillations 
within sub- galactic regions of ultralight 
scalar or pseudoscalar fields has recently 
been gaining increasing attention49. 
These oscillations could lead to small 
periodic variations in space and time of 
the parameters of the standard model, 
which could be detected in highly sensitive 
gravimetry measurements as a small 
modulation in the time of the acceleration 
experienced by freely falling atoms50.  
They could also produce small oscillations 
of the transition energies between 
electronic states that could be identified by 
comparing different atomic clocks at the 
same location51 or pairs of identical atom 
interferometers separated by long distances 
but interrogated by common laser beams50. 
Experimentally, the search for dark matter 
and dark energy with atom interferometry is 
in the early stages and provides a fascinating 
direction for future development.

Gravitational- wave detection
Atom interferometry offers a 
complementary approach52,53 to the 
established laser interferometry for the 
detection of gravitational waves. Two atom 
interferometers coherently manipulated 
by the same light field can be interpreted 
as a differential phase metre tracking the 
distance traversed by the light field. Based 
on this principle, space- borne detectors54,55 
have been proposed which target a similar 
performance as the laser interferometer used 
in the Laser Interferometer Space Antenna 
(LISA) project55,56.

Atom interferometers have been 
proposed to cover the gap in the frequency 
band of 0.1–10 Hz between LISA and 
ground- based laser interferometers 
such as Virgo and the Advanced Laser 
Interferometer Gravitational Wave 
Observatory (AdvLIGO)57. Concepts 
for setups on Earth with a vertical52 or 
horizontal57 baseline have been discussed, 
with developments towards the latter 
geometry under way in the Matter- wave 
laser Interferometric Gravitation Antenna 
(MIGA) consortium59.

The European Laboratory for 
Gravitation and Atom- Interferometric 
Research (ELGAR) facility proposes to 
design the first long- baseline infrastructure 
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Fig. 2 | A roadmap for the development of portable quantum sensors. The road from the first proof-of- 
principle laboratory demonstration of atom- interferometer gravity sensors to portable consumer 
devices consists of a sequence of increasingly complex scientific and technological challenges. Each 
step is independent of the subsequent ones, but benefits from the previous developments. Addressing 
each challenge opens up new application areas; hence, the emergence of practical measurement 
systems in this particular sequence is likely. However, many improvements and further refinements in 
each class of devices will happen in parallel.
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