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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
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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.

DOI: 10.1103/PhysRevD.104.084001

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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Yb

(i) Quantum-clock interferometry

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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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.

ROURA, SCHUBERT, SCHLIPPERT, and RASEL PHYS. REV. D 104, 084001 (2021)

084001-4

Yb, Rb

Yb

(i) Quantum-clock interferometry



Slide       >  Probing gravity with two-photon interference of frequency-entangled pairs  >  Albert Roura  >  24 May 2023

• Effect of spacetime curvature on a delocalized wave function. 

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

• Gravitational analog of the scalar Aharonov-Bohm effect.

7

(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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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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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 
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effect has been measured for gravitational 
time dilation. In addition to the impor-
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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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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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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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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 
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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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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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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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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).

A

C

B

1Department of Physics, Stanford University, Stanford, CA
94305, USA. 2Institute for Quantum Optics and Quantum
Information (IQOQI) Vienna, Austrian Academy of Sciences,
Boltzmanngasse 3, 1090 Vienna, Austria.
*Corresponding author. Email: kasevich@stanford.edu
†These authors contributed equally to this work.

D
ow

nloaded from
 https://w

w
w

.science.org at A
bdus Salam

 International C
entre for Theoretical Physics on N

ovem
ber 02, 2022



Slide       >  Probing gravity with two-photon interference of frequency-entangled pairs  >  Albert Roura  >  24 May 20238

PHYSICS

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

RESEARCH

Overstreet et al., Science 375, 226–229 (2022) 14 January 2022 1 of 4

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 

Institute of Quantum Technologies, German Aerospace 
Center (DLR), Ulm, Germany. Email: albert.roura@dlr.de t = 0 s t = 0.8 s t = 1.6 s
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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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• Compared to state-of-the-art matter-wave interferometers, optical interferometers 
with quantum states of light offer the following appealing features:  

‣ Use of relativistic particles    quantum field theory 

‣ Multiparticle entanglement including external degrees of freedom. 

‣ Multiparticle interference with no classical analog. 

‣ Long baselines and large arm separations (up to hundreds of kilometers or more) 
     greater sensitivity to spacetime curvature effects.

9

(iii) Alternative: interferometry with quantum states of light



Gravitational redshift measurement 
with two-photon interferometry
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Hong-Ou-Mandel two-photon interference  

11
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• Destructive interference of the two possibilities for simultaneous single-photon detection at each port. 

• Strong evidence of the quantization of the electromagnetic field.
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Frequency-entangled photon pair as input state
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Two-photon interferometer with frequency-entangled pairs

13
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phase-shift of this form would be due to Doppler—the two time bins are
emitted and absorbed at slightly different places. Doppler is 10

5 times
larger in these situations.] More advanced schemes can be conceived with time-
bin entanglement: for instance, if the entangled source is located on a satellite, one
photon can be directed towards a ground station and the other photon towards a
different satellites, enhancing the gravitational effect and allowing at the same time
Bell tests between frames with large relative velocities (see Section 2.2.1).

2.1.3. Gravitational redshift in a HOM interferometer with frequency-entangled
photons In this subsection we turn our attention to an experiment using an
interference effect that does not have a classical analog, namely the two-photon Hong-
Ou-Mandel (HOM) interference [35]. As shown in Fig. 3, a photon-pair source directs
(indistinguishable) photons onto a 50-50 beamsplitter. There is then a quantum
mechanical interference effect, causing a complete cancellation of the two processes
leading to a coincidence between detectors b and c. This effect is sometimes loosely
interpreted as “photons interfering on the beamsplitter", which is not entirely correct.
It is possible to construct an HOM interferometer with unbalanced arms such that
the photon wave packets never overlap on the beamsplitter or anywhere else, and yet
the two-photon interference is present [36, 37].

Figure 3: A balanced Hong-Ou-Mandel interferometer.

To describe a balanced Hong-Ou-Mandel we begin with a two-photon state

|1il|1iu, (8)
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Gravitational redshift measurement 

• Equal-length delay lines on Satellite and Ground station. 

• Both calibrated and stabilized with identical frequency 

references. 

• Different relativistic time dilation for both delay lines 

(special relativistic + gravitational).

14
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where (n̂ ·vG)(te) and (n̂ ·vS)(tr) are, respectively, the velocity of the ground station
along the direction of the optical link at the time of emission and similarly for the
spacecraft at the time of reception. The factor containing these velocities corresponds
to the Doppler effect associated with the motion of the two stations (ground and
spacecraft)k. On the other hand, the ratio between (dt/d⌧S) and (dt/d⌧G), which
accounts for the special relativistic time dilation and the gravitational redshift
between the two stations, is given by

 
dt/d⌧S
dt/d⌧G

!

⇡ 1 +

 
1

2

v2
S � v2

G

c2
� U(xS)� U(xG)

c2

!

, (16)

where U(x) is the gravitational potential and higher-order terms in the post-
Newtonian expansion [41], which are suppressed by higher powers of 1/c, have been
neglected. For a Schwarzschild metric this result, which is also applicable to more
general situations such as the Moon-Earth system, reduces to Eq. (1).
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Figure 4: Frequency-entangled HOM interferometer sensitive to the gravitational
redshift and consisting of a ground station and a spacecraft.

k For sufficiently long delay lines, the changes of (n̂ ·vG) and (n̂ ·vS) over the time l/c would need
to be taken into account too.
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Quantitative estimates
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Single-uplink configuration
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where (n̂ ·vG)(te) and (n̂ ·vS)(tr) are, respectively, the velocity of the ground station
along the direction of the optical link at the time of emission and similarly for the
spacecraft at the time of reception. The factor containing these velocities corresponds
to the Doppler effect associated with the motion of the two stations (ground and
spacecraft)k. On the other hand, the ratio between (dt/d⌧S) and (dt/d⌧G), which
accounts for the special relativistic time dilation and the gravitational redshift
between the two stations, is given by
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dt/d⌧G
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where U(x) is the gravitational potential and higher-order terms in the post-
Newtonian expansion [41], which are suppressed by higher powers of 1/c, have been
neglected. For a Schwarzschild metric this result, which is also applicable to more
general situations such as the Moon-Earth system, reduces to Eq. (1).
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Figure 4: Frequency-entangled HOM interferometer sensitive to the gravitational
redshift and consisting of a ground station and a spacecraft.

k For sufficiently long delay lines, the changes of (n̂ ·vG) and (n̂ ·vS) over the time l/c would need
to be taken into account too.
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Single-uplink configuration
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where (n̂ ·vG)(te) and (n̂ ·vS)(tr) are, respectively, the velocity of the ground station
along the direction of the optical link at the time of emission and similarly for the
spacecraft at the time of reception. The factor containing these velocities corresponds
to the Doppler effect associated with the motion of the two stations (ground and
spacecraft)k. On the other hand, the ratio between (dt/d⌧S) and (dt/d⌧G), which
accounts for the special relativistic time dilation and the gravitational redshift
between the two stations, is given by
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where U(x) is the gravitational potential and higher-order terms in the post-
Newtonian expansion [41], which are suppressed by higher powers of 1/c, have been
neglected. For a Schwarzschild metric this result, which is also applicable to more
general situations such as the Moon-Earth system, reduces to Eq. (1).
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Figure 4: Frequency-entangled HOM interferometer sensitive to the gravitational
redshift and consisting of a ground station and a spacecraft.

k For sufficiently long delay lines, the changes of (n̂ ·vG) and (n̂ ·vS) over the time l/c would need
to be taken into account too.
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Single-uplink configuration
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where (n̂ ·vG)(te) and (n̂ ·vS)(tr) are, respectively, the velocity of the ground station
along the direction of the optical link at the time of emission and similarly for the
spacecraft at the time of reception. The factor containing these velocities corresponds
to the Doppler effect associated with the motion of the two stations (ground and
spacecraft)k. On the other hand, the ratio between (dt/d⌧S) and (dt/d⌧G), which
accounts for the special relativistic time dilation and the gravitational redshift
between the two stations, is given by
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where U(x) is the gravitational potential and higher-order terms in the post-
Newtonian expansion [41], which are suppressed by higher powers of 1/c, have been
neglected. For a Schwarzschild metric this result, which is also applicable to more
general situations such as the Moon-Earth system, reduces to Eq. (1).
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Figure 4: Frequency-entangled HOM interferometer sensitive to the gravitational
redshift and consisting of a ground station and a spacecraft.

k For sufficiently long delay lines, the changes of (n̂ ·vG) and (n̂ ·vS) over the time l/c would need
to be taken into account too.
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• Ground-based demonstration experiments for preliminary results and TRL increase. 

• Possible implementations being explored in collaboration with 

‣ Spencer Johnson, Paul Kwiat   (University of Illinois Urbana-Champaign) 

‣ Alex Lohrmann, Makan Mohageg   (Jet Propulsion Laboratory)

20

Mohageg et al. Page 10 of 82

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 
https://doi.org/10.1140/epjqt/s40507-022-00143-0
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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/.

• Part of a study by the Science Definition Team 
for a future space mission.
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Experiments in Paul Kwiat’s group (UIUC)
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Photon Detection 
• Superconducting nanowire 

detectors 
• Dichroic mirrors (DM) direct 

photons into appropriate detectors

Entanglement 
Generation 

• Source generates non-
degenerate polarization 
entanglement 

• Convert to frequency 
entanglement via polarizing 
beamsplitter (PBS) and 
halfwave plate (HWP) 

Interfering Beamsplitter (BS) & Optics 
• Dual-band design for 810 and 1550 nm

Photon wavelengths of 810 and 1550 nm 

Vibrating Target 
• Retroreflector + piezoelectric 

nanopositioning stage (1-nm resolution) 
• Actuator-driven translation stage for 

course adjustment and path-matching
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Recent results for frequency-entangled two-photon interference

•  Corresponding delay lines capable of resolving 
the gravitational redshift : 

‣ Lunar Gateway      

‣ LEO     

l > 1 m

l > 18 m

22

System Resolutions  
~ 50k photon pairs every second 

Current Experiment (fit): 0.7 nm (2.2 attoseconds) 

Theoretical best (with perfect entangled state and optics): 
0.6 nm (1.9 attoseconds)

Entangled photons at 810 and 1550 nm



Conclusions
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• Quantum interferometric measurement of general relativistic time dilation 

with no classical analog (two-photon interference, entanglement). 

• Experimental test of quantum field theory in curved space time. 

• Need to suppress the Doppler-shift contribution: 

‣ satellite laser ranging and post-correction, 

‣ alternatively, use of a “classical light” beacon as a distributed phase reference. 

• For highly elliptical orbits, orbital modulation can be exploited to extract the signal.

24
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Gravitational redshift

⌧G = l/c

⌧S = l/c+ ⌧rel

t

r

• Static spacetime with time translation 

invariance  . 

• Proper time spent in each delay line:

t ! t+�t

⌧delay = l/c

light rays
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FIG. 1. Schematic drawing of the experimental setup. The polarizer consists of the perfect silicon crystal double-bounce reflector
and the series of five prism-shaped air-gap magnetic fields. The silicon skew-symmetric interferometer and the pulse coil are the
key components to observe the SAB effect. A static type spin flipper is placed between the polarizer and the interferometer to rotate
the neutron spins from the z direction to the longitudinal x direction. The permanent magnet guide field maintains this direction
of polarization throughout the region of the interferometer. Behind the interferometer is a magnetically saturated Co0.92Fe0.08s111d
crystal to analyze the classical spin orientation.

index of refraction [8]. As illustrated in Fig. 1, monochro-
matic neutrons with nominal wavelength 2.35 Å from a
0.4± mosaic PG(002) vertically focusing monochromator
are incident upon the double-bounce crystal, which is ma-
chined so that the (220) reciprocal lattice vector is perpen-
dicular to the crystal surfaces. The neutrons that satisfy
the Bragg condition l ≠ 2d sinuB for the Si(220) lattice
planes to within the Darwin width DuD ≠ 1.6 arcsec are
reflected from the two blades of the double-bounce neutron
reflector. The selected neutrons then travel through the air
gap within each of five pairs of prism-shaped NdFeB mag-
nets, producing uniform magnetic fields B ≠ Bsx, ydẑ of
8 kG. The interaction of the neutron with the magnetic
field leads to two indices of refraction for the neutron spin
states s ≠ 61. Coupled with the boundary condition of
the neutron wave function entering and leaving the region
of the magnetic field, the prism field acts to refract the two
spin states into two slightly diverging directions (inset of
Fig. 1).
The monolithic, perfect silicon crystal skew-symmetric

interferometer [9] downstream also uses the Si(220) re-
flection, but in Laue geometry, and also has an angular
acceptance equal to the Darwin width. By rotating the
double-bounce reflector against the interferometer, one of
the two polarized neutron beam states can be aligned to
satisfy the Bragg reflection condition of the interferome-
ter, while the other polarization state passes through the
interferometer without being reflected. A rocking curve
of the double-bounce reflector against the interferometer
showing the birefringence splitting of the neutron beam
into two polarized beams is shown in Fig. 2. A double

Gaussian curve fit gives a 3.3 arcsec separation in agree-
ment with a calculation. In the experiment, we align the
instrument at the center of one of the two peaks. The po-
larized neutron beam reflected through the interferome-
ter contains less than 2% (as measured by a polarization
analyzer behind the interferometer) mixture of the polar-
ized beam with the opposite polarization.
A static spin flipper with B ¯ BSF ŷ is placed in the

beam path between the prism field assembly and the
interferometer to rotate the neutron polarization from

FIG. 2. Rocking curve of the double-bounce reflector against
the interferometer, showing the birefringence splitting of
3.3 arcsec. The two neutron peaks have opposite polarization.
The total intensity C2 1 C3 is shown.

3166

Scalar Aharonov-Bohm effect

charged particle in a homogeneous
electric potential

experimental realization with neutron interferometry
(magnetic dipole in a homogeneous magnetic field)

Aharonov & Bohm, Phys. Rev. 115, 485 (1959) Lee, Motrunich, Allman & Werner, Phys. Rev. Lett. 80, 3165 (1998)

q V (t) ~µ · ~B(t)
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Proposal for a gravitational version
Force-free gravitational redshift: a gravitostatic Aharonov-Bohm experiment

Michael A. Hohensee,1, ⇤ Brian Estey,1 Paul Hamilton,1 Anton Zeilinger,2 and Holger Müller1

1
Department of Physics, University of California, Berkeley, CA 94720, USA

2
University of Vienna and Institute of Quantum Optics and Quantum Information,

Austrian Academy of Sciences, 1090 Wien, Austria

(Dated: September 23, 2011)

We propose a feasible laboratory interferometry experiment with matter waves in a gravitational
potential caused by a pair of artificial field-generating masses. It will demonstrate that the presence
of these masses (and, for moving atoms, time dilation) induces a phase shift, even if it does not
cause any classical force. The phase shift is identical to that produced by the gravitational redshift
(or time dilation) of clocks ticking at the atom’s Compton frequency. In analogy to the Aharonov-
Bohm e↵ect in electromagnetism, the quantum mechanical phase is a function of the gravitational
potential and not the classical forces.

The wave function of a particle in an interferometer
is measurably phase shifted by �A = � e

h̄

R
~A · d~l or

�V = e

h̄

R
V dt in the presence of a local vector potential ~A

or an electrostatic potential V , even in the absence of any
classical force. This is the essence of the Aharonov-Bohm
(AB) e↵ect [1–3], which has been closely scrutinized
and verified experimentally [4–7]. Gravitational analogs,
broadly defined as phase shifts due to a gravitational po-
tential U in the absence of a gravitational force [8, 9],
have also been of great interest, but to date no experi-
mental realization of the gravitational AB e↵ect [10, 11]
has been suggested that would produce a signal of mea-
surable size. Here, we suggest a feasible experiment (Fig.
1), using matter waves to probe the proper time in a mul-
tiply connected region of space-time comprised by two
arms of an interferometer (Fig. 2) in which the force
caused by artificial gravitational field-generating masses
vanishes. Using cold atoms, [12, 13], even the minuscule
gravitational potential di↵erence �U/c

2 ⇠ 1.6 ⇥ 10�27

(Fig. 1) will produce a measurable phase di↵erence
�G = !C

R
(�U/c

2)dt, owing to the long (⇠ 1 s) coher-
ence times possible in such a system, and the large value
of the atom’s Compton frequency, !C = mc

2
/h̄. The

phase shift is nondispersive [7], and topological [14] in ori-
gin, and is directly analogous to the electrostatic AB ef-
fect. The experiment can also measure the time-dilation
phase of moving wave packets, similar to what has been
demonstrated for trapped ion clocks [15]. It will thus
show that matter-waves indeed accumulate phase at the
Compton frequency, modified by the local gravitational
potential and time dilation, rather than simply moving
in response to the local gravitational acceleration.

Matter-wave interferometers in gravitational fields
(e.g., [16–18]) thus far rely solely upon the Earth’s grav-
ity, whose nearly homogenous potential U = ~g · ~x+U0 is
fully described (up to an irrelevant gauge constant U0)
by a single vector ~g. Consequently, they can be equiv-
alently interpreted as measurements of the integrated
gravitational redshift phase !C

R
�U/c

2
dt between two

Compton-frequency oscillators (plus time dilation and

0.02 0.01 0.00 0.01 0.02

0.05

0.10
0.15
0.20

0.25
0.30
0.35

Optical lattice

Field mass

x [m]

Wave packet/
clock

Bore
[rad/s]

 2c
UC�

FIG. 1. Setup. The source masses (radius R = 1 cm, density
⇢ = 10 g/cm3) are separated by L = 3 cm. Wave packets
are at saddle points of the potential U(x), separated by s =
1.38 cm. The gravitational phase shift in rad/s is plotted for
cesium atoms, for which !C/(2⇡) = 3 ⇥ 1025 Hz. For L =
3R, the gravitational potential di↵erence is �U = 1.11⇢Gs2.
L = 2.61R, s = 1.14R yields the largest �U for a given s,
�U = 1.17G⇢s2.

laser-atom interaction phases as appropriate) [12, 13],
or of the gravitational acceleration ~g [19–21]. Demon-
stration of the gravitostatic AB e↵ect, arising from the
potential di↵erence �U in absence of a gravitational ac-
celeration ~g, however, will decisively prove that only the
former description is generally valid.
Fig. 1 shows two identical spheres whose combined

gravitational potential has a saddle point between the
spheres (xA = 0) and another, lower potential saddle
point at ±xB close to the individual spheres’ centers.
An interferometer is formed by placing an atom of mass
m into a superposition of two quantum states at a time
t0 (Fig. 2). These states are then conveyed to the two
saddle points by moving optical lattices and held there
for a time T, during which they accumulate phase shifts
�A,�B . Interferometers relying on similar use of opti-
cal lattices have already been demonstrated experimen-
tally [22, 23]. When the states are interfered at t3, the
phase di↵erence �� = �A � �B can be measured by de-
tecting the population in the outputs of the interferom-
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FIG. 2. Atom’s trajectories versus time. For the numerical
examples in the text, we assume an optical lattice with a
depth V0/(2⇡) = 105Hz and a wavenumber k = 107/m.

eter, which is given by cos2 ��/2. The gravitationally
induced phase di↵erence produced by the source masses
is ��G = m�UT/h̄, and is analogous to the electrostatic
AB e↵ect [3]. For L = 3R, the gravitational phase shift
is

��G = 0.16
⇣

s

cm

⌘2
 

⇢

10g/cm3

!✓
m

mCs

◆✓
T

s

◆
, (1)

where s is the separation of the potential maximum and
minimum along the axis, and mCs the mass of Cs atoms.

To derive this phase shift, consider an experiment with-
out the source masses. We assume that the wave pack-
ets | A(t1)i and | B(t1)i at t1 are concentrated near xA

and xB , respectively (Fig. 2) and are eigenstates of a
Hamiltonian HA,B describing all relevant potentials, in
particular the optical lattice and Earth’s gravity. Since
the Hamiltonian is time-independent between t1 and t2,
the time evolution is simply

| A,B(t2)i = e
i
h̄HA,BT | A,B(t1)i. (2)

When the states interfere with each other at t3, a phase
di↵erence �0 is measured that results from the combina-
tion of all influences on the atom between t0 and t3.

Now consider the experiment with the source masses
being brought in at t1 and removed at t2 (we assume
these processes take negligible time). Once in place, the
masses apply no potential gradients or forces to the wave
packets, provided that the wave packet is much smaller
than the masses. They will thus not change the shape or
location of the wave packets. The time evolution is now

| A,B(t2)i = e
i
h̄ [HA,BT+mU(xA,B)T ]| A,B(t1)i. (3)

If these states are interfered at t3, they will have picked
up an additional relative phase

�G = m�UT/h̄. (4)

To illustrate the utility of a matter wave packet as
a clock in general relativity, we recall that the proper

time experienced by a clock moving with velocity v at
a location x(t) relative to a resting observer at x = 0 is
given by (see, e.g., [13])

⌧ =

Z ✓
U(x)� U(0)

c2
� 1

2

v
2

c2

◆
dt, (5)

to leading order in the gravitational potential U and the
velocity v. We now consider a pair of clocks ticking at a
proper frequency of ! that are moved along the atom’s
paths. They are initially synchronized at t0 and are com-
pared at t3. The clocks register a proper time di↵erence

�⌧0 =
1

c2

Z
[U0(xA)� U0(xB)]dt, (6)

where the kinetic term vanishes because of the symmetry
of the trajectories. The notation ⌧0, U0 indicates that
these quantities are measured in absence of the source
masses. Adding the source masses changes the proper
time di↵erence by�⌧G = �UT/c

2. (As above, �U refers
to the potential di↵erence caused by the source masses
between the clock’s locations.) For a clock frequency !,
this gives rise to an additional phase shift

��G = !�⌧G = !�UT/c
2
, (7)

that is identical, substituting ! = !C = mc
2
/h̄, to the

phase shift experienced by matter waves given in Eq. (4).
The presence of !C is not explicit in Eq. (4) but is nec-
essary, since the physical quantity that describes gravity
in general relativity is the dimensionless metric pertur-
bation h00 = 2U/c2. The equality is thus no coincidence.
Note also that the Hamiltonian formulation leading to
Eq. (4) is mathematically equivalent to the relativistic
dynamics of matter waves, oscillating at !C [24], propa-
gating in curved space-time in the weak field limit (see
Appendix A in ref. [25]). Were this force-free gravi-
tational redshift, or gravitostatic AB e↵ect, to be mea-
sured by atomic clocks, it would require km-sized source
masses. Alternatively, clocks could be located at di↵erent
Lagrange points of the Earth-Moon system. Laboratory-
scale tests, however, can make use of matter-wave clocks.
Since we cannot turn o↵ Earth’s gravity, a true type

I AB test (characterized by the complete elimination of
any force acting on the wave packet [3]) would only be
realizable in microgravity. Nevertheless, as derived above
in Eqs. (2-4), such an experiment can be approximated
in the laboratory using an apparatus to move the source
masses into place after the wavepackets have reached
their respective holding positions xA and xB , with the
masses’ trajectories selected such that they produce no
significant forces at any time. The e↵ect of Earth’s grav-
ity can then be suppressed by comparing measurements
made with and without the source masses.
To prove that we measure the gravitostatic AB e↵ect,

we must show that the measured phase shift is both non-
dispersive [7] and topological [14]: i.e. that it does not
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We propose a feasible laboratory interferometry experiment with matter waves in a gravitational

potential caused by a pair of artificial field-generating masses. It will demonstrate that the presence of

these masses (and, for moving atoms, time dilation) induces a phase shift, even if it does not cause any

classical force. The phase shift is identical to that produced by the gravitational redshift (or time dilation)

of clocks ticking at the atom’s Compton frequency. In analogy to the Aharonov-Bohm effect in

electromagnetism, the quantum mechanical phase is a function of the gravitational potential and not

the classical forces.
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The wave function of a particle in an interferometer is

measurably phase shifted by !A ¼ ! e@ R ~A # d~l or !V ¼
e@ RVdt in the presence of a vector potential ~A or an
electrostatic potential V, even in the absence of any
classical force. This is the essence of the Aharonov-
Bohm (AB) effect [1–3], which has been closely scruti-
nized and verified experimentally [4–7]. Gravitational
analogs, broadly defined as phase shifts due to a gravita-
tional potential U in the absence of a gravitational force
[8,9], have also been of great interest, but to date no
experimental realization of a gravitational AB effect
[13,14] has been suggested that would produce a signal
of measurable size. Here, we suggest a feasible experi-
ment (Fig. 1), using matter waves to probe the proper time
in a multiply connected region of space-time comprised
by two arms of an interferometer (Fig. 2) in which the
force caused by artificial gravitational field-generating
masses vanishes. Using cold atoms, even the minuscule
gravitational potential difference !U=c2 $ 1:6% 10!27

(Fig. 1) will produce a measurable phase difference
[15,16] !G ¼ !C

Rð!U=c2Þdt, owing to the long
($ 1 s) coherence times possible in such a system, and
the large value of the atom’s Compton frequency, !C ¼
mc2=@. This phase shift is identical to that which accu-
mulates between two clocks oscillating at !C that record
the proper time along each arm of the interferometer, and
is naturally described as such in the context of general
relativity. The experiment can also measure the time-
dilation phase !T ¼ ! 1

2!C

R
!ðv2Þ=c2dt of moving

wave packets, similar to what has been demonstrated for
trapped ion clocks [17]. It will thus show that matter-
waves indeed accumulate phase at the Compton fre-
quency, modified by the local gravitational potential and
time dilation, rather than simply moving in response to
the local gravitational acceleration.

The phase measured by Mach-Zehnder matter-wave
interferometers built so far (e.g., [18–20]) can be described

by three effects—the wave packet’s integrated gravita-
tional redshift !G, time dilation !T , and interactions
with the diffraction gratings (e.g., standing light waves or
a crystal). These effects are related to one another as
1:! 1:1, and only their sum is observed [15,16,21–23].
Thus, it is possible to view the interferometer as a mea-
surement of the gravitational redshift caused by the gravi-
tational potential between two Compton frequency
oscillators [15,16], or to ignore the Compton frequency
dynamics of the wave packet, and even deny its physical
relevance [21–23]. In the latter picture, the measured phase
is ascribed to the phase of the gratings at the positions of
the wave packets when interacting; the interferometer is
thus argued to be a measurement exclusively of the wave
packet’s acceleration of free fall ~g in response to the
gravitational force. These two views mirror the discussion
on the influence of forces and potentials in quantum

FIG. 1 (color online). Setup. The source masses (radius
R ¼ 1 cm, density " ¼ 10 g=cm3) are separated by L ¼ 3 cm.
Wave packets are at saddle points of the potential UðxÞ, sepa-
rated by s ¼ 1:38 cm. The gravitational phase shift in rad/s is
plotted for cesium atoms, for which !C=ð2#Þ ¼ 3% 1025 Hz.
For L ¼ 3R, the gravitational potential difference is !U ¼
1:11"Gs2. L ¼ 2:61R, s ¼ 1:14R yields the largest !U for a
given s, !U ¼ 1:17G"s2.

PRL 108, 230404 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
8 JUNE 2012

0031-9007=12=108(23)=230404(5) 230404-1 ! 2012 American Physical Society
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Gravitational Redshift in Quantum-Clock Interferometry
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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
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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
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Quantum superposition of a single clock 
at two different heights

Quantum-clock interferometry

• Initialization pulse after the spatial superposition 
has been generated. 

• Doubly differential measurement: 

‣ state-selective detection 

‣ compare different initialization times
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Quantum superposition of a single clock 
at two different heights

Quantum-clock interferometry

• Relativity of simultaneity for spatially separated 
events. 

• Simultaneous initialization in the lab frame, 

BUT not in the freely falling 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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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
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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 phase of matter waves depends on proper time and is therefore susceptible to special-relativistic (kinematic)
and gravitational (redshift) time dilation. Hence, it is conceivable that atom interferometers measure general-
relativistic time-dilation effects. In contrast to this intuition, we show that (i) closed light-pulse interferometers
without clock transitions during the pulse sequence are not sensitive to gravitational time dilation in a linear
potential. (ii) They can constitute a quantum version of the special-relativistic twin paradox. (iii) Our proposed
experimental geometry for a quantum-clock interferometer isolates this effect.

INTRODUCTION
Proper time is operationally defined (1) as the quantity measured by
an ideal clock (2) moving through spacetime. As the passage of time
itself is relative, the comparison of two clocks that traveled along dif-
ferent world lines gives rise to the twin paradox (3).Whereas this key
feature of relativity relies on clocks localized on world lines, today’s
clocks are based on atoms that can be in a superposition of different
trajectories. This nature of quantum objects is exploited by matter-
wave interferometers, which create superpositions atmacroscopic spa-
tial separations (4). One can therefore envision a single quantum clock
such as a two-level atom in a superposition of two different world lines,
suggesting a twin paradox, in principle susceptible to any form of time
dilation (5–7). We demonstrate which atom interferometers imple-
ment a quantum twin paradox, how quantum clocks interfere, and
their sensitivity to different types of time dilation.

The astonishing consequences of time dilation can be illustrated by
the story of two twins (3), depicted in Fig. 1A: Initially at the same po-
sition, one of them decides to go on a journey through space and leaves
his brother behind. Because of their relative motion, he experiences
time dilation and, upon meeting his twin again after the voyage, has
aged slower than his brother who remained at the same position. Al-
though this difference in age is notable by itself, the twin who traveled
could argue that, fromhis perspective, his brother hasmoved away and
returned, making the same argument. This twin paradox can be re-
solved in the context of relativity, where it becomes apparent that not
both twins are in an inertial system for the whole duration. In the pres-
ence of gravity, two twins that separate and reunite experience addi-
tional time dilation depending on the gravitational potential during
their travel. The experimental verifications of the effect that leads to
the difference in age, namely, special-relativistic and gravitational time
dilation, were milestones in the development of modern physics and
have, for instance, been performed by the comparison of two atomic

clocks (8–10). Atomic clocks, as used in these experiments, are based
on microwave and optical transitions between electronic states and
define the state of the art in time keeping (11).

In analogy to optical interferometry, atom interferometers mea-
sure the relative phase of a matter wave accumulated during the prop-
agation by interfering different modes. Although it is possible to
generate these interferometers through different techniques, we focus
here on light-pulse atom interferometers like the one of Kasevich and
Chu (12) with two distinct spatially separated branches, where the
matter waves are manipulated through absorption and emission of
photons that induce a recoil to the atom. Conventionally, these inter-
ferometers consist of a series of light pulses that coherently drive
atoms into a superposition of motional states, leading to the spatial
separation. The branches are then redirected and finally recombined
such that the probability to find atoms in a specific momentum state
displays an interference pattern and depends on the phase difference
Dφ accumulated between the branches that is susceptible to inertial
forces. Hence, light-pulse atom interferometers do not only provide
high-precision inertial sensors (13, 14) with applications in tests of
the foundations of physics (15–21) but also constitute a powerful tech-
nique to manipulate atoms and generate spatial superpositions.

Atom interferometry, in conjunction with atomic clocks, has led to
the idea of using time dilation between two branches of an atom in-
terferometer as a which-way marker to measure effects like the grav-
itational redshift through the visibility of the interference signal (5, 6).
However, no specific geometry for an atom interferometer was pro-
posed and no physical process for themanipulation of thematter waves
was discussed. The geometry as well as the protocols used for coherent
manipulation crucially determine whether and how the interferom-
eter phase depends on proper time (22). Therefore, the question of
whether the effects connected to time dilation can be observed in
light-pulse atom interferometers is still missing a conclusive answer.

In this work, we study a quantumversion of the twin paradox, where
a single twin is in a superposition of two different world lines, aging
simultaneously at different rates, illustrated in Fig. 1B. We show that
light-pulse atom interferometers can implement the scenario where
time dilation is due to special-relativistic effects but are insensitive to
gravitational time dilation. To this end, we establish a relation between
special-relativistic time dilation and kinematic asymmetry of closed
atom interferometers, taking the form of recoil measurements
(15, 21, 23, 24). For these geometries, a single atomic clock in a super-
position of two different trajectories undergoes special-relativistic time
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available from reading out the proper time from the ‘clock’. Such a gravitationally induced 
decoherence would provide the first test of the genuine general relativistic notion of proper 
time in quantum mechanics. 
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Introducing internal-state transitions simultaneously on each branch of a light-pulse atom interferometer,
we propose a scheme that is concurrently sensitive to both violations of the universality of free fall and
gravitational redshift, two premises of general relativity. In contrast to redshift tests with quantum clocks, a
superposition of internal states is not necessary but merely transitions between them, leading to a generalized
concept of clocks in this context. The experimental realization seems feasible with already demonstrated
techniques.
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I. INTRODUCTION

The phenomenal advance in accuracy of atomic light-pulse
interferometers over the last decades has not only led to high-
precision applications in gravimetry [1,2] and gradiometry
[3,4], but also allows for probes of fundamental physics such
as through measurements of the fine-structure constant to con-
strain Standard-Model extensions [5–7], gravitational wave
detection [8], or tests of the universality of free fall [9–13].
Since the universality of free fall (UFF) and the universality
of gravitational redshift (UGR) form the foundations of gen-
eral relativity, their violation would directly hint toward new
unknown physics. While the former has been tested with light-
pulse atom interferometers for two different atomic species to
the 10−12 level [13], interferometry based on clocks as input
[14] is insensitive to UGR violations [15] as parametrized
below. In this paper we propose an interferometer scheme sen-
sitive to both violations of UFF and UGR (depicted in Fig. 1).
Whereas redshift sensitivity may arise from the initialization
of a quantum clock during the interferometer sequence [16],
we show that a superposition of internal states that constitutes
a clock is not necessary. Instead, the sensitivity originates
solely from the interferometer geometry and change of
internal states.
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II. RELATIVISTIC EFFECTS IN ATOM
INTERFEROMETERS

In general relativity an ideal clock moving along a world
line xµ measures proper time

τ = 1
c

∫ √
dxµdxµ, (1)

where c is the speed of light. This quantity is connected to the
phase of a sufficiently localized matter wave via the relation
[16,17]

φ = −ωτ + Sem/h̄, (2)

where ω = mc2/h̄ denotes the Compton frequency, m the
mass of the atom, and Sem accounts for interactions with
electromagnetic fields guiding the matter wave. Because the
phase depends on proper time, it is conceivable that atom
interferometers provide a platform for tests of special and
general relativity. We focus on UFF and UGR and propose a
quantum-mechanical experiment testing both principles. For
that, we define UFF and UGR tests operationally and in
complete accordance with their classical counterparts. UFF
states that gravitational acceleration in a linear gravitational
field is universal, while UGR assumes proper-time differ-
ences measured by two clocks in a gravitational field to be
independent of the composition of the clocks. Introducing
violation parameters in Sec. IV A will help us unambiguously
identify violations of both principles in the interferome-
ter phase through a comparison to predictions of textbook
experiments.

In a light-pulse interferometer, a series of short light pulses
drives the atoms into a coherent spatially delocalized superpo-
sition and subsequently directs them along two branches of the
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