
Albert Roura, Institute of Quantum Technologies, 03.04.2024

Albert Roura 
German Aerospace Center (DLR) 
Institute of Quantum Technologies, Ulm

Atom interferometers 
as freely falling clocks 
for time-dilation measurements 

(based on arXiv:2402.11065)

https://arxiv.org/abs/2402.11065


Albert Roura, Institute of Quantum Technologies, 03.04.20242

Motivation

! Applications of atom interferometers based on single-photon transitions: 

" GW detection in mid-frequency band  (100-m prototypes not sensitive enough) 

" Search for ultralight dark matter  (modest exclusion bounds at early stages) 

! Are there other interesting measurements (rather than mere null tests) that can be preformed? 

!    Yes, local measurement of relativistic time dilation with freely falling atoms. 

! Useful methods for theoretical modelling of such interferometers.
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Relativistic effects in freely falling clocks
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Quantum clock model
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! Theoretical description of the clock: 

" two-level atom  (internal state): 

" classical action for COM motion:
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! Theoretical description of the clock: 

" two-level atom  (internal state): 

" classical action for COM motion:
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free fall
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! Theoretical description of the clock: 

" two-level atom  (internal state): 

" classical action for COM motion:
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Propagation of matter-wave packets in curved spacetime 

(relativistic description)

! Wave-packet evolution in terms of 

" central trajectory  (satisfies classical e.o.m.) 

" centered wave packet
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! Wave-packet evolution: 

" propagation phase 

" centered wave packet
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! Relativistic description of atom interferometry in curved spacetime. 

! Including external forces and even guiding potentials. 

! Relativistic interpretation of the separation phase in open interferometers.

For further details:
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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 couldbeachievedby generating 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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Relativistic time dilation for a freely falling clock

! Natural implementation:  compare atomic fountain clock to optical lattice clock. 

! BUT accuracy of best atomic fountain clocks insufficient by more than an order of magnitude.

! Freely falling clock (FF): 

! Static clock at constant height (S):
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Freely falling clock with internal-state inversion

! Simultaneity hypersurfaces in the lab frame. 

            (equal time separation) 

! Unbalanced proper times (before and after inversion) 

due to relativistic time dilation:
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Freely falling clock with internal-state inversion

! Possible implementation with Doppler-free E2ÐM1 

two-photon pulses at . 

! Drawbacks: 

! dedicated high-power laser needed at  

! residual recoil  (  ) 

! Let us consider atom interferometers based on 

single-photon transitions.

! 2 = 2 ! 698 nm
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Atom interferometer as a freely falling clock
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Atom interferometer based on single-photon transitions

! Proper time along a freely falling world line (geodesic) and elapsed between two light rays. 

" Retardation effect due to the finite speed of light:

døt = dt + ( ön áøv /c ) døt + O
!
1/c 3

"

dt
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Atom interferometer based on single-photon transitions

! Proper time along a freely falling world line (geodesic) and elapsed between two light rays. 

" Retardation effect due to the finite speed of light: 

" Relativistic time dilation:

gravitational redshiftspecial relativistic
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! Freely falling frame comoving with the mid-point world line  (Fermi-Walker frame): 

" light rays (laser wave fronts) have fixed slope, 

" shifts due to Doppler effect (opposite sign in reversed interferometer) and time dilation (same sign).

Atom interferometer based on single-photon transitions
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! It is sufficient to calculate the proper times along the mid-point world line rather than the 

actual arm trajectories  (negligible higher-order corrections to total phase shift). 

! Proper time as a function of the phase , invariant characterizing each laser wave front: 

! The Doppler factor can be (partially) compensated through a suitable frequency chirp:
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! Phase-shift calculation: 

! For an approximately uniform gravitational field,  and 

! It agrees with the result for an ideal freely falling clock if  can be kept small enough.

øX (øt) = øv0 + g (øt ! øt0)

!" corr

!" = !
! E
!

! " ! 0 T

0

#
dø#
d$

$
d$ !

" 2! 0 T

! 0 T

#
dø#
d$

$
d$

%

!" = ! 2 (! E/ ! )
!
øv0 ág T2 + g2T3

"
/c 2 + !" corr



Albert Roura, Institute of Quantum Technologies, 03.04.202421

! For an imperfect match of the chirped frequency, with  and . 

! The dominant term is linear in  and can be suppressed by adding up  for two interferometers 

with opposite .                             (reversed interferometers) 

! The above result can be straightforwardly generalized to a time dependent . 

This can naturally account for laser phase noise and vibrations of retro-reflection mirror.
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Reversed interferometers

! Uncompensated Doppler contribution cancels out when adding up their phase shifts. 

! Effects of mirror vibrations and laser phase noise (for reversed interferometers in different shots) 

do not cancel out    ÒgradiometricÓ configuration.
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ÒGradiometricÓ configuration

! Differential phase shift between interferometers 

launched with different velocities (A and B): 

! Similarly for pair of reversed interferometers: 

                         (a) and (b) 

! Comparison between two freely falling clocks. 

   (no need for time reference in lab frame)
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Experimental implementation
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! Gradiometric configuration in MAGIS-100 with two simultaneous interferometers 

launched from the top and bottom atom source. 

! AOM driven by a stable rf source  second frequency component. 

! For  and  respectively, one gets . 

! With  detected atoms, a shot-noise-limited sensitivity at the  level can be 

reached in a hundred shots. 

! StanfordÕs 10-m prototype or AIONÕs 10-m fountain could also measure these time dilation 

effects with about two orders of magnitude lower sensitivity.

v̄A
0 = �(20m/s) ẑ øv B

0 = (40 m/s) öz ��A � ��B = 35 rad

N = 105 10�5
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Main systematic effects

! Effects suppressed when adding up the phase shift for reversed interferometers: 

" gravity gradients  (co-location at 0.1 mm and 0.1 mm/s level     relative uncertainty) 

" rotations 

" wave-front curvature  &  light shifts 

! Pulse timing requirements:   and      relative uncertainty 

! Magnetic field inhomogeneities:  3 nT / m     relative uncertainty 

! Temperature gradients:  2 K / 100 m    contribution at  level

10! 4

�T . 0.1µs ! ! 300 Hz 10�5

10�5

10! 2
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Main systematic effects

! Effects suppressed when adding up the phase shift for reversed interferometers: 
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Equivalence principle violations & external forces
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! The coupling of neutral atoms to magnetic fields and far detuned radiation can be 

described with state-dependent external potentials. 

! Replacement in the action:        

! Modified mean acceleration: 

! Relative acceleration between the two internal states:

mn U(t! , X ) ! mn U(t! , X ) + Vn (t ! , X )

External forces
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! Fermi-Walker frame  (mid-point trajectory with acceleration ). 

! Modified arm trajectories + separation phase    no net phase-shift contribution. 

! Key contribution to the action evaluated along the mid-point trajectory: 

! Result for a uniform (state-dependent) force:

ā
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Equivalence principle violations

! Consider a dilaton model as a consistent parametrization of equivalence principle violations. 

! Replacement in the action:    

! It can be regarded as a particular case of state-dependent external potential (previous slides). 

! The phase-shift result coincides with that for an ideal clock following the mean trajectory: 

! Test of universality of gravitational redshift (UGR).

mn U(t0,X ) ! mn (1 + ! n)U(t0,X )
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Discussion and conclusions
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Comparison to quantum-clock interferometry 

and other proposals
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¥ Initialization pulse after the spatial superposition 
has been generated. 

¥ Doubly differential measurement: 

" state-selective detection 

" compare different initialization times
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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 couldbeachievedby generating 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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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.
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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 mn!1 " ! n#U!t0; X #, where
the parameters! n encode deviations from a metric theory
of gravity and are directly related to the Eštvšs parameter
"e-g characterizing the violations of UFF for the two
internal states:" e-g ! ! ! 2 " ! 1#. 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! #b " ! #a is replaced by

! ø#b " ! ø#a ! !1 " $e-g#!g! z=c2#!tf " ti#; !8#

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

$e-g $
m1

! m
!! 2 " ! 1#; !9#

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! z. 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$e-g, both the gravitational
accelerationg and the energy difference! E $ ! mc2 as
well as! z and! tf " ti#should be measured independently.
The energy difference! E 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 E1ÐM1 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! %=2& that accounts for the change of the
atomÕs kinetic energy. The two clock states are respectively
indicated with orange and purple color.
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FIG. 3. Relevant energy levels and transitions for Yb atoms.
The two-photon E1–M1 transition (red arrows) employed for the
inversion pulses can be interpreted as the absorption of two
counterpropagating equal-frequency photons. On the other hand,
the Bragg transition (blue and green arrows) on which the
diffraction pulses are based involves the absorption and stimu-
lated emission of two counterpropagating photons with a slight
frequency difference Δω=2π that accounts for the change of the
atom’s kinetic energy. The two clock states are respectively
indicated with orange and purple color.
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III. QUANTUM-CLOCK INTERFEROMETRY

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

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

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

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

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

FIG. 1. Central trajectories for a reversed Ramsey-Bordé
interferometer [43], which involves two pairs of laser pulses
acting as diffraction gratings (gray dashed lines), in a uniform
gravitational field. A differential phase-shift measurement of the
ground (orange) and excited (purple) states is performed for
various initialization times (ti and t0i). Comparison of the out-
comes for the two different initialization times is directly related
to the proper-time difference between the dashed segments in
the two arms (a and b), which is a consequence of gravitational
time dilation.
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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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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 mn!1 " ! n#U!t0; X #, where
the parameters! n encode deviations from a metric theory
of gravity and are directly related to the Eštvšs parameter
"e-g characterizing the violations of UFF for the two
internal states:" e-g ! ! ! 2 " ! 1#. 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! #b " ! #a is replaced by

! ø#b " ! ø#a ! !1 " $e-g#!g! z=c2#!tf " ti#; !8#

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

$e-g $
m1

! m
!! 2 " ! 1#; !9#

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! z. 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$e-g, both the gravitational
accelerationg and the energy difference! E $ ! mc2 as
well as! z and! tf " ti#should be measured independently.
The energy difference! E 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 E1ÐM1 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! %=2& that accounts for the change of the
atomÕs kinetic energy. The two clock states are respectively
indicated with orange and purple color.
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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
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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 for88Sr 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! =2 pulse) at timeti is replaced with
an inversion pulse (a! pulse) that swaps the internal state
from jgi to jei instead of generating an equal-amplitude
superposition. Furthermore, at some later timetf in the
same shot one applies a second inversion pulse that swaps
the internal state back tojgi . 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 andb) due to the
gravitational redshift:

"# A ! "# B ! ! ! mc2"! $b ! ! $a#=!

! ! ! mg! z"tf ! ti#=! ; "7#

where! z is the vertical separation between the two arms,
andg is the gravitational acceleration along thez 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 the1S0 ! 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 the1S0 ! 1P1 transition is also
possible [54]. Furthermore, large momentum transfer
(LMT), which allows reaching higher! z with shorter
timesT0and leaving more time available for"tf ! ti#, was
demonstrated in both cases too. Finally, as done in
Refs. [52Ð54], 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 E1Ð
M1 transition between the two clock states investigated in
Ref. [56]. It is indicated with red arrows in Figs.3 and4,
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-Bord«e
interferometer in the laboratory frame. (a) In this frame the
inversion pulses applied at timesti 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 shotB and subtracting the phase
shifts obtained in the two cases, one gets the same result as in the
quantum-clock interferometry scheme of Fig.1.
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Comparison with current proposal

! Quantum-clock interferometry:   single clock in a delocalized quantum superposition 

of two wave packets experiencing different gravitational time dilation. 

! Current proposal:   each atom interferometer acts as a freely falling clock; comparison 

between two independent clocks in the ÒgradiometricÓ configuration.
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Interference of clocks: A quantum twin paradox
Sina Loriani1*, Alexander Friedrich 2*  , Christian Ufrecht2, Fabio Di Pumpo2, Stephan Kleinert2,
Sven Abend1, Naceur Gaaloul1, Christian Meiners1, Christian Schubert1, Dorothee Tell1,
ƒtienne Wodey1, Magdalena Zych3, Wolfgang Ertmer1, Albert Roura2, Dennis Schlippert1,
Wolfgang P. Schleich2,4,5, Ernst M. Rasel1, Enno Giese2

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, todayÕs
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 at macroscopic 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 (5Ð7). 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, from his perspective, his brother has moved 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 systemfor 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 (8Ð10). 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 (15Ð21) 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 the manipulation of the matter 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 quantum version 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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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, todayÕs
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 at macroscopic 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 (5Ð7). 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, from his perspective, his brother has moved away and
returned, making the same argument. This twin paradox can be re-
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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
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have, for instance, been performed by the comparison of two atomic

clocks (8Ð10). 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
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ferometers consist of a series of light pulses that coherently drive
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such that the probability to find atoms in a specific momentum state
displays an interference pattern and depends on the phase difference
D! 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 (15Ð21) 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 the manipulation of the matter 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 quantum version 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
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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.

DOI: 10.1103/PhysRevResearch.2.043240

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 Þne-structure constant to con-
strain Standard-Model extensions [5Ð7], gravitational wave
detection [8], or tests of the universality of free fall [9Ð13].
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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nover, DLR-SI, Callinstra§e 36, D-30167 Hannover, Germany.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 Internationallicense. Further
distribution of this work must maintain attribution to the author(s)
and the published articleÕs title, journal citation, and DOI.

II. RELATIVISTIC EFFECTS IN ATOM
INTERFEROMETERS

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

! =
1
c

! "
dxµ dxµ , (1)

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

" = ! #! + Sem/ øh, (2)

where # = mc2/ øh denotes the Compton frequency,m the
mass of the atom, andSem accounts for interactions with
electromagnetic Þelds 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 deÞne UFF and UGR tests operationally and in
complete accordance with their classical counterparts. UFF
states that gravitational acceleration in a linear gravitational
Þeld is universal, while UGR assumes proper-time differ-
ences measured by two clocks in a gravitational Þeld 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

2643-1564/2020/2(4)/043240(9) 043240-1 Published by the American Physical Society
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Proposed UGR test with atom interferometry

! Null test:  non-vanishing result in case of gravitational redshift differences for different isotopes 

                (e.g. 87Sr and 88Sr) 

! Forbidden clock transition for bosonic isotopes such as 88Sr unless a strong transverse magnetic field is applied     

    not a viable option for precision measurements with VLBAI. 

! Little dependence of  on the nuclear isotope    effects of UGR violations nearly the same 

for both isotopes.

! E ! me ! 2c2
wave-packet contributions from the derivative with respect
to momenta arise.

3. Atomic clocks

For clocks, we choosek!! "
l # 0 (neglecting recoils) for

all pulses, as well as" !1"! t" # 1 and"!2"! t" # ! 1 for the
whole duration of a Ramsey sequence, see Fig.4(a) on
the top.

The figure shows on the bottom the unperturbed classical
trajectory through space for freely falling atoms. It is given
by r! t" # r0 $ v0t ! gt2=2 and the velocityv! t" # v0 ! gt
for both internal states with initial positionr0 and initial
velocityv0. We find#0 # 0 except for laser phases that may
arise from chirping or vibrations and hence omit this term.

Because"!1"! t" ! " !2"! t" # 2 for all times, we find on
resonance

#1 # !
!
c2

Z
T

0
dt

!
!

v2! t"
2

$ ! 1 $ $"gr! t"
"

!A11"

if we neglect the influence of any further deleterious effects
for clocks. In principle, those contributions can be incor-
porated. We observe that#1 corresponds exactly to

! ! !%! T", if the proper-time difference from Eq.(1) is
modified by a parameter$ and taking nonvanishing initial
conditions into account. The integration along the classical
trajectories gives rise to

#1

! ! T
#

#
1 $

$
2

$!
g!2r0 $ v0T"

c2 !
" %
T

"
!

gr0

c2 !
v2

0

2c2 :

!A12"

With the same method, we find for the wave-packet effects

#WP #
!

2c2

Z
T

0
dt

" p2
0

m2 #
! T
2c2 !hv2

0i ! v2
0"; !A13"

from which we obtain the result presented in Eq.(2) by
adding&1 and&WP.

4. Atom interferometer

The atom interferometer introduced in the article corre-
sponds to a butterfly or figure-eight geometry[39,41Ð43].
Figure4(b) shows on the bottom a spacetime diagram of
this scheme and both branch-dependent trajectories[19]

FIG. 4. State-dependent functions" !! "! t" (top) and trajectories in spacetime diagrams (bottom) for the calculation of the phase shifts.
Panel (a) shows an atomic clock in a Ramsey sequence, where a' =2 pulse (red) initiates a superposition of internal states (ground state
in blue and excited state in green) and another' =2 pulse after a timeT that interferes them. The finite propagation speed of both light

pulses is highlighted by inclined lines and leads to time delays( t!1=2"
l common for both internal states. During the sequence, the

(unperturbed) atom remains in a superposition of both internal states so that both" ! ! "! t" are constant. Since there is no momentum
transfer, both wave packets corresponding to the two internal states are centered along the same spacetime trajectory. Panel (b) shows the
atom interferometer, where a' =2 pulse (red) initiates a superposition of both internal states entangled with corresponding c.m. states by
transferring a momentum! k in addition to the internal transition. Two' pulses (purple) at timesT=4 and3T=4 invert momenta and
internal states, before a last' =2 pulse at timeT interferes both branches. We showcase the finite speed of light by inclined lines for the

pulses, which leads to time delays( t! ! "
l that differ for both branches. The top shows the (unperturbed) sequence of internal states of both

branches encoded in the functions"! ! "! t" that jump by%2 during the' pulses. In contrast to atomic clocks, both internal states travel
along different branches.

UNIVERSALITY-OF-CLOCK-RATES TEST USING ATOMÉ PHYS. REV. D107, 064007 (2023)
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! Atom interferometers based on single-photon transitions can be used as freely falling clocks 

for time dilation measurements. 

! Unprecedented measurement of relativistic time dilation in a local measurement with freely 

falling atoms. 

! It could be implemented in MAGIS-100 with virtually no additional requirements. 

! A version with limited sensitivity could also be implemented in StanfordÕs 10-m prototype or 

AIONÕs 10-m fountain. 

! Main challenge for achieving higher sensitivities    temperature gradients. 

! Further improvement through measurements of temperature profile and post-correction.
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For further details:
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Atom interferometer as a freely falling clock for time-dilation measurements

Albert Roura
German Aerospace Center (DLR), Institute of Quantum Technologies,

Wilhelm-Runge-Stra§e 10, 89081 Ulm, Germany

Light-pulse atom interferometers based on single-photon transitions are a promising tool for
gravitational-wave detection in the mid-frequency band and the search for ultralight dark-matter
Þelds. Here we present a novel measurement scheme that enables their use as freely falling clocks
directly measuring relativistic time-dilation e ! ects. The proposal is particularly timely because it
can be implemented with no additional requirements in FermilabÕs MAGIS-100 experiment or even
in the 10-m prototypes that are expected to start operating very soon. This will allow the unprece-
dented measurement of gravitational time dilation in a local experiment with freely falling atoms,
which is out of reach even for the best atomic-fountain clocks based on microwave transitions. The
results are supported by a comprehensive treatment of relativistic e ! ects in this kind of interfer-
ometers as well as a detailed analysis of the main systematic e! ects. Furthermore, the theoretical
methods developed here constitute a valuable tool for modelling light-pulse atom interferometers
based on single-photon transitions in general.

I. INTRODUCTION

The great potential of matter-wave interferometers for
high-precision inertial sensing was recognized early on
[1, 2] and since the Þrst experimental realizations three
decades ago [3Ð6] atom interferometric quantum sensors
have become an essential tool for both fundamental re-
search and practical applications [7]. Indeed, besides
their use in gravimetry [8Ð10] and as highly accurate gy-
rometers [11, 12], light-pulse atom interferometers relying
on Raman or Bragg di! raction have proven to be very
valuable for a wide range of applications in fundamen-
tal physics, including precise measurements of the Þne-
structure constant [13, 14] and the gravitational constant
[15], tests of the universality of free fall (UFF) [16Ð18],
searches for dark-energy candidates [19Ð21] and the mea-
surement of spacetime curvature e! ects on delocalized
quantum superpositions [22Ð24].

More recently, a new kind of atom interferometers [25]
based on single-photon transitions between the two clock
states in atoms such as Sr or Yb, which are commonly
employed in optical atomic clocks, has been receiving in-
creasing attention [26Ð29]. A key appealing feature is the
possibility of having single-baseline gravitational-wave
detectors [25, 30] that are immune to laser phase noise (in
contrast to two or more baselines needed for optical in-
terferometers or for schemes employing atom interferom-
eters based on two-photon transitions [31]) and can also
be exploited to search for ultralight dark matter [32, 33].
Such detectors involve a gradiometer-type conÞguration
consisting of two spatially separated atom interferome-
ters interrogated by a common laser beam and their sen-
sitivity is proportional to the length of the baseline be-
tween the two interferometers. Thus, although ultimate
sensitivities could be reached in space [34Ð37], where
baselines of thousands or even millions of kilometers are
possible and there is a gravitationally quieter environ-
ment, kilometer-scale detectors on ground are also being
considered [38, 39]. As an intermediate step, a 100-m
atomic fountain prototype, MAGIS-100 [38, 40], is cur-

rently being assembled at Fermilab and a similar set-up
is under study at CERN [41]. Furthermore, closely re-
lated e! orts are also being pursued in the UK [42] and
China [43].

While the 100-m prototypes will play a crucial role
for technology development and proof-of-principle ex-
periments, it is expected that the attainable sensitivi-
ties will be insu" cient for gravitational-wave detection.
Similarly, the likely outcome of the search for ultralight
dark-matter Þelds may simply be an improvement of the
bounds for the couplings to the Standard Model sector.
It is therefore particularly important to devise experi-
ments that go beyond mere null tests and enable the
actual measurement of interesting fundamental physics
e! ects within reach of the planned detector sensitivi-
ties. With this spirit in mind, we will show here that
such long-baseline facilities o! er the opportunity to per-
form unprecedented measurements of relativistic e! ects
with freely falling atoms. Indeed, thanks to the mea-
surement scheme proposed below, an atom interferometer
can be employed as a freely falling clock for time-dilation
measurements capable of outperforming state-of-the-art
atomic fountain clocks by several orders of magnitude.

These e! ects, which include both special relativistic
and gravitational time dilation, have been measured with
clocks on rockets [44], satellites [45, 46] or planes [47] that
are compared to ground stations. The gravitational red-
shift has also been measured by comparing static atomic
clocks at di! erent heights [48], but not in a local compar-
ison to a clock involving freely falling atoms. A natural
possibility in this respect would be to consider atomic
fountain clocks with cold atoms [49]. However, the best
precisions achieved with such atomic clocks, which rely
on a microwave transition, fall short1 by an order of mag-

1 Sensitivity to gravitational and special relativistic time dilation
is possible when comparing two atomic-fountain clocks at su ! -
ciently di " erent heights or latitudes, but not with a single atomic
fountain compared to a static clock at the same location.
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Other related activities
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ESA-related activities

! ACES Mission (launch in 01/2025) 

" high-precision measurements with cold atoms in space 

" tests of general relativity, relativistic geodesy, 

intercontinental time / frequency distribution 

! ACES Workshop 2023 organized in Ulm. 

! Co-Chair of ESAÕs Physical Sciences Working Group (PSWG). 

Member of ESAÕs Space Science Advisory Committee (SSAC).
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