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ACES  (Atomic Clock Ensemble in Space)

• Target:  first high-precision measurements with cold atoms in space. 

• Important milestone for future ESA missions with cold atoms. 

• Main scientific goals: 

‣ measuring gravitational redshift at  level 

‣ searching for dark matter, variations of fundamental constants 

‣ intercontinental clock comparison at  level 

‣ demonstration of chronometric geodesy at  level
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Successful launch on 21 April 2025 
Space X, Falcon 9 rocket Bartolomeo platform 

outside the ISS Columbus module



Albert Roura, Institute of Quantum Technologies, 20.06.20255

(recording played 100 times faster)
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Highly accurate clock on the ISS:  

• Space Hydrogen Maser + Atomic Clock with cold Cs atoms  (relative accuracy of ). 

• Microwave and Laser links: (intercontinental) comparison of ground clocks at  level. 

• First high-precision measurement with cold atoms in space.

10�16

10�17

Volume: 1172x867x1246 mm3

Mass: 240 kg (w/o CEPA)
Power: 600 W

The ACES payload
o PHARAO (CNES): Atomic clock based on laser 

cooled Cs atoms

o SHM: Active hydrogen maser 

o FCDP: Clocks comparison and distribution

o MWL : T&F transfer link

o GNSS receiver

o ELT: Optical link

o Support subsystems
• XPLC: External PL computer

• PDU: Power distribution unit, 

• Mechanical, thermal subsystems

• CEPA: Columbus External PL Adapter

The ACES clock signal

PHARAO accuracy ~1�10-16

o The ACES clock signal (red curve) combines the good short-to-medium term frequency stability of the active H-maser 
SHM with the long-term stability and accuracy of the Cs clock PHARAO.

o Two servo-loops control the clocks with two different time constants: the short-term servo-loop (PLL) steers PHARAO 
local oscillator on SHM (1-2 s time constant); the long-term servo-loop (FLL) corrects SHM against long term drifts 
(100-500 s time constant).
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Fundamental Physics measurements:  

• Gravitational-redshift (relative uncertainty of ). 

• Time variations of fundamental constants. 

• Search for topological Dark Matter.

10�6

19

A network of atomic clocks to test fundamental physics

o ACES as a relay satellite to transfer time and frequency on a worldwide scale.
o Comparisons of ground clocks (microwave and optical) to better than 1�10-17.
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Other applications: 

• Relativistic geodesy (determination of local height above geoid with 10 cm accuracy). 

• Clock synchronization at 50 ps level. 

• Contribution to atomic time scales (TAI).ACES – Scientific applications

Relativistic geodesy
o Relativistic geodesy: mapping of the Earth gravitational potential based on the red-

shift measured between two clocks at two different locations.
o ACES intercontinental comparisons of optical clocks at the 10-17 level after 4 days, 

corresponding to a resolution on the local height above the geoid at the 10 cm 
level.

o The global coverage offered by ACES will complement the results of the CHAMP, 
GRACE, and GOCE missions.

Clocks synchronization
o MWL and ELT clocks synchronization at the 100 ps and 50 ps level, respectively.
Atomic time scales (TAI)
o The PHARAO clock is accurate to 1-2�10-16. 
o MWL will provide means to compare atomic clocks on a worldwide scale:

• PHARAO and primary standards on ground contributing to TAI.
• Optical clock comparisons to 1�10-17 will help SI second redefinition.

ACES – Scientific applications
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Clocks synchronization
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Atomic time scales (TAI)
o The PHARAO clock is accurate to 1-2�10-16. 
o MWL will provide means to compare atomic clocks on a worldwide scale:

• PHARAO and primary standards on ground contributing to TAI.
• Optical clock comparisons to 1�10-17 will help SI second redefinition.
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Other applications: 

• Relativistic geodesy (determination of local height above geoid with 10 cm accuracy). 

• Clock synchronization at 50 ps level. 

• Contribution to atomic time scales (TAI).

ACES MWL network

microwave link 
(MWL)

participating 
metrological institutes



Albert Roura, Institute of Quantum Technologies, 20.06.202511

Other applications: 

• Relativistic geodesy (determination of local height above geoid with 10 cm accuracy). 

• Clock synchronization at 50 ps level. 

• Contribution to atomic time scales (TAI).Ground segment

25

Satellite Laser Ranging (SLR) 
stations
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“Active reflectors should bring that down 

to several ps.
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Detection of ultralight dark-matter fields

Part II
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• Ultralight scalar field as a Dark Matter candidate:

• Behaving as a bosonic condensate oscillating at the Compton frequency 

                      (non-relativistic matter-wave)

• Coupling to Standard Model fields    “oscillations” of fundamental constants.

Ultralight scalar dark matter
Ultralight dilaton DM acts as a background field (e.g., mass ~10-15 eV)
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• Oscillations of transition energies at Compton frequency.

• Gradiometry-like differential measurement with atom interferometers 

based on single-photon diffraction.
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Figure 9. Space-time diagram of the operation of a pair of cold-atom interferometers based on single-photon

transitions between the ground state (blue) and the excited state (red dashed). The laser pulses (wavy lines)

travelling across the baseline from opposite sides are used to divide, redirect, and recombine the atomic de

Broglie waves, yielding interference patterns that are sensitive to the modulation of the light travel time caused

by DM or GWs (from [84]). For clarity, the sizes of the atom interferometers are shown on an exaggerated

scale.

quantum superposition of two paths and then recombining them. As in an atomic clock, the phase
shift recorded by each atom interferometer depends on the time spent in the excited state, which is
related directly to the light travel time across the baseline, namely L/c.

A single interferometer of the type described here, e.g., the interferometer at position x1 in Fig. 9,
would be sensitive to laser noise, but a crucial experiment has demonstrated [86] that this can be
substantially suppressed by the di↵erential measurement between the two interferometers at x1 and
x2 as suggested in [84]. The sensitivity of a single such interferometer could be substantially improved
in the two-interferometer configuration outlined here by measuring the di↵erential phase shift between
the widely-separated interferometers [84]. The GW (or DM) signal provided by the di↵erential phase
shift is proportional to the distance L between the interferometers, whereas the laser frequency noise
largely cancels in the di↵erential signal.

Based on this approach using two cold-atom interferometers that perform a relative measurement
of di↵erential phase shift, we propose a mission profile using a pair of satellites similar to that used
for atomic gravity gradiometers [87, 88], which is shown in Fig. 10. As the atoms serve as precision
laser frequency references, only two satellites operating along a single line-of-sight are required to
sense gravitational waves. The satellites both contain atom interferometers that are connected by
laser pulses propagating along the positive and negative z directions in the diagram, and the clouds of
ultracold atoms at the ends of the baseline of length L act as inertial test masses. There are intense
master lasers (M1 and M2) in the satellites, which drive the atomic transitions in the local atom
interferometers. After interaction with the atoms, each master laser beam is transmitted by the beam
splitter (BS) out of the satellite, and propagates towards the other satellite, and R1 and R2 are beams
from satellite 1 and 2, respectively, that play the roles of reference beams.

Intense local lasers LO1 and LO2 are used to operate the atom interferometers at each end
of the baseline. These otherwise independent local lasers are connected by reference laser beams

– 13 –
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Clock gradiometer using single photon transitions

Two ways for phase to vary:

Gravitational wave

Dark matter

Each interferometer measures 
the change over time T

Laser noise is common-mode 
suppressed in the gradiometer

Excited state phase evolution:

Graham et al., PRL 110, 171102 (2013).
Arvanitaki et al., PRD 97, 075020 (2018).
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• Signal enhancement with LMT pulse sequences:

Φt1
t0 ≡

Z
t1

t0
dtΔωA cosðmϕtþ βÞ: ð8Þ

The signal phase Φs, is the difference between the phase
of an atom interferometer located at x1 ≃ 0 and that of one
at x2 ≃ L. For the setup in Fig. 1, this is approximately
equal to

Φs ≃ΦTþL
T−ðn−1ÞL −ΦnL

0 −Φ2TþL
2T−ðn−1ÞL þΦTþnL

T ; ð9Þ

where T is half the time between the two π=2 beam splitter
pulses, L ≃ x2 − x1 is the light travel time between the two
laser sources, and n is the number of large-momentum-
transfer (LMT) photon kicks each atom receives. In the
limits of mϕ → 0 and mϕ → ∞, Φs asymptotes to zero.
However, a nontrivial signal phase response does occur
when the period of the DM wave matches the total duration
of the interferometric sequence, namely 2π=mϕ ∼ 2T.

(By construction, T > nL, and T ≫ L for the setups under
consideration.) For example, in the optimally matched case
with a DM phase β ¼ 0 at the start of the interferometric
sequence, all of the terms in Eq. (9) are negative, because
terms 2 and 3 (1 and 4) are generated during positive
(negative) antinodes of the DM wave, yielding a signal
phase shift of order Φs ∼ −4ΔωAðnLÞ.
The signal amplitude of Eq. (9), Φ̄s≡ð2

R
2π
0 dβΦ2

s=2πÞ1=2,
for general mϕ is

Φ̄s ¼ 8
ΔωA

mϕ

×
!!!! sin

"
mϕnL
2

#
sin

"
mϕðT − ðn − 1ÞL

2

#
sin

"
mϕT
2

#!!!!:

ð10Þ

Since ΔωA ∝ 1=mϕ at fixed DM energy density [see below
Eq. (3)], we deduce that the effect decouples ∝ mϕ for
mϕ → 0 and ∝ 1=m2

ϕ for mϕ → ∞. The zero-frequency
limit above is consistent with the fact that in absence
of a reference scale the variation of a dimensionful
quantity such asΔωA (and thusme) becomes unobservable.
The phase shift Φs is a dimensionless observable that is
sensitive to fractional variation of the atomic transition
energy over different parts of spacetime and constitutes
a new, unique time-domain signature of light modulus
dark matter.
The experiment under consideration can be thought of as

a comparison of two atomic clocks. Here, the clocks are
spatially separated, which is what makes it a GW detector.
This also creates a difference in the effect of the scalar DM
on the two clocks, allowing a differential measurement to
cancel laser noise but not the DM signal. This observable
effect differs from that of other proposed experiments
searching for scalar DM using atomic-clock-based tech-
nology. For example, our proposal shows that the scalar
DM effect can be detected using a single species of atoms,
in contrast to the methods of Ref. [9]. This is because the
differential setup of Ref. [16] allows a comparison of the
response of two otherwise identical atomic clocks at different
points in time, which is kept by the phase evolution of the
DM wave.
The GW sensors of the type described in Ref. [16] have

two key advantages over searches with collocated atomic
clocks advocated in Ref. [9]. First, the differential measure-
ment under consideration is less susceptible to laser fre-
quency noise than a setup comparing two different atomic
transition energies with two separate lasers. Second, our
proposal exploits the time-domain response of the GW
sensor to a DM wave rather than the equivalence-
principle-violating nature of the DM couplings to atomic
transition frequencies, providing prime sensitivity to the dme

couplingwithout having to rely on comparatively less precise
hyperfine clock transitions. The recent GW detector design
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FIG. 1. Spacetime diagram of the light-pulse sequence on two
atom interferometers, illustrated for n ¼ 4 (i.e., maximum four
photon momenta transferred). A π=2 laser pulse (gray, wavy)
splits the wave function of atoms both at x1 and at x2 into the
ground state jgi (blue, solid) and the excited state jei (red,
dashed) with equal probabilities. Subsequent π laser pulses
(black, wavy) exchange jgi ↔ jei and typically only interact
with one branch of each wave function due to Doppler shifts. A
final π=2 pulse interferes the wave function of both interferom-
eters. Interaction points are indicated by gray squares (black dots)
for π=2 (π) pulses. For clarity, atomic separations are exagger-
ated; realistically, x1 ∼ x%1 ∼ L − x2 ∼ L − x%2 ≪ L.

SEARCH FOR LIGHT SCALAR DARK MATTER WITH … PHYS. REV. D 97, 075020 (2018)
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• Significant coverage of parameter space:

of Ref. [26] likewise reaps the benefits of this second
advantage since the same physical measurement is per-
formed and would have the same sensitivity as our proposal,
provided contributions from laser frequency noise can be
mitigated to below atomic shot noise levels.
Additionally, our proposal differs from the recent

Ref. [27], which also proposed atom interferometer GW
detectors for scalar DM detection. We consider the direct
effect of the scalar DM on the internal state of the atomic
ensemble, while Ref. [27] mainly relies on the DM effect
on the Earth’s gravitational field. Our proposal achieves
the best discovery potential in the most sensitive frequency
band of GW detectors, while Ref. [27] is sensitive only to
lower-frequency signals.

IV. EXPERIMENTAL SENSITIVITY

The scheme proposed in Ref. [16] can be realized in a
ground-based interferometer as well as in a space-based
satellite antenna. A terrestrial experiment could be operated
in a vertical shaft of length L ¼ 103 m with 10 m interfer-
ometers at the top and bottom, allowing free-fall times of
T ¼ 1.4 s.We restrict to a maximum number ofNmax ¼ 103

laser pulses in order to retain atom number, which in turn
limits the number of LMT kicks to n ¼ 250. We assume
shot-noise-limited sensitivity above f ¼ 10−1 Hz with a
noise spectral density

ffiffiffiffiffiffi
SΦ

p
≈ 10−5=Hz1=2, made possible

with an atomic flux of 1010=s, or with fewer atoms and
significant squeezing [28].
A space-based satellite experiment can exhibit a much

longer baseline length L and interrogation time T, because
the laser platforms can move on free-fall geodesics along
with the atoms. A GW antenna design using atom interfer-
ometry near satellites connected with heterodyne laser links
[29] has a proposed configuration with L ¼ 6 × 108 m,
T ¼ 160 s, and n ¼ 12. The baseline length and interrog-
ation time are limited by laser diffraction and atomic loss
due to scatteringwith background gas and light, respectively.
For this setup, we assume a shot-noise-limited sensitivity
of

ffiffiffiffiffiffi
SΦ

p
≈ 10−4=Hz1=2.

Given a DM signal bandwidth of Δfϕ ≃mϕv2vir=2π,
differential atomic phase oscillations with square amplitude
as small as δΦ2

s¼SΦt−1int maxf1;tintΔfϕg1=2 may be detected
at unit signal-to-noise ratio (SNR ¼ 1) after an integration
time tint ¼ 108 s. With the parameters for L, T, and n, and
the atomic transition (throughout assumed to be the 1S0 ↔
3P0 transition in Sr I), the discovery reach for DM couplings
can then be computed as a function mϕ with the aid of
Eqs. (7) and (10).
Atomic sensors provide extraordinary discovery reach,

with a potential to improve on existing constraints and
other proposals by many orders of magnitude over a wide
frequency band. In Fig. 2, we plot the sensitivity to the
electron coupling dme

(top panel) and photon coupling de
(bottom panel) for both the terrestrial (“AI-TB,” light blue)

and space-based proposals (“AI-SB,” dark blue). Analogous
curves for the Higgs portal coupling are plotted in Fig. 3. For
clarity, we used the approximation j sinðxÞj ∼minfx; 1=

ffiffiffi
2

p
g

for the power-averaged envelope of Eq. (10). We note that a
DM signal with frequency above the repetition frequency of
the interferometer sequence (typically about 1 Hz) will be
aliased to lower frequencies and can still be detected with the
same phase sensitivity over the parameter space of interest.
We show the reach of the space-based proposal up to
frequencies where the DM wave becomes spatially incoher-
ent (when mϕvvirL≳ 1) and down to frequencies where
gravity gradients are deemed to becomemore important than
shot noise, at f ≲ 10−4 Hz. For the ground-based proposal,
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FIG. 2. Parameter space for the coupling dme
to electrons (top

panel) and de to photons (bottom panel), as a function of dark
matter mass mϕ. Blue curves depict the SNR ¼ 1 sensitivity
envelopes of the proposed atomic sensors: a terrestrial experiment
operated in broadband mode (“AI-TB”); a long-baseline, broad-
band, space-based antenna (“AI-SB”); and a shorter, resonant
satellite antenna (“AI-SR”). Also depicted are 95% C.L. con-
straints from searches for new Yukawa forces that violate/
conserve the equivalence principle (“EP=5F”, gray regions)
[32–34], atomic spectroscopy data in Dy and in Rb=Cs (light
and dark purple regions) [10,11], seismic data on the fundamental
breathing mode of Earth (red) [35], and a search for acoustic
excitations in the AURIGA resonant-mass detector (red band)
[36]. Green regions show natural parameter space for a 10-TeV
cutoff, and allowed parameter space for the QCD axion.
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Matter wave Atomic Gradiometer Interferometric Sensor

• 100-meter baseline atom interferometry in existing shaft at Fermilab

• Intermediate step to full-scale (km) detector for gravitational waves

• Clock atom sources (Sr) at three positions to realize a gradiometer

• Probes for ultralight scalar dark matter beyond current limits (Hz range)

• Extreme quantum superposition states: >meter wavepacket separation, 
up to 9 seconds duration
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MAGIS-100: GW detector prototype at Fermilab
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Figure 10 Space-time diagram of the operation of a pair of cold-atom interferometers based on
single-photon transitions between the ground state (blue) and the excited state (red dashed). The laser pulses
(wavy lines) travelling across the baseline from opposite sides are used to divide, redirect, and recombine the
atomic de Broglie waves, yielding interference patterns that are sensitive to the modulation of the light travel
time caused by DM or GWs (from [78]). For clarity, the sizes of the atom interferometers are shown on an
exaggerated scale

Figure 11 Possible experimental scheme. The beams of the two master lasers M1 and M2 are shown as
dotted and solid lines, respectively, together with the corresponding reference beams between the satellites,
R1 and R2. Two local oscillator lasers LO1 and LO2 (dashed lines) are phase-locked with R2 and R1,
respectively. Photodetectors PD1 and PD2 measure the heterodyne beatnote between the reference beams
R2 and R1 and the corresponding local lasers LO1 and LO2, respectively, providing feedback for the laser link.
Non-polarizing beam splitters are denoted by BS, and tip-tilt mirrors used for controlling the directions of the
laser beams are denoted by TTM. For clarity, small offsets between overlapping laser beams have been
introduced. Figure taken from [40]

that this can be substantially suppressed by the differential measurement between the two
interferometers at x1 and x2 as suggested in [78]. The sensitivity of a single such interfer-
ometer could be substantially improved in the two-interferometer configuration outlined
here by measuring the differential phase shift between the widely-separated interferome-
ters [78]. The GW (or DM) signal provided by the differential phase shift is proportional
to the distance L between the interferometers, whereas the laser frequency noise largely
cancels in the differential signal.

Based on this approach using two cold-atom interferometers that perform a relative
measurement of differential phase shift, we propose a mission profile using a pair of satel-
lites similar to that used for atomic gravity gradiometers [81, 82], which is shown in Fig. 11.
As the atoms serve as precision laser frequency references, only two satellites operating

Figure 9. Space-time diagram of the operation of a pair of cold-atom interferometers based on single-photon

transitions between the ground state (blue) and the excited state (red dashed). The laser pulses (wavy lines)

travelling across the baseline from opposite sides are used to divide, redirect, and recombine the atomic de

Broglie waves, yielding interference patterns that are sensitive to the modulation of the light travel time caused

by DM or GWs (from [84]). For clarity, the sizes of the atom interferometers are shown on an exaggerated

scale.

quantum superposition of two paths and then recombining them. As in an atomic clock, the phase
shift recorded by each atom interferometer depends on the time spent in the excited state, which is
related directly to the light travel time across the baseline, namely L/c.

A single interferometer of the type described here, e.g., the interferometer at position x1 in Fig. 9,
would be sensitive to laser noise, but a crucial experiment has demonstrated [86] that this can be
substantially suppressed by the di↵erential measurement between the two interferometers at x1 and
x2 as suggested in [84]. The sensitivity of a single such interferometer could be substantially improved
in the two-interferometer configuration outlined here by measuring the di↵erential phase shift between
the widely-separated interferometers [84]. The GW (or DM) signal provided by the di↵erential phase
shift is proportional to the distance L between the interferometers, whereas the laser frequency noise
largely cancels in the di↵erential signal.

Based on this approach using two cold-atom interferometers that perform a relative measurement
of di↵erential phase shift, we propose a mission profile using a pair of satellites similar to that used
for atomic gravity gradiometers [87, 88], which is shown in Fig. 10. As the atoms serve as precision
laser frequency references, only two satellites operating along a single line-of-sight are required to
sense gravitational waves. The satellites both contain atom interferometers that are connected by
laser pulses propagating along the positive and negative z directions in the diagram, and the clouds of
ultracold atoms at the ends of the baseline of length L act as inertial test masses. There are intense
master lasers (M1 and M2) in the satellites, which drive the atomic transitions in the local atom
interferometers. After interaction with the atoms, each master laser beam is transmitted by the beam
splitter (BS) out of the satellite, and propagates towards the other satellite, and R1 and R2 are beams
from satellite 1 and 2, respectively, that play the roles of reference beams.

Intense local lasers LO1 and LO2 are used to operate the atom interferometers at each end
of the baseline. These otherwise independent local lasers are connected by reference laser beams

– 13 –
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Atom interferometer as a freely falling 
clock for time-dilation measurements

Part III
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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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1. Relativistic effects in freely falling clocks 

2. Atom interferometer as a freely falling clock 

3. Experimental implementation 

4. Comparison to quantum-clock interferometry 

5. Conclusions

Outline
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Relativistic effects in freely falling clocks
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Quantum clock model
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• Initialization pulse: 

• Evolution:
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▪ Theoretical description of the clock: 

‣ two-level atom  (internal state): 

‣ classical action for COM motion:

Ĥ = Ĥ1 ⌦ |gihg| + Ĥ2 ⌦ |eihe|
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▪ Theoretical description of the clock: 

‣ two-level atom  (internal state): 

‣ classical action for COM motion:

Ĥ = Ĥ1 ⌦ |gihg| + Ĥ2 ⌦ |eihe| m2 = mg +�m

m1 = mg

�m = �E/c2

free fall
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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

�p/m ⌧ c �x ⌧ `
curvature radius

Xµ(�)
�� (n)

c (⌧c)
↵
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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:

 

Gravitational Redshift in Quantum-Clock Interferometry

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

Söflinger Straße 100, 89077 Ulm, Germany and Institut für Quantenphysik,
Universität Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany

(Received 29 September 2019; revised manuscript received 12 February 2020; accepted 5 March 2020; published 20 April 2020)

The creation of delocalized coherent superpositions of quantum systems experiencing different
relativistic effects is an important milestone in future research at the interface of gravity and quantum
mechanics. This milestone could be achieved by generating a superposition of quantum clocks that follow
paths with different gravitational time dilation and investigating the consequences on the interference signal
when they are eventually recombined. Light-pulse atom interferometry with elements employed in optical
atomic clocks is a promising candidate for that purpose, but it suffers from major challenges including its
insensitivity to the gravitational redshift in a uniform field. All of these difficulties can be overcome with
the novel scheme presented here, which is based on initializing the clock when the spatially separate
superposition has already been generated and performing a doubly differential measurement where the
differential phase shift between the two internal states is compared for different initialization times. This
scheme can be exploited to test the universality of the gravitational redshift with delocalized coherent
superpositions of quantum clocks, and it is argued that its experimental implementation should be feasible
with a new generation of 10-meter atomic fountains that will soon become available. Interestingly, the
approach also offers significant advantages for more compact setups based on guided interferometry or
hybrid configurations. Furthermore, in order to provide a solid foundation for the analysis of the various
interferometry schemes and the effects that can be measured with them, a general formalism for a
relativistic description of atom interferometry in curved spacetime is developed. It can describe freely
falling atoms as well as the effects of external forces and guiding potentials, and it can be applied to a very
wide range of situations. As an important ingredient for quantum-clock interferometry, suitable diffraction
mechanisms for atoms in internal-state superpositions are investigated too. Finally, the relation of the
proposed doubly differential measurement scheme to other experimental approaches and to tests of the
universality of free fall is discussed in detail.

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

I. INTRODUCTION

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

enabled the creation of macroscopically delocalized

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

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

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

PHYSICAL REVIEW X 10, 021014 (2020)
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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:

�� = �2 (�E/~)
�
v0 · g T 2 + g2T 3

�
/c2

d⌧

dt
= 1� 1

2 c2

✓
dX

dt

◆2

+
1

c2
U
�
t,X

�

gravitational redshiftspecial relativistic



Albert Roura, Institute of Quantum Technologies, 20.06.202531

Freely falling clock with internal-state inversion

▪ Possible implementation with Doppler-free E2–M1 
two-photon pulses at . 

▪ Drawbacks: 

▪ dedicated high-power laser needed at  

▪ residual recoil  (  ) 

▪ Let us consider atom interferometers based on 
single-photon transitions.
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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:

dt̄ = dt+ (n̂ · v̄/c) dt̄+O
�
1/c3

�

dt

dt̄
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z
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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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z

tFW

(b)T T

▪ 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.

X̄(t̄) = v̄0 + g (t̄� t̄0)
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▪ 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    “gradiometric” configuration.
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“Gradiometric” 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 highly stable 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. 

▪ Stanford’s 10-m prototype or AION’s 10-m fountain could also measure these time dilation 
effects with about two orders of magnitude lower sensitivity.

v̄A
0 = �(20m/s) ẑ v̄B

0 = (40m/s) ẑ ��A � ��B = 35 rad

N = 105 10�5
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1UANTUM 3CI� 4ECHNOL� �� �����	 ������ ! 2OURA

&IGURE �� 3PACETIME DIAGRAM IN THE LABORATORY FRAME THAT DEPICTS THE @GRADIOMETRIC� CONFIGURATION INVOLVING A PAIR OF
SIMULTANEOUSLY OPERATED ATOM INTERFEROMETERS WITH DIFFERENT INITIAL VELOCITIES� 4HE TWO ATOM CLOUDS ARE INDEPENDENTLY LAUNCHED
FROM THE TOP �!	 AND BOTTOM �"	 SOURCES AND INTERROGATED BY THREE COMMON LASER PULSES CONSISTING EACH OF TWO SLIGHTLY DIFFERENT
FREQUENCIES SO THAT BOTH INTERFEROMETERS CAN BE RESONANTLY ADDRESSED� /NLY THE MID
POINT TRAJECTORIES OF THE TWO INTERFEROMETERS
�DASHED LINES	 AND CENTRAL WAVE FRONTS OF THE LASER PULSES �CONTINUOUS RED LINES	 ARE SHOWN� 4HE PAIR OF ATOM INTERFEROMETERS ARE
INTERROGATED BY UPWARD PROPAGATING PULSES �A	 WHEREAS A PAIR OF REVERSED INTERFEROMETERS ARE ALTERNATIVELY INTERROGATED BY
DOWNWARD PROPAGATING ONES �B	�

AND �&�	� DEPEND LINEARLY ON N̂ AND WILL ALSO CANCEL OUT WITH THIS METHOD� 4HE REMAINING THREE TERMS IN
EQUATION ���	� ON THE OTHER HAND� DO NOT CANCEL OUT� BUT CAN BE NEGLECTED AS LONG AS∆V̄� AND∆G ARE
SUFFICIENTLY SMALL COMPARED TO V̄� AND G RESPECTIVELY�

.OTE THAT ALTHOUGH WE HAVE CONSIDERED ABOVE A TIME
INDEPENDENT∆G� THE RESULTS CAN BE
STRAIGHTFORWARDLY GENERALIZED TO THE TIME
DEPENDENT CASE� )N PARTICULAR� THE FACTORS∆G4� AND∆G4� IN
EQUATION ���	 WILL THEN BE REPLACED BY DOUBLE TIME INTEGRALS OF∆G(̄T)� 3UCH TIME DEPENDENCE OF∆G CAN BE
DUE TO SMALL TIME
DEPENDENT PERTURBATIONS OF THE GRAVITATIONAL FIELD� )N THAT CASE THE ANALOG OF THE FIRST TERM
ON THE RIGHT
HAND SIDE OF EQUATION ���	 WILL STILL CANCEL OUT WHEN EMPLOYING THE METHOD DESCRIBED IN THE
PREVIOUS PARAGRAPH IF THE TWO ATOM INTERFEROMETERS WITH COMMON MID
POINT TRAJECTORY BUT OPPOSITE N̂ ARE
OPERATED SIMULTANEOUSLY� &URTHERMORE� THE SIMULTANEOUS OPERATION OF THE REVERSED INTERFEROMETER WOULD ALSO
ENABLE THE CANCELATION OF PHASE
SHIFT CONTRIBUTIONS DUE TO GRAVITY GRADIENTS AND ROTATIONS THAT ARE SENSITIVE TO
THE INITIAL CONDITIONS� EVEN IF THERE IS INITIAL
POSITION AND 
VELOCITY JITTER FROM SHOT TO SHOT�

! TIME
DEPENDENT∆G CAN ALSO ACCOUNT FOR PHASE FLUCTUATIONS OF THE LASER WAVE FRONTS DUE TO LASER PHASE
NOISE OR VIBRATIONS OF THE RETRO
REFLECTION MIRROR� WHICH BOTH LEAD TO A TIME
DEPENDENT G ′� (OWEVER� THESE
EFFECTS WILL IN GENERAL BE DIFFERENT FOR THE TWO INTERFEROMETERS WITH OPPOSITE N̂ AND THEIR CONTRIBUTIONS WILL NOT
CANCEL OUT WHEN ADDING THEIR PHASE SHIFTS� )N ORDER TO ADDRESS THIS POINT� ONE CAN USE THE GRADIOMETRIC
CONFIGURATION DEPICTED IN FIGURE ��A	� WHICH INVOLVES TWO SPATIALLY SEPARATED INTERFEROMETERS �! AND "	 WITH
DIFFERENT INITIAL VELOCITIES AND INTERROGATED BY A COMMON �POSSIBLY RETRO
REFLECTED	 LASER BEAM� )NDEED� FOR THE
DIFFERENTIAL PHASE SHIFT δφ! − δφ" THE EFFECTS OF LASER PHASE NOISE AND MIRROR VIBRATIONS WILL BE
COMMON
MODE REJECTED�� -OREOVER� BY CONSIDERING A REVERSED PAIR OF INTERFEROMETERS WITH THE SAME
MID
POINT TRAJECTORIES BUT OPPOSITE N̂� AS SHOWN IN FIGURE ��B	� THE REMAINING UNWANTED CORRECTIONS LINEAR IN
N̂ WILL CANCEL OUT WHEN ADDING THE DIFFERENTIAL MEASUREMENTS FOR THE TWO SIGNS OF N̂� ANALOGOUSLY TO WHAT
HAPPENED FOR SINGLE INTERFEROMETERS� 4HE FINAL RESULT� AFTER TAKING THE SEMISUM OF THE DIFFERENTIAL PHASE SHIFTS
FOR OPPOSITE SIGNS OF N̂� IS GIVEN BY

δφ! − δφ" =−� (∆%/H̄)
(
V̄!� − V̄"�

)
· G4�/C�, ���	

WHERE TERMS OF ORDER �/C� PROPORTIONAL TO∆V̄� OR∆G HAVE NOT BEEN INCLUDED�
5SING THIS GRADIOMETRIC CONFIGURATION ALSO HAS FAVOURABLE IMPLICATIONS FOR THE FREQUENCY CHIRP THAT

SHOULD BE APPLIED TO THE LASER PULSES IN ORDER TO COMPENSATE THE $OPPLER FACTOR� 4HE REQUIRED ANGULAR
FREQUENCY ωCHIRP(T) = (Dϕ/DT)CHIRP CAN BE OBTAINED BY INVERTING EQUATION ��	� SUBSTITUTING
V̄ ′(̄T) = V̄ ′� + G

′ (̄T− T̄�) AND WRITING (̄T− T̄�) IN TERMS OF THE EMISSION TIME T AS EXPLAINED IN APPENDIX #��� 4HE
RESULT CONTAINS TERMS OF ORDER �/C� WHICH ARE PROPORTIONAL TO (G ′)� AND DEPEND QUADRATICALLY ON (T− T�)� )F A
FREQUENCY ωCHIRP(T) OMITTING SUCH QUADRATIC TERMS IS EMPLOYED INSTEAD� UNWANTED CONTRIBUTIONS OF THE SAME
FORM ARISE IN THE PHASE SHIFT δφ� .EVERTHELESS� SINCE THOSE TERMS ARE INDEPENDENT OF THE INITIAL VELOCITY� THEY
WILL CANCEL OUT IN THE DIFFERENTIAL PHASE SHIFT� LEAVING THE RESULT IN EQUATION ���	 UNCHANGED� )N THIS CASE IT IS
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Figure 7. MAGIS-100 detector layout. (a) CAD model of the 100 m interferometer region installed in the MINOS shaft. The
detector is attached to the wall of the 6.7 m diameter underground vertical shaft (shown here in cross section). (b) Close-up of
the MINOS building at ground level. The atom interferometry lasers and frequency comb are housed in a temperature-controlled
laser lab. Two in-vacuum relay lenses in a 4f configuration are used to deliver the interferometry laser beam to the top of the
shaft. A short, single-mode optical fiber removes residual pointing jitter and provides initial spatial filtering. Afterwards, the
interferometry laser beam undergoes further spatial filtering via in-vacuum, free space propagation and is magnified by a 1 : 30
telescope (see section 4.3 for details). (c) CAD model of the MAGIS-100 modular sections. A total of 17 sections span the length
of the shaft and are connected end to end. Each 5.3 m long module is mounted to the shaft wall and contains a section of vacuum
pipe, vacuum pumps, magnetic shielding, and coils for magnetic field control.

Figure 8. Interferometer region magnetic shield. (a) Cross-sectional view of the interferometer vacuum pipe and surrounding
magnetic shield. The octagonal magnetic shield is supported internally by a square cross-section aluminum scaffolding truss that
surrounds the vacuum pipe. A set of support brackets are attached periodically to this scaffolding, serving as octagonal ribs for
the shield. The shield sheet metal plates attach to these ribs, and pressure plates are applied from the outside to clamp the
multiple sheet metal layers together. Eight vertical bias coil bars, each consisting of magnet wires guided by a channel, attach to
the scaffolding inside the shield, providing a uniform transverse magnetic field in the center of the vacuum pipe. (b) Exploded
view of the magnetic shield assembly. On each face of the octagon, four sheets of mu-metal are clamped together, with sheets on
the corners and on the faces arranged to avoid radial gaps. The sheets are also staggered vertically (out of the page) to avoid gaps
in the axial direction. This pattern of overlapping sheets reduces magnetic field leakage [154].

pumps and passive getter pumps placed every 5.3 m along the detector. A mu-metal magnetic shield
surrounding the vacuum system is designed to reduce the background magnetic field to below ∼1 mG. A
set of vertical wire bars inside the shield running the length of the interferometer region produces a
horizontal magnetic bias field. This horizontal field orientation is perpendicular to the laser propagation
direction, as required by the selection rules for the desired clock transition.

To facilitate assembly and installation, the interferometer region uses a modular design. The 100 m
detector is made up of 17 identical modules, each 5.3 m long, attached end to end. Figure 7(c) is a CAD
model of one of these modules. Each module consists of a section of vacuum pipe, magnetic shielding, bias
coils, vacuum bakeout hardware, and temperature and magnetic field sensors, as well as a structural support
cage that is anchored to the wall.
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“gradiometric” configuration suppresses laser phase noise 

and effect of mirror vibrations
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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 � . 300Hz 10�5

10�5

10�2
further improvement 

through characterization 
and post-correction
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Comparison to quantum-clock interferometry
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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.
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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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at two different heights

Quantum-clock interferometry
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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 “gradiometric” configuration.



Albert Roura, Institute of Quantum Technologies, 20.06.202548

Conclusions
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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 Stanford’s 10-m prototype or 
AION’s 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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