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Equivalence principle tests and gravitational constant

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

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

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

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

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

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

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

tional to the relative acceleration Δg between the atoms.

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

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

(a) (b)

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

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

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

Parameter Shift Uncertainty

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

ac-Stark shift 2.7
Magnetic gradient −5.9 0.5
Pulse timing 0.04
Blackbody radiation 0.01
Total systematic −4.4 3.4
Statistical 1.8
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12ℏk momentum. The pulses addressing each interfero-
meter arm are interleaved, and the time interval between
successive transitions is 3 ms. Collectively, these pulses
split the clouds symmetrically in the vertical direction. The
symmetric interferometer geometry guarantees that the
midpoint trajectory [17] of each isotope remains essentially
unperturbed. The interferometer duration 2T is 1910 ms,
and the maximum wave packet separation for 12ℏk is
6.9 cm (6.7 cm) for 85Rb (87Rb). After a total drift time of
2.5 s, the output ports (separated by 2ℏk momentum [18])
are imaged with two orthogonal CCD cameras along the
horizontal directions. One isotope is imaged with a time
delay of 1 ms so that the two species can be individually
resolved. The phase of each interferometer is given by the
population ratio of its output ports. Figure 1(a) shows a
schematic of the interferometer sequence.
In an EP test configuration, the differential phase between

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

tional to the relative acceleration Δg between the atoms.

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

interferometer phase relative to the 87Rb phase. In our
experiment, there are three significant sources of systematic
error: differences in kinematic d.o.f., differences in the
interaction with the electromagnetic field, and imaging
errors. A summary of the systematic errors is presented in
Table I. The most significant systematic effects are
described in the text below, and additional errors are
discussed in the Supplemental Material [19]. The final
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FIG. 1. (a) Schematic of simultaneous 85Rb and 87Rb interfero-
meter in the initial rest frame of the atoms (not to scale). In pulse
zone 1 (t ¼ 0), each atom cloud is split into two interferometer
paths with ℏk1 momentum difference. In pulse zone 2 (t ¼ T),
the paths are reflected toward each other with wave vector k2. In
pulse zone 3 (t ¼ 2T), the paths are recombined and interfered
with wave vector k3. The effective wave vectors k1, k2, and k3

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

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

Parameter Shift Uncertainty

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

ac-Stark shift 2.7
Magnetic gradient −5.9 0.5
Pulse timing 0.04
Blackbody radiation 0.01
Total systematic −4.4 3.4
Statistical 1.8
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C and F. Figure 2 shows the data used for the determination of G. Data
were collected in 100 h during one week in July 2013. Each phase mea-
surement was obtained by fitting a 360-point scan of the atom inter-
ference fringes to an ellipse. The modulation of the differential phase
shift produced by the source mass is easily visible and could be resolved
with a signal-to-noise ratio of 1,000 after about one hour. The resulting
value of the differential phase shift is 0.547870(63) rad, and it was from
this that we obtained G. The cylinders produce 97.0% of the measured
differential phase shift, the cylinder supports produce 2.8% (ref. 20) and
the additional moving masses (translation stages, optical rulers, screws)
produce the remaining 0.2%.

The sources of uncertainty affecting the value of G are presented in
Table 1. Positioning errors account for uncertainties in the positions of
the 24 tungsten cylinders along the radial and vertical direction, both
in configuration C and configuration F. Density inhomogeneities in the
source masses were measured by cutting and weighing a spare cylinder20,
and were modelled in the data analysis. Precise knowledge of the atomic
trajectories is of key importance in analysing the experimental results
and deriving the value of G. The velocities of the atomic clouds, and

their positions at the time of the first interferometer pulse, were calibrated
by time-of-flight measurements and by detecting the atoms when they
crossed a horizontal light sheet while moving upwards and downwards.
The Earth’s rotation affects the atom interferometers’ signals because of
the transverse velocity distribution of the atoms. Following the method
demonstrated for a single interferometer23,24, we implemented a tip–tilt
scheme for the mirror retroreflecting the Raman beams in our double
interferometer.

Extracting the value of G from the data involved the following steps:
calculation of the gravitational potential produced by the source masses;
calculation of the phase shift for single-atom trajectories; Monte Carlo
simulation of the atomic cloud; and calculation of the corrections for
the effects not included in the Monte Carlo simulation (Table 1).

After an analysis of the error sources affecting our measurement, we
obtain the value G 5 6.67191(77)(62) 3 10211 m3 kg21 s22. The statis-
tical and systematic errors, reported in parenthesis as one standard devi-
ation, lead to a combined relative uncertainty of 150 p.p.m. In Fig. 3, this
result is compared with the values of recent experiments and Committee
on Data for Science and Technology (CODATA) adjustments. Our value,

Table 1 | Effects, relative corrections and uncertainties considered in our determination of G
Parameter Uncertainty in parameter Relative correction to G (p.p.m.) Relative uncertainty in G (p.p.m.)

Air density 10% 60 6
Apogee time 30ms — 6
Atomic cloud horizontal size 0.5 mm — 24
Atomic cloud vertical size 0.1 mm — 56
Atomic cloud horizontal position 1 mm — 37
Atomic cloud vertical position 0.1 mm — 5
Atom launch direction change C/F 8mrad — 36
Cylinder density homogeneity 1024 91 18
Cylinder radial position 10 mm — 38
Ellipse fit — 213 4
Size of detection region 1 mm — 13
Support platform mass 10 g — 5
Translation stage position 0.5 mm — 6
Other effects — ,2 1

Total systematic uncertainty — — 92
Statistical uncertainty — — 116

Total — 137 148

Uncertainties are quoted as one standard deviation. The third column contains the corrections we applied to account for effects not included in the Monte Carlo simulation. The bias and systematic error from
ellipse fittingareevaluatedbyanumericalsimulationonsyntheticdata.Othereffects includecylindermass, cylinder verticalposition,gravitygradient,gravityacceleration,Ramanmirror tilt, Ramankvectorand timing.

6.6806.6756.6706.665

  NIST-82 Torsion balance

  TR&D-96 Torsion balance

  LANL-97 Torsion balance

CODATA 1998

  UWash-00 Torsion balance

  BIPM-01 Torsion balance

  UWup-02 Simple pendulum 

CODATA 2002

  MSL-03 Torsion balance

  HUST-05 Torsion balance

  UZur-06 Beam balance

CODATA 2006

  HUST-09 Torsion balance

  JILA-10 Simple pendulum

CODATA 2010

  BIPM-13 Torsion balance

 This work Atom interferometry 

G (10–11 m3 kg–1 s–2)

Figure 3 | Comparison with previous results.
Result of this experiment for G compared with the
values obtained in previous experiments and with
the recent CODATA adjustments. Only the
experiments considered for the current CODATA
2010 value, and the subsequent BIPM-13 result, are
included. For details on the experiments and their
identification with the abbreviations used in the
figure, see ref. 3 and the additional references in
Methods.
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of the other. Experimental points are distributed around an ellipse. The
differential phase shift is extracted from the eccentricity and the rota-
tion angle of the ellipse fitting the data22. The instrument sensitivity for
differential acceleration is 3 3 1029g for 1 s of integration (g is the accel-
eration due to Earth’s gravity).

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

ffiffiffi
3
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, respectively, where R is

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

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

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

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

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

tional to the relative acceleration Δg between the atoms.

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

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

(a) (b)

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

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

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

Parameter Shift Uncertainty

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

ac-Stark shift 2.7
Magnetic gradient −5.9 0.5
Pulse timing 0.04
Blackbody radiation 0.01
Total systematic −4.4 3.4
Statistical 1.8
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• Systematics associated with initial central position & momentum of the two atomic species can mimic 

a violation of UFF: 

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

most precision measurements based on atom interferometry.

Major challenges posed by gravity gradients
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• Tidal forces lead to an open interferometer: 

• Sensitivity to initial conditions directly related to 
such relative displacement between the two 
interfering wave packets at each exit port.

freely falling frame
(Einstein elevator)
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Atom interferometry tests of universality of free fall based on the differential measurement of two
different atomic species provide a useful complement to those based on macroscopic masses. However,
when striving for the highest possible sensitivities, gravity gradients pose a serious challenge. Indeed, the
relative initial position and velocity for the two species need to be controlled with extremely high accuracy,
which can be rather demanding in practice and whose verification may require rather long integration times.
Furthermore, in highly sensitive configurations gravity gradients lead to a drastic loss of contrast. These
difficulties can be mitigated by employing wave packets with narrower position and momentum widths, but
this is ultimately limited by Heisenberg’s uncertainty principle. We present a promising scheme that
overcomes these problems by compensating the effects of the gravity gradients and circumvents the
fundamental limitations due to Heisenberg’s uncertainty principle. Furthermore, it relaxes the experimental
requirements on initial colocation by several orders of magnitude.
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The equivalence principle is a cornerstone of general
relativity and Einstein’s key inspirational principle in his
quest for a relativistic theory of gravitational phenomena.
Experiments searching for small violations of the principle
are being pursued in earnest [1] since they could provide
evidence for violations of Loretnz invariance [2] or for
dilaton models inspired by string theory [3], and they could
offer invaluable hints of a long sought underlying funda-
mental theory for gravitation and particle physics. A central
aspect that has been tested to highprecision is the universality
of free fall (UFF) for test masses. Indeed, torsion balance
experiments have reached sensitivities at the 10−13 g level [4]
and it is hoped that this can be improved 2 orders of
magnitude in a forthcoming satellite mission [5].
An interesting alternative that has been receiving increas-

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

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

atom interferometry can reach a precision of the order of
10−9g in 1 sec [15] and aremainly limited by thevibrations of
the retroreflecting mirror. When performing simultaneous
differential interferometry measurements for both species
and sharing the retroreflecting mirror (as sketched in Fig. 1),
common-mode rejection techniques can be exploited to
suppress the effects of vibration noise and enable higher
sensitivities for themeasurement of differential accelerations
[7,16–19]. Thus, although tests of UFF based on atom
interferometry have reached sensitivities up to 10−8g so
far, there are already plans for future space missions that aim
at sensitivities of 10−15g [20,21] by exploiting the longer
interferometer times available in space and the fact that the
sensitivity scales quadratically with the time.

FIG. 1. Sketch of an atom interferometry setup for differential
acceleration measurements of two different atomic species.
The various laser beams driving the diffraction processes for
both species share a common retroreflection mirror so that
vibration noise is highly suppressed in the differential phase-
shift measurement.
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• Suitable frequency change of central pulse 

• leads to closed interferometer and removes 
sensitivity to initial conditions.
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Equivalence principle tests and gravitational constant

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

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

ffiffiffi
3
p

, respectively, where R is

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

The value of the Newtonian gravitational constant was obtained from
a series of gravity gradient measurements performed by periodically
changing the vertical position of the source masses between configurations
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Figure 1 | Sketch of the experiment. The Rb atom interferometer operates
as a gravity gradiometer and the W masses are used as the source of the
gravitational field. For the measurement of G, the position of the source masses
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for each configuration; a constant value for Earth’s gravity was subtracted. The
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12ℏk momentum. The pulses addressing each interfero-
meter arm are interleaved, and the time interval between
successive transitions is 3 ms. Collectively, these pulses
split the clouds symmetrically in the vertical direction. The
symmetric interferometer geometry guarantees that the
midpoint trajectory [17] of each isotope remains essentially
unperturbed. The interferometer duration 2T is 1910 ms,
and the maximum wave packet separation for 12ℏk is
6.9 cm (6.7 cm) for 85Rb (87Rb). After a total drift time of
2.5 s, the output ports (separated by 2ℏk momentum [18])
are imaged with two orthogonal CCD cameras along the
horizontal directions. One isotope is imaged with a time
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We achieve a single-shot differential phase resolution of up
to 8 mrad in an 8ℏk interferometer, determined from the
observed standard deviation of the differential phase in a set
of 20 shots. This resolution corresponds to a relative
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discussed in the Supplemental Material [19]. The final

(a) (b)

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

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

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

Parameter Shift Uncertainty

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

ac-Stark shift 2.7
Magnetic gradient −5.9 0.5
Pulse timing 0.04
Blackbody radiation 0.01
Total systematic −4.4 3.4
Statistical 1.8
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Atomic clocks and time/ frequency links
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 Gravitational redshift

• Next-generation GNSS.

• Clock comparisons for metrological and 
fundamental physics applications.

• Intercontinental comparisons.

• Eventually master clock in space.

• Global coverage.

• Chronometric geodesy.

Time & frequency distribution 
from space

• General relativistic effect:

• Test of Equivalence Principle:   

• Must be taken into account in practical 
applications (e.g. GNSS).

• It can be exploited itself.
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ACES  (Atomic Clock Ensemble in Space)

Project scientist: Luigi Cacciapuoti 

PI: Christophe Salomon

• 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

10−6

10−17

10 cm
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Successful launch on 21 April 2025 
Space X, Falcon 9 rocket Bartolomeo platform 

outside the ISS Columbus module
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General relativistic effects in the quantum regime
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(i) Quantum-clock interferometry

• Initialization pulse after the spatial superposition 
has been generated. 

• Doubly differential measurement: 

‣ state-selective detection 

‣ compare different initialization times
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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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(i) Quantum-clock interferometry

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

DOI: 10.1103/PhysRevD.104.084001

I. INTRODUCTION

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

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

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

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

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

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

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

αe-g ¼
m1

Δm
ðβ2 − β1Þ; ð9Þ

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

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

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

FIG. 3. Relevant energy levels and transitions for Yb atoms.
The two-photon E1–M1 transition (red arrows) employed for the
inversion pulses can be interpreted as the absorption of two
counterpropagating equal-frequency photons. On the other hand,
the Bragg transition (blue and green arrows) on which the
diffraction pulses are based involves the absorption and stimu-
lated emission of two counterpropagating photons with a slight
frequency difference Δω=2π that accounts for the change of the
atom’s kinetic energy. The two clock states are respectively
indicated with orange and purple color.
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the resonance condition due to the initial velocity of the
atoms cancel out at linear order and only much smaller
terms quadratic in the velocity contribute. Finally, the
spatial dependence of the effective phase associated with
the two-photon process cancels out in the laboratory frame
and the hypersurfaces of constant phase correspond to
simultaneity hypersurfaces in this frame, which is crucial to
guarantee the proper synchronization of the inversion
pulses acting on the two interferometer arms. In fact,
due to the relativity of simultaneity for spatially separated
events, these pulses do not act simultaneously on both arms
in the freely falling frame [33], and this is actually how the
insensitivity to gravitational redshift for a uniform field is
circumvented in this case.
As shown by Eq. (7), the new interferometry scheme

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

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

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

αe-g ¼
m1

Δm
ðβ2 − β1Þ; ð9Þ

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

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

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

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

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

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

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

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

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

FIG. 1. Central trajectories for a reversed Ramsey-Bordé
interferometer [43], which involves two pairs of laser pulses
acting as diffraction gratings (gray dashed lines), in a uniform
gravitational field. A differential phase-shift measurement of the
ground (orange) and excited (purple) states is performed for
various initialization times (ti and t0i). Comparison of the out-
comes for the two different initialization times is directly related
to the proper-time difference between the dashed segments in
the two arms (a and b), which is a consequence of gravitational
time dilation.
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�� )NTRODUCTION

4HE GREAT POTENTIAL OF MATTER
WAVE INTERFEROMETERS FOR HIGH
PRECISION INERTIAL SENSING WAS RECOGNIZED EARLY
ON ;�� �= AND SINCE THE FIRST EXPERIMENTAL REALIZATIONS THREE DECADES AGO ;�n�= ATOM INTERFEROMETRIC QUANTUM
SENSORS HAVE BECOME AN ESSENTIAL TOOL FOR BOTH FUNDAMENTAL RESEARCH AND PRACTICAL APPLICATIONS ;�=� )NDEED�
BESIDES THEIR USE IN GRAVIMETRY ;�n��= AND AS HIGHLY ACCURATE GYROMETERS ;��� ��=� LIGHT
PULSE ATOM
INTERFEROMETERS RELYING ON 2AMAN OR "RAGG DIFFRACTION HAVE PROVEN TO BE VERY VALUABLE FOR A WIDE RANGE OF
APPLICATIONS IN FUNDAMENTAL PHYSICS� INCLUDING PRECISE MEASUREMENTS OF THE FINE
STRUCTURE CONSTANT ;��� ��=
AND THE GRAVITATIONAL CONSTANT ;��=� TESTS OF THE UNIVERSALITY OF FREE FALL �5&&	 ;��n��=� SEARCHES FOR
DARK
ENERGY CANDIDATES ;��n��= AND THE MEASUREMENT OF SPACETIME CURVATURE EFFECTS ON DELOCALIZED
QUANTUM SUPERPOSITIONS ;��n��=�

-ORE RECENTLY� A NEW KIND OF ATOM INTERFEROMETER ;��= BASED ON SINGLE
PHOTON TRANSITIONS BETWEEN THE
TWO CLOCK STATES IN ATOMS SUCH AS 3R OR 9B� WHICH ARE COMMONLY EMPLOYED IN OPTICAL ATOMIC CLOCKS� HAS BEEN
RECEIVING INCREASING ATTENTION ;��n��=� ! KEY APPEALING FEATURE IS THE POSSIBILITY OF HAVING SINGLE
BASELINE
GRAVITATIONAL
WAVE DETECTORS ;��� ��= THAT ARE IMMUNE TO LASER PHASE NOISE �IN CONTRAST TO TWO OR MORE
BASELINES NEEDED FOR OPTICAL INTERFEROMETERS OR FOR SCHEMES EMPLOYING ATOM INTERFEROMETERS BASED ON
TWO
PHOTON TRANSITIONS ;��=	 AND CAN ALSO BE EXPLOITED TO SEARCH FOR ULTRALIGHT DARK MATTER ;��� ��=� 3UCH
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INTERFEROMETERS INTERROGATED BY A COMMON LASER BEAM AND THEIR SENSITIVITY IS PROPORTIONAL TO THE LENGTH OF
THE BASELINE BETWEEN THE TWO INTERFEROMETERS� 4HUS� ALTHOUGH ULTIMATE SENSITIVITIES COULD BE REACHED IN SPACE
;��n��=� WHERE BASELINES OF THOUSANDS OR EVEN MILLIONS OF KILOMETERS ARE POSSIBLE AND THERE IS A
GRAVITATIONALLY QUIETER ENVIRONMENT� KILOMETER
SCALE DETECTORS ON GROUND ARE ALSO BEING CONSIDERED ;��� ��=�
!S AN INTERMEDIATE STEP� A ���M ATOMIC FOUNTAIN PROTOTYPE� -!')3
��� ;��� ��=� IS CURRENTLY BEING
ASSEMBLED AT &ERMILAB AND A SIMILAR SET
UP IS UNDER STUDY AT #%2. ;��=� &URTHERMORE� CLOSELY RELATED EFFORTS
ARE ALSO BEING PURSUED IN THE 5+ ;��= AND #HINA ;��=�
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&IGURE �� 3PACETIME DIAGRAM FOR FREELY FALLING ATOMS IN A QUANTUM SUPERPOSITION OF THE GROUND �PURPLE	 AND EXCITED �ORANGE	
STATE THAT UNDERGO AN INTERNAL
STATE INVERSION AT THE INTERMEDIATE TIME� 4HE ATOMS ACT AS A CLOCK WHERE PROPER TIME IS ENCODED IN
THE RELATIVE PHASE BETWEEN THE TWO COMPONENTS OF THE SUPERPOSITION� AND THAT RUNS BACKWARDS AFTER THE INVERSION� ! STATIC CLOCK
SERVES AS A TIME REFERENCE AND SIMULTANEITY HYPERSURFACES IN THE LABORATORY FRAME �DOTTED LINES	 ARE CONSIDERED FOR THE
INITIALIZATION� INVERSION AND READ
OUT EVENTS� $ESPITE EQUAL
TIME SEPARATION 4 IN THE REFERENCE CLOCK� TIME DILATION EFFECTS LEAD TO
AN IMBALANCE BETWEEN THE PROPER TIMES BEFORE AND AFTER STATE INVERSION FOR THE FREELY FALLING ATOMS�

EQUATION ��	 ALONG THE CENTRAL TRAJECTORY 8(T) AND TAKING INTO ACCOUNT THE STATE INVERSION AT THE INTERMEDIATE
TIME� ONE GETS THE FOLLOWING RESULT FOR THE RELATIVE PHASE�

δφ =−� (∆%/H̄)
(
V� · G4� + G �4�

)
/C�, ��	

WHERE V� = (D8/DT)|T� AND 4 CAN BE REGARDED HERE AS THE PROPER TIME MEASURED BY A STATIC CLOCK AT CONSTANT
HEIGHT BECAUSE THE CORRECTIONS PROPORTIONAL TO 5�/C� WOULD GIVE RISE TO TERMS OF HIGHER ORDER IN �/C�� )N THIS
CASE THE RESULT IS INDEPENDENT OF 8�� IN CONTRAST WITH THE RIGHT
HAND SIDE OF EQUATION ��	� WHICH DEPENDS
IMPLICITLY ON 8� AND V� THROUGH ITS DEPENDENCE ON 5� AND THE PARTICULAR CHOICE V� = G4/� THAT WAS MADE�

&OR AN ACTUAL IMPLEMENTATION OF THE MEASUREMENT DEPICTED IN FIGURE � ONE COULD CONTEMPLATE USING THE
$OPPLER
FREE TWO
PHOTON TRANSITION INVESTIGATED IN ;��=� WHICH WOULD GUARANTEE A VANISHING MOMENTUM
TRANSFER AND SIMULTANEITY IN THE LABORATORY FRAME ;��=� (OWEVER� PULSES RELYING ON SUCH A TRANSITION REQUIRE
HIGH LASER POWER AND A SPECIAL SET
UP� -OREOVER� DESPITE THE VANISHING MOMENTUM TRANSFER� THE ATOMS
EXPERIENCE A RESIDUAL RECOIL THAT DEPENDS ON THEIR VELOCITY WHEN THE PULSE IS APPLIED ;��=� 4HE RESULTING
MODIFICATION OF THE CENTRAL TRAJECTORY IS RATHER SMALL� BUT LEADS TO A SPURIOUS PHASE
SHIFT CONTRIBUTION
COMPARABLE TO THE TIME DILATION EFFECT THAT WE ARE INTERESTED IN� )NSTEAD� WITH A SUITABLE MEASUREMENT SCHEME
A LIGHT
PULSE ATOM INTERFEROMETER BASED ON SINGLE
PHOTON TRANSITIONS� WHERE THE ATOMIC WAVE PACKETS ARE
SPLIT� REDIRECTED AND RECOMBINED BY THE LASER PULSES� CAN BE EMPLOYED TO MEASURE SUCH RELATIVISTIC EFFECTS�
)NDEED� THE SCHEME PRESENTED IN THE NEXT SECTION IS EQUIVALENT TO THE IDEAL FREELY FALLING CLOCK IN FIGURE �� DOES
NOT SUFFER FROM THE DRAWBACKS OF THE $OPPLER
FREE TRANSITION AND CAN BE EXPERIMENTALLY IMPLEMENTED
WITHOUT ADDITIONAL REQUIREMENTS TO THOSE ALREADY PLANNED FOR FACILITIES SUCH AS -!')3
����

�� !TOM INTERFEROMETER ACTING AS A FREELY FALLING CLOCK

)N ORDER TO STUDY ATOM INTERFEROMETERS BASED ON SINGLE
PHOTON TRANSITIONS AND THEIR POSSIBLE USE AS FREELY
FALLING CLOCKS� IT IS PARTICULARLY CONVENIENT TO CONSIDER THE FREELY FALLING FRAME ASSOCIATED WITH THE MID
POINT
TRAJECTORY BETWEEN THE TWO INTERFEROMETER ARMS �&ERMIn7ALKER FRAME	� )N SUCH A FRAME THE SPACETIME
COORDINATES OF THE MID
POINT WORLD LINE TAKE THE SIMPLE FORM 8̄µ(T&7) =

(
C T&7,�

)
AND THE COMOVING TIME

COORDINATE T&7 COINCIDES WITH THE PROPER TIME τ̄ ALONG THE WORLD LINE� &URTHERMORE� IN THIS FRAME THE
SPACETIME TRAJECTORIES FOR LIGHT RAYS CORRESPOND TO SIMPLE STRAIGHT LINES� EXCEPT FOR SMALL CURVATURE EFFECTS THAT
ARE COMPLETELY NEGLIGIBLE IN OUR CASE �SEE APPENDIX "��	� (ENCE� WHILE DESCRIBING GRAVITATIONAL EFFECTS ON LIGHT

�

Clock ticks backwards after intermediate time. Imbalance due to relativistic time-dilation effects.
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&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

� $UE TO THE DIFFERENT VELOCITIES OF THE TWO INTERFEROMETERS� THEY ARE RESONANTLY ADDRESSED BY SLIGHTLY DIFFERENT LASER FREQUENCIES� (ENCE�
THERE IS ONLY A PARTIAL COMMON
MODE REJECTION� BUT IT STILL LEADS TO A SUPPRESSION FACTOR

∣∣V̄!� − V̄"�
∣∣/C∼ ��−��

�
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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 
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• Two-photon interference (similar to Hong-Ou-Mandel) with frequency-entangled pairs. 

• Genuinely quantum interferometer with no classical analog.

(iv) Two-photon interference with frequency-entangled pairs
Mohageg et al. Page 10 of 82

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

the visibility of the interference phenomena.

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

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

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

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

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

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

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

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

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

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

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

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

of nanosecond [45].

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

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

between the modes encoding the time bins. This shift is of the order of 10�10 times
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1 Introduction: the case for deep space quantum optics
Space-based quantum optical links support future networking applications for quantum
sensing, quantum communications, and quantum information science [1–4]. In addition,
such links enable new scientific experiments impossible to reach in terrestrial experiments
[5]. The Deep Space Quantum Link (DSQL) is a spacecraft mission concept that aims to
use extremely long-baseline quantum optical links to test fundamental quantum physics
in novel special and general relativistic regimes [6–8]. The authors of this manuscript en-
gaged in a two-year long study of how quantum optics in space could be used to conduct
new tests of fundamental physics, in compliment to proposed tests utilizing matter or
clocks. This manuscript describes the findings of the NASA-funded study, and describes
some of the technology requirements and outstanding mission design studies necessary
to move forward with the mission. DSQL is currently in the pre-project developmental
phase, with expected mission integration planned to begin in the late 2020’s. One or more
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• Ground-based demonstration experiments in collaboration with 

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

‣ Alex Lohrmann, Makan Mohageg   (NASA, Jet Propulsion Laboratory)
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• Part of a study by the Science Definition Team 
for a future space mission. 

• Recognized with a NASA Group Achievement 

Award.
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Ground-based implementation

• 10-km free-space link between Jet Propulsion Laboratory and Mt. Wilson (1.2 km height difference) 

• Collaboration with Paul Kwiat, Makan Mohageg, Alex Lohrmann and Spencer Johnson.
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FIG. 1: Proposed experiment to measure the gravitationally induced phase shift in a delocalized superposition of
quantum states of light propagating along the arms of two fiber-based unbalanced Mach-Zehnder interferometers

(MZIs) at di�erent gravitational potentials. BS: beam splitter, SPD: single-photon detector, PD: photo diode.

FIG. 2: Baseline quantum interferometer. (a) Optical layout of the baseline fiber interferometer. BS: beam splitter,
APD: avalanche photo diode, SPD: single-photon detector, PD: photo diode. (b) Interference pattern as a function of

imbalance for a quantum signal wavelength of 1550 nm and 100 ps pulse width. (c) Zoom into the region of
approximately equal path length.

FIG. 3: Adjustable photon source. (a) Optical layout of source, allowing for the generation of single photons, as well as
polarization-, time-bin-, hyper-, and frequency-entangled photon pairs. BS: beam splitter, SPDC: spontaneous

parameteric downconversion, DM: dichroic mirror, SPD: single-photon detector. (b) Interference pattern as a function
of imbalance for degenerate (red dip, no fringes) and frequency-entangled (black, dense fringes) two-photon

interference. (c) Zoom into the region of approximately equal path length for frequency-entangled interference.
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