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PHYSICS

Observation of the quantum phase of free fall and the
consistency with the equivalence principle

Or Dobkowski', Barak Trok', Peter Skakunenko’, Yonathan Japha‘, David Groswasser',
Maxim Efremov??3, Chiara Marletto?, Ivette Fuentes Guridi>®, Roger Penrose’, Vlatko Vedral*,

Wolfgang P. Schleich®2, Ron Folman'#

The unification of quantum theory and the general theory of relativity, describing gravity, is one of the most im-
portant challenges in science. Einstein’s general theory of relativity is based on the principle of equivalence and
has been confirmed to great accuracy for large bodies. However, in the quantum domain, the equivalence princi-
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ple has been predicted to take a unique form involving a gauge phase, which is equal, in the context of a measure-
ment on Earth, to the quantum phase of a free-falling wave packet relative to its counterpart wave packet which
is static in Earth’s frame. To measure this phase, we realize a novel cold-atom interferometer in which one wave
packet stays static in the laboratory frame while the other is in free fall. The observed relative phase of the wave
packets confirms the predicted phase and shows that, in our low energy regime, the equivalence principle may be
applied to the quantum domain. Our observation constitutes a fundamental test of the interface between quan-
tum theory and gravity. The new interferometer also opens the door for further probing of the latter interface, as

well as to searches for new physics.

INTRODUCTION

The two pillars of 20th century physics—quantum mechanics (QM)
and general relativity (GR)—have long stood side by side, resisting
all attempts to bring them convincingly together. Related to the lat-
ter, ever since Galileo and Newton, it was clear that the phenome-
non of free fall in a gravitational field is a paradigm of physics and
must be fully understood as part of any description of nature. Einstein
went a step further and used the geometry of space-time to describe
gravity and free fall. An additional outcome of GR is that one should
be able to describe nature from different frames of reference. Rooted
in Galileo’s insight and elevated by Einstein to a foundational axiom,
the principle of equivalence has guided our understanding of gravi-
tation for over a century (I1-4). The rise of QM has not changed any
of these convictions. The connection between these two pillars of
modern physics remains one of the most important open questions
in physics, and it is thus of paramount importance to understand
the phenomenon of free fall and the equivalence principle (EP) also
in the quantum domain.

The phase of a free-falling wave packet (WP) relative to a WP
static in the Earth’s frame is predicted in a purely quantum manner
to have a dependence m/h(g2T?/6 + gzT) on the free-fall time T,
where m is the mass of the object, g is the gravitational acceleration
relative to the surface of Earth, and z is the spatial coordinate in the
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direction of gravity. This prediction follows the calculated phase ac-
cumulated by an object accelerating in a linear potential and has
been made starting from almost 100 years ago by Darwin, Kennard,
and others (5-13). Alternatively, one may derive this phase in a
completely different manner, specifically using the EP and a Galilean
transformation. The identity of the outcome of the two calculations
may be seen as what allows QM and the EP to coexist. Numerous
authors have suggested that this phase has implications regarding
the EP in the quantum domain (3, 8, 14-16). Remarkably, this cru-
cial phase has never been measured.

Matter-wave quantum interferometers are high-precision tools
capable of measuring global and relative accelerations. Interferom-
etry in the presence of the gravitational field of Earth has been previ-
ously achieved with neutrons in the celebrated Colella-Overhauser-
Werner (COW) experiment (17, 18) [as well as by Bonse and Wro-
blewski for a noninertial frame (19)] and with atoms (20-22), where
the gravitational acceleration g (23-26) and the gravitational con-
stant G (27, 28) have been measured, but as noted, the explicit phase
of a free-falling WP with respect to Earth has not been directly
measured.

Here, we report the measurement of the quantum phase of an
object in free fall (in the sense that the experimentalist does not
apply any forces to it), as observed in a frame stationary with re-
spect to Earth. A direct measurement of this phase requires a unique
interferometer using a superposition of one WP in free fall and
another WP stationary in Earth’s frame. We have named this in-
terferometer the quantum Galileo interferometer, or QGI, in honor
of Galileo’s discoveries regarding the laws of free fall. Figure 1A de-
scribes such a Gedanken (thought) experiment, where the WP that
is at rest in the laboratory (Earth) frame is termed the “reference
WP, while the WP that is free falling in this frame is termed the
“ballistic WP”

While a cubic phase dependence on the interferometer time may
also appear in a few situations that are not related to a linear gravita-
tional potential (29-32), a specific example being the measurement
of the curvature in the gravitational field of a test mass [(33, 34); see

10f10

9202 ‘/T .|aqwa1des uo y1g L»iL)d adedsoey uewRo r Bio'sous IOSMN\M//'SCIIM wioJj papeo jumoq


mailto:folman@​bgu.​ac.​il
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.aec8045&domain=pdf&date_stamp=2026-09-02

SCIENCE ADVANCES | RESEARCH ARTICLE

~113 ym

Zchip ﬁ

A B .
1,724
igT 7 1 gl
I \
6 A :
’ ’\
51 t |
o] & @ _ 1 1
b= = & ES £ 41 ! .
= & g & S ’ ’
2 E s = 34 1
T © o © !
] = 9]
o o @ ' ‘
b 2 i 1
T 1 :
Q 1 1
0@ @
Reference wave packet 01 1) @~
01 -~ ~
. t
-T 0 T

Time

Fig. 1. The QGI experiment to measure the phase accumulation of a free-falling particle. (A) Space-time diagram illustrating the classical trajectories of the WPs in
the interferometer. A beam splitter creates a coherent superposition of two WPs with different spin states, launching one WP into a freely falling ballistic trajectory for a
duration of 2T, while the second WP is held stationary, serving as a reference. A second beam splitter recombines the two WPs at the end of the ballistic trajectory. State-
dependent detection (not shown) measures the population in each state, revealing the phase difference between the two trajectories. (B) A schematic of our experimen-
tal realization: In the longitudinal (1D) QGlI interferometer, the stationary WP is held against gravity using magnetic gradients produced by currents in microfabricated
wires on the atom chip. This WP, associated with state| 1) =|F = 2,m; = 1)of a® Rb atom, is positioned ~ 113 pm below the chip surface. The ballistic WP, associated with
state|0) =|F = 1,m; = 0), travels upward reaching, in this example, a splitting of about 7.5 um (about seven times the WP size; see the Supplementary Materials). Inter-
changing currents in the three central wires (shown in the figure) create a two-dimensional quadrupole to realize a strong magnetic gradient with a small magnetic field,
which minimizes phase noise. Last, to measure the population in each spin state, another (reversed) magnetic gradient separates the two states in position so that they

can be imaged by a CCD. See Materials and Methods for more details.

Supplementary Materials], observing the cubic phase due to free fall
in the QGI configuration constitutes a direct test and confirmation
of the relative phase acquired by a free-falling object and, as noted,
of the predicted phase when applying the EP to a quantum WP in
free fall. Specifically, none of the previous experiments measuring a
T? behavior have had in the two interferometer arms the accel-
erations of 0 and g with respect to Earth, and consequently, none
measured the predicted prefactor of =g*/h. As explained in the fol-
lowing, this requires a hybrid interferometer to be realized, a very
different configuration from the latter interferometers.

To briefly show how the same phase is predicted by the EP, we
will assume that the EP holds in the quantum domain and calculate
the observable consequence of such an assumption. To begin with,
throughout this work, we assume the equality of the inertial mass
(m,) and the gravitational mass (m,), such thatm; = m, = m, as sug-
gested by Galileo and confirmed experimentally with early experi-
ments by Newton, Bessel, and E6tvos and more recent experiments
with improved accuracy (35-38). We of course also assume the uni-
versality of free fall to hold, so that also a *’Rb atom in free fall ac-
celerates toward Earth with acceleration g.

We now view the experiment from two frames of reference, one
in free fall and one static relative to Earth. These two frames may be
referred to as the Einsteinian and the Newtonian frames, respec-
tively (15). The transformation between the wave function y in a
Newtonian (laboratory) frame of reference, where the acceleration
of a free object is denoted as Z = —g, and the wave function y of
the same object in an Einsteinian frame that free-falls with the same
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acceleration — g, and when at t = 0 both have the same velocity, in-
volves a transformation phase which may also be referred to as a
gauge phase (g, (16). This gauge phase may be calculated by using
Galilean transformations (see Supplementary Materials).

If one then assumes that the inertial mass is equal to the gravita-
tional mass, this transformation phase takes the form [e.g., (15, 16)]

‘ 2
yy(z,t) = €1¢ga“g°(z’t)WE (Z +g%’ t> »where q)gauge

(- Je ) ;

According to the EP, y, is the wave function of a free particle that
feels no forces in the free-falling (Einsteinian) frame (see the Supple-
mentary Materials). Hence, if one assumes that the EP holds, then
this WP does not accumulate any phase (beyond free evolution).
However, Eq. 1 implies that such a wave function accumulates a
phase ¢y, in the laboratory (Newtonian) frame, simply due to the
transformation between frames.

In conclusion, when comparing a quantum state in two different
descriptions—one in which the gravitational field is treated as an
external force and another adopting the freely falling frame—a
unique phase factor emerges, mg*t> / 6% (3, 8, 14-16). This contribu-
tion, first identified nearly a century ago as the phase of a freely fall-
ing object, has since attracted considerable theoretical scrutiny
(5-13). However, while this phase was typically calculated as the
phase of an accelerating particle, without regard for the problem of
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the interplay between QM and GR, remarkably, as highlighted by
numerous works (3, 8, 14-16), without this phase QM and the EP do
not coexist. Specifically, by using the EP, as we did above, one pre-
dicts the same phase. In the case that the quantum calculation of an
accelerating object under gravity, as was calculated by the numerous
authors, was not complete, or in case the application of the EP to the
quantum domain, as we have done, is lacking, it is of paramount
importance to experimentally confirm this phase. We emphasize
that, in this work, we will not be excluding all possible models for
which the EP does not hold, as such models may also predict the
same phase. Assuming that the EP holds and observing no contra-
diction, we are able to show that the EP may be applied to a quantum
WP. Hence, beyond the measurement of the phase of a free-falling
quantum object, the QGI enables the observation of the phase en-
abling the coexistence of QM and the EP.

RESULTS

Experiment

Our experiment intended to measure this phase—by way of inter-
ference with a reference WP—follows the Gedanken experiment
presented in Fig. 1A where, at time t = ¢,, the WP is split into two
paths where in one path it is at rest in the Newtonian frame, due to
an applied levitating force that is exactly opposite to gravity (hereaf-
ter levitation condition), while in the other path, it is in free fall,
namely, at rest in the freely falling Einsteinian frame. To achieve re-
combination of the two paths, the WP in the freely falling path is
initially launched upward by a magnetic-gradient pulse with a ve-
locity v, in the direction opposite to gravity and then falls freely for
a time 2T = 2v, /g (hereafter closing condition), after which an
identical magnetic-gradient pulse erases the velocity difference be-
tween the two WPs so that the two paths overlap in position
and momentum.

For an intuitive understanding of the QGI phase in the Newto-
nian frame, we fix the reference WP center at vertical position z = 0
so that it does not accumulate any propagation phase (beyond the
free evolution of the WP) and calculate the phase accumulated by
the ballistic WP. As noted, the latter accumulates no propagation
phase in the freely falling (Einsteinian) frame, so that the phase at
the center of the ballistic WP in the Newtonian frame is nothing but
the gauge phase. The phase of the ballistic path is the difference be-
tween the phase of the WP center at the two path endpoints, which
is equal to the gauge phase at these points. Taking the middle of the
path to be at time t = 0, these endpoints are at t = + T, where the
WP is centered at z = 0 after a free-fall duration T with respect to
t = 0 (Fig. 1A). The gauge phase at the endpoints and the phase of
the ballistic path then read

m
d)gauge( +) =% §g2 T3; q)ballistic

2
= q)gauge(T) - (I)gauge( -T=-2- %gz T @

AS O, eference = 0, it follows that ¢y i 1 the relative phase ob-
served in the experiment (see the Supplementary Materials). This phase
is of course equal to the action of the ballistic path in the Newtonian
frame or equivalently of the reference path in the Einsteinian frame,
as we show in the Supplementary Materials. In the Supplemen-
tary Materials, we also show that it can be calculated using the
Galilean transformation. Note also that the linear term in Eq. 1
vanishes when the endpoints are at z = 0, and even if the levitation
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condition is not satisfied, it is cancelled by the magnetic gradient
pulses, which are necessary for the closing condition (see the
Supplementary Materials).

Beyond the above description of the fundamental uniqueness of
the QGI, in which the measured phase is equal to the free-fall phase,
its technical distinctiveness should also be emphasized. While the
Ramsey-Bordé interferometer is mostly characterized by the con-
stant spatial separation between the two interferometer paths (39),
and the Kasevich-Chu interferometer is mostly characterized by the
piece-wise constant velocity separation (difference) between the two
paths (40), the QGI enables the control of all degrees of freedom,
obtaining spatial, velocity, and acceleration differences, almost at
will. This allowed us to have one WP at rest and the other free fall-
ing. Furthermore, typical atom interferometers are free-space inter-
ferometers, whereby during most of their motion, the WPs do not
experience any potential applied by the experimental setup (41).
Some interferometers do have a potential applied to both WPs dur-
ing their evolution, and these may be termed guided interferometers
(42, 43). In our case, both methods are used simultaneously, one for
each of the WPs. The QGI is thus a hybrid interferometer.

Experimental scheme

In Fig. 1B, we present the experimental setting in which the QGI,
using ¥Rb atoms, is conducted about 113 pm below an atom chip
(44), where the current-carrying wires give rise to the magnetic field
gradients which are responsible for the Stern-Gerlach (SG) type
forces applied to the WPs. The QGI is a novel type of SG interferom-
eter (SGI), leveraging a decade of SGI experiments in which the nec-
essary techniques were developed (45), and, consequently, is now
capable of demonstrating enhanced stability, larger phase accumu-
lation, and especially the flexibility required to enable one WP to
take a ballistic trajectory while the other is stationary.

During the free-fall time, the ballistic WP isin state| 0) =|F =1,
myg = 0), so that to first order in the Zeeman interaction it is not af-
fected by the magnetic gradients. The reference WP is in state
|1) =|F =2, mp = 1)andis held vertically stationary in the labora-
tory frame (i.e., relative to Earth) by a “holding magnetic gradient
pulse” producing a magnetic acceleration a in the opposite direction
to gravity, holding or levitating the WP in a constant vertical posi-
tion. Both states belong to the atomic ground state, whereby F is the
total angular momentum of an atomic state and my; is its projection
on the quantization axis. The acceleration a is independently tuned
by an experimental procedure (see Materials and Methods and
the Supplementary Materials) to satisfy the levitation condition for
which the reference WP is stationary. In case of small experimental
errors, one can consider the general case that includes deviations
from the levitation condition, for which a simple calculation of the
actions along the two interferometer trajectories when the closing
condition is satisfied results in a measured QGI phase

ma (a - Zg)
Ap =—— 3)
such that the outcome of the QGI depends on both the applied ex-
ternal acceleration on the reference arm and the free-fall accelera-
tion and becomes equal to the result of Eq. 2 in the case a = g, with
a quadratic deviation m(a - g)zT3 /3hifa # g. While the measure-
ment of g is not the aim of our experiment, we should note that the
sensitivity with which a T SGI, such as ours, can measure g was re-
cently estimated (46).

T3

30f10

9202 ‘/T .qumdes uo y1g L»iL)d adedsoey uewRo r Bio'sous I38MN\M//'SC|11L| wioJj papeo jumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

The momentum splitting of the WPs in the experiment requires
a finite kick duration Ty in which the reference WP is temporarily
in state | 0) and the ballistic WP is temporarily in state | 1) allowing
it to be accelerated with an average acceleration ay; = vy / Tk -
Furthermore, to perform the internal-state flip before or after
the kick, a finite delay time T} is needed between the kick pulse and
the holding pulse of duration Ty, = 2T — 2T, where 2T represents the
free-fall time of the ballistic WP. As explained in Materials and
Methods, the ballistic WP has a free-fall time of 2T, while the refer-
ence WP is in free fall during the time T}, + T4 before and after the
holding time. Using ¢y,,q> these latter parts of the reference WP
trajectory involve a free-fall phase in the laboratory (Newtonian)
frame of

2m 3
(I)reference = _g2 (Tkick + Td) (4)
3n
Consequently, the phase of the reference WP is independent of

the holding time.

By using arguments similar to the ones used above to derive the
previous equations, we can also calculate the phase of the ballistic
WP during the kick time and obtain the total phase difference ex-
pected in the experiment (see the Supplementary Materials)

mgz 3 2 2 2
8¢ =T | T+ TP Tt T( T+ T To) = Ta( Tt Ta) | ©)
where the quadratic and linear dependence on the interferometer
time T is due to the finite duration of the kick T}, (setting Ty = 0
eliminates them), while T, adds a constant phase term.

Let us briefly describe in more detail the experimental sequence
we have realized (more details in Materials and Methods and the
Supplementary Materials): We create a Bose-Einstein condensate
(BEC) consisting of about 2-10* atoms in a magnetic trap, using
current-carrying wires on an atom chip (the atoms are below the
chip which is upside down; Fig. 1B). We then release the atom cloud
from the trap and conduct a Delta-kick cooling (DKC; collimation)
procedure. The atom cloud is by now dilute enough so that atom-
atom interaction is minimized and the physics becomes essentially
single-particle physics. After a & /2 pulse, each atom is in a superpo-
sition of a magnetic sensitive state| 1) and a nonsensitive state|0).

Next, we apply a magnetic kick which launches state| 1) upward.
Quickly thereafter, we apply a & pulse, so that the WP launched up-
ward is in state | 0) and is no longer affected by the magnetic gradi-
ents, thus going into a ballistic trajectory affected only by gravity (up
to second-order Zeeman).

Conversely, the other WP, which is now in state | 1), is sensitive
to the magnetic gradient which is at this time tuned so that it ex-
actly counteracts gravity. Consequently, this WP remains static
and does not change position. Last, we reverse the sequence to
bring the two WPs to have the same position and momentum for
a full overlap.

The detection stage starts with a m/2 pulse which projects the
phase difference between the spin states to the population of the
states. Next, another magnetic gradient kick separates the two spin
states in space, so that after some time of flight, we are able to deter-
mine the population in each spin state using absorption imaging
with a charge-coupled device (CCD) and thus measure the output of
the interferometer.

Beyond the achievement of two very different WP trajectories
in space, a substantial experimental challenge lies in the fact that
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the two trajectories are very much different in momentum, and re-
combining the WPs to observe an interference pattern requires a
good overlap in both position and momentum (namely, zeroing any
difference or, in other words, time reversing the splitting process).
The time irreversibility of the splitting process, whether it be of tech-
nical or fundamental origin, has been termed by Scully, Englert, and
Schwinger the “Humpty-Dumpty effect,” and combating it requires
precise control over the trajectories (47).

More so, for a good overlap, the size and shape of the two WPs
have to be quite similar, and as they are exposed to different mag-
netic gradients having a different curvature, lensing effects make
such an overlap hard to achieve. Last, also rotation of the WPs in
three-dimensional may diminish the eventual overlap and conse-
quently the contrast (visibility) of the interference pattern (48).

Whereas recombination in atom interferometers based on laser
pulses, even when the momentum splitting is large (49), enjoys the
naturally given quantum accuracy of the photon momentum, in an
SGI, the momentum transfer is classical in nature. This requires a high
level of control over the magnetic fields as well as a detailed simulation
of the WP evolution when exposed to such fields and gravity (50).

Measurements

In Fig. 2, we present the raw data, where we observe about 13 oscil-
lations, which constitute about 80 rad phase accumulation. To ob-
tain the fit, we first identify the upper and lower envelopes and fit
them to a polynomial to get P, ., and V(2T). We then fit the data to
the model where the phase $p(27T) is a third-order polynomial. Dur-
ing the fitting, we exclude the first and last oscillations as they suffer
from larger uncertainty in the values of the envelope. The data show
13 complete oscillations, with low phase noise, resulting in an aver-
age population error (SEM) of 1.8 + 1.5 [%] and good visibility,
starting at V = 80% and decreasing to V =20% at 2T = 2000 ps.
The decrease in visibility is mainly due to a varying overlap be-
tween the WPs due to differences in shape evolution under the
influence of curved gradients as well as imperfection in the path
recombination. The figure includes 633 experimental cycles, each
30 s, so the graph was taken over a period of 5.3 hours. The short-
term and long-term stability of the interferometer are good due to
the high stability of the chip trap and current source.

In Fig. 3, we analyze the phase extracted from Fig. 2 and
compare it to a numerical simulation (green dots), the analyti-
cal prediction of Eq. 5 (blue dashed), as well as to the Gedanken
experiment of Eq. 2 (black dashed). The analytical model assumes
a homogeneous magnetic gradient along the z axis and a set of
square pulses of current so that the acceleration of each arm is
a piecewise constant function, giving rise to a purely one-dimensional
motion along z, which, together with the symmetry of the scheme,
results in perfect path recombination. The numerical simulation
is based on tools we developed for calculating WP evolution in
curved potentials (50), which include the effects of shape and ro-
tation of the WP on the phase and visibility of the interferometer.
The numerical simulation takes into account (i) three-dimensional
propagation in a curved potential resulting in a nonperfect path
recombination, (ii) internal WP dynamics (expansion, focusing,
and rotation), and (iii) atom-atom interactions within each WP.
The first two factors may change the phase by an order of 1 to
2 rad each, while the latter may contribute up to about 0.25 rad.
Obviously, the prediction of the numerical simulation is accurate
to within the uncertainty limits of the experimental parameters.
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Fig. 2. Population in outport 1 versus the free-fall duration of the ballistic path 2T. (A) The relative spin population in outport 1 (state | 0)) oscillates with a distinct
chirp as a function of interferometer time. The blue points represent the experimental data, with error bars derived from the SEM. The red line is a fit to the data of the
form P = P ..n2T) + %V(ZT)cos [¢(2T)], where V is the visibility of the oscillations, ¢ is the phase of the oscillations, and P,,,, is the mean value of the population. See
text for more details. (B) Atomic distribution (heatmap of optical density) taken from CCD images (on-resonance absorption imaging), of the atoms in the two interferom-
eter outports (see Fig. 1B), showing two oscillations. The top cloud is outport 1 (state|0)), and the bottom cloud is outport 2 (state| 1), which is magnetically sensitive).
The cloud in outport 2 is focused by the final splitting pulse, increasing its optical density and making it appear slightly denser even when the two clouds have the same

population. The vertical scale of the image is 1.1 mm.

As can be seen from Fig. 3B, the residuals amount to about 2.5%,
presenting good agreement between the model and the data for
the T2 term.

The inset of Fig. 3A shows the derivative of the phase with re-
spect to 2T. To obtain the derivative of the phase for the numeric
simulation, we fit a third-order polynomial to the set of points in the
main figure and take its derivative. The derivative of the analytical
approximation and the Gedanken experiment are calculated by di-
rect differentiation.

Last, we compare the experimental results to possible deviations
from the model. The yellow dashed lines in Fig. 3A represent 5%
deviations from the T? phase accumulation model, by modifying the
analytical prediction to a power law of T>*0-15, which demonstrates
that the data exclude such deviations from the T* phase accumulation.
The thin blue dashed lines represent the analytical approximation
with 5% deviations from the theoretical prefactor (note that the pref-
actor in our experiment is mg?/3%, as explained in Eq. 2). The data
are consistent with the predicted value of the mg?/6h prefactor (see
Introduction), as shown in Fig. 3C.

In the Supplementary Materials, we provide detailed information
as to how all lines in Figs. 2 and 3 were plotted. The main source of
uncertainty in the experimental results arises from the systematic
uncertainty in the ratio of the kick and holding currents, as the
phase accumulation is most sensitive to this ratio, where deviations
from the desired ratio add a phase term that scales linearly with the
interferometer time.

DISCUSSION

The good agreement between the data and the analytical as well as
numerical prediction brings us to conclude that we have observed
the expected interferometer phase difference of — Z-¢*t* (Eq. 2),
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and in doing so, we have confirmed with a high level of confidence
the predicted — 2¢*t* phase (Eq. 1). We have thus observed the
phase of a freely falling object.

Although measuring g is clearly not the goal of our experiment,
the phase of a freely falling object is proportional to g so the mea-
surement of the phase may be considered a measurement of gravity.
Measuring gravity has been done for hundreds of years, and ever
since the celebrated COW experiments (17, 18), also with matter-
wave interferometers. Last, for the past three decades, measuring
gravity has been done also with atom interferometers such as ours
(20-26), and it has already become part of technology (51-54), but
one should nevertheless acknowledge subtleties. Specifically, it is
agreed that the EP indicates that all tests of fundamental physics
(including gravitational physics) are not affected, locally, by the
presence of a gravitational field (55). One may interpret this to mean
that matter-wave interferometers cannot measure gravity in the ab-
solute sense in a uniform gravitational field, but it is understood that
ifa part of the apparatus is firmly connected to Earth (the source mass),
then this constitutes nonlocal position information (i.e., instanta-
neous relative position between the measuring apparatus and source
mass), and gravity may be measured (56).

In the QGI, this information is transferred from the apparatus to
the reference WP, by the levitation condition. More explicitly, the
position of the reference WP, as well as the apparatus, is fixed rela-
tive to the surface of Earth, located at a distance r = R from the center
of Earth (r = 0), and hence ignoring rotations and tidal movements
has the same acceleration as the center of Earth, g(r =0), which may
have a nonzero value due to some external gravitational field (e.g.,
from the Sun). The free-falling WP experiences g(R), which, in addi-
tion to g(0), is due to the gravitational pull of Earth, again ignoring
rotations and tidal movements. The relative acceleration of the two
WPs is thus determined by the gravity of Earth.
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Fig. 3. Phase and its derivative versus the free-fall duration of the ballistic path 2T. (A) The phase difference between the two interferometer arms as a function of the free-
fall duration of the upper arm. The red line represents the experimental data, where the phase is extracted from Fig. 2. To estimate the uncertainty bounds, we repeat the ex-
periment with an increase (decrease) of the magnetic-pulse current I, by 0.5% (which is our estimated experimental precision) and use the result to plot the upper (lower)
uncertainty bounds. The green dots and thick dashed lines represent the theoretical predictions. The thin dashed lines are meant to show that the data exclude such deviations
from the cubic phase or the predicted prefactor. See text for details. (B) The residuals between the phase of the data and the numerical simulation, where the latter is a“blind”
simulation with no free parameters or fine tuning. A difference of 2 rad over 13 oscillations spanning a phase of ~ 80 rad constitutes a deviation of about 2.5%. The error bars
represent the statistical noise of the phase in the experiment, which shows a relative noise of 1.3% of the phase. The red band represents the systematic uncertainties [which
also appear in (A)]. The blue line shows the result of the numeric simulation after fine-tuning of the currents and the magnetic field along the z axis. The kick current is increased
by 0.15%, the idle current is changed from 0.55 to 0.5 mA, and B, is changed from 0.33 to 0.35 G, all within the experimental uncertainties. (C) The residuals between the phase
of the data and the analytical approximation. The 5% lines allow one to put an upper limit of a few percent on the possible deviation from the predicted prefactor.

The QGI has a unique geometry which allows to directly mea-
sure the phase of a free-falling WP due to gravity. Obviously, ob-
serving from the Einsteinian frame, the observer may claim that the
phase is due to the magnetic acceleration, but this is of course also a
measure of gravity due to the levitation condition, which determines
the equality

2
(T FT
3hm 3ham

Ap = (6)

To conclude, we have measured the quantum phase of a freely fall-
ing object, by comparing its free-falling WP to its counterpart WP—

Dobkowski et al., Sci. Adv. 12, eaec8045 (2026) 2 September 2026

static in the Earth’s frame, and at the same time, we have confirmed
the phase predicted if the EP is applied to a freely falling WP. Nature,
it seems, at these low masses and energies, does accommodate both
QM and the EP in this delicate manner. In the outlook, we look
beyond the present work and consider how future versions of the
experiment may draw us into even deeper waters. In this light, the
present experiment may be seen not merely as a confirmation of a
long-predicted quantum phase but as a potential stepping stone
toward a deeper synthesis of gravity and quantum theory.

As an outlook, let us introduce the term quantum equivalence
principle (QEP). As there seems to be no agreement on how to ex-
actly define the QEP, we leave this for future theoretical and experi-
mental work (14, 16, 57-64). Quite a few works claim that the 3
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phase is also a fundamental aspect of the EP for quantum systems
(3, 8, 14, 16). Hence, it may be argued that the QGI experiment de-
scribed here also observed a consequence of the QEP. Other, more
complex tests are also being suggested (65).

Let us note two final points: First, as the QGI is also able to ma-
nipulate clock WPs [for clocks in an SGI, see (66)], it opens the door
for the test of the more complex formulations suggested for the EP
in the quantum domain. Such an interferometer also opens the door
to searches for new physics with clocks (67-71). Second, such an
interferometer is a milestone toward an SGI with nanodiamonds in-
stead of atoms, for a test of QM in new regimes and to probe the
quantum-gravity interface (72), e.g., test the quantization of gravity
(47, 73, 74). In addition, such a large-mass (active-mass) interfer-
ometer can explore the Diosi-Penrose conjecture regarding gravi-
tationally induced collapse and possible tensions which may arise
with the QEP (see the Supplementary Materials) (75-77).

MATERIALS AND METHODS
Let us describe the experimental sequence in some detail (see Fig. 4
for the entire experimental scheme and Fig. 5 for a zoom-in on
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Fig. 4. The experimental scheme and trajectories of the WPs in the experiment.
The complete experimental scheme of our longitudinal (1D) QGlI, for the case of
2T = 2.4ms. We sett = 0 at the moment of trap release. At this time, the atoms are
in the state |2) =|F = 2,m; = 2). We apply DKC at t = 1.1ms, which collimates
the WP’s expansion and launches the atoms into a ballistic trajectory upward.
Before the start of the interferometer, we transfer the atoms to the state
|1) =|F =2,m; = 1) by applying an on-resonance RF = pulse (gray wavy line).
During the interferometer, we control the spin state of the atoms with four MW
pulses (orange wavy lines) and the momentum of the atoms with three magnetic
gradient pulses (green areas). The MW pulses are on resonance with the transition
between the|1)and|0) =|F =1, m; = 0) states, where the | 0) state is magneti-
cally nonsensitive in the Zeeman first order. The first © / 2 pulse puts the atoms in an
equal superposition of | 1) + | 0). At the end of the interferometer, the trajectories
of these two states are joined to a single trajectory with two spin states, after which
the second = / 2 pulse is applied, creating four overlapping WPs which interfere,
two WPs per each spin state, imprinting the phase difference into a population dif-
ference (for simplicity of graphics, we have not differentiated the four WPs in the
plot). After the second nt / 2 pulse, we detect the relative population in each state.
In the detection scheme, we first spatially separate the states by applying a fourth
magnetic gradient and, lastly, image the atoms using on-resonance absorp-
tion imaging. The blue frame emphasizes the interferometer stage and is ex-
plained in Fig. 5.

Dobkowski et al., Sci. Adv. 12, eaec8045 (2026) 2 September 2026

the interferometer scheme): We create a ’Rb BEC in the state
|2) =|F =2,mp =2) in a magnetic trap produced by current-
carrying wires on the atom chip (below the chip which is upside
down). We then release the cloud of atoms from the trap and con-
duct DKC, which collimates the expansion of the WP along the z
axis down to an effective temperature of 3.3 nK. As a side effect of
this procedure, the atoms are launched upward (as can be seen on
the left side of Fig. 4). The BEC is by now dilute enough so that atom-
atom interaction is minimized and the physics becomes single-atom
physics. We then apply 100-ps radio frequency (RF) & pulse trans-
ferring atoms to the state| F = 2, m = 1). With the help of a micro-
wave (MW) /2 pulse, each atom is now in a superposition of a
magnetic sensitive state|1) =|F = 2,m; = 1) and a nonsensitive
state|0) =|F = 1, mp = 0). We now apply a magnetic SG kick which
launches the sensitive state upward. Quickly thereafter, we apply a
MW 7 pulse, so that the atoms launched upward are no longer affected
by the magnetic gradients and they go into a ballistic trajectory af-
fected only by gravity (up to second-order Zeeman). Conversely, the
other WP becomes sensitive to the magnetic gradient which is now
tuned to exactly counteract gravity, so that the WP remains station-
ary in the frame of reference of the laboratory. Last, we reverse the
sequence—apply a MW = pulse and apply the same SG kick to stop
the ballistic WP, thus bringing the two WPs to have the same posi-
tion and momentum for a full overlap. After one more MW x/2
pulse, another magnetic gradient kick separates the two spin states
in space, so that after some time of flight, we are able to determine
the population in each output port and consequently in each spin
state and thus measure the output of the interferometer (Fig. 2).

104 -
n n - 280
- ~ TN
106 - - 240
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= 2 N
£ \ oog é
o 108~ |0) B L
£ / \ 1605 o
5 )
< 110 120© 8
(] w
9 / \ @&
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114 - 4 = : . . o -0
3.0 35 4.0 45 5.0 5.5
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Fig. 5. The interferometer scheme and trajectories of the WPs in the experi-
ment. Zoom-in on the interferometer sequence (the blue frame is the same one
shown in Fig. 4). The first gradient (kick) pulse applies a maximal acceleration gy,
for a total duration of Ty, which launches the top arm into a ballistic trajectory.
Fifty microseconds after the end of the gradient pulse, we apply a = pulse (with a
duration of 16 us) that inverts the spin state of the arms so that the bottom arm is
now in the magnetically sensitive state| 1). Five microseconds after the z pulse, we
start the holding pulse (duration of T, and rise time t,, = 12ps), which applies an
acceleration opposite and equal to gravity, to hold the bottom arm stationary in
the laboratory frame. Fifty microseconds after the holding pulse, we again apply a
n pulse, and 5 ps later, we recombine the trajectories of the two WPs by applying a
magnetic gradient pulse with a maximal acceleration a,, for a total duration of
Tiick @S in the first pulse. For the interferometer to work, the symmetric timing of
the n /2 and = pulses serves as a dynamic decoupling scheme, increasing the co-
herence time, canceling the linear phase accumulation due to possible detuning of
the MW, and reducing the shot-to-shot phase fluctuations.
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Fig. 6. The trajectories of the WPs for different holding durations. The trajecto-
ries of the two arms of the interferometer, calculated by the numerical simulation
for holding durations T, = 232,742,1252,1762,2272 ps. Blue dashed lines represent
the ballistic trajectory, and red solid lines represent the static WP. At the end of the
interferometer, a small spatial splitting can be seen, on the order of 0.1 um For
T, = 2272ps, the spatial splitting between the two arms halfway through the inter-
ferometer reaches 7.5 um. The trajectories are plotted until the time in which the
second (and final) & / 2 is applied.

The SG force is created by currents in three parallel gold mi-
crowires of 2-pum thickness, 40-pm width, separated by 60-um gaps
on the atom chip surface. The current direction in the middle wire
is opposite to that in the edge wires, which creates a quadrupole
magnetic field with a minimum at ~100 pm from the wires. The exter-
nal magnetic bias field of 12.6 G is applied to suppress spin-flips and
introduce a small second-order Zeeman shift for the efficiency of
the RF pulse.

The optimal value of the holding current I ;4 should counteract
gravity. To find I, 4, we measured trajectories of state | 1) with
resonant absorption imaging for various values of the holding
current (see the Supplementary Materials for details) and find
Lioid = 23.07 + 1.49 mA. Although the inaccuracy of gravity com-
pensation is 6.5%, it corresponds to only 0.42% inaccuracy in the
phase accumulation, as the deviation from g is introduced squared
to the phase (see the Supplementary Materials). We note that the
phase of Eq. 3 has a maximum value at a = g which reduces the sen-
sitivity to small changes of the magnetic acceleration while keeping
the sensitivity to the gravitational acceleration linear.

The kick currents are set in such a way that the areaf I(t)dt of the
two kick current pulses is equal to the area of the holding current
pulse for each interferometer duration. In the case of the Gedanken
experiment and the analytical approximation, such a definition of
the kick pulses is equivalent to the condition of full overlap between
the WPs at the end of the interferometer. However, in the real ex-
periment, this condition does not result in perfect overlap due to the
curvature of the potential and the finite duration of the pulses. This
is quantified in the numerical simulation, where the precise pulse
area condition is applied, and the two trajectories do not completely
overlap at the end, resulting in a small final spatial splitting of 0.2 pm
for the largest interferometer duration (as seen in Fig. 6). The effects
of rotations and the expansion of the WPs under the curved poten-
tial are also quantified in the numerical simulation and contribute
up to 1 rad to the total phase (as seen in fig. S4). While in Fig. 4 the
trajectories are produced by an analytical approximation, in Fig. 6,
we present several trajectories as they are calculated by the numeri-
cal simulation, and as in Fig. 3, the two are in good agreement. The

Dobkowski et al., Sci. Adv. 12, eaec8045 (2026) 2 September 2026

maximal reached spatial splitting between the two arms is ~7.5 pm,
based on the numerical simulation and in agreement with the ana-
lytical estimations and trajectory imaging.

Next, let us briefly describe the timings of the MW pulses. We
use a symmetric dynamical decoupling MW scheme, as it cancels
the linear phase due to possible detuning of the MW pulses, im-
proves the coherence time, and reduces the shot-to-shot noise. The
rise and fall time of the holding pulse (duration of T},) are each de-
fined as T, = 12ps. The time between the first and second 7 pulses
defines the MW dynamical decoupling scheme. We define it as
2tpp, which amounts to 2tpp =5+ 2 X 1y, + T, + 50, where 5us
after the m pulse, we start the holding pulse, and 50 ps after the end
of the holding pulse, we apply the second = pulse (Fig. 4). We then
set the time between the /2 and & pulses to be tpp,.

Last, let us describe with a simplified calculation (details in
the Supplementary Materials) how the T} = 2272 s (Fig. 6) or the
2T = 2.4ms (Fig. 4) achieves a splitting of about 7.5 pm. We define
T, as the delay between the end of the gradient (kick) pulse and the
start of the holding pulse, where 50 ps after the end of the gradient
pulse, we apply a m pulse (with a duration of 16 ps) that inverts the
spin state of the arms so that the bottom arm is now in the magneti-
cally sensitive state| 1), and 5 ps after the & pulse, we start the hold-
ing pulse. This amounts to Ty =50 + 16 + 5 = 71ps, where the
same delay time appears also after the holding pulse. The top arm
travels 0.5 X g4 X (Teff)2 =7.62pm, where g4 =9.91m/s? (in-
cluding acceleration due to the second-order Zeeman shift), and
2T =T, +2X T, +2X Ty+ Ty =27 +80ps is the effective
ballistic duration taking into account the translation along z during
Tick (only one T4 = 80ps is added as an average of the two kicks).

The bottom arm travels upward 0.5 X gg X ( Tigac+ Td)2 =0.11pm
during Ty, and T, resulting in a maximal splitting of 7.5 pm. This
is in good agreement with the numerical results presented in Fig. 6.
The complete details concerning the experiment may be found in
the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S9

Tables S1and S2
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