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We propose an experiment to test the weak equivalence principle (WEP) with a test mass consisting of
two entangled atoms of different species. In the proposed experiment, a coherent measurement of the
differential gravity acceleration between the two atomic species is considered, by entangling two atom
interferometers operating on the two species. The entanglement between the two atoms is heralded at the
initial beam splitter of the interferometers through the detection of a single photon emitted by either of the
atoms, together with the impossibility of distinguishing which atom emitted the photon. In contrast to
current and proposed tests of the WEP, our proposal explores the validity of the WEP in a regime where the
two particles involved in the differential gravity acceleration measurement are not classically independent,
but entangled. We propose an experimental implementation using ®Rb and 3’Rb atoms entangled by a
vacuum stimulated rapid adiabatic passage protocol implemented in a high-finesse optical cavity. We show

that an accuracy below 1077 on the E6tvos parameter can be achieved.
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The current understanding of gravity is formulated by
the theory of general relativity which has been proven to
accurately describe many astronomical phenomena. The
weak equivalence principle (WEP), also known as the
universality of free fall, represents one of the three pillars of
the Einstein equivalence principle, which was the basis of
the elaboration of general relativity [1]. According to
Damour [2], the equivalence “principle” is not satisfactory,
as it sets an absolute structure for fundamental coupling
constants (e.g., the fine-structure constant), in contrast to
how physics (and relativity in particular) is constructed, i.e.,
avoiding the assumption of absolute structures. Unification
theories, which aim at describing gravity and the three
interactions of the standard model within a single math-
ematical framework, therefore commonly imply violations
of the equivalence principle. WEP tests thus represent key
probes in the search of new physical phenomena [2]. As the
types of WEP violations, as well as the levels at which they
could occur, are theoretically elusive, an experiment with
improved accuracy or involving a different type of test mass
might therefore point towards new physics [2].

WEP tests are quantified by the Eotvos parameter
n=2(ay —ag)/(ay + ag), which deviates from zero if
the accelerations a, and ap of the two bodies are different
in a given gravitational field. WEP has been tested at the level
of 10~13 uncertainty on the E6tvs parameter in continuously
improved experiments involving torsion balances [3] or lunar
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laser ranging [4]. The first results of the MICROSCOPE
experiment [5], which involves two free-falling macroscopic
differential accelerometers, show the validity of WEP at the
level of 2 x 107!, Apart from these high-precision experi-
ments involving macroscopic masses, efforts are also being
pursed to test the WEP with microscopic or exotic particles.
These efforts started with experiments involving electrons [6]
and neutron interferometers [7-9]. More recently, several
results with cold atoms have been reported [10-16], together
with proposals for improved tests [17-19]. Experiments
using antimatter are also being developed [20,21].

The WEP and the role of inertial and gravitational masses
in quantum mechanics have been studied theoretically in
numerous works; see, e.g., Refs. [22,23]. It was shown
recently in Ref. [24] that the validity of the equivalence
principle for classical objects does not imply the validity
of its quantum formulation, i.e., the equivalence between
inertial and gravitational mass operators. Such consider-
ations point towards new experimental approaches involv-
ing quantum test particles described by superposition states
of internal degrees of freedom, e.g., as proposed in Ref. [25].
Very recently, an atom interferometry test of such a quantum
formulation of the equivalence principle has been performed
by measuring the free-fall acceleration of an atom in a
superposition of different internal energy states [16].

In this Letter we propose a test of the WEP with a
fundamentally different type of object than in previous or
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ongoing experiments, namely two entangled atoms of
different species. The experiment considers the comparison
of the free-fall acceleration of an atom A when it is
entangled with a different atomic species B to the free-
fall acceleration of the atoms without entanglement. We
describe a particular implementation with ®Rb and 8’Rb
atoms and an entangling process based on a vacuum
stimulated rapid adiabatic passage protocol implemented
in a high-finesse optical cavity.

The concept of our proposal relies on a vertical atom
interferometer in which atomic species A and B are
entangled. The entanglement is heralded at the first beam
splitter of the interferometer by the detection of a single
photon. The scheme is related to the seminal work in
Refs. [26,27], but operates here on freely propagating,
distinguishable atoms instead of trapped, identical particles.
In the event of the emission of a single photon from one of
the two atoms in the direction of a photon detector, and
assuming that it is not possible to distinguish which atom
emitted the photon, a detection event will herald a super-

position state: Atom A acquires the momentum nk (A

emitted the photon of wave vector I:) and atom B is left
unperturbed, or vice versa. The corresponding entangled
state can be written as

v) = —
L)

The beam splitter thus creates a superposition of the
momenta of the two atomic species A and B, with ¢ a
fixed (nonrandom) phase in the case of a coherent super-
position. To complete the interferometer, the two paths
produced at the first beam splitter are subsequently manip-
ulated with conventional atom optics (e.g., two-photon
Raman transitions [28]) in order for the paths of each
species to interfere. Single atom detectors are finally used
to probe the atomic interference at the interferometer output.

We focus in this Letter on a particular implementation of
this idea using ®Rb and ®’Rb atoms, as sketched in Fig. 1.
To entangle the two atoms, we propose to employ a vacuum
stimulated Raman adiabatic passage (VSTIRAP) protocol
[29], where the detection of a single photon exiting a high-
finesse optical ring cavity heralds the entangled state of
Eq. (1). The cavity is on resonance with a mode of
frequency w,.. The two atoms are initialized in one of their
two hyperfine ground states, respectively, |F = 3) for A =
8Rb and |F=2) for B="%Rb; see Fig. 1(b). The
VvSTIRAP process is triggered at time ¢ = f, by a pulse
of two pump laser beams at frequencies a);f‘ and a)ff (red and
blue vertical arrows), which fulfill the two-photon Raman
resonance condition for each atom: wf — w, = G* + %,
where G“ is the hyperfine splitting frequency, and %, is the
two-photon recoil frequency, with a = A, B = ®Rb, 8’Rb
[30]. Assuming that the probability of the adiabatic passage
for each atom is small [26,27], the VSTIRAP process will
in all likelihood deposit at most a single photon into the
cavity. The photon can then escape the cavity while one of
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FIG. 1. Implementation with ®Rb and ®Rb atoms and a
vSTIRAP protocol to realize the entangling beam splitter. (a) Gen-
eral sketch of the experiment: the atoms are laser cooled and
then released in a high-finesse optical cavity made of three mirrors
lying in the (xy) plane. During the vSTIRAP process, a photon is
extracted from the pump beam (red and blue arrows for 8Rb and
87Rb, respectively), and a photon is emitted into the cavity mode.
The emitted photon (frequency w,) is detected at one output of the
cavity (“click”). (b) Energy levels of the atoms subject to two-
photon Raman transitions. The high-finesse cavity is resonant for a
mode of frequency w,.. The vVSTIRAP process is initiated at time
t = 1y by a pulse of the pump beams of frequency a);,‘l‘B . The gray
arrow represents a laser beam (frequency w, = ,.) used to perform
the Raman transitions in the mirror pulse and final beam splitter
pulse of the interferometer. (c) Space-time diagrams of the atom
interferometer in the x and z directions. In (a) and (c), the difference
in recoil velocities between #Rb and 8’Rb has been exaggerated to
10% (instead of 2.3%). In the bottom of (c), gravity has been
reduced to g = 0.01 ms~2 in order to highlight the recoil effect.

the atoms is transferred from one hyperfine state to the
other [29,31]. If the photon emission of both atomic species
can be made to have the same envelope and frequency, then
a detection event will herald the desired entangled state.
In view of the WEP test, we aim to measure the
gravitational acceleration with the atom interferometer,
requiring a vertical accelerometer [28]. Therefore, at least
one of the light beams realizing the Raman transition must
have a projection on the gravity direction (z). We choose a
configuration where the cavity is horizontal (xy plane
in Fig. 1) and where the pump beams are aligned with
gravity. As a consequence, the beam splitter operates in

two dimensions, with a transfer of momentum h/?mt =
h(k.x — k.z) along the % and % direction, with k, = w./c
(k,) the wave vector of the cavity (pump) photon. The
remaining part of the interferometer is a typical Mach-
Zehnder configuration [28], apart from the fact that the
mirror and final beam splitter pulses are two-dimensional in
the momentum transfer; see Fig. 1(c).
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After the last beam splitter pulse occurring at time
t =ty + 27T, the detection of each single-atom state can
be performed by fluorescence detection with a photodiode
[32], or by imaging using a light sheet detector [33].

We compute the atom interferometer phase shift follow-
ing the path integral approach [34]. In atom interferometers
using two-photon Raman transitions, the phase of the
interferometer originates from the relative phase between
the Raman lasers ¢(¢), which is imprinted on the diffracted
atomic wave by the different Raman pulses [35,36]. More
precisely, the phase shift imprinted on atom a = A, B by
a light pulse is ¢, (1) = kioy - 7(1) + (1), with 7() the
position of the atom in the laboratory frame holding the
lasers and the cavity, and ¢§(r) a phase offset associated
with the change of the internal energy state. Assuming that
all Raman lasers are phase locked [i.e., red (gray) and blue
(gray) lasers in Fig. 1], we can leave aside the ¢, term and
neglect the finite duration of the Raman pulse (~10 us
typically). The laser phase can then be written more
explicitly as ¢*(t) = —k,x,(t) — k%z,(¢). Note that k, is
the same for both atoms (gray arrow); the relative difference
in k, is ~107> (difference in hyperfine splitting between
85Rb and #7Rb) and will be omitted from now on [37].

After the vSTIRAP process, the two-particle state reads

1

w(to)) =75 (14, fikiois B.0) e + | A, 0; B, ko) %),

(2)

with ¢§ = ¢*(1). Note that we have treated the phase shift
imprinted on the atom during the vSTIRAP process as for a
conventional Raman transition, although the emission of
the photon occurs in the vacuum of the cavity mode [38]. In

the Raman process, the change of momentum 0 < l?tot is

accompanied by a change of the hyperfine state of the atom

[39], which we omit in Eq. (2) to simplify the notations.
After the mirror pulse at time #, + 7, the state reads

[
wto + 1)) = 5 [14.0:B, Pkioy) €40 &/ #7=07)
+ | A, Rky; B.O) 6 i(#7 =01 (3)

with ¢% = ¢*(to + T) the relative Raman laser phase at
time #;, + 7. The last beam splitter occurring at 7, + 27 acts
globally on both atoms [27], which results in the output
state

1
22
AL s B k) (1005 ()
+ A0 B, ik ) (205405 4 i)

+| A, ks B.OY (€7 + e (FH5=05))]  (4)

lw(to+27)) = —=[|A,0:8,0) (ie'v=950) iV ~93))

where ¢ = ¢ + ¢7 — ¢F and ¥ = ¢ + ¥ — ¢7.

The detection of the four possible states at the interfer-
ometer output can be performed by fluorescence detection
(light sheets in Fig. 1), which resolves the two hyperfine
states of each atom [39]. For example, the probability of
detecting atom A and atom 5 in the output port corre-
sponding to the null momentum (projector on state

|A, 0: B, 6>) is given by

-

Poo=|(A.0:8,0

1 .
y(to+27)) P =gl +e @2, (5)

with ®, = ¢§ — 2¢F + 5.

The expression of the phase shift @, is the same as in a
traditional three light pulse interferometer [34]. However,
in contrast to two classically independent interferometers
that would operate in parallel on atom .4 and atom [, the
phase of the entangled interferometer, A® = @ 4 — Py, is
determined by the phase shifts experienced by both atoms,
as a result of two-particle interferometry [40,41]. The
entanglement between the two interferometers can thus
be verified experimentally by applying controlled phase
shifts on the relative phase of the (phase-locked) Raman
lasers: while a phase shift applied to only one pair of lasers
(say, for A) affects the mutual signal Py, the same phase
shift applied on both pairs of lasers should not affect Py.

Finally, A® results from the terms in Eq. (4), and writing
the trajectories of the atoms as x*(r) = x§ + v%,(t — ty) +
as(t—19)*/2and 2°(1) = z§ + vi(t — 19) — g2 (1 — 19)*/2,
we obtain

AD =k (g = B)T? + k,(af — aB)T?, (6)

which reflects the bidirectional acceleration sensitivity of
the interferometer. Provided that the experiment is not
constantly accelerated in the horizontal direction with
respect to the freely falling atoms (a$ = 0), the second
term vanishes on average. The main phase shift of the
interferometer, A®wgp = k. (g — g5)T?, represents a
coherent measurement of the difference in the gravitational
acceleration between the two atoms.

Details of implementation and expected sensitivity.—
The design of the experiment is driven by the need for
indistinguishability of the emitted photon during the
VvSTIRAP process, and of the two atoms in the interfer-
ometer up to the last beam splitter. On the technical aspects,
the design must take into account (i) the preparation of two
cold atoms of #Rb and ¥’Rb with high probability, (ii) the
design of the high-finesse ring cavity, (iii) the optical access
for the laser beams realizing the mirror and final beam
splitter pulses, and (iv) the detection of the two atoms. We
consider atoms loaded in the cavity mode and exiting the
cavity for the second and third interferometer pulses. This
requires a sufficient interrogation time, set to 7 = 50 ms in
the following.

The first step consists of preparing two cold (~ few uK)
85Rb and 3’Rb atoms, which can be achieved in microscopic
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dipole traps operating in the collisional blockade regime
[32,42,43]. The ®Rb and ¥’Rb atoms are prepared in the
states |F = 3, mp = 3) and |F = 2, myp = 2), respectively,
and driven with individual, z-polarized pump beams.
We envisage a ring cavity with coupling strength, field
amplitude decay, and atomic decay rates {g,«,y}/2x =
{2.24,0.5,2.9} MHz for the |F =2,mp=2) < |F' =
3,m). = 3) transition of the D; line of 3Rb [31]. The
cavity is also coupled to the |F = 1,mp =1) < |F' =2,
ml, = 2) transition of the D, line of ¥’Rb. The coupling
strength g is reduced to 27 x 2.12 MHz for 3’Rb because of
its slightly smaller transition matrix element. The cavity is
detuned by A/27 = 1.367 GHz from the ®Rb transition
and by —A from the 8'Rb line, leading to identical emission
frequencies. This setting is chosen as neighboring tran-
sitions are either far detuned or forbidden.

Using a three-level master equation approach, we cal-
culate the dynamics of the vSTIRAP process, and confirm
that the power envelopes of the photons emitted by the two
atomic species can be made almost perfectly indistinguish-
able by tuning the Rabi frequencies of the two processes
[37,44,45]. We further find that the efficiency of the
processes and the probability of spontaneous emission
can be tuned to achieve a workable success probability
Pg = 2x Pgim X (1 - Pstim) X Peon X (1 - Pspon)z’ where
Pgim> Peoit> and Py, indicate the probabilities for stimu-
lated emission, photon collection, and spontaneous
emission, respectively. We also extract the probability
for false-positive detection (both atoms emit a photon,
but only one is detected), Pr = P2, X Peoy X (1 = Peop)s
where we assume number-resolving photon detectors
[31,46]. From the numerical calculations we find the best
ratio Py /Ppon = 3.2 for Py, < 0.2. In this regime there
is therefore a simple trade-off between success probability
and false-positive detection. For example, if we assume
P,y =04 and Pg;,, = 0.1 (Ref. [47]), then Py =7.0%
and Pr = 0.26% [37]. Spontaneous emission is not prob-
lematic as such, since it will in all likelihood lead to a loss
of the affected atom from the spatial or temporal detection
windows.

Ensuring that the two atoms couple in the same way to
the cavity mode requires their separation to be less than
the mode waist (~40 um) in the radial direction and less
than the cavity mode Rayleigh length in the longitudinal
direction (~ few mm). This is not a concern for atoms at
few uK temperatures and a free evolution time #; ~ 1 ms
between the atom preparation and the vSTIRAP pulse.

Because of the different masses of the two atoms, the
recoil is different by 2.3% for the two species, which results
in different paths followed by the particles (this effect is
exaggerated in Fig. 1). For T =50 ms, the maximum
displacement between the two species within one interfer-
ometer path is =5 um [48].

We conclude by estimating the sensitivity that could be
achieved in a WEP test. The interferometer fringes can be

reconstructed shot after shot by varying the Raman laser
relative phase for one species (e.g., before the last beam
splitter), allowing one to extract A®wgp. Assuming a
single-atom quantum projection noise limited sensitivity
[32], the acceleration sensitivity is given by owgp =
1/(k,T?>\/N), where N is the number of measurements.
With N = 10* successful measurements (10 mrad phase
sensitivity) and 7 = 50 ms, a differential acceleration
sensitivity ~5 x 1077 ms~2 can be reached, corresponding
to a potential sensitivity ~5 x 108 on the Eotvos param-
eter. Note that vibration noise is expected to have a
negligible effect as it is common to both interferometers
[see Eq. (6)]. Further measurements can then be performed
independently with one species at a time to extract the
values of the gravitational acceleration separately for each
species, and to investigate systematic effects [49].

The effect of entanglement on the free fall can thus be
directly assessed by comparing the differential gravity
obtained with the entangled atoms (g — g% in A®ygp)
to that obtained with the classically independent atoms (g**
and ¢® measured independently).

WEP tests have so far relied on a differential measure-
ment between two classically independent proof masses.
This includes experiments with cold atom interferometers
[11-16], which explore the validity of the WEP in a
different regime than experiments involving macroscopic
objects, because the measurement principle involves
matter-wave interference, and therefore rely on superposi-
tions of quantum degrees of freedom. For example, the
recent result reported in Ref. [16] uses an atom in an
incoherent superposition of two internal energy states
separated by ~30 ueV, allowing one to probe new possible
WEP violations [24]. Our proposal makes a conceptual
stride beyond previous works, by enforcing entanglement
between two atomic species of different mass (~2 GeV
energy difference), allowing one to probe directly the effect
of entanglement on the free fall. More specifically, our
scheme could, for example, be used to assess the quantum
formulation of the WEP presented in Ref. [24] at the scale
of 2 GeV [50].

To the best of our knowledge, there is currently no
theoretical model which addresses the question of whether
or not the presence of entanglement in a system could lead
to a violation of the WEP at a given level of accuracy. In
general, WEP tests involving new types of physical objects,
such as matter waves or antimatter, are motivated by the
qualitatively different nature of the involved proof masses,
rather than by a consensual theoretical argument predicting
a violation in such systems. Our proposal follows this
approach by aiming for a test of a foundational principle of
physics with a qualitatively new system not considered
before [51].

Beyond a conceptually new type of WEP test, our
proposal can be used for a test of Bell’s inequalities
with free-falling massive particles of different species.
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Following Ref. [52], a correlation coefficient £ can be
formed from the measurement of the four joint probabilities
associated to the four modes appearing in Eq. (4). It reads
E = Vcos(A®) = V cos[k,T*(g/* — ¢%)] and can be inter-
preted as a measure for a Bell test in the presence of gravity.
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