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Abstract
This paper reports the study of a new interferometric configuration to measure
the effect of gravity on positronium. A Mach–Zehnder matter-wave interfer-
ometer has been designed to operate with single-photon transitions and to
transfer high momentum to a 200 eV positronium beam. The work shows
the results and methods used to simulate the interferometer and estimate the
operating parameters and the time needed to perform the experiment. It has
been estimated that within less than 1 year, the acquisition time is sufficient to
achieve a 10% accuracy level in measuring positronium gravitational acceler-
ation, even with a poorly collimated beam, which is significant for theoretical
models describing matter–antimatter symmetry. These results pave the way
for single photon transition large momentum transfer interferometry with fast
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atomic beams, which is particularly useful for studies with antimatter and
unstable atoms.

Keywords: antimatter, matter-wave interferometry, positronium, gravity,
fundamental physics, large momentum transfer interferometer

(Some figures may appear in colour only in the online journal)

1. Introduction

Positronium (Ps) is the hydrogen-like quasi-stable bound system of an electron and its anti-
particle, the positron. Ps is the lightest element (about 103 times lighter than hydrogen) and
exists in the ground state in two sublevels depending on the spins of the electron and positron:
singlet (para-Ps, spin 0) and triplet (ortho-Ps, spin 1). Given the multiplicity of these states,
positronium in the ground state forms as 75% ortho-Ps and 25% para-Ps. Their lifetimes in
vacuum are very different, 0.125 and 142 ns for para-Ps and ortho-Ps, respectively. Also, the
annihilation characteristics in vacuum are different: para-Ps annihilates with emission of two
gamma rays of 511 keV each (equal to mec2, with me the electron rest mass), while ortho-Ps
annihilates by emitting at least three gamma rays with a maximum energy of 511 keV each
and with a total energy of 2mec2. Given the short lifetime of para-Ps, only the triplet state
(ortho-Ps) is of interest for this work and in the context of this paper Ps will always mean
ortho-Ps.

Since its discovery [1], Ps has been the subject of many experimental and theoretical invest-
igations (see e.g. [2, 3]). Indeed, as the simplest purely leptonic bound state, Ps, together with
muonium, gives a privileged opportunity for high-precision studies of quantum electrodynam-
ics (QED) [4, 5]: the low electron and positron mass implies that weak force contributions to
Ps energy levels are negligible [6], and that Ps is well described as a bound-state QED system.
Measured deviations from theoretical predictions can then be interpreted as possible indica-
tions of new physics [2, 7–10]. Being neutrally charged, Ps has also the advantage of being
insensitive to external electric fields that probably represent the main difficulty in measuring
the gravitational fall of free electrons [11]. In recent decades, interest in this atom has grown
considerably also thanks to the development of positronium beam technology [12]. Two of
the main limitations in dealing with the Ps atom are its reduced lifetime and the possibility of
annihilation with electrons in the surrounding environment; this implies that to obtain intense
Ps beams it is necessary to work with high Ps velocities and efficiently guide the atoms in an
ultra-high vacuum system.

The effect of the Earth’s gravitational field on antimatter is the subject of ongoing research
and discussions at present and during the last decades [13–24]: any differences in the gravita-
tional behavior between matter and antimatter would in fact represent a violation of Einstein
equivalence principle (EEP). Antimatter gravitation has never been measured, except for a res-
ult obtained by the ALPHA collaboration at CERN leading to the exclusion of a ratio between
gravitational and inertial mass of anti-hydrogen greater than about 75 [25], not enough to
address theoretical issues about fundamental laws.

This kind of experiments can often take advantage of the accuracy of interferometry to
measure gravitational effects. Solutions based on different types of interferometry have been
proposed, also for antimatter [26]. Some of these rely on Ps excitation to high-order Rydberg
states to increase its lifetime [27, 28].
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In this paper a new way of measuring the gravitational effect on the Ps atom using a large
momentum transfer (LMT) Mach–Zehnder interferometer is proposed. We discuss the geo-
metry, show numerical simulation results, and estimate the data taking time required to achieve
a given accuracy. The article is organized as follows. After a presentation of the theoretical
interest in Ps gravitation in section 2, we describe in section 3 the LMT interferometer, its
main operating parameters, the experimental setup and the proposed noise rejection method.
In section 4 we describe the numerical simulations and compare a full quantum mechanical
approach with a semi-classical Monte Carlo computation. Moreover, in section 5 we discuss
the simulation results that allowed us to define the design parameters of the interferometer,
the detection strategy and estimate the acquisition time of the experiment. The results are
compared with another interferometric light-pulses approach proposed in the literature [21] in
section 6.

2. Positronium gravitation

The study of gravitation with systems containing antimatter addresses some of the main unre-
solved issues in modern physics.

First of all, our Universe features a striking particle–antiparticle asymmetry; according to
the widely accepted big bang scenario [29], the unbalance was generated close to the grand
unification era, around 10−35 s of cosmic evolution time. Therefore, at the time of baryon form-
ation (temperature of 1013 K, or 10−6 s) only protons and neutrons could be formed, and not
their antiparticles. The likely explanation of this effect is some level of violation of funda-
mental laws (like CP invariance, the combination of charge and parity symmetries) as well as
the occurrence of the Sakharov conditions [30], all of this implying that only baryons (and not
anti-baryons) fueled the first stages of cosmic nucleosynthesis.

While the Standard Model of particle physics has the possibility of naturally generating CP
violation for instance through the phase of the Cabibbo–Kobayashi–Maskawamixingmatrix in
the hadronic sector, the amount of violation seems largely insufficient to explain the primordial
asymmetry.

The Standard Model itself, despite its remarkable successes, appears to be an incomplete
theory for a variety of reasons: it does not include gravitational interaction, and does not explain
the oscillation of neutrinos or the existence of dark matter and dark energy, constituting the
vast majority of the energy budget of the Universe. Finally, it does not satisfactorily explain the
predominance of matter over antimatter in the Universe. Moreover, it seems natural that new
physics or some violation of fundamental laws would appear at energies close to the Planck-
scale, because of the unavoidable interplay between quantum physics and gravitation, which
in turn could lead to residual effects at the present energy level.

For these reasons, the study of antimatter holds the possibility of both improving the
Standard Model and to shed light on the composition of our Universe. Matter and antimat-
ter are related by two key symmetries of modern physics: charge-parity-time (CPT) reversal
and the EEP. CPT invariance is the main theoretical tool linking particles and antiparticles at
the quantum level and in a flat spacetime. The EEP, on the other hand, relates any form of
matter and energy, for instance, through the feature of universal free fall, but only at the mac-
roscopic level in any curved spacetime. For these reasons matter and antimatter asymmetry
can effectively be addressed by studying the behavior of subatomic particles in a gravitational
field.

In spite of its short lifetime, Ps offers two important features whichmake it a very interesting
system from this point of view. First of all, it is the only bound system made of elementary
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constituents of the Standard Model. Its mass is therefore directly composed by key parameters
of the model, while (for instance) the mass of an antiproton is mostly made of the energy of
the color field, and not of the mass of the quarks. From the theoretical viewpoint, possible
violations of fundamental symmetries (Lorentz invariance, CPT and the EEP) are related by
the Greenberg’s theorem [31] and—more in general—by the framework of the StandardModel
extension (SME) [32, 33]. The SME [32, 33] is an effective field theory combining general
relativity and the StandardModel, as well as including in a gauge-invariant way all the possible
spacetime operators violating CPT and Lorentz symmetry. It is then possible to parametrize
the presence of these Lorentz and CPT violating operators, which constitute parameters of the
model to be measured experimentally. For instance, in the frame of the SME, it has been shown
that gravitation with Ps can address relevant physical parameters already at the 10% accuracy
level [34].

3. LMT interferometer for inertial sensing with antimatter

Atom interferometry is a versatile and powerful tool for precision measurements, in particu-
lar in gravitational physics [35–41]. The light-pulse interferometer uses sequences of optical
pulses to split, redirect and recombine matter waves by transferring photon momenta [42, 43]
and emulating optical elements (e.g. mirrors and beam splitters) for coherent manipulation of
atomic wave packets [44]. This type of interferometer has been proposed to improve sensit-
ivity to inertial forces with large momentum transfer techniques using several light pulses to
increase the space-time area of the interferometer [45].

The type of LMT interferometer that we propose can represent an improvement with
respect to other types of interferometers based on high-order Bragg processes [46], Raman-
Nath standing-wave interactions [47] or adiabatic transfer [48, 49] that impose too restrictive
constraints on the angular spread of the atomic beam or are unable to populate higher-lying
momentum states. Conventional light-pulse atom interferometry uses two-photon interactions.
However, some challenging applications, such as ultralight dark matter searches [50, 51] and
gravitational wave detection [52–57], prefer the use of single photon transitions. Multiple
pulses LMT-enhanced interferometry is an active research field and new configurations based
on single photon transitions have been recently proposed for atomic clocks [58] and as a
method to reach the required sensitivity while keeping low levels of laser noise [59]. Indeed,
this kind of interferometer can be particularly convenient because it allows the use of phase
noise suppression techniques such as the one proposed in this paper [60].

Generically, the working principle of an interferometer for inertial sensing is based on the
fact that an atom is split into a quantum superposition of states whose wave functions accumu-
late a phase shift proportional to the gravity acceleration. The relationship between the phase
shift ∆Φ and a generic gravity acceleration a is

∆Φ = keffaT
2 (1)

with T the interrogation time (half of the propagation time through the whole interferometer)
and keff the effective transferred momentum. The relevant quantity to be measured is the num-
ber of atoms leaving one of the two arms of the interferometer, which is proportional to the
phase shift [21, 61]. Equation (1) shows that the quantities to be maximized to obtain a large
signal are keff and T. Since Ps is unstable, designing an interferometer with too high T would
lead to a severe reduction of the beam population. For this reason, we decided to maximize
keff by designing an LMT interferometer with keff = 10k= 10 2π

λL
, where λL is the wavelength

of the laser. Moreover, the need to avoid a rapid annihilation of the Ps leads us to consider
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one of the excited n= 2 Ps states, precisely the 23S state, which has an annihilation lifetime of
1.14µs and a radiative lifetime of 0.2 s. This state therefore guarantees a much higher survival
probability of the Ps atoms with respect to the ground (0.142µs lifetime) ortho-positronium
state.

In this work we present the design of an LMT Mach–Zehnder interferometer which makes
use of single-photon transitions between the above state and the dipole-allowed n= 3 Ps states.
For the proposed configuration, we have fixed the interferometer length to the experimentally
feasible value of 5m, and we have chosen the atomic beam speed equal to 6× 106 ms−1 as
a reasonable compromise between annihilation and interrogation time which was set at about
410 ns.

The laser light has 1312 nm wavelength and is circularly polarized to exploit the 2–3 trans-
ition by using the states 23S1 with mJ = 1 and 33P2 with mJ = 2. We have chosen these states
and light polarization to ensure that the transition can be well described by a two-level system
formalism. The Ps must therefore enter the interferometer in the state 23S1 with mJ = 1.

One way to obtain a Ps collimated beam is to guide Ps− ions leaving a positron-Ps−

converter [62–64]. The advantage of producing Ps through the negative Ps− ion, compared
to Ps formed in mesoporous materials [65–67], is the possibility to obtain a tunable and
monoenergetic beam with low divergence and high coherence well suited for interferomet-
ric experiments [68]. On the other hand, the disadvantage is the short Ps− lifetime (479 ps), so
a very compact system is needed to produce, accelerate and focus the Ps− beam via electrodes.
This topic is discussed in [69], where a proposal to produce a Ps beam is presented: the idea is
based on production, acceleration and focusing of Ps− ions, followed by photodetachment of
one electron via high-power cavity pumped by an erbium fiber laser [70], leaving Ps essentially
in the ground triplet state.

In [69] the authors propose to use a LINAC as primary electron beam to produce Ps. In [71–
73], a superconductive LINAC operates at 92MHz with an average electron current of 2.5mA
and an acceleration energy of 10MeV, producing at least 1016 fast electrons per second with
a beam spot lower than 1mm and a divergence of 50µrad. Taking into account the e+/e−

conversion efficiency [74], about 1010 e+ s−1 are expected. Considering the Ps−/e+ [63] and
the simulated Ps/Ps− conversion efficiencies, about 0.5× 108 Ps s−1 are expected to enter the
interferometer. In [69] a method to reduce the atomic beam spatial dimension based on its
remoderation that could increase the interferometric efficiency is also cited.

The photodetachment process has been simulated based on the literature [75, 76] and the
results show that it has a destructive effect on the shape of the atomic beam, which reaches a
maximum angular divergence of about 10mrad and ±10 eV as energy spread for a 1560 nm
laser. To reduce this effect of photodetachment, one can consider using a laser at a wavelength
closer to the process threshold, such as 3600 nm. To compensate for the lowering of the cross
section, however, it would be necessary to increase the power by about an order of magnitude,
which would probably require a pulsed system. Under these conditions the divergence of the
atomic beam is little altered by the process and depends mainly on the generation and focusing
system upstream of the photodetachment [69]. However, since we also propose to use it for
the ionization stage and to simplify the design of the experiment, we will refer to the 1560 nm
laser system, which is the most pessimistic case.

After the Ps beam production stage, the atoms will be prepared according to the following
additional steps (see figure 1(a)):

i. 243 nm laser excitation to 23P0;
ii. 18GHz microwave excitation to 23S1 (mJ = 1).
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Figure 1. (a) Energy level scheme of Ps, transitions and lifetimes [12, 78].
(b) Representation of the Ps preparation, interferometric and detection stages. The Ps−

beam is photodetached so that the resulting Ps beam is excited to the 23S1 state and
propagates through the Mach–Zehnder interferometer. At the end of the apparatus, the
n= 3 state is ionized, and the particles that have remained charged are swept away by
a moderate electric field, leaving the Ps (n= 2) state to be detected. The length of the
interferometer is 5m. In the scheme, gravity acts along the negative y direction.

For the UV transition, a magnetic field is needed to define a quantization axis. To avoid
Doppler effects in the excitation, the laser beam is directed perpendicularly to the Ps collim-
ated beam. The excitation of one or all the ground triplet states, corresponding to transitions
∆mJ = 0, ±1, is obtained with suitable linearly polarized light. The second excitation uses
circular polarization to selectively couple the 23P0 and 23S1 states with a σ+ transition. A
similar UV-microwave excitation scheme can be found in [77]. Starting from Ps−, the Ps pre-
paration, the interferometer and the detection stage are shown in figure 1(b). Note that the
state chosen for the interferometer (23S1 with mJ = 1) is optimized to be as insensitive as
possible to external electric and magnetic fields: ms =±1 states with zero azimuthal quantum
number experience a negligible effect of magnetic fields [79], and electric fields have only
second-order effects for mJ = 1 [12]. This makes the system particularly robust with respect
to external perturbations. The Ps preparation stage is not the focus of this work so it will not
be covered further.

We will now discuss the proposed interferometric configuration. To obtain a 10ℏk
momentum separation between the wave functions, the device is based on 23 laser pulses
performing different tasks. These pulses are shown in figure 2: after the first group of pulses
(a π/2 followed by four π pulses) which acts as a beam splitter, there is a π∗ pulse which has
the important role of bringing both branches of the interferometer to the n= 2 state. In fact,
the lifetime of the n= 3 state is too short to allow particles in one of the two arms to propagate
for a time equal to T without annihilating.

After the first interrogation, a set of π pulses acts as mirrors and precedes two more π∗

pulses needed to prepare the second part of the interrogation. At the end of the interferometer,
the second beam splitter function is performed again by π and π/2 pulses, used to recombine
the wave functions. The working principle of the interferometer has been presented in [58]. By
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Figure 2. Scheme of the light pulse interferometer with positronium. The Ps beam enter-
ing the apparatus propagates according to a laser-drivenMach–Zehnder scheme, in order
to acquire a phase induced by the gravitational field. In the scheme, π/2 pulses act as
beam splitters, π pulses interchange the n= 2 states (in blue) with the n= 3 states in red,
while slightly detuned π∗ pulses only act to suppress n= 3 states during the propagation.

setting the Rabi frequency of the π∗ pulse as Ω= Nkℏk2
m
√

3
, where Nk is the number of transferred

momenta and m is the Ps mass, it is possible to make it act as a π pulse on one of the two arms
of the interferometer and as a 2π pulse on the other [58].

For the correct operation of the π∗ pulse, it is necessary that the Ps transition probability
is zero for a given value of the atom momentum, which can be obtained by a suitable shaping
of the laser spatial profile, in the form of a square pulse. This can be implemented by means
of top-hat shaping lenses [80]; given the intensity of the flat-top laser beam in the form I(r) =
I0e−2(r/w)l , where w is the beam waist and l> 2, the simulations have shown that the value
l= 6 would be adequate for an efficient π∗ pulse [81, 82]. π and π/2 pulses have the same
wavelength of 1312 nm, while π∗ pulses are slightly detuned from the transition to work at the
maximum transition probability for the n= 3 states.

After crossing the interferometer, the weakly bound n= 3 state is laser-ionized [28] by
means of an erbium fiber laser at 1560 nm in order to allow the measurement of the number of
n= 2 Ps atoms alone (figure 1). The still charged particles (electrons and positrons) are swept
away by means of a moderate electric field. This choice is motivated by the fact that, without
the removal of the n= 3 level, in order to distinguish between the n= 2 and n= 3 populations,
one would need to drastically increase the spatial distance between them requiring the addition
of a considerable number of pulses (and linear space) to the interferometer. At least eight π
pulses and 1m of propagation would be required downstream, admitting a maximum angular
divergence of the order of few tens of microradians. Given the speeds involved, this constraint
would require an additional 3m of upstream collimation resulting in a substantial Ps beam
population loss due to annihilation. Given the interferometer’s tendency to scatter atoms that
have not interacted properly with the laser pulses, the signal-to-noise ratio at the detector can
be greatly improved by affixing a physical mask that selects the area with the highest signal
concentration.

Since the n= 3 atoms do not need to be counted, detector spatial resolution is not required.
There are several possibilities for this type of detection. Some of these are scintillators,
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Figure 3. Scheme of the differential measurement strategy on the subdivided Ps beam.
The laser radiation hits the two beams A and B with opposite momentum to reject the
phase noise. For simplicity, only three pulses are shown here, but the strategy is designed
for all the 23 pulses of the interferometer.

microchannel plate detectors, which are still sensitive to the atomic velocities involved [83],
or germanium detectors [84, 85]. Such a structured interferometer has no control over the laser
phase noise and would require an accuracy on the positioning of the optical components that
could exceed the experimental possibilities. The same problem arises in the reference literat-
ure of gravitation with Ps [21, 22] where sub-nm accuracy is required in gratings placement.
It is proposed to solve the issue by extracting the phase signal with a differential method [86,
87]: in order to minimize the effect of the laser phase noise, a double measurement can be
performed by splitting the Ps beam in two and having the laser pulses hitting the beams from
opposite directions, as is shown in figure 3.

This configuration works effectively as a couple of positronium interferometers, each mak-
ing use of two identical beam; two independent n= 2 population set can therefore be measured
during the same data taking, so that the phase Φ can be extracted from the Lissajous plot of
the two combined populations, similarly to what was done for atomic gravitation in [86].

The advantage of this strategy is the rejection of the common mode noise that does not
depend on the laser wave-vector and the doubling of the signal which becomes proportional
to 2keffgT2 [88]. In our proposed configuration the reflection mirror for the double measure-
ment covers the whole length of the interferometer and is suspended by anchors designed to
minimize deformations. Given its high spatial extension, the interferometer could be subject to
thermal drifts and mechanical stresses, especially on the reflection mirror. It is possible to sig-
nificantly reduce these effects by making the mirror with ultra-low expansion (ULE) material.
Any other interferometer phase shifts that depend on k but not on T (e.g. possible deformation
of the mirror in the transverse direction) can be reduced by performing the described sequence
with two different Ps velocities, e.g. 6× 106 ms−1 and 1.2× 107 ms−1, obtained by changing
the acceleration potentials of the electrodes. When the interferometer is run with twice the Ps
speed, the interrogation time scales from T to T/2 and by measuring the difference between
the two cases of slow and fast beam, one obtains a 1.5 final gain on the signal:
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∆Φ =∆ΦSlow −∆ΦFast

= 2keffgT
2 + δΦ(keff)−

[
2keffg

(
T
2

)2

+ δΦ(keff)

]
=

3
2
keffgT

2.
(2)

Once the phase shifts of both measurements have been obtained by analyzing the two dif-
ferential signals, the final value of the phase difference is obtained by simple subtraction.

4. Numerical simulation of the LMT interferometer

In this section we briefly summarize the methods used to simulate the interferometer. A more
detailed description is given in the appendix. The core part of the simulation concerns the
interaction between the laser pulses and the atomic wave functions defined by

|Ψ⟩=
∑
q

cg,2qe
−iωg,2qt|g,2qℏk⟩+ ce,2q+1e

−iωe,2q+1t|e,(2q+ 1)ℏk⟩. (3)

The expression |α,p⟩ refers to a generic state, where α indicates the energy level (ground,
g, or excited, e, which correspond to 23S1 and 33P2 respectively) and p is the momentum.

ω is the angular frequency which defines the internal atomic energy ℏωα,p = ℏωα + p2

2m , and
q is the momentum index (q ∈ Z). Since in the center-of-mass reference frame the initial Ps
state is |g,0⟩, p is even for ground states and odd for excited states. In general, the summation
over q is infinite, but only the states having q between −(N− 1) to N− 1 will be populated,
where N is the number of pulses. The amount of momentum states to be considered for the
simulations is therefore 2N. The system is described by the sum of the atomic unperturbed

Hamiltonian Ĥ0 = ℏωg|g⟩⟨g|+ ℏωe|e⟩⟨e|+ p̂2

2m and the atom–laser interaction Hamiltonian

Ĥ↑↓
L =−E0(t)

2 (ei(±ky−ωLt+ϕ) + e−i(±ky−ωLt+ϕ))D, where D is the transition dipole moment, E0

is the amplitude of the laser electric field, ωL is the frequency of the laser and the ± sign
accounts for the laser propagation direction. It has been assumed that the laser propagates
along the y axis. The result is a two-level Schrödinger equation with a variable Rabi frequency
because of the Gaussian shape of the laser beam{

ċg =
−iΩ(t)

2 ceei(δt−ϕ)

ċe =
−iΩ(t)

2 cge−i(δt−ϕ),
(4)

where cg and ce are the relative probability amplitudes, δ is the detuning from the transition
frequency and ϕ is the laser phase. Given the time dependence of the Rabi frequency, the
system has to be integrated numerically (e.g. using a 4th order Runge–Kutta method). Figure 4
reports the transition probability from one state to another, given by |cg|2 or |ce|2, as a function
of δ. Since the Ps Doppler shift has the same effect of varying δ, figure 4 also indicates the
robustness of the interferometer to Doppler effects: the wider the curves, the more robust the
interferometer is. The pulse most sensitive to the Doppler effect is certainly the π∗.

The curves correspond to π and π/2 pulses having waist in the x direction (perpendicular to
both Ps and laser propagation) equal to 1.4mm, and 0.16mm in z (parallel to Ps propagation),
and to π∗ pulses with waist equal to 1.8mm and 1.13mm in x and z respectively. Increasing
the power (and decreasing the waist) widens the curves. The selected optical pulse powers
are about 25W, 6.5W and 4W for the π, π/2 and π∗ pulses respectively and are achievable
with coherent combination techniques [89, 90]. We define the interferometer efficiency as the
product between the π/2 pulse efficiency and the geometric mean of the mirror efficiencies
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Figure 4. Transition probability between the n= 2 and n= 3 states as a function of
the ratio between the detuning and the recoil frequency. The π∗ pulse detuning is also
shown: it acts as a 2π pulse for the interferometric wave function which absorbed four
photons with negative momentum, giving zero transition probability, and as a π pulse
for the wave function which absorbed five photons with positive momentum.

of the upper and lower branches: η = ηπ/2
√
ηtopηbot. Given that the pulse transition probab-

ility after an atom–pulse interaction, Pt, is the square modulus of the probability amplitude
of the target atomic state (for instance, e) normalized by the probability amplitude of the
starting atomic state (for instance, g), we can define the efficiency of the upper and lower
branch as the product of the transition probabilities of all the π and π∗ pulses in the branch:
ηtop =

∏
topP

π
t P

π∗

t , ηbot =
∏

botP
π
t P

π∗

t . Instead, the efficiency of the splitters is defined by

ηπ/2 = 4
√

(1−Pπ/2
t,1 )Pπ/2

t,1 (1−Pπ/2
t,2 )Pπ/2

t,2 , where Pπ/2
t,1 and Pπ/2

t,2 are the transition probabil-
ities of the two π/2 pulses. ηtop, ηbot and ηπ/2 represent the probability of an atom to interact
correctly with the pulses in the upper and lower branches and in splitter stages respectively.
Note that all probabilities Pt vary along the interferometer due to the Doppler effect resulting
from momentum transfer from the pulses to the Ps.

In order to have an estimate of the admissible angular divergence of the atomic beam, the
efficiency as a function of Ps entrance angles and coordinates was studied, and the results are
presented in figure 5: the efficiency is almost 0 at about 250µrad while it is still high for an
atom entering the interferometer at 0.25mm from the center of the entrance hole.

The dependence of efficiency on Ps energy begins to decrease significantly at about 25 eV
from the design value (200 eV), and since Ps is expected to have an energy spread of the order
of 10 eV [69, 76, 91, 92], which corresponds to a decrease in efficiency of less than 3%, it is not
critical in this experiment. Based on these results and by trying different values, an optimal
size of the mask to be placed in front of the detector so as to select input angles less than
200µrad has been found.
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Figure 5. Interferometer efficiency as a function of Ps energy, entrance angles and
position.

5. Results

In the proposed configuration the mask in front of the detector plays the important role of
selecting atomic trajectories that typically tend to have a favourable interaction with the whole
interferometer pulse sequence. Since Ps atoms failing the correct propagation have a lower
probability of being accepted, the mask allows to clean up the accepted statistics in terms of
fringe visibility (interferometric contrast), which can be set almost independently of the beam
distribution.

If ng is the number of atoms that correctly cross the interferometer and nn is the number
of atoms that fail the interferometer, we can define the percentage n%g =

ng
ng+nn

%. In figure 6

the contrast (blue curves) and n%g (red curves) as a function of the Ps beam angular standard
deviation, σθ, in presence (solid lines) and absence (dashed lines) of the mask are shown. Each
point of the curves represents a run of the Monte Carlo simulation with different values of σθ.
After an initial decrease, the contrast with the mask stays approximately constant and equal to
0.4 while it tends to 0 without the mask. The difference between the percentage of signal with
and without the mask is low, implying that the mask is well sized since it discards only a small
part of the signal but a large amount of noise. The effect of Ps decay is taken into account in the
simulation, as can be appreciated by the difference between the initial values of the contrasts
for a null σθ (perfectly collimated beam). In this case there is still some noise generated by
decayed atoms reaching the detector at nonzero angles due to the decay recoil.

The minimum detectable acceleration value is defined by the sensitivity ∆g= 1
C
√
NPskeffT2

[21] where NPs is the number of detected atoms and C is the contrast. Note that the mask
reduces NPs but this effect is counteracted by the increase in C. It is reasonable to assume that
the beam can fit a Gaussian distribution with σθ ranging from 1 to 10mrad on the angles and
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Figure 6. Contrast (blue) and percentage of atoms that have correctly crossed the inter-
ferometer (red) vs Ps beam angular standard deviation. The solid lines represent the
statistics in a 1.5× 1 mm2 acceptance mask while the dashed ones correspond to the
case of the whole screen (no mask). The contrast in the mask remains approximately
constant and about 0.4 while the contrast of the whole detector tends to 0. The small
difference between the percentage of ‘good’ atoms (atoms that correctly crossed the
interferometer) outside and inside the mask indicates the suitability of mask sizing.

a uniform distribution extending for 0.25mm in diameter on the entrance coordinates. Given
the differential measurement with two beams carrying the same number of atoms and taking
into account the error propagation, the sensitivity to the gravitational acceleration g becomes

∆g=

√
2

2C
√
NPskeffT2

. (5)

The acquisition time is defined by

t=
NPs

ΦPs

1
ϵ
=

( √
2

20kT 2∆gC

)2
1

ϵΦPs
(6)

where ΦPs is the Ps flux and ϵ is the ratio between the number of atoms entering the mask
and the total number of atoms entering the interferometer. ϵ considers the annihilation and the
probability that an atom ends up in the mask: ϵ= ϵannϵmask.

Table 1 shows ϵ and contrast for different atomic beam divergences. For sigma greater
than about 0.5mrad, the mask begins to cut the beam at the interferometer exit while keep-
ing constant the contrast and reducing ϵ. Note that the proposed detection method allows the
interferometer to perform a ‘self-cleaning action’ by removing from the mask the atoms that
have lost the gravitational information. This effect is expressed by the behavior of ϵmask: as
σθ increases, ϵmask decreases by an amount not solely attributable to the different shape of the
atomic beam but also to the scattering of the laser pulses. The advantage of this method is that
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Table 1. ϵ ratio and interferometric contrast for different values of the beam angular
standard deviation. All values have a relative error lower than 5%.

σθ (mrad) ϵ C

0.1 14% 60%
1 0.3% 40%
3 0.03% 40%
5 0.01% 40%
7 0.006% 40%
10 0.003% 40%

Figure 7. Behavior of the data acquisition time as a function of the relative error on grav-
itational acceleration, for three values of the atomic beam angular standard deviation.

while ϵ decreases, the contrast, on which the data acquisition time has a quadratic dependence,
remains constant.

With an input flux of 0.5× 108 Ps s−1 and σθ = 10mrad, one would obtain ∆g/g= 10%,
which is significant for a fundamental physics test (see section 2), in about 11 months of data
acquisition. Figure 7 shows the signal acquisition time as a function of the desired sensitivity
for σθ equal to 1, 5 and 10mrad.

6. Comparison between Bragg and single photon LMT interferometers

In this section we compare the interferometer proposed in this paper with the literature, with
reference to the Bragg interferometer (BI) proposed in [21]. In this regard, we have designed
and simulated a similar interferometer: a standard Mach–Zehnder configuration (two π/2
pulses and one π pulse) in Bragg regime at the first and fifth diffraction order, with detun-
ing from the 2S–3P transition of the order of tens of GHz. To reduce the acquisition times, it is
necessary to maximize the product CkeffT2. For the comparison, we have designed a BI with
the same T as the single photon LMT (SPLMT). The Ps speed must also be equal because
it strongly affects the atomic flux in the focusing stage. This means that the lengths of the
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Figure 8. Efficiency of the interferometers as a function of the entrance angles and posi-
tion. The curves refer to different interferometric configurations: the single photon LMT
interferometer discussed in this work (black), and the Bragg interferometers at the first
(red) and the fifth (blue) diffraction order. The degree of angular acceptance of Bragg
interferometers decreases as the order of diffraction increases. The SPLMT interfero-
meter has the best angular acceptance in the y direction which is the most critical.

interferometers are the same but the BI waist along the z-direction must be much larger, about
7mm. The constraint on the waist is given by the recoil frequency which sets a minimum value
of the interaction time between the atoms and the pulses. The maximum power required by the
BIs at the considered diffraction orders ranges from 90W to 15 kW. These powers with such
laser beam sizes pose a major technological challenge, but we will neglect this aspect in this
discussion to make an ideal comparison. The effective momentum is fixed by the design of the
interferometers which is 2ℏk for the first BI diffraction order and 10ℏk for the SPLMT and the
fifth BI order.We have simulated the interferometers to analyze their efficiency as a function of
the entrance angles and transverse coordinate, like in figure 5. The results are shown in figure 8.
The model used in the BIs simulation is described in [93]. The efficiency of the BIs for θy =
0 is higher because of the smaller number of pulses composing them (3 vs. 23), however, as
soon as an imperfectly collimated atomic beam is considered, the Bragg efficiency collapses
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below that of the SPLMT interferometer due to the Bragg condition becoming more stringent
at high atomic velocities. As the diffraction order increases, the angular acceptance decreases,
and the efficiency drops to zero for lower values of θy. Note that this characteristic must also be
considered in the alignment of the laser pulses, which must then respect a maximum relative
angle with the atomic beam. The efficiency of BI as a function of input parameters related to
the x direction is higher for first-order and equal to the SPLMT for fifth-order.

The time of flight through the interferometers is the same but the BIs do not involve n= 3
states resulting in a different probability of survival to Ps beam decay, ϵann. One of the main
limitations of the BI is the impossibility of filtering the interferometric outputs based on the
internal state. In fact, the atoms leaving the apparatus are in different momentum states but
in the same internal state. This implies that in order to separate the arms and ensure that the
signal spots do not overlap on the detector, several meters of downstream propagation could
be necessary, resulting in a further loss due to annihilation (i.e. a further reduction of ϵann),
as already explained in section 3. The separation of the spots must be sized according to the
desired degree of angular acceptance and it is defined by

Zsep =
[
Dy+ 2ZI tan

(
θmax
y

)] vzm
Ndoℏk

(7)

where Dy is the entrance hole diameter, ZI is the interferometer length, θmax
y is the maximum

accepted angle of the atomic beam and Ndo is the diffraction order. Choosing Dy = 0.25mm
and θmax

y = 125µrad (as for the SPLMT), the propagation needed after the interferometer
ranges from 32m to 6.5m from the first to the fifth order. As already mentioned, it is neces-
sary to ensure that atoms with an angle greater than θmax

y do not enter the interferometer via
upstream collimation. This requires another 2.5m of propagation. The total distance traveled
by an atom exiting the microwave cavity would be 39.5m and 14m for the first and fifth dif-
fraction order, respectively. ϵann would be about 0.32% for the first order and 14% for the fifth
order that should be compared with ϵann ∼ 27% of the SPLMT. In the Bragg configuration
no mask is needed but the collimation reduces the atomic flux: ϵBI = ϵannϵcoll. The beam is
also collimated in the x direction so that the BIs operate at a minimum efficiency of about
30%: this selects a maximum angle and input coordinate that varies with diffraction order (see
figure 8(b)). The ratio between the acquisition times of the two types of interferometers is
given by

tBI

tSPLMT
=

(
keffSPLMTCSPLMT

keffBICBI

)2
ϵSPLMT

ϵBI
. (8)

This ratio is shown in figure 9 as a function of the BI’s diffraction order for three angular
standard deviation values. As the order increases, the ratio decreases due to the higher effective
momentum and the lower separation length at the detection. This decrease is counteracted
by the lower angular acceptance which is inversely proportional to the diffraction order (as
shown in figure 8). The higher value of the ratio at 0.1mrad is due to the fact that, as σθ

decreases, the contrast of SPLMT starts to increase earlier and more than that of BI. The
difference between the curves at 1 and 3mrad is not significant because for σθ ⩾ 1mrad the
contrasts and ϵSPLMT/ϵBI are approximately constant. For fifth-order, the time ratio is driven
by CBI/CSPLMT and ϵSPLMT/ϵBI, where ϵBI is governed by the decay in the collimation and
separation zone. Both ratios favor the SPLMT interferometer emphasizing themain differences
between the two types of interferometer: BI is not optimal with high-speed atomic beams
because of the minimal interaction time required between light and atom, and the detection
mode is not selective on the internal atomic state. Given the technical difficulties of generating
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Figure 9. Data acquisition times ratio (Bragg over SPLMT) as a function of the first five
Bragg diffraction orders, for three values of beam angular standard deviation. The rate
decreases with the diffraction order and it is much greater than one for every order and
σθ . The relative errors are lower than 5%.

pulses with powers of tens of kW and waist of about 7mm, we did not find it necessary to
analyze and simulate BIs at higher orders. A BI may be feasible and cost-effective with a
much slower beam, but a high reduction in speed would lead to a drastic reduction in atomic
flux, both within the interferometer and in the focusing zone, resulting in an inconveniently
large increase in integration time. This result shows that using a SPLMT interferometer is more
convenient than a BI for positronium inertial sensing.

7. Conclusions

In this work we reported the design and the results of the numerical simulation of an SPLMT
interferometer for measuring the gravitational acceleration on a Ps atom. We have defined the
characteristics of the interferometer and the laser pulses that compose it and we have studied
the energy, angular and position distributions of the atomic beam as Monte Carlo parameters.
After having highlighted the criticality of the angular distributions of the atomic beam, we
proposed a detection based on the ionization and removal of one of the two interferometer
outputs to solve the problem of the spots overlapping on the detector, and on the noise filtering
through a physical mask that selects the fraction of the atomic beam entering the interfero-
meter with an angle smaller than 100µrad. With this type of detection a good deal of noise
can be filtered out, thereby reducing acquisition times. It has been shown that to counteract the
effects of laser phase noise, it is possible to use a double collinear interferometer which also
has the advantage of doubling the signal. Given its high spatial extension, the interferometer
could be subject to thermal drifts and mechanical stresses, especially on the reflection mirror.
It is possible to significantly reduce these effects by building the reflection mirror with ULE
material. To counteract these and other sources of noise that do not depend on the wave vec-
tor of the laser pulses, it is possible to carry out the measurement with two different atomic
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beam velocities. The numerical simulation showed that it would take less than 1 year of signal
acquisition to obtain a relative error ∆g/g = 10% with a Ps beam angular standard deviation
equal to 10mrad. Although it is a fairly long period of time, the interferometer is devised to be
as robust as possible to the noise sources usually present in atomic light interferometers and
its realization is mainly a technical matter, the main challenge of which stems from the com-
plexity of the apparatus. Furthermore, it cannot be excluded that improvements in the focusing
apparatus for the atomic beam will allow in the future to obtain an atomic beam angular diver-
gence of the order of hundreds of microradians, greatly facilitating the implementation of this
experiment. The work presented here should be compared to the literature, with particular ref-
erence to [21]. For this reason, we numerically simulated a BI and compared it with the one
proposed here. The results showed that the SPLMT interferometer, coupled with a noise filter-
ing selective method, is more efficient for poorly collimated fast beams, and it requires shorter
acquisition times to complete the experiment. The analysis reported in this work shows that the
construction of an interferometer to measure the gravitational effect on antimatter is a complex
technical challenge, but the goal is achievable. The efforts required to set up an apparatus such
as the one proposed here would be amply rewarded by the significant scientific achievements
that would derive from the first measurement of the gravitational effect on positronium.
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Appendix

An atom that crosses the interferometer can be represented by a wave function populating two
different energy and momentum states after an interaction with a pulse. The two states separate
spatially along the propagation thus defining two distinct trajectories. By applying this process
to the entire interferometer, one obtains that themaximum number of trajectories is equal to 2N ,
which is about eight million for the interferometer proposed in this work. The effective num-
ber is reduced if we consider that two states recombine when they spatially overlap at a laser
pulse. From now on we will call the wave function path indicated in figure 2 as ‘main pattern’
and all other paths as ‘parasitic pattern’ or ‘parasitic trajectories’. The main one corresponds
to a proper atom–pulses interaction pattern, and is the most probable if the interferometer is
well sized. On the other hand, the parasitic pattern represents all other trajectories arising from
losses in the single interactions. The gravitational information is contained only in the main
pattern while the parasitic one contributes to the noise. Given the high number of parasitic
trajectories, it is not possible to define a priori how many and which of these interfere with
each other or with the main pattern, changing its phase and therefore the gravitational inform-
ation. This issue was studied by a full quantum-mechanical simulation of the interferometer,
which independently traces each trajectory and sums up the probability amplitudes in case of
spatial superposition inside a pulse (which is in the present case the intersection between the
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trajectories [94]). We can generally describe the problem in quantum mechanical terms as

|Ψn⟩= Ôn|Ψ0⟩, (A.1)

where Ψ0 and Ψn are the wave functions at the beginning of the interferometer and after the
nth pulse, where n ranges from 1 to N. Ôn is the operator expressing the action of the pulses.
Starting with Ps in the ground state with zero transverse momentum (with respect to its center-
of-mass) we have |Ψ0⟩= |g,0⟩, while for |Ψn⟩:

|Ψn⟩=
Qn∑

q=−Qn

(cn,g,q (t) |g,2qℏk⟩+ cn,e,2q+1 (t) |e,(2q+ 1)ℏk⟩) . (A.2)

In (A.2), cn,α,p is the probability amplitude of the α internal state with momentum p after the
nth pulse and Qn =

n−1
2 if n is odd or Qn =

n
2 if n is even. Note that each state contains a high

number of trajectories: |α,p⟩=
∑J

j=1 cα,p,j|α,p, j⟩, where j is the trajectory index and J is the
total number of trajectories which depends on p (e.g. the states in which more trajectories
converge are those with p close to 0). Putting it all together we get

|Ψn⟩=
Qn∑

q=−Qn

J(2q)∑
j=1

cn,g,2q,j (t) |g,2qℏk, j⟩+
J(2q+1)∑
j=1

cn,e,2q+1,j (t) |e,(2q+ 1)ℏk⟩

 . (A.3)

The interferometric operator can be expressed as the product of the pulse operator L̂ times the
propagation operator P̂which expresses the free propagation of the wave function after the nth
pulse

Ôn =
n∏

i=1

L̂iP̂i. (A.4)

L̂ is a 2N× 2N matrix having all the elements of the main diagonal and some elements of the
first supradiagonal and subdiagonal different from 0. These elements are computed by solving

system (4) for two coupled states with δ = ωL − (ωg −ωe)+
(2qℏk)2

2m − ((2q±1)ℏk)2
2m , where the

± sign depends on the pulse direction. For example, considering a pulse propagating in the
negative y direction, the states |g,2qℏk⟩ couple with the states |e,(2q− 1)ℏk⟩, thus, just con-
sidering q= 0, the two coupled states are |g,0⟩ and |e,−ℏk⟩. Since system (4) has no analytical
solution, we cannot explicitly write the elements of the operator L̂ but we can substitute it with
the probability amplitudes of the states of the system that would result from applying the oper-
ator by solving (4) numerically. Collecting these amplitudes into a matrix L̃, for a pulse with
a negative propagation direction and assuming that N is even, the matrix L̃↓ takes the form

ce,−(N−1) cg,−(N−2)→e,−(N−1) . . . 0 0
ce,−(N−1)→g,−(N−2) cg,−(N−2) . . . 0 0

...
...

. . .
...

...
0 0 . . . ce,N−1 cg,N→e,N−1

0 0 . . . ce,N−1→g,N cg,N

 , (A.5)

where, for instance, |cg,−(N−2)→e,−(N−1)|2 is the probability to have a transition from a
ground state with−(N− 2)ℏk to an excited state with−(N− 1)ℏk after the pulse. |ce,−(N−1)|2
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Figure A1. Probability amplitudes of the states corresponding to each possible trajectory
for an atom with null entrance angles. The abscissa axis indicates the arrival position (y
coordinate) at the detector of the Ps atoms having different trajectories. The highest bar
represents the states that carry the gravitational information and the corresponding amp-
litude is about 0.92. The other bars represent the noise and the sum of their amplitudes
covers the remaining probability, which is equal to 0.08.

is the probability to find the atom in the same |e,−(N− 1)ℏk⟩ state before and after the
pulse. For a pulse with a negative propagation direction, the matrix elements [L̃j,j; L̃j+1,j] and
[L̃j,j+1; L̃j+1,j+1] are solution of (4) with [ce,2q;cg,2q] = [0;1] and [ce,2q−1;cg,2q−1] = [1;0] as
initial condition for the Runge–Kutta integrator. The propagation matrix is a 2N× 2N diag-
onal matrix whose elements are e−iH0t/ℏ (free propagation). By computing (A.1) with a matrix
product, it would be impossible to distinguish the probability amplitudes of different traject-
ories belonging to the same momentum state since they would be mixed (total mixing). In
this condition, the assumption for which only overlapping trajectories sum up would not be
respected. It is therefore necessary to set up a symbolic calculation that uses the propagation
operator to distinguish the trajectories and sum up the probability amplitudes with a common
propagator only (selective mixing). Figure A1 shows the amplitude probabilities of all states
grouped in bins as a function of their position at the interferometer output. The two probabil-
ities which correspond to the main pattern are in the highest bin, all the other bins correspond
to the parasitic pattern. The total number of states is about 1100 000.

Since the path and interactions of the main pattern are known, it is possible to determine its
probability amplitude in absence of interference by manually selecting the elements of L̃ and P̂
belonging to this path. By comparing this result with the selective mixing it is possible to verify
that they coincide, proving that the parasitic pattern does not interfere with the main one. Since
the interaction between states depends only on the geometry of the interferometer, this also
applies to non-zero angles. For this reason, it was decided to resort to computationally cheaper
simulations with a semi-classical approach: each atom is described by a classical point-like
particle that crosses the laser beamswith which it interacts in theway described by the quantum
treatment of the system (4). This semi-classical method was compared with the selective mix-
ing, showing that their efficiencies coincide, thus validating the results of the semi-classical
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simulation. The semi-classical method was also used to build a Monte Carlo simulation in
order to estimate the interferometric contrast necessary to determine the acquisition time of
the signal. In this algorithm the interaction between atom and laser, with consequent change
of state, occurs in the case in which the transition probability between g and e is greater than
a random number ranging from 0 to 1. The Monte Carlo parameters of the positronium beam
are the entrance angles and positions. The input coordinates have a uniform distribution on
the entrance hole and the angular distributions are Gaussian. In the semi-classical approach,
the annihilation and radiative decay were also modeled by comparing the probability with a
random number, like the laser–atom interaction, in every small step in which the space was
divided (spatial mesh). The n= 3 Ps (n is the principal quantum number) can radiatively decay
toward n= 2 or n= 1 with a probability equal to 1− e−t/τ , with τ3→2 ≃89 ns and τ3→1 ≃12 ns
[78] while the 23S1 state radiatively decays into 13S1 in 0.24 s (the two-photon emission is the
primary radiative decay mode) [95] and annihilates in 1.14µs. It may happen that a Ps decays
radiatively from n= 3 to n= 2 and then continues to run through the interferometer remaining
in resonance with the laser excitation. In this case the atom loses the gravitational information,
and it therefore adds noise on the detector. An atom that reaches the level with n= 1 continues
to propagate until it decays or hits the detector, contributing to the noise. Each radiative decay
involves the isotropic emission of a photon that randomly changes the atomic momentum.
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