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ARTICLE INFO ABSTRACT
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Positronium (Ps) has emerged as a promising test particle within the QUantum interferometry with Positrons,
positronium and LASers (QUPLAS) project, which aims to measure for the first time the gravitational effect

pOSit'm“i“m on Ps, the entirely leptonic atom comprising an electron and a positron. In this work, we present a Monte
ir?ltytt Carlo simulation to generate a mono-energetic and highly coherent Ps beam by creating a negative Ps ion
ntimatter

(Ps~ consisting of two electrons and one positron) to be used in a Mach-Zehnder interferometer. We propose
the equations to estimate the initial velocity distributions in the longitudinal and transversal directions of the
Ps~ emitted from the target converter (positron/Ps~) necessary for the Monte Carlo simulation. The resulting
simulated device needs a very low divergence Ps beam at the interferometer entrance, for this reason an
intensive positron beam is necessary, such as a high-flux electron LINAC. Subsequently, we utilize a Fabry—
Perot IR laser cavity operating in CW at a wavelength of 1560 nm to selectively remove the extra electron.
An alternative pulsed laser operating at a 3600 nm wavelength was studied to reduce broadening due to
recoil and excitation. Here, we provide a Monte Carlo simulation to estimate the characteristics of the Ps
beam, including its energy distribution and intensity profiles at two different temperatures (10 K and 300 K).
Despite the limitations given by the assumptions mentioned in the text within the limit of our knowledge, these
first simulation results obtained from our study will provide essential groundwork for future advancements in
fundamental particles gravity measurements.

1. Introduction

Gravitational studies with antimatter systems are of paramount im-
portance to address Physics at the Planck scale, the current uppermost
conceptual limit of validity of our physical theories. Quantum Gravity
effects might in fact induce violation of the two basic symmetries
that relate Quantum Mechanics and the General Relativity: the Ein-
stein Equivalence Principle (EEP) and the CPT (Charge-Parity-Time)
invariance. The most complete theoretical framework that includes the
possibility of Lorentz violation (and therefore EEP and CPT violation)
is the Standard Model Extension (SME) [1,2]. The SME includes all
the Physics known in the form of the Standard Model and the General
Relativity, while adding to the Lagrangian the possible spacetime oper-
ators violating Lorentz invariance. Recently, the ALPHA collaboration
has shown that antihydrogen atoms behave in a way consistent with

gravitational attraction to the Earth [3]. In this frame, research with
positronium, the bound system of an electron and a positron, is particu-
larly interesting, since (contrary to the antihydrogen case) positronium
is a fundamental system composed by fermionic mass alone, with its
binding energy insignificantly small compared to its mass. On the other
hand, the antiproton mass is mostly due to the energy of the QCD
color field, i.e. binding energy, instead of the mass of the elementary
particles, i.e. gluons. Therefore, our proposal would involve the first
measurement of the gravitational acceleration of elementary particles,
i.e. leptons. In addition, the coefficients for Lorentz invariance violation
are flavor-dependent [4]; for these reasons positronium gravitation
constitutes an entirely new and independent window on Physics beyond
the validity of our current best theories. For instance, in the frame
of the SME, it has been shown that gravitation with positronium
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can address relevant physical parameters already at about the 10%
accuracy level [4], regarding matter-antimatter symmetry.

Positronium (Ps) exists in the ground state in two sub-levels, ac-
cording to the spins of the two particles: singlet called para-Ps with
spin 0 and a lifetime of 0.125 ns and triplet called ortho-Ps with spin 1
and a lifetime of 142 ns. Para-Ps annihilates with the emission of two
photons of 511 keV each while ortho-Ps emits at least three photons
with a maximum energy of 511 keV each. Due to the short lifetime of
para-Ps only ortho-Ps can be used in this experiment and Ps will always
correspond to ortho-Ps in the remainder of this paper.

In a recent experiment, results were obtained with Ps transmittance
through graphene layers employing a pulsed regime with a primary
beam of the negative positronium ion, Ps~ [5]. This methodology has
been developed by the Nagashima group in Tokyo in the last fifteen
years [6]. Our proposal for gravitational measurements involves the use
of a continuous regime version with a Ps~ primary beam, which is a
remarkably ambitious challenge. This endeavor requires orders of sta-
tistical magnitude higher than the current version, as explained in more
detail in the following sections, and requires study and simulations to
optimize the complete system.

This work presents a Monte Carlo simulation for generating a mo-
noenergetic and highly coherent Ps beam through the creation of a
negative Ps™ ion [7]. The advantage of producing Ps through negative
Ps™ ions, in contrast to Ps formed in meso-porous materials [8-10],
is the ability to achieve a tunable and monoenergetic beam with low
divergence and high coherence, making it well-suited for interfero-
metric experiments. However, the drawback is the short Ps™ lifetime
(479 ps [11]), necessitating the use of a very compact system to effi-
ciently produce, accelerate, and focus the Ps~ beam using electrodes.
Subsequently, a laser system selectively removes the extra electron to
form the Ps beam. The Monte Carlo results lay essential groundwork
for future advancements in fundamental studies, including Ps grav-
ity measurements using a Large Momentum Transfer Mach-Zehnder
interferometry [12-14].

2. Result and discussion

An effective positronium negative ion (Ps~) producing target con-
sists of a tungsten (W) coated with a sodium (Na) sub-monolayer,
as demonstrated in the last two decades by Nagashima’s group that
produced and worked with a Ps~ beam. [7]. A Monte Carlo simulation
was performed to quantify the Ps beam characteristics as a function
of various factors such as Ps~ formation, temperature dependence of
the converter target, guide and photo-detachment. For this purpose, we
introduced a possible optimized velocity distribution for Ps~ emission,
a miniaturized focusing and accelerating optics, and two possible laser
photo-detachment systems.

2.1. Ps~ emission velocity

A velocity distribution of the Ps~ emitted from the target surface is
hereby proposed. In general, there are many potential effects that could
influence the velocity distribution of the emitted ions from the target
surface with a negative work function (see for instance Ref. [15]). The
thermal effect contribution given by the temperature of the emitter
target is one of the most significant effects. Another effect that impacts
the emission, especially visible in monocrystals, is the periodic lattice
structure of the target and its electron energy distribution [16]. In fact,
in the case of photoelectron emission, the angle-resolved photoemission
spectroscopy (ARPES) technique to study crystalline solids is based on
this principle. There is also evidence of this effect for the positronium
emission with negative work function from aluminum (Al) single crys-
tals [17]. Another effect, probably more relevant in semiconductors,
is the excitation of electron-hole pairs. In fact, it could influence the
scattering angles recently observed in semiconductors [18], which are
higher than those observed in metals [19].
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On the other hand, it is crucial to consider the surface topology and
contamination that affect the directional emission of particles, often
not considered in the literature. From the theoretical point of view
the negative work function contributes with an emission component
perpendicular to the surface. Therefore, the surface roughness increases
the broadening of the angular distribution of the emission. For example,
if only an effect of thermal contribution is expected for Ps in metals (see
Refs. [19,20]), the combination of this effect with the surface roughness
could be interpreted as a broadening of the angular distribution of
emitted particles, which would appear to be emitted at higher effective
temperatures.

Although Nagashima’s group has studied Ps~ formation in both
reflection and transmission geometries, there is still no estimation of
the functional form for the initial Ps~ velocity distribution. Neverthe-
less, understanding these initial conditions is crucial for the accuracy
of the Monte Carlo simulation proposed in this work. An approach
based on the observed experimental results obtained in W, Ni, Cu and
Al for positronium and positrons [19-22] emitted with negative work
function is hereby proposed. Following this experimental evidence and
considering “ideal” conditions such as a flat surface of the W target
(coated with Na), thermal equilibrium between particle and phonons
and negligible scattering effect, the velocity distribution is influenced
by the negative work function and the thermal effect. We are aware
that this is an idealized condition for calculating the necessary initial
conditions of the Monte Carlo simulations and that the actual velocity
distribution is likely to be wider. Nevertheless, this approach represents
the first-ever proposal of a particle emission velocity distribution with
a negative work function. It not only serves as a guide for optimizing
ion emission conditions but also enables the design of optimized optics
for beam guiding, as outlined in the following sections. The efficacy
of this proposed distribution should be tested in the near future and
potentially refined.

As shown later, the contribution of thermal energy has a non negli-
gible effect on the propagation of atoms in the directions parallel to the
surface of the W target (called x and y-directions or transversal direc-
tion, see Fig. 1 (a)). A classical two-dimensional Maxwell-Boltzmann
distribution is proposed in this case, where the pre-exponential factor
depends linearly on velocity:

fr(v) = 2avexp (—av?), ¢}

where «a is obtained by integrating Eq. (1) and depends on the target

temperature T,

o lmre _3m
2 kT 2 kT’

mp,- and m are the negative ion Ps~ and electron masses and k the

Boltzmann constant.

The topic of particle emission in the direction perpendicular to the
surface (called the z or longitudinal direction, see Fig. 1 (a)) with a
negative work function is rarely addressed in the literature. However,
some works deal with the emission of positrons with a negative work
function to obtain energy distributions with experimental results [22].
They claim that the particles are directed similarly to a collimated beam
of gas molecules effusing as in the Stern-Gerlach experiment, following
a Maxwell-Boltzmann distribution. The proposed velocity distribution
takes the following form,

g10) = (3me? - ¢>)3/2

exp(—av?), 3
Note that the exponent applied to the parenthesis is 3/2 to follow the
pre-exponential tendency of v® proposed in Ref. [22]. Additionally,
the negative work function ¢ is explicitly considered as the main
contribution to the Ps~ ion initial kinetic energy in this longitudinal
direction. The minimum permissible Ps~ kinetic energy is higher than
the absolute value of ¢. Although Eq. (3) has a simple functional form,
it does not have a definite integral. Therefore, to obtain a reliable
approximation of the beta function’s dependence on temperature, it
was necessary to normalize Eq. (3) by integrating it using a numerical

(2)
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Fig. 1. (a) Schematic representation of the optics, not drawn to scale. (b) SIMION®
simulated beam represented to scale. The electric field lines between the electrodes,
shown as red lines, which follow a cylindrical symmetry, have been included. The
green trajectories represent the Ps~ ion beam, while the violet trajectories represent
the Ps beam after photo-detachment. Both Ps~ and Ps trajectories are plotted solely
for visualization purposes, without considering their natural decay. The green/violet
transition lines represent the photo-detachment interaction zone. The vertical red line
corresponds to the initial position of the excitation and Mach-Zehnder interferometer
stages (see Ref. [14]).

method at various temperatures. Considering the identified tempera-
ture effect and rearranging Eq. (3) to be implemented in the Monte
Carlo simulation,

2 i 2 2 2\3/2 (22
g, (V) = c,a T (v UO) exp[—a (v vo)]

=c.a’ <i> 1/25U3 exp (—a&uz) (4)
‘ kT
where
- %mi; )
and
607 = v? — 02 6)

0

The distribution represented by Eq. (4) is defined zero if v is less
than v,. The constant ¢, in Eq. (4) is »3/2.

A key advantage of coating tungsten (W) with a sodium (Na)
sub-monolayer is the significant enhancement in Ps~ production effi-
ciency, which increases from about 0.1% to approximately 1.5% [7].
This surface modification also leads to a notable reduction in the
negative work function, consistent with the findings of Kiejna and
Wojciechowski [23], who reported that the photoelectric work function
of tungsten decreases to around 3 eV after sub-monolayer sodium
deposition, attributed to the “surface polarization effect” caused by
the alkali metal. Given the functional relationship governing the Ps~
work function, this polarization effect is also expected to influence Ps™
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emission. The measured absolute value of the negative work function
for Ps™ in polycrystalline or monocrystalline [100]-oriented tungsten
without coating is approximately 1 eV. Consequently, it is estimated
that this value can reach ¢ ~ 4 eV when the material is coated with
a Na sub-monolayer, resulting in a significant increase in Ps~ emission
energy (see Ref. [7]).

The proposed velocity distributions depend solely on the sample
temperature and the Ps- work function, requiring no additional pa-
rameters. These straightforward expressions can be validated in the
future, for instance, using a direction-dependent grating deceleration
system. Comparing simulated and experimental data will help de-
termine whether this is the appropriate emission model and beam
formation for Ps~ in gravitational studies.

2.2. Ps™ acceleration and optics

Investigation of the initial conditions is crucial to optimize the
optical configuration needed to guide and focus the ions to form a
coherent Ps~ beam. Initially, a monoenergetic positron beam is im-
planted in a sodium-coated tungsten (W) sample. This sample operates
in transmission geometry, serving as a positron/Ps~ converter. As a
result, a cylindrical beam of negative (Ps~) ions with a diameter of
1 mm is generated. Although Ps~ ions have a limited lifetime of 479
ps, they have the advantage of being influenced by Coulomb forces,
allowing for efficient guiding and focusing. The emission of Ps~ ions
occurs perpendicular to the converter surface, with a kinetic energy
of ~4 eV as introduced in Section 2.1. A thermal contribution is added
according to the sample temperature and following the above proposed
velocity distribution.

An electrostatic system with electrodes at different electrical po-
tentials has been developed. The short lifetime of the Ps~ requires
the development of an extremely compact electrode design at a sub-
millimetric scale. To realize this electrostatic system and reconstruct
the Ps~ beam trajectory, a simulation was developed using the SIMION®
software. This software calculates the trajectories of charged particles
in a region of space where the electric fields are generated. These
fields are calculated from geometrically defined electrodes with a set
of applied potentials.

This simulation was developed in order to achieve the following
goals: (i) accelerate the Ps~ ions to a final kinetic energy of 300 eV,
to obtain after photo-detachment an average kinetic energy of 200 eV
with Ps; (ii) focus the beam with a minimum divergence given the
initial conditions; (iii) develop a compact electrodes design to minimize
the Ps~ annihilation. The electrode geometry, designed based on these
criteria, is shown in Fig. 1. In particular, Fig. 1(a) gives a schematic
representation, not drawn to scale. For a more accurate representation,
Fig. 1(b) presents the scaled scheme used for the SIMION® simulation.

The system consists of a positron/Ps~ converter (a monocrystalline
Na-coated W sample), a focusing ring, and a grounded electrode with
a hole centered in the beam axis. The converter has been idealized
as a disk with a radius of 2.5 mm to which a potential of —300
V is applied. This is repulsive for the Ps~ ions which are therefore
accelerated towards the grounded electrode to reach 300 eV kinetic
energy. A 1 mm diameter hole has been opened in the center of the
last electrode to allow the beam to pass through. To avoid propagating
electrostatic fields outside this system, this hole has also been closed
with a conductive grounded grid. The high transmission grid consists
of a series of metal wires (I pm in diameter) with a pitch of 50 pm.

The distance between this last electrode and the converter is 0.6 mm.
This ensures the dielectric strength necessary to avoid electric dis-
charges given the applied potential differences. To better control and
reduce the divergence of the beam, a focusing ring with a 2 mm
diameter was also inserted in an intermediate position between the two
electrodes just described (0.3 mm after the converter). The potential to
be applied to this electrode in order to minimize the divergence of the
beam is —320 V.
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Ps~ ions are generated by the SIMION® simulation from the surface
of the converter. Their initial position (x, y) is randomly extracted
within a Gaussian distribution centered with the center of the converter
and with a standard deviation of 0.2 mm. This simulation provides the
electric field configuration necessary for the Monte Carlo simulations.

2.3. Photo-detachment cavity and designed interferometer

Immediately after the last electrode, the Ps~ beam is illuminated
by a laser beam propagating along the x-axis to produce a Ps beam
via photo-detachment. Two lasers at two different wavelengths were
considered for this process: 1560 nm and 3600 nm. The shorter laser
wavelength was chosen to be very close to the peak of the photo-
detachment cross section [7], while 3600 nm wavelength was studied
to reduce broadening due to recoil and excitation. Unfortunately, this
option is not feasible in a continuous regime, as proposed in this study.
In any case, we are interested in exploring the reduction of the recoil
effect at this wavelength for a possible pulsed option system.

The 1560 nm CW laser system consists of an erbium fiber laser cou-
pled with a high finesse Fabry—Pérot enhancement cavity to accumulate
a circulating power of about 200 kW. The ultra-low loss mirrors and
setup are similar to those used in the PVLAS experiment [24]. Instead,
the 3600 nm laser will be a pulsed laser with similar characteristics to
Ref. [25].

A Mach-Zehnder interferometer was designed to perform Ps gravity
measurements (see Ref. [14]). To complete this gravity measurement
in a reasonable time, the interferometer requires a high number of
Ps atoms with angles between +125 prad and +170 prad in y and
x-directions respectively. The matter-wave Mach-Zehnder interferom-
eter, located after the optics described in this work, measures the
gravitational acceleration through the phase shift induced by a set of
light pulses to the Ps wavefunctions in a gravitational field. Compared
with a moiré deflectometer, this interferometer has the advantage of
being able to work with significantly higher atomic beam speeds since
it does not aim to detect the classical deflection of atoms but the
interference of atomic wave functions. In addition, it has no grating
absorption.

After the photo-detachment cavity at 4.6 mm from the converter, Ps
atoms are first excited from the 135, level to the 23 P, level by a 243 nm
laser then to the 235, level by an 18.25 GHz circularly polarized mi-
crowave radiation. A similar UV-microwave excitation scheme can be
found in Ref. [26]. The 23 S, state has a lifetime of 1.14 ps and allows for
relatively long propagation through a Mach-Zehnder interferometer.
The atomic wave-function is split in two branches and the internal Ps
state oscillates between the 23S, and 3P, states due to the interaction
with several laser pulses having a wavelength equal to 1312.2 nm.
At the interferometer output one of the branches is removed with a
laser ionization stage of level 33P, and two electrodes remove the
remaining positrons and electrons to prevent them from contributing
to the detected noise. Since the number of atoms exiting one of the
two interferometer arms is proportional to the phase shift, it is possible
to measure the gravitational acceleration of Ps simply by means of a
detector which counts the impinging atoms. The following steps after
the photo-detachment are described in detail in Ref. [14], where a
simulation of the time needed to measure the gravity acceleration with
a precision of 10% is also presented.

2.4. The Monte Carlo simulation

A Monte Carlo simulation was conducted to calculate the trajecto-
ries of 10° Ps~ ions in the electric field configuration designed with
SIMION®. The simulation traced the path of the ions from the converter
to the entrance of the Mach-Zehnder interferometer. The path of each
ion is computed in every time step (a tenth of a picosecond), linearly
interpolating the field. With the aim of comparing the dependence of
the final Ps spatial spread on the velocity distribution at two different
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Ps~ emitting targets temperatures, simulations at room temperature
(300 K) and cryo temperature (10 K) were performed. Ps- has never
been formed at cryogenic temperature. We propose the hypothesis that
Ps- could be formed with the same efficiency as at room temperature.
In practical applications, before cryogenically cooling a delicate con-
verter surface (Na coated W) the use of absorption and cryogenic traps
to prevent target surface contamination from residual gases will be
required.

The Ps™ ions are generated from a disc surface of 1 mm in diam-
eter following a Gaussian distribution. The velocity and direction of
Ps~ are obtained adding the three-velocity components v,, v, and v,
following the distributions proposed in Section 2.1 (Egs. (1) and (4)).
The simulation considers the realistic conditions that g; (v) in the z-
direction tends to zero when the velocity v is less than v, or greater
than v, plus half the thermal velocity v,;,, which is given by v, = a~!/2
(where « is given by Eq. (2)). The thermal velocity v, is ~10* m/s
at 10 K and ~ 5.48x10* m/s at 300 K. Instead, the distribution of
the transversal velocity f;(v) tends to zero when the velocity v is
greater than 5 times the thermal velocity. The above upper limits for
the simulated distributions ensure that the proposed functions given by
Egs. (1) and (4) tend to zero. Fig. 2 displays the velocity distributions
of 10° Ps~ ions obtained at both 10 K and 300 K. Fig. 2 (a) and
(b) illustrates the dependence of the distributions on temperature: if
the temperature decreases, the distributions become sharper and the
average velocity decreases. These findings reveal the optimum initial
conditions to achieve a monochromatic Ps beam before acceleration
(Section 2.2). On the other hand, the initial divergence of the beam
at low temperature, given by the angular beam aperture 6 =~ 20x
will be reduced and localized if compared with high room temperatuzre
conditions.

After forming, the Ps~ leaves the last electrode grid, reaches its
maximum velocity and enters the laser beam for photo-detachment.
This process has been included in the simulation and the probability
of detachment at each time step is given by:

Ao ty P
P,=1-exp| - / / I(s,t)dsdt @
hcP P, J1, JP

where 1 is the laser wavelength, o is the photo-detachment cross
section, 4 is the Planck constant, ¢ is the speed of light and I(s, ?) is the
laser intensity which is a function of space (s) and time (¢). The points
P, and P, define the start and end of the Ps trajectory segment within
the laser. Assuming that the optical cavity is along the x-direction and
that the laser can be seen by the atomic beam as a standing wave in
both the continuous and pulsed regime (long pulses), the intensity takes
the form

o2 a2
1(x,y,z,t) = 41 exp <M> cos?(kx) (8)

wy
where w is the minimum laser beam waist.

The integral of intensity is numerically evaluated between the posi-
tions of the Ps in its trajectory each time step according to its velocity.
When the Ps~ is photo-detached, the recoil of the Ps, due to the
absorption of the photon and the one due to the detachment of the
electron, are simulated. The absorption of the photon induces a recoil
along the laser direction (x-axis) with a positive or negative sign. Given
the low energy of the photon, this recoil is negligible compared to the
effect of electron detachment.

The two bodies separation recoil depends on the residual energy
after breaking the bond between one of the electrons and the newly
formed positronium atom and consequently on the wavelength of the
photon. This energy is given by the difference between the photon
energy of the laser and the photo-detachment threshold which is about
0.327 eV [25].

By setting the linearly polarized electric field of the laser along the
z-axis, the angle between the velocity variation caused by the detach-
ment recoil and the z-axis has a “cosine-squared” distribution so that
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Fig. 2. (a) Transversal velocity distribution in the x or y-directions. (b) Longitudinal
velocity distribution in the z-direction. Both distributions are obtained at two different
Ps~ emitting targets temperatures (10 K and 300 K) by Monte Carlo simulations
following the proposed Egs. (1) and (4), respectively. The g, (v) distribution is presented
in logarithmic scale to improve the visualization.

the most probable values are close to zero. The distribution of the angle
between the x-y plane velocity projection and the y-axis is uniform in
all directions [6,27]. This recoil effect has recently been verified by
using linearly polarized light in a Ps~ laser photo-detachment scheme
also showing that it is well described by the theory of Photoelectrons
Angular Distributions (PAD) [27,28] with an asymmetry parameter
equal to 2 [29].

One way to avoid this effect is to use a laser having energy close
to the photo-detachment threshold energy, which corresponds to a
wavelength of about 3800 nm. This wavelength region is achievable at
high power only in the pulsed regime, and the cross-section is about
one order of magnitude smaller than the maximum with a laser of
1560 nm [7]; this implies that a laser power higher than 200 kW is
required to keep the photo-detachment efficiency high. A 3600 nm
pulsed laser system can reach 2 MW with high repetition rate [30] and
can then replace the CW 1560 nm laser. Using the 3600 nm laser, the
effect of photo-detachment on beam divergence is minimized.

The plots in Fig. 3 represent the Ps angular distributions 6, =
for Ps~ emitting targets at T = 10 K and T = 300 K.
The distribution in the perpendicular direction 6y, is almost identical
to 6,,, the possible differences are within computational error. The
dominant effect of recoil in this scenario is the electron detachment.

U
arctan ( =

Nuclear Inst. and Methods in Physics Research, A 1071 (2025) 170068

10° ' ; : ' '
) 10K
Gaussian aprox. O Laser recoil
B 1 mrad I without
7 mrad 1560 nm
P 2 mrad [ 3600 nm
104 E
< ,‘| || (a)
5 ‘il
N
(Al
Y
o 10°——*+—— T aon
o ) 300 K
8 Gaussian aprox. O Laser recoil
= Bl 4.8 mrad I without
5 10.6 mrad 1560 nm
= B 5.3 mrad I 3600 nm
10 E E

-30 -20 -10 0 10 20 30
6,, (mrad)

Fig. 3. Angular distributions 6., of Ps after laser recoil during photo-detachment
obtained via Monte Carlo simulations. The angular distributions 6, are almost identical
to the 6., the possible differences are within computational error. Results obtained for
two different Ps~ emitting targets temperatures: at 10 K in (a) and at 300 K in (b).

Since this effect occurs in a random direction, it equally impacts the
0, and 0, distributions, resulting in a similar heating effect on the Ps
beam.

A hypothetical recoilless distribution for an “ideal” laser is also
included in Fig. 3 to visualize the electron detachment effect in the
Ps beam. The distributions follow a Gaussian-like trend. On the left
of Fig. 3 (a) and (b) the approximate standard deviation ¢ of the
distributions (affected with an error + 0.2 mrad) is shown to compare
the influence of the laser recoil on the width of each profile as a
function of the wavelength (1560 nm and 3600 nm). The distributions
for Ps~ emitting targets at 10 K and 300 K follow a similar pattern. The
3600 nm wavelength minimizes the laser recoil effect, especially when
the Ps~ emitting target is at room temperature (300 K).

With this setup, the effect of recoil is to broaden the angular
distribution of the Ps beam mainly in the z-direction, while minimizing
its divergence in the x and y directions. This choice is particularly con-
venient since the interferometer is more sensitive to x and y broadening
than the broadening in z-direction.

Fig. 4 shows the spread in kinetic energy in the z-direction after the
laser recoil during photo-detachment. The results demonstrate that the
Ps energy spread mainly depends on the laser wavelength, the influence
of the Ps~ emitting targets temperature is almost negligible in the z-
direction. The net effect in this direction is to produce a symmetric
spread in energy of about + 12%, when the 1560 nm laser is used,
instead the spread is minimized up to approximately + 2% using the
3600 nm laser for the photo-detachment. Following the simulations
presented in Ref. [14] the z broadening effect reduces only few percent
of the interferometer efficiency and results in being non-critical.

To make a comparison, both the lasers at 1560 nm and 3600 nm
have been simulated. After crossing the laser beam, the positions and
velocity components of the atoms that survived annihilation are stored
and analyzed. Only the Ps in a 0.4 cm x 0.4 cm area are considered, in
line with the angular divergence criteria requested in Ref. [14]. The
distance between the converter and the excitation stage is 4.6 mm
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Table 1
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Monte Carlo statistics in percentage of the number of Ps~ emitted for various simulation steps. The columns are for the four
combined alternatives of laser wavelength and temperature. The standard error is given in parentheses. The number of Ps~

emitted by the target is 1 million under all initial conditions.

Laser wavelength 1560 nm 1560 nm 3600 nm 3600 nm
Temperature 10 K 300 K 10 K 300 K

Ps~ decayed before the laser (%) 32.72 (0.04) 32.70 (0.04) 32.72 (0.04) 32.70 (0.04)
Ps~ decayed in the laser (%) 33.17 (0.06) 32.43 (0.06) 30.17 (0.05) 28.85 (0.05)
Ps~ arrived at the laser (%) 34.11 (0.05) 34.87 (0.04) 37.12 (0.03) 38.46 (0.03)
Ps~ detached by the laser (%) 32.51 (0.04) 33.75 (0.04) 36.25 (0.03) 38.22 (0.04)
Ps decayed in the laser (%) 0.020 (0.001) 0.020 (0.001) 0.030 (0.001) 0.030 (0.001)
Laser photo-detach. efficiency (%) 95 (1) 97 (1) 98 (1) 99 (1)

Ps entering the Mach—Zehnder 32.49 (0.04) 33.73 (0.04) 36.23 (0.03) 38.20 (0.04)

interferometer (%)

Ps with 6, lower than 170 prad (%)
Ps with 6,, lower than 125 prad (%)
Ps inside 6,, and 0,

(125 prad x 170 prad) (%)

0.688 (0.009)
0.516 (0.010)
0.028 (0.002)

0.446 (0.003)
0.332 (0.004)
0.005 (0.001)

2.422 (0.016)
1.830 (0.020)
0.155 (0.005)

0.963 (0.014)
0.729 (0.009)
0.022 (0.001)

10 v2/¢c?
q 37 3.8 3.9 4.0 4.1 42
After photo-detachment recoil
3600 nm
at 10K
3 B at 300 K -
P 1560 nm
< Bl at 10K
< 2F at 300 K -+
e

185 190 195 200 205 210 215
Energy (eV)

Fig. 4. Ps energy distribution h (multiplied by a factor 10*) after the photo-detachment
recoil in z-direction. The distributions are symmetric compared to the Ps average kinetic
energy (200 eV). The recoil effect is simulated for two different photo-detachment laser
wavelengths, 1560 nm and 3600 nm, and two Ps~ emitting targets temperatures, 10 K
and 300 K.

(see Fig. 1(b)). The results of the Monte Carlo simulation presented
here for the laser wavelength 1560 nm and 3600 nm and for two Ps~
emitting targets temperatures (10 K and 300 K) are shown in Table 1.
The results indicate that after the emission of 10 Ps~ around 33% and
37% on average reach the Mach-Zehnder interferometer entrance for
the 1560 nm and 3600 nm lasers, respectively. Now the most relevant
limitation is the divergence tolerance of the interferometer of the order
of a hundred of microradians (+125 prad and +170 prad in y and x-
directions). The last three rows of Table 1 show the efficiency in the x
and y-direction and the efficiency of the overall in both directions. The
best efficiencies were achieved by using the 3600 nm laser, especially
when the Ps~ emitting target is at cryogenic temperature.

Monte Carlo simulations are subject to various sources of error, in-
cluding statistical uncertainties and systematic errors originating from
several factors. Here, potential systematic errors were idealized and
minimized. A detailed discussion of these errors will be made in due
course, providing more insight into the experimental conditions gov-
erning the formation of the Ps beam. For instance, an assessment of
this error source could be conducted by considering the uncertainty
in the field distribution guiding the Ps~ beam and the conditions per-
taining to Ps-laser interaction during photo-detachment, among other

factors. Regarding error sources, the brackets in Table 1 encompass the
estimated standard errors in the results for each temperature and laser.
These errors were evaluated through ten simulation runs with different
seeds, and the average value of the results was calculated. The results
follow a Poisson distribution, where median and media are almost the
same and the skewness is between —2 and 2 in all four cases presented
in Table 1.

Following the methodology proposed in Ref. [14], it is necessary
to consider a very bright positron beam to perform interferometric
measurements of Ps gravity on the time scale of the year. We propose
to use a LINAC as primary electron beam to produce positron—electron
pairs. For instance, the Milan BriXSinO (Brilliant source of X-rays
based on Sustainable and innOvative accelerators) facility proposes a
superconductive LINAC operating at 92 MHz with an average electron
current of 2-5 mA, an acceleration energy of 10 MeV [31-33]. At least
5 x 1016 fast electrons per second will be produced with this kind of
LINAC with a beam spot lower than 1 mm and very small divergence of
about 50 prad. These excellent characteristics allow us to predict a high
et/e” conversion efficiency, in particular using an efficient positron
moderator, such as tungsten meshes, a total conversion efficiency (cold
et)/(hot e”) of at least 1073-107° is expected [34]. These character-
istics can be compared with the performance of other LINAC-based
positron sources in Ref. [34]. The positron rate expectation of the slow
beam is of around 10°-10!° positrons per second with the technical
conditions mentioned above. Considering a conversion efficiency of the
target converter (tungsten decorated with sodium) for Ps~/e* is around
1072 in transmission and in reflection [7,35], our expectation is to
obtain 107-10% Ps~ per second emitted from the target. In contrast,
using a LINAC as presented in Ref. [34] our expectation is to obtain
10°-10° Ps~ per second.

We propose implementing a periodic exchange of the e*/Ps~ con-
verter, followed by a thermal treatment at high temperature (at about
2300 K) to remove impurities and possible damages followed by the
deposition of fresh sodium on the tungsten surface.

These simulations are conducted using a Gaussian Ps~ beam profile
based on a standard positron beam dimension of 1 mm diameter
(detailed in Section 2.2). However, an alternative approach, as de-
scribed in Ref. [36], allows remoderation of the primary positron
beam, resulting in a beam with a diameter one order of magnitude
smaller [37]. Nevertheless, this option also leads to reduced positron
statistics of one order of magnitude. Despite the trade-off, the reshaping
approach increases the positron density at the center of the distribution,
thereby improving the final Ps statistics relevant for Mach-Zehnder
interferometry. Consequently, remoderation facilitates an increase in
the statistical significance of recorded events and a reduction in data
acquisition time. Additional investigation and a comprehensive study
will be undertaken to evaluate the feasibility and benefits of these
approaches.
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2.5. Conclusions

This work reports the Monte Carlo simulation of a Ps beam that can
be applied to perform gravity measurement by using a Mach-Zehnder
interferometer proposed in Ref. [14]. The main results are presented
below:

+ Utilizing a primary Ps~ ion beam enables the creation of a contin-
uous high-statistic, low-divergence, and monoenergetic Ps beam.

+ A distribution of the initial velocity of the Ps negative ion primary
beam, originating from the positron/Ps™-converter, has been pro-
posed, considering parameters such as the Ps~ thermalization
temperature. This distribution has been estimated at temperatures
of 10 K and 300 K.

The specifications of the system essential for generating the Ps
beam have been defined with a view towards potential optimiza-
tion. The angular dispersion of the beam at the proposed kinetic
energy (200 eV) is primarily affected by laser interaction during
photo-detachment. The quantity of Ps atoms accepted by the
Mach-Zehnder interferometer, within divergences of +125 yrad
and +170 yrad in the y and x directions, respectively, has been
estimated.

The advantage of the approach presented above compared to other
methods for Ps formation is that the primary Ps~ ion beam can be accel-
erated, focused and guided. By then using a high-finesse laser cavity it
is possible to photo-detach the extra electron and form Ps. Two different
laser wavelengths were proposed. One is a CW cavity of 1560 nm and
the other is a pulsed laser of 3600 nm. The latter minimizes beam
spread, but requires modifying the strategy of a continuous beam and
implementing a pulsed system. The statistical findings from this study
underscore the necessity for a robust source of bright positron beams
to generate the requisite Ps flux.
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