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Abstract. In the context of the Antihydrogen Experiment: Gravity, Interferometry, Spec-
troscopy (AEgIS) located at CERN, positron-positronium converters with a high positron-
positronium conversion efficiency have been designed in both reflection and transmission geome-
tries. The converters utilize nanochanneled silicon target technology with positron conversion
efficiencies up to around 50% and around 16%, at room temperature and in the absence of mag-
netic fields, for reflection and transmission respectively. The positron-positronium converters
allow for the pulsed production of antihydrogen (H) within the AEgIS experiment. This paper
discusses the use of a pulsed H beam in a moiré deflectometer to perform a precise gravitational
measurement on H at AEgIS. This work describes the principles and technical details of the
current design of a moiré deflectometer using the pulsed H beam. The main goal of this work is
to summarize the ongoing project of adding the described moiré deflectometer to the AEgIS ex-
periment to further their efforts toward probing the material dependence of gravity and testing
the weak equivalence principle (WEP).

1 Introduction

A precision measurement of the acceleration due to gravity on antimatter provides a test on fundamental interac-
tions and symmetries in nature, more specifically it is a test of the weak equivalence principle[1][2][3][4]. In the last
few decades, several investigations[5][6][7] have chosen their antimatter system of interest to be antihydrogen (H).
A specified goal of the AEgIS collaboration is to directly detect gravitational acceleration using an H beam[8][9]
combined with a moiré deflectometer[10], an instrument to perform high precision acceleration measurements.

The primary ingredients required for synthesizing H are positrons (e*) and antiprotons (). The two most common
methods for positron production are pair production and radioactive decay. 2?Na is the isotope used by AEgIS to
produce positrons, and the capabilities of the AEgIS positron source will be discussed later in the Experimental
section. To produce antiprotons, the Antimatter Factory utilizes pair production by colliding proton beams on
an Ir target. Eq. 1 shows the reaction that produces antiprotons under the conservation requirements of energy,
momentum, and nucleon number. The minimum kinetic energy of the incoming proton that is needed for this
process is around 6 GeV and results in antiprotons on the scale of 1 GeV. The antiproton decelerator (AD)
and Extra Low ENErgy Antiproton (ELENA) ring provide significantly slower antiprotons to AEgIS and other
experiments of the Antimatter Factory[11].

pbeam +pta7'get _>p+p+p+ﬁ (1)

The synthesis of H is generally achieved in experiment using 3 primary methods: radiative recombination[12][13],
three-body recombination via ”mixing”[14], and three-body recombination via charge exchange[15]. Radiative
recombination and three-body recombination via ”"mixing” are not chosen within AEgIS due to the difficulty to
scale and the difficulty to procure a time-signature, respectively. The method that is utilized in AEgIS is three-
body recombination via charge exchange, shown in Eq. 2, which involves the laser-excited Rydberg states of both
Ps and H, denoted as Ps* and H' respectively. This method provides a clear time signature for the reaction with
laser-excitation and is limited primarily by Ps availability.

Ps*+p—H +e (2)
Due to this method requiring excited Rydberg positronium (Ps*), nanochanneled silicon positron-positronium
converters have been developed in AEgIS. The converters have been shown to provide high conversion efficiencies,

up to 50% in reflection converters[16][17] [18], at less than 1 keV positron implantation energies, and up to 16%
for transmission converters, demonstrated with multiple membrane thicknesses that required different positron
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implantation energies depending on sample[19]. Both transmission and reflection geometry converters were tested
at room temperature and in the absence of magnetic fields. Within AEgIS, the converter is located on the axis
of the antiproton magnetic trap. When a reflection converter is employed (see Fig. 1), a cone of Ps reflected
back to the trap is produced. Ps is then laser-excited to Rydberg states (n > 20) [20][21][22]. The laser pulse
provides a time signature for the formation of Rydberg H. In the case of a transmission positron-positronium
converter, the cone of Ps would be positioned upstream of the trapped antiprotons. Therefore, to achieve an H
beam the antiprotons need to be bunched from earlier in the apparatus in order to reach the Ps cloud in the back
end of the trap. In order to obtain a beam of H after a high magnetic field trap, to ultimately enter the moiré
deflectometer, it is important to understand how atoms behave in a non-uniform magnetic field. Within AEgIS,
Rydberg H" exits a 1 T solenoid magnet and experiences a non-uniform magnetic field and undergo the Zeeman
effect, therefore H" either aligns or opposes the magnetic field, based on the spin of the positron[23]. This results
in low magnetic field seeking and high magnetic field seeking H, which would be on axis or on the fringes of the
solenoid, respectively. Therefore, only low field seeking H is retained to form a beam.

laser
excitation

q*

positronium

il P;;Ok\[’ Ps conversion @i

@_ free-fall

H*

antiproton
trap

Figure 1: This schematic illustrates how H is produced within the magnetic traps of AEgIS, when a positron-positronium
converter is used. [20][21]

Moiré deflectometers are advanced optical devices used to measure the deflection of particles (such as antimatter)
in the presence of external fields, particularly gravitational fields[10]. The underlying principle of these devices
is based on the moiré effect|[24], which occurs when two or more periodic patterns (often grids or gratings) are
overlaid, creating interference fringes that can be used to detect tiny shifts or displacements. Fig. 2 illustrates
the concept of moiré deflectometry that AEgIS will utilize for gravitational measurements[10][25]. Trajectories of
both massive particles, under the effect of gravitation, and of undeflected particles. Massive particles experience
a vertical shift in the final moiré pattern when compared to undeflected particles. The vertical shift, Ay can
be calculated from acceleration, a, and time, 7 using kinematics with Ay = ar?, with 7 = Lv.™!, where L is
the length between two successive gratings and v, is the axial velocity. The vertical shift observed in the moiré
are compared to the signal observed from horizontally aligned gratings, providing information on vertical and
horizontal external forces in the environment.The minimum acceleration that can be observed is dependent on
the period of the gratings, the interferometer visibility, time of flight, and the number of detected events[26].

detector

lF:ma Ay=ar?

mated beam

Figure 2: The difference in trajectories of a massive particle (blue) and an undeflected particle (gray) from a single slit
grating are shown (a). Several trajectories from multiple slit grating are shown (b).[27]

For an apparatus length of 1 m and assuming a Maxwellian distribution of the particles peaked around a few
Kelvins (corresponding to a mean velocity of 400ms™'), it leads to a typical spatial shift of 50 um for a gravita-
tional acceleration a = 9.81 ms~2[25]. In the AEgIS design the moiré deflectometer is hosted in a 1 m ultra-high
vacuum chamber. It can be rotated by 90 degrees, allowing measurements with the grating in vertical and hori-
zontal position. A scintillator detector is used to monitor the beam lost on the grids while a novel system based
on CMOS technology with micrometer resolution for event detection after the grids. In the following, we will
detail the design and technical details of the moiré deflectometer to be implemented in AEgIS.
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2 Experimental
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Figure 3: The AEgIS apparatus separated into source, H production, and moiré deflectometer regions.

The AEgIS apparatus consists of three regions, as shown in Fig. 3, referred to as the source region, the H pro-
duction region, and the moiré deflectometer region. The source region consists of a ??Na radioactive source for
positrons, which can be redirected to a separate line and target chamber for positron and Ps research, and a beam
line coming from the ELENA ring providing antiprotons for AEgIS. The positron source used in AEgIS is a ?>Na
with a strength of 40 mCi and a moderator efficiency of 2.5 x 1073, as of November 2024. Positrons are cooled
within a Surko trap outside a 5 T magnet, while antiprotons are stored and cooled within a Penning-Malmberg
trap within the 5 T magnet apparatus. In the 1 T solenoid magnet, H production occurs via the charge exchange
process. This region contains the positron-positronium converter and the pulsed laser excitation of Ps, whose
formation and excitation efficiency is monitored by means of micro-channel plate detector [28]. The converter
induces a shadow on the produced H flying towards the exit of the solenoidal magnet. Upon exiting the solenoid
magnetic trap of the H production region, the non-uniform field causes H to undergo the Zeeman effect and some
H to be focused into the beam line. The recovery efficiency of H back onto axis is currently being studied and
simulated at AEgIS.

Figure 4: 3D drawing for the inner most section of the tube, the linear guide holding the moiré gratings (top left). The
linear guide fixed to the rotating tube (top right). 3D drawing of the gravity module to be attached to AEgIS (bottom).
Grating holders (pink), box scintillator detectors (red), JPET scintillator detector (green), and OPHANIM camera system
(blue) is shown.
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3 Development

The primary intent of this work is to discuss the development and status of the moiré deflectometer region, also
referred to as the gravity module. The current design consists of a 1 m long linear apparatus fixed within a steel
tube that can rotate either 90 degrees clockwise or counterclockwise. T'wo of the grating holders contain a Piezo
motor that allows fine-tuning of the gratings to ensure proper alignment. The moiré gratings are made using
electrochemical etching on Si wafers, where for our purposes the openings of the gratings will be 40 ym with 100
pm [29]. The inner linear guide and the rotating tube apparatus can be shown in Fig. 4. This moiré apparatus is
secured to a CF 200 stainless steel pipe where scintillating detector boxes are placed around the locations of the
moiré gratings to measure annihilation at each grating, as shown in Fig. 4. Furthermore, a JPET scintillator will
be attached to one side of the assembly for full-length tracking of annihilation radiation over the entire gravity
module [30]. In between the scintillator boxes, several flanges have been added to maximize access to the system.
One radial CF 63 flange is for the gearbox to rotate the moiré deflectometer, two radial CF 63 flanges are for
getter pumps, and two radial CF 150 flanges are for turbo pumps. The grating holders will contain environmental
detecting sensors to measure temperature and magnetic field, and all relevant cables utilize the remaining radial
CF ports.

Located at the end of the moiré apparatus will be a novel imaging system currently being designed by AEgIS,
called the Optical Photon and Antimatter Imager (OPHANIM). This system is a vertexing detector based on a
commercial mobile camera sensor. This detector is sensitive to et, e, p, kaons, pions, XUV light, and visible
light.

4 Conclusions

This paper describes the installation of a gravity module, a moiré deflectometer, on the ongoing AEgIS experiment,
a critical step required to directly detect gravitational acceleration using H. The design is contingent on the
creation of a low-energy pulsed Rydberg H beam via the charge exchange reaction of antiprotons with Rydberg Ps,
with Ps that is generated from an innovative nanochanneled silicon positron-positronium converter in reflection
geometry. Some of the H produced forms a beam that arrives to the moiré deflectometer, travels through the
moiré gratings, and the arrival position of H is measured on the OPHANIM detector. Losses inside the apparatus
are monitored from scintillating detector boxes and event-vertexing JPET scintillators, all of which is secured
to the external vacuum chamber previously described. The completion of this gravity module, expected within
2025, will be a monumental advancement in the direct observation of gravitational acceleration and provide an
unprecedented low-energy pulsed beam of H.
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