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The AEGIS experiment 1 (Antimatter Experiment: Gravity, Interferometry, Spectroscopy) is planned to perform the first measurement of the gravitational acceleration on antimatter by observing the free fall of antihydrogen atoms. By combining techniques based on recent developments in the production of positronium and its laser excitation to Rydberg states, such a study seems indeed to be feasible for neutral antimatter. We present here some of the experimental techniques involved in the experiment as well as the status of the detector test envisioned for the gravity measurement.

Scientific goal and challenges

The weak equivalence principle states that the motion of a particle is independent of its composition and internal structure when submitted to gravity. Although several attempts were made in the past to test this principle with antiprotons 2 or positrons [START_REF] Witteborn | [END_REF] , they lead to large uncertainties mainly due to di culties to control coulombian e↵ects. For this reason, neutral antihydrogen atoms, benefiting from the extensive experimental developments achieved in the 1990's at CERN appear thus to be good candidates. The goal of the AEGIS experiment is to test the weak equivalence principle for neutral antihydrogen (H in the following). The challenging idea is to produce a beam of cold anti-atoms by charge-exchange reaction, involving antiprotons (p), provided by the antiproton decelerator (AD) at CERN and positronium (Ps), a bound-state of electron and positron:

p + Ps ⇤ ! H ⇤ + e (1)
This reaction reveals several advantages. Indeed, the corresponding cross-section evolves as n [START_REF] Aghion | Laser excitation of the n = 3 level of positronium for Antihydrogen production[END_REF] with n the principal quantum number of positronium, which represents 1 ⇠ 10 9 cm 2 for n = 25. Moreover, as the principal quantum number of the antihydrogen is linked with n, the final state distribution can be controlled by correctly tuning the laser excitation 1 . But since the measurement of the gravitational acceleration will rely on the vertical deflection of the beam induced by gravity, the uncertainty on the velocity of the antihydrogen atoms represents one of the largest systematic error of the measurement. The whole experiment is hence performed in a cryogenic environment (liquid helium).

Positronium formation and excitation

In order to form a dense positronium cloud, positrons emitted by a radioactive 22 Na source, are ejected onto a nanoporous silica target. Among the two possible spin configurations (aligned or anti-aligned), the orhto-positronium, triplet state decaying into three gammas, has a particularly long lifetime of 142 ns.

One important achievement of AEGIS in 2016 is the creation of positronium inside the main apparatus. To detect its formation, the annihilation of the electron and the positron nearby the target was observed by the mean of plastic scintillators surrounding the AEGIS apparatus. The technique of Single Shot Positron Annihilation Lifetime Spectroscopy (SSPALS) enabled then to extract from the spectrum of the annihilation counts as a function of the time, the lifetime of positronium, in our case equal to 142.8 ± 1 ns.

To increase the cross-section of the charge-exchange reaction, the positronium is excited by two lasers. A first ultra-violet laser ( = 205 nm) allows the transition from ground state to n = 3 while an infrared laser ( = 1064 nm) excite the antihydrogen to n ⇠ 35. The SSPALS spectrums of positronium with and without laser excitation, recorded outside from the main apparatus, are displayed in figure 1 (left). The plot on the right is obtained by subtracting the area below the two dark gray curves on th left as a function of the ultra-violet laser wavelength, tuned by adjusting the temperature of an optical parametric generator crystal. The spread of the curve, centered on the n = 1 to n = 3 transition wavelength, is directly linked to the velocity distribution of the positronium cloud (Doppler broadening). A proper modeling allows one to extract from this curve the spread in velocity of the positronium atoms 4 , of the order of v = 10 5 m/s. 

Antiprotons manipulations

The confinement of the antiprotons in the AEGIS setup is ensured by a set of Penning-Malmberg traps. In such traps, an axial magnetic field ensures the confinement of the particles radially while the longitudinal motion is restricted by applying a potential well on a set of ring-shaped electrodes. A view of the AEGIS trap system along with some of the main diagnostics is shown in figure 2. The cryogenic tanks surrounding the superconducting magnets are not displayed. The antiprotons exiting the AD and passing through a thin degrader from the left side are caught and cooled by electron sympathetic cooling within the trap placed in a 5 T axial field (left). A microchannel plate (MCP) as well as a segmented Faraday cup are the main diagnostics for this region of the apparatus. Once cold, the antiprotons are sent toward the 1 T trap, divided into two parts: the o↵-axis trap, where the positrons are transmitted toward the positronium converter, and the on-axis trap where the antihydrogen production occurs. A scintillator placed nearby the positronium converter allows one to monitor the formation of positronium. The antiproton manipulations in the 1 T region are controlled by the mean of the hydrogen detector, consisting of three ionizing electrodes stacked to a MCP.

Several steps are needed to prepare and transfer the antiprotons to the production region. The procedure adopted in AEGIS is the following:

1. Approximately 10 8 electrons are loaded in the 5 T trap. Within a few milliseconds, they cool down to the cryogenic temperature by radiative cooling;

2. A bunch of 3.10 7 antiprotons at 5.3 MeV are delivered every 110 seconds by the antiproton decelerator. After passing through a thin degrader to reduce their energy, the fraction with an energy below a few keV is caught in the 5 T trap;

3. By coulombian collisions, the antiprotons transfer their energy to electrons which in turns radiate within a few ms (sympathetic cooling). The time needed for the antiproton temperature to stabilize is typically of the order of one minute;

4. The antiprotons are compressed by applying an oscillating potential on a an electrode segmented azimuthally ("Rotating Wall" technique) and are finally sent toward the trap where the production is planned to occur, located in the 1 T region. This step reaches now 90 % of e ciency such that around 3.10 5 antiprotons are stored into the production trap for each shot of the AD.

Gravity measurement

Once the antihydrogen produced, the value of the gravitational acceleration for antimatter is proposed to be measured using a moiré deflectometer. It consist of three transmission gratings having a pitch d and separated by a distance L. As shown in figure 3, under the e↵ect of gravitation, massive particles experience an acceleration a in the vertical direction leading to a parabolic trajectory while undeflected particles such as photons conserve straight trajectories throughout the whole apparatus [START_REF] Bräunig | Atom Optical Tools for Antimatter Experiments[END_REF] . The shift y between the two impacts at the level of the third grating is then given by:

y = a⌧ 2 (2) 
where ⌧ = L/v z is the time of flight between two gratings. For an apparatus length of 1 meter and assuming a Maxwellian distribution of the particles velocity around a few Kelvins, it leads to a typical spatial shift of 50 µm for a = 9.81 m.s 2 . Such a small shift can however be problematic to measure with standard particle detectors. Adding a third grating with the same pitch d but tilted by a small angle allows one to take advantage of the moiré e↵ect to reveal macroscopic fringes orthogonal to the slits orientation. More details can be found in reference [START_REF] Oberthaler | Inertial sensing with classical atomic beams[END_REF] . Several imaging detectors are envisioned for the gravity measurement. Two candidates are currently being tested on a secondary beamline: the nuclear emulsions and a silicon detector. The nuclear emulsions consist of plates of plastic covered with AgBr(I) crystals distributed homogeneously in a gelatin substrate. When excited by a charged particle, the annihilation products, such as pions, imprint on the emulsion plate a latent image. But in spite of their impressive imaging capabilities (able to reconstruct the antiproton annihilation vertices with a precision of 2 microns), the emulsions films require to open regularly the vacuum chamber and need a large amount of time to be processed. For these reasons, the choice has been oriented toward silicon detectors whose time capabilities of nanoseconds represent no issue. Among the detectors being tested, the Timepix 8 , initially developed for medical imaging applications, is able to determine with 25 microns resolution the position of an antiproton annihilation with 56 % tagging e ciency 9 .

Conclusion

The results of last antiproton runs have been numerous with the achievement of positronium formation in the production region, its excitation to n = 3 outside from the main apparatus, the transfer of around 10 5 antiprotons per shot in the production trap and the tests of possible detectors envisioned for gravity measurement. Before the long shutdown of the LHC planned from 2019 to 2021, the plan is now to produce antihydrogen in the AEGIS setup and to perform a first gravity measurement.
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 1 Figure 1 -(left) The SSPALS spectrum of positronium with and without laser excitation. As the positronium is excited to a state with longer lifetime, it contributes less to the beginning of the spectrum (the curve with laser ON is below the one with laser OFF). (right) The di↵erence of the two curves in dark gray on the left as a function of the UV laser wavelength, corresponding to the n = 1 to n = 3 transition. The spread gives the velocity spread of the positronium cloud (Doppler broadening).
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 2 Figure2-Schematic view of the AEGIS traps as well as some of the detectors (blue). The cryogenic tanks surrounding the superconducting magnets are not displayed. The antiprotons exiting the AD and passing through a thin degrader from the left side are caught and cooled by electron sympathetic cooling within the trap placed in a 5 T axial field (left). A microchannel plate (MCP) as well as a segmented Faraday cup are the main diagnostics for this region of the apparatus. Once cold, the antiprotons are sent toward the 1 T trap, divided into two parts: the o↵-axis trap, where the positrons are transmitted toward the positronium converter, and the on-axis trap where the antihydrogen production occurs. A scintillator placed nearby the positronium converter allows one to monitor the formation of positronium. The antiproton manipulations in the 1 T region are controlled by the mean of the hydrogen detector, consisting of three ionizing electrodes stacked to a MCP.
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 3 Figure3-a) Two slits separated by a distance L restrict the path of a beam to a specific trajectory. b) Replacing the slits by two gratings increases the flux of particles reaching the detector. A third grating (not shown here) located at the level of the detector allows one to take advantage of the moiré e↵ect to reveal macroscopic fringes.