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and antiprotons, with cross-sections scaling with the Ps principal quantum number 𝑛4 and inversely with
relative velocity 𝑣−2. However, the motional Stark effect and velocity mismatch between Ps and antiprotons
impose stringent constraints, limiting efficiency. Advances in transmission positronium converters mitigate
self-ionization losses and improve velocity alignment, promising a significant boost in antihydrogen yield.
This work evaluates formation cross-sections, Ps velocity profiles, and the integration of advanced transmis-
sion Ps converters for precision gravitational studies.
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1. Introduction

Antihydrogen (H̄) formation through charge exchange between Rydberg-positronium (Ps*), the highly-
excited bound state of an electron and a positron, and antiprotons lies at the heart of AEgIS’ (Antimatter
Experiment: gravity, Interferometry, Spectroscopy) effort to create a directed antihydrogen beam for precision
studies of antimatter gravity at CERN. The formation cross-section 𝜎H̄ for this reaction strongly depends on
the principal quantum number 𝑛 of Ps and the relative velocity 𝑣 of the interacting species, scaling as 𝑛4 and
in the range of low velocities as 𝑣−2 [1]. As a consequence, the directive is to excite Ps to high Rydberg-levels
and match the velocities of the excited Ps fraction and antiprotons.

Two effects put strict limits on this basic principle. The first is a 1T magnetic field ( ®𝐵 = [0, 0, 𝐵𝑧]) in
the antihydrogen formation region of AEgIS. This leads to self-induced electric fields by the ®𝑣 × ®𝐵 motional
Stark effect for those Ps atoms that move under an angle to the B-field. As positronium is in highly excited
Rydberg states, the induced Stark-shifts can be sufficient to ionize an increasing fraction of the Rydberg-Ps
atoms as 𝑛 goes up. The second effect is the large difference in velocities of Ps and antiprotons. At 1 eV
kinetic energy, for example, the antiprotons are moderately slow (𝑣 = 104 m s−1) due to their larger masses,
whereas positronium still has 𝑣 = 105 − 106 m s−1, with a very broad Doppler profile. The high velocities
not only reduce the cross-section per se, but also put more stringent limits on the Rydberg-level due to the
self-ionization.

1.1 Self-Ionization Threshold

The Stark effect induces self-ionization in Rydberg-Ps when the motional electric field | ®𝐸mot | surpasses
the ionization threshold 𝐸min as derived in Ref. [2]:

®𝐸mot = ®𝑣 × ®𝐵, 𝐸min =
𝑒

16𝜋𝜖0𝑎02 · 1
9𝑛4 ,

where 𝑒 is the elementary charge, 𝜖0 is the permittivity of free space, and 𝑎0 is the Bohr radius. Ps atoms
with velocities 𝑣2

𝜌 = 𝑣2
𝑥 + 𝑣2

𝑦 > 𝑣lim = 𝐸min/𝐵 exceed the ionization threshold and dissociate. This can
be described by a single angle 𝜃, thanks to the rotational symmetry of the Ps emission cone along the
target normal, which in turn is aligned with the magnetic field. If the speed of Ps 𝑣Ps < 𝑣lim, this angle is
unconstrained. Otherwise, 𝜃 = arcos( 𝑣lim

𝑣Ps
).

1.2 Ps velocity distribution

The velocity profile𝐺 (𝑣Ps) of Ps is modeled using a 3D Gaussian, i.e. a Maxwell-Boltzmann distribution:

𝐺 (𝑣Ps) =
1√︁

2𝜋𝜎2
𝑣

exp

(
−
𝑣2

Ps

2𝜎2
𝑣

)
𝑣2

Ps · 2𝜋 cos(𝜃),

where 𝜎𝑣 is the 1D velocity spread of the Ps cloud. The angular correlation accounts for ionizing trajectories
perpendicular to the magnetic field, causing a deviation from the normal distribution with speed 𝑣2

Ps =

𝑣2
𝑥 + 𝑣2

𝑦 + 𝑣2
𝑧 . This deviation manifests in a reduction of the fast tail of the velocity distribution as can be seen

in Fig. 1. Note that there are still components present faster than the threshold, which comes from summing
all three components of 𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧 – and only the 𝑣𝑥 and 𝑣𝑦 are required to be slower than 𝑣lim, but not 𝑣𝑧 .

1.3 Cross-section dependence on velocity

The charge-exchange cross-section for antihydrogen formation is modeled in Ref. [1] as:

𝜎H̄ (𝑛, 𝑣) =
( 𝑠1

𝑘2 + 𝑠2

)
𝑛4,

where 𝑘 = 2𝑛𝑣/𝑣au and 𝑣 is the relative speed between a Rydberg-Ps atom and an antiproton. Since Ps
typically is much faster than the antiprotons, this 𝑣 can often be substituted by the speed of Ps 𝑣Ps and

3



P
o
S
(
E
X
A
-
L
E
A
P
2
0
2
4
)
0
8
2

Prospects for forward emitted positronium from nanoporous membranes at AEgIS Benjamin Rienäcker

Figure 1: Ps velocity distribution for Ps in the 𝑛eff = 22 manifold with the converter target’s normal aligned with the
magnetic field B. Due to self-ionization effects, the distribution decreases faster beyond the threshold velocity 𝑣lim.

the antiprotons are considered static. This is not generally true and needs to be adjusted as the model and
aspired precision requires it. The atomic unit of velocity is 𝑣au = 2.188 · 106 m s−1 and the fit parameters
𝑠1 = 1.32 · 10−16, 𝑠2 = 1.12 · 10−15 were found numerically. At larger 𝑘 the cross-section diminishes rapidly
due to velocity mismatch between Ps and antiprotons. The complex dependency of the cross-section on 𝑛

and 𝑣Ps is shown in Fig. 2, bottom. It becomes clear that at lowest Ps speed and highest Rydberg levels
the normal ground state cross-section can be boosted by almost seven orders of magnitude. Of course, the
self-ionization in magnetic fields, the broad Ps velocity spread and the requirement of dense particle clouds
during antihydrogen formation severely limit the resulting formation efficiency again.

1.4 Efficiency estimation

The formation efficiency of antihydrogen is determined by integrating the cross-section weighted by the
Ps velocity distribution 𝐺 (𝑣Ps), neglecting the particle cloud densities during overlapping:

𝜂H̄ =

∫
𝜎H̄ (𝑛, 𝑣Ps)𝐺 (𝑣Ps)𝑑𝑣Ps.

The result of this integration can be seen in Fig. 2, top. For each addressed Rydberg manifold 𝑛eff,
taking into account the self-ionization at that level for a Ps emission cone aligned with the 1T magnetic field,
the formation efficiency is plotted, and together with the particle cloud densities it would denote the number
of formed antihydrogen atoms. Hence, the higher this efficiency becomes, the more atoms can be expected.

In the current setup of AEgIS, with 𝑛eff = 22 and a velocity spread of 𝜎vPs = 60 km s−1, an increase
of one order of magnitude with respect to the 2018/19 setup, with 𝑛eff = 16 and a velocity spread of
𝜎𝑣 = 100 km s−1, can be achieved. A mild increase can still be expected for even higher Rydberg levels, but
no dramatic improvement from thereon.

2. Transmission Ps converters

2.1 Current status of Ps formation at AEgIS

While significant progress has been made over the years in producing and manipulating cold positronium
(𝑣 < 105 m s−1) [3–5], traditional methods utilizing reflection geometry converters have inherent limitations.
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Figure 2: Bottom: Calculated H̄ formation cross-section as a function of 𝑣Ps. Regions of low 𝑣Ps and high 𝑛 yield
maximum cross-section. Top: Integrated cross-section weighed with the velocity distribution of the Ps emission cone.
The converter target normal is assumed to be aligned with the magnetic field and self-ionization effects are taken into
account as well.

Installed out of the beam axis with an angle between the target’s normal and the axis, such as it was done
at AEgIS until 2019 [6], reflection converters suffered from self-ionization losses. At AEgIS, the target’s
normal angle against the beam axis was 30 degrees, and the overall overlap between the two particle species
was rather low due to the physical distance of their sources - and ultimately the formation efficiency is also
a function of the respective particle densities. Indeed, a systematic study conducted at AEgIS revealed that
already at 𝑛 = 16, about 25% of the Ps atoms were self-ionizing in the 1T-field [7] and no higher level could
be chosen for the rather warm Ps cloud which had a peak velocity at 1.5 · 105 m s−1.

In the phase-II upgrade, a miniature 5×5 mm e+/Ps-converter reflection target was installed on-axis inside
the antihydrogen formation trap, in the center of a specially designed electrode that could be heated to remove
frozen contaminants if needed. This change of geometry removed to first order the limitation of Ps self-
ionization in AEgIS magnetic field bz aligning the target’s normal with the beam axis, so that higher Rydberg
levels up to 𝑛 = 22 could be targeted. However, in this approach the centered reflection converter obstructs
the downstream beam path, leading to annihilation losses of freshly formed antihydrogen, which has to pass
the target in order to reach the upcoming moiré deflectometer for a gravity measurement. Furthermore, as the
trajectory of Ps from the reflection target is facing upstream, the best antihydrogen formation efficiency for a
gravity measurement is reached when the antiprotons are as static (cold) as possible. Formed antihydrogen
atoms would thus expand in a 4𝜋 sphere, as the momentum is mainly defined by the heavier antiprotons’.

2.2 Prospects for transmission Ps converter targets at AEgIS

Recent advances in nanostructured materials, such as porous silicon membranes, have introduced the
possibility of producing positronium in transmission geometry. This breakthrough, first demonstrated with
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efficiencies of up to 5% [8] and projected to exceed 20% [9], offers a promising avenue for enhancing
antihydrogen yield. Transmission converters allow to form a Ps beam with downstream trajectories and
thus overlap them with a still moving antiproton cloud. All formed antihydrogen atoms, which could be
significantly more due to the matched velocities and the reduced self-ionization losses, will keep moving
downstream and thus contribute to the gravity measurement. Techniques such as Doppler cooling of
positronium [10, 11] opens further avenues for improved velocity distributions and beam collimation, and
ultimately for novel experiments with cold and dense Ps beams.

By addressing the limitations of reflection converters and leveraging advances in transmission technology,
AEgIS aims to achieve another major increase in antihydrogen beam intensity. This advancement will not
only improve gravitational studies but could also serve as a critical resource for broader precision experiments
with positronium such as studies into Bose-Einstein condensates and in-depth QED tests. Also tests of the
Weak-Equivalence Principle via the gravitational red-shift of Ps could greatly benefit from this development
[12–15].

Using the well-established technique of electrochemical etching with hydroflouric acid on doped silicon
wafers at variable etching currents and times allows creating extremely thin nanoporous membranes in the
range of few micrometer, matching the positron implantation profile at few keV kinetic energy and the
necessary Ps diffusion length for thermalisation as demonstrated in [8]. Since these thin membranes are
very fragile, a critical next step involves developing a modular membrane holder designed to operate inside
and outside of AEgIS magnetic fields. This modularity minimizes risks associated with cryogenic stress
and ensures reproducibility during experimental iterations. Cryogenic testing of these holders will evaluate
their robustness under extreme conditions and refine installation procedures. Subsequent experiments will
focus on achieving high Ps formation and excitation to Rydberg states around n= 30, projected to increase
antihydrogen yield by more than an order of magnitude. Applying AEgIS technique of Ps Doppler cooling
could further enhance beam quality, laying the groundwork for AEgIS’ long-term goal of producing a
highest-intensity antihydrogen beam.

The successful deployment of transmission converters will have a profound impact on antihydrogen
studies. Enhanced beam quality reduces systematic uncertainties, providing a stable foundation for gravity
measurements and symmetry tests. Moreover, these converters offer versatile applications across various
positronium-based experiments, laying the ground for collaboration within the antimatter research commu-
nity.
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