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Executive Summary
The ASACUSA experiment constitutes two experimental beamlines. The antiprotonic helium
experiment is installed in one of the beamlines ASACUSA-1 of 12 m length which was specially
designed by the ASACUSA collaboration for differential pumping needed to accomodate gas targets
and was constructed by the collaboration between 2019 and 2022. At the beginning of Run4 in 2028
a second experiment, precision x-ray spectroscopy of high-Z exotic atoms, is foreseen to be
installed in a new second parasitic branch of this beamline which the ASACUSA collaboration will
design, construct and install (see ASACUSA proposal submitted with this LOI).

In these two laser and x-ray spectroscopy experiments, the antiproton beam extracted from
ELENA [1] is allowed to traverse a thin plastic window [2] before entering the target chamber
and coming to rest in the target gas. This results in the production of the exotic antiprotonic
atoms. For both experiments to achieve the highest possible precision, an ELENA beam with the
following upgraded properties is needed. This will allow, a): the precision of the determination
of the antiproton-to-electron mass ratio by laser spectroscopy of antiprotonic helium to perhaps
reach 10−12 using future high-power laser systems, b): a tenfold improvement in the precision of
the x-ray spectroscopy.

Lower ELENA energy: as a first and highest priority step, a cooled and pulsed antiproton
beam of energy E = 75 keV instead of the nominal 100 keV will greatly improve the signal-to-noise
ratio and thus the precision of the two experiments, providing an immediate return on physics
results. Past experiments using the ASACUSA radiofrequency quadrupole decelerator and typical
experimental targets carried out between 2000 and 2018 have empirically shown that at E = 75 keV
as compared to 100 keV, more exotic atoms are produced in gas targets of smaller target volume due
to the smaller accumulated scattering [2] and energy straggling of the beam in the correspondingly
thinner entrance window and lower pressure of the gas target. For the ASACUSA antihydrogen
experiment, a cooled 75 keV beam used in conjuction with a thinner degrader foil would result
in a larger number of antiprotons trapped in a Penning trap per antiproton pulse
estimated to be up to 1.5× compared to now. This would aid the antihydrogen experiments.

Slow extraction: in the longer time range after LS4 in 2036–, a slow-extracted antiproton
beam from ELENA would be needed in which the arrival of individual antiprotons at the respective
gas targets may be resolved. Both exotic atom spectroscopy experiments can be readily adapted
to the continuous beam by reusing most of the existing setup. To be truely useful in our gas target
experiments, the 85 keV energy is needed in conjunction with the slow extraction.

These modifications to the ELENA beam may be done in a way that does not disrupt the
other 100 keV ELENA users or reduce their beamtimes. In one possible scenario, of the
four antiproton bunches that normally circulate in ELENA, three may be extracted to the trap
experiments of the other collaborations at the nominal energy of 100 keV and intensity of 107

antiprotons per pulse. The last bunch may then be decelerated to 75 keV and extracted as a pulsed
beam. This would allow other collaborations to choose between either the 75 keV or 100 keV
energies within a single ELENA cycle without loss of beamtime compared to now. In the second
and longer-term phase, the 75 keV beam may be extracted over a period of 100 s at a rate of 105

antiprotons per second. Besides the ASACUSA antihydrogen experiment that would gain from
greater numbers of trapped antiprotons of the pulsed 75 keV beam, the three experiments that
would benefit from this new beam are:



Antiprotonic helium. As described in the ASACUSA proposal submitted with this letter-of-
intent, metastable antiprotonic helium (pHe+ ≡ p + He2+ + e−) is a three-body exotic atom that
contains a helium nucleus, an electron occupying the 1s state, and an antiproton in a Rydberg state
of large principal (n ∼ 38) and orbital angular momentum (ℓ ∼ n − 1) quantum numbers [3–10].
This hadron-antihadron atom constitutes an important system for high-precision spectroscopic
study [11–14] complementary to antihydrogen atoms [15,16] that probe the interaction between an
antihadron and antilepton. We propose [17] to utilize both the pulsed and continuous 75 keV
antiproton beams to carry out sub-Doppler single- and two-photon laser spectroscopy of narrow
resonances of pHe+. A potentially higher precision of ≈ 10−12 and signal-to-noise ratio compared
to experiments carried out using the pulsed antiproton beam may be achieved using the continuous
beam. This more challenging experiment enables us to test the calculations of quantum electrody-
namics (QED), yield a precise value of the (anti)proton-to-electron mass ratio that forms the basis
of the International System of Units, as well as a test of the consistency of CPT symmetry in a
hadron-antihadron system. The spectroscopic data can also be used to establish upper limits on
some beyond-the-Standard-Model physics such as fifth forces that may arise at Angstrom length
scales or exotic spin-dependent forces mediated by unknown spin-0 or spin-1 bosons with eV-scale
masses. The continuous beam will allow the rejection of π+ → µ+ → e+ background in the data.
This experiment requires the very complex and expensive laser infrastructure already installed in
ASACUSA-1 and the accompanying laser hut by the collaboration over many years, and so contin-
ued long-term use of the two facilities is essential.

QED with high-Z exotic atoms. As described in detail in the ASACUSA proposal submitted
together with this LOI, we propose to perform highest precision x-ray spectroscopy of transitions
between Rydberg states in medium and high-Z antiprotonic atoms. These systems offer a unique
opportunity to probe strong-field QED effects free from uncertainties linked to unknown nuclear
properties. We propose to perform high-precision x-ray spectroscopy of a selected set of these transi-
tions in antiprotonic atoms using a new, large-area Transition Edge Sensor (TES) microcalorimeter
detector, developed by the NIST Quantum Sensing Division (USA). This new detector offers, for
the first time, a 50 times gain in intrinsic resolution over conventional semiconductor detectors,
while maintaining high-quantum efficiency. Using this new detector coupled with a sealed gas cell
where the antiprotonic atoms will be formed, we will perform x-ray spectroscopy of Rydberg transi-
tions in antiprotonic atoms in the energy range of 30-250 keV, for 10 ≤ Z ≤ 74. Due to the intrinsic
thermal, calorimetric nature of the TES detectors, they function optimally with the lowest possible
instantaneous rate. For this reason, we request a slow-extraction to the x-ray spectroscopy setup
in ASACUSA-1, which we estimate will allow us to gain at least an order of magnitude in accuracy.
This will allow to place further constraints on higher-order QED and make stronger exclusions for
Beyond Standard Model physics that include new force carriers with Hadronic couplings.

Pontecorvo reactions are rare antiproton nuclei annihilations involving two or more nucleons.
The study of these processes provides insight into the annihilation process which involves two main
mechanisms: (i) the short-distance interaction between quarks and antiquarks building a fireball,
and (ii) the interaction from annihilations on single nucleons, followed by the long-distance rescat-
tering of the emitted pions. Some measurements were performed in the past at LEAR by using
antiprotons annihilating on a deuterium target. However, no data exist for targets with more than
two nucleons. We propose to measure antiproton annihilation at rest on 3He (and possibly 3H).
The measurement of the branching fraction for the process p 3He → pn would distinguish between
different theoretical models for which predictions vary by one to two orders of magnitude. The

ii



ASACUSA collaboration is studying the feasibility of performing this experiment at CERN with
the 100 keV ELENA beam to be extended in continuous (DC) operation mode. A preliminary
design of a simple apparatus with plastic scintillators and photon converter layers is presented,
together with Monte Carlo simulations to assess the efficiency, counting rate and background. As-
suming that the branching fraction for p 3He → pn is 10−6, predicted by the fireball model, the
production rate would be 1 Pontecorvo event per p̄ spill (2 min), with a signal-to-noise ratio of 10.

iii
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Part I

Lower beam energy and slow extraction

The ASACUSA collaboration requests two upgrades to the antiproton beam extracted from ELENA
[1] in a way that does not disrupt the other users or reduce their beamtimes. The existing 12 m
long ASACUSA-1 beamline which was constructed by the collaboration between 2019 and 2022 is
already designed to accommodate the possible lower-energy pulsed beam and the continuous beam
upgrades. The beamline was designed by the collaboration with differential pumping capabilities
which are compatible with the use of gas targets. The collaboration has installed extensive laser
beam transport and safety infrastructure. The antihydrogen experiment installed in the ASACUSA-
2 beamline may be easily adapted to the lower-energy antiproton beam as well, by changing the
degrader plastic foil that is currently installed at the entrance of the antiproton Penning trap to a
thinner one of thickness ≈ 1 µm.

Lower ELENA energy: as a first and highest priority step, a cooled and pulsed antiproton
beam of energy E = 75 keV provided by ELENA will improve the signal-to-noise ratio and thus the
precision of the laser spectroscopy experiment of antiprotonic helium, and the x-ray spectroscopy
experiment on exotic antiprotonic atoms. Past experiments using the radiofrequency quadrupole
decelerator (RFQD) and typical experimental targets carried out between 2002 and 2018 have em-
pirically shown that at E = 75 keV as compared to 100 keV, more exotic atoms are produced in
gas targets of smaller target volume (by a factor 4) due to the smaller integrated scattering and
energy straggling of the beam in the thinner entrance window [2] of the gas target, at least in the
context of our experimental apparatus. This lower energy maximized the signal-to-noise ratio of
past spectroscopy experiments in which the antiproton-to-electron mass ratio was determined. The
observed behaviour agrees with the results of molecular dynamics calculations in the recoil interac-
tion approximation (MD-RIA) based on the interaction potential between antiprotons and atoms
calculated by quantum chemical methods [2]. This is crucial in many of the planned measurements
of the two experiments. By combining the lower ELENA energy with the induction decelerator, an
even lower antiproton energy E < 40 keV may be reached while preserving the high quality of the
beam.

For the ASACUSA antihydrogen experiment, the change in ELENA energy is expected
to increase the number of trapped antiprotons by up to factor 1.5× compared to now. By further
combining the drift tube decelerator installed upstream of the antiproton catching trap with the
lower ELENA beam energy, even higher numbers of trapped antiprotons may be achieved. The
larger number of trapped antiprotons would benefit several experiments that utilize the Penning
trap as mentioned in the accompanying proposal. The collaboration has many years of experience
in carrying out these modifications.

Slow extraction: in a longer time range after LS4 in 2036–, a slow-extracted antiproton beam
would be needed in which the arrival of individual antiprotons at the respective gas targets may
be resolved. The 75 keV beam may be extracted over a period of 100 s at a rate of 105 antiprotons
per second. This would require some beam diagnostics to be developed which would be capable of
measuring the spatial profile of these beams along the beamline. The slow extraction beam is vital
to carry out the Pontecorvo experiment.

In one possible scenario under discussion with CERN accelerator specialists, of the four antipro-
ton bunches that normally circulate in ELENA, three bunches may be extracted to the existing
trap experiments at the nominal energy of E = 100 keV and intensity of 107 antiprotons per pulse.
This would ensure that no change would be required to the experimental setup of the other col-
laborations. The fourth and last bunch may then be further decelerated to 75 keV and extracted

1



as a pulsed beam. This would also allow other collaborations to choose between either the 75 keV
or 100 keV energies within the cycle. In the second phase that occurs beyond 2036, this fourth
remaining bunch of 75 keV antiprotons may be extracted as a continuous beam.
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Figure 1 – Proton-to-electron mass ratios measured in Penning traps and laser spectroscopy of HD+

molecular ions, compared with the antiproton-to-electron mass ratio determined by laser spectroscopy
of antiprotonic helium published by ASACUSA [11] in 2016. Yellow and blue shaded areas represent
the CODATA2010 and 2018 recommended values. Improvements were achieved since 2016 by Penning
trap [18–22] and HD+ experiments [23–25]. The latter determined the proton-to-electron mass ratio
with a precision of 2 parts in 1011.

Part II

Laser spectroscopy of antiprotonic helium
using a continuous antiproton beam

1 Physics motivation

As described in the ASACUSA proposal submitted with this letter-of-intent, metastable antipro-
tonic helium (pHe+ ≡ p+He2+ + e−) is a three-body exotic atom that contains a helium nucleus,
an electron occupying the 1s state, and an antiproton in a Rydberg state of large principal (n ∼ 38)
and orbital angular momentum (ℓ ∼ n−1) quantum numbers [3–10]. This hadron-antihadron atom
constitutes an important system for high-precision spectroscopic study [11–14] complementary to
antihydrogen [15,26] that probe the interaction between an antihadron and antilepton.

We propose [17] to utilize both the pulsed and continuous 75 keV antiproton beams to carry
out sub-Doppler single- and two-photon laser spectroscopy [12] of narrow resonances of pHe+. The
continuous beam in slow extraction mode, used in conjunction with an advanced high-power
continuous-wave laser, may allow spectroscopy with a potentially higher precision of ≈ 10−12 and
signal-to-noise ratio compared to experiments carried out using the pulsed antiproton beam. The
increase in precision is possible because whereas laser spectroscopy using the pulsed beam is an
inherently analog measurement that relies on measuring the instantaneous flux of secondary
particles emerging from the experimental target, the continuous beam will allow the “digital” event-
by-event detection of individual annihilation events as in other accelerator physics experiments and
the suppression of background processes. This may eventually allow tests of three-body quantum

3



Figure 2 – Experimental precision on the antiproton-to-electron mass ratio determined by laser spec-
troscopy of pHe+ over the years (solid red line), compared with the uncertainty of theoretical QED
calculations (broken blue line). The theoretical precision on the pHe+ transition frequencies are ex-
pected to reach ∼ 6 × 10−12 within a few years. This corresponds to a factor > 400 higher precision
compared to the best published results of ASACUSA in 2016.

electrodynamics (QED) calculations and a determination of the antiproton-to-electron mass ratio
Mp/me with ≈ 10−12 scale precision. Our test of CPT symmetry in a bound hadron-antihadron
system would likewise improve, and by combining the results with the cyclotron frequency of a single
antiproton confined in a Penning trap measured by the BASE and TRAP experiments, upper limits
on any deviation between the proton and antiproton masses and charges may be determined. The
pHe+ data can also be used to set upper limits on any hypothetical fifth forces that may arise
between hadrons and antihadrons at atomic length scales between l = 10−11 and 10−9 m [27–29],
and upper limits on exotic velocity and spin-dependent, semi-leptonic forces that may arise between
antihadrons and electrons [30,31] due to axions or other undiscovered spin-0 or spin-1 bosons such
as familons, Majorons, or arions.

The continuous antiproton beam would also allow us to determine the chemical physics
properties of pHe+ atoms such as the exact number of antiprotons populating the atomic states
with higher precision than before. This provides important feedback to phenomenological models

4



Figure 3 – Layout of the experiment using the ELENA beam to synthesize pHe+ cooled to temperature
T = 1.5–1.7 K and carrying out laser spectroscopy. Either a pulsed or continuous antiproton beam of
energy between E = 75–100 keV come to rest in the helium gas target. Either a continuous or pulsed
laser beam irradiate the pHe+ atoms.

of electromagnetic cascade processes that are widely used in various astrophysical, hypernuclei,
meson spectroscopy, and X-ray spectroscopy experiments involving the formation of exotic atoms.

The pulsed antiproton beam of ELENA is ideal for achieving laser spectroscopy at a relative pre-
cision of ≈ 10−11 using laser systems that are not as technologically challenging, and so ASACUSA
will focus on improving the current experiments in the short and medium-term future. The pulsed
beam has other important advantages relative to the continuous antiproton beam, and so we will
use both types of beams in Run 5 after 2036. Fully realizing the potential of the continuous an-
tiproton beam to reach ≤ 10−12 scale precision requires the development of challenging high-power
continuous-wave lasers that are expected to appear in the late 2030’s.

2 Laser spectroscopy using the pulsed antiproton beam

2.1 Measurement methods using a pulsed beam

In all experiments carried out using ELENA so far, the antiprotons are delivered as a single high-
intensity pulse containing 107 antiprotons of pulse length 200 − 300 ns and energy E = 100 keV.
Some 97% of the antiprotons annihilated promptly after stopping in the helium, whereas 3% of
them formed 3× 105 long-lived pHe+ atoms simultaneously via the reaction,

p+He → pHe+(n,ℓ) + e−. (1)

The atoms contained in the sample proceeded to annihilate with an average lifetime of τ = 4 µs.
Based on past experiments using e.g. bubble chambers, on average 1.5 π+-mesons, 1.8 π−-mesons,
and 2 neutral π0 mesons are produced when an antiproton is absorbed into a 4He nucleus. The
charged pions emerging from these near-simultaneous annihilations produced Cherenkov light in
acrylic detectors placed around the target. Neutral π− decayed into two gamma rays with a 0.08 fs
lifetime while still inside the target. About 20–30% of the gamma rays were converted into electron
and positron pairs while travelling though the target walls, and some of these produce Cherenkov

5



Figure 4 – Simulated distribution of the number of photoelectrons produced by 6 × 106 antiprotons
annihilating at t = 0. The hatched area corresponds to the background caused by π+→µ+→e+ de-
cay. The simulated envelope of the Cherenkov light produced when a pulsed beam containing 5 × 108

antiprotons comes to rest in the helium target, including contributions of the spontaneous decay of
signal metastable p4He+ atoms, and the π+→µ+→e+ background indicated by the hatched area. From
Ref. [33].

light in the detector. The rate of annihilations was so high that individual particles could not be
resolved, and instead the Cherenkov detector produced a single continuous light pulse consisting
of an extremely bright, 200-300-ns-long flash from the promptly annihilating antiprotons followed
by a much longer (≈ 20 µs) but less intense tail from the delayed annihilations of the metastable
atoms. This light envelope was detected by a fine-mesh photomultiplier and the analog waveform
of the anode signal was recorded by a digital oscilloscope (see spectrum of Fig. 6(a) measured using
LEAR facility, see below).

Laser spectroscopy experiments carried out prior to 2018 using the radiofrequency quadrupole
decelerator (RFQD) to determine the antiproton-to-electron mass ratio [11, 12, 32] indicate that a
much higher signal-to-noise ratio is obtained for an antiproton beam energy of E = 75 keV instead
of the 100 keV nominal energy of ELENA. We request that ELENA extract a 75 keV beam to
the ASACUSA-1 beamline. The collaboration is also constructing an induction decelerator which
allows antiprotons to be decelerated by a kinetic energy difference of ∆E = 25 keV. By combining
the 75 keV beam of ELENA and the induction decelerator, an antiproton beam of energy E < 50
keV may be achieved where even greater signal-to-noise ratios are expected according to simulation.
The induction decelerator is a pulsed device and cannot slow down a continuous beam.
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Figure 5 – Comparison of the schematic layouts of laser spectroscopy experiments of antiprotonic helium
using continuous (a) and pulsed (b) antiproton beams at Low Energy Antiproton Beam (LEAR). From
Ref. [34].

2.2 π+→µ+→e+ decay background

The spectra measured in this way using the pulsed antiproton beam contained a strong background
with a time constant τ ≈ 2 µs. This background was mainly produced by the low-energy positive
pions π+ emerging from the antiproton annihilations that came to rest in the walls of the cryogenic
gas target, the detector, or the concrete floor of the experimental hall. The stopped π+ then decayed
into positive muons µ+ with a lifetime of around 26 ns. The µ+ further decayed into positrons
with a lifetime of τ = 2.2 µs and average energy of E = 40 MeV. Some of the positrons struck the
detector and produced delayed Cherenkov photons. This so-called π+→µ+→e+ background could
not be distinguished from the signal produced by the metastable atoms, which contained multiple
decay components with lifetimes τ = 0.2–5 µs. The simulated contributions of this background to
the time spectra of pHe+ atoms measured when a pulsed beam containing 5×108 antiprotons comes
to rest in the helium target are indicated by the hatched areas of Figs. 4(a)–(b). The intensity
of this background depended on the amount of material surrounding the experimental target in
which π+ came to rest. This prevented us from determining the absolute number of antiprotons
populating the pHe+ states interrogated by the laser beam.

The negative pions π− that came to rest in the material surrounding the helium target did
not produce a significant long-lived background, since they formed π− atoms and were absorbed
immediately by the atomic nuclei by the strong interaction. A small fraction of the π− that came
to rest in the helium target can in principle form the three-body pionic helium atom (πHe+≡
π− +He2+ + e−) with a lifetime of around ≈ 7 ns.

3 Measurements using continuous antiproton beam

In Fig. 5, the experimental layout of laser spectroscopy of antiprotonic helium using the continuous
(a) and pulsed (b) antiproton beams of energy E = 21 MeV carried out at the Low Energy

7



Figure 6 – Time spectra of antiprotonic helium atoms measured by allowing a pulse of 2 × 108 an-
tiprotons to come to rest in a helium target (a). The transition (n, ℓ) = (39, 35)→(38, 34) at wavelength
λ = 597.26 nm is induced at t = 1.6 µs. The hatched area represents the contributions from positive
pions undergoing decay π+→µ+→e+ background. The intensity of this background depends on the
amount of material surrounding the helium target in which the π+ can come to rest. The background-
free spectra measured using a continuous antiproton beam of LEAR with improved signal-to-noise ratio
(b). As this comparison shows, measurements using the continuous antiproton beam of ELENA would
similarly improve the signal-to-noise ratio by factor ≈ 3 compared to the present experiments using the
pulsed antiproton beam. The absolute number of counts under the peak induced by the laser transition
would also be directly determined. From Ref. [34].

Antiproton Ring (LEAR) are compared. In the proposed experiment which may be started in Run
5 starting in 2036, a continuous beam of E = 75 keV antiprotons (corresponding to ≈ 300 times
lower energy than LEAR) are allowed to stop in the helium target at a rate of 105 p/s over a 100
s period. Since the metastable pHe+ thus formed annihilates with an average lifetime of ≈ 4 µs,
roughly one atom exists in the target at a time. Its annihilation will be identified with > 99%
efficiency by a set of 10 electromagnetic calorimeters surrounding the target. The calorimeter will
be constructed using multiple layers of lead sandwiched between plastic scintillators and read out
by photomultipliers. The high detection efficiency is due to the large solid angle of the calorimeters
seen from the target, and the fact that each calorimeter has a near-unity detection efficiency to
gamma rays emerging from π0→2γ decay.

The background due to π+→µ+→e+ decay will be rejected by requiring the simultaneous de-
tection of at least two pions produced in an annihilation event in the helium target. In this way, a
background-free spectrum which shows the spontaneous decay of pHe+ with a higher signal-to-noise
ratio will be obtained. The time spectrum measured using the continuous beam of LEAR is shown

8



Figure 7 – Summary of comparisons of laser spectroscopy experiments of pHe+ using pulsed (left
column) and continuous (right) antiproton beams. ASACUSA is currently focusing on the experiments
using the pulsed antiproton beam which has a high confidence level of success. The continuous antiproton
beam would provide higher annihilation sensitivity and negligible background, but would require a
next-generation continuous wave laser system with very high powers. The laser system would be more
challenging due to the high average laser power needed to excite the pHe+ atoms. Given the rapid pace
of progress in high power lasers however, the experiment will eventually become possible in the late
2030’s when the slow extraction beam becomes available.

in Fig. 6(b), compared with the spectrum measured using the pulsed beam in Fig. 6(a). The con-
tribution of the π+→µ+→e+ background in the later spectrum is indicated by the hatched area.
As this comparison shows, measurements using the continuous beam of ELENA would improve
the signal-to-noise ratio by factor 2.5 to 3 compared to the present experiments using the pulsed
beam. The absolute number of counts under the peak induced by the laser transition would also
be directly determined.

In Fig. 7, the various characteristics of experiments carried out using the pulsed beam of E = 75
keV are compared with the corresponding characteristics of a continuous antiproton beam. The
former has the advantage of being able to decelerate the antiprotons to lower energy E < 50
keV; the volume in the experimental target irradiated by the pulsed antiproton beam is larger.
ASACUSA is therefore currently focusing on the experiments using the pulsed antiproton beam
which is likely to succeed.

The continuous antiproton beam would provide higher sensitivity to annihilations and the back-
ground would be negligible. But laser spectroscopy would require a next-generation continuous-
wave laser system with high output powers needed to excite the pHe+ atoms. Given the rapid pace
of progress in high power lasers, the experiment will eventually become possible in the late 2030’s
when the slow extraction beam may become available.
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Part III

X-ray spectroscopy of high-Z antiprotonic
atoms with TES detector

1 Physics Case

1.1 Introduction

As described in detail in the main Run 4 proposal, quantum electrodynamics (QED) offers a
promising avenue for exploring the details of the Standard Model and seeking hints of new physics
[29]. The significant progress made in precision measurements of atomic systems means that bound-
state quantum electrodynamics (BSQED) can be tested, wherein atoms serve as a unique laboratory
for probing the details of the quantum vacuum. For simple weak-field low-Z systems, such as the
hydrogen atom, extremely high-precision BSQED calculations can be performed perturbatively in
the Coulomb field, allowing for a comparison with laser-spectroscopy experiments at the level of 12
to 15 significant digits [35,36] and tests up to third-order interactions with the vacuum. However,
when moving to higher-Z, a fundamentally different approach must be used, as the interactions
with the Coulomb field can no longer be treated perturbatively, and so-called all-order BSQED
calculations must be performed in this strong-field regime. These all-order calculations have been
much less stringently tested due to a multitude of experimental and theoretical challenges [37].
This is unfortunate, as the field strengths in high-Z systems approach the Schwinger limit - the
threshold at which the electromagnetic field strength exceeds ∼ 1.32×1018V m−1, where in principle
real electron-positron pair production becomes possible - which enhances both relative contributions
from BSQED effects in the bound-state atomic structure and the potential to observe new effects in
the electromagnetic regime. Precise strong-field BSQED tests can only be performed in systems that
are simultaneously simple enough to be accessible to theory and extreme enough to achieve the field
strengths of interest. As such, many recent studies have focused on high-precision measurements
of x rays coming from inner-shell atomic transitions in few-body, highly-charged ions (HCIs) across
a broad range of Z, see [37] for a recent review. However, the stripping of high-Z atoms is a
challenging task, necessitating their spectroscopy to be performed in plasmas with electron cyclotron
ion sources, or in storage rings, both of which produce limiting Doppler shifts. For example, a
measurement of the Lamb shift in hydrogen-like (H-like) uranium with a germanium detector was
limited to an experimental precision of 10−3 [38], which is insufficient for second-order QED tests. A
more fundamental roadblock to producing strong-field BSQED benchmarks through spectroscopy of
HCIs is the poorly constrained nuclear properties of these heavy systems, which introduce significant
uncertainties in transition energies [37], limiting the sensitivity of the measurements to only first-
order QED.

1.2 Our Methodology

Our approach to strong-field BSQED studies addresses the above challenges by using a new
paradigm of studying Rydberg transitions in antiprotonic atoms [39]. In these systems, composed
of a nucleus and an antiproton, the heavy mass of the antiproton (∼ 1836 times the mass of the
electron) leads to Bohr radii that are significantly smaller than the electronic equivalents, resulting
in much stronger field intensities. Even for high-n antiprotonic Rydberg states, the Coulomb field
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strengths can be orders of magnitude higher than for a 1s electronic state in their H-like counter-
part (e.g., three orders of magnitude for n= 6 in p̄-Ne and two for n= 11 in p̄-Pb). This opens up
the possibility of studying transitions between circular Rydberg states, where the wave functions
are nodeless and much more spatially confined, providing a minimal overlap with the nuclear core
and effectively eliminating the uncertainty contributions from nuclear structure.

As these circular Rydberg transitions in medium and high-Z antiprotonic atoms fall in the hard
x-ray regime, it has been impossible up until now to perform high-precision spectroscopy of these
states. This is because traditional semiconductor-based detectors like HPGe do not have the in-
trinsic resolution to extract centroids at the 10−5 level needed for accessing higher-order QED, and
crystal spectrometers, though they can achieve 10−6 resolution, have intrinsic efficiencies that are
too low to be used with exotic beams produced in small quantities. The advent of newly available
microcalorimeter x-ray detectors has revolutionized the experimental landscape, offering, for the
first time, high intrinsic resolution (0.4-0.8 quantum efficiencies) and a 50 times gain in intrinsic res-
olution over HPGe detectors [40,41]. We have already demonstrated the capacity of these detectors
in muonic atoms at JPARC [42,43], demonstrating their compatibility with harsh accelerator envi-
ronments, but ELENA presents unique challenges linked to the large annihilation background and
antiproton bunch timing properties that are difficult to couple with these relatively slow bolome-
ters that prefer few Hz rates per pixel. A custom Transition Edge Sensing (TES) microcalorimeter
detector is being developed for this project with the NIST Quantum Sensing Division (USA) to
address these challenges; however, the performance of the system can be significantly ameliorated
through the development of slow-extracted beam bunches with fewer instantaneous antiprotons
than are currently available. In fact, the lower the instantaneous intensity, the higher the precision
of measurement that can be achieved. Our team brings the expertise of deploying these quantum
sensing detectors to CERN, but new capabilities from the antiproton beam facility are needed to
unlock the full, highest precision potential of the program.

2 TES microcalorimeters and their response to pulsed beam

2.1 Basic functioning of a TES

Figure 8

A TES microcalorimeter is a thermal detector that relies on the steep resistive transition of a
superconducting material to function as a high-precision single-photon thermometer. By operating
at low temperatures (≤100 mK), thermal noise can be suppressed so that high resolving powers of
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∆E/E ∼ 10−4 can be achieved. Additionally, this technology has matured so that large arrays of
TES can be made, up to thousands of pixels and large solid angles, making this technology scalable
and applicable to exotic beam and other low count-rate experiments.

The basic operating principle of a TES is shown in Figure 8. A photon impinges on a high-Z
absorber, deposits all its energy and stops, thus causing the absorber to heat. The absorber is
connected to the superconducting TES sensor by a thermal link. The TES then heats accordingly.
Since the TES is biased at its superconducting to normal transition, the change in TES temperature
causes a change in resistance in its bias circuit. This change in resistance is read out inductively by
a microSQUID circuit coupled to a microwave multiplexer. As the TES and absorber are coupled
to a thermal bath held at low temperature (∼ 50 mK), they then return to the base temperature
and are ready to accept new photons.

Example signals from a TES are shown in Figure 9, corresponding to the Kα x-rays in Cr,
Co, and Cu, around 10 keV. What is to be noted in the figure is that the signal fall time is long,
and full thermalization only occurs after 5-10 ms. This means that with respect to the antiproton
bunch delivery and timescale of the antiprotonic atom cascade (ns-ps range), these detectors have
no timing resolution to separate events that would arrive from the same antiproton bunch. The
only mitigation for large instantaneous event rates is the fact that the TES detectors can be made
with small individual pixel sizes (0.25mm2), and combined into large pixel arrays, such that one
obtains ideally only one event/pixel/bunch, if the bunch size is small enough.

Figure 9

2.2 Bunched-beam induced effects

The effects of large instantaneous events rates TES detectors have been studied by our group during
the HEATES campaigns at J-PARC with a pulsed muon beam, and during test beam at TELMAX
using antiprotons. The two major systematic limitations induced by bunched beam are pileup
effects and thermal heating, which will be explained in detail in the following.

The pileup effect can be understood trivially. If two events arrive on the same pixel before
the pixel has time to thermalize, then the signal height cannot be extracted reliably for either
event and both have to be thrown away. An example of a pileup signal in a TES pixel is shown
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in Figure 10. One could reduce pileup by moving the detector farther away, but this amounts to
throwing away statistics and the experiment becomes impractically long considering that one wants
to measure multiple transitions in different targets, with a signal-to background ratio expected from
the antiprotonic atom cascade and annihilation as bad as 1/10 or 1/100. By comparing the TES
thermalization time of ∼ 10 ms to the bunch size of ∼ 100 ns, it is clear that the max acceptable
rate is 1 event/pixel/bunch.

Figure 10 – Example of a pileup event from our test beam measurement at ELENA. When two events
arrive before the complete thermalization of the pixel, the signal height cannot be extracted reliably
and both events must be thrown away.

More critically, TES detectors are very sensitive thermometers, and anything that heats the
detector or cryosat causes its response function to change. When a large instantaneous flux of
particles arrives at the detector (like from annihilation), it induces heating in the cryostat that
changes the thermal bath temperature and thus modifies dynamically the response function of
the detector, leading to degraded energy resolution. The thermal heating from nominal ELENA
bunches arriving onto our target and creating particle fluxes that heat the cryostat is shown in
Figure 11. The periodic structure of the ELENA bunch structure can be seen clearly in the 100-
300 uK spikes of the cryostat thermal bath temperature. These spikes are an order of magnitude
larger than the typical background thermal noise in the system, and lead to a corresponding factor
of 10 degradation in energy resolution, destroying the functionality of the detector.

This effect has been studied in detail with a TES detector and pulsed muon beam at J-PARC,
which has allowed us to further quantify this effect. J-PARC provides a 25 Hz, 100 ns wide double-
pulse muon beam, with 104 muons per double pulse. During those measurements, we employed
a high-statistics continuous calibration from an x-ray tube in the 10 keV regime, and were able
to follow in time the dynamic change in the response function of the detector with respect to the
beam timing. An illustration of this effect is shown in Figure 12, which shows the peak energy shift
of the calibration lines with respect to the muon beam arrival time. For the 10 keV TES detector
used at J-PARC, the induced energy shift was approximately 1 eV as can be seen in Figure, which
is 2 orders of magnitude larger than the next leading systematic error from calibration [43, 44]. If
one scales this effect to a 100 keV detector as needed for the ELENA experiment, one expects a
10 eV dynamic shift (at least) induced by, which is an order of magnitude larger than the targeted
experimental accuracy for QED tests of 1 eV, and surely makes impossible the BSM physics cases
where this approach becomes competitive at the 10−6 accuracy level.
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Figure 11 – Thermometry reading of the cold stage of the ADR cryostat during no beam (266-270
minutes) and when taking nominal ELENA bunches (271-278 minutes). The large heating induced
by the large flux rate can be clearly seen; this effect is 10-100 times larger than background thermal
fluctuations and destroys the energy resolution of the detector.

Figure 12 – Peak energy shifts of calibration lines from an x-ray tube as a function muon beam arrival
time at J-PARC. In the inset on can see the Co Kα lines that move back and forth in energy as a
function of time. Figure from the HEATES collaboration at J-PARC.

3 Mitigation techniques, MMBE, and the case for slow-extraction

There are a few mitigation techniques that can be implemented to limit the severe systematic
effects induced in TES microcalorimeters due to pulsed beams. For the J-PARC measurement,
a continuous calibration with high-intensity x-ray tubes was used, which allowed to follow the
dynamic response function change in microsecond time-bins and correct the energy calibration as
a function of time to the muon bunch. This allowed to a reduce a 1 eV effect to a 0.11 eV effect,
and was finally limited by the calibration statistics, as described in detail in the supplemental
material of [43]. This approach however only allowed to reduce this systematic effect by an order
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of magnitude, and it remains the dominating uncertainty from the J-PARC measurement. Such
an approach is unfeasible for the ELENA measurements as the transition energies targeted lie in
the 100-250 keV regime where intense x-ray tubes cannot be used, and comparable intensities from
radioactive sources in this energy regime are untenable, particularly with the high flux rate from
antiproton annihilation.

The best mitigation technique is reducing the instantaneous bunch intensity. A simplified
solution has been implemented in the TELMAX zone in 2024-2025 with a Multiple Mini Bunch
Extraction (MMBE), put in place via the AD team. This allowed to provide minibunches of
reduced intensity (104 − 106) every 100 ms - 1s. A scintillator spectrum of a minibunch extraction
is shown in Figure 13, also included in the main proposal. This minibunch configuration is being
tested with a prototype TES detector during May 2025. First data shows that pulses of a few 105

antiprotons per mini-bunch allow to reduce by a factor of 5 the heating of the TES cryostat induced
by the beam, but the thermal response to the pulsed beam is still visible in the thermometry and
thus will reduce the achievable detector resolution. Preliminary estimates suggest that the MMBE
extraction will allow us to achieve the eV accuracies targeted by the first physics cases of the
x-ray spectroscopy program, however if we want to achieve the highest precision possible with TES
detectors and eventually touch more exotic cases like competitive constraints on BSM physics (at
the sub eV accuracy level, corresponding to a 1 ppm measurement) [45], it is clear that a real slow
extraction is necessary. A true slow extraction over a 2 minute AD spill would allow to achieve the
best performance from the TES and highest precision x-ray spectroscopy from this new program
at ELENA.

Figure 13 – Scintillator spectrum of a MMBE extraction from ELENA showing 100 mini-bunches being
extracted to TELMAX every 100 ms.
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Part IV

Pontecorvo reactions

1 Physics case

Pontecorvo reactions are rare antiproton nuclei annihilations involving two or more nucleons. The
study of these processes provides insight into the annihilation process which involves two main
mechanisms: (i) the short-distance interaction between quarks and antiquarks building a fireball,
and (ii) the interaction from annihilations on single nucleons, followed by the long-distance rescat-
tering of the emitted pions. Some measurements were performed in the past at LEAR by using
antiprotons annihilating on a deuterium target. However, no data exist for targets with more than
two nucleons. We propose to measure antiproton annihilation at rest on 3He (and possibly 3H).
The measurement of the branching fraction for the process p 3He → pn would distinguish between
different theoretical models for which predictions vary by one to two orders of magnitude. The
ASACUSA collaboration is studying the feasibility of performing this experiment at CERN with
the 100 keV ELENA beam to be extended in continuous (DC) operation mode. A preliminary
design of a simple apparatus with plastic scintillators and photon converter layers is presented,
together with Monte Carlo simulations to assess the efficiency, counting rate and background. As-
suming that the branchingfraction for p 3He → pn is 10−6, as predicted from the fireball model, the
production rate would be 1 Pontecorvo event per p̄ spill (2 min), with a signal-to-noise ratio of 10.

1.1 Introduction

Pontecorvo reactions are rare antinucleon-nucleus annihilation processes at rest involving two or
more nucleons. The Italian physicist Bruno Pontecorvo suggested their existence in 1956 [46],
just a few months after the discovery of the antiproton at the Bevatron. A typical example is the
annihilation of an antiproton on a deuteron, leading to the production of one meson and one nucleon
(or a heavier baryon) such as pd → π−p and pd → K0Λ. In these reactions, energy-momentum
conservation is satisfied by involving both nucleons in the deuteron. In contrast, annihilation with
one of the (quasi-free) nucleons, the second one acting as a spectator, leads to the production of at
least two mesons.

Before the advent of CERN’s Low Energy Antiproton Ring (LEAR), measurements were limited
to six bubble chamber events of the reaction pd → π−p [47]. Several reactions on the deuteron have
been observed at LEAR by the CRYSTAL BARREL and OBELIX collaborations with stopped
antiprotons in gaseous and liquid deuterium (Table 1). The branching fractions are small (10−6 to
10−5). Further measurements of specific channels have confirmed these results [48].

The Pontecorvo reactions have been studied both theoretically and experimentally (for short
reviews, see [55,56]). These processes provide insights into the annihilation mechanism, in particular
the short-distance dynamics between nucleons within the nucleus. However, making predictions
based on first principles is challenging. There are two distinct approaches: in rescattering models
the annihilation takes place on one of the nucleons, then one of the annihilation products interacts
with the second nucleon (e.g. pp → π+π−, followed by π+n → p for pd → π−p) (fig. 14, left).
The predicted branching fraction lies in the range (4 – 12) ×10−5, depending on the choice of NN̄
potential, short range uncertainties and meson form factors (see e.g. [57–59]. Another promising
approach is that of the fireball model, in which a highly excited bag containing 6 quarks and 3
antiquarks decays through quark annihilation (A) and rearrangement (R) (fig. 14, right) [60–63].
The branching fraction can be predicted from the probability P to form such a fireball, multiplied
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Reaction Branching ratio Experiment

p̄d → π−p 1.46 ±0.08 ×10−5 OBELIX (in gas) [49]

p̄d → π0n 7.02 ±0.72 ×10−6 Crystal Barrel [50]

p̄d → ηn 3.19 ±0.48 ×10−6 Crystal Barrel [50]

p̄d → ωn 22.8 ±4.1 ×10−6 Crystal Barrel [50]

p̄d → η′n 8.2±3.4 ×10−6 Crystal Barrel [50]

p̄d → ϕn 3.56 ±0.20+0.2
−0.1 ×10−6 OBELIX (in gas) [51]

p̄d → ρ−p 2.9 ±0.6 ×10−5 OBELIX (in gas) [52]

p̄d → π−∆+(→ π0p) 1.01 ±0.08 ×10−5 OBELIX (in gas) [49]

p̄d → π0∆0(→ π−p) 1.12 ±0.20 ×10−5 OBELIX (in gas) [49]

p̄d → π0∆0(→ π0n) 2.21 ±0.24 ×10−5 Crystal Barrel [53]

p̄d → Σ0K0 2.15 ±0.45 ×10−6 Crystal Barrel [54]

p̄d → ΛK0 2.35 ±0.45 ×10−6 Crystal Barrel [54]

Table 1 – Branching ratios of Pontecorvo reactions measured at LEAR in liquid deuterium and in gas.

by the phase space factor in the final state. From the pd → π−p data one gets P ≃ 3%, which can
be used to predict other branching fractions, e.g. ≃3 × 10−6 for pd → ΛK0 or Σ0K0, in very good
agreement with LEAR data (Table 1).

Figure 14 – Left: rescattering diagram for p̄d → π−p; right: annihilation and rearrangement graphs.

1.2 Pontecorvo reactions on 3-nucleon targets

In addition to antiproton annihilation on deuterium, other interesting Pontecorvo reactions could
be explored experimentally, e.g. antineutron annihilation on deuterium. With an antideuteron
beam [64] the Pontecorvo reaction d̄d → p̄p and d̄d → n̄n could be observed, providing that the
antibeam intensity is high enough.

More realistically, we intend to check the fireball model with annihilation on three nucleons,
p 3He→ pn, for which no data exist. Figure 15 shows the rescattering graph and the rearrangement
graph in the fireball model. For the rescattering model the rates are expected to be of the order
10−8 to 10−7 [58] much smaller than 10−6 [62] in the fireball model. This requires a continuous
(DC) antiproton beam of 100 keV which is not available at this time, but is part of a possible
consolidation programme of the AD/ELENA complex.

The similar measurement on tritium p̄ 3H → nn would be challenging due to safety concerns
related to the use of tritium target.

1.3 Antiproton beam and target

The antiproton beam from CERN’s ELENA facility offers a viable solution to study Pontecorvo
reactions, provided that a slow extraction mode (DC beam) is implemented [65]. A continuous
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Figure 15 – Graph of reaction p 3He→ pn in the rescattering model (left) and in the fireball model
(right).

beam is essential for the identification of the rare Pontecorvo events among the much more frequent
background from antiproton-nucleon annihilation. In its current operational mode ELENA delivers
pulsed 100 keV antiproton beams. Each pulse provides approximately 107 antiprotons per spill
(every two minutes) to four experiments, with a bunch duration of a few hundred ns. If the same
number of antiprotons were distributed continuously over the two-minute interval, one could achieve
an effective rate of approximately 105 antiprotons per second3.

GEANT4 simulations determine that the maximum thickness of a plastic window – such as
Mylar – is about 1.2 µm for 100 keV p̄ stopping in a gaseous 3He target held at cryogenic tempera-
tures to keep the differential pressure at an acceptable level. We plan to use instead a commercially
available silicon nitride (SiN) window with a thickness of 500 nm. A 6 mm diameter SiN membrane
would eliminate the need for cryogenic cooling, allowing pressure differentials between 1 and 2
bar [67]

1.4 Detector

Magnetic spectrometers were used in the past to measure the branching fractions of Pontecorvo
reactions off deuterium [49, 50]. We propose a simpler and less costly apparatus to detect the
proton and the neutron from the reaction p 3He→ pn. The apparatus has to detect the proton and
the neutron (which are emitted back-to-back with kinetic energies of about 1 GeV) efficiently with
a veto system capable of rejecting background events from antiproton annihilations on quasi-free
nucleons.

The antiproton is initially captured by the 3He nucleus to form an antiprotonic atom. Following
its cascade to the low energy levels, the antiproton annihilates with the proton or the neutron. The
annihilation primarily produces pions, with a mean multiplicity of 5 (including 2 neutral pions, and
less frequently kaons and η mesons). Table 2 shows as a guideline the measured branching fractions
for antiproton annihilation at rest in liquid hydrogen4. The detector has to be hermetic to exclude
all cases involving neutral particles other than the fast neutron and the fast anticollinear proton,
in particular the slow spectator proton in quasi-elastic scattering, charged pions and γ rays arising
from the decay of neutral pions.

A preliminary design of the apparatus (fig. 16) was developed by using Monte Carlo GEANT4
simulations: The detector is a cube with a side length of 1.36 meters and a geometric coverage of
about 2

3 × 4π sr [68].

3In the absence of a DC beam the secondary beamline from the ASACUSA experiment [66] could be used. About
∼25,000 p̄ per spill can be extracted from MUSASHI and transported to the annihilation target through the positron
transfer line. However this would require re-accelerating the 250 eV beam to overcome the target entrance window,
and would deliver a p̄ intensity one to two orders of magnitude lower than with a DC beam.

4For details on antiproton-proton annihilation see e.g. [55] and references therein.
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Channel BNL CERN

π+π− 0.37± 0.03 0.32± 0.04
π+π−π0 6.9± 0.35 7.3± 0.9
2π+2π− 6.9± 0.6 5.8± 0.3
2π+2π−π0 19.6± 0.7 18.7± 0.9
3π+3π− 2.1± 0.2 1.9± 0.2
3π+3π−π0 1.9± 0.2 1.6± 0.2
nπ0, n > 1 4.1± 0.4 3.3± 0.2
π+π−nπ0, n > 1 35.8± 0.8 34.5± 1.2
2π+2π−nπ0, n > 1 20.8± 0.7 21.3± 1.1
3π+3π−nπ0, n > 1 0.3± 0.1 0.3± 0.1

Table 2 – Branching fractions in % for antiproton annihilation at rest in liquid hydrogen

Figure 16 – Sketch of the proposed apparatus.

The 10 cm long 3He target is housed in an aluminum container with a wall thickness of 320
µm to allow background spectator protons with energies of a few tens of MeV to be detected, thus
improving the background rejection efficiency. Surrounding the target is the γ veto system followed
by the neutron detector, both based on plastic scintillators.

The veto system covers the four faces of the cubic structure, leaving uncovered the face from
which the antiprotons enter and the opposite face, with the exception of the innermost scintillator
layer which also includes the cubic face opposite to the antiproton beam direction. Its faces parallel
to the beam are extended with scintillators toward the antiproton source, thus achieving nearly
4π solid angle coverage to determine the charged annihilation multiplicity. The γ veto system is
similar to a sampling calorimeter and consists of a sandwich structure with 11 plastic scintillators,
6 mm thick, alternating with 10 layers of lead, also 6 mm thick.

The neutron detector also covers four faces and consists of three 15 cm thick layers. The total
thickness of 45 cm is a compromise between size and cost, while maintaining adequate neutron
detection efficiency. According to GEANT4, a 45 cm thick plastic scintillator detects neutrons of
1 GeV with 45% efficiency at perpendicular incidence.

The scintillator segmentation in both veto system and the neutron detectors was designed to
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ensure a high spatial resolution to optimize the detection of useful events while reducing background.
The innermost scintillator of the veto system is divided into 20 × 20 cells for each of the five faces,
with cell dimensions of 0.5 × 0.5 × 0.6 cm3. The four extensions toward the antiproton source
are 59 cm long and do not require segmentation. The outermost veto scintillators have a coarser
segmentation with 5× 5 cells per face. The total number of readout channels is 9672.

1.5 Event selection

To identify events from p 3He→ pn the following topology was developed: exactly one hit is required
in the innermost layer of the veto system, stemming from the fast proton. This rejects background
events with a measured charge multiplicity larger than one. Additionally, to distinguish the fast
proton produced from the slow spectator proton (typical of background events), at least one hit is
required in the neutron array. The track from these two hits is required to intersect the 3He target.
A signal from the fast neutron is also required in the neutron detector in the opposite direction.
No further signals should be detected in the whole veto system.

1.6 Simulation results

The detection efficiency for Pontecorvo events and the background rejection were evaluated with
GEANT4 (version 10). A custom class generated the reaction p 3He→ pn, while built-in function-
alities dealt with background events. Although GEANT4 approximates antiproton annihilation
products [69], its FTFP BERT HP + STD + HP Physics List was used due to the lack of experi-
mental data. A 500 keV detection threshold was applied to all detectors, with events generated at
the target center.

By applying the event selection described above, the detection efficiency for p 3He→ pn was
found to be 11%. The background rejection power was around 108. (A comparable result was also
achieved for p̄ 3H → nn.) Assuming that the branching fraction for the Pontecorvo reaction is
10−6, based on the fireball model, the signal-to-noise ratio is 10. Hence, with a continuous beam
from ELENA only 1 spill (2 min) would be needed to observe one Pontecorvo event. In addition,
valuable data on p̄p annihilation in hydrogen could be obtained, which would also be used to further
characterize and reduce the background.

1.7 Conclusions

Pontecorvo reactions are useful to investigate short-distance antinucleon-nucleon dynamics and
annihilation mechanisms within nuclei. Facilities such as ELENA and the ASACUSA beamline are
interesting options to conduct investigations on 3He (and 3H) provided that ELENA is upgraded to
allow a slow extraction mode. The experimental setup proposed in this Letter of Intent, utilizing
plastic scintillators, is an alternative to magnetic spectrometers. The simulation shows that our
setup will achieve an acceptable detection probability while rejecting background efficiently.
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