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Welcome

Session 9/ 2

Towards improved charge radii from Lithium to Neon

Authors: Ben Ohayonl; Nancy Paul?; Frederik Wauters™°™; Loredana Gastaldo®; Andreas Fleischmann?; An-
dreas Knecht™°"; Thomas Elias Cocolios’; Klaus Stefan Kirch™°"; Paul Indelicato®; Randolf Pohl’; Jorge Machado®;
Guillaume Huping; Katharina von Schoeler¥°™; Cesar Godinho™°"; Daniel UngerN""e; Daniel Hengstlerlo; Daniel
Kreuzberger*; Ofir Eizenberg"*"*; Marie Deseyn''; Michael Heines''; War War Myint Myat Phyo'?; Stergiani Marina

Vogiatzi™°™

! Technion IIT

% Laboratoire Kastler Brossel

? Kirchhoff Institute for Physics, Heidelberg University
* KIP

® KU Leuven - IKS

® CNRS

7 Johannes Gutenberg University Mainz, Germany
* NOVA

° CNRS/IJCLab

10 KIP, Heidelberg University

" KU Leuven (BE)

12 Leuven

Corresponding Authors: michael heines@kuleuven.be, stella.vogiatzi@psi.ch, loredana.gastaldo@kip.uni-heidelberg.de,
paul.indelicato@lkb.ens.fr, nancy.paul@lkb.upme.fr, hupin@ipno.in2p3.fr, pohl@uni-mainz.de, thomas.elias.cocolios@cern.ch,
daniel hengstler@kip.uni-heidelberg.de, kvonschoeler@phys.ethz.ch, marie.deseyn@kuleuven.be, a.knecht@psi.ch,
fwauters@uni-mainz.de, c.godinho@campus.fct.unl.pt, bohayon@technion.ac.il, kirchk@ethz.ch, ofir.eizenberg@gmail.com,
daniel.unger@kip.uni-heidelberg.de

Absolute nuclear charge radii provide essential input to improve our understanding of the strong
interaction at low energies, and allow the confrontation of experiment and theory in simple atomic
systems. However, precision measurements of the radii of light nuclei above helium have been
mostly out of reach of the currently employed methods.

QUARTET is a new experiment aiming to address this gap by performing precision cascade x-ray
spectroscopy from £5Li to u??Ne atoms with metallic magnetic calorimeters - a quantum sensing
technology capable of high efficiency over a wide energy range with excellent resolution for low-
energy x rays. In this talk I will review the physics motivation, describe the experimental scheme,
and show preliminary results from a successful test beam.

References:

arXiv:2210.16929
arXiv:2310.03846
arXiv:2311.12014

Poster Session 1/ 3

Calculations of the even parity P and D states of the carbon atom.
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Author: Toreniyaz Shomenov'

! Nazarbayev University
Corresponding Author: toreniyaz.shomenov@nu.edu.kz

Variational, nonrelativistic energies of eight states of the carbon atom have been calculated with high
precision. The states of interest include two low-lying singlet P and D states, as well as triplet P and
D states, all of even parity. The wave functions are expanded in the basis of products of Explicitly
Correlated Gaussians and bipolar harmonics.

Poster Session 1/ 4

Calculation of spin-dependent relativistic corrections in small
atoms with one and two p-electrons using explicitly correlated
Gaussians

Author: Pavel Rzhevskii'

Co-authors: Dmitry Tumakov %; Sergiy Bubin '

' Nazarbayev University, Astana, Kazakhstan

? Nazarbayev University, Astana, Kazakhstan; I. Institute for Theoretical Physics, Universitat Hamburg, Hamburg,
Germany

Corresponding Authors: dm.tumakov@gmail.com, sergiy.bubin@nu.edu.kz, pavel.rzhevskii@nu.edu.kz

In the framework of the perturbation theory we consider the fine structure of the energy levels of
few-electron atoms and ions in the states with the dominant configuration containing one or two
p-electrons (or one d-electron). Using highly accurate expansions

of the nonrelativistic wave functions in terms of all-particle explicitly correlated Gaussians, we de-
rived analytical expressions for matrix elements and then evaluate

the expectation values of the spin-orbit and electron spin-spin interactions. We apply our approach
to study the fine structure splittings in the ground P state of the carbon atom. The calculated fine
structure includes the leading-order spin-orbit and electron spin-spin corrections (oc ma?), con-
tribution from the electron anomalous magnetic moment (o< m«®), and accounts for the coupling
between the ground and low-lying excited states (off-diagonal matrix elements between 3P, and
1S, states, and between 3 P, and ! D, states). The calculated values are compared with the available
experimental data and NIST Atomic Spectra Database.

Session 2 /5

Low energy hydrogen anions source for matter/antimatter preci-
sion experiments
Author: Levi Oliveira De Araujo Azevedo'

Co-authors: Rodolfo Costa ?; Wania Wolff ?; Alvaro Nunes De Oliveira *; Rodrigo Lage Sacramento 1. Daniel De
Miranda Silveira !; Claudio Lenz Cesar !

! Federal University of Rio de Janeiro (BR)
* Federal University of Rio de Janeiro (BR)
* Aarhus University (DK)
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Corresponding Authors: wania@if.ufrj.br, claudio.cesar@cern.ch, daniel. miranda@cern.ch, rodolfo.djscosta@gmail.com,
levi.oliveira.de.araujo.azevedo@cern.ch, alvaro.nunes@cern.ch, rodrigo.lage.sacramento@cern.ch

Cold-charged particles play an essential role in interstellar molecular formation, are present in many
high-precision experiments, antimatter physics, and chemistry, and are also relevant for studies on
the origin of biological homochirality. In this contribution, I will describe a system based on the
Matrix Isolation Sublimation (MISu) technique [1],[2] to generate and trap these species in the labo-
ratory. After growing a thin film of Neon upon a cold (4 K) sapphire subtract, we implant different
species inside this film via laser ablation of a solid target. With a heat pulse to the sapphire surface,
we sublimate the solid neon at low temperatures, and the inert gas carries the particles that were
confined inside the solid, producing a beam at low energies. We guide the charged particles using the
magnetic field produced by two perpendicular coils and trap the particles in a Penning-Malmberg
trap using low voltages ("1 V) and weak magnetic fields ("0.1 T).

We have measured energy distribution for positive and negative trapped charge particles whose
peak was below 25 meV. Using an on-trap-time-of-flight scheme, we demonstrate the presence of
electrons, hydrogen anions, protons, lithium cations and anions, and light molecular ions.

The hydrogen anions can be used to produce a cold sample of neutral trappable hydrogen by near-
threshold photodetachment (0.754 €V). For example, a laser at 1575 nm will leave 0.2 K of recoil
energy, less than the ion sample’s typical temperature or energy dispersion, to the neutral H. The
fraction of resulting atoms with energy below 0.5 K can remain trapped in a 1 T trap depth su-
perposed magnetic trap and could be detected using the sensitive technique [3]. These cold H can
loaded into the ALPHA [4] antihydrogen trap at CERN toward direct spectroscopic comparison of
both conjugated species beyond 13 significant figures. The production is scalable and adaptable to
different species, including deuterium and tritium, which is relevant for neutrino mass and fusion
research.

[1] - Azevedo, L.O.A., Costa, R]J.S., Wolff, W. et al. Adaptable platform for trapped cold electrons,
hydrogen and lithium anions and cations. Commun Phys6, 112 (2023).

[2] - Sacramento, R. L. et al. Matrix Isolation Sublimation: an apparatus for producing cryogenic
beams of atoms and molecules. Rev. Sci. Instrum.86, 073109 (2015).

[3] - Cesar, C. L. A sensitive detection method for high resolution spectroscopy of trapped antihy-
drogen, hydrogen and other trapped species. J. Phys. B49, 074001 (2016).

[4] - Ahmadi, M. et al. Characterization of the 1S-2S transition in antihydrogen. Nature557, 71
(2018).

Poster Session 1/ 6

Experiments with hydrogen atoms at ultra-low energies

Authors: Aleksei Semakin'; Janne Ahokas'; Otto Hanski'; Sergey Vasiliev!

! Wihuri Physical Laboratory, Department of Physics and Astronomy, University of Turku
Corresponding Authors: servas@utu.fi, jmiaho@utu.fi, otto.hanski@gmail.com, assema@utu.fi

We present a recent progress towards experiments with hydrogen atoms at ultra-low energies, nearly
at rest. This work is a part of an international collaboration GRASIAN (Gravity, Spectroscopy and
Interferometry with Atoms and Neutrons) [1]. The motivation for the work proposed here is associ-
ated with weak short-range forces exerted by yet undiscovered light bosons, direct checking of the
equivalence principle, CP violation and comparison of the properties of matter and antimatter. We
will probe the ultra-low energy domain with hydrogen, the lightest and simplest of neutral atoms,
which has served as a test probe of the fundaments of physics throughout the era of modern physics.
However, the thermal motion of atoms has set limits to the accuracy of experiments. Therefore, us-
ing hydrogen atoms nearly at rest one expects to obtain unprecedented levels of precision.

We have demonstrated magnetic capture and confinement of 10'® H atoms at temperature below
50mK using a world largest Ioffe-Pritchard type trap (IPT) recently built in our laboratory [2]. The
loading of H into the sample cell (SC) was performed at a fixed temperature of the SC using a tem-
perature controller. The flow of 10'3atoms/s was observed by detecting the recombination heat of
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H on the SC wall. H flux into SC detected by bolometers and SC thermocontroller. Bolometer is a
graphite film resistor painted to Kapton foil 50(or 30) pm with gold electrodes.

We will release ultra-slow atoms from the trap onto the ideally flat surface of superfluid helium,
from which their quantum reflection will lead to formation of gravitational quantum states (GQS)
in the potential well created by the surface and Earth gravity. Precise measurements of the GQS
energies will improve constraints on the existence of the unknown short-range forces between atoms
and materials surface. Atom-fountain experiments with optical Ramsey spectroscopy will improve
the accuracy of the 1S-2S interval. Bose-Einstein condensation (BEC) of H bound in the GQS will
be attained and used for matter-wave interferometry. Our methods and results will be useful for
experiments with antihydrogen pursued at CERN.

Experiments with gravitational states of ultracold neutrons opened a new way for studies of fun-
damental properties of matter and gravity [3], and similar experiments are suggested for atomic
hydrogen and antihydrogen [4, 5]. Recent developments in production and cooling of antihydro-
gen in CERN demonstrate that such experiments are realistic in the nearest future. Although, there
is no reason to expect that gravitational properties of antimatter differ substantially from that of
the matter, observation of even a small difference would have a strong impact on our fundamental
understanding of nature.

Reaching a natural linewidth (NLW) of ~1.3 Hz for the 1S-2S transition is an ambitious goal for
ultrahigh-resolution spectroscopy. Progress in the laser technology allows nowadays reaching the
laser linewidth close to 1 Hz [6, 7]. Using such a state-of-the-art light source for studies of ultra-slow
atoms, we will push the 1S-2S H spectroscopy to the NLW level. The total estimated uncertainty
due to systematic effects was estimated to be at the level of 0.02 Hz for atoms at 1 mK. Since we
are planning to work at much lower temperatures with large numbers of atoms, this level seems
plausible to be reached. The absolute accuracy will be limited by the precision of the frequency
standard available for the project. For our location in Turku the best solution is to use a GPS clock
and an active local reference (Cs or hydrogen maser) using a frequency comb for laser locking.
Accuracy of approaching 10715 can be reached using such a system.

\This work was supported by the Academy of Finland (grant No. 317141), and Jenny and Antti Wihuri
Foundation”*

[1] GRASIAN Collaboration, https://grasian.eu/

[2]J. Ahokas et al., Rev. Sci. Instrum. 93,023201 (2022).

[3] V.V. Nesvizhevsky et al., Nature 45, 297 (2002).

[4] GBAR Collaboration, CERN: https://home.cern/science/experiments/gbar
[5] S. Vasiliev et al., Phys. Rev. 240, 14 (2019).

[6]]. Alnis et al., Phys. Rev. A., 77, 053809 (2008).

[7] N. Kolachevsky et al.,Opt. Lett.,36, 4299 (2011)

Poster Session 1/ 7

High-precision study of atomic and hyperfine-induced electric
dipole polarizability of 133Cs
Author: ARUP CHAKRABORTY'

Co-author: Bijaya Kumar Sahoo '

! Physical Research Laboratory, Gujarat, India

Corresponding Authors: bijaya@prl.res.in, arupc794@gmail.com

The 133Cs atomic clock stands out as the primary standard for timekeeping and frequency regulation.
It operates by measuring the microwave transition frequency between the hyperfine levels F = 3
and F = 4 of the 133Cs ground state. However, the precision of this clock is hindered by systematic
errors, necessitating accurate determination of the electric dipole (E1) polarizabilities (ad) to account
for Stark effects on the clock states. Beyond timekeeping, the transition between the F = 3 and F
= 4 hyperfine levels in 133Cs holds promise as qubits in quantum computing. Ensuring reliable
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quantum control demands minimizing decoherence in single trapped atoms, emphasizing the need
for precise understanding of the clock transition’s characteristics. Recently, attention has turned to
the differential shift in the clock transition caused by background blackbody radiation, prompting
efforts to accurately estimate ad value.

We have precisely determined polarizabilities for the hyperfine levels of the 133Cs ground state.
Through meticulous analysis, we provide insights into both static and dynamic electric dipole po-
larizabilities for the clock transition. The scalar, vector, and tensor components of ad are estimated
by expressing as sum of valence, core, core-core, core-valence, and valence-core contributions that
are arising from the virtual and core intermediate states. Our calculations demonstrate strong align-
ment with experimental data for static scalar and tensor components, affirming the reliability of our
dynamic polarizability estimates. This reliability is crucial for assessing Stark shifts during high-
precision measurements, particularly in the context of utilizing 133Cs clock states.

Source/Reference of the Work: https://doi.org/10.1103/PhysRevA.108.042818

Session 2/ 8

Metrology of Rydberg-Stark states in the hydrogen atom

Author: Simon Scheidegger'

Co-authors: Frédéric Merkt *; Hansjiirg Schmutz ?; Josef-Anton Agner °

Y ETH Zurich/ JILA
2 ETH Zurich

Corresponding Authors: frederic.merkt@phys.chem.ethz.ch, simon.scheidegger@jila.colorado.edu

The long lifetimes of highly excited Rydberg states make them very attractive for precision experi-
ments. Until now, these states were disregarded in precision spectroscopic studies of the hydrogen
atom, mainly because of their large dc-polarizabilities at nominal zero electric field strength, which
result in uncontrollable systematic frequency shifts. Recently, we demonstrated how to circumvent
the unwanted influence of the dc-Stark effect in high Rydberg states (principal quantum number
n >20) by measuring individual Rydberg-Stark states (k = 0,+2) and using the line positions to
correct for the perturbation induced by the electric fields [1].

This approach will be illustrated by measurements of the n = 24 < 2 281/2(]” =1)andn = 20 «
228, s2(f = 0,1) transition frequencies [2]. The results are used to determine the ionization energy
of H with unprecedented accuracy. In combination with the Lamb-shift measurement from Bezgi-
nov et al. [3] we derive a value of the Rydberg constant that is independent of the exact value of the
proton charge radius [2].

This work is supported by the Swiss National Science Foundation through the Sinergia-Program
(Grant No. CRSII5-183579) and Grant No. 200020B-200478.

[1] S. Scheidegger et al., Phys. Rev. A 108, 042803 (2023).
[2] S. Scheidegger and F. Merkt, Phys. Rev. Lett. (in press).
[3] N. Bezginov et al., Science 365, 1007 (2019).

Session 5/9

Antihydrogen laser spectroscopy to 13 significant figures and be-
yond

Author: Claudio Lenz Cesar!

! Federal University of Rio de Janeiro (BR)
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Corresponding Author: claudio.cesar@cern.ch

We describe work at the ALPHA collaboration at CERN that is leading to a 13 significant figures
measurement of the 1S-2S transition in antihydrogen with a physics-driven lineshape theory. A
future comparison of matter and antimatter in this system at 15 figures or more will be discussed in
conjunction with techniques being developed at UFR] to load hydrogen into the same antihydrogen
trap.

Session 3/ 10

Finite nuclear mass correction to the hyperfine splitting in hy-
drogenic systems

Author: Krzysztof Pachucki™™

Corresponding Author: krp@fuw.edu.pl

A general quantum electrodynamic method is presented, that allows to derive nuclear recoil correc-
tions in hydrogenic systems, which are exact in the nuclear charge parameter Z «.. The exemplary
derivation is demonstrated for the O(m/M) nonradiative nuclear recoil correction to the hyperfine
splitting.

Session 9/ 11

Proton Structure in and out of muonic hydrogen

Authors: Franziska Hagelstein'; Vadim Lensky?; Vladimir Pascalutsa®

' JGU Mainz & PSI
2 9GU Mainz
? University of Mainz
Corresponding Authors: hagelste@uni-mainz.de, pascalut@uni-mainz.de, vlenskiy@uni-mainz.de
In this talk, I would like to discuss the theory of light muonic atoms in view of upcoming experiments,
e.g., the measurement of the muonic-hydrogen ground-state hyperfine splitting with ppm accuracy.
A particular focus will be on predictions of the two-photon-exchange corrections in muonic hydro-

gen. The leading-order baryon chiral perturbation theory predictions of the proton polarizability
contribution will be compared to recent data-driven dispersive analysis.

[1] A. Antognini, F. Hagelstein and V. Pascalutsa, Ann. Rev. Nucl. Part. Sci. 72 (2022) 389
[2] F. Hagelstein, V. Lensky, and V. Pascalutsa, Eur. Phys. ]J. C 83 (2023) 8, 762

Session 4/ 13

Precision measurements on the (2-0) quadrupole transitions in
H<sub>2</sub>

Author: Wim Ubachs’

' VU University Amsterdam
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Corresponding Author: w.m.g.ubachs@vu.nl

The hydrogen molecule and its isotopologues has become a favorable test bench in the advancement
of quantum mechanics in the molecular domain. Comparison between experiment and theory signi-
fies a test of quantum electrodynamics in bound systems and it may be used to probe physics beyond
the Standard Model (1). After the focus had been on measurement of the dissociation and ionization
energies now it is shifting toward measurement of the rovibrational splittings. The long lifetime of
the many (> 300) rovibrational levels in each isotopologue makes them into a benchmark testing
system, in fact better than atomic hydrogen which has only one long-lived excited state. For a time
it had not been possible to measure rovibrational transitions in saturation, but now that has been
achieved, for the heteronuclear species HD (2,3) and HT (4).

Here we report on the next step: precision measurements of the (2-0) overtone rovibrational transi-
tions in the H2 homonuclear species, that can only be probed via a quadrupole transition. The S(0)
transition in para-H2 was measured as a narrow Lamb dip yielding an accuracy of 10 kHz. A novel
problem was encountered: why only one recoil component observed when two are expected [6]? In
the Q(1) line for the first time the hyperfine structure in a vibrational transition in H2 was resolved

(7].

(1) W. Ubachs, J.C.J. Koelemeij, K.S.E. Eikema, E.J. Salumbides, J. Mol. Spectr. 320, 1-12 (2016).

(2) EMJ. Cozijn, P. Dupre, E.J. Salumbides, K.S.E. Eikema, W. Ubachs, Phys. Rev. Lett. 120, 153002
(2018).

(3) L.-G. Tao, A.-W. Liu, K. Pachucki, J. Komasa, Y. R. Sun, J. Wang, and S.-M. Hu, Phys. Rev. Lett.
120, 153001 (2018).

(4) F.M.J. Cozijn, M.L. Diouf, W. Ubachs, V. Hermann, M. Schloesser, Phys. Rev. Lett. (2024) in press.
(5) EMJ. Cozijn, M.L. Diouf, W. Ubachs, Phys. Rev. Lett. 131, 073001 (2023)

(6) J. L. Hall, C. J. Bordé, and K. Uehara, Phys. Rev. Lett. 37, 1339 (1976).

(7) M.L. Diouf, FEMJ. Cozijn, W. Ubachs, Mol. Phys. 2304101 (2024).

Poster Session 2 / 14

Positron binding to neutral beryllium atom: relativistic effects
and fine structure

Author: Sergiy Bubin'

! Nazarbayev University, Astana, Kazakhstan
Corresponding Author: sergiy.bubin@nu.edu.kz

Bound states of positrons with small neutral atoms have not yet been detected experimentally. How-
ever, they are expected to have very small positron affinities. Not only does this pose a challenge
for modeling such states reliably, but it also raises a question of how important the relativistic ef-
fects are and whether they can alter the dynamical stability of the weakly bound positron-atom
complexes.In the framework of the variational method we have carried out new improved calcula-
tions of three bound states of positronic beryllium. Using large expansions in terms of explicitly
correlated Gaussians we generated accurate nonrelativistic wave functions and determined some
structural properties and annihilation rates. Next, we investigated the leading-order relativistic ef-
fects in all three bound states of positronic beryllium. Our conclusion is that neither the inclusion
of scalar relativistic nor spin-dependent corrections alter the predictions regarding the existence of
the bound states. When leading-order relativistic effects are taken into account, positron affinities
change by about 2% or less. This is so even for the triplet P state of positronic beryllium, where the
spin-orbit correction is not at all canceled out when the energy difference with the parent system
is computed.

Poster Session 1/ 15

New Physics contributions to atomic spectra
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Author: Sotiris Pitelis’

Co-authors: Franziska Hagelstein 2. Vadim Lensky 1. Vladimir Pascalutsa

' JGU Mainz
2 JGU Mainz & PSI
* University of Mainz

Corresponding Authors: spitelis@uni-mainz.de, hagelste@uni-mainz.de, pascalut@uni-mainz.de, vlenskiy@uni-
mainz.de

Atomic spectroscopy experiments at the precision frontier allow us to study low-energy nuclear
structure, test bound-state QED, refine fundamental constants, and potentially find New Physics.

As experimental precision is continuously improved, it is a timely task to re-examine the sensitivity
of specific bound states to New Physics scenarios. Depending on their Bohr radii, hydrogen-like
systems can be particularly sensitive to distinct New Physics mass ranges.

In this talk, we use the example of axion-like particles to illustrate how spectroscopy experiments
can be used to probe New Physics.

Session 1/ 16

Precise Zeeman structure measurements of light ions at pTEx

Author: Annabelle Kaiser'

Co-authors: Andreas Mooser !; Ankush Kaushik !; Bastian Sikora !; Christoph H. Keitel 1. Klaus Blaum !; Marius
Muller *; Stefan Dickopf 1. Stefan Ulmer ?; Ute Beutel !; Vladimir A. Yerokhin !; Zoltan Harman *

' Max-Planck-Institut fiir Kernphysik
? HHU Diisseldorf/ RIKEN
* Max Planck Institute for Nuclear Physics

Corresponding Authors: andreas.mooser@mpi-hd.mpg.de, dickopf@mpi-hd.mpg.de, stefan.ulmer@cern.ch, marius.mueller@mpi-
hd.mpg.de, harman@mpi-hd.mpg.de, ute.beutel@mpi-hd.mpg.de, klaus.blaum@mpi-hd.mpg.de, ankush kaushik@mpi-
hd.mpg.de, akaiser@mpi-hd.mpg.de

At our Penning-trap experiment pTEx in Heidelberg, Germany, we measure the ground-state hyperfine-
and fine-structure splitting of light, hydrogenlike ions in a magnetic field of 5.7T [1]. From these high-
precision measurements, the bound-electron and shielded nuclear g-factors as well as the hyperfine-
structure constant are extracted [2]. In combination with theory, this allows to test QED, to infer the
Zemach radius of a nucleus and to precisely determine fundamental constants such as the electron
mass. Additional lithiumlike measurements allow testing of nuclear magnetic shielding theory. The
results of the latest beryllium-9 campaign [3] and the current status of the helium-4 measurement
will be presented.

[1] A. Mooser et al, J. Phys.: Conf. Ser 1138, 012-004 (2018)
[2] A. Schneider et al., Nature 606, 878-883 (2022)
[3] S. Dickopf et al., to be submitted

Session 3/ 17

Precision spectroscopy of Rydberg states in ‘He and *He

Author: Gloria Clausen’
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Co-authors: Frédéric Merkt *; Hansjiirg Schmutz ?; Josef-Anton Agner *; Kai Gamlin '

! ETH Ziirich
2 ETH Zurich

Corresponding Authors: gloria.clausen@phys.chem.ethz.ch, frederic.merkt@phys.chem.ethz.ch

The metastable He ((1s)(2s)!) atom in its singlet (*Sy) or triplet (*S;) states is an ideal system to per-
form tests of ab-initio calculations of two-electron systems that include quantum-electrodynamics
and nuclear finite-size effects. The recent determination of the ionization energy of the metastable
218, state of “He [1] confirmed a discrepancy between the latest theoretical values of the Lamb
shifts in low-lying electronic states of triplet helium [2] and the measured 3 3D « 2 3S [3] and 33D
< 2 3P [4] transition frequencies. This discrepancy could not be resolved in the latest calculations
[5.6].

Recently, we developed a new experimental method for the determination of the ionization energy
of the 23S, state of “He via the measurement of transitions from the 2 3S; state to np Rydberg states.
In this talk, we present the the first results on the ionization energy of metastable helium obtained
with improved experimental setup and methods, which include (i) the preparation of a cold, super-
sonic expansion of helium atoms in the 23S, state, (ii) the development and characterization of
a laser system for driving the transitions to np Rydberg states, (iii) the implementation of a new
sub-Doppler, background-free detection method, and (iv) the integration of an interferometer-based
retro-reflector canceling the 15*-order Doppler shift to enable Doppler-free spectroscopy. We illus-
trate its power with a new determination of the ionization energy of 23S; metastable He with a
fractional uncertainty in the 102 range using extrapolation of the np series.

The first results of similar experiments carried out on the 3He isotope are also presented as part of
an effort to determine the difference between the charge radii of the *He*2 and “He™? nuclei.

[1] G. Clausen et al., Phys. Rev. Lett. 127, 093001 (2021).

[2] V. Patkos et al., Phys. Rev. A. 103, 042809 (2021).

[3] C. Dorrer et al., Phys. Rev. Lett. 78, 3658 (1997).

[4] P.-L. Luo et al.,, Phys. Rev. A. 94, 062507 (2016).

[5] V. A. Yerokhin et al, Eur. Phys. J. D. 76, 142 (2022).

[6] V. A. Yerokhin et al, Phys. Rev. A. 107, 012810 (2023).

Session 6 / 18

Spin-Rovibrational Structure of the Molecular Hydrogen Ion from
Spectroscopy of Rydberg States

Authors: Ioana Doran'; Maximilian Beyerz; Frédéric Merkt!

' ETH Zurich
2 VU Amsterdam

Corresponding Authors: ioana.doran@phys.chem.ethz.ch, m.beyer@vu.nl, frederic.merkt@phys.chem.ethz.ch

Precision measurements of rovibrational energies in H provide access to fundamental constants
such as the proton-to-electron mass ratio or the proton charge radius, by comparison with theo-
retical results [1]. Because Hj and DJ are nonpolar, pure rotational and vibrational transitions
are forbidden in the electric-dipole approximation and are very difficult to measure. As alternative
method to determine the energy-level structure, spectra of Rydberg series of Hy and D2 converg-
ing on different spin-rovibrational states of Hj and D can be measured, from which their relative
energies are obtained by Rydberg-series extrapolation [2, 3].

As application of this method, we determined the fundamental vibrational interval of Hj by continuous-
wave laser spectroscopy of Stark manifolds of Rydberg states of Hy with the ion core in the ground
and first vibrationally excited states [4]. From measurements of Stark manifolds at varying electric
field strengths and comparison with precise calculations of the field-induced Stark shifts [5], the zero-
quantum-defect positions — Ry, /n? are determined, which yield precise ionization thresholds. We
demonstrate the use of this procedure for the determination of the fundamental vibrational interval

of Hj at sub-MHz uncertainty.
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This contribution also focuses on the determination of the first three rotational intervals of para-Hy
(NT = 2,4, 6) and their spin-rotation splittings at sub-MHz accuracy by a combination of precision
spectroscopy and multichannel-quantum-defect theory.

1] V. 1. Korobov et al., Phys. Rev. Lett. 118, 233001 (2017).
2] G. Herzberg and Ch. Jungen, J. Mol. Spectrosc. 41, 425 (1972).

(1]
(2]
[3] M. Beyer et al.,, Phys. Rev. Lett. 123, 163002 (2019).
[4] L Doran et al., Phys. Rev. Lett. 132, 073001 (2024).
(5]

5] N. Holsch et al., J. Mol. Spectrosc. 387, 111648 (2022).

Session 1/ 19

Precision mass ratio measurements of light ions at Florida State
University

Author: Edmund Myers'

Co-author: Moisés Medina Restrepo '

! Florida State University
Corresponding Authors: emyers@fsu.edu, mmedinarestrepo@fsu.edu

After a brief review of atomic mass measurements on light ions with the Florida State University
Precision Penning trap, we will present our progress on measurements involving “He. This is mo-
tivated by future measurements of the electron mass via the g-factor of *He™, and the discrepancy
between the two most precise literature values for the atomic mass of *He.

Session 9/ 20

Searching for ultralight scalar dark matter with muonium and
muonic atoms

Author: Yevgeny Stadnik'

! The University of Sydney
Corresponding Author: yevgenystadnik@gmail.com

Ultralight scalar dark matter may induce apparent oscillations of the fundamental constants of nature
and particle masses, including the muon mass. Oscillations in the muon mass may be directly probed
via temporal shifts in the spectra of muonium and muonic atoms. Existing datasets and ongoing
spectroscopy measurements with muonium are capable of probing scalar-muon interactions that
are up to 12 orders of magnitude feebler than astrophysical bounds. Ongoing free-fall experiments
with muonium can probe forces associated with the exchange of virtual ultralight scalar bosons
between muons and standard-model particles, offering up to 5 orders of magnitude improvement in
sensitivity over complementary laboratory and astrophysical methods.

References:
Y. V. Stadnik, PRL 131, 011001 (2023).
Y. V. Stadnik and V. V. Flambaum, PRL 114, 161301 (2014); PRL 115, 201301 (2015).
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Poster Session 2 / 21

Status of the Hydrogen 1S-3S Direct Frequency Comb Spectroscopy
Experiment

Author: Derya Taray'

Co-authors: Alexey Grinin . Omer Amit 2; Thomas Udem ; Vincent Weis ; Vitaly Wirthl ; Theodor W. Hénsch
3

' MPQ
% Max-Planck-Institut fiir Quantenoptik
> LMU, Munich Germany

Corresponding Authors: omer.amit@mpq.mpg.de, thu@mpq.mpg.de, derya.taray@mpq.mpg.de, vincent.weis@mpq.mpg.de,
vitaly.wirthl@mpq.mpg.de, alexey.grinin@mpq.mpg.de

The energy levels of hydrogen-like systems can be both calculated and measured very precisely.
Precision spectroscopy of two transitions at the current level of accuracy allows the determination
of the Rydberg constant and the proton charge radius. Comparison with additional transitions can
serve as a consistency check for the theory of quantum electrodynamics. Improvements in these
measurements in the last years, revealed small discrepancies, which are not yet fully resolved.

I will present the latest measurement of the 1S-3S transition in hydrogen, using two photon direct
frequency comb spectroscopy and explain the experimental technique along with our setup. The
obtained result ( f1S-3S = 2,922,743,278,665.79(72) kHz) supports the value of the proton charge
radius, first obtained from muonic hydrogen. The value differs by 2.1 standard deviations from the
recent measurement of the same transition obtained at Laboratoire Kastler Brossel suggesting, that
the discrepancies in these precision measurements probably arise due to yet unknown experimental
issues. Therefore, we hope that further investigation of the experiments will resolve this deviation. I
will give an update on the status of the experiment, the next intermediate results and the anticipated
improvements for the next measurement campaign.

Poster Session 1/ 22

New apparatus for single-photon Doppler-free VUV/XUYV spec-
troscopy

Authors: Matthew H. Raymentlg Josef A. Agnerl; Hansjiirg Schmutz!; Frédéric Merkt!

' ETH Ziirich
Corresponding Authors: frederic.merkt@phys.chem.ethz.ch, mrayment@ethz.ch

The ionisation energies of many atoms and molecules lie in the vacuum ultraviolet (VUV) and ex-
treme ultraviolet (XUV) parts of the electromagnetic spectrum, which correspond to wavelengths
(frequencies) of light of < 200 nm (> 1.5 x 10'® Hz) and < 105 nm (> 2.9 x 10'® Hz), respectively
[1]. Laser radiation generated at these wavelengths can therefore be utilised to perform single pho-
ton excitation from the ground electronic state of an atom or molecule to highly excited electronic
states, including direct excitation to Rydberg states with a large value of the principal quantum
number, n [1]. However, although VUV/XUV laser sources with < 250 MHz bandwidths have been
achieved [2-6], large Doppler broadening of transitions at VUV/XUV wavelengths (with Doppler
widths typically > 100 MHz) often limit the achievable resolution of single-photon VUV/XUYV spec-
troscopy. Additionally, large Doppler shifts can result in > 100 MHz systematic shifts to measured
transition frequencies in the VUV/XUV. We present the development of a new experimental appa-
ratus for performing Doppler-free spectroscopy at VUV/XUV frequencies. This method is based
on combining an imaging-assisted single-photon Doppler-free spectroscopy technique, recently de-
veloped for precision spectroscopy of Rydberg states of He atoms [7], with a long-pulse-length
(~ 100 ns - 1.0 ps) narrow-bandwidth VUV/XUYV laser. The initial aim of such an experiment
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is to generate laser radiation with a wavelength of ~ 80 nm, for use in performing precision single-
photon XUV spectroscopy of Hy molecules excited to high-n (n > 30) Rydberg states from the
ground X ! + state.

[1] F. Merkt, Chimia 54, 89 (2000)

[2] E. Cromwell, T. Trickl, Y. T. Lee, and A. H. Kung, Rev. Sci. Instrum. 60, 2888 (1989)

[3] K. S. E. Eikema, J. Walz, and T. W. Héansch, Phys. Rev. Lett. 86, 5679 (2001)

[4] U. Hollenstein, H. Palm, and F. Merkt, Rev. Sci. Instrum. 71, 4023 (2000)

[5] R. Seiler, Th. Paul, M. Andristm, and F. Merkt, Rev. Sci. Instrum. 76, 103103 (2005)

[6] Th. Paul, Ph.D. Thesis, ETH Ziirich (2008)

[7] G. Clausen, S. Scheidegger , J. A. Agner, H. Schmutz, and F. Merkt, Phys. Rev. Lett. 131, 103001
(2023)

Poster Session 1/ 23

Injection of State-Selectively Prepared Molecular Ions into a Ra-
diofrequency Trap

Authors: Daniel Knapp'; Daniel Ochoa'; Maximilian Beyer'

' VU Amsterdam
Corresponding Authors: d.yknapp@vu.nl, m.beyer@vu.nl, a.d.ochoafranco@vu.nl

Rigorous tests of QED and precise measurements of the proton-to-electron mass ratio are compelling
applications for high precision spectroscopy of the dihydrogen cation. We propose to carry out
millimeter-wave spectroscopy in the Lamb-Dicke regime on H," in a radiofrequency ion trap. This
technique enables Doppler-free spectroscopy with a high signal-to-noise ratio, when used in con-
junction with injection of state-selectively prepared ions. Ions originate in mass-analyzed threshold
ionization in a supersonic beam of neutral hydrogen excited to a Rydberg state with the desired
rovibrational configuration. Ions produced by direct photoionization that exist prior to the field ion-
ization are rejected using a prepulse. The cloud of ions is extracted from the neutral beam using an
electrostatic quadrupole deflector, before being injected axially into a linear radiofrequency trap and
being decelerated by a static potential. Transitions are detected by driving transitions to the disso-
ciated continuum states, producing protons as photodissociation products. The radiofrequency trap
is operated in a regime where the protons remain stable radially, but have sufficient kinetic energy
to overcome the axial confinement in a selected direction, ensuring near-unity detection efficiency.
To this end, we have developed detailed simulations of our ion beam and an experimental apparatus
for testing these novel techniques.

Session 3 /24

Bound state energy levels from trace anomaly

Author: Michael Eides’

! University of Kentucky
Corresponding Author: meides@g.uky.edu

Results on calculations of bound state energy levels from trace anomaly will be presented.

Session 3/ 25
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Hyperfine structure calculations in hydrogenlike and heliumlike
atoms

Author: Vojtéch Patkos'

Co-authors: Krzysztof Pachucki %; Vladimir A. Yerokhin

! Charles University
% University of Warsaw

3 Max—Planck-Institut fur Kernphysik
Corresponding Author: vojtech.patkos@matfyz.cuni.cz

We will present the current status of QED theory for hyperfine structure in hydrogenlike and heli-
umlike atoms in comparison to precision experimental results. For Het we use this comparison to
obtain the nuclear polarizability effect. In the case of *He atom we derive theoretical result for 235
hyperfine splitting with uncertainty of 41 Hz and observe excellent agreement with the experimen-
tal data. For 7Li* we use the comparison between theory and experiment to obtain the effective
Zemach radius. We confirm the surprising result that the effective Zemach radius of °Li is smaller
than that of “Li. Lastly, we use the results for the nuclear structure obtained from Li™ to obtain
accurate theoretical predictions for the hfs in ®7Li?* for which no experimental data is available so
far.

Session 5/ 26

Production of a 6 keV antihydrogen beam in the GBAR experi-
ment

Authors: Paolo Crivelli'; Philipp Peter Blumer'

Y ETH Zurich (CH)
Corresponding Authors: philipp.blumer@cern.ch, paolo.crivelli@cern.ch

The upgrade of the antiproton decelerator, the Extra Low ENergy Antiproton (ELENA) ring started
its operation at CERN in the Fall of 2021 and opened a new era for antihydrogen research. The
Gravitational Behaviour of Antihydrogen at Rest (GBAR) collaboration has since started taking data
and aims to directly test the Weak Equivalence Principle with a free fall of ultracold antihydrogen

H in Earth’s gravitational field. The main principle is to first produce an antihydrogen ion T and
sympathetically cool it with Bet in a Paul trap to K temperature. The excess positron is then
photodetached using a 1640 nm laser and the now neutral anti-atom experiences a classical free
fall. By measuring the time of flight and the annihilation position of the H we want to measure its

acceleration with a precision of 1% in a first phase. During the production of the ﬁ+, H atoms,
with a fraction in the 2S state, will be produced which can be used to measure the Lamb shift. I will

present the production of 6 keV H, a milestone for the experiment, as well as the status and future
prospects of GBAR [GBAR, EPJC 83, 1004 (2023)].

Session 3/ 27

Precision Measurement of Vibrational Quanta in Tritium Hydride

Authors: Frank Cozijn'; Magnus Schlésser®; Meissa Diouf¥°"; Valentin Hermann®; Wim Ubachs®

' VU University Amsterdam
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The spectroscopic investigation of the hydrogen molecule and its isotopologues is playing a cru-
cial role in the advancement of quantum mechanics in the molecular domain. Particularly, highly
accurate measurements of rovibrational transitions allow for various tests of fundamental physics
including searches for physics beyond the Standard Model.

To carry these investigations on the tritium-bearing isotopologue HT, we developed a NICE-OHMS
(noise-immune cavity-enhanced optical-heterodyne molecular spectroscopy) setup complying with
technological challenges regarding confinement and chemistry of the radioactive tritium.

From this setup we present Doppler-free measurements on the (2,0) overtone band of the tritium
hydride molecule.

Poster Session 1/ 28

High Precision Spectroscopy of the Hydrogen Molecule and its
Ion

Authors: Daniel Ochoa'; Daniel Knapp?; Maximilian Beyer®

! Vrije Universiteit Amsterdam
2 YU Amsterdam

Corresponding Authors: d.yknapp@vu.nl, m.beyer@vu.nl, a.d.ochoafranco@vu.nl

This project aims to perform spectroscopy of H_2 above the n=2 and n=3 dissociation limits to ob-
serve its photofragments utilizing velocity map imaging (VMI) and study the competition between
predissociation and autoionization by measuring the energy and angular distribution of the H"+ and
H_2"+ ions [1]. To this end, the molecule is first excited via a one-photon transition to the B state
using a tunable XUV laser, and simultaneously a second photon is used to induce a transition above
one of these dissociation limits, which causes the molecule to fragment.

Using a suitable intermediate state and a third photon, molecular Rydberg states can be excited
with the ion being in various excited rovibrational levels. Employing pulsed field ionization, this
establishes a new approach to selectively generate molecular ions in a single quantum state [2]. This
is especially important for homonuclear molecules where the vanishing dipole moment prohibits
the use of unselective ion production via electron impact. Precision measurements based on weakly
bounds states of the molecular hydrogen ion exhibit high sensitivity to peculiar effects predicted by
quantum electrodynamics theory and even to possible manifestations of physics beyond the Standard
Model [3].

[1] D.H. Parker and T.J.B. Eppink, J. Chem. Phys. 107, 2357 (1997).
[2] M. Beyer and F. Merkt, Phys. Rev. X 8, 031085 (2018).
[3] A. Carington, Science 274, 1327 (1996).

Poster Session 1/ 29

Low Repetition Rate Optical Frequency Combs for Precision Spec-
troscopy

Author: Muhammad Thariq'

Co-authors: Francesco Canella ?; Johannes Weitenberg 3. Fabian Schmid ; Paras Dwivedi *; Gianluca Galzerano °;
Theodor W. Hansch ®; Thomas Udem ; Akira Ozawa ’
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The extreme ultraviolet (XUV) frequency comb is an indispensable tool for extending optical fre-
quency metrology into the unexplored wavelength range below 200 nm. With XUV frequency
combs, precision spectroscopy for fundamental physics, optical clocks and laser cooling can be
extended into the XUV regime for the first time. This includes applications in the spectroscopy
of hydrogen-like ions such as highly charged ions, nuclear excitations of Th*, and our planned
experiment on the spectroscopy of the He' 1S-2S transition for testing quantum electrodynamics
[1.2].

Historically, the generation of XUV lasers has been a daunting task, requiring either particle accelera-
tors or high harmonic generation (HHG) techniques with peak intensities on the order of 10'3 —101°
W/cm?. Our current approach involves boosting the average power of an infrared frequency comb
to 8 kW before HHG converts it into an XUV frequency comb. While effective, this method intro-
duces complexity and requires special measures to protect optical components from the rigors of
high-power lasers.

To overcome this challenge, this work explores a novel path: the use of low repetition rate optical
frequency combs for frequency conversion [3]. By reducing the repetition rate while increasing
the peak power, we could perform HHG at a lower average power, effectively simplifying the laser
system. The technique relies on pulse picking using an acousto-optic modulator (AOM) that selects
pulses at specific intervals, effectively reducing the repetition rate. The carrier-envelope offset (CEO)
frequency can be preserved after pulse picking, as long as certain synchronicity requirements are
met [3].

This research focuses on the pulse-picking of an infrared frequency comb generated by a Kerr-lens
mode-locked Yb:KYW oscillator with a repetition rate of 40 MHz. Pulse-picking with an AOM,
which reduces the repetition rate to 40 kHz, and subsequent amplification with multiple stages of
diode-pumped double-pass Yb:LuAG amplifiers allows the pulse energy to be increased to 4.2 uJ,
with future plans to further increase the pulse energy to 50 - 100 uJ. Notably, the pulse character-
istics of this frequency comb, including 1.3 ps pulse duration and 1.5 nm spectral width (measured
by frequency-resolved optical gating), remain consistent with our cavity-enhanced HHG system
developed at 40 MHz repetition rate and 8 kW circulating power [1]. The main difference is the sig-
nificantly reduced repetition rate, which results in a three order of magnitude reduction in average
power. The results demonstrate the feasibility of generating XUV frequency combs using HHG with
infrared average powers as low as 10 W. The primary limitation is the transition linewidth of the
spectroscopic target, which cannot exceed 20 kHz. However, this can be overcome by using two low
repetition rate frequency combs and performing XUV dual comb spectroscopy on the target.

This innovative approach offers a tantalizing prospect: XUV frequency combs that do not require
high average powers or particle accelerators. It opens new horizons for XUV frequency comb spec-
troscopy, making it more accessible to researchers across disciplines. The allure of exploring the XUV
spectrum without significant barriers is likely to capture the interest of scientists and researchers,
fostering exciting opportunities for scientific exploration.

[1]]. Moreno, et. al., Eur. Phys. J. D 77, 67 (2023)
[2] F. Schmid, et. al., APL Photonics 9, 026105 (2024)
[3] F. Canella, et. al., Optica 11, 1-9 (2024)

Session 5/ 30
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Measuring the neutron electric charge with time-of-flight grating
interferometry

Author: Marc Persoz ™

Corresponding Author: marc.persoz@lhep.unibe.ch

Neutron grating interferometers can be employed as powerful tools to perform high-precision mea-
surements of deflection angles and scattering. A novel concept of a symmetric Talbot-Lau interfer-
ometer using three identical absorption gratings in a time-of-flight mode is under development at
the University of Bern. The ultimate goal of this project is to conduct a sensitive measurement of the
neutron electric charge and to improve the current best upper limit : Qn < (-0.4+/-1.1) * 10°-21 e [Bau-
mann, 1988]. A proof-of-principle apparatus has been characterized at the cold neutron beamline
PF1b at the Institute Laue-Langevin in Grenoble, France. A description of the experiment, alignment
procedures and first results concerning beam deflections measurements, the setup stability and the
neutron electric charge will be presented

Session 3/ 31

Precision spectroscopy of helium atoms

Author: Yu Sun™™

Co-authors: Jinlu Wen '; Shuiming Hu *

! University of Science and Technology of China
? Univ Sci & Tech China

Corresponding Authors: smhu@ustc.edu.cn, sunyu@mail.iasf.ac.cn, wjl14@mail.ustc.edu.cn

Precision spectroscopy in few-body atomic systems, like hydrogen and helium, enables the testing
of the quantum electro-dynamics (QED) theory and determination of the fundamental physical con-
stants, such as the Rydberg constant, the proton charge radius, and the fine-structure constant. It
also sets constraints on new physics beyond the standard Model (BSM). High precision spectroscopy
of atomic helium, combined with ongoing theoretical calculations for the point nucleus may allow
an alternative determination of the helium nuclear charge radius, which could be more accurate
than from the electron scattering. Moreover, the comparison of results from electronic and muonic
helium will provide a sensitive test of universality in the electromagnetic interactions of leptons.
Our group has performed laser spectroscopy measurement of the 23S-23P transition of helium atoms,
in the past decade [1,2]. Recently, we updated our atomic beam setup, adding a Zeeman deceleration
system, we implemented a new metastable atomic helium beam with high brightness and adjustable
speed [3]. In this setup, the influence of first-order Doppler effect can be significantly reduced. At
the same time, we have improved the probe laser system, by using a switching traveling wave field
instead of the standing wave field that used in the original experiment, to probe the atomic beam [4].
This improvement effectively reduces the light force induce shift in our previous measurement [5].
Based on that setup, the issue of post-selection in precision spectroscopy of the 235-23P transition
of 4He has first revealed. We experimentally observed a discrepancy between the results with and
without post-selection, which is validated by our simulations and theory. Our findings reveal the
extra bias of weak signals when applying WVA and indicate a correction of previously experimental
results obtained under post-selections. Our work highlights the significance of quantum mechanics
and technologies in modern precision measurement and appeals to more attention to evaluate and
interpret experiments in the framework of quantum optics and quantum metrology.

Key words: Helium Spectroscopy, Post-Selection, Weak Measurement, Isotope Shift, Nuclear Charge
Radius

[1] X. Zheng, Y. R. Sun, J.-J. Chen, W. Jiang, K. Pachucki, and S.-M. Hu. Phys. Rev. Lett., 118:063001,
Feb 2017.

[2] X. Zheng, Y. R. Sun, J.-J. Chen, W. Jiang, K. Pachucki, and S.-M. Hu. Phys. Rev. Lett.,
119:263002, Dec 2017.

[3]J.-].Chen, Y.R.Sun, J.-L.Wen, and S.-M.Hu Phys.Rev.A,101:053824(2020)
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[4]Jin-Lu Wen, Jia-Dong Tang, Jun-Feng Dong, Xiao-Jiao Du, Shui-Ming Hu and Y.R.Sun, Phys.Rev.A,107,042811(2023)
[5] X. Zheng, Y. R. Sun, J.-J. Chen, J.-L. Wen, and S.-M. Hu. Phys. Rev. A, 99:032506, Mar 2019
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Hyper-EBIT: A source for heavy highly charged ions
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Corresponding Authors: fabian heisse@mpi-hd.mpg.de, athulya.george@mpi-hd.mpg.de, jonathan.morgner@mpi-
hd.mpg.de

ALPHATRAP is a Penning trap experiment located at the Max-Planck-Institut fiir Kernphysik, Hei-
delberg with the goal to perform tests of quantum electrodynamics (QED) in strong fields by mea-
suring the bound electron magnetic moment or g factor [1]. These tests are performed using highly
charged ions, where the few remaining electrons experience the strong fields emanating from the
nucleus. Recently, the g factor of 1'¥Sn*"* was measured at ALPHATRAP with sub parts-per-billion
precision, one of the most stringent tests of bound-state quantum electrodynamics, up to two-loop
contributions, in very strong fields [2]. In order to push such tests even further, into the most ex-
treme field strengths, similar measurements should be performed with the heaviest highly charged
ions such as 298Pb81*, where the electric fields reach up to 106 V/em.

The production of 2°®Pb8!* involves overcoming the ionization energy of 100 keV. To produce and
inject 208Pb®1+ into the cryogenic Penning trap of ALPHATRAP, we are currently constructing the
“Hyper-EBIT”, an electron beam ion trap designed for electron beam energies of 300 keV and currents
of about 500 mA. I will be presenting the current status of Hyper-EBIT development.

[1]S. Sturm et al., Eur. Phys. J. Spec. Top. 227, 1425-1491 (2019)

[2]]). Morgner, et al., Nature 622, 53-57 (2023)
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Latest results and status update from the Fermilab Muon g-2 ex-
periment

Author: Mohammad Ubaidullah Hassan Qureshi'

! Johannes Gutenberg University Mainz
Corresponding Author: moquresh@uni-mainz.de

In August 2023, the Fermilab Muon g-2 experiment collaboration published the Muon g-2 value with
an unprecedented precision of 203 ppb, utilising data gathered from 2018 to 2020 (Runs 1-3). Since
then, additional data has been gathered from 2021 to 2023 (Runs 4-6), double the Run 1-3 dataset. This
talk will focus on the analysis conducted for the latest results, highlighting the systematic studies
and enhancements undertaken to reduce systematic uncertainties, thereby advancing the precision
of our measurements. Additionally, a brief update will be provided on the current status of the Run
4-6 analysis.

Session 5/ 34
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The neutron lifetime experiment tSPECT

Author: Dieter Achim RiesN™

Corresponding Author: dieter.ries@psi.ch

The tSPECT experiment, which has been developed at

the pulsed Ultracold Neutron (UCN) source of the TRIGA Mainz research reactor and has been moved
to the UCN source

at PSI in 2023, employs a fully magnetic trap for UCN and the novel technique of spin-flip loading
to measure the lifetime of the free neutron.

The state of neutron lifetime measurement, tSPECT’s design and plans for a sub-second precision
measurement in the next years will be presented.

Session 1/ 35

Laserspectroscopic determination of the nuclear charge radii of
12,13

Author: Patrick Miiller'
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Corresponding Authors: bmaass@ikp.tu-darmstadt.de, wnoertershaeuser@ikp.tu-darmstadt.de, pamueller@ikp.tu-
darmstadt.de, kkoenig@ikp.tu-darmstadt.de, phillip.imgram@kuleuven.be

Light heliumlike systems are ideal cases to benchmark state of the art atomic and nuclear theory as
their nuclei exhibit interesting cluster and halo structures and their atomic structure is accessible
for high-precision ab initio calculations. With recent progress in nonrelativistic quantum electro-
dynamics (NRQED) calculations [1], even an all-optical extraction of absolute nuclear charge radii
from light heliumlike systems became possible. In an ongoing effort, we therefore plan to determine
absolute and differential nuclear charge radii, R¢ and R, of the light elements Be to N by purely
using collinear laser spectroscopy (CLS) and ab initio NRQED calculations. As a first step, we mea-
sured the absolute transition frequencies of the 152s3S; — 152p 3P lines of 1213C* at the ppb
precision level using the Collinear Apparatus for Laser Spectroscopy and Applied Science (COALA)
at the Technical University of Darmstadt.

We present two prospects of our latest results: The use of the P ; frequency splittings to identify the
dominant terms in the next order (ma?®) of the power expansion of the NRQED calculations and the
determination of R{? as well as §Rlc2’13 to benchmark ab initio nuclear structure calculations [2].
Particularly, the analysis of '3C**, which is modulated by significant hyperfine-induced mixing,
poses an additional challenge. Our nuclear model-independent charge radii are compared to new
in-medium similarity renormalization group (IMSRG) and no-core shell model (NCSM) calculations
as well as existing results from elastic electron scattering and muonic atom spectroscopy. Future
plans and perspectives on how to extend the CLS measurements to heliumlike Be, B and N are
outlined.

This project is supported by DFG (Project-ID 279384907 - SFB 1245).

[1] V. A. Yerokhin et al., Phys. Rev. A 106, 022815 (2022)
[2] P. Imgram et al., Phys. Rev. Lett. 131, 243001 (2023)
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Quantum Electrodynamics and Quantum Cyclotron Energy Lev-
els

Author: Ulrich Jentschura'

! Missouri University of Science and Technology
Corresponding Author: uljjen@gmail.com

Relativistic and quantum electrodynamic corrections to the energy levels of quantum cyclotron
states is are important for the determination of a number of fundamental constants, notably, for the
g factor of the electron and positron, and atomic masses. We have recently analyzed the relativistic
corrections in detail in [Phys. Rev.A vol. 106, 012816 (2022)] on the basis of higher-order Foldy-
Wouthuysen transformations. Small modifications of literature values were found. The evaluation
of quantum electrodynamic corrections requires the evaluation of bound-state Feynman diagrams
with up to six magnetic vertices [Phys. Rev. D vol. 108, 036004 (2023)] and the use of fully relativis-
tic Landau levels in the symmetric gauge, which were derived in [Phys. Rev. D vol. 108, 016016
(2023)]. Apparatus-dependent effects could limit the ultimate precision of the determination of the
electron g factor [Phys. Rev. D vol. 107, 076014 (2023)], with the main apparatus-dependent effects
impacting the so-called axial frequency. (As a supplement, a few other recent results such as those
from arXiv:2403.07127, will be briefly summarized.) *This research was supported by NSF Grant
PHY-2110294.

Poster Session 2 / 37

Weighted average of scattered data: a Bayesian approach

Authors: Martino Trassinelli'; Marleen Maxton?

L CNRS, Sorbonne Université, Institut des NanoSciences de Paris

2 Sorbonne Université, CNRS, Institut des NanoSciences de Paris
Corresponding Authors: maxton@insp.jussieu.fr, trassinelli@insp.jussieu.fr

A common problem for experimental scientists is computing averages of scattered data, i.e., with
uncertainties much smaller than the distance between the different values. In such a case, a weighted
average generally gives a very small uncertainty that does not reflect the bad agreement of the data.
Different strategies are implemented in the literature, such as the application of a scale factor to the
weighted average uncertainty proportional to a measure of the data scattering, like in the Particle
Data Group (PDG) recommendations. Such methods are, however, based only on scientific intuitions
without any strict statistical arguments.

We present here a rigorous and reproducible approach based on Bayesian statistics. The starting
point, already known in the literature, is to consider each datum uncertainty oy as a lower boundary
estimation of the real unknown uncertainty 0. Once marginalised over o values (using a Jeffreys
prior), the expected statistical distribution is no longer a normal distribution but is characterised by
smoothly decreasing wings. Like the derivation of the standard weighted average rule, our modified
version is obtained by taking the maximum of the cumulative probability distribution and its second
derivative value at the maximum. Unlike the standard weighted average, no analytical solution is
available, and numerical methods have to be implemented. After a series of tests, the proposed
method proved to be very reliable and robust for scattered data, but also with respect to the possible
presence of outliers. In particular, it reproduces well the scale factor values reported by the PDG,
but also suggests that the PDG method may be biased. When applied to the CODATA recommended
values of the gravitational constant G our method proves a very good estimation of G for each
CODATA edition, even for critical data sets (1996 edition) that included misleading measurements
and where a scale factor of 37 was introduced in the final average value. The presented method will
be extended in the future to correlated measurements, for applications to case such as the proton
radius puzzle.
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Cavity-enhanced spectroscopy of H; in a deep cryogenic regime

Authors: Kamil Stankiewicz'; Marcin Makowski'; Michal Stowinski'; Kamil Leon Soltysl; Bogdan Bednarski';
Hubert Jézwiak'; Nikodem Stolarczyk'; Szymon Wéjtewicz'; Agata Cygan'; Grzegorz Kowzan'; Piotr Mastowski';
Mariusz Piwiski'; Daniel Lisak'; Piotr Weisto!

! Nicolaus Copernicus University

Corresponding Authors: kamilstankiewicz@doktorant.umk.pl, piotr.wcislo@fizyka.umk.pl, pima@fizyka.umk.pl,
piwek@fizyka.umk.pl

We introduce, for the first time, a spectrometer based on a high-finesse optical resonator operating in
a deep cryogenic regime, i. e., below 5 K. This system enables uniform cooling of the entire optical
cavity, including the gas sample, the mirrors as well as the piezoelectric actuator (with tunability
range exceeding 20 pm [1]). The setup is designed in a way that efficiently attenuates both external
vibrations and those originating from the cryocooler itself, ensuring stable operation of the optical
cavity.

The spectrometer, integrated with an optical parametric oscillator (OPO), facilitates the investiga-
tion of the fundamental band of Hy in the range from 2.2 to 2.4 pm. We will demonstrate our first
measurements of the rovibrational transition S(0) from 1-0 band in cold molecular hydrogen at 5 K
in the Doppler-limited regime. Achieving accuracy at the level of 10~¢ cm ™!, our system allows
for testing of the quantum electrodynamics (QED) corrections for Ho at the fifth significant digit
of the QED correction [2-3]. By saturating the very weak quadrupole transitions in Hy we expect
to further enhance the accuracy by an order of magnitude. This is achievable thanks to the deep
cryogenic regime of our cavity and high laser power provided by the OPO.

[1] M. Stowinski, M. Makowski, K. L. Soltys, K. Stankiewicz, S. Wojtewicz, D. Lisak, M. Piwinski, P.
Weisto, Rev. Sci. Instrum. 93, 115003 (2022)

[2] J. Komasa, M. Puchalski, P. Czachorowski, G. Lach, and K. Pachucki, Phys. Rev. A 100, 032519
(2019)

[3] P. Czachorowski, M. Puchalski, J. Komasa, and K. Pachucki, Phys. Rev. A 98, 052506 (2018)
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Testing quantum electrodynamics in extreme fields using helium-
like uranium
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lix Krégerz ; Jan Glorius?; Robert Grisenti?; Mauro Guerra®; Alexandre Gumberidze?; Regina Hess?; Pierre-Michel
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Transition energy measurements in heavy, few-electron atoms are a unique tool to test bound-state
QED in extremely high Coulomb fields, where perturbative methods cannot be implemented. In
such fields, the effects of the quantum vacuum fluctuations on the atomic energies are enhanced by
several orders of magnitude with respect to light atoms. However, up to now, experiments have been
unable to achieve sensitivity to higher-order (two-loop) QED effects in this strong regime. Here we
present a novel multi-reference method based on Doppler-tuned x-ray emission from fast uranium
ions stored in the ESR ring of the GSI/FAIR facility. By accurately measuring the relative energies
between 2p5 /2 — 2517 transitions in two-, three-, and four-electron uranium ions, we were able,
for the first time in this regime, to disentangle and test separately high-order (two-loop) one-electron
and two-electron quantum electrodynamics (QED) effects, and set a new important benchmark for
QED in the strong field domain [1]. Moreover, the achieved accuracy of 37 parts per million allows
us to discriminate between different theoretical approaches developed throughout the last decades
for describing He-like systems.

[1] R. Loetzsch et al., Nature 625, 673-678 (2024).
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Precision measurements on protons and antiprotons in the BASE
collaboration
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Precision measurements of conjugate particles and antiparticles test CPT invariance, a fundamen-
tal symmetry in the Standard Model of particle physics. Penning traps can precisely measure the
charge-to-mass ratios and magnetic moments of charged particles. The BASE collaboration is per-
forming such measurements on single trapped protons and antiprotons, and reported recently a
charge-to-mass ratio comparison of the proton and antiproton with 16 parts per trillion (ppt) rela-
tive uncertainty [1]. The magnetic moments of the proton and antiproton were measured with 300
ppt in the BASE-Mainz apparatus [2] and with 1600 ppt in the BASE-CERN experiment [3], respec-
tively. Presently, precise control of magnetic field gradients in the measurement trap and highly
optimized resistive cyclotron cooling in a dedicated cooling trap enable improved magnetic moment
measurements in the BASE-CERN experiment. Further, we have developed a sympathetic cooling
method by image-current coupling between two traps to cool single protons and antiprotons for
precision measurements [4], and developments regarding ground-state cooling and quantum logic
methods for protons and antiprotons are ongoing in BASE Hannover [5]. As next step, we aim to
implement transportable antiproton traps to relocate antiproton precision measurements into labo-
ratories with calm magnetic field conditions to circumvent limitations by magnetic field fluctuations
imposed by the operations in the antiproton decelerator hall. We are presently setting up the BASE-
STEP trap system in a transportable superconducting magnet to demonstrate the relocation of an
antiproton reservoir [6].

I will present an overview of the physics goals, methods, and recent developments in the BASE col-
laboration.

[1] M. J. Borchert et al., Nature 601, 53 (2022).

[2] G. Schneider et al., Science 358, 1081 (2017).

[3] C. Smorra et al., Nature 550, 371 (2017).

[4] M. A. Bohman et al., Nature 596, 514 (2021).

[5]J. M. Cornejo et al., Physical Review Research 5, 033226 (2023).

[6] C. Smorra et al., Rev. Sci. Instr. 94, 113201 (2023).
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Rovibrational energy levels of the hydrogen molecule and its iso-
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The energy of a molecular rovibrational level is theoretically derived from several components,
including nonrelativistic, relativistic, quantum electrodynamics, and more. When it comes to a
light molecule such as hydrogen or its isotopologue, the nonrelativistic quantum electrodynamics
(NRQED) can accurately describe this energy using an expansion in powers of the fine structure
constant E(a) = Y, o' E@

The component that is least accurate in this expansion is limiting the accuracy of the total energy.
Precise predictions for hydrogen molecular levels require the treatment of electrons and nuclei on an
equal footing. While nonrelativistic theory has been effectively formulated this way, calculations of
relativistic and quantum electrodynamic effects with well-controlled numerical precision are much
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more challenging. In this communication, we report extending this nonadiabatic method to the rela-
tivistic correction term, F*). The four-body nonadiabatic James-Coolidge wave function is applied
to evaluate the expectation value of the Breit-Pauli Hamiltonian. The main obstacle encountered in
this approach is the need for a whole class of integrals resulting from combining relativistic oper-
ators with exponential basis functions. Such integrals have been successfully evaluated, and new
results of the relativistic correction will be reported. The convergence analysis indicates that the
numerical uncertainty of this correction is of the order of 10~7 cm~?!. Similar to the nonrelativis-
tic component, the uncertainty of the relativistic term is negligible enough to eliminate it from the
overall uncertainty budget. An essential aspect of the newly developed method is its capability of
handling arbitrarily high rotational angular momentum without significant loss in accuracy. With
the new relativistic results, the achieved accuracy is limited only by the uncertainty of the quantum
electrodynamic effects, EM™ n > 5.

Several recent experimental studies have revealed a minor discrepancy between the most precise the-
oretical and experimental data. This inconsistency offers an opportunity for further advancements in
the field. It will be examined in light of new nonadiabatic relativistic calculations, providing insight
into further improvements in the current theory.

Session 6 / 42

Quantum Logic Spectroscopy of the Hydrogen Molecular Ion
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I will present our latest results, implementing pure quantum state preparation, coherent manipula-
tion, and non-destructive state readout of the hydrogen molecular ion H,. The hydrogen molecular
ion H, is the simplest stable molecule, and its structure can be calculated ab-initio to high precision.
However, challenging properties such as high reactivity, low mass, and the absence of rovibrational
dipole transitions have thus far strongly limited spectroscopic studies of H". We trap a single H"
molecule together with a single beryllium ion using a cryogenic Paul trap apparatus, achieving trap-
ping lifetimes of 11h and ground-state cooling of the shared axial motion [1]. With this platform
we have recently implemented Quantum Logic Spectroscopy of H, . We utilize helium buffer-gas
cooling to prepare the lowest rovibrational state of ortho-Hj (rotation L = 1, vibration v = 0).
We combine this with quantum-logic operations between the molecule and the beryllium ion for
preparation of single hyperfine states and non-destructive readout, and demonstrate Rabi flopping
on several hyperfine transitions. Our results pave the way to high-precision spectroscopy studies of
H which will enable tests of theory, metrology of fundamental constants, and an optical molecular
clock.

[1] N. Schwegler, D. Holzapfel, M. Stadler, A. Mitjans, I. Sergachev, J. P. Home, and D. Kienzler, Phys.
Rev. Lett. 131, 133003 (2023)

Session 8 /43

Progress in the calculation of order o’ radiative-recoil corrections
to the energy levels of muonium and positronium
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Muonium and positronium, the e~ and e~ e™ bound systems, are described almost completely
within quantum electrodynamics. Their energy levels can be calculated to high precision, and these
systems are also subject to high precision measurements. Recent developments include intense ex-
perimental work on muonium by the MuSEUM collaboration at J-PARC, the MuMASS collaboration
at PSI, and a new measurement of the positronium fine structure by the Cassidy group at UCL. In or-
der to match the uncertainties of projected experimental results the calculation of additional higher
order corrections will need to done.

In this talk I will describe progress on a calculation of a set of radiative-recoil corrections to the
energy levels of muonium and positronium at order a”. These are terms involving two-loop radiative
corrections to the exchange of two photons betweeen the bound fermions. There are 38 distinct
Feynman graphs of this type, leading to a large number of three-loop Feynman integrals. Integration
by parts identities were used to reduce the number of independent integrals that need to be done,
and their evaluation is being accomplished by solving first order differential equations satisfied by
groups of the needed integrals. The variable being used is the ratio « of the two fermion masses.
Since results for all values of x are anticipated, the results will be applicable to both muonium and
positronium.

Session 9/ 44

Status of the FAMU experiment

Author: Cecilia Pizzolotto™™

Corresponding Author: cecilia.pizzolotto@ts.infn.it

The FAMU collaboration aims to measure the hyperfine splitting of the muonic hydrogen in the
ground state, a way to get insight into the proton magnetic structure.

In 2023, the experiment has successfully acquired data using the complete setup for the first time.
Based at the Rutherford Appleton Laboratory (UK), the experiment consists in directing a muon
beam onto a gas target to form muonic hydrogen. Then, a mid-infrared pulsed laser, specifically
developed by the collaboration, is injected in the target. The laser wavelength is tuned in a window
around 6.8 pm to search for the hyperfine splitting resonance.

This contribution will focus on the status of the experiment and the performances during the most
recent beam time.

Session 9/ 45

Nuclear contributions to two-photon exchange in muonic deu-
terium
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Nuclear structure effects on the energies of light (ordinary and muonic) atoms are the dominant
source of uncertainty in the determination of the nuclear charge radii and other properties of light
nuclei [1], [2]. The most important of these effects are the two-photon exchange (TPE) contributions.
The present method of choice for studying them is ab initio theoretical calculations. In this talk, I
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will consider TPE contributions to the energy spectra of muonic deuterium, concentrating on recent
results obtained within the framework of pionless effective field theory [3,4].

[1] K. Pachucki, V. Lensky, F. Hagelstein, S. Li Muli, S. Bacca, R. Pohl, Rev. Mod. Phys. 96 (2024),
015001 [arXiv:2212.13782 [physics.atom-ph]]

[2] A. Antognini, F. Hagelstein and V. Pascalutsa, Ann. Rev. Nucl. Part. Sci. 72 (2022) 389
[arXiv:2205.10076 [nucl-th]]

[3] V. Lensky, F. Hagelstein and V. Pascalutsa, Eur. Phys. ]. A 58 (2022), 224 [arXiv:2206.14756
[nucl-th]].

[4] V. Lensky, F. Hagelstein and V. Pascalutsa, Phys. Lett. B 835 (2022), 137500 [arXiv:2206.14066
[
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Tabletop particle physics and cosmology with precision quantum-
logic spectroscopy

Author: David Leibrandt’

' UCLA
Corresponding Author: leibrandt@ucla.edu

The extreme precision and accuracy of state-of-the-art optical atomic clocks can be used to look
for very small deviations from the predictions of the Standard Model, offering a tool to search for
beyond Standard Model (BSM) physics complementary to particle accelerators. These searches are
based on measuring the frequency ratio of two transitions that depend differently on interactions
with BSM particles or fields. In this talk, I will begin with a brief review of optical atomic clocks, fo-
cusing on clocks based on quantum-logic spectroscopy of Al*. I will proceed to present a frequency
ratio measurement between Al™ and Yb clocks at NIST that used a new coherent clock comparison
protocol called differential spectroscopy in order to achieve the highest precision of any interspecies
ratio measurement to-date. I will conclude with a discussion of two new experiments being set up at
UCLA aimed at performing precision quantum-logic spectroscopy of transitions with much higher
sensitivity to BSM physics in a variety of sectors. In the first, precision measurements of the 148
nm nuclear isomer transition in sympathetically laser cooled 2?Th3* ions will be used to search
for proposed ultralight scalar dark matter models such as the relaxion and for time-variation of the
fundamental constants predicted by theories that seek to unify general relativity with quantum me-
chanics. In the second, quantum control and quantum-logic spectroscopy of polyatomic molecules
will be used to study and search for fundamental symmetry violations in the weak and strong force
sectors.

Poster Session 1/ 48

High precision calculation of structural properties of three-body
molecular ions

Author: Santanu Mondal

Co-authors: Amlan K Roy '; Jayanta K Saha

! Department of Chemical Sciences, IISER Kolkata, Mohanpur 741246, Nadia, India
? Department of Physics, Aliah University, ITA/27, Newtown, Kolkata 700160, India

Corresponding Authors: santanu.pdf@iiserkol.ac.in, akroy@iiserkol.ac.in, jsaha84@gmail.com
The investigation on high-precision calculations of molecular ions emerges as a captivating and

fascinating domain of research. The meticulous exploration of molecular ions necessitates a com-
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prehensive understanding of their structural, electronic and dynamic properties. In a molecular sys-
tem, unlike in an atomic system, describing nuclear motion is significantly more complicated due
to the constraints on its movement. Consequently, calculations beyond the Born-Oppenheimer ap-
proximation become exceedingly intricate. Apart from the approximation method, such as coupled-
cluster, density functional, perturbation theory etc., the Ritz variational method turns out to be one
of the most efficient methods to accurately determine structural properties of a three-body molecu-
lar system [1-4]. In this work, we have studied the structural properties of various symmetric and
asymmetric molecular three-body systems, such as HJ , DJ , T4, HD+, DT+ (and their muonic substi-
tutions) etc., using the trial wave function expanded in explicitly correlated Hyllerass type basis set

of the form: W (ry,79,712) = (1 + kpu) Zf\il Cirllirg“r;"g exp (—ayry — Bira — YiT12), where

(r1,79,712) are the relative coordinates, Py, is the two-particle permutation operator, (I;, m;,n;)
and («y, f;, ;) are basis set parameters and non-linear exponents, & = +1(—1) is for symmetric
singlet (triplet) and k¥ = 0 is for an asymmetric system. Further, we consider an additional large
parameter M in the power of inter-nuclear distance 735 to ensure that the factor r?f’M exp (—vir12)
replicates the notion of Gaussian profile essential for capturing the localized nature of nuclear mo-
tion. The stabilization method [5] is utilized to accurately determine the energy eigenvalues and
geometrical quantities (such as expectation values of inter-nuclear distance, nuclear-particle separa-
tion, corresponding angles, cusps etc.) of ground and some low-lying singly excited states, as well
as continuum embedded Feshbach resonance states. Moreover, we have tried to expand the present
explicitly correlated method to assess its viability in investigating four-body molecular systems, such
as Pse and Hy molecules, which offer intriguing characteristics unique to such systems.

References:

1. S. Mondal, A. Sadhukhan, T. K. Mukhopadhyay, M. Pawlak and J. K. Saha; Physica Scripta 98,
015408 (2022)

2. S. Majumdar and A. K. Roy; Frontiers in Chemistry 10, 926916 (2022)

3. A. Ghosal and A. K. Roy; Molecular Physics 120, €1983056 (2022)

4. A. Ghosal, T. Mandal and A. K. Roy; International Journal of Quantum Chemistry 118, €25708
(2018)

5. J. K. Saha and T. K. Mukherjee; Physical Review A 80, 022513 (2009)
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Precision Measurements of Muonium and Muonic Helium Hy-
perfine Structure at J-PARC

Author: Patrick Strasser

! KEK

Corresponding Author: patrick.strasser@kek.jp

At the J-PARC Muon Science Facility (MUSE), the MuSEUM collaboration is planning new precision
measurements of the ground state hyperfine structure (HFS) of both muonium and muonic helium
atoms.

Muonium (a bound state of a positive muon and an electron) and muonic helium (a helium atom
with one of its electrons replaced by a negative muon) are both hydrogen-like atoms. Their respec-
tive ground-state HFS results from the interaction of the electron and the muon magnetic moment,
and they are very similar but inverted because of the different signs of their respective muon mag-
netic moments. High-precision measurements of the muonium ground-state HFS are recognized as
the most sensitive tool for testing bound-state quantum electrodynamics (QED) theory to precisely
probe the Standard Model [1] and determine fundamental constants of the positive muon magnetic
moment and mass. The same technique can also be employed to measure muonic helium HFS and
obtain the negative muon magnetic moment and mass. Moreover, muonic helium HFS is also a sen-
sitive tool to test and improve the theory of the three-body atomic system.

The MuSEUM collaboration already performed HFS measurements at zero magnetic field at MUSE
D-line of both muonium and muonic helium atom, with results more accurate than previous mea-
surements [2-4]. High-field measurements are now in preparation at the MUSE H-line, using ten
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times more muon beam intensity than at the D-line, and with decay positrons/electrons being more
focused on the detector due to the high magnetic field, we aim at improving the accuracy of previous
measurements by ten times for muonium and hundred times or more for muonic helium. Further-
more, a new experimental approach to recover the negative muon polarization lost during the muon
cascade process in helium is being investigated by repolarizing muonic helium atoms using a spin-
exchange optical pumping (SEOP) technique [5], which would drastically improve the measurement
accuracy, and where a direct improvement by a factor of ten may be realized. An overview of the
different features of these new HFS measurements and the latest results will be presented.

[1] M. L Eides, Phys. Lett. B 795, 113 (2019)

[2] S. Kanda et al., Phys. Lett. B 815, 136154 (2021)

[3] S. Nishimura et al, Phys. Rev. A 104, L020801 (2021)
[4] P. Strasser et al., Phys. Lett. 131, 253003 (2023)

[5] A. S. Barton et al, Phys. Rev. Lett. 70, 758 (1993)
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GRASIAN: Improved measurements with cold hydrogen and deu-
terium for the forthcoming first demonstration of gravitational
quantum states of atoms

Author: Carina Killian'

! Stefan Meyer Institute for Subatomic Physics, Austrian Academy of Sciences, Kegelgasse 27, Vienna, 1030, Austria

Corresponding Author: carina.killian@oeaw.ac.at

Alow energy particle confined by a horizontal reflective surface and gravity settles in gravitationally
bound quantum states. These gravitational quantum states (GQS) were so far only observed with
neutrons, by Nesvizhevsky and his collaborators at ILL. However, the existence of GQS is predicted
also for atoms. The GRASIAN collaboration pursues the first observation of GQS of atoms, using a
cryogenic hydrogen beam. This endeavor is motivated by the higher densities, which can be expected
from hydrogen compared to neutrons, the easier access, the fact, that GQS were never observed with
atoms and the accessibility to other hypothetical short range interactions.

We report on our methods developed to reduce background and to detect low velocity atoms, which
are needed for such an experiment. Furthermore, we present our recent measurement results on
the collimation of the hydrogen beam to 2 mm, the reduction of background and improvement of
signal-to-noise and finally our first detection of atoms with velocities < 72 m s-1.

Session 1/ 53

Penning Trap Measurement of the *He Mass
Author: Olesia Bezrodnova'

Co-authors: Sangeetha Sasidharan !; Wolfgang Quint 2; Sven Sturm *; Klaus Blaum *

! Max-Planck-Institute fiir Kernphysik, Heidelberg
2 GSI Helmholtzzentrum, Darmstadt, Germany
* Max-Planck-Institut fiir Kernphysik, Heidelberg

Corresponding Authors: olesia.bezrodnova@mpi-hd.mpg.de, w.quint@gsi.de
The masses of lightest nuclei form a network of parameters used in fundamental physics. The mass

difference of T and He, for example, must be known with the highest precision to cross-check the
systematic uncertainties in experiments
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such as KATRIN or Project-8, which study §-decay of T to set a limit on the 7, mass. A Penning-
trap measurement involving the bound electron g-factor can improve the precision of the atomic
mass of the electron A, (e) if the mass of the reference nucleus, *He, is known with sufficient preci-
sion.

Penning trap mass measurements of the light nuclei have revealed
considerable inconsistencies between the values reported by different
experiments. To restore confidence in the literature values, the mass
spectrometer LIONTRAP has measured the masses of the proton [1],

the deuteron, the HD™" molecular ion [2], and most recently, *He [3].

This contribution presents the preliminary results of the *He

mass measurement campaign, aimed at resolving the discrepancy among the
literature values known as the “Light Ion Mass Puzzle”.

[1] F. Heisse et al., Phys. Rev. A 100, 022518 (2019)
[2] S. Rau et al., Nature 585, 43-47 (2020)
[3] S. Sasidharan et al.,, Phys. Rev. Lett. 131, 093201 (2023)
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The Mu-MASS Experiment - Status and Outlook

None

Author: Marcus Mahring

Corresponding Author: mmaehring@ethz.ch

Muonium is a purely leptonic bound state of an anti-muon and an electron and is an excellent can-
didate to probe bound state QED and search for new physics beyond the Standard Model. The
Mu-MASS experiment at PSI aims to improve the Muonium 1S-2S transition and Lamb Shift by sev-
eral orders of magnitude. I will present the experiment’s progress, focusing on new advances in our
understanding of muonium sources as well as the outlook for the experiment.

Poster Session 2 / 55

Evaluation of self-energy correction in a finite-basis approxima-
tion

Authors: David Ferenc!; Maen Salman™°"®; Trond Saue!

' CNRS -University Toulouse IIl
Corresponding Authors: maen.salman@hotmail.com, david.ferenc@ttk.elte.hu, trond.saue@irsamc.ups-tlse.fr

The accurate computation of QED corrections to the energy levels of heavy atoms and molecules
poses a significant challenge. At the one-loop level the corrections to the electron-nucleus interac-
tion are the vacuum polarization and the electron self-energy. The leading-order (in Za) vacuum
polarization correction can be included in molecular computations as an effective local potential
(Uehling potential) [1]. However, higher order corrections become increasingly complex. Recently
the complete many-potential vacuum polarization density has been evaluated in the finite-basis ap-
proximation [2]. Self-energy on the other hand emerges as a non-local interaction, making its rig-
orous evaluation more involved. The main difficulty in both cases is applying an efficient renormal-
ization scheme to obtain accurate results without loss of precision due to numerical cancellations.
Additionally, in order to extend the approach towards more complex systems, it must comply with
the well-established framework for many-electron systems. In this contribution we present a method
where the solutions of the external-Coulomb-field Dirac equation are expanded in a finite Gaussian
basis set, and the partial wave renormalization scheme [3,4,5] is applied to the self-energy problem
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of hydrogen-like atoms. The unrenormalized bound self-energy is evaluated for each set of interme-
diate states with a given x quantum number separately. The mass renormalization counterterm for
each partial wave is treated on equal footing in a finite-basis, avoiding the need for the analytical
solutions and complicated multi-dimensional or complex-contour numerical integration. With each
term being finite in the partial wave expansion, the UV regulator can be removed to obtain a finite
contribution. Our numerical approach shows good agreement with the results of Quiney and Grant,
using a numerical complex-contour integral scheme [5].

[1] A. Sunaga, M. Salman, and T. Saue. 4-component relativistic Hamiltonian with effective QED
potentials for molecular calculations. J. Chem. Phys. 157, 164101 (2022).

[2] M. Salman and T. Saue. Calculating the many-potential vacuum polarization density of the Dirac
equation in the finite-basis approximation. Phys. Rev. A 108, 012808 (2023).

[3] I. Lindgren, H. Persson, S. Salomonson, and A. Ynnerman. Bound-state self-energy calculation
using partial-wave renormalization. Phys. Rev. A 47, R4555(R) (1993).

[4] H. M. Quiney and L. P. Grant. Partial-wave mass renormalization in atomic QED calculations.
Phys. Scr. 132 (1993).

[5] H. M. Quiney and L. P. Grant. Atomic self-energy calculations using partial-wave mass renormal-
ization. J. Phys. B: At. Mol. Opt. Phys. 27 L299 (1994).
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Precision spectroscopy of the 2S-6P transition in atomic deuterium
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2 MPQ
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* Johannes Gutenberg University Mainz, Germany
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Corresponding Authors: omer.amit@mpq.mpg.de, pohl@uni-mainz.de, lothar.maisenbacher@mpq.mpg.de, vi-
taly.wirthl@mpq.mpg.de, thu@mpq.mpg.de, derya.taray@mpq.mpg.de

Similar to atomic hydrogen, precision laser spectroscopy of atomic deuterium can be used to deter-
mine physical constants and to test Quantum Electrodynamics. A combination of the 1S-2S transi-
tion frequency with additional measurements in deuterium allows a determination of the deuteron
radius independent of the proton radius (1). These determinations are however discrepant with re-
sults obtained in muonic deuterium (2), similar to the proton radius puzzle in hydrogen. Contrary
to hydrogen (e.g. (3)), no recent measurements in deuterium are available.

In contrast to hydrogen, precision spectroscopy of the same transition in deuterium is complicated
by the simultaneous excitation of unresolved hyperfine components, possibly leading to quantum
interference between unresolved lines (4). Since these effects depend on laser polarization, we de-
veloped an active fiber-based retroreflector with a polarization monitor (5). Furthermore, we find
that in our case the quantum interference is strongly suppressed. We performed a preliminary mea-
surement of the 2S-6P transition in deuterium, which demonstrates the feasibility of determining
this transition frequency with a similar precision as for hydrogen.

References

(1) R. Pohl et al., Metrologia 54, L1 (2017)

(2) R. Pohl et al., Science 353, 669-673 (2016)

(3) A. Brandt et al., Phys. Rev. Lett 128, 023001 (2022)
(4) Th. Udem et al., Ann. Phys. 531, 1900044 (2019)

(5) V. Wirthl et al., Opt. Express 29(5), 7024-7048 (2021)
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Towards laser cooling of negative molecular ions

Authors: Fredrik Olof Andre Parnefjord Gustafsson'; Matthias Germann™°"*; Michael Doser’

! CERN

Corresponding Authors: matthias.germann@cern.ch, fredrik.parnefjord.gustafsson@cern.ch, michael.doser@cern.ch

The AEgIS experiment at CERN’s Antiproton Decelerator aims at measuring the gravitational accel-
eration g of antihydrogen (H) with high precision [1, 2]. A key limitation in these measurements
is the H temperature: The thermal motion of the H atoms blurs their free-fall trajectories and thus
limits the achievable g precision.

The temperature of antihydrogen, which is formed at AEgIS in a laser-induced charge transfer re-
action between positronium and antiprotons (p), is dominated by the temperature of the antiproton
precursors. With the current passive cooling scheme, the achievable p temperature is limited to at
best tens (but to date a few hundred) kelvin.

Sympathetic cooling of antiprotons through thermalization with co-trapped laser-cooled ions would
enable achieving temperatures in the mK range. However, to avoid annihilation, the co-trapped
coolant ions must be negatively charged.

The Borealis project at AEgIS aims at realizing Doppler laser cooling of a negative ion. In particular,
the diatomic molecular C; ion, a well-suited anion species for laser cooling [3], has been produced,
mass-selected and stored in a linear Paul trap [4]. Currently, the capture efficiency of the trap and the
lifetime of trapped C; ions are improved and preparations for preliminary in-beam spectroscopic
studies are underway.

1 G. Drobychev et al., Proposal for the AEGIS experiment at the CERN antiproton decelerator, CERN-
SPSC-2007-017, SPSC-P-334.

[2] R. Caravita et al., AEgIS/AD-6 annual report 2023, CERN-SPSC-2023-003, SPSC-SR-321.

[3] P. Yzombard et al.,, Laser Cooling of Molecular Anions, Phys. Rev. Lett. 114, 213001 (2015).

[4] A. Hinterberger et al., Trapping of C; in a digital ion trap, J. Phys. B: At. Mol. Opt. Phys. 52,
225003 (2019).
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Rydberg atom interferometry for testing the Weak Equivalence
Principle with antimatter

Author: Louise McCaul™™
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Corresponding Authors: d.cassidy@ucl.ac.uk, shogan@ucl.ac.uk, louise.mccaul.21@ucl.ac.uk

Atom interferometry involving cold ground-state atoms is well established for precisely measuring
acceleration due to gravity, g, and testing the Weak Equivalence Principle (WEP) . However, be-
cause of the short (142 ns) ground-state annihilation lifetime of positronium, to exploit analogous
techniques to test antimatter gravity, to complement the ‘free-fall’ experiments with antihydrogen
at CERN [2], and the WEP for this purely leptonic system, it is necessary to excite the atoms to
Rydberg states with long lifetimes (>10 ps) [3]. Based upon these considerations, we have developed
a scheme to measure acceleration due to gravity by Rydberg-atom interferometry. This uses a tech-
nique which is an electric analogue of magnetic Stern-Gerlach interferometry typically performed
with paramagnetic ground state atoms [4]. This scheme involves preparing the atoms in superposi-
tions of Rydberg states with different static electric dipole moments, and exerting state-dependent
forces on them using inhomogeneous electric fields [5]. The effect of gravity on the evolution of the
resulting superposition of momentum states can then be monitored to obtain a value for g. We will
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describe the design of this type of Rydberg-atom interferometer and outline how it can be operated
to measure ¢ in experiments with helium and, in the longer term, positronium atoms.

1 P. Asenbaum, C. Overstreet, M. Kim, J. Curti, and M. A. Kasevich Phys. Rev. Lett. 125, 191101
(2020)

[2] Anderson, E.K., Baker, C.J., Bertsche, W. et al., Nature 621, 716—722 (2023)

[3] A. Deller, B. S. Cooper, S. D. Hogan and D. B. Cassidy, Phys. Rev. A 93, 062513 (2016)

[4] Y. Margalit, O. Dobkowski, Z. Zhou, O. Amit, Y. Japha, S. Moukouri, D. Rohrlich, A. Mazumdar,
S. Bose, C. Henkel, R. Folman, Sci. Adv 7, 22 (2021)

[5]J. E. Palmer and S. D. Hogan, Phys. Rev. Lett 122, 250404 (2019); J. D. R. Tommey and S. D. Hogan,
Phys. Rev. A 104, 033305 (2021)
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A new frontier in fundamental physics: precision vibrational spec-
troscopy of H
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! Institut fiir Experimentalphysik, Heinrich-Heine-Universitdt Diisseldorf
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Corresponding Authors: magnus.schenkel@hhu.de, vladimir.korobov@cern.ch, soroosh.alighanbari@hhu.de,
step.schiller@uni-duesseldorf.de

Molecular hydrogen ions (MHIs) represent a class of bound quantum systems with significant po-
tential for advancing our knowledge in multiple scientific domains, including the determination of
fundamental constants, test of quantum physics, and the search for new interparticle forces. Fur-
thermore, the comparison of transitions in MHIs and their antimatter counterparts provides an op-
portunity for novel tests of CPT invariance 1.

Among the various isotopologues of MHISs, in recent years only heteronuclear HD" has been a focus
of experimental investigation, yielding significant data on its rovibrational transition frequencies as
well as its spin frequencies [2,3,4,5]. In particular, our measurements of two rovibrational transitions
provide data on the spin structure consistent with the most precise ab initio calculation [4,5].

Expanding the scope of research to include other isotopologues of MHIs is crucial [6], with homonu-
clear HJ being a valuable choice. However, spectroscopic studies of Hj have historically faced dif-
ficulties because of lack of electric-dipole transitions, necessitating the development of alternative
spectroscopic approaches. These challenges have prevented the realization of laser spectroscopy of
HJ until recently.

We have now succeeded in measuring a rovibrational electric-quadrupole (E2) transition in H;‘ [7].
While the spectral lines exhibited Doppler broadening, in an additional study we demonstrated the
feasibility of Doppler-free E2 spectroscopy, using HD T as a test molecule. We achieved unprece-
dented line resolution of 2.6 x 102, improving on a previous demonstration by six orders of mag-
nitude [8].

A characterization of Doppler-free transitions in HJ at metrological level would be a milestone, as
it would lead to a spectroscopically determined electron-proton mass ratio. Therefore, our current
efforts are focused on implementing Doppler-free vibrational spectroscopy of HJ . We will present
up-to-date results and their interpretation at the meeting.

Funding was provided by the European Research Council (ERC) under the EU’s Horizon 2020 research
and innovation programme (grant agreement No. 786306, “PREMOL”) and from both the DFG and the
state of North-Rhine-Westphalia (Grant Nos. INST-208/774-1 FUGG and INST-208/796-1 FUGG).

1 E.G. Myers, Phys. Rev. A 98, 010101 (2018).
[2] S. Alighanbari, et al. Nature 581, 152 (2020).
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[3] S. Patra, et al. Science 369, 1238 (2020).

[4] LV. Kortunov, et al. Nat. Phys. 17, 569 (2021).

[5] S. Alighanbari, et al. Nat. Phys. 19, 1263 (2023).

[6] S. Schiller and J.-Ph. Karr, to appear in Phys. Rev. A (2024).

[7] MR. Schenkel, et al. Nat. Phys. (2024). https://doi.org/10.1038/s41567-023-02320-z
[8] M. Germann, et al. Nat. Phys. 10, 820 (2014).
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LEMING - Cold muonium for atomic physics and gravity

Author: Anna Soter'

' ETH Ziirich

Corresponding Author: anna.soter@cern.ch

In the LEMING experiment we aspire to carry out next generation laser spectroscopy and gravity
experiments using a novel cold atomic beam of muonium (Mu = p* + 7). The result of a Mu free fall
measurement would reveal a clean coupling of gravity to elementary (anti)leptons from the second
generation, complementary to all existing probes - normal atoms and recently antihydrogen - where
composite hadronic masses dominate the interaction.

To measure the expected nanometer-scaled displacements of Mu trajectories by gravitational ac-
celeration, phase-sensitive methods like atom interferometry is needed. However, state-of-the-art
thermal muonium sources were not amenable to produce the contrast and intensity needed for such
a measurement.

We recently succeeded in developing a novel cold atomic Mu beam in vacuum using muon conver-
sion in a thin layer of superfluid helium (SFHe), amenable to atom interferometry. Muonium atoms
were synthesized and thermalized to below v_t ~ 0.06 km/s velocities in SFHe, and gained v~ 2.2 km/s
velocity at the surface in normal direction by transforming the chemical potential to kinetic energy.
We report here the synthesis of this high luminosity beam, resulting in "10% conversion efficiency of
the stopped muons to vacuum muonijum. Latest results concerning the atomic interferometer setup
and the feasibility studies of the various precision experiments will be also presented.

Poster Session 1/ 61

Nuclear structure corrections and the helium isotope-shift puzzle
from chiral effective field theory

Author: Thomas Richardson!

! Johannes Gutenberg-Universitit Mainz
Corresponding Author: richardt@uni-mainz.de

Measurements of the difference between the squared charge radii of the helion (*He nucleus) and
the a-particle (*He nucleus) from ordinary atoms and muonic atoms differ at the level of 3.6 0. In
order to perform these extractions, input from nuclear theory is required. In this work, we present
a new analysis of the uncertainties arising from nuclear structure corrections using the framework
of chiral effective field theory with modern Bayesian uncertainty quantification techniques. With
the new nuclear structure input, the helium isotope-shift puzzle cannot be explained, rather it is
reinforced to a 4 o discrepancy.
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Measurement of the C-forbidden 2 3S; — 2 P, transition in positro-
nium

Author: Rebecca J Daly’

Co-authors: David B Cassidy ; Ross E Sheldon 2

! University College London
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Corresponding Authors: ross.sheldon.18@ucl.ac.uk, rebecca.daly.18@ucl.ac.uk, d.cassidy@ucl.ac.uk

We report the results of a new measurement of the 23S; — 2 1P transition (vr) in positronium (Ps).
This transition, which is strictly forbidden by charge conjugation symmetry (C), can be observed in
a magnetic field. Using a pulsed Ps beam we optically generate radiatively metastable 2 3S; atoms,
and then drive them to the 2 1 P; level in a rectangular waveguide using microwave radiation. Using
the same technique, we also measured the C-allowed 2 3S; — 2 3P; transition (1) in the same
waveguide, and used the observed Zeeman shift to determine the local magnetic field strength. The
measurements were performed in a range of magnetic fields, making it possible to determine the
field-free v and vp transition frequencies, and to set limits on the C-forbidden transition matrix
element <2 1Py |Hcop|2 3P |.

Session 4/ 63

Precise Spectroscopy of the Fundamental Vibrational Band in a
Trapped Single Molecular Nitrogen Ion

Author: Meissa Diouf "o
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Precision spectroscopy of dipole-forbidden rotational and vibrational transitions in molecular ions
presents a promising avenue for investigating fundamental physical theories, detecting variations
in fundamental constants, and establishing new frequency standards. Until recently, achieving the
necessary precision has been hindered by the lack of control over molecular ions at the quantum
level.

Here, we introduce novel methodologies enabling the preparation of a single molecular ion, specif-
ically N3, in its rovibrational ground state and achieving high-fidelity quantum state detection.
Leveraging techniques such as Doppler, Sideband, and EIT laser cooling, coupled with quantum-
logic protocols utilizing co-trapped ions, we achieve quantum non-demolition state detection with
fidelities exceeding 99%. Our focus now extends to the detection of quadrupole transitions within
the fundamental vibrational band S(0). By referencing our spectroscopic measurements to the Swiss
primary frequency standard at METAS, we ensure absolute frequency stablhty, paving the way for
precision measurements with an absolute precision on the order of 10~

Additionally, these advancements not only push the boundaries of molecular ion spectroscopy but
also hold promise for applications in molecular quantum technologies, including the implementa-
tion of molecular qubits, mid-IR frequency standards, and high-resolution studies of state-to-state
dynamics in chemical reactions.

Poster Session 2 / 64

Page 33



PSAS’2024 - International Conference on Precision Physics of Simple ***  / Book of Abstracts

Developments of a computational relativistic QED framework for
two-spin-1/2-particle systems

Authors: Péter Jeszenszki'; Adam Margocsy’; Edit Matyus®

' ELTE, E6tvés Lorand University
? ELTE, Budapest
* ELTE, Eotvos Lorand University

Corresponding Authors: jeszenszki.peter@gmail.com, edit.matyus@ttk.elte.hu, adam.margocsy@ttk.elte.hu

The Bethe-Salpeter (BS) QED wave equation and its equal-time variant [1, 2, 3] are considered for nu-
merical precision computations. If only single-photon instantaneous Coulomb(-Breit) interactions
are considered in the interaction kernel, then the equal-time BS equation simplifies to the with-pair
Dirac—Coulomb(—Breit) wave equation. Mathematical properties and numerical results are discussed
for this linear wave equation and its non-Hermitian Hamiltonian. A numerical basis set approach is
presented which is used to converge the with-pair (and no-pair) DC(B) energies to 1:10° to 1:10'2 rel-
ative precision for the He atom (& isolectronic ions), Ho, HeH™, and Hj with clamped nuclei [4—10]
and for the two-spin-1/2 fermion systems, Ps, Mu, H, and pH [10, 11]. The « fine-structure depen-
dence of the variational energy is in excellent agreement with the relevant non-relativistic QED
(nrQED) values up to a*E}, (ma®) and o In o By, (ma® In ) orders. Ongoing work targets a per-
turbative account for higher-order interaction kernels, retardation and self-energy effects through
the equal-time BS equation using the no-pair or the with-pair state as a high-precision reference
[12,13] as a replacement to the non-relativistic reference of nrQED.
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Major progress in spectroscopy of ro-vibrational transitions of hydrogen molecular ions (HMI) has
been achieved in the past few years, and the precision of these measurements can still be pushed fur-
ther. In conjunction with further developments in the theory, this would yield tighter constraints on
physics beyond the standard model and improved determinations of fundamental constants.

The theoretical precision is currently limited by the one-loop self-energy correction, which has been
so far calculated perturbatively [I. In order to evaluate this quantity in a fully relativistic approach
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we need the Dirac Green function of an electron in a two-center Coulomb potential, which is not
known in analytic form. A numerical approximation of the Dirac Green function has been developed
in our group 2 using the full spectrum of the Dirac equation obtained by a basis set method.

Having in mind the calculation of the one-loop self-energy in HMI, we perform calculations of this
QED correction for H-like systems based on the algorithm developed by 3, except that we use a
numerical Green function analogous to the one we obtained for HMI. Comparison with previous
works that used the known analytical expression of the Dirac Green function [3, 4] allows evaluating
the feasibility of extending this approach to HMI.

1 V. I. Korobov and J.-Ph. Karr, Rovibrational spin-averaged transitions in the hydrogen molecular
ions, Phys. Rev. A 104, 032806 (2021).

2 H. D. Nogueira and J.-Ph. Karr, High-precision solution of the Dirac Equation for the hydrogen
molecular ion using a basis-set expansion, Phys. Rev. A 107, 042817 (2023).

3 V. A. Yerokhin and V. M. Shabaev, First-order self-energy correction in hydrogenlike systems,Phys.
Rev. A 60, 800 (1999).

4 U. D. Jentschura, P. J. Mohr, and G. Soff, Calculation of the Electron Self-Energy for Low Nuclear
Charge, Phys. Rev. Lett. 82, 53 (1999).
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Quantum electrodynamics (QED) is tested with great precision in small fields by the electron g — 2
measurement 1. Studying effects as self-energy and vacuum polarization is still of utmost impor-
tance due to some unsolved puzzles, as in example the discrepancy in the muon g — 2 value. Thus,
providing better tests of the theory in extreme cases is part of ongoing research. Highly charged
ions are of special interest, as the strong electron-nucleus interaction brings forth large QED effects.
At the same time, with only a few bound electrons, their simple configuration allows accurate pre-
diction of these effects which can therefore be tested with high precision.

In this contribution, the recent measurements of bound electron g factors in hydrogen-like, lithium-
like and boron-like tin are presented together with state-of-the-art theoretical predictions. The mea-
surements were performed in the ALPHATRAP Penning-Trap apparatus, where for each a relative
uncertainty of 0.5 parts-per-billion was reached, providing three unique tests of QED theory in the
medium-to-high-Z range. In the hydrogen-like case, the measurement provides the most stringent
QED test in electronic systems with similar conditions 2. In the lithium- and boron-like systems
additionally the contributions due to the relativistic electron-electron interactions can be tested 3.
Alongside the QED tests in extreme fields, first results and future plans on the HD™ measurement
campaign performed at ALPHATRAP, aiming towards high-precision tests of molecular theory, will
be discussed. In the apparatus, we have unique capabilities of state-detection, as well as storage
times longer than weeks, allowing single ion experiments with high-precision. Details on the recent
measurement of the hyperfine structure will be presented along with the plans for high-precision
spectroscopy of the rovibrational transitions.

1 X. Fan, et al., PRL 130, 071801 (2023),

2 J. Morgner, et al., Nature 622, 5357 (2023),

3 J. Morgner, et al., in preparation.
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The g-factor of electrons bound in hydrogenlike ions can be measured and calculated with high
accuracy. In recent collaborations, the experimental and theoretical g-factors of the bound electron
in hydrogenlike 3He™t and *'¥Sn*°* ions were found to be in excellent agreement [1,2]. In the case of
Sn, the theoretical uncertainty of the g-factor was limited by QED corrections with two self-energy
loops which so far have been calculated only in the framework of a perturbative expansion in Za
2. The calculation of two-loop self-energy diagrams exactly in Z«a will significantly improve the
accuracy of the bound-electron g-factor in the high-Z regime. For such an all-order evaluation, the
total two-loop self-energy correction needs to be split into the so-called LAL contribution and the
F-, M- and P-terms which require different analytical and numerical techniques. In our previous
work, we presented numerical results for the LAL contribution and the F-term 3. In this work, we
present our calculations of the M- and P-terms which complete the two-loop self-energy calculations
and enable improved tests of QED in planned experiments in the near future. These calculations
are relevant for the determination of fundamental constants such as the electron mass or the fine-
structure constant « as well as searches for physics beyond the standard model.

1 A. Schneider, B. Sikora, S. Dickopf, et al., Nature 606, 878 (2022)
2 J. Morgner, B. Tu, C. M. Koénig, et al., Nature 622, 53 (2023)
3 B. Sikora, V. A. Yerokhin, N. S. Oreshkina, et al., Phys. Rev. Research 2, 012002(R) (2020)
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Bound-state quantum electrodynamics (QED) accurately describes the energy levels of hydrogen-
like atoms and ions. High-precision laser spectroscopy experiments provide one of the best tests
of the theory. The frequency of the narrow 1s-2s transition of atomic hydrogen has been measured
with a relative uncertainty of less than 10714, By combining two spectroscopic measurements of a
hydrogen-like system the Rydberg constant and the nuclear charge radius can be determined. The
comparison of the physical constants obtained from different combinations of measurements serves
as a consistency check for the theory [I. It is interesting to measure different hydrogen-like systems
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since they have a higher sensitivity to different contributions of the theory. The measurement of
the Lamb shift in muonic hydrogen, for instance, has enhanced sensitivity to the proton radius and
gave rise to the proton radius puzzle 2. Another interesting spectroscopic target is the hydrogen-
like He™ ion. Interesting higher-order QED corrections scale with large exponents of the nuclear
charge, making measurements in He™ much more sensitive to these corrections compared to hydro-
gen. In this talk, we describe our progress towards precision spectroscopy of the 1s-2s two-photon
transition in Het 3. Ideal conditions for high-precision measurements can be achieved by holding
a small number of He' ions nearly motionless in the field-free environment of a Paul trap. There,
they are sympathetically cooled by co-trapped Be™ ions. The 1s-2s transition can be directly excited
by an extreme-ultraviolet frequency comb at 60.8 nm, which is generated by a high-power infrared
frequency comb using high-harmonic generation. After successful excitation to the 2s state, a signif-
icant fraction of the He™ ions will be further ionized to He?* and remain in the Paul trap. Sensitive
mass spectrometry using secular excitation will reveal the number of trapped He?" ions and will
serve as a single-event sensitive spectroscopy signal.

1 T. Udem Nature Phys 14, 632 (2018)
2 R. Pohl et al. Nature 466, 213 (2010)
3 J. Moreno et al. Eur. Phys. J. D 77, 67 (2023)
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The Antimatter Experiment: Gravity, Interferometry, Spectroscopy (AEgIS) at CERN’s Antimatter
Decelerator (AD) is used for the production and study of antimatter bound systems, such as antihy-
drogen for the gravitational influence on a horizontal beam of cold antihydrogen atoms 1. AEGIS
has achieved remarkable performance in trapping antiprotons and successfully demonstrated the
pulsed production of Rydberg excited antihydrogen [2,3]. The production process of antihydrogen
is achieved through a charge-exchange reaction using laser-excited Rydberg positronium interact-
ing with cold antiprotons stored within a Penning-Malmberg trap.

This technique is currently being adapted for the controlled formation of antiprotonic atoms contain-
ing medium-heavy nuclei 4. So far, antiprotonic atoms were formed in beam-on-target experiments,
primarily focusing on light systems such as antiprotonic helium [5,6]. Using the charge-exchange
procedure developed for antihydrogen production, antiprotonic atoms can be selectively formed in
highly excited Rydberg states inside a trapping environment, enabling precision spectroscopy of
these systems. The relaxation of the bound antiproton leads to Auger electron and x-ray photon
emission, eventually forming a fully or nearly fully stripped nucleus with the bound antiproton.
The subsequent annihilation on the nucleus will result in the formation of highly charged nuclear
fragments which can be captured within a nested trap. The rapid capture of the highly charged nu-
clear fragments opens the avenues for new applications and nuclear structure studies 7.

Recent, experiments at AEgIS have successfully demonstrated the trapping of fully stripped nu-
clear fragments resulting from antiprotons annihilating with residual nitrogen gas in the cryogenic
trap. These highly charged fragments were manipulated and identified through a time-of-flight
spectroscopy. Furthermore, the ongoing installation of a negative ion source will allow the first
co-trapping of negative ions with cold antiprotons for the controlled laser-triggered formation of
antiprotonic atoms. These new developments pave the way for precision studies using antiprotonic
atoms and exotic highly charged nuclei at AEgIS.

1 M. Doser et al. 2012 Class. Quantum Grav. 29 184009

2 D. Krasnicky et al. 2016 Phys. Rev. A 94 022714

3 C. Amsler et al. 2021 Commun. Phys. 4 19

4 Doser, M. Progress in Particle and Nuclear Physics (2022): 103964.

5 Hori, Masaki, et al. PRL 87.9 (2001): 093401.

6 Sotér, Anna, et al. Nature 603.7901 (2022): 411-415.

7 Kornakov, G., et al. Phys. Rev. C 107.3 (2023): 034314.
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The Hyper-mu experiment at PSI aims at the first measurement of the ground state hyperfine split-
ting in muonic hydrogen (up) with an accuracy of 1 ppm. Such a measurement would lead to the
extraction of the two photon exchange, encoding the proton Zemach radius and polarizability, with
an unprecedented relative uncertainty.

Toward the measurement of the ground state hyperfine splitting in pp, we develop a unique pulsed
laser system with the aim of delivering 5mJ pulses at a wavelength of 6.8 yzm randomly triggered on
the detection of muons. We report on the latest laser development within the experiment, the several
developments of the detection system that was carried out and the optimization of the experimental
parameters to obtain a successful resonance signal.
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Precision spectroscopy of rovibrational transitions in the HD™ molecular ion has made significant
progress in the past few years, allowing to improve the determination of the proton-electron mass
ratio as well as beyond-standard-model physics constraints. In this talk, a few directions for future
advances will be discussed, both from an experimental and theoretical point of view.

Firstly, we explore the idea of measuring transitions that involve more excited vibrational levels,
whose sensitivity on the nuclear-to-electron mass ratios is either close to zero or positive (rather
than negative, as is the case for transitions between low-lying states that have been measured so
far). We will show how this allows to bypass, to some extent, the theoretical precision limit associ-
ated with uncalculated higher-order QED contributions. As a result, not only the mass ratios, but
also the Rydberg constant and nuclear charge radii can in principle be substantially improved by
measuring a well-chosen set of transitions 1.

Secondly, we will discuss an area of theory that requires new consideration, namely the relativis-
tic and relativistic-recoil corrections of order a. The pure relativistic correction has been so far
evaluated only in the adiabatic approximation, whereas one of the contributions to the recoil part
was only estimated using results obtained in hydrogen-like atoms. Calculations performed in a full
three-body approach will be presented.

1 S. Schiller and J.-Ph. Karr, accepted for publication in Phys. Rev. A.
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Hybrid Penning-Linear-Paul trap for ion recapture spectroscopy
of hydrogen/antihydrogen in a near-zero bias magnetic trap
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The reason why there is no primordial antimatter in the Universe remains a mystery. Measurements
with antimatter 1 show full compatibility with its matter counterparts at high precision and that the
antimatter feels Earth’s gravitational attraction similarly to matter 3 at low precision.
Antihydrogen (Hbar) is produced by trapping antiprotons and positrons in neighboring wells in a
Penning-Malmberg trap and slowing mixing then. An Ioffe-Pritchard octupole magnetic trap super-
posed to the Penning trap allows the trapping of the produced neutral Hbars with energy below 500
mK 4. Since trapped antiprotons and positrons are needed to create Hbars, a bias magnetic field
of "1 T is used in the trap region. This high magnetic field adds some systematic uncertainties in
comparing the two-photon 1s-2s transition in H and Hbar since accurate measurements with H 5
are performed in a very low magnetic field environment. The precision of the comparison can be
improved by trapping hydrogen in the same Hbar trap 68 and repeating the exact measurements
with both counterparts, avoiding many systematic uncertainties such as this magnetic field effect,
AC Stark shift from the same laser and enhancement cavity operation 9. However, the strong bias
magnetic field still affects the transition’s lineshape and center. It is possible to ramp down the
bias magnetic field and perform the 1s-2s spectroscopy with Hbar’s since we can always detect the
annihilation of the ionized atoms efficiently. Nevertheless, repeating the exact measurement in a
near-zero bias with H is not straightforward since we can not detect the annihilation. If we keep the
bias magnetic field, it is possible to recapture a fraction of the ionized H during the spectroscopy 10
by using a weak Penning trap potential, but for a near-zero magnetic field, recapturing the protons
can not be accomplished.

Here, we suggest using a hybrid Penning-Linear-Paul trap, using a segmented electrode in the
Penning-Malmberg trap to radially confine the ions to perform high precision 1s-2s spectroscopy
in H in a near-zero field trap. We will discuss the stability of the recaptured particles in a Linear-
Paul trap with a weak magnetic field along the axis, the effect of the electric field on the lifetime
of the H/Hbar, lineshape of the transition, the effect of a superposed octupole field to the RF trap,
patch potentials, and possible magnetic fields measurements at low fields.

1 - Borchert et al, Nature 601, 53-57 (2022).

2 - Ahmadi, M. et al., Nature557, 71-75 (2018)

3 - Anderson, E.K. et al., Nature 621, 716-722 (2023)

4 - Andresen, G. B. et al, Nature 468, 673-676 (2010)

5 - Parthey, C. G. et al., Phys. Rev. Lett.107, 203001 (2011)

6 - Azevedo, L.O.A. et al, Commun Phys 6, 112 (2023)

7 - S A Jones, New ]. Phys. 24 023016 (2022)

8 - W. A. Bertsche et al 2022 J. Phys.: Conf. Ser. 2244 012080

9 - ALPHA Collaboration, Nature Physics, Accepted - To be published

10 - Cesar, C. L., J. Phys. B49, 074001 (2016)
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Contrary to the muonic atoms case, it is well known that the self-energy correction to the solutions
of the Dirac equation dominates vacuum-polarization in electronic atoms. However, having precise
results for the latter contribution is crucial to obtaining accurate numerical results on the first-order
QED corrections to the Dirac equation. Accounting for the vacuum polarization effect is standardly
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done through the inclusion of the Uehling potential 1 «(Z«), and its finite nuclear size correction can
be easily incorporated 2. With an increasing nuclear charge Z, or (and) for heavier bound fermions
(muons and tauons), it becomes more demanding to include higher-order a(Za)"=3
the Uehling process, with their corresponding finite nuclear size effects.

corrections to

In the current work 3, we propose an efficient and accurate method to compute the o(Za)"=3 vac-

uum polarization density, within the finite basis approximation of the Dirac equation. To prove the
functionality of our computational method, we choose to work with the one-electron uranium atom
and employ relativistic Gaussian basis functions. In summary, we find that compliance with charge
conjugation symmetry is necessary to obtain physical results that are in line with our knowledge
of the analytical (exact) problem, as indicated by Salman in 4, in addition to Grant and Quiney in 5.
We also note that the final results are in excellent agreement with previous formal analytical (and
numerical) evaluations, done by Soff, Mohr, and Plunien in [6, 7]. Our technique can be easily and
efficiently implemented in codes that solve the radial Dirac equation in the finite basis set framework
and could be employed for atomic problems with arbitrary (radial) nuclear charge distribution. The
obtained numerical results of the non-linear vacuum polarization density are, therefore, automati-
cally accounting for the extended nuclear size effect. This method is hence of special importance for
atomic problems with nuclear distributions whose analytical expressions of their associated Dirac
Green’s functions are not in hand or have relatively complicated analytical forms.

References:

1 Uehling. Physical Review, 48(1):55, 1935.

2 Fullerton and Rinker. Physical Review A, 13(3):1283, 1976.

3 Salman and Saue. Physical Review A, 108(1):012808, 2023.

4 Salman. PhD thesis, Université Paul Sabatier-Toulouse III, 2022.
5 Grant and Quiney. Atoms, 10(4):108, 2022.

6 Soff and Mohr. Physical Review A, 38(10):5066, 1988.

7 Mohr, Plunien, and Soff. Physics Reports, 293(5-6):227-369, 1998.
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Several experiments have been performed where cold atoms are being guided through hollow optical
fibers. The potential acting on the atom comprises the repulsive potential from the light propagating
within the fiber, and the Casimir-Polder potential induced by the vacuum fluctuations. Typically, the
Casimir forces acting on atoms are approximated as ones with a flat surfaces —the so called Proximity
Force Approximation (PFA). Here we investigate the influence of the surface curvature of the hollow
dielectric medium on atoms within it. We present numerical calculations of Casimir-Polder energy
for the atom in both a dielectric cylinder and a dielectric sphere. The calculations were performed
within the Boundary Element Method (BEM) for concentric dielectric spheres, and coaxial dielectric
cylinders. Then, the limit of rarefied dielectric was applied to the inner body which translates the
Casimir energy into the interaction potential acting on a single atom within the hollow dielectric
medium.
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Accurate theoretical predictions of the rovibrational energy lev-
els of the helium hydride ion
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We present current progress towards accurate theoretical determination of rovibrational energy lev-
els of the helium hydride ion and its isotopologues belonging to its electronic ground state. With
the inclusion of nonadiabatic, relativistic and quantum-electrodynamic corrections through Nonadi-
abatic Perturbation Theory, a theoretical precision better than a few MHz can be achieved. Such an
improved knowledge of the rovibrational spectrum should not only facilitate the construction of cos-
mological models of early Universe chemistry, but also set out a challenge for gas-phase spectrosopic
measurements of matching precision.
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Hydrogen molecule and hydrogen molecular ion remain important for test of QED and the deter-
mination of fundamental constants. For both of them both the leading () and next-to-leading
(a*) QED corrections have been computed in the Born-Oppenheimer approximation. We present
extremely accurate calculation of the asymptotic behavior of the QED correction for large inter-
nuclear distances, including the large-R asymptotics of the Bethe logarithm. While these results are
already implemented in the H2spectr code used to predict ro-vibrational levels of the Hy molecule,
but the details of their calculation have never been presented. In particular, the technique of the
Bethe logarithm computation via convergence acceleration seem to be new, and might be useful for
other atomic and molecular systems.
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Precision spectroscopy of atomic hydrogen is an important way to test bound-state quantum electro-
dynamics (QED), one of the building blocks of the Standard Model. In its simplest form, such a test
consists of the comparison of a measured transition frequency with its QED prediction, which can
be calculated with very high precision for the hydrogen atom. However, these calculations require
some input in the form of physical constants, such as the Rydberg constant and the proton radius,
both of which are determined to a large degree by (electronic and muonic) hydrogen spectroscopy
itself. Therefore, the frequency of at least three different transitions needs to be measured in order to
test QED. Furthermore, there are multiple recent, but discrepant measurements of the proton radius,
so far precluding QED tests at the highest accuracy.

We have measured the 25-6P transition in atomic hydrogen with a relative uncertainty of 0.7 parts
per trillion (ppt), a six-fold improvement over our previous measurement of the 2S-4P transition 1.
This allows us to determine the proton radius and Rydberg constant with an uncertainty below the
world-average CODATA-2018 values 2 and sufficient to distinguish between previous, discrepant
values for the proton radius by more than 5 0. Conversely, our measurement, in combination with
[2-4], constitutes a test of bound-state QED with an accuracy below 1 ppt, making it one of the most
precise tests of the Standard Model.

Here, we discuss the measurement and its analysis in detail, and present the unblinded results and
their implications.

1 A. Beyer, L. Maisenbacher, A. Matveev et al., Science 358, 79 (2017).
2 E. Tiesinga et al., Rev. of Mod. Phys. 93, 025010 (2021).

3 C. G. Parthey et al., Phys. Rev. Lett. 107, 203001 (2011).

4 A. Antognini et al., Science 339, 417 (2013).
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Position dependent microwave transitions in Rydberg helium were driven to investigate anomalous
systematic effects in the waveguide apparatus used to measure the n = 2 fine structure of positronium
1. The Stark broadening of the resulting line shapes was used to map out stray electric fields 2 along
the beam axis and characterize frequency shifts dependent on the microwave propagation direction.
As an independent test of the line shape model used to analyse the data, free space microwave
spectroscopy was performed in well-defined electric fields external to the waveguide and the results
of the two methods have been compared.

1 R. E. Sheldon, T. J. Babij, S. H. Reeder, S. D. Hogan, and D. B. Cassidy “Precision microwave spec-
troscopy of the positronium 2 3S1 — 2 3P2 interval”. Phys. Rev. Lett. 131, 043001 (2023)

2 A. Osterwalder and F. Merkt, “Using high Rydberg states as electric field

sensors, Physical Review Letters, 82, 1831, (1999).
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Characterisation of an energetic beam of metastable positronium
atoms for precision spectroscopy
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Precision measurement of positronium, the bound-state of an electron and a positron, can be used
to probe fundamental theories and place constraints on physics beyond the standard model 1. Pre-
vious spectroscopic studies [2, 3] of the n=2 fine-structure intervals using slow-moving clouds of
positronium have achieved only mediocre precision compared with studies of simple atomic systems
(e.g. 4), primarily due to line shape distortions 2 caused by microwave reflections 5, and frequency-
dependent power variations over the 50 MHz natural line width of the 2S-2P transition. Techniques
involving separated fields (e.g. 6) may offer a way forward, although a beam of fast moving atoms in
the metastable-state are required 7. In this work I describe the characterisation of an energetic beam
of 23S, positronium atoms8, towards precision measurement of the positronium n=2 fine-structure.
Results of initial spectroscopic studies and recent progress are presented.

1 G. S. Adkins et al. Phys. Rep. 975, 1 (2022)

2 L. Gurung et al. Phys. Rev. A 103, 042805 (2021)

3 R. E. Sheldon et al. Phys. Rev. Lett. 131, 043001 (2023)

4 R. G. Bullis et al. Phys. Rev. Lett. 130, 203001 (2023)

5 R. E. Sheldon et al. Phys. Rev. A 107, 042810 (2023)

6 A. C. Vutha and E. A. Hessels Phys. Rev. A 92, 052504 (2015)
7 T.]. Babij and D. B. Cassidy, Eur. Phys. J. D 76, 121 (2022)

8 D. M. Newson et al. Rev. Sci. Instrum. 94, 083201 (2023)
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Positronium (Ps), an electron-positron bound system, is pivotal for testing fundamental physics
through Quantum FElectrodynamics (QED), the most precise theory in physics. To apply extremely
accurate transition frequency measurements to Ps with laser precision spectroscopy and minimize
systematic errors, it is important to decelerate the gas of Ps. However, the application of laser cool-
ing to Ps has been challenging due to its 142 ns lifetime and significant Doppler broadening.

In this talk, we detail our recent achievement of one-dimensional laser cooling of Ps 1. The exper-
iment employed a specially designed laser that emits a sequence of broadband micro-pulses, with
their center frequencies sequentially upshifted [2, 3]. With this novel type of laser, we were able
to cool a portion of a Ps gas at 600 K to approximately 1 K in 100 ns. We will compare the cooled
Ps velocity distribution to Lindblad equation simulations and consider the impact on future preci-
sion spectroscopy. Additionally, we will discuss the prospects of extending this technique to three-
dimensional cooling, which could open new avenues in the field of precision spectroscopy for atoms
containing antimatter.

1 K. Shu et al., arXiv:2310.08761 (2023).

2 K. Yamada et al., Phys. Rev. Applied 16, 014009 (2021).

3 K. Shu et al, arXiv: 2308.00877 (2023).

Page 44


https://journals.aps.org/pr/abstract/10.1103/PhysRev.84.1232
https://pubs.aip.org/aip/jcp/article-abstract/156/8/084111/2840736/Variational-Dirac-Coulomb-explicitly-correlated?redirectedFrom=fulltext
https://journals.aps.org/pr/abstract/10.1103/PhysRev.87.328
https://pubs.aip.org/aip/jcp/article-abstract/156/8/084110/2840730/On-the-Breit-interaction-in-an-explicitly?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/157/9/094113/2841738/Variational-vs-perturbative-relativistic-energies?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/158/5/054104/2871500/Relativistic-two-electron-atomic-and-molecular?redirectedFrom=fulltext
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00062
https://journals.aps.org/pr/abstract/10.1103/PhysRev.84.1232
https://journals.aps.org/pr/abstract/10.1103/PhysRev.87.328
https://pubs.aip.org/aip/jcp/article-abstract/154/22/224110/313363/All-order-explicitly-correlated-relativistic?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/156/8/084111/2840736/Variational-Dirac-Coulomb-explicitly-correlated?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/156/8/084110/2840730/On-the-Breit-interaction-in-an-explicitly?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/157/9/094113/2841738/Variational-vs-perturbative-relativistic-energies?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/158/5/054104/2871500/Relativistic-two-electron-atomic-and-molecular?redirectedFrom=fulltext
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00062
https://journals.aps.org/pr/abstract/10.1103/PhysRev.84.1232
https://journals.aps.org/pr/abstract/10.1103/PhysRev.84.1232
https://journals.aps.org/pr/abstract/10.1103/PhysRev.87.328
https://pubs.aip.org/aip/jcp/article-abstract/154/22/224110/313363/All-order-explicitly-correlated-relativistic?redirectedFrom=fulltext

PSAS’2024 - International Conference on Precision Physics of Simple **  / Book of Abstracts

Poster Session 2 / 82

Hydrogen and deuterium in-beam hyperfine measurements: sym-
metry tests and prospects for ASACUSA’s antihydrogen spectroscopy

Authors: Eberhard Widmann'; Martin Simon'

! Austrian Academy of Sciences (AT)
Corresponding Authors: martin.simon@cern.ch, e.widmann@cern.ch

Hyperfine structure measurements on antihydrogen can provide sensitive tests of CPT invariance.
The ASACUSA collaboration proposed such experiments on a beam of antihydrogen at the antipro-
ton decelerator of CERN. We benchmark spectroscopy methods and equipment in supporting matter
experiments. Beyond the relevance for antihydrogen these measurements can put new or improved
constraints on specific coefficients of the so-called standard model extension (SME) even without
comparison to antihydrogen.

We have constructed an atomic beam setup for Rabi spectroscopy and performed such measurements
for hydrogen at CERN and for deuterium at the Laboratoire Aimé Cotton, Université Paris-Saclay.

We obtain constraints, e.g., on the SME non-relativistic (NR) anisotropic proton coefficients 7;1\81}’3““

TARSuN 1 deuterium on the order

pkll
of 1072 GeV. Determinations of the zero-field hyperfine splitting give agreement with literature (i.e.
maser measurements) and the achieved levels of precision around 1 Hz for both atoms present the
best values obtained by in-beam spectroscopy in each case. Finally, the relevance of the hydrogen
measurements for antihydrogen spectroscopy will be discussed.

by hydrogen and at higher fermion momentum power (k=2,4) on
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The optical Ramsey technique is used to obtain precise measurements of the hyperfine splittings
in the 235; and 2°P; states of “Li*. Together with bound-state quantum electrodynamic theory,
the Zemach radius and quadrupole moment of the "Li nucleus are determined to be 3.35(1) fm and
—3.86(5) fm? respectively, with the quadrupole moment deviating from the recommended value
of —4.00(3) fm? by 1.750. Furthermore, we determine the quadrupole moment ratio of °Li to “Li
as 0.101(13), exhibiting a 60 deviation from the previous measured value of 0.020161(13) by LiF
molecular spectroscopy. The results taken together provide a sensitive test of nuclear structure
models.
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Constraints on the electric charge of the neutrino and the neu-
tron from atomic physics and cosmology
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I will present recent results of a search for a new force between the neutron and the electron. This
search is performed using isotope-shift (IS) spectroscopy in calcium ions. IS spectroscopy of atoms
and ions has been proposed as a method to search for a fifth fundamental force mediated by a hy-
pothetical dark-matter-candidate boson in the intermediate mass range (100eV to 10MeV). The ex-
istence of this new force would cause neutron-number-dependent (and hence, isotope dependent)
shifts in atomic transition frequencies. To distinguish these shifts from standard model (SM) shifts
(relating, for example, to small changes in the Coulomb potential of the nucleus between isotopes),
one measures isotopes shifts on at least two transitions between three or more distinct pairs of iso-
topes. The data can then be plotted on a “King plot”, which displays a nonlinearity if physics beyond
first-order SM effects has contributed to the measured isotope shifts.

Using an entanglement-enhanced technique to reject common-mode noise, we measure isotope
shifts on the 729-nm electric quadrupole transition between pairs of co-trapped calcium ions at
100mHz precision, two orders of magnitude below the previous best measurement. We combine our
measurements with IS measurements made by the group of Piet Schmidt on the 570nm transition in
Cal4+, and improved nuclear mass measurements made by the group of Klaus Blaum, to produce
the first sub-Hz King plot. King plots in calcium had previously remained linear up to the 10Hz level
- our improved precision now reveals a large King non-linearity.

Whilst the second-order mass shift is an expected SM source of nonlinearity, a decomposition analy-
sis of the nonlinearity pattern we observe reveals evidence for at least one other contributing source.
In this talk I will discuss the implications of our results both to our understanding of nuclear struc-
ture and to the search for new physics.
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Development of (anti)hydrogen fountains and interferometers with
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Author: Makoto Fujiwara'

' TRIUMF (CA)
Corresponding Author: makoto.fujiwara@cern.ch

Precision comparisons of atomic hydrogen and its antimatter counterpart, antihydrogen, provide
stringent tests of fundamental symmetries between matter and antimatter. The most precise mea-
surements of atomic hydrogen properties have traditionally been performed in atomic beams. In
contrast, precision measurements of antihydrogen to date have been conducted within a magnetic

trap environment, where experimental challenges arise due to the presence of an inhomogeneous
field.

To significantly enhance the discovery potential with antihydrogen measurements, we have initiated
an ambitious R&D project known as HAICU (Hydrogen-Antihydrogen Infrastructure at Canadian
Universities). Located at TRIUMF—Canada’s Particle Accelerator Centre in Vancouver—HAICU is
utilizing atomic hydrogen to develop the techniques necessary for realizing atomic fountains and
interferometers for antimatter. This, in turn, may provide opportunities for novel measurements on
hydrogen itself, as no atomic fountains have ever been built for hydrogen.

This talk will provide an overview of the HAICU project, detailing our current progress and dis-
cussing the future potential for fountains and interferometers for both hydrogen and antihydro-
gen.
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The two-loop electron self-energy correction induces one of the two dominant uncertainties in the-
ory of the Lamb shift in hydrogen and He™ 1. It is currently obtained by extrapolating results of
numerical all-order (in Za) calculations for Z > 10 2 in combination with available Za-expansion
results [3,4]. The present accuracy of the all-order numerical calculations is limited by the conver-
gence of the partial-wave expansion. Recently, methods with improved the partial-wave expansion
convergence were developed for the one-loop self-energy problem [5,6]. I will discuss the present
status of numerical two-loop calculations in the low-Z region and the generalization of the meth-
ods with the improved partial-wave convergence to the two-loop case, and will present preliminary
results of improved numerical computations.

1 E. Tiesinga, P. ]J. Mohr, D. B. Newell, and B. N. Taylor, Rev. Mod. Phys. 93, 025010 (2021).
2 V. A. Yerokhin, Phys. Rev. A 80, 040501(R) (2009).

3 K. Pachucki and U. D. Jentschura, Phys. Rev. Lett. 91, 113005 (2003).

4 S. G. Karshenboim, A. Ozawa, and V. G. Ivanov, Phys. Rev. A 100, 032515 (2019).

5 V. A. Yerokhin, K. Pachucki, and V. M. Shabaev, Phys. Rev. A 72, 042502 (2005).

g J. Sapirstein, K. T. Cheng, Phys. Rev. A 108, 042804 (2023).
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Precise measurements of absolute nuclear charge radii are crucial ingredients for QED tests and
are valuable benchmarks for modern nuclear structure theory 1. Muonic atom spectroscopy is well
known as an ideal method to accurately determine the root-mean-square (RMS) radii of the nuclear
charge density distribution. By measurements of the 2p-1s transitions of muonic atoms, this tech-
nique has already provided precise measurements for the very light (Z<3) as well as heavier nuclei
(Z>10) 2. However, a gap for muonic atoms from lithium to neon remains due to the inaccessibility
of the relevant energy range ("20-200 keV) via laser spectroscopy and the insufficient resolution of
conventional solid-state detectors for precision measurements.

To address this gap, the QUARTET collaboration employs cryogenic metallic magnetic calorimeters
(MMCs), which combine broad-band spectra with record resolving power, to perform spectroscopy
of light muonic atoms and to refine the nuclear charge radii of light nuclei from lithium to neon 3.
In October 2023, QUARTET's first test beam time took place at the Paul Scherrer Institute (PSI), where
the feasibility of this approach has been demonstrated successfully. This contribution presents the
status and plans of the experiment and shows the first broad-band high-resolution spectra of muonic
lithium obtained with an MMC.

References:

1 Karshenboim, S. G. (2005). Precision physics of simple atoms: QED tests, nuclear structure and
fundamental constants. Physics reports, 422(1-2), 1-63.

2 Fricke, G., Heilig, K., & Schopper, H. F. (2004). Nuclear charge radii (Vol. 454). Berlin: Springer.

3 Ohayon, B.; Abeln, A.; Bara, S.; Cocolios, T.; Eizenberg, O.; Fleischmann, A.; Gastaldo, L.; God-
inho, C.; Heines, M.; Hengstler, D.; Hupin, G.; Indelicato, P.; Kirch, K.; Knecht, A.; Kreuzberger,
D.; Machado, J.; Navratil, P.; Paul, N.; Pohl, R.; Unger, D.; Vogiatzi, S.; Schoeler, K.; Wauters, F. To-
wards Precision Muonic X-ray Measurements of Charge Radii of Light Nuclei. Physics 2024, 6(1),
206-215

Poster Session 1/ 89

Realization of an XUV comb and measurement on its linewidth
with frequency comb spectroscopy

Page 48


https://journals.aps.org/pr/abstract/10.1103/PhysRev.84.1232
https://journals.aps.org/pr/abstract/10.1103/PhysRev.87.328
https://pubs.aip.org/aip/jcp/article-abstract/154/22/224110/313363/All-order-explicitly-correlated-relativistic?redirectedFrom=fulltext
https://journals.aps.org/pr/abstract/10.1103/PhysRev.84.1232
https://journals.aps.org/pr/abstract/10.1103/PhysRev.87.328
https://pubs.aip.org/aip/jcp/article-abstract/154/22/224110/313363/All-order-explicitly-correlated-relativistic?redirectedFrom=fulltext

PSAS’2024 - International Conference on Precision Physics of Simple **  / Book of Abstracts

Author: Lingiang Hua'

Co-author: Xiaojun Liu *

! Innovation Academy for Precision Measurement Science and Technology, CAS
Corresponding Author: hualg@apm.ac.cn

XUV comb has leads to a joint frontier of precision spectroscopy and ultrafast science since its first
demonstration in 2005 [1-2]. On one hand, it provides a coherent light source in the XUV region
with narrow band width for the first time. This advance paves the way for measuring important
atomic transitions in the XUV region [3-4]. On the other hand, ultrafast processes on the attosec-
ond/femtosecond time scale are evolved during high order harmonics generation when the laser
intensity inside an enhancement cavity reaches "10E13 W/cm"2. Thus, ultrafast dynamics can be
revealed with high harmonic spectrum, coherence measurements, etc., with the benefit of high rep-
etition rate. In this work, we report on the realization of an XUV comb at Innovation Academy for
Precision Measurement Science and Technology, CAS, and the direct frequency comb spectroscopy
of a single-photon transition in Xe/NO2 near 148 nm. Our work demonstrates that XUV comb is a
potentially powerful toll with narrow linewidth for atomic/molecular spectroscopy in the VUV/XUV
region.

1 R. ]J. Jones et al., Phys. Rev. Lett., 94, 193201(2005).
2 C. Gohle et al., Nature, 436, 234(2005).

3 A. Cing0z et al., Nature, 482, 68(2012).

4 A. Ozawa et al., Phys. Rev. A, 87, 022507(2013).
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The muX experiment focuses on determining the absolute nuclear charge radius of Radium-226 using
muonic atom spectroscopy combined with a novel muon capture method.

Traditionally, muonic atoms are formed by directly stopping muons in the target materials, requir-
ing macroscopic target quantities. However, since radioactive sources are typically available only
in microscopic quantities, the muX collaboration developed a new technique. This technique in-
volves a high-pressure hydrogen/deuterium gas mixture in a cell, to capture muons via transfer
reactions.

Once captured by the target material, the muons cascade down to their ground state, emitting charac-
teristic X-rays. The energies of these X-rays reveal the muonic energy level scheme, which provides
insights into properties such as the nuclear charge radius, quadrupole moment, and magnetic mo-
ment.

In the case of Uranium-238 (23®U), muonic atom spectroscopy was performed to extract its nuclear
properties. The muonic 238U spectrum was analyzed, with a focus on studying cascade behaviors
associated with both direct and transfer muon capture. It was observed that direct muon capture
demonstrates a preference for transitions from (n,! = n —1) to (n — 1,1 = n — 2) states compared
to transfer muon capture, aligning with cascade simulations.
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The Swiss Federal Institute of Metrology METAS and its Photonics, Time and Frequency labora-
tory are responsible for realizing, maintaining and disseminating the Swiss Coordinated Universal
Timescale UTC(CH), and is thus contributing to the realization of UTC at the international level.
The realization of UTC(CH) is based on an ensemble of atomic clocks, jointly with our own primary
frequency standard FoCS-2 and the appropriate instrumentation and clock algorithms, and provides
ultra-stable reference frequencies and timescales, to address a large number of different needs from
the industry and for fundamental research. In this poster we will present various applications illus-
trating how UTC(CH) and the atomic clock ensemble at METAS can support precision physics.
First, we will present the FoCS-2 primary frequency standard [, a laboratory-size atomic fountain
clock that uses a continuous beam of cold caesium atoms to realize the definition of the second as
defined in the SI system of units. The use of a continuous instead of pulsed beam of cold cesium is
a unique approach, and offers several advantages, such as the absence of the Dick effect and lower
atomic density. Nevertheless, the more complex geometry brings certain constraints, such as the
need to implement a microwave cavity with two interaction zones, or the presence of residual light
scattered lasers used for the preparation and detection of the atoms, which need to be carefully inves-
tigated. This clock has been metrologically evaluated, yielding a total relative frequency uncertainty
below 2 x 10~ 12, Since 2018, FoCS-2 contributes regularly to the realization of TAI, the International
Atomic Time.

Second, we will present our phase-stabilized fiber-optic frequency metrology network 2, that cur-
rently serves to disseminate the ultra-stable and accurate frequencies generated at METAS to spec-
troscopy laboratories located at the University of Basel and ETH Zurich. The metrology network
covers a total distance of 456 km in the SWITCH fiber network, using a DWDM multiplexing in the
L-band. The achieved phase noise levels and link instability will be presented. Further we will show
a use case of the disseminated frequency by establishing the SI-traceability of a laser in a remote
laboratory.

The implemented realization of UTC(CH) with its atomic clocks, jointly with the frequency dissemi-
nation network, is a key infrastructure to provide high performance time and frequency references.
Thus it serves the future needs in fundamental metrology, especially towards the implementation
of the future new definition of the second based on optical clocks, and to promote new activities in
fundamental research, especially in spectroscopy.

References:

1 A Jallageas et al., Metrologia 55 (2018) 366

2 D. Husmann et al., Opt. Express 29 (2021) 24592-24605
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Positronium (Ps), the short-lived bound state of an electron and a positron, exists for only 142 ns
in its parallel-spin ground-state configuration (ortho-Ps). It serves as a crucial testing ground for
bound-state Quantum Electrodynamics (QED) and for investigating potential violations of the Weak
Equivalence Principle for leptons. Existing experiments and proposed schemes have been limited
by the broad velocity distribution of traditional Ps sources. To address this, laser Doppler cooling
has been proposed for over 30 years but has not been demonstrated before.
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In our research, we conduct the first Ps Doppler cooling experiments within the AEgIS (Antimatter
Experiment, Gravity, Interferometry, and Spectroscopy) experiment at CERN’s Antiproton Decel-
erator facility 1. We employ a custom-built alexandrite laser to cool ortho-Ps along the 13S-23P
transition during its brief lifetime. The laser is specifically designed to meet the experiment’s de-
manding requirements, including pulse energies of several m] in the UV (243 nm) regime, a band-
width of about 100 GHz, and a pulse duration of about 100 ns with a fast falling edge. Ps cooling is
observed by measuring the Doppler broadening of its 1°3S-3"3P line with a second laser immediately
after cooling. The estimated temperature of the ensemble of Ps atoms emitting from a nano-porous
positron/Ps conversion target decreases from 380 K to 170 K. This corresponds to a decrease in the
transversal component of Ps rms velocity from 54 km/s to 37 km/s.

This methodology paves the way for developing unprecedented Ps sources below 10 K with high
intensities. It opens avenues for precision spectroscopy and gravitational experiments with Ps and
represents a significant step towards achieving the first Bose-Einstein Condensation of an antimatter
species.

1 L. T. Gloggler et al. (The AEgIS collaboration), Positronium Laser Cooling via the 13S-23P Transi-
tion with a Broadband Laser Pulse, Phys. Rev. Lett. 132 (2024), 083402, https://doi.org/10.1103/PhysRevLett.132.083402

Poster Session 2/ 93

Progresses towards positronium 1S-2S spectroscopy

Authors: Lucas de Sousa Borges™°*; Paolo Crivelli*

Y ETH Zurich (CH)
Corresponding Authors: lucasde@phys.ethz.ch, paolo.crivelli@cern.ch

Positronium being a purely leptonic atom provides an ideal test-bench of bound-state QED. Because
of its simplicity, any deviation from calculations could hint to new physics beyond the standard
model. This poster presents the ongoing experimental progresses made in the laser 1S—2S spec-
troscopy with the help of a pulsed slow positron beam at ETH.
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This work is concerned with two(many)-spin-1/2-fermion relativistic quantum mechanics and it is
about the construction of one-particle projectors and potentially, one-particle propagators, neces-
sary for quantum-electrodynamics (QED) corrections [1], using an inherently two(many)-particle,
‘explicitly correlated’ basis representation, necessary for good numerical convergence of the results
[2,3,4,5]. It is demonstrated that a faithful representation of the one-particle operators, which ap-
pear in intermediate but essential computational steps, can be constructed over a many-particle basis
set by accounting for the full Hilbert space, beyond the physically relevant anti-symmetric subspace.
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Applications of this development can be foreseen for the computation of quantum-electrodynamics
corrections for a correlated relativistic reference state and for high-precision relativistic computa-
tions of medium-to-high Z helium-like systems, for which other two-particle projection techniques
are unreliable.

References
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Among the leading Quantum Electrodynamical (QED) corrections to atomic-molecular energy levels,
the effect of one-loop electron self-energy has proven to be one of the most challenging to compute.
There are well-established techniques to calculate it in two extreme cases (for predominantly non-
relativisticl and highly relativistic2 systems, like low-charged and highly charged ions, respectively),
but no general method to a correlated relativistic reference state is known.

Finding a self-energy calculating approach generally applicable regardless of the strength of rela-
tivistic effects is part of our ongoing research effort to build QED corrections on highly accurate
relativistic two-particle wave functions3. Our starting point is the equal-time formulation of the
Bethe—Salpeter equation4, and its first approximation, the no-pair Dirac—Coulomb(—Breit) equa-
tion; radiative and non-radiative QED corrections are then included perturbatively.

In my poster, I present our current progress towards the calculation of self-energy with a relativis-
tic two-electron wave function. The reference is a no-pair Dirac—Coulomb wave function obtained
from an explicitly correlated variational procedure, providing an all-order description of (instanta-
neous, non-radiative) relativistic effects5.

Working in the framework of the dipole approximation while using such a reference leads to a sim-
ple relativistic extension of the so-called Bethe logarithm, and endows the low-frequency part of the
self-energy (plus transverse photon exchange) with higher-order binding corrections3. An example
calculation is given for the ground state of the helium atom.

Moving beyond the dipole approximation raises several questions concerning the renormalization,
the role of negative-energy states and permutational symmetry issues of inner states. A fully nu-
merical renormalization scheme is proposed, reminiscent of partial wave renormalization2. The new
challenges and obstacles associated with the relativistic treatment of self energy beyond the dipole
approximation are discussed, with preliminary numerical results.

References

1 Schwartz: Phys. Rev. 123 1700 (1961)
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Towards XUV Frequency Comb Spectroscopy of the 1s-2s Transi-
tion in He+
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! Max-Planck-Institute of Quantum Optics
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* Fraunhofer-Institut fiir Lasertechnik ILT
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Corresponding Authors: akira.ozawa@mpq.mpg.de, florian.egli@mpq.mpg.de, jorge.moreno@mpq.mpg.de, schmid-
fab@phys.ethz.ch, thu@mpq.mpg.de

Bound-state quantum electrodynamics (QED) accurately describes the energy levels of hydrogen-
like atoms and ions. High-precision laser spectroscopy experiments provide one of the best tests
of the theory. The frequency of the narrow 1s-2s transition of atomic hydrogen has been measured
with a relative uncertainty of less than 10~4. By combining two spectroscopic measurements of a
hydrogen-like system the Rydberg constant and the nuclear charge radius can be determined. The
comparison of the physical constants obtained from different combinations of measurements serves
as a consistency check for the theory 1. It is interesting to measure different hydrogen-like systems
since they have a higher sensitivity to different contributions of the theory. The measurement of
the Lamb shift in muonic hydrogen, for instance, has enhanced sensitivity to the proton radius and
gave rise to the proton radius puzzle 2. Another interesting spectroscopic target is the hydrogen-like
He™ ion. Interesting higher-order QED corrections scale with large exponents of the nuclear charge,
making measurements in He™ much more sensitive to these corrections compared to hydrogen. In
this poster, we describe our progress towards precision spectroscopy of the 1s-2s two-photon tran-
sition in He™ 3. Ideal conditions for high-precision measurements can be achieved by holding a
small number of He™ ions nearly motionless in the field-free environment of a Paul trap. There,
they are sympathetically cooled by co-trapped Be™ ions. The 1s-2s transition can be directly excited
by an extreme-ultraviolet frequency comb at 60.8 nm, which is generated by a high-power infrared
frequency comb using high-harmonic generation. After successful excitation to the 2s state, a signif-
icant fraction of the He™ ions will be further ionized to He?* and remain in the Paul trap. Sensitive
mass spectrometry using secular excitation will reveal the number of trapped He?T ions and will
serve as a single-event sensitive spectroscopy signal.
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Pair corrections to the no-pair Dirac—-Coulomb(-Breit) energy of
heliumlike systems
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The equal-time Bethe—Salpeter (Salpeter—Sucher) equation is the exact QED wave equation for a
two-fermion system [1,2,3,13,14]. The equation containing only the instantaneous part of the
interaction is the with-pair Dirac-Coulomb(-Breit) equation (wpDC(B)), which includes the double-
pair correction to the no-pair DC(B) equation (npDC(B)). The numerical results for these equations
can be converged within ppb to ppt relative precision using an explicitly correlated Gaussian (ECG)
basis set approach [4]-[12].

While the double-pair correction is a non-hermitian, but ‘algebraic’term, which leaves the DC(B)
equation linear in energy, the single-pair correction, represented by the irreducible crossed—Coulomb(—
Breit) interaction kernel, appears within a complicated, energy dependent operator in the Salpeter—
Sucher equation. The inclusion of the crossed—Coulomb(—Breit) and other higher-order irreducible
interaction kernels through this term renders the wave equation non-linear in energy.

A novel perturbative approach is therefore being considered for the treatment of these contributions,
using the npDC(B) and wpDC(B) results as high-precision relativistic reference energies and wave
functions [13, 14]. The results of this new relativistic QED (rQED) approach, including the single-
pair correction, are expected to serve as a useful comparison to the well established non-relativistic
QED (nrQED) methodologies, and the highest precision experimental results.
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Alpha and helion particle nuclear charge determination from pre-
cision measurements in quantum degenerate helium
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Precision measurements on calculable systems are widely used for tests of e.g. quantum electrody-
namics (QED) calculations, determinations of some of the fundamental constants, and as sensitive
probes to search for new physics beyond the standard model. In this context we perform high-
precision spectroscopy on the doubly forbidden 23S; —2!S transition at 1557nm in both *He and
“He trapped in a magic wavelength optical dipole trap.

We will present our recent measurement in a degenerate Fermi gas of *He with an accuracy of
170 Hz, and the resulting 3He - ‘He isotope shift 1. This measurement enables us to determine the
squared charge radius difference between the alpha and helion particle with unprecedented accuracy.
Compared to a recent determination of the absolute charge radii from spectroscopy of muonic He+
ions 3, we find a remarkable 3.6 sigma disagreement. Our measurement serves as a check of the
consistency of QED theory in helium atoms and of nuclear polarization effects in muonic helium
ions.

Currently, we are working on improving the 23S; —2!S; transition in *He to an accuracy of 50 Hz. To-
gether with our recent *He measurement, we expect a factor of 2 improvement in the determination
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of the squared charge radius difference.

1: arXiv:2306.02333 physics.atom-ph: Nature Phys 14, 1132 (2018)
3: arXiv:2305.11679 [physics.atom-ph]
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Accurately obtaining muonic hydrogen hyperfine splitting from
the electronic result

Author: Carl Carlson’

! William & Mary
Corresponding Author: cecarl@wm.edu

Using known methods now significantly improvable because of recent advances in the input data,
we obtain the currently most accurate calculation of the hyperfine splitting (HFS) in muonic hydro-
gen. The crucial part of the calculation is the hadronic or proton structure dependent two photon
exchange correction, which is calculated in a data driven approach that uses the proton electro-
magnetic form factors and spin-dependent structure functions as input. One begins with the 12-
figure-accurate measurement of the HFS in ordinary hydrogen and obtains the bulk of the muonic
hydrogen result by scaling with the reduced mass. The corrections to this scaling are small and cal-
culable with the stated input, and yield uncertainty limits that are much reduced compared those
from a stand-alone calculation of muonic hydrogen HFS.
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Drachmann’s regularization approach is implemented for floating explicitly correlated Gaussians
(fECGs) and molecular systems. Earlier applications of Drachmannized relativistic corrections for
molecular systems were hindered due to the unknown analytic matrix elements of 1/r;;1/7;,-type
operators with fECGs. In the present work, one of the 1/r factors is approximated by a linear
combination of Gaussians, which results in calculable integrals. The numerical approach is found
to be precise and robust over a range of molecular systems and nuclear configurations, and thus,
it opens the route towards an automated evaluation of high-precision relativistic corrections over
potential energy surfaces of polyatomic systems. Furthermore, the newly developed integration
approach makes it possible to construct the matrix representation of the square of the electronic
Hamiltonian relevant for energy lower-bound as well as time-dependent computations of molecular
systems with a flexible and high-precision fECG basis representation.
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The ASACUSA-Cusp experiment
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Corresponding Author: alanz@ucl.ac.uk

The ASACUSA Cusp collaboration aims to measure the ground-state hyperfine splitting of antihy-
drogen to a relative precision of parts per million, using a spin polarised antihydrogen beam in a
low magnetic field region 1.

The first antihydrogen was successfully synthesised in the ASACUSA-Cusp experiment in 2010 2
by mixing antiprotons and positrons in the so-called Cusp trap, which is a Penning-Malmberg trap
with a cusped magnetic field. The principle quantum number (n) distribution was measured 2.7m
away from the production region a few years later 3. This measurement revealed that most atoms
were produced in high Rydberg states and only a small fraction in lower n-states.

The production rate of antihydrogen increases with lower temperature and high densities of the
positron plasma 4. In order to increase the number of antihydrogen atoms produced in the Cusp
trap, it was upgraded with a focus on decreasing the temperature of the plasma.

In addition, the positron system was upgraded and a third stage accumulator was added to accumu-
late several bunches of the buffer gas trap. Pumping out the gases used for trapping and accumu-
lating positrons, which was not possible in the previous design, decreased the contamination of the
UHV of the Cusp trap during the transfer of positrons.

This poster will present the upgrades of the positron system and the Cusp trap, as well as results
on the on the plasma temperature and density control and the results of last year’s antihydrogen
run.

References:
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a polarised antihydrogen beam. Europhysics Letters, 63(2), 207.

2 Enomoto, Y., Kuroda, N., Michishio, K., et al. (2010). Synthesis of Cold Antihydrogen in a Cusp
Trap. Phys. Rev. Lett., 105, 243401.

3 Kolbinger, B., Amsler, C., Cuendis, S.A. et al. (2021). Measurement of the principal quantum
number distribution in a beam of antihydrogen atoms. Eur. Phys. J. D 75, 91

4 Radics, B., Murtagh, D., Yamazaki, Y., & Robicheaux, F. (2014). Scaling behavior of the ground-
state antihydrogen yield as a function of positron density and temperature from classical-trajectory
Monte Carlo simulations. Phys. Rev. A, 90, 032704.
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Low-excitation transport and separation of high-mass-ratio mixed-
species ion chains

Author: Francesco LancellottiNo™

Corresponding Author: flancell@ethz.ch

We demonstrate low-excitation transport and separation of two-ion crystals consisting of one *Be™
and one *°Ca™ ion, with a high mass ratio of 4.4. The full separation involves transport of the mixed-
species chain, splitting each ion into separate potential wells, and then transport of each ion prior
to detection. We find the high mass ratio makes the protocol sensitive to mode crossings between
axial and radial modes, as well as to uncontrolled radial electric fields that induce mass-dependent
twists of the ion chain, which initially gave excitations 7 > 10. By controlling these stages, we
achieve excitation as low as 7 = 1.40 £ 0.08 phonons for the calcium ion and 7 = 1.44 + 0.09
phonons for the beryllium ion. Separation and transport of mixed-species chains are key elements
of the QCCD architecture, and may also be applicable to quantum-logic-based spectroscopy of exotic
species.
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Free-space microwave spectroscopy of the positronium n = 2 fine
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Corresponding Author: ross.sheldon.18@ucl.ac.uk

The positronium (Ps) n = 2 fine structure intervals can be used to test bound-state quantum electro-
dynamics (QED) [, with current measurements using microwave waveguides at a precision of 100
parts-per-million (ppm) 2. However, the 10 mm scale of waveguides in the GHz regime results in
short transit times and low phase acceptance of the fast and divergent Ps beam. We therefore use
free-space radiation in our experiment to target the entire Ps ensemble and minimise transit-time
broadening, also greatly simplifying the required vacuum setup.

Linearly polarised microwave radiation was applied using a horn antenna placed outside the vac-
uum chamber containing metastable Ps* atoms. The >50 MHz wide 23S; — 2%P; (J = 1,2)
transitions were driven in two separate experiments. We measured apparent shifts in the J = 2
transition which varied by up to 500 ppm 3. This was due to reflections of the microwave radiation
from the apparatus causing frequency dependent field strength. We also observed the excitation
of polarisation-forbidden excitation pathways of the J = 1 transition due to reflections causing
incomplete polarisation of the microwave radiation.

These effects make precision measurements of broad energy intervals using free-space microwave ra-
diation challenging, but offer insight into effects which may not be observed in narrower resonances
(e.g. 4) until a higher level of precision is achieved.

1 G. S. Adkins et al., Phys. Rep. 975, 1 (2022).

2 R.E. Sheldon et al., Phys. Rev. Lett. 131, 043001 (2023).
3 R. E. Sheldon et al., Phys. Rev. A 107, 042810 (2023).

4 R. A. Brienza et al., Phys. Rev. A 108, 022815 (2023).
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The S-wave H™ resonances by Lagrange-mesh methods
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The Lagrange-mesh method in perimetric coordinates is an efficient and rather simple method to
study three-body Coulomb systems such as He, H™, Ps™, or H;‘ 1, as well as quasibound states of
exotic Coulomb atoms such as He™ p, pH, and He* 7~ [2-4]. Recently, two extensions of the method
have been developed to properly describe resonant states [3-7]: one based on the complex scaling
method and the other on the Kohn variational principle. In the latter case, scattering can also be
studied. In this contribution, these methods will be applied to study the S-wave resonance states of
the hydrogen ion. In addition to the resonance parameters, the S-wave H+e™ elastic phase shifts,
obtained with the Lagrange-mesh method combined to the Kohn variational principle, will be also
presented.

1 M. Hesse and D. Baye, J. Phys. B 32 (1999) 5605; J. Phys. B 34 (2001) 1425; J. Phys. B 36 (2003) 139.
2 D. Baye and J. Dohet-Eraly, Phys. Rev. A 101 (2020) 022507.
3 D. Baye, J. Dohet-Eraly, and P. Schoofs, Phys. Rev. A 99 (2019) 022508.
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The Hydrogen 1S-3S Direct Frequency Comb Spectroscopy Exper-
iment - Overview and Update of the Detection Scheme
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Precision spectroscopy of atomic hydrogen is a powerful tool to test QED theory as energy tran-
sitions can be measured, calculated and subsequently compared on a high level of precision. As
free parameters in the theory, the Rydberg constant %, and the proton charge radius r, remain to
be determined by spectroscopy 3, since other parameters entering the calculation, such as the fine
structure constant « or the electron-proton mass ratio m./m,,, are given very precisely by other
experiments, e.g. atom interferometry or Penning trap experiments respectively.

Thus, two transition measurements in hydrogen are required to fix R, and 7, and more to check
for consistency. Adding a contribution to that quest, the 1S-3S experiment at MPQ in Garching de-
livered its first result in 2020 with a fractional uncertainty of 10713 2. Since the 1S-3S transition
was also measured by colleagues at the Laboratoire Kastler Brossel in Paris 1, with a value currently
different to the MPQ measurement by 2.1 standard deviations, it is an experiment of particular im-
portance as it provides the only transition measurement that has been conducted redundantly by
two groups with independent systematics. Strongly hinting to unknown experimental issues, this
discrepancy motivates the further improvement of the experimental setup towards a lower uncer-
tainty measurement. In this poster an overview of the current setup of the spectrometer is given,
with a focus on the characteristics of the detector that is used for fluorescence detection from the
excited atoms. It also presents the current development stage of a new detector together with an
outlook of improvements expected from the planned modifications.
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Laser excitation of the low-energy nuclear transition in 229Th

Author: Maksim Okhapkin'
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Corresponding Author: maksim.okhapkin@ptb.de

We report the first direct laser excitation of the Th-229 nuclear transition in Th-doped CaF2 crys-
tals using a tabletop tunable laser system. The Th:CaF2 crystals are grown at TU Wien with up to
5 x 10'® ¢cm~3 Th-229 concentration, and a VUV laser system developed at PTB, that provides a
spectral photon flux of more than 2 x 10* photons/(s Hz).

A resonance fluorescence signal is observed in two crystals with different Th-229 dopant concentra-
tions, while it is absent in a control experiment using Th-232. The nuclear resonance for the Th**
ions in Th:CaF2 is measured at the wavelength 148.3821(5) nm, frequency 2020.409(7) THz, and the
fluorescence lifetime in the crystal is 630(15) s. Because of the higher density of photon states in the
dielectric optical medium, the measured spontaneous M1 decay rate is expected to be enhanced rel-
ative to the rate in vacuum by a factor n3 where n is the refractive index. Applying this correction,
the measured radiative lifetime of 630(15) s corresponds to an isomer half-life in vacuum of 1740(50)
s.
These results pave the way towards high-resolution Th-229 nuclear laser spectroscopy and realizing
optical nuclear clocks.
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Status of laser spectroscopy of metastable antiprotonic helium
atoms at CERN
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The ASACUSA collaboration carries out laser spectroscopy of metastable antiprotonic helium atoms
(pHe™ = p + He?** + e7) at CERN’s Antiproton Decelerator facility [1-5]. This is a three-body
Coulomb system composed of a helium nucleus, an electron, and orbital antiproton. CERN has re-
cently commissioned the ELENA ring, which produced cooled beams of antiprotons with >100 times
higher emittance than before. We propose to utilize the unprecedented high-quality beam of this
new facility and the latest laser metrology techniques to carry out sub-Doppler two-photon laser
spectroscopy of narrow resonances of pHe with a far higher precision than before. These experi-
ments allow the antiproton-to-electron mass ratio to be determined 4. Limits may be established on
exotic forces that may arise between the constituent particles. A new antiproton beamline with sev-
eral special features was constructed and commissioned; a sophisticated laser system is now being
developed.

1 A. Sétér, H. Aghai-Khozani, D. Barna, A. Dax, L. Venturelli, M. Hori, “High-resolution laser reso-
nances of antiprotonic helium in superfluid 4He”, Nature 603, 411 (2022).

2 K. Nordlund, M. Hori, D. Sundholm, “Large nuclear scattering effects in antiproton transmission
through polymer and metal-coated foils”, Phys. Rev. A 106, 012803 (2022). 3 M. Hori, H. Aghai-
Khozani, A. Sétér, A. Dax, D. Barna, “Laser spectroscopy of pionic helium atoms”, Nature 581, 37
(2020).

4 M. Hori et al., “Buffer-gas cooling of antiprotonic helium to 1.5 to 1.7 K, and antiproton-to-electron
mass ratio”, Science 354, 610 (2016).

5 V.I. Korobov, L. Hilico, J.-P. Philippe, “Theoretical transition frequencies beyond 0.1 ppb accuracy
in H2+, HD+, and antiprotonic helium”, Phys. Rev. A 89, 032511 (2014).
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How to trap atomic hydrogen without laser cooling

Author: Thomas Udem™™

Co-authors: Derya Taray '; Dylan Yost 2; Min-Cheol Kim '; Mustafa Waqar Syed !; Omer Amit *; Randolf Pohl *;
Savely Karshenboym °; Soumyadeep Sarkar '; Theodor W. Hénsch ¢; Vincent Weis ’; Vitaly Wirthl

' MPQ

2 csu

* Max-Planck-Institut fiir Quantenoptik

* Johannes Gutenberg University Mainz, Germany

S LMU, MPQ, Pulkovo

¢ LMU, Munich Germany

7 Max-Planck-Institute for Quantum Optics - Hydrogen Spectroscopy

Corresponding Authors: derya.taray@mpq.mpg.de, omer.amit@mpq.mpg.de, vitaly.wirthl@mpq.mpg.de, pohl@uni-
mainz.de, savely.karshenboim@mpq.mpg.de, vincent.weis@mpq.mpg.de, thu@mpq.mpg.de

Atomic hydrogen has an ideal level scheme for an optical clock. Since there is no 1P state, the 2S
state can neither decay nor be excited with a single photon dipole transition, at least not in a field-
free environment. This has three important advantages: The lifetime of the 2S is very long leading
to natural line width of 1.3Hz. This is a good value for an optical clock. Because the 1S-2S clock
transition at 2466 THz is excited with two photons, the required laser operates at 243nm rather than
at 121.5nm (Lyman-alpha). Moreover, the two-photon excitation can be arranged such that it is free
of the Doppler effect in first order. This also implies that only moderately low temperatures and no
strong confinement (Lamb-Dicke regime) of the trapped atoms is required. The magic wavelength
1 for the 1S-2S transition is at a convenient value of 515nm 2. High power narrow band lasers are
readily available by frequency doubled Yb-based lasers.

Obviously, the main showstopper is the required Lyman-alpha laser for cooling. Cooling atomic
hydrogen that is already trapped has been achieved with pulsed Lyman-alpha lasers. These are not
too difficult to realize with a low repetition rate and hence a large pulse energy to enhance the
required non-linear frequency conversion. For loading the trap, a continuous wave or a high repe-
tition rate laser with sufficient power would be required. This has not been possible so far. While
magnetic trapping of hydrogen and anti-hydrogen have been demonstrated, we do not like them
for precision experiments because of the large Zeeman shifts (Bohr’s magneton is 14GHz/Tesla).
Moreover, due to the low atomic mass and the large photon momentum, cooling on the 1S-2P tran-
sition would be rather inefficient with the Doppler and recoil limit as high as 2.39mK and 1.29mK
respectively.

A number of proposals have been published to circumvent the Lyman-alpha laser [3,4,5,6,7]. You
should not miss this presentation if you want to find out about our approach. It uses the selection
of the slow tail of velocities from a thermal beam and the photon recoil by an induced decay of the
meta-stable 2S state inside an optical dipole trap. In contrast to laser cooling, this method works
the better the lower the atomic mass and the larger the photon recoil gets. Besides of improving
the measured transition frequencies, trapped atomic hydrogen could eventually be the motivation
to redefine the SI second in terms of the Rydberg constant. This would remove the last remaining
object in the definitions of the SI which is otherwise based defined values of physical constants (c,

h and e).
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