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The CODATA 2017 Special Adjustment of the Fundamental Cortants
and the New SI

D. B. Newell2?

@ Committee on Data for Science and Technology (CODATA) Task Groumdarfental
Constants
b National Institute of Standards and Technology
Gaithersburg, MD 20899-8171 USA

Quantity Value
h 6.626 070 15 x 103 Js
e 1.602 176 634 x 10 C
Kk 1.380 649 x 10 J K
Na 6.022 140 76 x 10 mol*

Table 1: The CODATA 2017 values of h, e,
k, and Na for the new Sl

The international system of units (SI) has been slowly evolving from an artifact-based
system to one based on values of fundamental constants and invariant properties of atoms.
International consensus on the foundation of a new Sl based on exactly defined values of the
Planck constant h, elementary charge e, Boltzmann constant k, and Avogadro constant Na was
reached during the 24th meeting of the General Conference on Weights and Measures (CGPM).
Progress in the accuracy and consistency of the research results has enabled the International
Committee for Weights and Measures (CIPM) at its 106" meeting to recommend to the CGPM
to proceed with the adoption of the new SI. This presentation summarizes the 2017 special
least-squares adjustment performed by the Committee on Data for Science and Technology
(CODATA) that determined the exact values of h, e k, and Na given in Table 1 based on
relevant data that was available by 1 July 2017. These values are recommended to the 26
GCPM to form the foundation of the new SI when it meets on 13 — 16 November 2018.
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The best determination of the Boltzmann constant % by acoustic
thermometry of helium-4 gas

L Pitre?, F Sparasci?, L Risegari®, C Guianvarc’h?, C Martin®, M E Himbert®, M D Plimmer?,
A Allard®, B Marty®, P A Giuliano Albo?, B Gao®, M R Moldover/ and J B Mehl?

@ LCM-LNE Cnam, 61 rue du Landy, F93210 La Plaine-St Denis, France
b INE, 29 rue Roger Hennequin, F78197 Trappes, France
¢ CRPG-CNRS, UMR 7358, 15 rue Notre Dame des Pauvres, 54500 Vandoeuvre-lés-Nancy,
France
& Istituto Nazionale di Ricerca Metrologica, Thermodynamics Division, strada delle Cacce, 91
10135 Torino, Italy
¢ Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, 29 Zhongguancun

East Road, Haidian District, Beijing 100190, Peoples Republic of China

I Sensor Science Division, National Institute of Standards and Technology, Gaithersburg, MD,

United States of America
9 36 Zunuqua Trail, PO Box 307, Orcas, WA 98280-0307, United States of America

The SI unit of temperature will soon be redefined in terms of a fixed value of the Boltzmann
constant k£ derived from an ensemble of measurements worldwide. We report on the best-ever
and definitive determination of &k using acoustic thermometry of helium-4 gas in a 3-litre volume
quasi-spherical resonator at LNE-Cnam. The method is based on the accurate determination of
acoustic and microwave resonances to measure the speed of sound at different pressures.

The principle of the experiment is as follows. A gas-filled quasi-spherical resonator (QSR)
is maintained in a thermostat at a known temperature, here the temperature of the triple point
of water Trpyy = 273.16 K or within a few millikelvin of it (measurements are corrected for the
small difference by a temperature ratio, other terms being sufficiently constant at the required level
of accuracy). Acoustic resonance measurements are performed at different pressures of helium gas
while the radii of the QSR are measured using microwave resonances. Great care is taken to avoid
impurities in the test gas: a gas purifying system supplies a continuous flow of pure helium to
the resonator to remove outgassing impurities. The amount of the only impurity that cannot be
removed by purification, helium-3, is determined by mass spectrometry of samples from the same
bottle as that used for the experiment. Correction terms on acoustic and microwave measurements
have been computed using carefully validated theoretical models, and applied to the acoustic and
microwave signals.

From data and traceable thermometry we deduce the value of universal gas constant
R = 8.3144614(50)Janol~*&~!. Using the current best available value of the Avogadro
constant [1], we obtain k& = 1.38064878(83) 10?3 J& ! with u(k)/k = 0.60! 1076, where
the uncertainty « is one standard uncertainty corresponding to a 68 % confidence level. This
value is consistent with our previous determinations [2, 3, 4] and with that of the 2017 CODATA
adjustment of the fundamental constants [5] within the standard uncertainties.

[1] D B Newell et al., 2018 Metrologia 55 LL13
[2] L Pitre et al., 2017 Metrologia 54 856

[3] L Pitre et al., 2015 Metrologia 52 S263

[4] L Pitre et al., 2011 Int J Thermophys 32 1825
[5] Peter J Mohr et al., 2018 Metrologia 55 125
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[1] X. Tong, A. Winney, and S. WillitsciRhys. Rev. Letfl05 143001 (2010).

[2] X. Tong, D. Wild, and S. Willitsch?hys. Rev. 83, 023415 (2011).

[3] M. Germann, X. Tong, and S. WillitscNature Phys10, 820 (2014).

[4] Z.-X. Zhong, X. TongZ.-C. Yan,T.-Y. Shi,Chin. PhysB 24, 053102 (201p
I
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Interleaved Matter-wave Gyroscope with 2 10 °rad.s ! Stability

Remi Geiget, Denis Savoig, Matteo Altorid®, Bess Fangy Leonid Sidrorenko¥, Arnaud
Landragifd
a8 LNE-SYRTE, Observatoire de Paris, UniveadtSL, CNRS, Sorbonne Univegsiél avenue de
IOObservatoire, F-74014 Paris

Inertial sensors based on atom interferometry have the potential to address several appl
ranging from navigation, tests of fundamental physics, gravitational wave astronomy, geos
and metrology.

One important drawback of such sensors has been their reduced sampling rate, due to tl
atom sample preparation, and to the long time of interrogation of the atoms in the interferc
which is required to achieve high inertial sensitivity. Here we report the interleaved opet
of a cold-atom inertial sensor, where 3 atomic clouds are interrogated simultaneously in at
interferometer featuring a 4 Hz sampling rate and a long interrogation time of 800 ms. Interle
allows us to demonstrate a short term sensitivity of 30 ntddZ' ¥/ 2 in a matter-wave gyroscop:
of 11 cn? Sagnac area.

We also report a stability of!210' 19 rad.$ I, which competes, for the brst time, with tr
best long-term stability level obtained with Pber-optics gyroscopes, and establishes colc
gyroscopes as a promising alternative to current technologies for inertial navigation.

Our experiment validates interleaving as a key concept in future atom-interferometry se
aiming at probing time-varying signals, such as gravitational wave detectors, inertial measul
units, or gravity gradiometers.
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Exploiting highly accurate frequency ratio measurements over
coherent Pber links for exploring fundamental physics problems

J. Calver, L. De Sarl@, V. Cambief, C. Gud, M. Favief, J. LodewycR, H.
Alvarez-Martine2, Y. Le Cod, R. Le Targat, E. Cantif, D. Xu?, O. LopeZ, A. Amy-Klein®,
G. Santarelfl, Ch. Chardonnét P.-E. Potti&, N. Huntemanf, C. Sanne¥, R. Langé, B.
Lipphardf, Chr. Tamni, E. Peil€, R. Schwar?, A. Al-MasoudF, S. Derschef, Ch. Lisdat, E.
Benklef, S. Koke&, A. Kuhl®, T. Waterholte?, G. Grosch®, and S. Biz&
a8 SYRTE, Observatoire de Paris, UniveesRSL, CNRS, Sorbonne Univessit NE, Paris,
France

b Secodn de Hora, Real Instituto y Observatorio de la Armada, San Fernando, Spain
C LPL, Universit Paris 13, Sorbonne Paris @it CNRS, Villetaneuse, France
4 LP2N, UMR 5298 Institut dOOptique Graduate School, CNRS and UrevaesBordequx,
Talence, France
€ Physikalisch-Technische Bundesanstalt, Braunschweig, Germany

Frequency ratio measurements are key to improving the accuracy of optical frequency
troscopy of nearly forbidden atomic transitions. These are transitions with sub-Hz linew
(Q ! 10'%) and the accuracy and uncertainty of these frequency measurements can be in
dently veribed by comparison to each other. Frequency ratios can also be used to search fc
tions in fundamental constants, specibcally the Pne structure constaig the proton/electror
ratio [1]. Additionally, highly accurate frequency sources are beginning to be utilised in geo
where currently achievable spectroscopy of an atomic optical transition frequency down to ¢
tional uncertainty ofl0' 1’ can be used to determine the height of the atomic frequency so
above the geoid down to a resolution of 10 cm [2].

Atomic transitions are sensitive to environmental factors. Due to this sensitivity, it follows
utilising the least sensitive atomic species would be ideal. Hg was partially chosen as an ¢
species for use in a clock at SYRTE due to its low sensitivity to blackbody radiation induced
shift and DC Stark shift. However, it is predicted that the role of non-linear lattice light ¢
is quite signibcant [3]. Strong control or good characterisation of external B- and E- belc
required to minimise the effects of Zeeman and Stark shifting when measuring a transitio
quency. The SYRTE Hg clock is in a unique position of being able to access Sr clock freqt
in-house, and Sr and Yb+ [5, 6] frequencies at PTB via utilising a phase compensated ¢
Pber network [5]. We will present improvements to the characterisation of systematic sour
inaccuracy and instability of the Hg optical lattice clock at SYRTE, including characterisatic
lattice light shift by exploiting the Sr and Yb+ frequencies as accurate references. The Hg/Y!
tio is expected to be highly sensitive to variations irffurther incentivising the choice. Ultimately
we reach a measurement of tH8Hg 1Sy " 2Py transition to a fractional uncertainty of the orde
of 10 7. To support this, we will describe an improved uncertainty budget.

~ O~~~ N~~~
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[1] Uzan J.P., Living Rev. Relatii4 (2011) 2

[2] J. Grottiet al., arXiv pre-print (2017) arXiv:1705.04089
[3] H. Katori et al., Phys. Rev. /1 (2015) 052506

[4] R. Tyumenewt al.,, New J. of Phys18(2016) 113002
[5] C. Lisdatet al., Nature Communications(2016) 12443
[6] N. Huntemanret al., Phys. Rev. Lett116(2016) 063001
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Atomic photoexcitation by twisted light

Carl E. Carlsof®
a College of William and Mary, Williamsburg, VA, USA
b Johannes Gutenberg-Univemit Mainz, Germany (Visitor)

Photoexcitation with twisted light,e., by a vortex light beld that carries orbital angular m
mentum, excites atoms with quantum number transitions not possible with plane wave ph
Experiments have observed single trapped Calcium ions that serve as a localized and pt
positioned probe of the exciting Peld, and have observed the relative strengths of differen
sitions, depending on the ionOs transverse position with respect to the center of the vort
Peld [1, 2]. We calculate transition amplitudes initiated by a twisted light bPeld using Bessel
and other formalisms, and will show that the experimentally obtained transition amplitude:
the theoretical predictions agree at a level of better than 3% [2]. We will propose ideas to en
the sensing accuracy of vortex modes in future experiments.

~ O~~~ N~~~
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[1] Christian T. Schmiegelow, Jonas Schulz, Henning Kaufmann, Thomas Ruster, Ulric
Poschinger, Ferdinand Schmidt-Kaler, Nature Communicaild@916) 12998.

[2] Andrei Afanasev, Carl E. Carlson, Christian T. Schmiegelow, Jonas Schulz, Ferdi
Schmidt-Kaler, and Maria Solyanik, New J. Ph26.(2018) 023032.
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Antihydrogen 1S-2S laser spectroscopy

Claudio Lenz Ceséf
& Instituto de Fisica - UFRJ, Rio de Janeiro, RJ, Brazil
b ALPHA Collaboration - CERN

| review the developments in the ALPHA collaboration leading to the brst laser spectros
of an anti-atom [1] and resulting in the most precise measurement ever achieved on antil
The 1$D23 transition was excited via Doppler-free two photon absorption from a 243 nm |
coupled into a cryogenic optical enhancement cavity [2]. The sample consisted of magne
trapped antihydrogen with an average kinetic energy around 300 mK. The obtained linesha|
Fig. 1) allowed a frequency measurement with 12 signibcant Pgures, compatible with the hyc
frequency projected and simulated at this environment and conditions. This is a direct test
Charge-Parity-Time (CPT) symmetry to 2 parts if2.0As a comparison, in Fig. 2 we show th
MIT spectrum on trapped hydrogen at 40K obtained in 1995 where a fractional resolution
2 parts in 182 was achieved [3]. It shows the prospects for improvement in these measurel
with trapped species which could largely surpass [4] the present record accuracy of patts i
using a 5.5 K beam of hydrogen [5]. We discuss the limitations in this initial measuremen
ideas to proceed towards parts int1@y employing different techniques such as: (i) larger la:
beam waist decreasing time-of-Right broadening and AC Stark shift with a lower intensity
larger samples or further cooling of the sample by Lymarj6], microwave [7], or other; and (iii)
trapping hydrogen [8] in the same trap as antihydrogen allowing a direct comparison betwe
species in the same electromagnetic and gravitational environment.
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Figure 1: Lineshape obtained with trapped anfrigure 2: Lineshape from MITOs experiment |
hydrogen lineshape [1]. using trapped hydrogen at 4Q&
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[1] M. Ahmadiet al. [ALPHA Collab.], Nature (2018) online doi:10.1038/s41586-018-0017-

[2] A. N. Oliveiraet al., Rev. Sci. Instrum88, 063104 (2017).

[3] C. L. Cesaret al., Phys. Rev. Lett77, 255 (1996); and C. L. Cesat al,, Proceedings of
the 5th Symposium on Frequency Standards and Metrology, J. Bergquist Ed., Cape
Oct/1995, World Scientibc (1995)

[4] C. L. Cesar, Phys. Rev. 84, 023418(2001)

[5] Parthey, C. Get al., Phys. Rev. Lettl07, 203001 (2011).

[6] P. H. Donnaret al., J. Phys. B16(2013) 025302; I. D. Setijat al., Phys. Rev. Lett70, 2257
(1993)

[7] C. L. Cesaret al, Phys. Rev. A 80, 041404(R) (2009)

[8] C.L. Cesaretal, J. Phys. B 49, 074001 (2016), doi:10.1088/0953-4075/49/7/074001
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Measuring the Ground State Hyperbne Splitting of Antihydrogen

B. Kolbinger? on behalf of the ASACUSA-CUSP collaboration

& Stefan Meyer Institute for Subatomic Physics, Austrian Academy of Sciences,
Boltzmanngasse 3, 1090 Vienna, Austria

CPT Invariance of the Standard Model dictates that the fundamental properties of pa
and their anti-particles are equal. Antihydrogen is the simplest stable atom composed so
antimatter and its corresponding matter partner hydrogen is one of the most precisely s
atomic systems. Consequently, a comparison of the spectra of hydrogen and antihydroger
one of the most stringent tests of CPT symmetry.

The ASACUSA (Atomic Spectroscopy And Collisions Using Slow Antiprotons) collaborat
based at the Antiproton Decelerator at CERN aims to measure the ground state hyperbne ¢
of antihydrogen in a Rabi-like experiment [1]. Antiprotons are accumulated in the MUSA
trap [2] and then transported to the so-called double CUSP trap. In this mixing trap consist
multi-ring electrodes and two pairs of anti Helmholtz coils, antihydrogen is produced by mi
antiprotons with positrons [3, 4]. The anti-atoms escape the trap as a polarised beam and e
spectroscopy apparatus which comprises of a microwave cavity for inducing hyperbne trans
a state-analysing sextupole magnet and an antihydrogen detector [5, 6] for monitoring the
rate of the arriving anti-atoms.

Spectroscopy and the goal to reach a relative precision at the ppm level is not yet feasible
the low number of antihydrogen atoms produced in the ground state. Therefore, the preser
focus lies on increasing the production rate and measuring properties of the anti-atoms cre:¢
this talk the setup of the ASACUSA-CUSP experiment will be presented as well as its challt
and recent developments, including the brst measurement of the quantum state distribu
antihydrogen atoms in a beam [7].

~ O~~~ N~~~
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[1] E. Widmannet al, Hyperbne Interactionz15(2013) 18.

[2] N. Kurodaet al, Phys. Rev. ST. Accel. Bean$ (2012) 024702.
[3] A. Mohri et al,, Europhys. Lett63(2003) 207213.

[4] N. Kurodaet al., Nature Communicatiorns(2014) 3089.

[5] Y. Nagataet al., NIMA 840(2016) 153-59.

[6] C. Sauerzopét al,, NIMA A845(2016) 579-582.

[7] C. Malbrunotet al., RSA, DOI: 10.1098/rsta/376/2116 (2017).

http://cern.ch/asacusa
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Measurement of the hydrogen hyperbne splitting in a beam: results
& prospects

Chloe Malbrunot-P
on behalf of the ASACUSA-CUSP collaboration

a CERN, Gemve 23, CH-1211, Switzerland
b Stefan-Meyer-Institutdr subatomare Physik, d&sterreichischen Akademie der
Wissenschaften, Boltzmanngasse 3, A-1090, Austria

The goal of the ASACUSA CUSP collaboration at the Antiproton Decelerator of CERI
to measure the ground-state hyperbne splitting of antihydrogen down to relative precisic
10 61 10 7 using an atomic spectroscopy beamline. A milestone was achieved in 2012 thi
the successful detection of 80 antihydrogen atoms 2.7 meters away from their production r
This was the brst observation of OcoldO antihydrogen in a magnetic Peld free region [1]. H:
the spectroscopy measurement is currently limited by the low RBux of ground state antihyd
atoms at the exit of the formation region [2].

In parallel to the work on the antihydrogen production, the spectroscopy beamline intenc
be used for antihydrogen spectroscopy was tested with a source of hydrogen. This led to

surement at a relative precision b® ° which constitutes the most precise measurement of
hydrogen hyperbne splitting in a beam [3]. This measurement also enabled to forecast the
sary conditions to achieve a measurement at the ppm level with antihydrogen.

The hyperbne splitting in hydrogen was determined using extrapolation of one of the grount
hyperbne transitions measured at different external magnetic belds. The apparatus has sir
modibPed to allow simultaneous measurement of two transitions which in principle allows a ¢
mination of the zero-beld hyperbne splitting will less atoms; something of great interest fc
antihydrogen experiment.

I will review the experimental techniques used and the latest results obtained as well :
prospects for further measurements on hydrogen using the same apparatus for tests of

symmetry.
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[1] N. Kurodaet al,, Nature Communicationts, 3089 (2014).

[2] C. Malbrunotet al, Phil. Trans. R. Soc. 876 20170273; DOI: 10.1098/rsta.2017.027
(2018)

[3] Diermaieret al, Nature Communication$ 15749 (2017)
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Constraints for fundamental short-range forces from the neutron
whispering gallery, and extention of this method to atoms and
antiatoms

V.V. Nesvizhevsk§, A.Yu. VoronirP
a |nstitut Max von Laue - Paul Langevin, 71 avenue des Martyrs, Grenoble, France, 380(
b ebedev Institute, 53 Leninski pr., Moscow, Russia, 119991

Extra fundamental short-range interactions mediated by new bosons are predicted in
extentions of the Standard Model of particle physics. They are also predicted in theories
large extra spatial dimentions and theories involving the light dark matter hypothesis.

To search for such interactions at different charateristic distances, the experimentalis
many methods including measurements of gravitational interaction at short distances, the
for extra interactions on top of the van der Waals/Casimir-Polder interaction, the search fc
proceeses in neutrino detectors, precision measurements with atoms, molecules and n
Comparison of the sensitivities of different experiments to extra short-range forces in the
dard Yukawa parametrization is published, for example, in ref. [1].

A competitive method of searching at characteristic distances of about 10 nm is the pre
measurement of the neutron whispering gallery [2]. This phenomenon is analogous to the
known phenomenon of the whispering gallery of electromagnetic waves of a broad freq
range, as well as the sound wave. However, a material wave, for example a neutron wav
vides an additional possibility due to the existence of a nonzero neutron mass: for a neutre
energy values of the whispering-gallery quantum states depend on the mass of the neutt
the interactions of this mass with the surface. Moreover, the neutron in such quantum st
localized at a distance from the surface of the order of tens of nanometers. Even a tiny extri
between the neutron and the surface at such distances would lead to a measurable shil
energy of whispering-gallery quantum states.

We present the results of experiments performed with cold neutrons and estimate their
tivity to extra short-range forces. We afprm that this method can also be extended to exper
with atoms and antiatoms [3]. The sensitivity of atomic experiments may be even higher tha
providing a similar, or even higher than the sensitivity of neutron experiments. More details
be found in [4].

~ O~~~ N~~~

NNNNNNNN

[1] I. Antoniadiset al., Compt. Rend. Phy4.2 (2011) 755.

[2] V.V. Nesvizhevskyet al., Nature Phys6 (2010) 114.

[3] A.Yu. Voroninet al, Phys. Rev. A85(2012) 014902.

[4] V.V.Nesvizhevsky and A.Yu. Voronin, Surprising Quantum Bounces (Imperial College P
London, UK, 2015).
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Tests of the theory of Quantum-Electrodynamics

Eite Tiesing&®, Peter Moh?
a Joint Quantum Institute
b National Institute of Standards and Technology

We describe recent developments in testing quantum-electrodynamics (QED), the the
the interactions of matter with electro-magnetic belds and forces. The tests focus on cons
in the determination of parameters or constants within QED obtained via multiple indepe
means and, in particular, by comparisons of precision measurements with, equivalently
rate, theoretical calculations. The most-precise tests rely on a combination of the spectr
of atomic hydrogeng-factor measurements of a free electron as well as that of an electron t
in a hydrogen-like ion, and Pnally the mass determination of the ions through atom recc
periments and mass spectroscopy. These experiments determine the dimensionless bne
constant and the mass of the electron to ten signibcant digits, orders of magnitude better tt
other component of more uniPed models of nature. We also show that an international sys
units (SI) based on bxed values of the Planck constant and the charge of the electron (in &
to the bxed value of the speed of light in vacuum) modibes the interpretation of some of
tests.
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Nuclear recoil effect on theg factor of lithiumlike ions

Aleksei V. Malyshey Vladimir M. Shabaev, Dmitry A. Glazov, Ilya I. Tupitsyn

St. Petersburg State University, Universitetskaya 7/9088 St. Petersburg, Russia

The nuclear recoil effect on thgefactor of highly charged Li-like ions is studied [1, 2]. Th
fully relativistic quantum electrodynamics (QED) caldiga of the one-electron recoil contri-
bution to Pbrst order in the electron-to-nucleus mass ratiperformed. The two-electron pai
is evaluated within the lowest-order relativistic (Brapproximation employing the novel four
component approach. The results for the two-electron Iremon are found to be in disagreemer
with the previous calculations based on the effective tensygonent Hamiltonian [3, 4, 5]. The
obtained value for the nuclear recoil effect is used to dateuthe isotope shift of thg factor of
lithiumlike ACa'’* with A = 40 andA = 48 which has been recently measured [6]. As t|
result, the agreement between experiment and theory igsigntly improved [1].

In addition, prospects for tests of the QED recaoil effect load factor in experiments with
heavy ions are studied [2]. Itis found that, while the QEDoikeffect ong-factor value is masked
by the uncertainties of the nuclear size and nuclear paléoiz contributions, it can be probed o
a few-percent level in the specibc difference of ¢factors of H- and Li-like heavy ions. This
paves a way to test QED in a new region N strong-coupling regbayond the Furry picture.

This work was supported by the Russian Science Foundatian{®lo. 17-12-01097).
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[1] V. M. Shabaev, D. A. Glazov, A. V. Malyshey, I. I. Tupitsy®hys. Rev. Lett119 (2017)
263001.
[2] A. V. Malyshev, V. M. Shabaev, D. A. Glazov, I. I. TupitsydETP Lett., in press.

]
[3] Z.-C. Yan, Phys. Rev. LetB6, 5683 (2001).
[4] Z.-C. Yan, J. Phys. B: At. Mol. Opt. Phy85, 1885 (2002).
[5] R. A. Hegstrom, Phys. Rev. Al, 421 (1975).
[6] F. Kehler, K. Blaum, M. Block, S. Chenmarev, S. EliseBv,A. Glazov, M. Goncharov,

J. Hou, A. Kracke, D. A. Nesterenko, Y. N. Novikov, W. Quint,. Ramirez, V. M. Shabaev,
S. Sturm, A. V. Volotka, and G. Werth, Nat Commut 10246 (2016).
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Four loop QED contributions to the electron g-2
Stefano Laporta
a Dipartimento di Fisica, Universit di Padova, Istituto Nazionale Fisica Nucleare, Sezione

Padova, Via Marzolo 8, I-35131 Padova, Italy

The anomalous magnetic moment of the electron is one of tisiqal quantities measure
with the highest precision. Such high precision demandsrélasi precision in the theoretica
evaluations in order to obtain stringent tests of QED. In thlk | will summarize the situation o
the theoretical calculations of the contributions to thecgbng-2; then, | will describe in detall
the results of the twenty-year long project of the evaluatiball the 891 mass-independent fol
loop QED Feynman diagrams contributing to the electyeéh[1],
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with the 1100-digits result

-
aQEP (4-loop)= ! 1.9122457649264455741526471674398300540608733906538%25 —

and high-precision analytical bts. The consequences ®félilt on the QED tests and the det:
mination of the bPne structure constant will be also disalisse
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[1] S. Laporta, Phys. Lett. B72(2017) 232.
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Precision Fundamental Physicsvith Trapped Antihydrogen

Makoto C. Fujiwara
on behalf of théALPHA Collaboration

aTRIUMF, 4004 Wesbrook Mall, Vancouver BC, V6T 2A3, Canada

Antihydrogen provides a unique tool for precision studies of fundamentalcph@sj so
havewe been promising for a long time. Finally, after many years of Idpueents, we have
reached the stage, in which precision measurements canyabeigierformed on antihydrogen
In this talk, | will giveanoverview of the ALPHA antihydrogen experimewith some emphasis
on hyperfine and Lyman-alpha spectroscopy, as well as our new initiativgravity
measurement. Our recent results on 1s-2s transition will leeemblay Claudio Cesar in a separate
talk.
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Laser spectroscopy of cooled antiprotonic helium atoms

Masaki Horf
on behalf of the ASACUSA collaboration

a Max-Planck-Institutér Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching,
Germany

The Atomic Spectroscopy and Collisions Using Slow Antiprotons (ASACUSA) collab:
tion at the Antiproton Decelerator facility of CERN is carrying out precise laser spectros
experiments on antiprotonic heliurpHe* ! p+He?* + € ) atoms [1, 2, 3]. Employing buffer-
gas cooling techniques in a cryogenic gas target, samples of atoms were cooled to temg
T = 1.5D1.7 K, thereby reducing the Doppler width in the single-photon resonance line
By comparing the results with three-body quantum electrodynamics calculations, the antip
to-electron mass ratio was determinedMag/m ¢ = 1836.1526734(15) Besides providing a
consistency test of CPT symmetry, the results have recently been used to set constraints
exotic bfth force that may exist at the 1 Al length scale [4, 5, 6, 7]. Further improvements in t
experimental precision are currently being attempted.
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Constraints on exotic spin-dependent interactions between matter
and antimatter from antiprotonic helium spectroscopy

Filip Ficek?, Pavel FadeéV, Victor V. Flambaur9, Derek F. Jackson Kimb&l|

Mikhail G. Kozlov9 , Yevgeny V. Stadni& Dmitry BudkeP:"
a |nstitute of Physics, Jagiellonian Universitypjasiewicza 11, 30-348 Krakv, Poland
b Helmholtz Institute Mainz, Johannes Gutenberg University, 55099 Mainz, Germany
¢ Ludwig-Maximilians-Universét, Manchen, Fakuét far Physik, Arnold Sommerfeld Center for
Theoretical Physics, 80333tichen, Germany

d School of Physics, University of New South Wales, Sydney, New South Wales 2052, Australi
€ Department of Physics, California State University - East Bay, Hayward, California 94542-3084, L
f Petersburg Nuclear Physics Institute of NRC OKurchatov InstituteO, Gatchina 188300, Russi.
9 St. Petersburg Electrotechnical University LETI, Prof. Popov Str. 5, 197376 St. Petersburg, Rus:
h Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300, U¢
' Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, U

Spin-dependent interactions [1, 2] appear in theories including OnewO, i.e., so far undisc
bosons. We have investigated the inRBuence of these hypothetical potentials on the hyperbn
ture in antiprotonic helium [3]. By comparing QED-based theoretical calculations [4] and pr
spectroscopic measurements [5] we have found constraints on exotic spin- and velocity-dep
interactions between electrons and antiprotons. As a result, for the brst time, semileptonit
dependent interactions between matter and antimatter have been constrained.
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High-precision comparisors of the fundamental properties
oflprotons and antiprotons

S. Ulme#f, C. Smorrd®, A. Moosef, M. Bohma#®, M. J. Borchef¥, J. A. Harringtof
T. Higuch?®, G. Schneidéf, M. Wiesinget®, K. Blaunf, Y. Matsud4 C. Ospelkas’,
W. Quing, J. Walz", Y. Yamazaki

2RIKEN, Ulmer Fundamental Symmetries Laboratory, Rirosawa, Wako, Saitama 38198, Japan
® CERN, 1211 Geneva, Switzerland
¢ Max-PlanckInstitut fuYr Kernphysik, Saupfercheckweg 469117 Heidelberg, Germany
4 Leibnitz Universita-t, Welfengarten 1530167 Hannover, Germany
¢ Graduate School of Arts and Sciences, Universityolfy®, Tokyo 1538902, Japan
"Institut fuYr Physik, Johannes Gutenbetgiversit-at B55099 Mainz, Germany,
9 GSIPHelmholtzzentrum fuYr Schwerionenforschung GmbB4291 Darmstadt, Germany,
" HelmholtzInstitut Mainz, D55099 Mainz, Germany

The Baryon Antilaryon Symmetry Experiment (BASEERN) at CERNOs antiproton
decelerator facility is aiming at higprecision comparisons of the fundamental properties ¢
protons and antiprotons, such as chammass ratios, magnetic moments, and lifetimes. Ou
singlepatticle multi-Penningtrap experiments provide sensitive tests of the fundament
chargeparity-time invariance in the baryon sector.

Since our approval in 2013 we measured the antiprmt@roton chargdo-mass ratio with
a fractional precision of 69 ptp[1], as well as the antiproton magnetic moment with fractione
precisions of 0.8 p.p.m. [2] and 1.5 p.p.b. [3], respectively. At ouremabmpanion experiment
BASE-Mainz, we have performed proton magnetic moment oreasents with fractional
uncertainies of 3.3 p.p.b. [4] and 0.3 p.p.b. [5]. By combining the d&taoth experiments we
provide a baryommagnetiemoment based CPT test
Pt .
MT! PR a1
which improves the uncertainty of previous experitadfi] by more than a factor of 3000.
A unique antiproton reservoir trap used in BASE farthore allows us to set constraints on
directly measured antiproton lifetime [7]. Our current vdlde10.2a improves previous best
limits by a factor of 30.

This talk | will summarize the recent achievemeritBASE and give an outlook on future
perspectives.

[1] S. Ulmeret al, Nature524, 196 (2015).
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[3] C. Smorreet al, Nature550, 371 (2017).

[4] A. Mooseret al.,Nature509, 596 (2017) (2014).

[5] G. Schneideet al, Science358 1081 (2017).

[6] J. DiSciacceet al, Phys. Rev. Lettl10, 130801 (2013).
[7] S. Sellnert al, New. J. Phg.19, 083023 (2017).
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A measurement of the proton mass
by rotational spectroscopy of HD molecular ions

S. Alighanbaf, M. G. Hanseh S. Schillef, V. I. KoroboV
2 nstitut fYr Experimentalphysik, Heinhli-Heine-UniversitSt DYsseldorf, Germany
b Bogoliubov Laboratory of Theoretical Physidsjnt Institute for Nuclear Research, Dubna,
Russia

We have developed an approach thasbdées Doppler-free rotational spectroscopy of
sympathetically cooled molecular ions in ion trgpls It makes use of #hstrong radial spatial
confinement of molecular ions when trapped and crystallized in a linear quadrupole tr
providing the Lamb-Dicke regime for rotatidrieansitions. We achieve a line width df 110°,
an improvement by8 50 times over previous highest resolution in rotational spectroscopy ¢
ensembles of ions.

We have measured the absolute frequenap@fundamental rotational transition in HD
(v=0,N=0) :!(v=0,N=1) (v, N are the vibrational and rotational quantum number,
respectively) at 1.3 THz. We compathe value with the result of at initio calculation for
this transition, which is proportional to the combination of fundamental constelmgrmy/my.
Using CODATA2014 values for the deuteron mass and for the electron mass, we derive

m,= 1.007 276 466 9(13) u .

The presentation will discuss the experimemgghnique, the result and the potential for
further improvement.

[1] S. Alighanbarigt al. Nature Physics, in pre§2018); arXiv:1802.03208v1
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High-Precision Measurement of the ProtonOs Atomic Mass

Fabian Hei§&P, Sascha R&, Florian Kehler-Lange®, Jiamin Ho@, Sven Junck Anke
Kracke?, Andreas Moosé&r Wolfgang Quint, Stefan Uimet, Gunter Wertli, Klaus Blaun? and
Sven Sturrf

a Max-Planck-Institutéir Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
b GSI Helmholtzzentrunesf Schwerionenforschung, D-64291 Darmstadt, Germany
¢ Institut far Physik, Johannes Gutenberg-Univeasitainz, D-55099 Mainz, Germany
d RIKEN, Ulmer Fundamental Symmetries Laboratory, Wako, Saitama 351-0198, Japa

The electron, the proton and the neutron are the basic building blocks of the visible uni
The precise knowledge of their properties is of great interest for tests of fundamental physi
metrology.

To measure the protonOs mass in atomic mass units, a new cryogenic bvefold Penn
setup was constructed, which is termed LIONTRAP (Light ION TRAP). It is the successo
periment of the formeg-factor experiment for highly charged ions, which provided the m
stringent tests of bound-state QED [1, 2, 3]. Moreover, it delivered the most precise value
atomic mass of the electron [4].

The measurement principle is based on a phase-sensitive comparison of the protonOs ¢
frequency to that of a carbon nucled$@®*). To accomplish high precision a purpose-bu
doubly compensated Penning trap was set up, consisting of seven cylindrical electrodes.
electrodes serve to produce an extremely harmonic quadrupole trapping Peld by canceli
higher order electric Peld contributions using properly chosen voltages.

With a relative precision of 32 parts per trillion our result improves the current literature v
by a factor of 3 and reveals a disagreement of about 3 standard deviations to it [5]. Additional
result affects the puzzle of light ion masses [6], but is not enough to explain the mass discre
of 4 standard deviations. At this conference, the new LIONTRAP setup as well as the latest |
on the protonOs atomic mass and the next major upgrades are presented.
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Hydrogen molecular ions and fundamental constants

T. Louvradoug, J. Heinricl#, M. Haida®, A. Douillet?, L. Hilico®?, J.-Ph. Kar??, \.I.
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a Laboratoire Kastler Brossel, Sorbonne UniveesiCNRS, ENS-PSL University, Gaje de
France, Case 74, 4 place Jussieu, 75005 Paris, France
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¢ Bogolyubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Duk
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d LaserLaB and Department of Physics & Astronomy, VU University, De Boelelaan 1081, 1
HV Amsterdam, The Netherlands

High-precision spectroscopy of hydrogen molecular ions has been proposed more the
decades ago as a way to determine the proton-to-electron massipétic. [1]. This idea has not
lost its relevance today [2], even considering the precision achieved in recent measurement
electron and proton masses [3], but needs to be reanalyzed in the light of the current debate
proton radius [4].

We have shown [5] that combined measurements jnand HD" could be used to cross
check the proton/deuteron radii and Rydberg constant. To that end the theoretical accuracy
be improved to a few 10'2; recent progress in the calculationrat 8-order QED corrections [6]
has brought us closer to this goal. The most appropriate ro-vibrational transitions, experir
methods by which they can be measured, and experimental status will be discussed. Fine
prospects of using hydrogen molecular ions as probes of a possible time variatig/mot will
be reviewed [7].
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Precision spectroscopy of hydrogen molecular ions: present status o
theory and perspectives.

Vladimir Korobov
Bogoliubov Laboratory of Theoretical Physics
Joint Institute for Nuclear Research, Dubna, Russia

At present a theoretical prediction for the spin-averaged frequency of vibrational trans
in the hydrogen molecular ions (HMI) has reached a relative precision®$" 10 12 [1]. On
the other hand, recent experiment [2] on pure rotational transition ih H& demonstrated thi
power of the Lamb-Dicke regime for precision spectroscopy of the HMI and potentiality ir
nearest future to achieve a ppt level of spectroscopic accuracy. At the same time, it disclos
problems, which have to be solved in theory in order to comply with requirements of prec
comparison with experiment. Namely, for pure rotational transitions it is essential to include
consideration the spin-dependent part of transition energy, which takes into account all corre
up to ordem! 6.

In our presentation we also discuss other problems, which are to be considered in ol
improve theoretical predictions (by a factor of three at least). That will bring theoretical prec
to the level better than the uncertainty in the Rydberg constant as determined by the COD,
adjustment of the fundamental constants [3].
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Quantum electrodynamic theory of theg factor of highly
charged ions
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b Center for Advanced Studies, Peter the Great St. Petersburg Polytechnic University, 195
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Quantum electrodynamic (QED) contributions to the electgdector in strong binding Pelds
have been tested recently to high precision in Penning trap measurements: an experime
28513+ allowed to benchmark certain higher-order QED corrections for the brst time [1],
constitutes one of the most stringent benchmarks of strong-Peld QED theory. Recently, tl
certainty of the electron mass has been largely decreased via measurement$Gpthen, and
by using the theoretical value of thgefactor [2, 3]. In order to further reduce uncertainties
the theoretical description, we calculate further higher-order corrections, such as the highe
remainder inZ! for the one-loop self-energy corrections [4], and parts of the two-loop Feyn
diagrams [5, 6].

An independent and improved determination of the Pne-structure cohstaay also be pos-
sible in near future employing a weighted difference ofgHactors of the H- and Li-like ions of
the same element. This weighted difference in chosen to maximize the cancellation of detrir
nuclear effects between the two charge states. It is shown that this method can be used to €
value for! from bound-electrog-factor experiments with an accuracy competitive with or bet
than the present literature value [7]. We anticipate that the necessary theoretical accuracy
reached by a combination of non-relativistic QED methods, and QED in the Furry pidifdre
expansion) [8].

~ O~~~ N~~~

NNNNNNNN

[1] S. Sturm, A. Wagner, B. Schabinger, J. Zatorski, Z. Harman, W. Quint, G. Werth, C. H. Ke
K. Blaum, Phys. Rev. Lettl07(2011) 023002.

[2] S. Sturm, F. kehler, J. Zatorski, A. Wagner, Z. Harman, G. Werth, W. Quint, C. H. Keitel,
Blaum, Natures06(2014) 467.

[3] J. Zatorski, B. Sikora, S. G. Karshenboim, S. Sturm, Bhl€r-Langes, K. Blaum, C. H.
Keitel, Z. Harman, Phys. Rev. 86 (2017) 012502.

[4] V. A. Yerokhin, Z. Harman, Phys. Rev. 85(2017) 060501(R).

[5] B. Sikora, Z. Harman, N. S. Oreshkina, V. A. Yerokhin, H. Cakir, C. H. Keitel, in preparat

[6] V. A. Yerokhin, Z. Harman, Phys. Rev. 88 (2013) 042502.

[7] V. A. Yerokhin, E. Berseneva, Z. Harman, I. |. Tupitsyn, C. H. Keitel, Phys. Rev. [L&8.
(2016) 100801.

[8] V. A. Yerokhin, K. Pachucki, M. Puchalski, Z. Harman, Phys. Re®@3(2017) 062511.

10th International Conference on the Physics of Simple Atomic Systems

Tuesday

Page 27



PSAS2018

14th-18th of May, Vienna

The ALPHATRAP g-Factor Experiment

Martin Heckef, loanna Arapogloty Jos R. Crespo kpez-Urruti&, Alexander Edgl, Tim
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a8 Max-Planck-Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg
b how at: ARC Centre of Excellence for Engineered Quantum Systems, School of Physics
University of Sydney, NSW Australia

The ALPHATRAP experiment, located at the Max-Planck-Institute for Nuclear Physic
Heidelberg, Germany, aims to measure gifactor of electrons in highly-charged ions with fra
tional uncertainties of0' ' or below. This allows tests of bound-state quantum electrodynai
(BS-QED) in the extreme beld region, for example by measuring-faetor of the bound-electror
of 208pP1* in the 1018 V/cm beld of the nucleus, and comparing it to theoretical predictions
is a follow-up experiment to the Mainz electrgrfactor experiment, which provided the mo
stringent of BS-QED [1] and the most accurate measurement of the electron mass [2].

The highly charged ions are bred in external electron-beam ion traps and transported tl
a room-temperature-to-4K beamline into a double-Penning-trap system. The trap system
microwave and laser access for manipulating the motion and spin-state of trapped ions. Al
tional external ion source delive?8e* ions, which can be trapped simultaneously, laser-coc
with a 313 nm laser, and used for sympathetic cooling of the highly-charged ions. Trap cl
terization measurements using externally loaded ions demonstrated single-ion detection, st
stability of the trapping belds, and excellent vacuum conditions of betted®ari mbar. Further
tests of laser- and microwave-manipulation of trapped ions are currently under way. An ove
of the experiment will be given and progress towards a brst measurement on the bound-€
g-factor of“0Ar13* will be discussed.
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A New Experiment for the Measurement of theg-Factors of
3He* and 3He?*
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Recent dramatic advances in quantum-jump spectroscopy of single isolated nucleons in
ning trap led to most precise measurements of the nuclear magnetic moments of the protol
and its antimatter counterpart [3]. Based upon these successes a new experiment dedicate
measurements of the electronic and nuclear magnetic moments®biebfand 3He?* is being
set up at the Max-Planck-InstitutenfKernphysik in Heidelberg (Germany). The project aims
the Prst direct measurement of the nuclear magnetic momértsdf with a relative precision of
10 9 or better and an improvement of the ground-state hyperbne splittittdeh by a factor of
10 or better [4]. This will allow the establishment of hyper-polariZéte as an independent an
accurate magnetometer, which up to now lacks a direct high-precision measurement of the 1
magnetic moment. Furthermore a measurement of the ground-state hyperbne spfitiet) at
a level of 10 ppt precision will complement the determination of nuclear structure effetitiein
as persued in more sensitive but less precise experiments on muonic systems.

To date direct high-precision measurements of nuclear magnetic moments of single ions in
ning trap have been demonstrated only for the proton and the antiproton. The employed m
rely on the detection of single spin Bips whose detection bdelity is however limited by the 1
mode energies of the single trapped particle. If applied to the magnetic moment of the three-
heavier®He, the methods would hinge upon an insufbcient detection bdelity. Thus, to me:
challenge of the high-pbdelity spin-Rip detection in this heavier system, the experiment ai
decrease the mode energy by more than two orders of magnitude compared to classical r
cooling approaches. This will be achieved by applying sympathetic laser cooling, by couplir
single trappedHe ion to a reservoir of laser-cooled beryllium ions at their Doppler temperat
The scheme, which relies on a set of techniques proposed by Heinzen and Wineland [5], is
on the sympathetic coupling of the trappéde ion to a cloud ofBe* ions laser-cooled down
to the Doppler limit. From this quasi-deterministic cooling scheme a considerable reducti
experimental cycle times and a high-pPdelity spin state detection are expected.

In the contribution developments towards sympathetic laser cooling, including the demonst
of laser cooling of a cloud ofBe* ions in a highly-advance bve-Penning trap system, and
prospects towards the plannéide measurements will be presented.
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Towards high-precision spectroscopy of the 1SB2S transition in He
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The simplicity of hydrogen and hydrogen-like systems allows for extremely accurate pr
tions of their energy levels using bound-state quantum electrodynamics (QED). These theo
ues contain fundamental constants, most importantly the Rydberg constant and the nucle
By comparing theory and experiment, these constants can be determined and the validity
theory itself can be tested.

The frequency of the extremely narrow 1SB2S two-photon transition was measured in ¢
hydrogen with a relative uncertainty below'2d [1, 2]. This value can be combined with me:
surements of other transitions in order to extract values for the Rydberg constant and the
size [3].

We are currently setting up an experiment to do spectroscopy of the 1SD2S transition
simplest hydrogen-like ion, He This could give new insights into a so-far unresolved discri
ancy between different determinations of the proton charge radius which is known @stibe
radius puzzlg4]. Furthermore, interesting higher-order QED corrections scale with large e
nents of the nuclear charge which makes this measurement much more sensitive to the
rections compared to the hydrogen case [5]. Finally; ktes are charged particles that can |
trapped and cooled in an ion trap. This greatly reduces systematic effects due to particle 1
that dominate the uncertainty in the hydrogen measurements.

However, driving this transition requires narrow-band radiation at 61 nm. This lies in
extreme ultraviolet (XUV) range where no refractive optics and no laser sources exist. W
therefore perform direct frequency comb spectroscopy by converting an infrared high powe
quency comb to the XUV using high harmonic generation in a gas target. Thedds will be
trapped in a Paul trap and sympathetically cooled by co-trappéddes.

This talk will give an overview of the planned experimental setup and report on its cu
status.
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Precision spectroscopy of the 2S-4P transition
in atomic hydrogen

L. Maisenbachét, A. Beyef, A. Matvee\#, V. AndreeV,
A. Grinin?, R. Pohf¢, K. Khabarov&®, N. Kolachevsk§®,
T.W. Hansci#9 and Th. Uder#

& Max-Planck-Institutér Quantenoptik, Garching, Germany.
b On leave from: Lebedev Physical Institute, Moscow, Russia.
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d Ludwig-Maximilians-Universit, Munich, Germany.

Precision measurements of atomic hydrogen (H) have long been successfully used to
fundamental constants and to test bound-state quantum electrodynamics. Both the Rydbe
stantR, and the proton root mean square charge radiusre determined to a large degree |
H spectroscopy, requiring the measurement of at least two transition frequencies. With th
precisely measured 1S-2S transition frequency [1] serving as a corner stone, the current lin
of this extraction is the measurement precision of other H transition frequencies. Mongpv
extracted from the H spectroscopy world data disagrees by 4 standard deviations with the
more precise value extracted from spectroscopy of muonic hydregefd].

Using a cryogenic beam of H atoms optically excited to the initial 2S state, we measure
2S-4P transition in H with a relative uncertainty of 4 partd@? [3]. We motivate an asymmetri
bt function, which eliminates line shifts from quantum interference of neighboring atomic |
nances. Combining our result with the 1S-2S transition frequency yields the values of the Ry
constanR, = 10973731568076(96)m ! andr, = 0.8335(95)fm. Ourr, value is 3.3 com-
bined standard deviations smaller than the previous H world data, but in good agreement w
up value.
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Cw laser spectroscopy of the 1S-3S transition in hydrogen:
new contribution to the proton radius puzzle

S. Thoma®, H. Fleurbaey, S. Galtie®' , M. Bonnaud,
L. Julier?, F. Birabe#, F. NeZ, M. Abgrall’ and J. Guefa
2 Laboratoire Kastler-Brossel, Sorbonne UniveesiCNRS, ENS-UniveraitPSL,
College de France, 4 place Jussieu, 75005 Paris, France
' Present address: Institut Lugte Mat&re, UMR 5306, UniversitLyon 1-CNRS,
Universite de Lyon, 69622 VilleurbanneeDEX, France
b LNE-SYRTE, Observatoire de Paris, UniveetSL, CNRS, Sorbonne Univessit
61 avenue de IO0bservatoire, 75014 Paris, France

High resolution spectroscopy of the hydrogen atom playsyar@ie in testing the theory of
quantum electrodynamics, and in the determination of foretaal constants, such as the Ry
berg constant or the proton charge radius. Since 2010, grdmaent has been found betwe
the proton radius deduced from the spectroscopy of muonittdggn [1] and the CODATA-
recommended value [2] relying on experiments conductedl@ctrenic hydrogen (Fig. 1). Tc
date still unsolved, thiproton radius puzzlevas even recently deepened by two new contrac
tory results in hydrogen spectroscopy: the 2S-4P tramsftisquency measured at MPQ [3], ar
the 1S-3S transition frequency measurement presented here

IH(2013) ® — e CODATA (2014)
—_— L 2
25-4P (MPQ, 2017) 15-3S (LKB, 2018)
T r, (fm
0.84 0.86 0.88 p (M)

Figure 1: Proton charge radius values from hydrogen spemipy, with 1 error bars.

In our experiment, the 1S-3S transition of atomic hydrogeaxcited by two counter-propa
gating photons at 205 nm, in a Fabry-Perot cavity inside awmaicchamber. An effusive bear
of ground state hydrogen atoms at room temperature is ddeamlinearly with the axis of the
cavity. We observe the 1S-3S resonance by detecting theeBalf3uorescence at 656 nm. W
use sum frequency generation in a BBO cristal to produce théaser source at 205 nm, b
mixing a Ti:Sa laser at 894 nm and a frequency doubled Vesdirlat 532 nm. Their frequencie
are measured using an optical frequency comb referencée toNE-SYRTE primary frequency
standards thanks to a 3-km-long Pber link.

The main systematic effect to be considered is the secathel-&oppler shift. It is correctec
by btting our experimental data with theoretical lineslsajaéing into account the velocity distri
bution of the atoms in our effusive beam. This velocity disttion is determined by measuring th
shift of the transition frequency when a transverse magrmdid is applied to the moving atom:
inducing a motional quadratic Stark effect [4]. Other sgstic effects include a collisional shift
an AC Stark shift, and a recently evaluated quantum intenfeg effect [5]. The overall uncer
tainty on the 1S-3S transition frequency2i§ kHz, that is a relative uncertainty 6fl 10 3. It
yields a value of the proton radius that appears to suppet€BDATA-recommended value [6].
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Spectroscopy of hydrogen 1S-3S transition in cryogenic atomic bean

Arthur Matvee?®, Alexey Grinir?, Lothar Maisenbach@r Vitaly Andreew?, Dylan YosE,
Randolf Poht, Theodor W. Hinsci?, Thomas Uderh

a Max-Planck-Institutedr Quantenoptik, 85748, Garching, Germany
b Ludwig-Maximilians-Universitt, Mnchen, Faku#t far Physik, Schellingstrasse 4/111, 80799
Menchen, Germany
¢ Physics Department, Colorado State University, 1875 Campus Delivery, Fort Collins, Ct
80521

Laser spectroscopy of atomic hydrogen is a source of valuable data for a least-square
ment of fundamental constants and precise tests of QED. Further improvement of precis
those measurements is of key interests for a problem, known as a Proton Size Puzzle [1
work requires suppression of different systematic effects, including a Doppler shift. Coolin
atomic beams to cryogenic temperatures opens a possibility to decrease the velocities of
reducing the uncertainty, caused by velocity distribution of the atoms.

We report about our experiment on two-photon spectroscopy of the transition 1s-3s in a
hydrogen by frequency combs [2]. For the excitation of atomic transition we use a mode-Ic
Ti:Sa laser with two frequency doubling stages. The excitation takes place in a beam of aton
drogen expanding in a vacuum chamber. To reduce a brst-order Doppler effect we use a tec
of two-photon spectroscopy in counter-propagating laser beams [3]. Using a cryogenic n
cooled down by liquid helium, helps us to decrease the velocity of atoms, improving syste
uncertainties in our experiment.

In the presentation we discuss main systematic effect which is presented in our exper
namely the prst-order Doppler shift caused by chirp of the laser pulses. We discuss model
this shift and model-independent approaches, allowing to eliminate this effect.
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Direct Frequency Comb Spectroscopy on Hydrogen and Associated
Systematic Frequency Shifts

Alexey Grinir?, Arthur Matvee??, Lothar Maisenbach@r Vitaly Andreew?, Dylan Yos¢,
Randolf Poh, Theodor W. HinscP, Thomas Uderh
a Max-Planck Institutéir Quantenoptik, 85748, Garching, Germany
b _Ludwig-Maximilians-Universit, Munchen, Fakuit fur Physik, Schellingstrasse 4/111, 8079¢
Munchen, Germany
¢ Physics Department, Colorado State University, 1875 Campus Delivery, Fort Collins, C
80521

High precision spectroscopy has been always the driving force for new fundamental thea
physics. The so called proton size problem is a so far unexplained disagreement of the valu
proton charge radius extracted from the muonic spectroscopy, hydrogen spectroscopy anc
electron-proton scattering by more than 5 sigma [1]. Recently two new experiments inter
this puzzle [2], [3].

For the Prst time we present a high precision measurement in hydrogen on the 1s3s(F=
formed with Direct Frequency Comb Spectroscopy (DFCS [4]), with an uncertainty sufp
to contribute to the Proton Size Puzzle. Systematic frequency shifts observed with DFCS
signibcantly from previous measurements which utilize CW lasers and in particular from th
vious 1s3s (F=1) measurement, allowing for the brst time comparison of two different grou
the same transition for the proton size puzzle.

In our experiment we excite a cryogenic hydrogen atomic beam with a picosecond freq
comb. The UV frequency comb at 205nm is produced by quadrupling a TiSa comb at 8201
two subsequent frequency doubling stages. While two-photon transitions are in principle D
free in brst order, residual Doppler shift associated with chirped pulses is observed and con
our leading systematic. Other signibcant systematics are Second Order Doppler Effect, coll
shift and AC/DC Stark Effects. We present experimental determination of these systemati
comparison with the theory.
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Positronium precision spectroscopy:
Measuring the 1s-2s and excited state hyperbne transitions

Michael W. Heis8, Gunther Wichmart David A. Cooké&, Aldo Antognin?, Klaus Kirc?,
Andre Rubbid&, Paolo Crivellf

a ETH Zurich, Institute for Particle Physics and Astrophysics, 8093 Zurich, Switzerland

Positronium is an excellent system to test bound state QED theory to very high precision,
it is almost exlusively governed by the electromagnetic force and does not exhibit the Pnit
effects which plague measurements of protonic atoms.

Numerous precise experiments have therefore been conducted in the past to measure
perbne splitting of Positronium. However, these experiments show alhatisdgreement with
the most recent bound state QED calculations. PHySESO approach is to eliminate several
sources of systematics present in earlier experiments by a novel experimental design to «
sively check this discrepancy.

Furthermore, measuring the 1s2s transition in Positronium would allow for a very strir
test of bound state QED in the ppb range. Current efforts to reach this sensitivity include upg
to a pulsed positron beam and a novel time-of-Right detection scheme involving rydberg exci
of excited positronium.

Additionally, by comparing theory to experimental values gained by these experiments
can test CPT and Lorentz violating effects and their corresponding coefbcients in the Sta
Model extension (SME) complementary to those gathered by hydrogen spectroscopy.

This talk will report on the design, implementation, current status and future prospects of «
ing efforts at ETH Zurich to measure the 1s-2s and excited state hyperbne splitting in Positrc
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Higher Order Corrections to Positronium Energy Levels

Gregory S. Adkind
a Franklin & Marshall College, Lancaster, Pennsylvania, 17604, USA

Positronium spectroscopy is of continuing interest as a high-precision test of our understi
of binding in QFT. Positronium represents the purest example of binding in QFT as the const
are structureless and their interactions are dominated by QED with only negligible contribi
from strong and weak effects. Positronium differs from other Coulombic bound systems
as hydrogen or muonium in having maximal recoil (the constituent massmdtlo is one) and
being subject to real and virtual annihilation into photons. Spectroscopic studies of low-
statesif = 1 hyperbne splittingn = 2 bPne structure, and ttiS ! 1S interval) have reached :
precision of ordeAMHz , and ongoing experimental efforts give the promise of improved res
Theoretical calculations of positronium energies at oré® " 187MHz are complete, but
only partial results are known at order! 7 " 0.14MHz . | will report on the status of the
positronium energy calculations, give some details of the methods employed, and pres
latest results for orden! 7 contributions.
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High precision measurement of muonium hyperbne structure

Toya Tanak&P on behalf of the MuSEUM collaboration
a Graduate School of Arts and Sciences, University of TOKRIKEN

Muonium is a hydrogen-like atom formed by a positive muon and an electron. Its 1S sta
perbne structure is evaluated with high precision both by theoretical calculations and experii
results. Therefore, muonium is suitable for a stringent test of the bound state QED of hydr
like atoms. MUSEUM (Muonium Spectroscopy Experiment Using Microwave) collaboration ¢
to measure the muonium hyperpbne structure with high precision.

The Muonium hyperbne structure can be mea-
sured in two methods. One is to measure the spin
transition frequency ! yrs in extremely low mag- .
netic Peld (ZF). And the another way is to measurg
the spin transition frequenciés! 1, and! ! 34 of the LUL) H
split states by the Zeeman effect in high magnetic
peld (HF). In the HF measurement, the muon-toz o
proton magnetic moment ratip(/u ) and muon-to- i
electron mass ratiarf,/ me) can be derived by ! 1o
and! !34. (Figure 1)

The previous research of MUHFS was performe
at the former LAMPF (Los Alamos Meson Physics
Facility) with 300 ppb in ZF [1] and 12ppb in HF [2].
Also p,/p p andmy/ me are measured at HF MuHFSFigure 1: Breit Labi diagram of muonium
measurement with 120ppb [2]. Algg./u; is aim-
portant parameter to determine the precision of the muon anomalous magnetic mamengd-
surement. a, is one of the physical properties which the experimental result differs from
theoretical calculation [3]. Therefore, MUHFS measurement is essential for the precisipn «
MuSEUM collaboration aims to measure both ZF and HF measurement and improve the pre
by a factor of 10.

Previous measurements were constrained by statistical uncertainty. This problem is clee
utilizing the intense pulsed muon beam at J-PARC MLF (Material and Life Science Experim
Facility) MUSE (Muon Science Establishment). MuSEUM collaboration is currently meast
MuHFS in ZF with our upgraded experimental system, and in parallel we are also developir
magnetic Peld mapping system for the future HF measurement. In this presentation | would
introduce about the developments of the MUSEUM experiment and report the experimental
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Cold muonium atoms for future atomic physics and gravity
experiments

A. Antognini®®, P. Crivell?, K. Kirch®P, D. Taqqd, M. Bartkowial®, A. Knech®, N. Ritjohd,
D. Rouss8, R. ScheuermariinA. SoteP, M. F. L. De VoldeFf, D. M. Kaplan?, T.J. Phillipsd
a |nstitute for Particle Physics and Astrophysics, ETH Zurich, 8093 Zurich, Switzerland
b paul Scherrer Institute, 5232 Villigen-PSI, Switzerland
¢ Department Of Engineering, University of Cambridge,
17 Charles Babbage Road, Cambridge, UK
d [llinois Institute of Technology, Chicago, IL 60616 USA

We are investigating methods to create a novel muonium (Mu) source, baged on Mu
conversion near to the surface of superf3uid helium (SFHe). This source would have the pc
of providing high brightness atomic beams for next generation Mu experimggtgp increase
precision of present Mu spectroscopy results [1, 2]. We are also investigating the feasibility
ing such sources for measuring the gravitational interaction of Mu. The positive mtidmhich
is dominating the Mu mass is not only an elementary antiparticle, but a second-generation
too. This makes a gravity experiment highly motivated [3], and complementary to gravitat
studies of antihydrogen [4, 5, 6] and positronium [7].

State-of-the-art Mu sources (like silica aerogel, mesoporous)®i@it Mu atoms with a large
(thermal) energy distribution, and widé (cos! ) angular distribution. Cooling of these porot
samples below 100 K results in rapidly declining numbers of vacuum-emitted muonium d
decreased mobility, and atoms sticking to the pore walls [8]. The advantage of using supt
helium for Mu production al < 0.3 K temperatures is the expected large chemical poter
(E/lkg " 270K) of the atom. This implies that in the vicinity of the surface, Mu would |
ejected with relatively high"( 6 mmjus) velocities from the bulk to near-vacuum even at t
lowest temperatures, while transverse momentum would remain low due to the cold med
In this talk, methods and challenges to create such SFHe Mu sources, the present status,
feasibility of an antimatter gravity experiment will be discussed.
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Accurate calculations with explicitly correlated functions for
molecular hydrogen
Mariusz PuchalsRj Pawé CzachorowsH, Jacek Komasa Krzysztof Pachucki

a Faculty of Chemistry, Adam Mickiewicz University, Poland
b Faculty of Physics, University of Warsaw, Poland

Theoretical studies of hydrogen molecule is the cornerstone of the molecular quantur
chanics. Due to its simplicity, the achieved precision is the highest among all molecules ar
has a potential of signibPcant enhancement. This high precision of theoretical predictions 1
leads to improved tests of quantum electrodynamics (QED) and improved bounds on hypot|
interactions [1]. Moreover, at the0' 7 cm' 1 precision level the dissociation energy is sensiti
to the proton charge radius, which may help to resolve the so called proton radius conundrt
This requires high accuracy calculations of not only nonrelativistic energies, but also leading
tivistic and QED, as well as the higher order QED corrections. In fact, the nonrelativistic ene
can already be calculated with the precisiorl6f ’ cm' 1, as demonstrated in Ref. [3]. The th
higher order QED contribution has very recently been calculated [4] using explicitly corre
Gaussian (ECG) functions with + r1»/ 2 prefactor (ECG) that makes the interelectronic cus
condition to be exactly satisbed. We provided improved results for the dissociation and the 1
mental vibrational energies [5]. These results open the window for the high precision spectrc
of H, and related accurate tests of fundamental interactions models. Recently, we also re
also highly accurate results for the leading relativistic correction udt@G functions [5] and
conclude that the compilation of previous results in Ref. [6] has underestimated uncertaintie
will also present the latest advances in the calculation of nuclear mass relativistic correc
which are currently the main limitation of theoretical predictions.
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Precision tests with molecular hydrogen and isotopes

Edcel Salumbides
Department of Physics and Astronomy, and LaserLaB, Vrije Universiteit Amsterdam

Molecular hydrogen has emerged as a benchmark quantum test system for fundamental |
where current high-precision measurements challenge the most accurate theoretical calcu
that include relativistic and quantum electrodynamics (QED) contributions. Investigations or
topic molecular species containing deuterium and tritium provide opportunities to expand
fundamental tests, that will aid in unravelling important higher-order mass-dependent correc
as well as nuclear size contributions to the level energy structure. In the context of the |
standing Amsterdam program on precision measurements in molecular hydrogen, recent me
ments on HD and F will be presented. Extremely weak transitions in {fwe= 0 ! 2) over-
tone band of the HD molecule were measured with sub-Doppler resolutions to obtain tran:
frequencies with three orders of magnitude improvement in accuracy. In a second study,
sion measurements on the fundamefwak O ! 1) vibrational splittings of the radioactive,T
molecule were also performed yielding transition energies tha2s@¢imes more accurate than
previous studies. These benchmark values provide a test of QED theory in the hydrogen mol
open up another avenue to pursue a solution to the proton radius puzzle, and point towards
sion studies of nuclear structure. With further progress in the brst principles calculations, f
comparisons between experiment and theory will yield stronger constraints on new physics
as hypothetical bfth forces and extra dimensions.
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Precision spectroscopy of HD at 1.41m

E. Fasci, H. Dinesan, S. Gravin@&. Castrillo, L. Moretti and L. Gianfrani
Dipartimento di Matematica e Fisica, Univerditlella Campania OLuigi VanvitelliO, Viale
Lincoln 5, 1-81100 Caserta Italy

The weak infrared spectrum of the heteronuclear diatomic molecule HD originates fror
existence of a small electric dipole momeht {0 ° D), due to the inversion symmetry breakin
in conjunction to the breakdown of the Born-Oppenheimer approximation. Since the HL
only two nuclei and two electrons, representing one of the simplest molecular systems e
in nature, it is possible to perform highly-accurateinitio quantum-mechanical calculations ¢
its energy dipole transition levels and moments which take into account the violation of E
Oppenheimer approximation by means of adiabatic and non-adiabatic corrections [1]. A qu.
test system for fundamental physics can be obtained comparing HD precision measuremer
advanced QED calculations which in turn puts constraints on a bfth force for a certain efft
range [2].

In this work, a precision measurement of the HD electric-dipole brst overtone band ti
tion R(1) line-center frequency has been carried out implementing a new concept of freqL
stabilized cavity ring-down spectroscopy. Itis based on the use of a pair of phase-locked ext
cavity diode lasers (ECDL) emitting in the wavelength range between 1.38 angrh.43]. One
of these acts as reference oscillator, being locked to a high-Pnesse cavity by means of the
Drever-Hall (PHD) technique which in turn is locked to a self-referenced erbium-doped bber
based Optical Frequency Comb Synthesizer (OFCS). The frequency of the probe laser is acc
scanned across the HD vibration-rotation transition, while an intrinsically stable high-Pnes:
tical cavity tracks the laser frequency. Observing several repeated cavity ring-down even
sorption spectra have been recorded with high resolution, precision and bdelity. The cavity |
determined under vacuum conditions is about 160000, which enables to get an optical path
km. The measurements have been performed on a®%¥#nriched hydrogen sample, at a pre
sure ranging between 1 e 15 Torr. As a result of a global btting procedure of a manifold of s|
across the pressure range, the line center frequency has been determined to be 7241.8¢
cm' 1, that is (217105181.7% 0.07) MHz. It agrees with the theoretical value 217105180
MHz reported in [1].

Further measurements of the HD brst overtone band absolute frequency lines will be atte
in the near future.
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Relativistic correlation and QED effects on the radiative decay of
1s2s3s conbguration in Li-like ions

L. Natarajan
Department of Physics, University of Mumbai, Mumbai, India

Fully relativistic conbguration interaction method is used to calculate the one-electror
photon (OEOP) and less explored intense two-electron one-photon (TEOP) transitions fron
of 1s2s3s conbguration in Li-like ions with2! Z ! 54. The rates and energies are calcula
using Multi Conbguration Dirac-Fock wavefunctions in the active space approximation [1].
cial attention has been paid to elaborate the interplay between electron-electron correlati
higher order relativistic corrections on the line intensities. The TEOP transitions from the pi
three electron conbguration and3® conbguration in He-like ions [2] are analyzed so as to
derstand the impact of K shell spectator vacancies on the transition rates. The strong inf3u
TEOP transitions in the accurate evaluation of level lifetimes is emphasized. Present resi
compared with few available theoretical data [3].
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g-factor of middle-Z lithiumlike and boronlike ions

D. A. Glazo?, A. V. \olotka®®, V. A. Agababae®¥®, D. V. Zinenkd,

V. M. Shabae¥, I. I. Tupitsyr?, G. Plunied
a Department of Physics, St. Petersburg State University,
Universitetskaya 7/9, 199034 St. Petersburg, Russia

b Helmholtz-Institut Jena, Fbelstieg 3, D-07743 Jena, Germany

¢ St. Petersburg Electrotechnical University OLETIO,
Professor Popov st. 5, 197376 St. Petersburg, Russia
d |nstitut far Theoretische Physik, Technische Univessidresden,
Mommsenstra8e 13, D-01062 Dresden, Germany

Combined experimental and theoretical studies ofgliactor of few-electron ions have re
sulted in the most accurate to date value of the electron mass [1] and can serve for an inde|
determination of the bPne structure constaf, 3]. We present the improved theoretical values*
the g factor of middleZ lithiumlike and boronlike ions. Reevaluation of the higher-order ma
electron contributions within the newly developed approach allows us to reach the uncerta
the order ofL0 ° for lithiumlike ions. Comparison with the recent measurements for lithiuml
silicon and calcium provides the most stringent to date test of the many-electron bound-stat
effects in the presence of magnetic beld [4, 5, 6]. For boronlike ions, the rigorous evaluat
the correlation and QED corrections provides the theoretical predictions with the uncertai

the order ofL0' ©. The obtained results disagree with the ones of Ref. [7].
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The hyperbne-puzzle of strong-beld bound-state QED

S. Schmidt®, L. Skripnikof, J. Ullman® , Z. Andelkovid, C. Brandaf®, A. Dax ,
W. Geithnef, Ch. Geppelt9, Ch. Gorge M. Hamme®", V. Hanneh, S KaufmanA,

K. Kenig?d, F. Kraus, B. Kressé, Y. A. Litvinov?, M. Lochman®, B. Maas&9, J. Meisner,
T. Murbeck™, W. Nertershause?, A. F. Privalo¥, R. Sanche?, B. Scheibg, M. Schmidt,
V. M. Shabae¥, M. Steck, Th. Sehlke™°, R. C. Thompsot Ch. Tragesét M. Vogek,

J. Vollbrecht, A. V. Volotka®", Ch. Weinheimér

 Institut far Physik & Exzellenzcluster PRISMA, UniveasiMainz, Germany
b |nstitut fur Kernphysik, Technische UniveitDarmstadt, Germany
¢ Department of Physics, St. Petersburg State University, Russia
d GSI Helmholtzzentrunes Schwerionenforschung, Darmstadt, Germany
€ 1. Physikalisches Institut, Universit Gie§en, Germany
f Paul Scherrer Institut, Villigen PSI, Switzerland
9 Institut far Kernchemie, Universit Mainz, Germany
h Helmholtz Institut Mainz, Universit Mainz, Germany
" Institut fur Kernphysik ,Westfische Wilhelms-Universit Manster Germany
I' Institut far Anorganische Chemie, UnivemitMarburg, Germany
K Institut fur Festlerperphysik, Universitt Darmstadt, Germany
! Physikalisch-Technische Bundesanstalt, Braunschweig, Germany
MInstitut fwr Angewandte Physik, Technische Univestsibarmstadt, Germany
" Helmholtz-Institut Jena, Germany
° Institut far Optik und Quantenelektronik, Univemitlena, Germany
P Department of Physics, Imperial College London, UK

A combined measurement of the ground-state hyperbne structure splitting in H-like and L
bismuth, the so-called specibc difference

e~ eLidik H-li
| 'E = 1 gkike ;) gH-like

was proposed to be ideally suited for a test of bound-state quantum electrodynamics (BS
in strong Pelds, where a pertubative description of QED is no longer possible [1]. In this
tribution, we report on our high-precision laser spectroscopy measurement in these few-el
systems, that has been carried out at the experimental storage ring (ESR) at the GSI Helr
Center for Heavy lon Research in Darmstadt [2]. The total accuracy of the hyperbne sp
determination was improved by more than an order of magnitude compared to previous me
ments. Surprisingly, we found that the experimental value deviates by more thémom the
theoretical prediction, giving rise to the so-callegherbne puzzief BS-QED.

In addition to these results, we discuss possible explanations for the discrepancy and |
the latest activities that have been carried out to provide a solution to this conundrum. In part
we provide evidence that the observed discrepancy is caused by an inaccurate literature \
the nuclear magnetic momemt of 2°°Bi [3].
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[1] V. Shabaewet al., Phys. Rev. Let86 (2001) 3959.
[2] J. Ullmannet al., Nature Communicatior(2017) 15484.
[3] L. Skripnikov et al., accepted by Phys. Rev. Lett. (2018)
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Bound-electrong-factor and tetraquarks

Andrzej CzarnecKi
a Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1

Recent progress in the theoretical prediction of the bound-elegtfaator will be reviewed,
on the basis of [1]. In addition, an application of atomic variational calculations to studying e
conbgurations of heavy quarks, so-called tetrons, will be presented [2].
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[1] A. Czarnecki, M. Dowling, J. Piclum, and R. Szafron, Phys. Rev. &0 043203 (2018).
[2] A. Czarnecki, B. Leng, and M. B. Voloshin, Phys. Lett7B8 233 (2018).
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Hadronic atoms spectroscopy: overview and perspectige

Catalina Curceanu
LNF-INFN, Via E. Fermi 40, 00044 Frascati (Romgly

I"HS68&" ()F(+" $(" (#-&#".1, %*0(1"+0™ (2(0,"3 (%o #" *OC: @5 (*6/(0,%&"#,- 1*(#". 7" (4.,+2"
%,.6#8"*0"5%',*2-8%"B061'.0¥2"%, .6#J"

I"H$68&"6.#,8&3" 7. 2-#".0" $("#,-1*(#".7":%.0%2"%, .6#"B(T"%," $(";<=>7"2.&&*1(".7"
@>A>=>"%01"%ABDE"*0" B%5%08" +$*2$" $%6)("5'. 1-2(1" %" ) %&-%6/&(" +(%&,$" . 7" 1%, %" +
%'("-#(1"I3" $(.'(,*2*%0#",." I(,,("-0L(#,%01" $("FE;"*0"0.0 /(- '1%,*)("#(2,.'8"+*$"
*65&*2%,*.0#"G.*0G"7".6"5%', *2&("%01"0-28& (%" 5$3#* 2B S IR #I"

I"#$%&&" 5'(#(0," 7-,- ("5(#5(2,*)(#8"*02&-1*0G" .0G . W@'%6#8" %" H!;;1<DI< A" %,"
:<=>7"%601"?LM"%01"?NK BB LB ES"%o#" +(&& " Yot "5&Y60H" "6 (Yo#-'("H#*G6.0*2"%, . B OH0H#
%01",."5('7.'6" 1(1*2%, (1"6(%#-'(6(0,#".7":%.0%2"%, .6#"."#.8&) (", $("02$%'G(1":%.0"6%##"
*02.0#*#,(023P9

| %61'.0%2" %, . 64" #,-1*(#"(5'(#(0, "%"-0*Q-(".55.",-0% 3" ,."-0&.2:" $("#(2'(#". 7" $("
FE;"*0",$(" & +A0('G3" (G*6(" %01",." 1*#(0,%0G&(" ,$("".&(" . 7"#H0G (O(##"*0" ,$0(-,".0"
#,%'#"R(Q-960".7"#,%, (".7"0(-,".0"#,%'#39

10th International Conference on the Physics of Simple Atomic Systems Page 46



PSAS2018

14th-18th of May, Vienna

FAMU: studies of the energy dependent transfer rated 1 .0

Andrea VaccH? €, Emiliano Mocchiutt?
on behalf of the FAMU collaboration

a National Institute for Nuclear Physics (INFN), Sezione di Trieste, via A. Valerio 2, 3412
Trieste, Italy
b RIKEN-RAL RIKEN Nishina Center for Accelerator-Based Science, 2-1, Hirosawa, Wal
Saitama 351-0198, Japan
¢ Mathematics and Informatics Department, Udine University, via delle Scienze 206, Udine

The main goal of the FAMU experiment is the measurement of the hyperbne splitting (h
the 1S state of muonic hydrogérE nss (U p)1S [1, 2, 3].

By measuring the transitioh Enss (U p)1S in pp with 1" /" < 10 °, the experiment will
provide the Zemach radius of the proton with high precision, disentangling in this way amor
discordant theoretical values. The level of discrepancy between valuesad extracted from
normal and muonic hydrogen atoms will be quantibped, a result important also for the n
explained anomalies on the changg radius of the proton. The physical process behind t
experiment is the following: p are formed in a mixture of hydrogen and a higher-Z gas. Vv
absorbing a photon at resonance-endrdynss " 0.182 eV, in subsequent collisions with th
surroundingH, molecules, thaup is quickly de-excited and and accelerated#by2/ 3 of the
excitation energy. The observable is the time distribution of the K-lines X-rays emitted fror
pzZ formed by muon transfeup) + Z ! (UZ)" + p, a reaction whose rate depends on (ipe
kinetic energy. The maximal response, to the tuned laser wavelength, of the time distribut
X-ray from K-lines of the(uZ )" cascade indicate the resonance.

During the preparatory phase of the FAMU experiment, several measurements have be
formed both to validate the methodology and to prepare the best conbguration of target anc
tors for the spectroscopic measurement [4, 5, 6]. We present here the crucial study of the
dependence of the transfer rate from muonic hydrogen to oxygg (.0 ), precisely measurec
for the brst time.
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[1] A. Adamczaket al., NIM Section B281(2012) 72-76.
[2] D. Bakalovet al, Hyp. Int.233(2015) 97-101.

[3] D. Bakalovet al, Phys. Lett. A379(2015) 151-156.
[4] A. Adamczaket al, J. of Inst.11(2016) PO5007.

[5] E. Mocchiuttiet al., J. of Inst.13(2018) P01029.

[6] A. Vacchietal, RIKEN Accel. Prog. Rep49 (2016).
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Measurement of the proton Zemach radius from the hyperbne
splitting in muonic hydrogen atom

S. Kand&, S. Aikaw@, K. Ishida, M. lwasak?, Y. Ma?, Y. Matsud4, K. Midorikawé, Y.
Oish#, S. Okada, N. Saitd!, M. Sat®, A. Takaminé, K. S. Tanaki, H. Uend, S. Wad4, and
M. Yumotd®
a8 RIKEN Nishina Center for Accelerator-Based Science, RIKEN, Wako, Saitama 351-0198,
b Department of Physics, Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japa
¢ Graduate School of Arts and Sciences, The University of Tokyo, Meguro, Tokyo 153-8902,
d RIKEN Center for Advanced Photonics, RIKEN, Wako, Saitama 351-0198, Japan
€ High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Jag
f Cyclotron and Radioisotope Center, Tohoku University, Sendai, Miyagi, 980-8578, Jap:

The proton is a fundamental constituent of the matter. However, it has a complicated in
structure which is difbcult to be fully understood. The internal structure of the proton is desc
by the electronic and magnetic form factors. The charge radius of the proton is debned by
form factors and has been determined experimentally. In recent years, a signibcant discr
between independent measurements of the proton charge radius was reported [1, 2]. This
is known as Oproton radius puzzleO. Even though various interpretations have been propi
debpnitive solution to the problem has been found yet. In order to shed some light on the p
we proposed a new experiment to determine the proton Zemach radius which is debne
convolution of the charge distribution with the magnetic moment distribution. The proton Zer
radius can be derived from the hyperbne splitting (HFS) in the muonic hydrogen atom. F
1 illustrates the experimental schematic. We aim to perform a laser spectroscopy of the n
hydrogen HFS with the relative uncertainty of 1 ppm and obtain the proton Zemach radius
1% precision.

P ._e..ed' Muon Beam

Electron Detector
Figure 1: Experimental schematic. Pulsed negative muon beam irradiates gjas karget. Muon
is captured by the Coulomb Peld of the proton and forms a muonic hydrogen atom. The hyf
transition between the spin singlet state and the triplet states is induced by a mid-infrarec
light. Electrons from muonic hydrogen decay are detected by the electron counter placed :
the gas chamber.
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[1] A. Antognini et al., Science 339, 417 (2013).
[2] P. J. Mohr, D. B. Newell, and B. N. Taylor, Rev. Mod. Phys. 88, 035009 (2016).
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Higher-order Pnite-nuclear-size contributions in light muonic atoms

Savely G. Karshenboif?¢, Evgeny Yu. Korziniff¢, Valery A. Shelyut8¢, Viadimir G. lvano¥
(alternative to coauthors) on behalf of the something collaboration

a Ludwig-Maximilians-Universét, Fakulit far Physik, 80799 Mnchen, Germany
b Max-Planck-Institut ér Quantenoptik, Garching, 85748, Germany
¢ Pulkovo Observatory, St.Petersburg, 196140, Russia
4 D. I. Mendeleyev Institute for Metrology, St.Petersburg, 190005, Russia

We discuss the Pnite-nuclear-size contributions to the Lamb shift in a light muonic atom t
the orderl ®m. The related corrections have a differ@ntiependence and different ordemiR y .
The consideration is done within the external Peld approximation. We also found the leading
rithmic bnite-nuclear-size contribution in the next order. Itis of the or@&r )¢In?(Z! )(mRy )?m
and is comparable with somiém bnite-size corrections. A special attention is paid to highe
order effects in muonic hydrogen.
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Testing QED with precision spectroscopy of the helium atom

Yu Surf, Xin Zhend!, K.Pachucki, Shui-ming H@
a University of Science and Technology of China,Hefei 230026,China
b Faculty of Physics, University of Warsaw, Pasteura 5,02-093 Warsaw, Poland

Precision spectroscopy in few-body atomic systems, like hydrogen and helium, enabl
testing of the quantum electrodynamics(QED) theory and determination of the fundamental
ical constants, such as the Rydberg constant [1], the proton charge radius [2], and the Pne-s
constant [3, 4]. It also sets constraints on new physics beyond the standard Model(BSM).
precision spectroscopy of atomic helium, combined with ongoing theoretical calculations fc
point nucleus may allow an alternative determination of the helium nuclear charge radius, '
could be more accurate than from the electron scattering. Moreover, the comparison of |
from electronic and muonic helium will provide a sensitive test of universality in the electror
netic interactions of leptons.

The 23S-23P transition of He is particularly suitable for this purpose, because it is relati
sensitive to the nuclear charge radius and can be calculated within the QED theory ug tc
order. These calculations will bring the theoretical accuracy to the 10-kHz level and may
the determination of the helium nuclear charge radius with an accurady 8f

2P, 3 Recently, We perform an laser spectrosco
) zggi measurement of th2*S-23pP transition of'He

i inan atomic beam. The conbguration of the €
perimental setup is shown in Fig.1. The ne
centroid frequency of the3S-23P may lead to
a determination of the nuclear charge radius
He(rwe) With a relative accuracy of0' 3,once
the theoretical calculations for!nf correction-
s have been accomplished. This will enak
a comparison of theye values obtained from

Optical -
pumping . . . .
‘, ‘ TR | s’ oweco  electronic and from muonic helium in the fu
N E S R ¢ ture. Such a comparison will help to resolve tf
f ' sit1 % sit2 proton charge radius puzzle, while in the ca
Collimation Defection Z P23 of disagreement with muonic determination

_ . _ will open a window for new physics beyond th
Figure 1. Schematic of the beam apparatus agdnqard Model by violation of the lepton uni
the optical layout versality in electro-magnetic interactions.

~N NN AN N~ A~ A

NNNNNNNN

[1] A.Matveev et. al.Phys. Rev. Lett110(23):230801, June 2013.
[2] F. Biraben.Euro. Phys. J. Spec. Topickr2(1):1099119, 2009.

[3] Krzysztof Pachucki and Vladimir A. YerokhinPhys. Rev. Lett.104(7):070403, February
2010.

[4] X. Zheng, Y. R. Sun, J.-J. Chen, W. Jiang, K. Pachucki, and S.-M. Rhys. Rev. Lett.
118:063001, Feb 2017.
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The 413 nm tune-out wavelength for2 3S; state of helium as test of
QED

Yong-Hui Zhang, Fang-Fei Wu, Pei-Pei Zhang, Li-Yan Tanlun-Yi Zhang, and Ting-Yun Shi

State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhe
Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, Pe
Republic of China

The tune-out wavelength is the wavelength at which the dynamic dipole polarizability
ishes. The 413 nm tune-out wavelength of ¢S, state of helium is proposed as a nol
energy test of quantum electrodynamic (QED) [1], which sparks great interest in high-pr
measurement [2] and high-accuracy calculations of the tune-out wavelength of helium [
So far, there exists 19 ppm discrepancy between the trapped-atom dynamics measurel
413.0938(9stat)(20syst) nm [2] and the relativistic conbPguration-interaction (RCI) calculati
413.0859(4) nm [3]. In present work we performed larger-scale RCI calculation based c
Dirac-Coulomb-Breit (DCB) equation with the mass shift operators included directly in the He
tonian. The advantage of this developed RCI method is that the Pnite nuclear mass and rel¢
nuclear recoil corrections on the tune-out wavelength are taken into account self-consiste
DCB framework. The QED correction on the tune-out wavelength is also estimated. Our
of tune-out wavelength is 413.090 13(5) nm with an uncertainty of 0.12 ppm, which is mor
curate than the experimental value from Ref. [2]. This work will motivate a future experime
campaign to seriously test QED at higher level of accuracy.

Contributions 't (nm)

RCI 413.085 87(3)

" 3 QED without#? In ko 0.004 145 6(2)

" 3 QED from#? In ko 0.000 04(1)

" 4 radiative term 0.000 071 4(2)
Total 413.090 13(5)
Experiment [2] 413.093 8tat )(20sys)

Table 1: Comparison of the 413 nm tune-out wavelength foett® (M ; = + 1) state of*He.
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[1] J. Mitroy and L. Y. Tang, Phys. Rev. 88, (2013) 052515.

[2] B. M. Henson, R. I. Khakimov, R. G. Dall, K. G. H. Baldwin, L.-Y. Tang, and A. G. Truscc
Phys. Rev. Lett115 (2015) 043004.

[3] Y. H. Zhang, L. Y. Tang, X. Z. Zhang, and T. Y. Shi, Phys. Rev93, (2016) 052516.

[4] G. W. F. Drake, Presentation in Precision Physics, Quantum Electrodynamics and Fund
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The construction of the low energy Lisource and thepreliminary
spectroscopy for thels2s®S - 1s2p>P transitions

ShaeLong CheA™ ¢ ShiYong Liang ®°, Wei Surf®, Hua Guaf®, andKe-Lin Gad'™

& State Key Laboratory of Magnetic Resonaaod Atomic and Molecular Physics, Wuhan
Institute of Physics and Mathematics, Chinese AcadeihSciences, Wuhan 430071, China
®Key Laboratory of Atomic Frequency Standards, Wulmastitute of Physics and Mathematics,
Chinese Academy of Sciences, Wuh&0@71, China
¢ University of Chinese Academy of Sciences, Beijidd49, China
E-mail: *klgao@wipm.ac.cn

As the simplest systemLi® has significant application in verifying the quantum
electrodynamics (QEDbheory anddetermiration ofthe finestructure constarlt, because the
spectrumof Li*ion can be calculated accurately in thefiy4]. We constructed a lovenergy
Li* source by electron bombardmeand energy of th&i*ions is 500 eV (Fig. 1)The 1s2SS
-1s2s°P transitions of Li* are investigatetly laser saturation spectroscopy on a-kEwergy Li
ion beam which radial Doppler broadening is optimized to 208zMand he transition
frequency is identified by Lamb difdibewidth ~40 MHz) (Fig. 2). Meanwhile the laser
frequency is measured bgn optical frequency coml(FC8004, Menlo Systems GmbH
Hyperfine and fine structure sgitanbe derivel from these transitionsn which most of the
systematic frequency shifts are canceltk are optimizing the stability of the laser and ion

beam.The uncertainty of théwyperfine and fine structure splits is promising to less than 10(
kHz.
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CANNEX - A parallel plate approach to physics

Rere SedmiR P on behalf of the CANNEX collaboration

a (on the leave from) Vrije Universiteit Amsterdam, De Boelelaan 1081, 1081HV, Amsterd.
Netherlands
b Atominstitut, Technische UnivemsitWien, Stadionallee 2, A-1020 Vienna, Austria

Since the discovery of accelerated cosmic expansion dark energy has evolved from &
subject of cosmology to a focus topic of several related belds. Motivation is given by the
mological constant problem, originating from the 120 order-of-magnitude discrepancy bet
actual measurements and the QED prediction for the cosmic vacuum energy density. Amc
numerous theories aiming to explain dark energy, effective peld theories implementing som
of screening mechanism have become popular recently. The so-called Ochameleon® mo
duces a scalar bPeld whose interactions with ordinary matter depend on the local energy ¢
This variability allows the theory to be in agreement with all present observations but experi
tal tests have failed to completely exclude or Pnd evidence for chameleon interactions. In z
has been suggested that a precision measurement of the modulation of the force between
scopic parallel plates with the pressure of an ambient gas could Pnally achieve this goal. A
problem related to vacuum energy is the Casimir effect. In MEMS, being widely used in ind
and mobile devices, this effect is a major blocker of miniaturization. New geometric struc
to overcome the problem are being developed but accurate measurements in geometries
ing parallelism are required to verify design methods. A more fundamental problem in Ca
physics, being discussed already for two decades, is centered around the deep question if
virtual photons behave in the same way. While experimental data clearly state that for \
photons, dissipation at zero frequency has to be disregarded, for Oreal® (thermal) photon:
uation is unclear. If real photons interact dissipatively while virtual ones don®t this would
indication for physics beyond the standard model at low energy. An unambiguous answer
be given by accurate force measurements at large separation - only possible using the |
plate geometry. After a six-year construction phase the Casimir and Non-Newtonian force E
iment (CANNEX), devised to detect sub-pN forces between macroscopic plane parallel pla
starting to give brst data. While the experiment is still in the prototype stage, its unique col
ration could yield a wealth of metrological force data, answering long-standing questions il
different belds of physics. The present talk focuses on some of the physical questions tt
hopefully be solved with CANNEX, the status of the experiment, and results of the very pbrst
measurements between truly parallel macroscopic plates, obtained with the prototype.
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Effects of spacetime topology and curvature on the resonance
interatomic energy

Wenting Zho&, Hongwei Y{?
a Center for Nonlinear Science and Department of Physics, Ningbo University, Ningbo, Zhe
315211, China
b Department of physics, Synergetic Innovation Center for Quantum Effects and Applicatic
Hunan Normal University, Changsha, Hunan 410081, China

We study, using the formalism proposed by Dalibard, Dupont-Roc, and Cohen-Tannouc
the resonance interatomic energy (RIE) of two identical two-level static atoms in a sy
ric/antisymmetric entangled state, which are coupled to massless scalar belds, in a nun
different spacetimes. We brst show that the presence of a boundary in a Bat Minkowski spa
can dramatically modify the RIE of the two static atoms, resulting in an enhanced or weal
and even nulliPed RIE, as compared with that in the unbounded case (Fig. 1 for examplt
then show that the RIE of the two atoms in the spacetime of a Schwarzschild black hole ¢
sharply affected by the spacetime curvature on one hand, but on the other hand it is surpr
undisturbed by the Hawking radiation of the black hole [2]; we Pnally show that (Fig. 2 for ex
ple) the nontrivial topological structure of the spacetime with an inPnite and straight cosmic:
imprints on the RIE of the two static atoms, making it behaves in a manner very similar tc
near a perfectly reecting boundary in a Bat Minkowski spacetime [3].
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Figure 1. The RIE (E) of two static atoms Figure 2. The RIE of two static atoms aligne
near a perfectly ref3ecting boundary in awith their separation parallel to an inPnite ar
Minkowski spacetime. We denote the RIE of straight cosmic string. We denote the inte
two atoms in a free space, the interatomic sepatomic separation and the atom-string sef
aration and the separation between an atom andhtion by R and r respectively, and choost
the image of another atom wittEg, R and® " oR = 2. The ordinate is of unit %Q
respectively. The ordinate is of ur!it%.
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First search for invisible decays of ortho-positronium conbned in a
vacuum cavity

C. Vigo?, L. Gerchow#, A. Rubbi&, P. Crivell?
a8 ETH Zurich, Institute for Particle Physics and Astrophysics, 8093 Zurich, Switzerland

The experimental setup and results of the brst search for invisible decays of ortho-positr
(o-Ps) conbned in a vacuum cavity are reported. No evidence of invisible decays at ¢
Br(o-Ps! invisible) < 5.9" 10 4 (90% C. L.) was found. This decay channel is predici
in Hidden Sector models such as the Mirror Matter (MM), which could be a candidate for
Matter. Analyzed within the MM context, this result provides an upper limit on the kinetic mi»
strength between ordinary and mirror photond of 3.1" 10 7 (90% C. L.). This limit was
obtained for the brst time in vacuum free of systematic effects due to collisions with matter.

The experimental setup will also allow us to measure the o-Ps decay rate. Currentl
experimental uncertainty of the 0-Ps decay rate is at 140 ppm precision; this exceeds the the
accuracy (1ppm level) by two orders of magnitude. We propose a method that relies ¢
0-Ps conbnement cavity and the granularity of the surrounding calorimeter to subtract th
dependent pick-off annihilation rate of the fast backscattered positronium from the o-Ps
rate prior to btting the distribution. Therefore, this measurement will be free from the syste
errors present in the previous experiments and thus could reach the ultimate accuracy of a fe
level to conbrm or confront directly the higher order QED corrections.
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New Atomic Probes for Dark Matter and Neutrino-Mediated Forces

Yevgeny Stadnik

Johannes Gutenberg University of Mainz, Germany

Low-mass bosonic dark matter particles produced after the Big Bang may form an oscil
classical peld, which can be sought for in a variety of low-energy laboratory experiments
on spectroscopic, interferometric and magnetometric techniques, as well as in astrophysic
nomena. Dark bosons can also mediate anomalous bfth forces between ordinary-matter p
Recent measurements in atoms and astrophysical phenomena have already allowed us to
on existing constraints on a broad range of non-gravitational interactions between dark bosc
ordinary-matter particles by many orders of magnitude (up to 15 orders of magnitude in the ¢
low-mass dark matter). Additionally, existing atomic and nuclear spectroscopy data have al
us to improve limits on long-range neutrino-mediated forces by 18 orders of magnitude.
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Quantum metrology Bin search of dark matter

Manas Mukherje&® and Tarun Dutta
@ Centre for Quantum Technologies NUS, Singapore 11743
® Department of Physics, NUS, Singapore
®Majulab CNRS, Singapore

This is aPrecision measurement plays an important role irelling new physics by probing
beyond the known boundaries of knowledge. In a similar footing, it has a waidge rof
application in trade and commerce. From fundamental physics vielpee Standard Model
(SM) of particle physics though considered to bentiwst celebrated model in physics is known
to have shortcomings as is evident from numerous expetaindindings. Precision
measurements with simple atomic systems provide thertypty to explore lte possible
deviations from the SM. The limit to the uncertainty of any frequenegsurement is given by
the Heisenberg limit. However as will be shown here, using adependent Hamiltonian it is
possible to surpass this limit. Using, this techniqu&apped single atomic probe provides a
weak limit of the coupling of a electron spin toeatain type of dark matter candidate. Possible
new experiments can further improve the limit for massertivesearches.
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Toward a determination of the proton-to-electron mass ratio from a
Lamb-dip measurement of HD

L.-G. Tad', A.-W. Liu®P, K. Pachucl§, J. Komas$, Y. R. Su®?, J. Wang, S.-M. H.*P
a Hefei National Laboratory for Physical Sciences at Microsda&@&em center, University of
Science and Technology of China, Hefei, 230026 China;
b CAS Center for Excellence in Quantum Information and Quantum Physics, University of
Science and Technology of China, Hefei, 230026 China;
¢ Faculty of Physics, University of Warsaw, Pasteura 5, 02-093, Warsaw, Poland;
d Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 PezRaland

Precision spectroscopy of the hydrogen molecule is a test ground of quantum electrodyn:
(QED), and may serve for determination of fundamental constants. Using a comb-locked c.
ring-down spectrometer [1], for the brst time, we observed the Lamb-dip spectrum of the R(1)
in the overtone of HD. The line position was determined with a precision of 90 kHz, which is
most accurate transition ever measured for the hydrogen molecule. Moreover, from calcula
including QED effects up to the ordene!  [2], we obtained predictions for this R(1) line as
well as for the HD dissociation energy, which are less accurate but signaling the importanc
the complete treatment of nonadiabatic effects. Provided that the theoretical calculation re:
the same accuracy, the present measurement will lead to a determination of the proton-to-ele
mass ratio with a precision of 1.3 parts per billion.

Do, (0,0) 2-0, R(1)
Tl E@ 36406.510839(1) 7241.846169(]
B E®@ -0.531325(1) 0.040719
£ 5 E® -0.1964(2) -0.03743(4)
g E® -0.002080(6) -0.000339
S ok EM 0.00012(6) 0.000021
a Ers -0.000117 -0.000021
3 Total 36405.7810(5) 7241.84912(6)

°r Expt. 36405.78366(36) [3] 7241.849386(:
0 2 4 6 Diff. 0.0026 0.00027

Frequency (MHz)

able 1: Calculated and experimental energie

Figure 1. Lamb dip spectrum of the R(1) 2-of HD (unit: e 1),

line of HD

~ NN AN~~~ A~

NNNNNNNN

[1] J. Wanget al., Journal of Chemical Physids}7(2017) 091103.
[2] M. Puchalskiet al., Physical Review Letters17(2016) 263002.
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Accurate spectroscopy of deuterium molecule

P. Wcido?, F. ThibaulP, M. Zaborowsk?, S. WejtewicZ, A. Cygar?, G. Kowzar,
P. Masowsk®, J. Komas$ M. Puchalsl§, K. Pachucld, R. Ciurylo?, D. Lisalé

a |nstitute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernici
University, Grudziadzka 5, 87-100 Torun, Poland
b Institut de Physique de Rennes, UMR CNRS 6251, UnieatsiRennes 1, Campus de
Beaulieu, Bit.11B, F-35042 Rennes, France
¢ Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 RoPotand
d Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

The accuracy of the molecular spectroscopy on weak transitions (too weak to sature
molecules which cannot be cooled and trapped, is presently limited to the sub-megahert:
without clear perspectives for further substantial improvements. We demonstrate a new n
with the potential to achieve kilohertz-level accuracy. We bring the Doppler-regime measure
into the high-pressure region, where the signal-to-noise-ratio is much higher. The expected
oration of accuracy by collision-induced systematics [1] is mitigated alitimitio line-shape and
quantum scattering calculations [2]. We test our approach on a case of weak quadrupole
tion in D2, which is a benchmark system for testing quantum electrodynamics in molecules
validate our methodology at tH®0kHz level by comparing our results with the best previous (
termination [3]. We demonstrate that our approach achieves higher accuracy despite much
experimental requirements (in Ref. [3], the effective optical path was 20 times longer). Fc
same experimental apparatus, the accuracy of our approach will be at least one order of
tude better. For the prst time, we appleddinitio quantum scattering calculations to address 1
collisional line-shape effects [4, 5] in ultra-accurate spectra analysis collected at high pres
The experimental and theoretical values of the 2-0 S(2) line position neborted here constitute
the most precise comparison of the experimental and theoratidaitio determinations of rovi-
brational splitting for any neutral molecule. We obsen&4 discrepancy, which, together witt
previously reported discrepancies [6], indicates that the theoretical accuracy is underest
because of the uncalculated terms.

~ O~~~ N~~~

NNNNNNNN

[1] P. Wcido, I. E. Gordon, C.-F. Cheng, S.-M. Hu, and R. CiaryPhys. Rev. A93 (2016)
022501.

[2] F. Thibault, K. Patkowski, P. Sﬁuchowski, H. éawiak, R. Ciuryo, P. Wcido, J. Quant.
Spectrosc. Radiat. Trangf02(2017) 308.

[3] D. Mondelain, S. Kassi, T. Sala, D. Romanini, D. Gatti, and A. Campargue, J. Mol. Spect
326(2016) 5.

[4] R. Blackmore, S. Green, and L. Monchick, J. Chem. PB{g1989) 3846.

[5] A. D. May, W.-K. Liu, F. R. W. McCourt, R. Ciurlp, J. Sanchez-Fortn Stoker, D. Shapir
and R. Wehr, Can. J. Phy&1 (2013) 879.

[6] M. Puchalski, J. Komasa, and K. Pachucki, Phys. Re9542017) 052506.

10th International Conference on the Physics of Simple Atomic Systems Page 60



PSAS2018 14th-18th of May, Vienna Friday

I"H$9%68& () (*F'$"+,-*+%6,)%.)*/') (+00%1+-*+%.)','$23)%.)4)

I"#$%#&'1(%o#&J0'] Hussel$'+,-%.")."012,%3 *'4%#,526'7%8(.%60("202#&'4" '+'9:%. "
+26%0);20'<1)-(3

D I"HSY6& (JH*+&, *-.(-/O(1-2+.(3452%8R% 7 +(8/%9+.29%"+%" (1$2"+.0-$(
Ve S (H<(4+$%E&-*(3452%8&2'(8/%9+.2%"5 (#< (>8Yo+&+(-0(2+&AH+H @5 (H< (=

The dissociation energy (Pof Hyis a benchmark value in quantum chemistry
with recent QED calculations now approaching accuracies achievable in simple at
Precise measurement of tl@&K-X molecular transition, in combination with other
precision measurements, provides a determination.of e GK-X transition is excited
through Doppler-free two-photon spectroscopy using 179-nm radiation, basec
frequency up-conversion using a special KBBF crystal. The optical frequency of
fundamental (716 nm), which is the output of a narrowband pulsed Ti:Sa laser sys
is locked to a frequency comb. This enables accuracies @KRX transition to a few
parts in 18° or MHz level, leading to an order-of-magnitude improvement forTbe
comparison of this accurate experimental result with the best calculations may prov
test of the Standard Model of Physics.

(
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Nuclear Spin-Independent Effects of Parity NonConservation in
Molecule of Hydrogen

Chubukov D.\2P, Skripnikov L.V&P, Labzowsky L.N®P, Plunien G¢
a St. Petersburg State University, Oulianovskaya 3, 198504, St. Petersburg, Petrodvorets, f
b National Research Centre OKurchatov InstituteO B.P. Konstantinov Petersburg Nuclear P!
Institute, 188300,Gatchina, Leningrad district, Russia
¢ Institut far Theoretische Physik, Technische Univetsidresden, Mommsenstrasse 13,
D-01062, Dresden, Germany

Theoretical study of discrete symmetry (e.g. spatial paityiolation effects in atomic and
molecular systems plays a key role in developing theories and models of fundamental intet
physics. In all atomic experiments only tReodd electron-nucleug(N) interaction was observec
since it is enhanced in heavy atoms, while Bv®@dd electron-electrorefg interaction is negli-
gible [1]. In 1977 it was proposed to observe the effect of optical rotation on oxygen mole
[2]. According to very rough estimates in this case Bhedde-einteraction effect should prevai
over theP-odde-N one. The idea was that all electrons of a molecule involved in formatiol
the chemical bond are concentrated in the region between the nuclei, so there should n¢
additional smallness in the matrix element of Bhedd e-einteraction, which is present in atom
for that effect. It follows from our recent calculations via coupled cluster method [3] thatfol
the P-odde-einteraction is suppressed compared tofedde-N one and, in principle, canno
be separated out in this case. Note also that this suppressionigié3s than the one in an ator
with the same nuclear charge.

This contribution is devoted to the description and the calculation oPthaed effects in
diatomic homonuclear molecule of parahydrogen For this purpose the M1 transition betwee
the states with the same rotational number of the vibratierrall ! 0 band in the H ground
electronict! 5 state [4] is considered. It is shown that in this case the effects ¢ thdde-eand
e-N spin-independent interactions are of the same order of magnitugenot¢cule is therefore
the brst example of atomic system whereehePNC interaction can be directly observed. Sin
the constants of theeN PNC interaction were already accurately measured in atomic experim
thee-ePNC interaction constant also can be extracted from these experiments. In all other
and molecules the-e PNC interaction is usually deeply screened by éké interaction. Then
the evaluations of the PNC effect in the parahydrogen molecal@dy acquire another importan
sense. The parahydrogen moleculgisithe unique atomic system also because in this molec
the e-eande-N weak interaction constants are the same. Then a momentOs consideratior
that the PNC experiments with;Hinolecule may become a source of the most accurate value
the WeinbergOs angle.
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Measurement of the Electric Dipole Moment of the*?*Xe Atom

F. Allmendingef, O. Grasdij®, W. Heil’, K. Jungman® H.-J. Kraus@, A. Offenhausset, U.
Schmid®, L. Willmanr?, S. Zimmef
(MIXed collaboration)

a Physikalisches Institut, Ruprecht-Karls-Univessjt69120 Heidelberg, Germany
b University of Groningen, The Netherlands
¢ Institut far Physik, Johannes Gutenberg-Univeasjts5099 Mainz, Germany
dpeter Grnberg Institute (PGI-8), Forschungszentrugiich, 52425 diich, Germany

Precision measurements of fundamental symmetry violations in atoms can be used a
of the Standard Model of elementary particles and to search for new physics beyond it. E
Dipole Moments (EDMs) of fundamental or composite particles are excellent candidates tc
for new sources of violation of CP symmetry. We describe a setup to measure the CP -
ing permanent EDM of the neutr&é®Xe atom. Our goal is to improve the present experimer
limit (dxe < 3410 27 ecm [1]). The experimental approach is based on the free precessi
nuclear spin polarizedHe and'?°Xe atoms in a homogeneous magnetic guiding Peld of ak
400 nT [2, 3]. A bnite EDM is indicated by a change in the precession frequency as an electri
is periodically reversed with respect to the magnetic guiding Peld. To render the experime
sensitive to Buctuations and drifts of the magnetic guiding Peld, the principle of co-magneto
is used: Two different spin species are located in the same volume (hyperpol&fiXedind>*He
gas in the same measurement cell). The experiment benebts strongly from long spin-cot
times of several hours [4]. We discuss the methods of data evaluation and analyze different ¢
of noise and systematic effects, and the sensitivity of#Ae EDM to underlying sources of CF
violation on the level of elementary particle interactions. We report on technical improver
and prst experimental results achieved within the MIXed collaboration.
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Atomic parity violation in ytterbium

Dionysiobs Antypad Anne Fabricafit Jason StalnakerKonstantin Tsigutki?'] and Dmitry
Budkef”*®
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In the study of electroweak interactions, atomic parity violation (APV) expatsrform a
powerful tool, providing valuable information about the Standard Model and low-en
nuclear physics. Ytterbium is an excellent system for such studies, due tonigs AR effect
(largest effect observed in any atomic system to date) and the availabiliharof stable
isotopes. This brings within reach the possibility to perform high-precision reeasots of the
isotopic dependence of the effect, which would serve as a probe of the neutron igiionva
among these different isotopes of the ytterbium nuclei. In addition, a deteonirwdtithe
nuclear spin-dependent contributions to the APV effect would be an observatienrafclear
anapole moment, and would yield information about nucleon-nucleon weak meson couplir

Our programme in ytterbium parity violation in Mainz has reached in early i) fi8st
milestone, namely the observation for the first time, of the isotopic variatite &PV effect,
as predicted by the electroweak theory. We will present the result ofnfeeseirements, anc
discuss future prospects for determining nuclear spin-dependent APV effaah as neutron

distributions in ytterbium.
!
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Precise study of heavy-atom compound electronic structure to extract
fundamental properties of electron and nuclei

Leonid V. Skripniko#P, Alexander N. Petrd®, Daniel E. MaisoA®, Anatoly V. Tito*P
2 National Research Centre OKurchatov InstituteO B.P. Konstantinov Petersburg Nuclear Pl
Institute, Gatchina, Leningrad District 188300, Russia
b Department of Physics, St. Petersburg State University, 198504 St. Petersburg, Russi

Search for the effects of violation of time-reversal and spatial parity symmetries of fundau
tal interactions is of key importance to test extensions of the standard model. The interactiol
lead to nonzero value of permanent electric dipole moment of the electron (eEDM), nuclear
netic quadrupole moment (MQM), nuclear Schiff moment (NSM), etc. Heavy-atom compo!
are very promising systems to search for these fundamental characteristics. However, the in
tation of experiments in terms of eEDM, MQM, NSM, etc. requires knowledge of the magni
of corresponding molecular parameters such as effective electric beld acting on the eEDM
cannot be measured and this is the task for modern relativistic quantum chemistry methods

We use a method, which allows one to signibcantly simplify the relativistic treatmer
such characteristics. This approach includes relativistic correlation calculation of valence
tronic structure using the generalized relativistic pseudopotential approach followed by the
variational restoration of four-component electronic structure in the vicinity of heavy-atom
cleus. We show [1] that this method can be efbciently combined with the direct 4-compc
Dirac-Coulomb-Breit approach to consider contributions of the (excluded from pseudopot:
calculations) inner-core electrons, remove uncertainties due to approximate restoration pro
and treat high order correlation effects up to the coupled cluster method with single, double,
and perturbative quadruple amplitudes. In the report the status [1] and applications of the i
to the atoms [2], molecules [1,3,5] and solids [4] most actual to search for the New physics B
HfF*, Fr, ThF, TaN, PbF, PbTi@, etc. are given. Calculation [5] is required for exhausti
interpretation of the experimental data by Cornell/Ye group [6].

We also show that precise relativistic methods of electronic structure calculation of mole
(Pnite beld coupled cluster approaches) can be used to accurately extract nuclear magne
ments from NMR experiments [7]. Applications of such methods allowed us to resolve
recently-established Ohyperbne puzzleO [8].

The code to compute electric beld gradients was developed with the support of the Ri
Science Foundation grant (Project No. 14-31-00022). Atomic and molecular studies were
ported by the RFBR Grant #16-32-60013 mdk and President of Russian Federation grant #M
2230.2018.2.
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Precision Measurement of the Isotope Shift in Neutral Boron

Bernhard Maa% Jan Kraus®, Phillip Imgrant, Kristian Kenig?, Jorg Kramef, Peter Miler®,
Wilfried Nerterslauset, Tim RatajczyR, Rodolfo SxncheZ, Felix Sommet,
a Institut far Kernphysik, TU Darmstadt, Darmstadt, Germany
b Physics Division, Argonne National Laboratory, Chicago, USA
¢ GSI Helmholtzzentrunef Schwerionenforschung, Darmstadt, Germany

The 2p-3s ground-state transition in the atomic bve-electron system of neutral Boron ha
measured using Resonance lonization Mass Spectroscopy (RIMS). A stable Boron atorr
was overlapped perpendicular with two laser beams. While one laser was frequency-scann
the atomic resonance, it was simultaneously monitored with a frequency comb, providing .
curate reading for the absolute frequency. The second laser was used for non-resonant iol
out of the previously excited 3s state. lons were extracted from the ionization region and ¢
into a quadrupole mass spectrometer and Pnally detected by a channeltron. The mass ¢
provided almost background-free single-ion detection. The acquired spectra allowed us to
absolute transition frequencies and the isotope shiftBfand!!B with high precision.

The resulting values show signibcant improvements in precision compared to previously
lished values. With these results, the bve-electron system wave function calculations whic
carried out recently [1] can be tested. In particular, they allow to extract the change in mean-
nuclear charge radius from the isotope shift in a nuclear model-independent way. This obse
can be tested against recent ab-initio nuclear model calculations as well as experimental
for stable boron.

Furthermore, we strive to extend these isotope shift measurements along the boron isotopi
to the short-lived (770 ms) proton-halo candid®Be The most decisive observable to conbrm
halo character, the nuclear charge radius, can be extracted from such measurements.

In this presentation, the results of the off3ine experiment will be presented. Also, a statt
outlook of our efforts towards the measurement of $Bemean-square nuclear charge radius
Argonne National Laboratory will be given.

This work is supported by the U.S. DOE, Ofbce of Science, Ofbce of Nuclear Physics,

contract DE-AC02-06CH1135, and by the Deutsche Forschungsgemeinschaft through Gra
1245.
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Leptonic and semi-leptonic decays of charmed mesons at BESII|

Hailong M&
(on behalf of BESIII collaboration)

a Institute of High Energy of Physics, CAS, China

The BESIII experiment at the BEPCII collider accumulated 2.93 and 3.18 é6¢€' col-
lision samples at the center-of-mass energies of 3.773 and 4.178 GeV, respectively. Th
all the worldOs largest ones to date. Using these data samples, we have studied the pu
tonic decaysD(+S) I 1*",, and the semi-leptonic decaysBf | K (#)' €' ve, K (#)' u* vy,
D* | WO#O)e" ve, RO(#O)ut vy andD? | K (0" ve. We will report the improved mea-
surements of the branching fractions of these decays and the CKM matrix eldwigpis, the
D(+s) decay constants, the form factors[mfs) semi-leptonic decays. These results are import
to calibrate the LQCD calculations ﬁfz’s) decay constants and form factors and to test the Cl
matrix unitarity.
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Charmonium(-like) spectroscopy with BESIII

Johan Messchenddrp
on behalf of the BESIItollaboration

@University of Groningen/KMCART, Zernikelaan 25, 9747 AA Groningen, The Nethdda

After a short review of the overall physics prograi/B&SIIl andthe key features of the
BEPCII collider and BESIII detector, | will presentrse of the recent highlights of the
charmoniumy{like) spectroscopy program of BESIII. The results includeasurements of
radiative and hadronic decays of several charmonlika) states below and above the open
charmproduction threshold. The ultimate aim is to provide data to study the dymaithe
strong interaction in the confinement region andutalerstand the nature of the recently
discovered XYZ statesln this talk, | will discus®on what has been learned so far and what th
future perspectives could be in this field of hadrbgsics.
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The pptron physics program

V. P. Druzhinirf, A. I. Milstain®®, S. S.Gribano¥®
a Budker Institute of Nuclear Physics
b Novosibirsk State University

The construction of the low-energy € collider (uutron) operating near the muon-pair pr:
duction threshold begins in 2018 at BINP (Novosibirsk). The collider parameters and conk
tion (a luminosity ofg! 103! cm' 2¢' 1), an center-of-mass energy spread of 400 keV, and be
collision with a large crossing angle) allow to perform experiments on study of dimuonium |
erties. The dimuonium is the* ' bound state that has not yet been observed p&ton it
will be possible to detect about 40 thousand dimuonium atoms per yeas)1 this report we
describe the physics programgitron.
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Muon (g-2) and measurement of hadronic cross-sections at CMD-3

lvan Logashenk®P
on behalf of the CMD-3 collaboration

a Budker Institute of Nuclear Physics
b Novosibirsk State University

Precise measurement of the muon anomalous magnetic maypent( g, ! 2)/ 2 provides
a stringent test of the Standard Model and a tool for a search of physics beyond the St:
Model at the laboratory. There is a long-standing 3D4 standard deviations difference betwe
result of the latest measurementayf in Brookhaven National Laboratory [1] and the Stande
Model prediction ofa, [2, 3]. In 2018 a new experiment E989 [4] to measaehas started date
taking at Fermilab with an ultimate goal of 4-fold improvement in precision compared to the |
measurement.

There are world-wide efforts to improve the accuracy of the Standard Model predictan «
to match the expected precision of the Fermilab measurement. The dominant contribution
theoretical error comes from the evaluation of the hadronic contribution. While a lattice-k
approach to calculate the hadronic contribution from the Pbrst principles shows great progre:
last years, the best precision is still achieved with the traditional dispersive approach, based
integration of the measured total cross-sectioe’o# ,," hadrons. The calculation is heavily
dominated by low-energy data, in particular, by data at< 2 GeV.

The CMD-3 experiment at the VEPP-2000 collider [5] in Novosibirsk carries out the com
hensive program of measugements of the exclusive cross-seetiens' hadrons in the energy
range from the threshold tos < 2 GeV. The brst round of data taking in the whole availat
energy range was done in 2011-2013 . After a three-year break for collider and detector upg
data taking resumed in 2017.

WeOll present the overview of the beld and the status and current results from the C
experiment.
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Collider experiment SND and Precision Physics with hadronic’e
Cross sections

IS8 ()*+, - -$/"0"$11&' 2+ -$3"/"$14)1&56 7+-$1)5859%: (69' 7+, -$%+62;'6;<6$:5)+.+(+=+,$
1"3"$:5(=94><6 -$2"@"$:5(7'5,-$1)58'6=5($:+>="61&< 7+ $!"I"$:+;+ -$3)'=<*<($?(4A&<6<G
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)572'6=($%+(+) -$D"3"$%+28&4?"F"$%+,(<ASKE=(59$%AC<BE"I"$B<;, <6+$%"I"$/'(;<6-$
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Spherical neutral detector (SND) is an experiment ferannihilation
study at moderate energies 0.2-2 GeV. The light quark anti-dpeankd
states are main subject of study at these energies. The quaduairkti-
states express themselves as resonances in“¢heW\ehadronic cross
sections. The hadronic cross sections could be recalculateddtonic
vacuum polarization (HVP). The Standard Model predictiongytoare
limited by HVP which is not calculable with modern Quantahtomo
dynamics theory. In this talk we present the review of tlirdmac cross
sections measurements at SND and some new measurementd/EE

&, KK, “&K'K , EE, KK, & EEE, ~ & et.c.
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P ,T -odd Faraday effect in heavy neutral atoms

Chubukov D.\2P, Skripnikov L.V®P, Labzowsky L.N2-
a St. Petersburg State University, Oulianovskaya 3, 198504, St. Petersburg, Petrodvorets, f
b National Research Centre OKurchatov InstituteO B.P. Konstantinov Petersburg Nuclear P!
Institute, 188300,Gatchina, Leningrad district, Russia

Theoretical study of discrete symmetry (e.g. spatial papitand time-reversal parityl )
violation effects in atomic systems plays an important role in developing theories and mod
fundamental interaction physics. The existence offtheoninvariant interactions in the nature i
one of the most important fundamental problems which has to be solved by the modern pt
The CP-violation (C- charge conjugation) discovered in [1] in the exotic reaction with K-mes
means, according to theP T-theorem that such interactions in principle exist. However a se
for the more universar -violating interactions has been continued from 1950 up to now with
success.

This contribution is devoted to the proposal to observeh€ -odd Faraday effect, i.e. rota
tion of the polarization plane of the light propagating through a medium in presence of an el
Peld in the intra-cavity absorption spectroscopy (ICAS) experiments [2].PTHe-odd Faraday
effect may be caused b@P violation within the Standard Model. It is demonstrated that t
observation of thé®, T -odd Faraday effect may compete with the observation ofPth€-odd
electron spin rotation in an external electric Peld which provides now the most stringent b
for the P, T -odd effects in atomic physics. We revisit tReT -odd Faraday effect in view of
a serious progress in the ICAS made during the last few decades [3]-[5]. For the Farada’
tion (ordinary orP, T -odd) the maximum of the effect coincides with the maximum of absorpi
what prevents usually the work off-line and employment of the large optical path length. Hov
our proposal is based on working off-resonance using second Faraday rotation maximum e
both for the ordinary an®,T -odd Faraday effects. This would allow to employ very large opti
path length (up to hundred kilometres) corresponding to the recent ICAS experiments and ¢
enhance thé,T -odd Faraday rotation signal. Here we present the accurate calculations
detailed analysis of the possible ICAS-type experiment. The calculations are performed f
heavy metal atoms Cs, Tl, Pb, Bi where tReTl -odd effects are most pronounced. The rest
of the calculations demonstrate that with that large optical path length the ICAS experiment
be able to bx the possible, T -odd effects at the level several orders of magnitude lower than
other most advanced modern experiments.
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Nonadiabatic rotational states of H, HD, and D,

Krzysztof Pachucki, Jacek Komaga

a Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
b Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 RoPotand

We present a new computational method for the determination of energy levels in four-pe
systems like H, HD, D,, HeH" , and Ps using explicitly correlated exponential basis functiol
and analytic integration formulas. In solving the Safinger equation, no adiabatic separation
the nuclear and electronic degrees of freedom is introduced. We provide formulas for the co
between the rotational and electronic angular momenta, which enable calculations of arl
rotationally excited energy levels. To illustrate the high numerical efbciency of the methoc
present results for various states of the hydrogen molecule. The relative accuracy to whi
determined the nonrelativistic energy reached the lev&éDot?B10 12, which corresponds to ar
uncertainty ofl0' “p10' 8cm' 1.
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[1] K. Pachucki, J. Komasa, Saftinger equation solved for the hydrogen molecule with t
precedented accuracy, J. Chem. Phykl 164306 (2016).

[2] K. Pachucki, J. Komasa, Nonadiabatic rotational states of the hydrogen molecule,
Chem. Chem. Phy®0, 247-255 (2018).
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Relativistic corrections for the ground state of the hydrogen molecule

Liming Wang', Zong-Chao Yah¢,
a Department of Physics, Henan Normal University, Xinxiang, Henan, P. R. China 4530C
b Department of Physics, University of New Brunswick, Fredericton, New Brunswick, Can:
E3B 5A3
¢ State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuh
Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, Chil
Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, Chine

The Schedinger equation for the ground state of the hydrogen molecule is solved b
Rayleigh-Ritz variational method in Hylleraas coordinates without using the Born-Oppenhe
approximation. The non-relativistic energy eigenvalue convergesltd64 025 0304(5)a.u..
Then the leading order relativistic corrections (including the mass-velocity, Darwin, orbit-c
and spin-spin terms) and the relativistic recoil terms are calculated by perturbation methot
gether with the QED corrections and higher-order corrections calculated by M. Puchalski, .
masa, and K. Pachucki [1], we obtain the dissociation energy of the hydrogen mdegue
3611806947(47)cm 1, which agrees with the recent experimental resBfid18069 62(37)
cm' 1 [2] and36 118069 45(31)cm' ! [3].

Table 1: The non-relativistic energy eigenvalue, tRecorrection, and thé 2 contribution to the
dissociation energy for the ground state of the hydrogen molecule.

Basis size Non-relativistic energy! 2 correction I 2 contribution to the
(ina.u.) (in10 ®a.u.) dissociation energy (in ¢rh)

256 D1.163 966 582 92 P1.088999 4 D0.531 751
500 D1.164014 70197 D1.0912033 D0.526914
912 D1.164 02274255 D1.090704 3 D0.528 009
1570 D1.164 024 408 23 D1.090057 1 D0.529429
2570 D1.16402483112 D1.0896291 D0.530369
4050 D1.164024 97462 D1.0894402 D0.530783
6150 P1.164025011 35 H1.0893610 D0.530957
9070 D1.164 025022 86 D1.0893157 D0.531 056
13020 D1.164 025027 14 D1.0892881 D0.531117
18270 D1.164 02502891

25100 D1.164025 02971

33870 D1.164 02503010

Extrap. D1.1640250304(5) D1.089 24(5) D0.53121(10)
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Precision Tests of Fundamental Interactions
with lon Trap Experiments

Wolfgang Quint®
2 GSI Helmholtzzentrum fYr Schwerionenforschung, B&2gmstadt, Germany

® physikalisches Institut, Ruprecht Karls-Universit#idelberg, 69120 Heidelberg,
Germany

Single patrticles in traps allow for clean investigas of basic interactions and also for tr
determination of fundamental constants. This hasnbgemonstrated by investigations ¢
Quantum Electrodynamics (QED) with respect to tHaajor of the free electron [1] and o
hydrogen-like or lithium-like ions [2 - 4], whictofm the most precise determinations of tt
fine-structure constant and of the mass of thetrelecrespectively. lon traps are also suitak
for the study of the interaction of atomic ions lwiigh-intensity laser radiation [5]. The
trapping of hydrogen-like heavy ions up to uraniisnpossible at the heavy-ion accelerator
GSI with stripping and post-deceleration. At theTRAP facility at GSI, the final stage for
deceleration and trapping of bare and hydrogen-likavy ions up to uranium has bee
commissioned. After stripping at energies of a 10 MeV/u, the ions are decelerated down
4 MeV/u in the Experimental Storage Ring (ESR) dndher down to 6 keV/u by a
combination of an IH and a RFQ structure operatinglecelerators. Finally, the ions will b
captured and cooled down to cryogenic temperatuwres Penning trap by means of electrc
cooling and resistive cooling. From this trap, tleey be extracted and used for experimen
With this novel technique of deceleration, trappargl cooling of highly charged ions, atomi
physics studies on slow highly charged ions uprémium U?" interacting with photons, atoms
molecules, clusters, and surfaces will be perfornmiedaddition to collision studies, high-
accuracy atomic physics experiments on trappedyhaitarged ions will be a significant part o
the atomic physics program of the HITRAP facilit the upcoming Facility FAIR, the
HITRAP facility will form an integral component dfoth the SPARC as well as the FLAIF
Collaborations.

This work was supported by BMBF, DAAD, DFG, EMMIghinholtz Association, and the
Max-Planck Society.
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The relativistic and radiative corrections to the polarizability of
hydrogen-like atoms

Wanping Zho@P®, Xuesong MetC, Haoxue Qiab
a School of Physics and Technology, Wuhan University, Wuhan 430000 china
b Engineering and Technology College, Hubei University of Technology, Wuhan 430000 Cl|
¢ Wuhan Institute of Physics and Mathematics , Chinese Academy of Sciences, Wuhan 4:
China

The polarizability in atomic physics is important to determining the frequency standarc
magic wavelengths and the tune-out wavelengths [2,3] of the atom in the optical lattice cloct
also used to calculating the long-range interactions between atoms [4] in the cold atom res
However the higher order corrections are still researched inadequately [1,5]. In this work, st
from the relativistic polarizability of the Hydrogen-like atoms, we derive the operators of
nonrelativistic leading term and Prst order perturbation term: relativistic corrections and rad
corrections by applying Nonrelativistic Quantum Electrodynamic approach[6,7]. These corre
are the dynamical parts, which dependent on the electric bPeld frequency. The Bethe-logarith
correction is also obtained. This study can be helpful in our next step research about blac
radiation contribution in atomic system, which is based on our previous study [8].
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Precision xray spectroscopy of the 1s Lamb shift in higiz
hydrogen-like systens

G. Webet, H. Beyel, A. Gumberidz® T. Gassnér, Th. Stshlket"°
on behalf of thé&=OCAL collaboration
2Helmholtz Institute Jena, Germgr? GSI HelmholtzzentruriYr Schwerionenforschung
Germany °Institut fYr Optik und Quantenelektronik, FSU JeGarmany

The studyof the 1s Lamb shifin hydrogenrlike systemgepresergone of the most stringent
tests ofquantum electrodynamics (QEBr the most fundamental atomic sysgemue to the
strong dependence of the Lamb shift on the nucleargehZ it is of high interestio test the
predictions of QED in the regimaf very strong electric fieldssuch asn hydrogenlike gold
(Au™ or uranium(U®™), where approximatios relying on! Z! 1 are not applicable The
present contribution will focus on most recent efforts with resfeebtgh-precision Lamb shift
studies in higkZ systems at GSI, Darmstadt.

After several experimenten the 1s Lambshift in U°, conducted with conventional
semiconductor detectors][ the twin crystal spectrometer FOCAL has been dewslof]
which is the result of a webalanced tradeff between a high resolving power and detectior
efficiency.Namely, & acceptale efficiency is needed to operate the crystal spectrometar at
ion storage ring with a luminosity which is low compared to othigh intensity xray sources
like synchrotrons or nuclear reactoiie outcome of the first beam time using the comeplet
two-arm FOCAL spectrometer will be presented, see Figlnladdition,the development of
microcalorimeters for the-ray regime, that combine the high resolution typical ¢rystal
spectrometers with the good efficiency of conventiGuéid state detectors, is expected to oper
a promising route for precision spectroscopy in kghystems. Here, we williscuss recent
test measuremenigth the maXs prototype detectds][as depicted in Fig. 2.
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Figure 1: Xray spectrum of hydrogelike gold as Figure 2 X-ray gectrum from the collision of a X&
recorded by a position sensitive detector after being ion beam and a Xeas target. The Dopplshifted
dispersed by the FOCAL crystal. The lines correspon Lyman series of X&' and Xé&* are clearly visible.
to the Lyman! and-" transitions in Af*. Centered around 30 keV one can see thénés of
differently chargd Xe ions from the target gas.
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High-precision Ramsey-comb spectroscopy in the XUV spectral
range for tests of bound-state QED and the proton radius

L.S. Dreissefy, C. Rotl, E.L. Gmndemad, M. Favief, J.J. Krauth, K.S.E. Eikemé&

a LaserLaB Amsterdam, Vrije Universiteit Amsterdam, De Boelelaan 1081, 1081 HV Amste
The Netherlands

High-precision spectroscopy of simple atoms and molecules set the benchmark for te

bound-state Quantum Electrodynamics (QED). Especially atomic hydrogen has served as ¢
system, and experimental efforts have lead to a measured 1S-2S transition frequency witl
ative accuracy ofl0' 1° [1]. In order to improve the theoretical description of this system,
proton charge radius §) was extracted from the measured Lamb shift in muonic hydrogen \
a 10 times higher accuracy compared to previous determinations from electronic systems
measurement, however, also shows d J&crepancy with CODATA-2014 and this is now we
known as theproton radius puzzl¢2, 3]. Recent developments in this Peld have made mat
even more confusing. The proton radius extracted from the measured 2S-4P transition fre
in electronic hydrogen agrees well with the muonic value [4], while a recent measurement
1S-3S transition frequency results in a value which coincides with CODATA-2014 [5]. Eff
are now being made to resolve this problem, using different systems. Therefore, our goe
measure the 1S-2S transition in singly-ionized helium at 30 nm. This system is more sensi
nuclear charge effects and the result can be compared directly with measurements condt
muonic-He . Also, combining the expected more accurate determination of the nuclear ch
radius of the" -particle from the muonic-He measurement with high accuracy spectroscopy
the 1S-2S transition in He results in an even more stringent test of bound-state QED [6].
To pursue this goal we recently have developed the Ramsey-comb spectroscopy (RCS) n
which combines high-power amplibed frequency comb laser pulses with high-precision freq
metrology. This enabled us to perform precision measurements in molecular hydrogen a
ultra-violet wavelengths, demonstrating that RCS is very suitable for combining efbcien
guency up-conversion with high-precision spectroscopy [7]. Moreover, systematic shifts ¢
the ac-Stark effect or chirp are greatly suppressed. We are currently extending this techni
the vacuum-UV and extreme-UV wavelength range using High-Harmonic Generation (HH(
3 meter long vacuum system was designed and constructed for this, and the latest results st
we have a refocused diffraction limited XUV bea#h € 50 nm). We are currently testing RC:
with HHG on the5p® | 5p°6d[1/ 2]y transition in xenon at 113 nm (7th harmonic of 790 nn
With this measurement we can characterise the phase-shift induced by the HHG process
quality of our XUV-beam, which is of great importance for the experiment if He
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[1] A. Matveevet al., Phys. Rev. Lettl10, 230801 (2013)

[2] R. Pohlet al.,, Science853 6300 (2016)

[3] P.J. Mohret al., Rev. Mod. Phys38, 035009 (2016)

[4] Beyeret al., Science858 7985 (2017)

[5] H. Fleurbaeyet al., arXiv:1801.08816v1 [physics.atom-ph] (2018)
[6] M. Herrmannet al., Phys. Rev. A79, 052505 (2009)

[7] R. K. Altmannet al., Phys. Rev. Lett120, 043204 (2018)
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The next generation of laser spectroscopy experiments of light
muonic atom

Stefan Schmidtand Randolf Po#l
on behalf of the CREMA collaboration

a Institut far Physik & Exzellenzcluster PRISMA, Johannes-Gutenberg Unigehddinz,
Germany

Simple muonic atoms have been proven to be of particular interest for studies of nuclear
erties, such as the charge and Zemach radii, and the nuclear polarizabilities. It has been fot
the proton [1] and deuteron [2] charge radii extracted from muonic atom spectroscopy devi
about 3 from the present CODATA values. This discrepancy has been coinquidtan radius
puzzle[3]. The proton and deuteron radius discrepancies could originate from a problem i
determination of the Rydberg constant [4] and indeed a recent measurement of the Rydbe
stant by means of the 2S-4P transition in ordinary hydrogen performed in Garching [5] sugge
smaller Rydberg constant and hence a smaller proton radius also in hydrogen. However, th
proton radius has recently been conbrmed by a measurement of the 1S-3S transition in Pa

Recently, als®He and*He were measured by laser spectroscopy of the muonic ions. U
modern theory summarized in [2], we determine the charge radii of the these nuclei with 1
6 times higher accuracy than the values from elastic electron scattering.

In this contribution, we will present ongoing and planned measurements of the CREMA
laboration targeting the (magnetic) Zemach radius of the proton [7], by laser spectroscopy
hyperbne structure ipnp. We will also present plans to extend the Lamb shift measuremen
lithium and beryllium nuclei. With the muon as a sensitive probe for the nuclear structure,
measurements have the potential to improve the corresponding charge radii by a factor of 1C
respectively. Comparing these measurements with studies from elastic electron-proton sc
events provides a suitable tool to test nuclear theory.
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[1] A. Antognini et al., Science339, (2013) 417

[2] R. Pohletal., Science353 (2016) 669

[3] R. Pohlet al., Annu. Rev. Nucl. Scb3, (2013) 175

[4] R. Pohlet al., Metrologia54 (2017)

[5] A. Beyeret al., Science358 (2017) 79

[6] H. Fleurbaeyet al., arXiv preprint arXiv:1801.08816 (2018)
[7] R. Pohlet al., J. Phys. Soc. Japan Conf. Pra8, (2017) 011021
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Hyperbne structure in heavy muonic atoms

N. MichelP, N. S. Oreshkin®, C. H. KeiteP
a Max-Planck-Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg, Germ

We consider bound states between an atomic nucleus and a muon, so called muonic atom:
cially for high charge numbers, the surrounding atomic electrons do not inBuence the muc
the systemis essentially hydrogenlike. Just as in normal atoms, there is Pne andhyperbne s
but the signibcance of the various contributionsdiffers dramatically. In particular, nuclear strt
effects are muchbigger, and vacuumpolarization effects are very important. We calculate th
structure in heavy muonic atoms, taking several QED and nuclear structure effects into au
in brst-order perturbation theory and beyond. Thereby, precise values of the hyperbne st
of muonic atoms are obtained [1] and the dependence of transition energies in muonic atc
nuclear parameters is investigated.

[1]: Phys. Rev. A96, 032510 (2017)

10th International Conference on the Physics of Simple Atomic Systems 80



PSAS2018

14th-18th of May, Vienna Poster Session Monday

Towards Sympathetic Cooling of a Single (Anti)Proton in a Penning
Trap for a High-Precision Measurement of the ParticleOs Magnetic
Moment

Markus Wiesinger?, Matthew BohmaP®, Andreas Moosé&r Georg Schneidéf, Natalie
Scten? ¢4, James Harringtdh Takashi Higucht€, Stefan Sellné; Christian Smorrg Klaus
Blaun?, Yasuyuki Matsud3 Wolfgang Quint, Jochen Walz9, Stefan Ulmekt

a Max-Planck-Institutér Kernphysik, Heidelberg, Germany
b Ulmer Fundamental Symmetries Laboratory, RIKEN, Wako, Japan
¢ Institut fur Physik, Johannes Gutenberg-UnivessitMainz, Germany
d Helmholtz-Institut Mainz, Mainz, Germany
€ Graduate School of Arts and Sciences, University of Tokyo, Tokyo, Japan
' GSI-Helmholtzzentrune Schwerionenforschung, Darmstadt, Germany

Precise comparisons of the fundamental properties of protons and antiprotons, such a
netic moments and charge-to-mass ratios, provide stringent tests of CPT invariance, an
matter-antimatter symmetry. Using advanced Penning-trap methods, we have recently dete
the magnetic moments of the proton and the antiproton with a relative precision of 0.3 p.p.!
1.5 p.p.b., respectively [1, 2].

Both experiments rely on sub-thermal cooling of the particleOs modibed cyclotron mode
feedback-cooled tuned circuits. This time-consuming process is ultimately required to id
single spin quantum transitions with high detection Pdelity, which is a major prerequisite to
the multi-trap methods that are essential for p.p.b. measurements.

Methods of laser cooling achieved unprecedented quantum control of trapped ions. Ho
they are not directly applicable to our experiments because the proton and antiproton la
electronic structure required for laser cooling.

In order to advance our techniques and to drastically reduce the measurement time,
currently implementing methods to sympathetically cool protons and antiprotons by coupling
to laser-cooled beryllium ions, using a common endcap method [3].

To this end, our collaboration has developed a new apparatus featuring a common e
double Penning trap. Based on our calculations we expect that this new apparatus will en:
to prepare single protons and antiprotons with energies close to the Doppler limit of laser ct
within tens of seconds, which will ultimately reduce our particle preparation times by a fact
at least 50 [4].

In this poster we present the experiment and the status of our ongoing efforts to deternr
cally prepare single protons and antiprotons at mK-temperatures.
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A New Silicon Drift Detector System for Kaonic Atom Measurements

Carina Trippf
on behalf of the SIDDHARTA-2 and E57 collaboration

a Stefan Meyer Institute, Vienna

Kaonic atoms provide a unique way to study the strong interaction in bound systems [1],[2],[<
The proposed kaonic deuterium measurement at J-PARC [5], [6] ahdNBY 7] will add impor-
tant results to the already existing kaonic hydrogen analysis, adding in particular values for 1
determination of the antikaon-nucleon scattering lengghenal a by measuring the energy shift
and width of the 1s state. Additionally, the planned kaonic helium experiment at J-PARC will giv
new insight in the possible isotope shift between He-3 and He-4 [8].

12 x 4 SDD arrays

Al reinforced side wall 75 pm Kapton

entrance window 75 pm Kapton

start counter TO

Figure 1: Sketch of the lightweight cryogenic target cell surrounded by 48 SDD arrays

For the kaonic deuterium measurement the 23 shift will be measured by 48 SDD arrays
surrounding a cryogenic target cell (see Figure 1). With newly developed amplibers and speciz
designed Silicon Drift Detectors the shift and width of the 1s state can be measured with an |
curacy better than 50 eV and 100eV, respectively. The SDDs have undergone several tests a
Stefan Meyer Institute concerning their energy resolution and stability. The latest tests have b
performed to determine the timing resolution (drift time) of the SDD arrays, achieving a drift tim:
below 500 ns at 150 K. Tests at lower temperature to reduce the drift time below 200 ns are plani
in the near future.
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[1] G. Beeret al., Phys. Rev. Lett94 (2005) 212302

[2] M. Bazziet al. (SIDDHARTA collaboration), Phys. LetB 704(2011) 113
[3] M. Bazziet al. (SIDDHARTA collaboration), Phys. LetB 681(2009) 310
[4] M. Bazziet al. (SIDDHARTA collaboration), Phys. LetB 697(2011) 199
[5] J. Zmeskakt al., JPS Conf. Prod7(2017) 071001

[6] J-PARC proposal E57 (2015)

[7] H. Shietal, Journal of Physics: Conf. Seri880(2017) 012007

[8] T. Hashimotoet al., JPS Conf. Procl7(2017) 072001
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Charged patrticle veto detector for a kaonic deuterium measurement
at DA! NE

Marlene Tachlef
on behalf of the SIDDHARTA-2 collaboration

a Stefan Meyer Institute

Introduction

SIDDHARTA-20s aim is to perform a precise measurement of kaonic deuterium to determ
ray transitions to the ground state (1s-level), such as to determine its shift and width induc
the presence of the strong interaction [1]. The analysis of the combined measurements of
deuterium and kaonic hydrogen (already measured by SIDDHARTA [2]) will allow the extrac
of the isospin-dependent antikaon-nucleon scattering lengths which are fundamental ing
low-energy QCD effective theories.

Experimental Setup

Using the theoretical estimates fol i yields, which are one order of magnitude below the m
sured K p yields, an upgrade and optimisation of the SIDDHARTA apparatus is essential
enhancement by at least one order of magnitude of the signal to background ratio is re
for SIDDHARTA. Therefore, an active charged particle anticoincidence-veto-2 system is t
construction, since each real X-ray signal froh&K; transitions is accompanied by charge
particles like protons and pions from Pnal kaon absorption. We cannot veto all potential s
which are in coincidence with these particles, but we rather have to look at the positional
lation between SDDs and charged particle hits. Clearly, it is advantageous to detect the ¢
particle position as close as possible to the SDD cell to obtain a good signature of wheth
events might origin from the SDDs or not.

The basic layout of the detector is shown in Fig.1. It is planned to use tiles made out of sm
ganic scintillators with sizes of 50 x 12 x 5 mipattached to one Silicon Photo-Multiplier (SiPM
with a sensitive area of 4 x 4 mfmwhich are shown in Fig.2. The main reasons for choos
organic scintillators are their fast response (short rise- and decay-times) and their high light
As detector SiPMs are chosen because SiPMs provide advantageous properties such as g
ing, compactness and high photon detection efpciency (PDE).

We will present in detail the detector setup and discuss the brst results of the test measurel

I
t
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Status Update of NoMoS

D. Mosef, H. Abelé, J. Bosina®, H. Fillunge?, M. Klopf®, G. Konrad®, M. Pitschmanf
T. Soldnef, X. Wang and J. Zmeskal

2 Stefan Meyer Institute, 1090 Vienna, Austria;
® Atominstitut, TU Wien, 1020 Wien, Austria;
¢ Institut Laue-Langevin, 38042 Grenoble, France;

We present a new method of spectroscopy, utilizing a drift effecispperse chargec
particles in a uniformly curved magnetic field [1]. The curved fieldiltesn a drift of the
charged particles perpendicular to the radius of the curvature andniagimetic field, which is
proportional to the particleOs momentum. A spatial-resolving detectodetéirmine the
momentum spectra. The first realization, called NoMoS (Neutron decay prOdOoieMum
Spectrometer) [2], will measure correlation coefficients in free nelieta decay to test th
Standard Model of particle physics and to search for physics beyondda8rdéntly, the focus
is on the design and the construction of the magnet system.

[1] X. Wang et al., NIM A701, 254 (2013).

[2] G. Konrad, POS(EPS-HEP2015) 592 (2015).

[3] B.R. Holstein et al., J. Phys.43(1) (2014), articles 114001 - 114007.

[4] V. Cirigliano, S. Gardner, B.R. Holstein, Prog. Part. NRblys. 71, 93 (2013).
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3D-imaging of antimatter annihilation using the ASACUSA
Micromegas tracker

V. Mackef' on behalf of the ASACUSA collaboration
a Stefan Meyer Institute, Austrian Academy of Sciences, Boltzmanngasse 3, 1090 Vienr
Austria
' Current address: Ulmer Fundamental Symmetry Laboratory, RIKEN, Saitama 351-0198, .

The ASACUSA collaboration aims at measuring the ground state hyperbne splitting of a
drogen for probing fundamental symmetries. A cryogenic double cusp trap for mixing antipr
and positrons serves as an antihydrogen source for in3ight spectroscopy [1, 2]. In order to |
to monitor the antihydrogen formation process, the ASACUSA Micromegas Tracking (AMT
tector was installed for detecting and reconstructing the antiproton and antihydrogen annihi
in the trap in three dimensions [3].

The AMT detector consists out of two curved gaseous detector layers using micromega
nology [4]. The layers form two half cylinders and are mounted concentrically with the
electrodes on the upper side of the vacuum chamber containing the trap. A single, full-cy
layer of plastic scintillator between the two Micromegas layers provides fast signals for trigg
the read ou- of the micromegas channels. As an active gas, a mixture of argon (90%) and isc
(10%) is used. The drift region has a height of 3 mm, while the amplibcation region has a |
of 128um. A relatively high drift voltage of 1600V and an amplibcation potential of 460V
applied, which sufbciently reduce the inuence of the Lorentz force on the drift electrons «
the magnetic Peld of the trap.

Besides explaining the AMT detector in detail and describing the event reconstruction
rithm, we present annihilation data recorded during the 2016 beam time. Annihilation date
antiprotons show that the AMT detector is able to discriminate between annihilations on-ax
on the inner electrode walls of the trap [5]. The latter type of events are the primary signal
dates to be antihydrogen atoms.
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Positron Production and Storage for Antihydrogen Production

V. Mackef and D. Murtagh on behalf of the ASACUSA collaboration
a Ulmer Fundamental Symmetry Laboratory, RIKEN, Saitama 351-0198, Japan
b Stefan Meyer Institute, Austrian Academy of Sciences, Boltzmanngasse 3, 1090 Vienr
Austria

Antihydrogen is the simplest stable antiatom which can be produced at low energies. A's
of antihydrogen amenable to precision spectroscopic investigation would provide a stringe
of CPT symmetry and may provide a path to physics beyond the standard model.

The ASACUSA collaboration employs a cryogenic double cusp trap for mixing antipro
and positrons, which serves as an antihydrogen source for in3ight spectroscopy [1, 2]. Antip
are provided by the Antiproton Decelerator at CERN. Positrons from a radio&éNaesource
with an activity of currently 0.51 GBq are slowed down to a few eV using a neon rare-gas
moderator and accumulated in a Surko-type buffer gas trap. Typi@ally, 1P positrons are
accumulated within 30 s and transferred into the double cusp trap for mixing.

In this poster, the apparatus and methods used to produce, trap, accumulate, and cc
positrons will be discussed. Planned new developments in positron temperature measurernr
cooling will be shown, which will be important for improving the mixing efpciency. Calculatic
show that hydrogen production is optimal with a high density, low temperature positron pl
[3], encouraging recombination via three-body and radiative processes.
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Towards a search for Dark Matter using atomic Dysprosium

A. Sharm&®, M. LeysefP, A. V. Viatkina®®, L. Bougaé® and D. BudketP

a Helmholtz Institut Mainz (HIM), Johannes Gutenberg Univeisitainz 55128, Germany
b Institut fur Physik, Johannes Gutenberg UniveasitMainz 55128, Germany

Studies of rotation curves of galaxies, initiated by GiiZwicky (19300s) and later by Rubi
(19700s) led to the Dark Matter (DM) hypothesis and the subsequent evidence for the exist
Dark Matter and Dark Energy. Search for the elusive dark matter candidates has been gc
since the early 19700s. Oddly, the Standard Model (SM) with all its tremendous successe
notably, in the recent past, being the discovery of the Higgs boson at the LHC, CERN) has
failed to provide an insight into the candidates that may directly or indirectly relate to Dark M
or Dark Energy.

Experimental efforts (including the ones at the LHC, CERN) initiated towards the sear:
axions and WIMPs (Weakly Interacting Massive Particles), both of which are potential Dark
ter candidates, have still not produced any debnitive outcome related to the origin of Dark |
and the still yet elusive, Dark Matter particles. In our group, we are trying to search for pos
Dark Matter (DM) candidates through precision atomic spectroscopy on dysprosium (Dy) a
Dysprosium (Dy) is an atomic system that has in the past been used for searching for possib
ations of fundamental constants [1] with the aim of constraining possible dark matter cand
and also exploited for the search of parity-violating effects mediated by cosmic belds that n
part of dark matter. This experiment was also used towards a search for ultralight dilatonic
matter [2] (that was also used to improve constraints on possible quadratic interactions of
dark matter by 15 orders of magnitude), and most recently, a search for possible exotic inter:
sourced by massive bodies and mediated by light scalar bosons [3].

We are proposing to use the same system for performing precision ISS (Isotope Shifts
troscopy) measurements with sub-Hz precision, with the aim of searching for New Physics
beyond the Standard Model (BSM) through possible non-linearities that may arise on a Kini
(KP) [4]. The idea is based on isotope shifts spectroscopy (ISS) and establishing a King Plo
through frequency measurements across multiple isotopes of dysprosium (Dy) in the RF (
Frequency) and the optical domain. In an ideal scenario, the King Plot (KP) is linear with
and frequency ratio scaling measured for two different transitions across multiple isotopes.
linearities in the King Plot may arise from possible dark matter candidates that couple to the &
nucleus and electrons through short range forces. | shall present our experimental efforts th
been initiated towards this end with an emphasis on the current status and possible exper
outcomes.
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[1] N. Leeferet al, Phys. Rev. Lett111(2013) 060801.

[2] K.van Tilburget al., Phys. Rev. Lett115(2015) 011802.
[3] N. Leeferet al,, Phys. Rev. Lettl17(2016) 271601.
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Nuclear-anapole-moment Effects in Diatomic Molecules

Y. Had?, M. llias®, and A. Borschevsiéy
This work is afpliated to the eEDM collaboration in University of Groningen

a University of Groningen, Nijenborgh 4, 9747 Groningen, The Netherlands
b Matej Bel University, SK-97400 Banska Bystrica, Slovakia

In diatomic molecules, the rich and varied spectra and nearly degenerate energy levels |
huge enhancements for tiny physical effects, making it possible to look for new physics b
the Standard Model in a single experiment. Nuclear-spin dependent parity-violating intera
and nuclear anapole moment effects in particular in diatomic molecules provide precise tesi
electroweak theory of the Standard Model [1]. The nuclear anapole moment interaction coel
W, can be used to extract helpful information, which determines nuclear-spin dependent |
violating interactions, from experiments [1]. It, specibcally, depends on electronic structur
can be obtained from evaluating the matrix elements of th@) operator in the molecular spino
basis [1, 2, 3]. In this work, theé/, coefbcients for the selected alkaline earth metal Buorides
reported with Relativistic Coupled Cluster theory combined with Finite Field approach and
properties are also discussed.
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[1] J. S. M. Ginges and V. V. Flambaum, Phys. Rep.397, 63 (2004).

[2] A. Borschevsky, M. llias, V. A. Dzuba, K. Beloy, V. V. Flambaum, and P. Schwerdtfe:
Phys. Rev. A 85, 052509 (2012).

[3] A. Borschevsky, M. llias, V. A. Dzuba, V. V. Flambaum, and P. Schwerdtfeger, Phys. Re
88, 022125 (2013).
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Nonlinear Zeeman effect in boronlike highly charged ions

V. A. Agababae®’, D. A. GlazoV, A. S. Varentsovg A. M. Volchkové,
A. V. Volotka®“, V. M. Shabae¥, G. Pluniefi

@ Department of Physics, St. Petersburg State University,
Universitetskaya nab. 7/9, 199034 St. Petersburg, Russia
b St. Petersburg Electrotechnical University OLETIO,
Professor Popov st. 5, 197376 St. Petersburg, Russia
¢ ITMO University, Kronverksky pr. 49, 197101 St. Petersburg, Russia
4 Helmholtz-Institut Jena, febelstieg 3, D-07743 Jena, Germany
¢ Institut far Theoretische Physik, Technische Univessitresden,
Mommsenstra8e 13, D-01062 Dresden, Germany

The signibcant progress in thlgefactor studies of highly charged ions was achieved in 1
last two decades, as a result of both experimental and theoretical work [1, 2]. The subs
accuracy improvement of the electron mass determination has been reached in these stut
1tOs expected that high-precis@factor measurements in hydrogen-, lithium- and boronlike ic
will provide an independent determination of the Pne structure constghts]. The ARTEMIS
experiment being carried out in GSl is an important step to this goal [6]. It aims at measurem
the Zeeman splitting in boron-like argon. It will be sensitive not only to the linear Zeeman effe
factors) of the ground and prst excited states, but also to the nonlinear effects in magnetic b
present, they factor has been well investigated theoretically including the QED, interelectrc
interaction and nuclear effects. The leading order of the quadratic Zeeman effect, the on
QED correction, and the one-photon-exchange correction for boronlike argon have been cal
in Ref. [7]. The leading order of the cubic Zeeman effect has been evaluated in Ref. [8]
presenfab initio QED calculation of the quadratic Zeeman effect for the ground and brst ex
states of boronlike ions in the wide rangesfincluding the brst-order corrections: one-phott
exchange, self-energy and vacuum polarization. Moreover, we evaluate the one-photon-ex
correction to the cubic Zeeman effect [9]. We employ both the perturbation theory in the mag
interaction and the nonperturbative approach based on the numerical solution of the Dirac ec
in the presence of external magnetic beld. Both methods are fully relativistic, i.e., exact
ordersin! Z.
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[1] S. Sturmet al., Ann. Phys. (Berlinb25(2013) 620.

[2] V. M. Shabae\et al,, J. Phys. Chem. Ref. Da#i (2015) 031205.
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ALPHATRAP is a high-precision Penning-trap based experiment dedicated to th
exploration of ground-state properties of heavy, highly charged ions (HCI). The maj
goal of ALPHATRAP is the measurement of the bound-electron gyromagnetic factc
or g-factor, which can be predicted to very high precision in the framework of bounc
state quantum electrodynamics (BS-QED). The comparison of the experimental res
with recent theoretical calculations will not only serve as a sensitive test of BS-QEL
but also yields a new approach for the determination of fundamental constants sucl
the electron mass or the fine structure constant
The measurement of the bound-elecigefactor of a single HCI is performed in an
improved cryogenic double Penning-trap setup, utilizing the continuous Stern-Gerle
effect. For injection of externally produced HCI ugt®E* the ALPHATRAP
experiment is coupled to various ion-sources, including the Heidelberg Electron-Be
lon Trap. The ALPHATRAP apparatus including beamline, trap tower and electroni
was successfully commissioned with sinfig>* and*°Ar'3*ions, and is in preparation
for its first g-factor measurement. This poster will give an overview of the experimer
setup.

(
$

10th International Conference on the Physics of Simple Atomic Systems

92



PSAS2018 14th-18th of May, Vienna Poster Session Tuesday

I"HSY& ()*+,$*-&"+'$.-*"106'-"0* (1 962" H#$* .- #-'B45-*

45968 HS(")S(H S+ )- SH) (& OSIS/1)- “B$
B H $%&D Yo (#)*+#"*+'%*, %-#./$"01%253*/#/1$%#/4%5"*601 %o#/4%-*7$187#+%9:'3013;

=/3"0"8"$%*,%9:'3013%#/4%-#":$6#"013;%>:0/$3$%51#4$6'%*,%!10$/1$3;%<8:#/;%?@
°P/0ES+30"%*,%!10$/1$%#/A%FSL:/*7*.'%*,%>:0/#,%G$,$0;%H@AAHI;%>:0/4

[+,$2"345% ,67"5,8$)&79,#3$ 45#51$ 12$13"&=>$ 7144 485+ $ 91 @,45$ ,67"5#5"1)$ ), 3-
#=1)-$5+,$B)1@)$)&79,#3$9,C,94D$/+,$,67"54#5"1)$,),3-A$12$5+"4$)& 79, $BHEHED HHES 1)
#)8$7#)$0,$,67"5,8$8"3, 759A$&4")-$9#4,34D$I+"7+$=#B,4$5+,$8,4"-)$12$#$)&79,#3$791
2"345%$,67"5,8$)&79,#3$45#5 8123 =,4$2144"09,D$$

6d,,,

/.
/// ! — electron excitation
-~ 1
-7 P T nuclear M1
100y = | —==-electron bridge
3/2 -~
: = nuclear ground
i msmmem NUClear isomer
1
i
7> i
! ; 229 3
i +
1
: Th

3 $

K"-&3,$LM$N9,7531)$,67"5#5"1)'$)&79,#3$0L$#)8$,9,7531)$03"8-/$ 845 8$")$

R31-,3$#)8$S,"7+$2"-&3,$1&5%$5+,$,6"45,)7,$12$5+"4$91@$,),3-A$) & T HRIDVDSHV
‘GLT'$ (#34$C1)$8,3$J,)4,$#)8$ 7199 #-&,4$104,3C,$5+,$")5,3)#9$71)C,34"1)$,9,7531)4¢
88, $51$5+"4$)&79,#3$9,C,9'$@+"7+$?31C, 4$#-#")$5+,$,6"45,)7,$12$5+"4$,67"5,8$)&79,#

J,$#3,$?731214,8$51$=#483,$5+,$,), 3BH21345$,67"5,8$)&79,#3$45#548#258$1)$
B[+ PB71891=0$73A45494$")$CHT&&=$T+#=0,3D$/+,$7317,8&3,$")79&8,4$L >FX EXE3#
>$71)2"),=,)5$ 125 /+ P% &4")-$ 348"1$ 23,[&,) TA$ [&#83&7219,$ "1)$ 53#7'$ 51-,5+,3% @"5+
O#4,3$ 7119")-$ #)8% +"-+$ C#7&8&=$ 5,7+)191-AD$ ]05#")")-$ 91)-$ 9"2,5"=,$ #)SH) 25HBE9"",
i [+ PR 71891=0$ 73A45#94Y$ P>$ WOO&=")#E5 RS BLED1=0$ 73A45#9$ @"5+$ 5&)#09,$
\,5,3=")-$5+,$,),3-A$3#)-, $#)8$9"2,5"=,$12$5+ $2"345$,67"5,8$)&79:#I$DHH5, $12$

[+,$7310#0"9"5A$ 12$2"345$,67"5,8$)&79, #3$ME4#3 BS2AB K"-83,$ L>$ "4$ 4=#00'$ =#B
8"22"7895$51$104,3C,$#)8$ =,#4&3,$8"3,759AD$ _95,3)#5,$=,5+18$ "4$F53%)$08BH 5+
<-3,)$")$K"-&3,$L>$51$105#")$")213=#5"1)$12$5+,$2"345%$,67"5,8$) 87 %) 8%2 70 SDES

$

$

ULVS$(D$_D$R31-,3$#)8$ZDID$S,"7+'$ &79,#3BRAPA % SGD$
U:V$(D$C1)$8,3$),)8.%BT #58B575<:GLISE. TPD$

10th International Conference on the Physics of Simple Atomic Systems

93



PSAS2018 14th-18th of May, Vienna Poster Session Tuesday

High-accuracy ab-initio calculations of magic wavelengths for the
23S, 1 215, transition of helium

Fang-Fei W&P, San-Jiang Yartf, Yong-Hui Zhang', Li-Yan Tang* , Jun-Yi Zhang,
Hao-Xue Qiab, and Ting-Yun SHid

a State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuh
Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, Pe
Republic of China
b University of Chinese Academy of Sciences
¢ Department of Physics, Wuhan University, Wuhan 430072, PeopleOs Republic of Chi
d Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, Peoples F
of China

High-precision spectroscopy in helium has been achieved with sufPcient accuracy to dete
the Pne-structure constant, to test QED theory, and to extract the nuclear charge radius. Ht
the determination of nuclear charge radius differences betdlderand*He still disagree by 4
from different frequency measurement of théS ! 23S and23S ! 23P transitions [1, 2].
In order to measure th2'S | 23S transition with sub-kHz precision, W. Vassen group in V
University designs a 319 nm magic wavelength trap to eliminate the ac Stark shift [3]. So far,
is lack of ab-initio calculation for the magic wavelengths of helium. In present work, a large-
full-conbguration-interaction calculation based on Dirac-Coulomb-Breit (DCB) Hamiltonia
performed for helium. Different from our previous RCI method [4], the mass shift operator:
included directly into the DCB Hamiltonian. Furthermore, the non-relativistic calculation
helium are also carried out by using the Hylleraas-B-spline method. All the magic wavele
from two different theoretical methods are consistent, and present RCI method predicted the
wavelength 319.816 07(2) nm foie, which provides theoretical support for experimental des
of the magic wavelength optical trap.

No. Hyllerass-B-splines RCI Ref. [3]

1 412.16(4) 412.167(1) 411.863
2 352.299(6) 352.336 7(1) 352.242
3 338.641 3(2) 338.6835(1) 338.644
4 331.240 3(1) 331.284 63(2) 331.268
5 326.633 8(1) 326.678 87(2) 326.672
6 323.544 5(1) 323.589 79(2) 323.587
7 321.366 2(1) 321.411 36(2) 321.409
8 319.771 1(1) 319.816 07(2) 319.815
9 318.566 8(1) 318.61162(5) 318.611

Table 1: The magic wavelengths (in nm) for &Sy ! 23S;(M; = + 1) transition of*He.
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[1] R.van Rooij, J. S. Borbely, J. Simonet, M. D. Hoogerland, K. S. E. Eikema, R. A. Rozen:
and W. Vassen, Science 333, 196 (2011).

[2] P. Cancio Pastor, L. Consolino, G. Giusfredi, P. De Natale, M. Inguscio, V. A. Yerokhin,
K. Pachucki, Phys. Rev. Lett. 108, 143001 (2012).

[3] R.P. M. J. W. Notermans, R. J. Rengelink, K. A. H. van Leeuwen, and W. Vassen, Phys
A 90, 052508 (2014).

[4] Y. H. Zhang, L. Y. Tang, X. Z. Zhang, and T. Y. Shi, Phys. Rev. A 93, 052516 (2016).
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Hylleraas-B -spline basis set and its application of energies,
polarizability and Bethe-logarithm of helium

Sanjiang YangP, Yongbo Tan§, Xuesong méi®, Tingyun Sh* and Haoxue Qiab

a Department of Physics, Wuhan University, Wuhan 430072, China
b State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhe
Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, Pec
Republic of China

For solving the Hamiltonian eigenvalue problem of a two-electron atomic system, the Hylle
B -spline, HB -spline, basis set is constructed through coupling the correlationrtgriand the
traditional B -spline basis set [1]. This basis overcomes the ground state difbculty of using
traditional B -spline-type basis and inherits the property of btting a wider range of initial ste
in one diagonalization. In the energy calculation for ground state of helium, the accuracy o
result using HB -spline basis has 7 signibcant digits higher than using tradit®rspline basis.
Combing the sum over pseudostates approach, we calculated the polarizability of helium. I
gauges, the results of polarizabilities for low-lying states of helium reached 8 signibcant dig
least. And the relative difference of the results of two gauges reai®ied. Recently, we extend
this basis to the non-relativistic Bethe-logarithm, BL, calculations. Usir-Bpline basis, our
preliminary results of BL arrived 7 signiPcant digits for théS ! 103S states of helium.

States Hyllerass-B-splines Ref. [2] Ref. [3]
23S 4.36403@(1) 4.36403682(1) 4.3640354
33S  4.368666(1) 4.36866692(2) 4.3686665
43S 4.369728(2) 4.36972344(5) 4.3697229
53S  4.3700782(2) 4.37007831(8) 4.3700791
63S  4.370228(4) 4.3702300
73S 4.370302(1) 4.3703043
83S  4.370342(2) 4.3703450
93S  4.370367(1) 4.3703690
103S  4.370382(1) 4.3703841

Table 1: Comparison of BL for the 33, n up to 10, states of helium. Units are a.u.
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Recent progresssin building a femtosecond extremeultraviolet
(XUV) comb at WIPM

Lin iang Hu& Jin Zhang® XiaoJun Liu®®*

@ State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physican
Institute of Physics anllathematicsChinese Academy of Sciences, Wuhan 430071, China
® University of Chinese Academy of Sciences, Beijiti§80, China

*Corresponding author: xjliu@wipm.ac.cn

Optical frequencycombin the XUV regionhas attracted a great deal of attention since its
first demonstrationn 2005 [L-2]. On one hand, it providdaser in the XUV region witimarrow
band widthfor the first time This advance pavihe wayfor measuing important transitions in
the XUV region For examplethe 1S2S transition oHe, He, andLi* at 120 nm, 61nm, and
40.7 nm, respectively On the other handjltrafast processes on the attosecond/femtosecon
time scale are evolved durimggh order harmonicgenerabn when the laser intensity inside an
enhancement cavity reache$0™ W/cm® Thus, ultrafast sciencecan berevealedwith high
harmonic spectrupcoherence measurements, atdth the benefit othigh repetition rateln a
word, XUV comb leads to anothgpint frontier of precision spectroscopy and ultsdfacience
[2].

In this work, we report on the recent progress in building an XUV comb at Wuakttute
of Physics and Mathematics (WIPM). High harmonic generation in ameeaimeent cavity is
adoptedto realize the short wavelength in the XUV region. The driviRgcomb has a
repetition rate of 100/Hz, a pulse duration of ~1(8 and a maximum output power of 100
After mode matching, this IR comb is coupled int8-eeter long travel wave enhanceme
cavity. The enhancement cavity is designed to haveildup of ~200 and a beam diameter of
~20 um at the focus. With the PDH method, we were able to lock theHexfghe enhancement
cavity to the repetition rate of the driving laser. Up to nexw have achieved an average power
of 3.6kW in the enhancement cavity and intavity high harmonic genationis on the way.

[1] R. J. Jonest al, Phys.Rev.Let.94 (2005 193201
[2] C. Gohleet al, Nature,436 (2005 234.
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Towards precision spectroscopy of the 2S-6P transition
in atomic hydrogen

V. Andree\?, L. Maisenbaché, A. Matvee?,
A. Grinind, R. Pohf*?, K. Khabarov&®, N. Kolachevsk§°,
T.W. Hansc9 and Th. Uder#

a Max-Planck-Institutér Quantenoptik, Garching, Germany.
b Johannes Gutenberg-UnivemitMainz, Mainz, Germany.
€ On leave from: Lebedev Physical Institute, Moscow, Russia.
d Ludwig-Maximilians-Universét, Munich, Germany.

The 1S-2S two-photon transition frequency in hydrogen can be measured most acct
compared to other transitions in hydrogen due to its narrow natural linewidth, and serve:
corner stone for fundamental constants [1]. However, only a combination of the precisely k
1S-2S transition with additional measurements allows to extract specibc constants such
proton root mean square charge radigsas well as the Rydberg constart , and to test the
consistency of Quantum Electrodynamics. More precise measurements of tife t2&asition
frequencies (e.g. with = 4, 6) can be used to overcome current limitations in the framewor}
determining fundamental constants.

The value ofr, has become particularly interesting since the discovery of the apparen
crepancy with muonic hydrogen [2]. Important steps towards the solution of this so-called p
radius puzzle are more precise measurements of other transitions in hydrogen. Recently,
4P transition has been measured in our group with a relative uncertainty of 4 paa¥ [8].
Combining this result with the 1S-2S transition frequency leads togivalue which is 3.3 com-
bined standard deviations smaller than the value deduced from previous hydrogen world de
in good agreement with the value from muonic hydrogen. Since the origin of this discrepail
currently unknown, more measurements with even higher precision are needed.

Using the same apparatus as for the 2S-4P data, we aim to measure the 2S-6P transiti
an improved uncertainty. With a narrower natural linewidth of 3.8 MHz (as opposed to 12.9
for 2S-4P), the 2S-6P transition has the potential to determine the line center more acct
In addition to the known challenges from the previous experiment, the new transition requi
rebuild the system for 410 nm (2S-6P) as opposed to 486 nm (2S-4P) laser light. The <
wavelength leads to difbculties such as a complete re-design of our collimator used for the
Pber-based retroreRector [4], and increased Rayleigh scattering in the optical bPber resul
etalon-like effects. This poster reports on the current status of the 2S-6P hydrogen expel
with a particular focus on the upgrade for shorter wavelength.
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First results of the VIP2 experiment

Andreas Pichléron behalf of the VIP2 collaboration
a Stefan Meyer Institute for subatomic physics, Boltzmanngasse 3, 1090 Vienna, Austri

The Pauli Exclusion Principle (PEP) is the foundation for our understanding of physics v
systems of fermions are concerned. Therefore, it is important to make precision tests of th
In a pioneering experiment, Ramberg and Snow supplied an electric current to a Cu targe
searched for PEP violating atomic transitions of OfreshO electrons from the current [1]. Tk
existence of the anomalous X-rays from such transitions then set the upper limit for a PE
lation. The VIP (Vlolation of Pauli Exclusion Principle) experiment could set this upper limi
4.7! 10 ?°[2] with the described method. The follow-up project VIP2 improves experime
parameters with the goal to set an even lower limit. First results were presented in [3], which
already improve the limit provided by VIP. The VIP2 experiment and the newest results fr
longer data taking period in the underground laboratory of Gran Sasso (LNGS) will be prest
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gio Di Matteo, Jean-Pierre Egger, Carlo Guaraldo, Mihail lliescu, Johann Marton, Mat
Laubenstein, Edoardo Milotti, Marco Miliucci, Andreas Pichler, Dorel Pietreanu, Kris
Piscicchia, Alessandro Scordo, Diana Sirghi, Florin Sirghi, Laura Sperandio, Oton Vaz
Doce, Eberhard Widmann, and Johann Zmeskal. Test of the Pauli Exclusion Principle
VIP-2 Underground ExperimenEntropy, 19(7):300, 2017.
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A new approach for measuring antiproton
annihilation at rest with Timepix3

A. Gligorova !, on behalf of the AEgIS and ASACUSA
collaborations

1. Stefan Meyer Institute for Subatomic Physics, Austrian Acadeny of Sciences, Boltzmanngasse 3,
1090 Vienna, Austria

Ultra precise tests of CPT (charge, parity, time) symmetry, m view of the baryon
asymmetry in the Universe is the main motivation for the expements at the Antiproton
Decelerator (AD) at CERN. Most of them focus on studying antihgrogen - the only
stable, neutral antimatter system available for laboratoy study. Crucial to the success
of these experiments is the lecient detection and correct tgging of antiprotons and
antihydrogen. Mostly it is achieved with tracking detectos, through the reconstruction
and extrapolation of the trajectories of charged pions prated in the annihilation process
[1,2,3,4]. These detectors determine the time and positiaf antiproton annihilations and
usually consist of layers of silicon strip modules [1,2] ocistillating bars and Pbres [3,5].

We present here a dierent detection method, using a pixel dector, where the an-
tiprotons annihilate inside the detector volume or in a thinfoil in front of it. This
approach gives high resolution on the annihilation positio(tens of um), making it dom-
inant for experiments with such requirement [6]. When integited with a conventional
tracking detector, the method makes possible to detect andentify most of the products
in antiproton-nucleus annihilation (charged pions, protos, alphas and heavy fragments).
A detailed study of their multiplicity and energy distributions is essential for tuning the
physics models in the Monte Carlo simulations (e.g. GEANT4) ithe low-energy region.

This work incorporates studies from two AD experiments, empying the Timepix3, an
ASIC hybrid detector developed by CERNOs Medipix3 collaboia, characterised with
high spatial resolution and nanosecond precision on the Tevof-Arrival and Time-over-
Threshold [7]. Direct detection of antiprotons was perfored on a dedicated beam line
within AEQIS [8], providing quantitative results on the taggng € ciency and the position
resolution of the annihilation point, which will be discussd [9]. The measurement of the
multiplicity and energy distributions of the prongs in antproton annihilations in di" erent
materials was set up in ASACUSA, where the information from a quikarray of Timepix3
and the existing hodoscope was combined [3]. The advantagégshaving two detectors
and a brst glimpse on the results will be presented.

References

[1] M. Amoretti et al., Nucl.Instrum.Meth. A 518 679-711 (2004)

[2] G.B. Andresen at al., Nucl.Instrum.Meth. A 684, 73-81 (2012)

[3] C. Sauerzopf et al., Nucl.Instrum.Meth. A 845, 579-582 (2016)
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[5] J. Storey et al., Nucl.Instrum.Meth. A 732, 437-441 (2013)

[6] M. Doser et al., Class. Quantum Grav. 29 184009 (2012)

[7] T. Poikela et al., Journal of Instrumentation 9 C05013 (2014)

[8] N. Pacibco et al., Nucl.Instrum.Meth. A 831 12-17 (2016)

[9] S. Aghion et al., Antiproton tagging and vertex btting using a silicon pixel detector Wth a Timepix3
readout, in preparation
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Ramsey set-up for (anti-)hydrogen hyperbne spectroscopy

Amit Nand& on behalf of the ASACUSA Cusp collaboration

a Stefan Meyer Institute for subatomic physics, Austrian Academy of Sciences,
Boltzmanngasse 3, 1090 Vienna, Austria

In the framework of the Standard Model, CPT symmetry demands the same fundamenta
erties for matter and antimatter. The precise measurement of the ground state hyperbne <
of antihydrogen and its comparison to that of hydrogen is a sensitive test of CPT invarian
Ramsey type beam spectroscopy method [1] has the potential to improve this precision by &
of 10 over the existing Rabi type setup [2] at CERN. The design phase for this new set-up is |
way and the case studies considering the microwave cavities and surface coils, which shall |
for perturbations will be presented. The most optimal solution from these cases will govel
decision whether to adapt to a longitudinal or transverse static magnetic Peld design. Althot
characterisation of the spectrometer line will be done using hydrogen, its scalability for the
of antihydrogen shall also be discussed.
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[1] Ramsey, Norman F. A Molecular Beam Resonance Method with Separated Oscillating F
Phys. Rev78, 695 (1950).

[2] Diermaier, M. et al. In-beam measurement of the hydrogen hyperbne splitting and pro:
for antihydrogen spectroscopy. Nat. Comm@nl5749 doi: 10.1038/ncomms15749 (2017
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Spectral lines from C-like to Ca-like tungsten

Anuradha Natarajadnand L. Natarajafi
1 Department of Physics, SIWS college, Mumbai, India
2 Department of Physics, University of Mumbai, Mumbai, India

In recent years, just like X-rays from few-electron ions, extreme ultraviolet rays (EUV) f
highly charged heavy ions have attracted attention in the temperature diagnostics of tokame
mas such as International Thermonuclear Experimental Reactor (ITER). Among all possibl
Z impurities in ITER, tungsten is expected to be the most abundant [1].

In this work, we investigate the radiative decay of some select ions of W in the raffjetav
W>** and report the structure of of the spectral lines from these ions. The calculations havi
carried out using multi-conbguration Dirac-Fock wavefunctions with the inclusion of mag
interaction, retardation and quantum electrodynamics effects [2]. The radiative decay wavel
and rates are compared with currently available theoretical and experimental data [3].
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[1] U.Feldman, J.F.Seely, E.Landi and Yu Ralchenko ,Nucl.Fugin(2007) 045004
[2] P. Jonssoet al. Comput. Phys. Commuisg, (2013) 2197
[3] Yu Ralchenkeet al.J.Phys.B: At.Mol.Opt. Physl1, (2008) 021003
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Tune-out wavelength calculation for helium

G.W.F. Drakeand Jacob Manalo
a Department of Physics, University of Windsor, Windsor ON N9B 3P4 Canada

The tune-out wavelength is the wavelength at which the frequency dependent polarizi
of an atom vanishes. It can be measured to very high precision by means of an interfero
comparison between two beams. This paper is part of a joint theoretical/ experimental
with K. Baldwin et al. (Australian National University) [1] and L.-Y. Tang et al. (Wuhan Ins
tute of Physics and Mathematics) [2] to perform a high precision comparison between theo
experiment as a probe of atomic structure, including relativistic and quantum electrodynan
fects. We will report the results of calculations for the tune-out wavelength that is closest |
1s2s 3S ! 1s3p 3P transition of*He at 413 nm. Our result for thd = 0 magnetic substate
obtained with a fully correlated Hylleraas basis set,18.084 109 440(12nm, where the bgures
in brackets indicate the computational uncertainty. This includes a leading relativistic con
tion of ! 0.059 218 5(16)nm from the Breit interaction as a perturbation, and a relativistic re
contribution of! 0.000 044 47(17nm. A leading QED correction of 0.004 15093 nm is also i
cluded, but not higher-order corrections or their uncertainty. The results will be compared
recent relativistic Cl calculations [2].

[1] B. M. Henson et al., Phys. Rev. Letil5, 043004 (2015).
[2] Y.-H. Zhang et al., Phys. Rev. 83, 052516 (2016).
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Guiding and manipulating Rydberg positronium using
inhomogeneous electric belds
A. M. Alonso, B. S. Cooper, A. Deller, L. Gurung, S. D. Hogan and D. B. Cassidy

Department of Physics and Astronomy, University College London
Gower Street, London, WC1E 6BT, UK

The short ground-state lifetime of Positronium (Ps) makes it challenging to perform preci

spectroscopy studies that require long interaction times. However, when excited to Rydberc
the annihilation rate of Ps becomes negligible [1], and the lifetime is dominated by RBuoresce
low lying states. In addition, Rydberg Stark states with large Stark energy shifts have signi
electric dipole moments which provide a mechanism by which forces can be applied to Ps
using inhomogeneous electric belds [2].

In a recent series of experiments we selectively excited individual Stark-states of Ps [3], ¢

the atoms using inhomogeneous electric bPelds in an atomic guide [4], and modiPed the gi
select a portion of the velocity distribution of the atoms with kinetic energids4d meV [5].
Having a beam of slow Rydberg Ps atoms will lead to a number of applications including tra)
Ps, measuring the Rydberg constant in a purely leptonic system [6], scattering and merged
experiments, and potential antimatter gravity measurements.
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Figure 1: (Left) Trajectory simulation for Ps in the ground state (a); 10 (b) and guidedh = 10 with
inhomogeneous electric belds. (Center) Experimental setup and detector position. (Right) Measui
calculated Ruorescence lifetimes of Rydberg states ramgingd0 to 19.
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Measurement of Rydberg positronium Ruorescence lifetiliedeller, A. M. Alonso,
B. S. Cooper, S. D. Hogan, and D. B. Cassidy. Phys. R&3 /62513 (2016).
Deceleration of supersonic beams using inhomogeneous electric and magnetic
S. D. Hogan, M. Motsch and F. Merkt, Phys. Chem. Chem. P1§s18705 (2011)
Selective Production of Rydberg-Stark States of Positroniinie. Wall, A. M. Alonso,
B. S. Cooper, A. Deller, S. D. Hogan, and D. B. Cassidy. Phys. Rev.14t173001 (2015).
Electrostatically Guided Rydberg PositroniurA. Deller, A. M. Alonso, B. S. Cooper,
S. D. Hogan, and D. B. Cassidy. Phys. Rev. L&1{7, 073202 (2016)

Velocity selection of Rydberg positronium using a curved electrostatic glidd. Alonso,
B. S. Cooper, A. Deller, L. Gurung, S. D. Hogan, and D. B. Cassidy. Phys. Ré%, 263409
(2017).

Muonic Hydrogen and the Proton Radius PuzZkePohl, R Gilman, G A. Miller, and
K Pachucki. Nucl. Part. Sc63175 (2013).
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Testing fundamental interactions on light atoms

Krzysztof Pachuck, Vladimir A. Yerokhir?, Vojt§ich Patkeg®
a Faculty of Physics, Warsaw University, Pasteura 5, 02-093 Warsaw, Poland
b Center for Advanced Studies, Peter the Great St. Petersburg Polytechnic University,
Polytekhnicheskaya 29, 195251 St. Petersburg, Russia
¢ Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, 121 16 Prague 2, C
Republic

We critically examine the current status of theoretical calculations of the energies an
isotope shift of the lowest-lying states of helium, searching for unresolved discrepancies
experiments. Calculations are performed within the nonrelativistic quantum electrodynami
pansion in powers of the Pne structure constaand the electron-to-nucleus mass ratitM .
For energies, theoretical results are complete through ofdensand! ®m?2/M , with the result-
ing accuracy ranging fror.5 to 2 MHz for then = 2 states. The isotope shift betwedte and
“He is treated theoretically with a sub-kHz accuracy, which allows for a high-precision det
nation of the differences of the nuclear charge radf. Several such determinations, howeve
yield results that are in a#4disagreement with each other. Apart from this, we Pnd no signib«
discrepancies between theory and experiment for the helium atom.

Further, we present the complete relativishi¢! 2) nuclear structure correction to the ener
levels of ordinary (electronic) and muonic hydrogen-like atoms. The elastic part of the nu
structure correction is derived analytically. The analytical result is veribed by high-precisio
merical calculations. The inelast@(! 2) nuclear structure correction is derived for the electrol
and muonic deuterium atoms. The correction comes from a three-photon exchange betw:
nucleus and the bound lepton and has not been considered in the literature so far. In the
deuterium, the inelastic three-photon exchange contribution is of a similar size and of the op
sign as the corresponding elastic part and, moreover, cancels exactly the model dependenc
elastic part. The obtained results affect the determination of nuclear charge radii from the
shift in ordinary and muonic atoms.
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