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

  
D. B. Newella,b 

 
a Committee on Data for Science and Technology (CODATA) Task Group on Fundamental 

Constants 
b National Institute of Standards and Technology 

Gaithersburg, MD 20899-8171  USA 
 

 

 
 

Quantity Value 
h 6.626 070 15 ´ 10-34 J s 
e 1.602 176 634 ´ 10-19 C 

k 1.380 649 ´ 10-23 J K-1 
NA 6.022 140 76 ´ 1023 mol-1 

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

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 SI 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 106th 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 26th 
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 k by acoustic

thermometry of helium-4 gas

L Pitrea, F Sparascia, L Risegaria, C Guianvarc′ha, C Martina, M E Himberta, M D Plimmera,

A Allardb, B Martyc, P A Giuliano Albod, B Gaoe, M R Moldoverf and J B Mehlg

a LCM-LNE Cnam, 61 rue du Landy, F93210 La Plaine-St Denis, France
b LNE, 29 rue Roger Hennequin, F78197 Trappes, France

c CRPG-CNRS, UMR 7358, 15 rue Notre Dame des Pauvres, 54500 Vandoeuvre-lès-Nancy,

France
d Istituto Nazionale di Ricerca Metrologica, Thermodynamics Division, strada delle Cacce, 91

10135 Torino, Italy
e Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, 29 Zhongguancun

East Road, Haidian District, Beijing 100190, Peoples Republic of China
f Sensor Science Division, National Institute of Standards and Technology, Gaithersburg, MD,

United States of America
g 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 TTPW = 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)Jámol−1áK−1. Using the current best available value of the Avogadro

constant [1], we obtain k = 1 .38064878(83)! 1023 JáK−1 with u(k)/k = 0 .60 ! 10−6, where

the uncertainty u 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 L13

[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. Willitsch, Phys. Rev. Lett. 105, 143001 (2010). 
[2] X. Tong, D. Wild, and S. Willitsch, Phys. Rev. A 83, 023415 (2011). 
[3] M. Germann, X. Tong, and S. Willitsch, Nature Phys. 10, 820 (2014). 
[4] Z.-X. Zhong, X. Tong, Z.-C. Yan, T.-Y. Shi, Chin. Phys. B 24, 053102 (2015). 
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Interleaved Matter-wave Gyroscope with 2! 10" 10 rad.s" 1 Stability

Remi Geigera, Denis Savoiea, Matteo Altorioa, Bess Fanga, Leonid Sidrorenkova, Arnaud
Landragina

a LNE-SYRTE, Observatoire de Paris, Universit«e PSL, CNRS, Sorbonne Universit«e, 61 avenue de
lÕObservatoire, F-74014 Paris

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

One important drawback of such sensors has been their reduced sampling rate, due to the cold-
atom sample preparation, and to the long time of interrogation of the atoms in the interferometer
which is required to achieve high inertial sensitivity. Here we report the interleaved operation
of a cold-atom inertial sensor, where 3 atomic clouds are interrogated simultaneously in an atom
interferometer featuring a 4 Hz sampling rate and a long interrogation time of 800 ms. Interleaving
allows us to demonstrate a short term sensitivity of 30 nrad.s! 1.Hz! 1/ 2 in a matter-wave gyroscope
of 11 cm2 Sagnac area.

We also report a stability of 2! 10! 10 rad.s! 1, which competes, for the Þrst time, with the
best long-term stability level obtained with Þber-optics gyroscopes, and establishes cold-atom
gyroscopes as a promising alternative to current technologies for inertial navigation.

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

J. Calverta, L. De Sarloa, V. Cambiera, C. Guoa, M. Faviera, J. Lodewycka, H.
Alvarez-Martinezb, Y. Le Coqa, R. Le Targata, E. Cantina, D. Xua, O. Lopezc, A. Amy-Kleinc,

G. Santarellid, Ch. Chardonnetb, P.-E. Pottiea, N. Huntemanne, C. Sannere, R. Langee, B.
Lipphardte, Chr. Tamme, E. Peike, R. Schwarze, A. Al-Masoudie, S. D¬orschere, Ch. Lisdate, E.

Benklere, S. Kokee, A. Kuhle, T. Waterholtere, G. Groschee, and S. Bizea
a SYRTE, Observatoire de Paris, Universit«e PSL, CNRS, Sorbonne Universit«e, LNE, Paris,

France
b Secci«on de Hora, Real Instituto y Observatorio de la Armada, San Fernando, Spain

c LPL, Universit«e Paris 13, Sorbonne Paris Cit«e, CNRS, Villetaneuse, France
d LP2N, UMR 5298 Institut dÕOptique Graduate School, CNRS and Universit«e de Bordequx,

Talence, France
e Physikalisch-Technische Bundesanstalt, Braunschweig, Germany

Frequency ratio measurements are key to improving the accuracy of optical frequency spec-
troscopy of nearly forbidden atomic transitions. These are transitions with sub-Hz linewidths
(Q ! 1016) and the accuracy and uncertainty of these frequency measurements can be indepen-
dently veriÞed by comparison to each other. Frequency ratios can also be used to search for varia-
tions in fundamental constants, speciÞcally the Þne structure constant,! , and the proton/electron
ratio [1]. Additionally, highly accurate frequency sources are beginning to be utilised in geodesy,
where currently achievable spectroscopy of an atomic optical transition frequency down to a frac-
tional uncertainty of10! 17 can be used to determine the height of the atomic frequency source
above the geoid down to a resolution of 10 cm [2].

Atomic transitions are sensitive to environmental factors. Due to this sensitivity, it follows that
utilising the least sensitive atomic species would be ideal. Hg was partially chosen as an atomic
species for use in a clock at SYRTE due to its low sensitivity to blackbody radiation induced Stark
shift and DC Stark shift. However, it is predicted that the role of non-linear lattice light shift
is quite signiÞcant [3]. Strong control or good characterisation of external B- and E- Þelds are
required to minimise the effects of Zeeman and Stark shifting when measuring a transition fre-
quency. The SYRTE Hg clock is in a unique position of being able to access Sr clock frequency
in-house, and Sr and Yb+ [5, 6] frequencies at PTB via utilising a phase compensated optical
Þber network [5]. We will present improvements to the characterisation of systematic sources of
inaccuracy and instability of the Hg optical lattice clock at SYRTE, including characterisation of
lattice light shift by exploiting the Sr and Yb+ frequencies as accurate references. The Hg/Yb+ ra-
tio is expected to be highly sensitive to variations in! , further incentivising the choice. Ultimately
we reach a measurement of the199Hg 1S0 " 3P0 transition to a fractional uncertainty of the order
of 10! 17. To support this, we will describe an improved uncertainty budget.

ÑÑÑÑÑÑÑÑ

[1] Uzan J.P., Living Rev. Relativ.14 (2011) 2
[2] J. Grottiet al., arXiv pre-print (2017) arXiv:1705.04089
[3] H. Katori et al., Phys. Rev. A91 (2015) 052506
[4] R. Tyumenevet al., New J. of Phys.18 (2016) 113002
[5] C. Lisdatet al., Nature Communications7 (2016) 12443
[6] N. Huntemannet al., Phys. Rev. Lett.116(2016) 063001
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Atomic photoexcitation by twisted light

Carl E. Carlsona,b

a College of William and Mary, Williamsburg, VA, USA
b Johannes Gutenberg-Universit¬at, Mainz, Germany (Visitor)

Photoexcitation with twisted light,i.e., by a vortex light Þeld that carries orbital angular mo-
mentum, excites atoms with quantum number transitions not possible with plane wave photons.
Experiments have observed single trapped Calcium ions that serve as a localized and precisely
positioned probe of the exciting Þeld, and have observed the relative strengths of different tran-
sitions, depending on the ionÕs transverse position with respect to the center of the vortex light
Þeld [1, 2]. We calculate transition amplitudes initiated by a twisted light Þeld using Bessel beam
and other formalisms, and will show that the experimentally obtained transition amplitudes and
the theoretical predictions agree at a level of better than 3% [2]. We will propose ideas to enhance
the sensing accuracy of vortex modes in future experiments.

ÑÑÑÑÑÑÑÑ

[1] Christian T. Schmiegelow, Jonas Schulz, Henning Kaufmann, Thomas Ruster, Ulrich G.
Poschinger, Ferdinand Schmidt-Kaler, Nature Communications7 (2016) 12998.

[2] Andrei Afanasev, Carl E. Carlson, Christian T. Schmiegelow, Jonas Schulz, Ferdinand
Schmidt-Kaler, and Maria Solyanik, New J. Phys.20 (2018) 023032.
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Antihydrogen 1S-2S laser spectroscopy

Claudio Lenz Cesara,b

a Instituto de Fisica - UFRJ, Rio de Janeiro, RJ, Brazil
b ALPHA Collaboration - CERN

I review the developments in the ALPHA collaboration leading to the Þrst laser spectroscopy
of an anti-atom [1] and resulting in the most precise measurement ever achieved on antimatter.
The 1SdÐ2Sd transition was excited via Doppler-free two photon absorption from a 243 nm laser
coupled into a cryogenic optical enhancement cavity [2]. The sample consisted of magnetically
trapped antihydrogen with an average kinetic energy around 300 mK. The obtained lineshape (see
Fig. 1) allowed a frequency measurement with 12 signiÞcant Þgures, compatible with the hydrogen
frequency projected and simulated at this environment and conditions. This is a direct test of the
Charge-Parity-Time (CPT) symmetry to 2 parts in 1012. As a comparison, in Fig. 2 we show the
MIT spectrum on trapped hydrogen at 400µK obtained in 1995 where a fractional resolution of
2 parts in 1012 was achieved [3]. It shows the prospects for improvement in these measurements
with trapped species which could largely surpass [4] the present record accuracy of parts in 1015

using a 5.5 K beam of hydrogen [5]. We discuss the limitations in this initial measurement and
ideas to proceed towards parts in 1015 by employing different techniques such as: (i) larger laser
beam waist decreasing time-of-ßight broadening and AC Stark shift with a lower intensity; (ii)
larger samples or further cooling of the sample by LymanÐ! [6], microwave [7], or other; and (iii)
trapping hydrogen [8] in the same trap as antihydrogen allowing a direct comparison between the
species in the same electromagnetic and gravitational environment.

-300 -200 -100 0 100 200 300
detuning, D (kHz @ 243nm)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

N
or

m
al

iz
ed

 s
ig

na
l

Disappearance, r
s
(D)

Appearance, r
l
(D)

1000mW Simulation

Figure 1: Lineshape obtained with trapped anti-
hydrogen lineshape [1].

Figure 2: Lineshape from MITÕs experiment [3]
using trapped hydrogen at 400µK

ÑÑÑÑÑÑÑÑ

[1] M. Ahmadi et al. [ALPHA Collab.], Nature (2018) online doi:10.1038/s41586-018-0017-2.
[2] A. N. Oliveira et al., Rev. Sci. Instrum.88, 063104 (2017).
[3] C. L. Cesaret al., Phys. Rev. Lett.77, 255 (1996); and C. L. Cesaret al., Proceedings of

the 5th Symposium on Frequency Standards and Metrology, J. Bergquist Ed., Cape Cod,
Oct/1995, World ScientiÞc (1995)

[4] C. L. Cesar, Phys. Rev. A64, 023418(2001)
[5] Parthey, C. G.et al., Phys. Rev. Lett.107, 203001 (2011).
[6] P. H. Donnanet al., J. Phys. B46(2013) 025302; I. D. Setijaet al., Phys. Rev. Lett.70, 2257

(1993)
[7] C. L. Cesaret al., Phys. Rev. A 80, 041404(R) (2009)
[8] C.L. Cesaret al., J. Phys. B 49, 074001 (2016), doi:10.1088/0953-4075/49/7/074001
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Measuring the Ground State HyperÞne Splitting of Antihydrogen

B. Kolbingera on behalf of the ASACUSA-CUSP collaboration1
a 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 particles
and their anti-particles are equal. Antihydrogen is the simplest stable atom composed solely of
antimatter and its corresponding matter partner hydrogen is one of the most precisely studied
atomic systems. Consequently, a comparison of the spectra of hydrogen and antihydrogen issues
one of the most stringent tests of CPT symmetry.

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

Spectroscopy and the goal to reach a relative precision at the ppm level is not yet feasible due to
the low number of antihydrogen atoms produced in the ground state. Therefore, the present main
focus lies on increasing the production rate and measuring properties of the anti-atoms created. In
this talk the setup of the ASACUSA-CUSP experiment will be presented as well as its challenges
and recent developments, including the Þrst measurement of the quantum state distribution of
antihydrogen atoms in a beam [7].

ÑÑÑÑÑÑÑÑ

[1] E. Widmannet al., HyperÞne Interactions215(2013) 18.
[2] N. Kurodaet al., Phys. Rev. ST. Accel. Beams15 (2012) 024702.
[3] A. Mohri et al., Europhys. Lett.63 (2003) 207213.
[4] N. Kurodaet al., Nature Communications5 (2014) 3089.
[5] Y. Nagataet al., NIMA 840(2016) 153-59.
[6] C. Sauerzopfet al., NIMA A845 (2016) 579-582.
[7] C. Malbrunotet al., RSA, DOI: 10.1098/rsta/376/2116 (2017).

1http://cern.ch/asacusa
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Measurement of the hydrogen hyperÞne splitting in a beam: results
& prospects

Chlo«e Malbrunota,b

on behalf of the ASACUSA-CUSP collaboration
a CERN, Geǹeve 23, CH-1211, Switzerland

b Stefan-Meyer-Institut f¬ur subatomare Physik, der¬Osterreichischen Akademie der
Wissenschaften, Boltzmanngasse 3, A-1090, Austria

The goal of the ASACUSA CUSP collaboration at the Antiproton Decelerator of CERN is
to measure the ground-state hyperÞne splitting of antihydrogen down to relative precisions of
10! 6 ! 10! 7 using an atomic spectroscopy beamline. A milestone was achieved in 2012 through
the successful detection of 80 antihydrogen atoms 2.7 meters away from their production region.
This was the Þrst observation of ÒcoldÓ antihydrogen in a magnetic Þeld free region [1]. However
the spectroscopy measurement is currently limited by the low ßux of ground state antihydrogen
atoms at the exit of the formation region [2].
In parallel to the work on the antihydrogen production, the spectroscopy beamline intended to
be used for antihydrogen spectroscopy was tested with a source of hydrogen. This led to a mea-
surement at a relative precision of10! 9 which constitutes the most precise measurement of the
hydrogen hyperÞne splitting in a beam [3]. This measurement also enabled to forecast the neces-
sary conditions to achieve a measurement at the ppm level with antihydrogen.
The hyperÞne splitting in hydrogen was determined using extrapolation of one of the ground state
hyperÞne transitions measured at different external magnetic Þelds. The apparatus has since been
modiÞed to allow simultaneous measurement of two transitions which in principle allows a deter-
mination of the zero-Þeld hyperÞne splitting will less atoms; something of great interest for the
antihydrogen experiment.
I will review the experimental techniques used and the latest results obtained as well as the
prospects for further measurements on hydrogen using the same apparatus for tests of Lorentz
symmetry.

ÑÑÑÑÑÑÑÑ

[1] N. Kurodaet al., Nature Communications5, 3089 (2014).
[2] C. Malbrunot et al., Phil. Trans. R. Soc. A376 20170273; DOI: 10.1098/rsta.2017.0273

(2018)
[3] Diermaieret al., Nature Communications8,15749 (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. Nesvizhevskya, A.Yu. Voroninb

a Institut Max von Laue - Paul Langevin, 71 avenue des Martyrs, Grenoble, France, 38000
b Lebedev Institute, 53 Leninski pr., Moscow, Russia, 119991

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

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

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

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

ÑÑÑÑÑÑÑÑ

[1] I. Antoniadiset al., Compt. Rend. Phys.12 (2011) 755.
[2] V.V. Nesvizhevskyet al., Nature Phys.6 (2010) 114.
[3] A.Yu. Voronin et al., Phys. Rev. A85 (2012) 014902.
[4] V.V. Nesvizhevsky and A.Yu. Voronin, Surprising Quantum Bounces (Imperial College Press,

London, UK, 2015).
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Tests of the theory of Quantum-Electrodynamics

Eite Tiesingaa,b, Peter Mohrb
a Joint Quantum Institute

b National Institute of Standards and Technology

We describe recent developments in testing quantum-electrodynamics (QED), the theory of
the interactions of matter with electro-magnetic Þelds and forces. The tests focus on consistency
in the determination of parameters or constants within QED obtained via multiple independent
means and, in particular, by comparisons of precision measurements with, equivalently accu-
rate, theoretical calculations. The most-precise tests rely on a combination of the spectroscopy
of atomic hydrogen,g-factor measurements of a free electron as well as that of an electron bound
in a hydrogen-like ion, and Þnally the mass determination of the ions through atom recoil ex-
periments and mass spectroscopy. These experiments determine the dimensionless Þnestructure
constant and the mass of the electron to ten signiÞcant digits, orders of magnitude better than any
other component of more uniÞed models of nature. We also show that an international system of
units (SI) based on Þxed values of the Planck constant and the charge of the electron (in addition
to the Þxed value of the speed of light in vacuum) modiÞes the interpretation of some of these
tests.
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Nuclear recoil effect on theg factor of lithiumlike ions

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

St. Petersburg State University, Universitetskaya 7/9, 199034 St. Petersburg, Russia

The nuclear recoil effect on theg factor of highly charged Li-like ions is studied [1, 2]. The
fully relativistic quantum electrodynamics (QED) calculation of the one-electron recoil contri-
bution to Þrst order in the electron-to-nucleus mass ratio is performed. The two-electron part
is evaluated within the lowest-order relativistic (Breit)approximation employing the novel four-
component approach. The results for the two-electron recoil term are found to be in disagreement
with the previous calculations based on the effective two-component Hamiltonian [3, 4, 5]. The
obtained value for the nuclear recoil effect is used to calculate the isotope shift of theg factor of
lithiumlike A Ca17+ with A = 40 andA = 48 which has been recently measured [6]. As the
result, the agreement between experiment and theory is signiÞcantly improved [1].

In addition, prospects for tests of the QED recoil effect on the g factor in experiments with
heavy ions are studied [2]. It is found that, while the QED recoil effect ong-factor value is masked
by the uncertainties of the nuclear size and nuclear polarization contributions, it can be probed on
a few-percent level in the speciÞc difference of theg factors of H- and Li-like heavy ions. This
paves a way to test QED in a new region Ñ strong-coupling regime beyond the Furry picture.

This work was supported by the Russian Science Foundation (Grant No. 17-12-01097).
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Four loop QED contributions to the electron g-2

Stefano Laportaa

a Dipartimento di Fisica, Universit̀a di Padova, Istituto Nazionale Fisica Nucleare, Sezione di
Padova, Via Marzolo 8, I-35131 Padova, Italy

The anomalous magnetic moment of the electron is one of the physical quantities measured
with the highest precision. Such high precision demands a similar precision in the theoretical
evaluations in order to obtain stringent tests of QED. In this talk I will summarize the situation of
the theoretical calculations of the contributions to the electrong-2; then, I will describe in detail
the results of the twenty-year long project of the evaluation of all the 891 mass-independent four-
loop QED Feynman diagrams contributing to the electrong-2 [1],

. . .

with the 1100-digits result

aQED
e (4-loop)= ! 1.912245764926445574152647167439830054060873390658725345. . .

!
!
"

" 4

and high-precision analytical Þts. The consequences of this result on the QED tests and the deter-
mination of the Þne structure constant will be also discussed.
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Precision Fundamental Physics with Trapped Antihydrogen   

Makoto C. Fujiwaraa 
on behalf of the ALPHA Collaboration 

a TRIUMF, 4004 Wesbrook Mall, Vancouver BC, V6T 2A3, Canada 
 

Antihydrogen provides a unique tool for precision studies of fundamental physics. Or, so 
have we been promising for a long time. Finally, after many years of developments, we have 
reached the stage, in which precision measurements can actually be performed on antihydrogen. 
In this talk, I will give an overview of the ALPHA antihydrogen experiment, with some emphasis 
on hyperfine and Lyman-alpha spectroscopy, as well as our new initiative on gravity 
measurement. Our recent results on 1s-2s transition will be covered by Claudio Cesar in a separate 
talk.  
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Laser spectroscopy of cooled antiprotonic helium atoms

Masaki Horia

on behalf of the ASACUSA collaboration
a Max-Planck-Institut f¬ur Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching,

Germany

The Atomic Spectroscopy and Collisions Using Slow Antiprotons (ASACUSA) collabora-
tion at the Antiproton Decelerator facility of CERN is carrying out precise laser spectroscopy
experiments on antiprotonic helium (pHe+ ! p + He2+ + e! ) atoms [1, 2, 3]. Employing buffer-
gas cooling techniques in a cryogenic gas target, samples of atoms were cooled to temperature
T = 1 .5Ð1.7 K, thereby reducing the Doppler width in the single-photon resonance lines [3].
By comparing the results with three-body quantum electrodynamics calculations, the antiproton-
to-electron mass ratio was determined asM p/m e = 1836.1526734(15). Besides providing a
consistency test of CPT symmetry, the results have recently been used to set constraints on any
exotic Þfth force that may exist at the" 1 ûA length scale [4, 5, 6, 7]. Further improvements in the
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 Ficeka, Pavel Fadeevb,c, Victor V. Flambaumb,d, Derek F. Jackson Kimballe,
Mikhail G. Kozlovf,g , Yevgeny V. Stadnikb, Dmitry Budkerb,h,i

a Institute of Physics, Jagiellonian University,! ojasiewicza 11, 30-348 Krak«ow, Poland
b Helmholtz Institute Mainz, Johannes Gutenberg University, 55099 Mainz, Germany

c Ludwig-Maximilians-Universit¬at, M¬unchen, Fakult¬et f¬ur Physik, Arnold Sommerfeld Center for
Theoretical Physics, 80333 M¬unchen, Germany

d School of Physics, University of New South Wales, Sydney, New South Wales 2052, Australia
e Department of Physics, California State University - East Bay, Hayward, California 94542-3084, USA

f Petersburg Nuclear Physics Institute of NRC ÒKurchatov InstituteÓ, Gatchina 188300, Russia
g St. Petersburg Electrotechnical University LETI, Prof. Popov Str. 5, 197376 St. Petersburg, Russia

h Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300, USA
i Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Spin-dependent interactions [1, 2] appear in theories including ÒnewÓ, i.e., so far undiscovered
bosons. We have investigated the inßuence of these hypothetical potentials on the hyperÞne struc-
ture in antiprotonic helium [3]. By comparing QED-based theoretical calculations [4] and precise
spectroscopic measurements [5] we have found constraints on exotic spin- and velocity-dependent
interactions between electrons and antiprotons. As a result, for the Þrst time, semileptonic spin-
dependent interactions between matter and antimatter have been constrained.
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High-precision comparisons of the fundamental properties 
of!protons and antiprotons 

S. Ulmera, C. Smorraa,b, A. Moosera, M. Bohmana,c, M. J. Borcherta,d, J. A. Harringtonc, 
T. Higuchia,e, G. Schneidera,f, M. Wiesingera,c, K. Blaumc, Y. Matsudae, C. Ospelkausd, 

W. Quintg, J. Walzf,h, Y. Yamazakia 
 

a RIKEN, Ulmer Fundamental Symmetries Laboratory, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan 
b CERN, 1211 Geneva, Switzerland 

c Max-Planck-Institut fuŸr Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany 
d Leibnitz Universita¬t, Welfengarten 1, D-30167 Hannover, Germany 

e Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan 
f Institut fuŸr Physik, Johannes Gutenberg-Universit¬at D-55099 Mainz, Germany, 

g GSI Ð Helmholtzzentrum  fuŸr Schwerionenforschung GmbH, D-64291 Darmstadt, Germany, 
h Helmholtz-Institut Mainz, D-55099 Mainz, Germany 

The Baryon Antibaryon Symmetry Experiment (BASE-CERN) at CERNÕs antiproton 
decelerator facility is aiming at high-precision comparisons of the fundamental properties of 
protons and antiprotons, such as charge-to-mass ratios, magnetic moments, and lifetimes. Our 
single-particle multi-Penning-trap experiments provide sensitive tests of the fundamental 
charge-parity-time invariance in the baryon sector. 

Since our approval in 2013 we measured the antiproton-to-proton charge-to-mass ratio with 
a fractional precision of 69 p.p.t. [1], as well as the antiproton magnetic moment with fractional 
precisions of 0.8 p.p.m. [2] and 1.5 p.p.b. [3], respectively. At our matter companion experiment 
BASE-Mainz, we have performed proton magnetic moment measurements with fractional 
uncertainties of 3.3 p.p.b. [4] and 0.3 p.p.b. [5]. By combining the data of both experiments we 
provide a baryon-magnetic-moment based CPT test 

! ! ! !

! ! ! !
! ! !!!! !!!! !!!! !! ! !" ! 

which improves the uncertainty of previous experiments [6] by more than a factor of 3000. 
A unique antiproton reservoir trap used in BASE furthermore allows us to set constraints on 
directly measured antiproton lifetime [7]. Our current value ! !  >10.2 a improves previous best 
limits by a factor of 30.   

This talk I will summarize the recent achievements of BASE and give an outlook on future 
perspectives.  
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A measurement of the proton mass 
by rotational spectroscopy of HD+ molecular ions 

S. Alighanbaria, M. G. Hansena, S. Schillera, V. I. Korobovb 
a Institut fŸr Experimentalphysik, Heinrich-Heine-UniversitŠt DŸsseldorf, Germany 

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

 

We have developed an approach that enables Doppler-free rotational spectroscopy of 
sympathetically cooled molecular ions in ion traps [1]. It makes use of the strong radial spatial 
confinement of molecular ions when trapped and crystallized in a linear quadrupole trap, 
providing the Lamb-Dicke regime for rotational transitions. We achieve a line width of 1! 10-9, 
an improvement by �§! 50 times over previous highest resolution in rotational spectroscopy of 
ensembles of ions.  

We have measured the absolute frequency of the 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 compare the value with the result of an ab initio calculation for 
this transition, which is proportional to the combination of fundamental constants me/mp+me/md. 
Using CODATA2014 values for the deuteron mass and for the electron mass, we derive 

mp = 1.007 276 466 9(13) u . 

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

 

 

[1] S. Alighanbari, et al. Nature Physics, in press (2018); arXiv:1802.03208v1  
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High-Precision Measurement of the ProtonÕs Atomic Mass

Fabian Hei§ea,b, Sascha Raua, Florian K¬ohler-Langesa, Jiamin Houa, Sven Junckc, Anke
Krackea, Andreas Mooserd, Wolfgang Quintb, Stefan Ulmerd, G¬unter Werthc, Klaus Blauma and

Sven Sturma

a Max-Planck-Institut f¬ur Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
b GSI Helmholtzzentrum f¬ur Schwerionenforschung, D-64291 Darmstadt, Germany

c Institut f¬ur Physik, Johannes Gutenberg-Universit¬at Mainz, D-55099 Mainz, Germany
d RIKEN, Ulmer Fundamental Symmetries Laboratory, Wako, Saitama 351-0198, Japan

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

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

The measurement principle is based on a phase-sensitive comparison of the protonÕs cyclotron
frequency to that of a carbon nucleus (12C6+ ). To accomplish high precision a purpose-built
doubly compensated Penning trap was set up, consisting of seven cylindrical electrodes. These
electrodes serve to produce an extremely harmonic quadrupole trapping Þeld by canceling out
higher order electric Þeld contributions using properly chosen voltages.

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

T. Louvradouxa, J. Heinricha, M. Haidara, A. Douilleta,b, L. Hilicoa,b, J.-Ph. Karra,b, V.I.
Korobovc, S. Patrad, M. Germannd, J.C.J. Koelemeijd

a Laboratoire Kastler Brossel, Sorbonne Universit«e, CNRS, ENS-PSL University, Collège de
France, Case 74, 4 place Jussieu, 75005 Paris, France

b Universit«e dÕEvry-Val dÕEssonne, Boulevard Franois Mitterrand, 91025 Evry, France
c Bogolyubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna

141980, Russia
d LaserLaB and Department of Physics & Astronomy, VU University, De Boelelaan 1081, 1081

HV Amsterdam, The Netherlands

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

We have shown [5] that combined measurements in H+
2 and HD+ could be used to cross-

check the proton/deuteron radii and Rydberg constant. To that end the theoretical accuracy should
be improved to a few 10! 12; recent progress in the calculation ofm! 8-order QED corrections [6]
has brought us closer to this goal. The most appropriate ro-vibrational transitions, experimental
methods by which they can be measured, and experimental status will be discussed. Finally, the
prospects of using hydrogen molecular ions as probes of a possible time variation ofmp/m e will
be reviewed [7].
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Precision spectroscopy of hydrogen molecular ions: present status of
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 transitions
in the hydrogen molecular ions (HMI) has reached a relative precision of! 7.5" 10! 12 [1]. On
the other hand, recent experiment [2] on pure rotational transition in HD+ has demonstrated the
power of the Lamb-Dicke regime for precision spectroscopy of the HMI and potentiality in the
nearest future to achieve a ppt level of spectroscopic accuracy. At the same time, it discloses new
problems, which have to be solved in theory in order to comply with requirements of precision
comparison with experiment. Namely, for pure rotational transitions it is essential to include into
consideration the spin-dependent part of transition energy, which takes into account all corrections
up to orderm! 6.

In our presentation we also discuss other problems, which are to be considered in order to
improve theoretical predictions (by a factor of three at least). That will bring theoretical precision
to the level better than the uncertainty in the Rydberg constant as determined by the CODATA14
adjustment of the fundamental constants [3].
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Quantum electrodynamic theory of theg factor of highly
charged ions

Z. Harmana, V. A. Yerokhina,b, B. Sikoraa, J. Zatorskia, C. H. Keitela
a Max-Planck-Institut f¬ur Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

b Center for Advanced Studies, Peter the Great St. Petersburg Polytechnic University, 195251
St. Petersburg, Russia

Quantum electrodynamic (QED) contributions to the electrong factor in strong binding Þelds
have been tested recently to high precision in Penning trap measurements: an experiment with
28Si13+ allowed to benchmark certain higher-order QED corrections for the Þrst time [1], and
constitutes one of the most stringent benchmarks of strong-Þeld QED theory. Recently, the un-
certainty of the electron mass has been largely decreased via measurements on the12C5+ ion, and
by using the theoretical value of theg factor [2, 3]. In order to further reduce uncertainties in
the theoretical description, we calculate further higher-order corrections, such as the higher-order
remainder inZ ! for the one-loop self-energy corrections [4], and parts of the two-loop Feynman
diagrams [5, 6].

An independent and improved determination of the Þne-structure constant! may also be pos-
sible in near future employing a weighted difference of theg factors of the H- and Li-like ions of
the same element. This weighted difference in chosen to maximize the cancellation of detrimental
nuclear effects between the two charge states. It is shown that this method can be used to extract a
value for! from bound-electrong-factor experiments with an accuracy competitive with or better
than the present literature value [7]. We anticipate that the necessary theoretical accuracy can be
reached by a combination of non-relativistic QED methods, and QED in the Furry picture (1/Z
expansion) [8].
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The ALPHATRAP g-Factor Experiment

Martin H¬ockera, Ioanna Arapogloua, Jos«e R. Crespo L«opez-Urrutiaa, Alexander Egla, Tim
Sailera, Andreas Weigela, Robert Wolfa,b, Sven Sturma and Klaus Blauma

a Max-Planck-Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg
b now at: ARC Centre of Excellence for Engineered Quantum Systems, School of Physics, The

University of Sydney, NSW Australia

The ALPHATRAP experiment, located at the Max-Planck-Institute for Nuclear Physics in
Heidelberg, Germany, aims to measure theg-factor of electrons in highly-charged ions with frac-
tional uncertainties of10! 11 or below. This allows tests of bound-state quantum electrodynamics
(BS-QED) in the extreme Þeld region, for example by measuring theg-factor of the bound-electron
of 208Pb81+ in the1016 V/cm Þeld of the nucleus, and comparing it to theoretical predictions. It
is a follow-up experiment to the Mainz electrong-factor experiment, which provided the most
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 through
a room-temperature-to-4K beamline into a double-Penning-trap system. The trap system allows
microwave and laser access for manipulating the motion and spin-state of trapped ions. An addi-
tional external ion source delivers9Be+ ions, which can be trapped simultaneously, laser-cooled
with a 313 nm laser, and used for sympathetic cooling of the highly-charged ions. Trap charac-
terization measurements using externally loaded ions demonstrated single-ion detection, sufÞcient
stability of the trapping Þelds, and excellent vacuum conditions of better than10! 17 mbar. Further
tests of laser- and microwave-manipulation of trapped ions are currently under way. An overview
of the experiment will be given and progress towards a Þrst measurement on the bound-electron
g-factor of40Ar13+ will be discussed.
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A New Experiment for the Measurement of theg-Factors of
3He+ and 3He2+

Andreas Moosera, Klaus Blaumb, Stefan Ulmera, Jochen Walzc,d

a RIKEN, Ulmer Fundamental Symmetries Laboratory, Wako, Japan
b Max-Planck-Institut f¬ur Kernphysik, Heidelberg, Germany

c Institut f¬ur Physik, Johannes Gutenberg-Universit¬at Mainz, Mainz, Germany
d Helmholtz-Institut Mainz, Mainz, Germany

Recent dramatic advances in quantum-jump spectroscopy of single isolated nucleons in a Pen-
ning trap led to most precise measurements of the nuclear magnetic moments of the proton [1, 2]
and its antimatter counterpart [3]. Based upon these successes a new experiment dedicated to the
measurements of the electronic and nuclear magnetic moments of of3He+ and3He2+ is being
set up at the Max-Planck-Institute f¬ur Kernphysik in Heidelberg (Germany). The project aims at
the Þrst direct measurement of the nuclear magnetic moment of3He2+ with a relative precision of
10! 9 or better and an improvement of the ground-state hyperÞne splitting in3He+ by a factor of
10 or better [4]. This will allow the establishment of hyper-polarized3He as an independent and
accurate magnetometer, which up to now lacks a direct high-precision measurement of the nuclear
magnetic moment. Furthermore a measurement of the ground-state hyperÞne splitting in3He+ at
a level of 10 ppt precision will complement the determination of nuclear structure effects in3He
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 a Pen-
ning trap have been demonstrated only for the proton and the antiproton. The employed methods
rely on the detection of single spin ßips whose detection Þdelity is however limited by the radial
mode energies of the single trapped particle. If applied to the magnetic moment of the three-times-
heavier3He, the methods would hinge upon an insufÞcient detection Þdelity. Thus, to meet the
challenge of the high-Þdelity spin-ßip detection in this heavier system, the experiment aims to
decrease the mode energy by more than two orders of magnitude compared to classical resistive
cooling approaches. This will be achieved by applying sympathetic laser cooling, by coupling the
single trapped3He ion to a reservoir of laser-cooled beryllium ions at their Doppler temperature.
The scheme, which relies on a set of techniques proposed by Heinzen and Wineland [5], is based
on the sympathetic coupling of the trapped3He ion to a cloud of9Be+ ions laser-cooled down
to the Doppler limit. From this quasi-deterministic cooling scheme a considerable reduction in
experimental cycle times and a high-Þdelity spin state detection are expected.
In the contribution developments towards sympathetic laser cooling, including the demonstration
of laser cooling of a cloud of9Be+ ions in a highly-advance Þve-Penning trap system, and the
prospects towards the planned3He measurements will be presented.
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Towards high-precision spectroscopy of the 1SÐ2S transition in He+

Fabian Schmida, Akira Ozawaa, Johannes Weitenberga,b, Theodor W. H¬anscha,c, and
Thomas Udema,c

a Max Planck Institute of Quantum Optics, Garching, Germany
b Fraunhofer Institute for Laser Technology ILT, Aachen, Germany

c Ludwig Maximilian University, Munich, Germany

The simplicity of hydrogen and hydrogen-like systems allows for extremely accurate predic-
tions of their energy levels using bound-state quantum electrodynamics (QED). These theory val-
ues contain fundamental constants, most importantly the Rydberg constant and the nuclear size.
By comparing theory and experiment, these constants can be determined and the validity of the
theory itself can be tested.

The frequency of the extremely narrow 1SÐ2S two-photon transition was measured in atomic
hydrogen with a relative uncertainty below 10! 14 [1, 2]. This value can be combined with mea-
surements of other transitions in order to extract values for the Rydberg constant and the proton
size [3].

We are currently setting up an experiment to do spectroscopy of the 1SÐ2S transition in the
simplest hydrogen-like ion, He+ . This could give new insights into a so-far unresolved discrep-
ancy between different determinations of the proton charge radius which is known as theproton
radius puzzle[4]. Furthermore, interesting higher-order QED corrections scale with large expo-
nents of the nuclear charge which makes this measurement much more sensitive to these cor-
rections compared to the hydrogen case [5]. Finally, He+ ions are charged particles that can be
trapped and cooled in an ion trap. This greatly reduces systematic effects due to particle motion
that dominate the uncertainty in the hydrogen measurements.

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

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

L. Maisenbachera, A. Beyera, A. Matveeva, V. Andreeva,
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b On leave from: Lebedev Physical Institute, Moscow, Russia.
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Precision measurements of atomic hydrogen (H) have long been successfully used to extract
fundamental constants and to test bound-state quantum electrodynamics. Both the Rydberg con-
stantR! and the proton root mean square charge radiusrp are determined to a large degree by
H spectroscopy, requiring the measurement of at least two transition frequencies. With the very
precisely measured 1S-2S transition frequency [1] serving as a corner stone, the current limitation
of this extraction is the measurement precision of other H transition frequencies. Moreover,r p

extracted from the H spectroscopy world data disagrees by 4 standard deviations with the much
more precise value extracted from spectroscopy of muonic hydrogen (µp) [2].

Using a cryogenic beam of H atoms optically excited to the initial 2S state, we measured the
2S-4P transition in H with a relative uncertainty of 4 parts in1012 [3]. We motivate an asymmetric
Þt function, which eliminates line shifts from quantum interference of neighboring atomic reso-
nances. Combining our result with the 1S-2S transition frequency yields the values of the Rydberg
constantR! = 10973731.568076(96) m" 1 andrp = 0 .8335(95)fm. Our rp value is 3.3 com-
bined standard deviations smaller than the previous H world data, but in good agreement with the
µp value.
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Cw laser spectroscopy of the 1S-3S transition in hydrogen:
new contribution to the proton radius puzzle

S. Thomasa, H. Fleurbaeya, S. Galtiera,! , M. Bonnauda,
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! Present address: Institut Lumière Matìere, UMR 5306, Universit«e Lyon 1-CNRS,
Universit«e de Lyon, 69622 VilleurbanneCEDEX, France

b LNE-SYRTE, Observatoire de Paris, Universit«e PSL, CNRS, Sorbonne Universit«e,
61 avenue de lÕObservatoire, 75014 Paris, France

High resolution spectroscopy of the hydrogen atom plays a key role in testing the theory of
quantum electrodynamics, and in the determination of fundamental constants, such as the Ryd-
berg constant or the proton charge radius. Since 2010, a disagreement has been found between
the proton radius deduced from the spectroscopy of muonic hydrogen [1] and the CODATA-
recommended value [2] relying on experiments conducted on electronic hydrogen (Fig. 1). To
date still unsolved, thisproton radius puzzlewas even recently deepened by two new contradic-
tory results in hydrogen spectroscopy: the 2S-4P transition frequency measured at MPQ [3], and
the 1S-3S transition frequency measurement presented here.

0.860.84

CODATA (2014)

rp (fm)
0.88

1S-3S (LKB, 2018)2S-4P (MPQ, 2017)

! H (2013)

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

In our experiment, the 1S-3S transition of atomic hydrogen is excited by two counter-propa-
gating photons at 205 nm, in a Fabry-Perot cavity inside a vacuum chamber. An effusive beam
of ground state hydrogen atoms at room temperature is directed colinearly with the axis of the
cavity. We observe the 1S-3S resonance by detecting the Balmer " ßuorescence at 656 nm. We
use sum frequency generation in a BBO cristal to produce the cw laser source at 205 nm, by
mixing a Ti:Sa laser at 894 nm and a frequency doubled Verdi laser at 532 nm. Their frequencies
are measured using an optical frequency comb referenced to the LNE-SYRTE primary frequency
standards thanks to a 3-km-long Þber link.

The main systematic effect to be considered is the second-order Doppler shift. It is corrected
by Þtting our experimental data with theoretical lineshapes taking into account the velocity distri-
bution of the atoms in our effusive beam. This velocity distribution is determined by measuring the
shift of the transition frequency when a transverse magnetic Þeld is applied to the moving atoms,
inducing a motional quadratic Stark effect [4]. Other systematic effects include a collisional shift,
an AC Stark shift, and a recently evaluated quantum interference effect [5]. The overall uncer-
tainty on the 1S-3S transition frequency is2.6 kHz, that is a relative uncertainty of9 ! 10" 13. It
yields a value of the proton radius that appears to support the CODATA-recommended value [6].
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Spectroscopy of hydrogen 1S-3S transition in cryogenic atomic beam
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Laser spectroscopy of atomic hydrogen is a source of valuable data for a least-square adjust-
ment of fundamental constants and precise tests of QED. Further improvement of precision of
those measurements is of key interests for a problem, known as a Proton Size Puzzle [1]. This
work requires suppression of different systematic effects, including a Doppler shift. Cooling the
atomic beams to cryogenic temperatures opens a possibility to decrease the velocities of atoms,
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 atomic
hydrogen by frequency combs [2]. For the excitation of atomic transition we use a mode-locked
Ti:Sa laser with two frequency doubling stages. The excitation takes place in a beam of atomic hy-
drogen expanding in a vacuum chamber. To reduce a Þrst-order Doppler effect we use a technique
of two-photon spectroscopy in counter-propagating laser beams [3]. Using a cryogenic nozzle,
cooled down by liquid helium, helps us to decrease the velocity of atoms, improving systematic
uncertainties in our experiment.

In the presentation we discuss main systematic effect which is presented in our experiment,
namely the Þrst-order Doppler shift caused by chirp of the laser pulses. We discuss modelling of
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
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High precision spectroscopy has been always the driving force for new fundamental theories in
physics. The so called proton size problem is a so far unexplained disagreement of the value of the
proton charge radius extracted from the muonic spectroscopy, hydrogen spectroscopy and elastic
electron-proton scattering by more than 5 sigma [1]. Recently two new experiments intensiÞed
this puzzle [2], [3].

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

In our experiment we excite a cryogenic hydrogen atomic beam with a picosecond frequency
comb. The UV frequency comb at 205nm is produced by quadrupling a TiSa comb at 820nm by
two subsequent frequency doubling stages. While two-photon transitions are in principle Doppler
free in Þrst order, residual Doppler shift associated with chirped pulses is observed and constitutes
our leading systematic. Other signiÞcant systematics are Second Order Doppler Effect, collisional
shift and AC/DC Stark Effects. We present experimental determination of these systematics and
comparison with the theory.
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Positronium precision spectroscopy:
Measuring the 1s-2s and excited state hyperÞne transitions

Michael W. Heissa, Gunther Wichmanna, David A. Cookea, Aldo Antogninia, Klaus Kircha,
Andr«e Rubbiaa, Paolo Crivellia

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, since
it is almost exlusively governed by the electromagnetic force and does not exhibit the Þnite size
effects which plague measurements of protonic atoms.

Numerous precise experiments have therefore been conducted in the past to measure the hy-
perÞne splitting of Positronium. However, these experiments show almost 4! disagreement with
the most recent bound state QED calculations. PHySESÕ approach is to eliminate several possible
sources of systematics present in earlier experiments by a novel experimental design to conclu-
sively check this discrepancy.

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

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

This talk will report on the design, implementation, current status and future prospects of ongo-
ing efforts at ETH Zurich to measure the 1s-2s and excited state hyperÞne splitting in Positronium.

PSAS2018 14th-18th of May, Vienna Wednesday

10th International Conference on the Physics of Simple Atomic Systems Page 35



Higher Order Corrections to Positronium Energy Levels

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

Positronium spectroscopy is of continuing interest as a high-precision test of our understanding
of binding in QFT. Positronium represents the purest example of binding in QFT as the constituents
are structureless and their interactions are dominated by QED with only negligible contributions
from strong and weak effects. Positronium differs from other Coulombic bound systems such
as hydrogen or muonium in having maximal recoil (the constituent mass ratiom/M is one) and
being subject to real and virtual annihilation into photons. Spectroscopic studies of low-lying
states (n = 1 hyperÞne splitting,n = 2 Þne structure, and the2S ! 1S interval) have reached a
precision of order1MHz , and ongoing experimental efforts give the promise of improved results.
Theoretical calculations of positronium energies at orderm! 6 " 18.7MHz are complete, but
only partial results are known at orderm! 7 " 0.14MHz . I will report on the status of the
positronium energy calculations, give some details of the methods employed, and present the
latest results for orderm! 7 contributions.
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High precision measurement of muonium hyperÞne structure

Toya Tanakaa,b on behalf of the MuSEUM collaboration

a Graduate School of Arts and Sciences, University of Tokyo, b RIKEN

Muonium is a hydrogen-like atom formed by a positive muon and an electron. Its 1S state hy-
perÞne structure is evaluated with high precision both by theoretical calculations and experimental
results. Therefore, muonium is suitable for a stringent test of the bound state QED of hydrogen-
like atoms. MuSEUM (Muonium Spectroscopy Experiment Using Microwave) collaboration aims
to measure the muonium hyperÞne structure with high precision.
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Figure 1: Breit Labi diagram of muonium

The Muonium hyperÞne structure can be mea-
sured in two methods. One is to measure the spin
transition frequency! ! HFS in extremely low mag-
netic Þeld (ZF). And the another way is to measure
the spin transition frequencies! ! 12 and! ! 34 of the
split states by the Zeeman effect in high magnetic
Þeld (HF). In the HF measurement, the muon-to-
proton magnetic moment ratio (µµ/µ p) and muon-to-
electron mass ratio (mµ/ me) can be derived by! ! 12

and! ! 34. (Figure 1)
The previous research of MuHFS was performed

at the former LAMPF (Los Alamos Meson Physics
Facility) with 300 ppb in ZF [1] and 12ppb in HF [2].
Also µµ/µ p andmµ/ me are measured at HF MuHFS
measurement with 120ppb [2]. Alsoµµ/µ p is a im-
portant parameter to determine the precision of the muon anomalous magnetic moment (aµ) mea-
surement. aµ is one of the physical properties which the experimental result differs from the
theoretical calculation [3]. Therefore, MuHFS measurement is essential for the precision ofaµ.
MuSEUM collaboration aims to measure both ZF and HF measurement and improve the precision
by a factor of 10.

Previous measurements were constrained by statistical uncertainty. This problem is cleared by
utilizing the intense pulsed muon beam at J-PARC MLF (Material and Life Science Experimental
Facility) MUSE (Muon Science Establishment). MuSEUM collaboration is currently measuring
MuHFS in ZF with our upgraded experimental system, and in parallel we are also developing the
magnetic Þeld mapping system for the future HF measurement. In this presentation I would like to
introduce about the developments of the MuSEUM experiment and report the experimental status.
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Cold muonium atoms for future atomic physics and gravity
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We are investigating methods to create a novel muonium (Mu) source, based onµ+ ! Mu
conversion near to the surface of superßuid helium (SFHe). This source would have the potential
of providing high brightness atomic beams for next generation Mu experiments,e.g. to increase
precision of present Mu spectroscopy results [1, 2]. We are also investigating the feasibility of us-
ing such sources for measuring the gravitational interaction of Mu. The positive muon (µ+ ) which
is dominating the Mu mass is not only an elementary antiparticle, but a second-generation lepton
too. This makes a gravity experiment highly motivated [3], and complementary to gravitational
studies of antihydrogen [4, 5, 6] and positronium [7].

State-of-the-art Mu sources (like silica aerogel, mesoporous SiO2) emit Mu atoms with a large
(thermal) energy distribution, and wide (" cos! ) angular distribution. Cooling of these porous
samples below 100 K results in rapidly declining numbers of vacuum-emitted muonium due to
decreased mobility, and atoms sticking to the pore walls [8]. The advantage of using superßuid
helium for Mu production atT < 0.3 K temperatures is the expected large chemical potential
(E/k B " 270 K) of the atom. This implies that in the vicinity of the surface, Mu would be
ejected with relatively high (" 6 mm/µs) velocities from the bulk to near-vacuum even at the
lowest temperatures, while transverse momentum would remain low due to the cold media [9].
In this talk, methods and challenges to create such SFHe Mu sources, the present status, and the
feasibility of an antimatter gravity experiment will be discussed.
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Accurate calculations with explicitly correlated functions for
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Theoretical studies of hydrogen molecule is the cornerstone of the molecular quantum me-
chanics. Due to its simplicity, the achieved precision is the highest among all molecules and still
has a potential of signiÞcant enhancement. This high precision of theoretical predictions for H2

leads to improved tests of quantum electrodynamics (QED) and improved bounds on hypothetical
interactions [1]. Moreover, at the10! 7 cm! 1 precision level the dissociation energy is sensitive
to the proton charge radius, which may help to resolve the so called proton radius conundrum [2].
This requires high accuracy calculations of not only nonrelativistic energies, but also leading rela-
tivistic and QED, as well as the higher order QED corrections. In fact, the nonrelativistic energies
can already be calculated with the precision of10! 7 cm! 1, as demonstrated in Ref. [3]. The the
higher order QED contribution has very recently been calculated [4] using explicitly correlated
Gaussian (ECG) functions with1 + r12/ 2 prefactor (rECG) that makes the interelectronic cusp
condition to be exactly satisÞed. We provided improved results for the dissociation and the funda-
mental vibrational energies [5]. These results open the window for the high precision spectroscopy
of H2 and related accurate tests of fundamental interactions models. Recently, we also reported
also highly accurate results for the leading relativistic correction usingrECG functions [5] and
conclude that the compilation of previous results in Ref. [6] has underestimated uncertainties. We
will also present the latest advances in the calculation of nuclear mass relativistic corrections,
which are currently the main limitation of theoretical predictions.
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Precision tests with molecular hydrogen and isotopes

Edcel Salumbides
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Molecular hydrogen has emerged as a benchmark quantum test system for fundamental physics,
where current high-precision measurements challenge the most accurate theoretical calculations
that include relativistic and quantum electrodynamics (QED) contributions. Investigations on iso-
topic molecular species containing deuterium and tritium provide opportunities to expand such
fundamental tests, that will aid in unravelling important higher-order mass-dependent corrections
as well as nuclear size contributions to the level energy structure. In the context of the long-
standing Amsterdam program on precision measurements in molecular hydrogen, recent measure-
ments on HD and T2 will be presented. Extremely weak transitions in the(v = 0 ! 2) over-
tone band of the HD molecule were measured with sub-Doppler resolutions to obtain transition
frequencies with three orders of magnitude improvement in accuracy. In a second study, preci-
sion measurements on the fundamental(v = 0 ! 1) vibrational splittings of the radioactive T2

molecule were also performed yielding transition energies that are250times more accurate than
previous studies. These benchmark values provide a test of QED theory in the hydrogen molecule,
open up another avenue to pursue a solution to the proton radius puzzle, and point towards preci-
sion studies of nuclear structure. With further progress in the Þrst principles calculations, future
comparisons between experiment and theory will yield stronger constraints on new physics such
as hypothetical Þfth forces and extra dimensions.
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Precision spectroscopy of HD at 1.4µm
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The weak infrared spectrum of the heteronuclear diatomic molecule HD originates from the
existence of a small electric dipole moment (! 10! 5 D), due to the inversion symmetry breaking
in conjunction to the breakdown of the Born-Oppenheimer approximation. Since the HD has
only two nuclei and two electrons, representing one of the simplest molecular systems existing
in nature, it is possible to perform highly-accurateab-initio quantum-mechanical calculations of
its energy dipole transition levels and moments which take into account the violation of Born-
Oppenheimer approximation by means of adiabatic and non-adiabatic corrections [1]. A quantum
test system for fundamental physics can be obtained comparing HD precision measurements with
advanced QED calculations which in turn puts constraints on a Þfth force for a certain effective
range [2].

In this work, a precision measurement of the HD electric-dipole Þrst overtone band transi-
tion R(1) line-center frequency has been carried out implementing a new concept of frequency-
stabilized cavity ring-down spectroscopy. It is based on the use of a pair of phase-locked extended-
cavity diode lasers (ECDL) emitting in the wavelength range between 1.38 and 1.41µm [3]. One
of these acts as reference oscillator, being locked to a high-Þnesse cavity by means of the Pound-
Drever-Hall (PHD) technique which in turn is locked to a self-referenced erbium-doped Þber-laser
based Optical Frequency Comb Synthesizer (OFCS). The frequency of the probe laser is accurately
scanned across the HD vibration-rotation transition, while an intrinsically stable high-Þnesse op-
tical cavity tracks the laser frequency. Observing several repeated cavity ring-down events, ab-
sorption spectra have been recorded with high resolution, precision and Þdelity. The cavity Þnesse
determined under vacuum conditions is about 160000, which enables to get an optical path of 43.8
km. The measurements have been performed on a 97%2H-enriched hydrogen sample, at a pres-
sure ranging between 1 e 15 Torr. As a result of a global Þtting procedure of a manifold of spectra
across the pressure range, the line center frequency has been determined to be 7241.849351(2)
cm! 1, that is (217105181.75± 0.07) MHz. It agrees with the theoretical value 217105180 (2)
MHz reported in [1].

Further measurements of the HD Þrst overtone band absolute frequency lines will be attempted
in the near future.
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Relativistic correlation and QED effects on the radiative decay of
1s2s3sconÞguration in Li-like ions

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

Fully relativistic conÞguration interaction method is used to calculate the one-electron one-
photon (OEOP) and less explored intense two-electron one-photon (TEOP) transitions from states
of 1s2s3s conÞguration in Li-like ions with12 ! Z ! 54. The rates and energies are calculated
using Multi ConÞguration Dirac-Fock wavefunctions in the active space approximation [1]. Spe-
cial attention has been paid to elaborate the interplay between electron-electron correlation and
higher order relativistic corrections on the line intensities. The TEOP transitions from the present
three electron conÞguration and 2s3s conÞguration in He-like ions [2] are analyzed so as to un-
derstand the impact of K shell spectator vacancies on the transition rates. The strong inßuence of
TEOP transitions in the accurate evaluation of level lifetimes is emphasized. Present results are
compared with few available theoretical data [3].
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g-factor of middle-Z lithiumlike and boronlike ions

D. A. Glazova, A. V. Volotkaa,b, V. A. Agababaeva,c, D. V. Zinenkoa,
V. M. Shabaeva, I. I. Tupitsyna, G. Pluniend

a Department of Physics, St. Petersburg State University,
Universitetskaya 7/9, 199034 St. Petersburg, Russia

b Helmholtz-Institut Jena, Fr¬obelstieg 3, D-07743 Jena, Germany
c St. Petersburg Electrotechnical University ÒLETIÓ,
Professor Popov st. 5, 197376 St. Petersburg, Russia

d Institut f¬ur Theoretische Physik, Technische Universit¬at Dresden,
Mommsenstra§e 13, D-01062 Dresden, Germany

Combined experimental and theoretical studies of theg factor of few-electron ions have re-
sulted in the most accurate to date value of the electron mass [1] and can serve for an independent
determination of the Þne structure constant! [2, 3]. We present the improved theoretical values for
theg factor of middle-Z lithiumlike and boronlike ions. Reevaluation of the higher-order many-
electron contributions within the newly developed approach allows us to reach the uncertainty of
the order of10! 9 for lithiumlike ions. Comparison with the recent measurements for lithiumlike
silicon and calcium provides the most stringent to date test of the many-electron bound-state QED
effects in the presence of magnetic Þeld [4, 5, 6]. For boronlike ions, the rigorous evaluation of
the correlation and QED corrections provides the theoretical predictions with the uncertainty of
the order of10! 6. The obtained results disagree with the ones of Ref. [7].

ÑÑÑÑÑÑÑÑ

[1] S. Sturmet al., Nature506(2014) 467.
[2] V. M. Shabaevet al., Phys. Rev. Lett.96 (2006) 253002.
[3] V. A. Yerokhin et al., Phys. Rev. Lett.116(2016) 100801.
[4] A. Wagneret al., Phys. Rev. Lett.110(2013) 033003.
[5] A. V. Volotka et al., Phys. Rev. Lett.112(2014) 253004.
[6] F. K¬ohleret al., Nature Communications7 (2016) 10246.
[7] J. P. Marqueset al., Phys. Rev. A94 (2016) 042504.

PSAS2018 14th-18th of May, Vienna Thursday

10th International Conference on the Physics of Simple Atomic Systems Page 43



The hyperÞne-puzzle of strong-Þeld bound-state QED

S. Schmidta,b, L. Skripnikovc, J. Ullmannb,j , Z. Andelkovicd, C. Brandaud,e, A. Daxf ,
W. Geithnerd, Ch. Geppertb,g, Ch. Gorgesb, M. Hammeng,h, V. Hanneni , S Kaufmannb,

K. K ¬onigb,d, F. Krausj , B. Kressek, Y. A. Litvinovd, M. Lochmannb, B. Maassb,d, J. Meisnerl ,
T. Murb¬ockm , W. N¬ortersh¬auserb, A. F. Privalovk, R. S«anchezd, B. Scheibej , M. Schmidtl ,
V. M. Shabaevc, M. Steckd, Th. St¬ohlkerd,n,o , R. C. Thompsonp, Ch. Tragesere, M. Vogelk ,

J. Vollbrechtj , A. V. Volotkac,h, Ch. Weinheimerj

a Institut f¬ur Physik & Exzellenzcluster PRISMA, Universit¬at Mainz, Germany
b Institut f¬ur Kernphysik, Technische Universit¬at Darmstadt, Germany

c Department of Physics, St. Petersburg State University, Russia
d GSI Helmholtzzentrum f¬ur Schwerionenforschung, Darmstadt, Germany

e I. Physikalisches Institut, Universit¬at Gie§en, Germany
f Paul Scherrer Institut, Villigen PSI, Switzerland

g Institut f¬ur Kernchemie, Universit¬at Mainz, Germany
h Helmholtz Institut Mainz, Universit¬at Mainz, Germany
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k Institut f¬ur Festk¬orperphysik, Universit¬at Darmstadt, Germany
l Physikalisch-Technische Bundesanstalt, Braunschweig, Germany
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A combined measurement of the ground-state hyperÞne structure splitting in H-like and Li-like
bismuth, the so-called speciÞc difference

! !E = ! ELi-like
2s ! ! ! EH-like

1s ,

was proposed to be ideally suited for a test of bound-state quantum electrodynamics (BS-QED)
in strong Þelds, where a pertubative description of QED is no longer possible [1]. In this con-
tribution, we report on our high-precision laser spectroscopy measurement in these few-electron
systems, that has been carried out at the experimental storage ring (ESR) at the GSI Helmholtz-
Center for Heavy Ion Research in Darmstadt [2]. The total accuracy of the hyperÞne splitting
determination was improved by more than an order of magnitude compared to previous measure-
ments. Surprisingly, we found that the experimental value deviates by more than 7" from the
theoretical prediction, giving rise to the so-calledhyperÞne puzzleof BS-QED.

In addition to these results, we discuss possible explanations for the discrepancy and present
the latest activities that have been carried out to provide a solution to this conundrum. In particular,
we provide evidence that the observed discrepancy is caused by an inaccurate literature value of
the nuclear magnetic momentµI of 209Bi [3].
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Bound-electrong-factor and tetraquarks

Andrzej Czarneckia

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

Recent progress in the theoretical prediction of the bound-electrong-factor will be reviewed,
on the basis of [1]. In addition, an application of atomic variational calculations to studying exotic
conÞgurations of heavy quarks, so-called tetrons, will be presented [2].
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Hadronic atoms spectroscopy: overview and perspectives 

Catalina Curceanu 
LNF-INFN, Via E. Fermi 40, 00044 Frascati (Roma) Italy 
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FAMU: studies of the energy dependent transfer rate! µp! µO

Andrea Vacchia,b,c, Emiliano Mocchiuttia

on behalf of the FAMU collaboration
a National Institute for Nuclear Physics (INFN), Sezione di Trieste, via A. Valerio 2, 34127

Trieste, Italy
b RIKEN-RAL RIKEN Nishina Center for Accelerator-Based Science, 2-1, Hirosawa, Wako,

Saitama 351-0198, Japan
c Mathematics and Informatics Department, Udine University, via delle Scienze 206, Udine, Italy

The main goal of the FAMU experiment is the measurement of the hyperÞne splitting (hfs) in
the 1S state of muonic hydrogen! Ehfs (µ! p)1S [1, 2, 3].

By measuring the transition! Ehfs (µ! p)1S in µp with !" / " < 10! 5, the experiment will
provide the Zemach radius of the protonrZ with high precision, disentangling in this way among
discordant theoretical values. The level of discrepancy between values ofrZ as extracted from
normal and muonic hydrogen atoms will be quantiÞed, a result important also for the not yet
explained anomalies on the chargerch radius of the proton. The physical process behind this
experiment is the following: p are formed in a mixture of hydrogen and a higher-Z gas. When
absorbing a photon at resonance-energy! Ehfs " 0.182 eV, in subsequent collisions with the
surroundingH2 molecules, theµp is quickly de-excited and and accelerated by# 2/ 3 of the
excitation energy. The observable is the time distribution of the K-lines X-rays emitted from the
µZ formed by muon transfer(µp) + Z ! (µZ )" + p, a reaction whose rate depends on theµp
kinetic energy. The maximal response, to the tuned laser wavelength, of the time distribution of
X-ray from K-lines of the(µZ )" cascade indicate the resonance.

During the preparatory phase of the FAMU experiment, several measurements have been per-
formed both to validate the methodology and to prepare the best conÞguration of target and detec-
tors for the spectroscopic measurement [4, 5, 6]. We present here the crucial study of the energy
dependence of the transfer rate from muonic hydrogen to oxygen (" µp# µO ), precisely measured
for the Þrst time.
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Measurement of the proton Zemach radius from the hyperÞne
splitting in muonic hydrogen atom

S. Kandaa, S. Aikawab, K. Ishidaa, M. Iwasakia, Y. Maa, Y. Matsudac, K. Midorikawad, Y.
Oishie, S. Okadaa, N. Saitod, M. Satoe, A. Takaminea, K. S. Tanakaf , H. Uenoa, S. Wadad, and

M. Yumotod

a RIKEN Nishina Center for Accelerator-Based Science, RIKEN, Wako, Saitama 351-0198, Japan
b Department of Physics, Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japan

c Graduate School of Arts and Sciences, The University of Tokyo, Meguro, Tokyo 153-8902, Japan
d RIKEN Center for Advanced Photonics, RIKEN, Wako, Saitama 351-0198, Japan

e High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
f Cyclotron and Radioisotope Center, Tohoku University, Sendai, Miyagi, 980-8578, Japan

The proton is a fundamental constituent of the matter. However, it has a complicated internal
structure which is difÞcult to be fully understood. The internal structure of the proton is described
by the electronic and magnetic form factors. The charge radius of the proton is deÞned by these
form factors and has been determined experimentally. In recent years, a signiÞcant discrepancy
between independent measurements of the proton charge radius was reported [1, 2]. This conßict
is known as Óproton radius puzzleÓ. Even though various interpretations have been proposed, no
deÞnitive solution to the problem has been found yet. In order to shed some light on the puzzle,
we proposed a new experiment to determine the proton Zemach radius which is deÞned as a
convolution of the charge distribution with the magnetic moment distribution. The proton Zemach
radius can be derived from the hyperÞne splitting (HFS) in the muonic hydrogen atom. Figure
1 illustrates the experimental schematic. We aim to perform a laser spectroscopy of the muonic
hydrogen HFS with the relative uncertainty of 1 ppm and obtain the proton Zemach radius with
1% precision.

Figure 1: Experimental schematic. Pulsed negative muon beam irradiates the H2 gas target. Muon
is captured by the Coulomb Þeld of the proton and forms a muonic hydrogen atom. The hyperÞne
transition between the spin singlet state and the triplet states is induced by a mid-infrared laser
light. Electrons from muonic hydrogen decay are detected by the electron counter placed around
the gas chamber.
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Higher-order Þnite-nuclear-size contributions in light muonic atoms

Savely G. Karshenboima,b,c, Evgeny Yu. Korzinind,c, Valery A. Shelyutod,c, Vladimir G. Ivanovc

(alternative to coauthors) on behalf of the something collaboration
a Ludwig-Maximilians-Universit¬at, Fakult¬at f¬ur Physik, 80799 M¬unchen, Germany

b Max-Planck-Institut f¬ur Quantenoptik, Garching, 85748, Germany
c Pulkovo Observatory, St.Petersburg, 196140, Russia

d D. I. Mendeleyev Institute for Metrology, St.Petersburg, 190005, Russia

We discuss the Þnite-nuclear-size contributions to the Lamb shift in a light muonic atom up to
the order! 6m. The related corrections have a differentZ dependence and different order inmRN .
The consideration is done within the external Þeld approximation. We also found the leading loga-
rithmic Þnite-nuclear-size contribution in the next order. It is of the order! (Z ! )6 ln2(Z ! )(mRN )2m
and is comparable with some! 6m Þnite-size corrections. A special attention is paid to higher-
order effects in muonic hydrogen.
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Testing QED with precision spectroscopy of the helium atom

Yu Suna, Xin Zhenga, K.Pachuckib, Shui-ming Hua
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, enables the
testing of the quantum electrodynamics(QED) theory and determination of the fundamental phys-
ical constants, such as the Rydberg constant [1], the proton charge radius [2], and the Þne-structure
constant [3, 4]. It also sets constraints on new physics beyond the standard Model(BSM). High-
precision spectroscopy of atomic helium, combined with ongoing theoretical calculations for the
point nucleus may allow an alternative determination of the helium nuclear charge radius, which
could be more accurate than from the electron scattering. Moreover, the comparison of results
from electronic and muonic helium will provide a sensitive test of universality in the electromag-
netic interactions of leptons.

The23S-23P transition of He is particularly suitable for this purpose, because it is relatively
sensitive to the nuclear charge radius and can be calculated within the QED theory up to m! 7

order. These calculations will bring the theoretical accuracy to the 10-kHz level and may allow
the determination of the helium nuclear charge radius with an accuracy of10! 3.
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Figure 1: Schematic of the beam apparatus and
the optical layout

Recently, We perform an laser spectroscopy
measurement of the23S-23P transition of4He
in an atomic beam. The conÞguration of the ex-
perimental setup is shown in Fig.1. The new
centroid frequency of the23S-23P may lead to
a determination of the nuclear charge radius of
He(rHe) with a relative accuracy of10! 3,once
the theoretical calculations for m! 7 correction-
s have been accomplished. This will enable
a comparison of therHe values obtained from
electronic and from muonic helium in the fu-
ture. Such a comparison will help to resolve the
proton charge radius puzzle, while in the case
of disagreement with muonic determination it
will open a window for new physics beyond the
standard Model by violation of the lepton uni-
versality in electro-magnetic interactions.
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The 413 nm tune-out wavelength for23S1 state of helium as test of
QED

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

State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan
Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, PeopleÕs

Republic of China

The tune-out wavelength is the wavelength at which the dynamic dipole polarizability van-
ishes. The 413 nm tune-out wavelength of the23S1 state of helium is proposed as a non-
energy test of quantum electrodynamic (QED) [1], which sparks great interest in high-precise
measurement [2] and high-accuracy calculations of the tune-out wavelength of helium [3, 4].
So far, there exists 19 ppm discrepancy between the trapped-atom dynamics measurement of
413.0938(9stat)(20syst) nm [2] and the relativistic conÞguration-interaction (RCI) calculation of
413.0859(4) nm [3]. In present work we performed larger-scale RCI calculation based on the
Dirac-Coulomb-Breit (DCB) equation with the mass shift operators included directly in the Hamil-
tonian. The advantage of this developed RCI method is that the Þnite nuclear mass and relativistic
nuclear recoil corrections on the tune-out wavelength are taken into account self-consistently in
DCB framework. The QED correction on the tune-out wavelength is also estimated. Our result
of tune-out wavelength is 413.090 13(5) nm with an uncertainty of 0.12 ppm, which is more ac-
curate than the experimental value from Ref. [2]. This work will motivate a future experimental
campaign to seriously test QED at higher level of accuracy.

Contributions ! t (nm)

RCI 413.085 87(3)
" 3 QED without#2

! ln k0 0.004 145 6(2)
" 3 QED from#2

! ln k0 0.000 04(1)
" 4 radiative term 0.000 071 4(2)
Total 413.090 13(5)
Experiment [2] 413.093 8(9stat )(20sys)

Table 1: Comparison of the 413 nm tune-out wavelength for the23S1(M J = ± 1) state of4He.
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The construction of the low energy Li+ source and the preliminary  
spectroscopy for the 1s2s 3S - 1s2p 3P transitions 

Shao-Long Chena, b, c, Shi-Yong Lianga, b, c, Wei Suna, b, Hua Guana, b, and Ke-Lin Gaoa, b* 
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As the simplest system, Li+ has significant application in verifying the quantum 

electrodynamics (QED) theory and determination of the fine-structure constant ! , because the 
spectrum of Li+ ion can be calculated accurately in theory [1-4]. We constructed a low energy 
Li + source by electron bombardment, and energy of the 7Li + ions is 500 eV (Fig. 1). The 1s2s 3S 
-1s2s 3P transitions of 7Li + are investigated by laser saturation spectroscopy on a low-energy Li+ 
ion beam which radial Doppler broadening is optimized to 200 MHz, and the transition 
frequency is identified by Lamb dip (Linewidth ~ 40 MHz) (Fig. 2). Meanwhile, the laser 
frequency is measured by an optical frequency comb (FC8004, Menlo Systems GmbH). 
Hyperfine and fine structure splits can be derived from these transitions, in which most of the 
systematic frequency shifts are canceled. We are optimizing the stability of the laser and ion 
beam. The uncertainty of the hyperfine and fine structure splits is promising to less than 100 
kHz. 

       

Figure1 �� the low energy Li+ 
source and the schematic of 
the saturation spectroscopy 

Figure2�� Lamb dip of saturation 
spectroscopy  

 

[1] J. Kowalski et al., Hyperfine Interact. 15/16, 159 (1983). 
[2] J. J. Clarke et al., Physical Review A 67, 012506 (2003). 
[3] E. Riis, et al., Phys. Rev. A 49, 207 (1994). 
[4] R. Bayer et al., Z. Phys. A 292, 329 (1979). 
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CANNEX - A parallel plate approach to physics

Ren«e Sedmika,b on behalf of the CANNEX collaboration
a (on the leave from) Vrije Universiteit Amsterdam, De Boelelaan 1081, 1081HV, Amsterdam,

Netherlands
b Atominstitut, Technische Universit¬at Wien, Stadionallee 2, A-1020 Vienna, Austria

Since the discovery of accelerated cosmic expansion dark energy has evolved from a niche
subject of cosmology to a focus topic of several related Þelds. Motivation is given by the cos-
mological constant problem, originating from the 120 order-of-magnitude discrepancy between
actual measurements and the QED prediction for the cosmic vacuum energy density. Among the
numerous theories aiming to explain dark energy, effective Þeld theories implementing some kind
of screening mechanism have become popular recently. The so-called ÔchameleonÕ model intro-
duces a scalar Þeld whose interactions with ordinary matter depend on the local energy density.
This variability allows the theory to be in agreement with all present observations but experimen-
tal tests have failed to completely exclude or Þnd evidence for chameleon interactions. In 2010 it
has been suggested that a precision measurement of the modulation of the force between macro-
scopic parallel plates with the pressure of an ambient gas could Þnally achieve this goal. Another
problem related to vacuum energy is the Casimir effect. In MEMS, being widely used in industry
and mobile devices, this effect is a major blocker of miniaturization. New geometric structures
to overcome the problem are being developed but accurate measurements in geometries involv-
ing parallelism are required to verify design methods. A more fundamental problem in Casimir
physics, being discussed already for two decades, is centered around the deep question if real and
virtual photons behave in the same way. While experimental data clearly state that for virtual
photons, dissipation at zero frequency has to be disregarded, for ÔrealÕ (thermal) photons, the sit-
uation is unclear. If real photons interact dissipatively while virtual ones donÕt this would be an
indication for physics beyond the standard model at low energy. An unambiguous answer could
be given by accurate force measurements at large separation - only possible using the parallel
plate geometry. After a six-year construction phase the Casimir and Non-Newtonian force EXper-
iment (CANNEX), devised to detect sub-pN forces between macroscopic plane parallel plates, is
starting to give Þrst data. While the experiment is still in the prototype stage, its unique conÞgu-
ration could yield a wealth of metrological force data, answering long-standing questions in two
different Þelds of physics. The present talk focuses on some of the physical questions that can
hopefully be solved with CANNEX, the status of the experiment, and results of the very Þrst force
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 Zhoua, Hongwei Yub
a Center for Nonlinear Science and Department of Physics, Ningbo University, Ningbo, Zhejiang

315211, China
b Department of physics, Synergetic Innovation Center for Quantum Effects and Applications,

Hunan Normal University, Changsha, Hunan 410081, China

We study, using the formalism proposed by Dalibard, Dupont-Roc, and Cohen-Tannoudji [1],
the resonance interatomic energy (RIE) of two identical two-level static atoms in a symmet-
ric/antisymmetric entangled state, which are coupled to massless scalar Þelds, in a number of
different spacetimes. We Þrst show that the presence of a boundary in a ßat Minkowski spacetime
can dramatically modify the RIE of the two static atoms, resulting in an enhanced or weakened
and even nulliÞed RIE, as compared with that in the unbounded case (Fig. 1 for example); we
then show that the RIE of the two atoms in the spacetime of a Schwarzschild black hole can be
sharply affected by the spacetime curvature on one hand, but on the other hand it is surprisingly
undisturbed by the Hawking radiation of the black hole [2]; we Þnally show that (Fig. 2 for exam-
ple) the nontrivial topological structure of the spacetime with an inÞnite and straight cosmic string
imprints on the RIE of the two static atoms, making it behaves in a manner very similar to that
near a perfectly reßecting boundary in a ßat Minkowski spacetime [3].
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Figure 1: The RIE (! E ) of two static atoms
near a perfectly reßecting boundary in a
Minkowski spacetime. We denote the RIE of
two atoms in a free space, the interatomic sep-
aration and the separation between an atom and
the image of another atom with! E0, R and øR
respectively. The ordinate is of unit! ! 2" 0

16# .

��! #

��! $

��! %

��E! " # $ % &

r

R

" "(#

" "(!

" !(*

" !('

" !(%

" !(#

!(#

�� ) +,
��

Figure 2: The RIE of two static atoms aligned
with their separation parallel to an inÞnite and
straight cosmic string. We denote the inter-
atomic separation and the atom-string sepa-
ration by R and r respectively, and choose
" 0R = 2 . The ordinate is of unit! ! 2" 0
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637 (1984).
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First search for invisible decays of ortho-positronium conÞned in a
vacuum cavity

C. Vigoa, L. Gerchowa, A. Rubbiaa, P. Crivellia
a ETH Zurich, Institute for Particle Physics and Astrophysics, 8093 Zurich, Switzerland

The experimental setup and results of the Þrst search for invisible decays of ortho-positronium
(o-Ps) conÞned in a vacuum cavity are reported. No evidence of invisible decays at a level
Br (o-Ps! invisible) < 5.9 " 10! 4 (90 % C. L.) was found. This decay channel is predicted
in Hidden Sector models such as the Mirror Matter (MM), which could be a candidate for Dark
Matter. Analyzed within the MM context, this result provides an upper limit on the kinetic mixing
strength between ordinary and mirror photons of! < 3.1 " 10! 7 (90 % C. L.). This limit was
obtained for the Þrst 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. Currently, the
experimental uncertainty of the o-Ps decay rate is at 140 ppm precision; this exceeds the theoretical
accuracy (1 ppm level) by two orders of magnitude. We propose a method that relies on the
o-Ps conÞnement cavity and the granularity of the surrounding calorimeter to subtract the time
dependent pick-off annihilation rate of the fast backscattered positronium from the o-Ps decay
rate prior to Þtting the distribution. Therefore, this measurement will be free from the systematic
errors present in the previous experiments and thus could reach the ultimate accuracy of a few ppm
level to conÞrm 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 oscillating
classical Þeld, which can be sought for in a variety of low-energy laboratory experiments based
on spectroscopic, interferometric and magnetometric techniques, as well as in astrophysical phe-
nomena. Dark bosons can also mediate anomalous Þfth forces between ordinary-matter particles.
Recent measurements in atoms and astrophysical phenomena have already allowed us to improve
on existing constraints on a broad range of non-gravitational interactions between dark bosons and
ordinary-matter particles by many orders of magnitude (up to 15 orders of magnitude in the case of
low-mass dark matter). Additionally, existing atomic and nuclear spectroscopy data have allowed
us to improve limits on long-range neutrino-mediated forces by 18 orders of magnitude.
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Quantum metrology Ð in search of dark matter 

Manas Mukherjee a,b,c and Tarun Dutta a  
a Centre for Quantum Technologies NUS, Singapore 11743 

b Department of Physics, NUS, Singapore 
c Majulab CNRS, Singapore 

 
This is a Precision measurement plays an important role in unveiling new physics by probing 
beyond the known boundaries of knowledge. In a similar footing, it has a wide range of 
application in trade and commerce. From fundamental physics viewpoint, the Standard Model 
(SM) of particle physics though considered to be the most celebrated model in physics is known 
to have shortcomings as is evident from numerous experimental findings. Precision 
measurements with simple atomic systems provide the opportunity to explore the possible 
deviations from the SM. The limit to the uncertainty of any frequency measurement is given by 
the Heisenberg limit. However as will be shown here, using a time dependent Hamiltonian it is 
possible to surpass this limit. Using, this technique, a trapped single atomic probe provides a 
weak limit of the coupling of a electron spin to a certain type of dark matter candidate. Possible 
new experiments can further improve the limit for more assertive searches.  
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Toward a determination of the proton-to-electron mass ratio from a
Lamb-dip measurement of HD

L.-G. Taoa, A.-W. Liua,b, K. Pachuckic, J. Komasad, Y. R. Suna,b, J. Wanga, S.-M. Hua,b

a Hefei National Laboratory for Physical Sciences at Microscale,iChem 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;

c Faculty of Physics, University of Warsaw, Pasteura 5, 02-093, Warsaw, Poland;
d Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 Pozna«n, Poland

Precision spectroscopy of the hydrogen molecule is a test ground of quantum electrodynamics
(QED), and may serve for determination of fundamental constants. Using a comb-locked cavity
ring-down spectrometer [1], for the Þrst time, we observed the Lamb-dip spectrum of the R(1) line
in the overtone of HD. The line position was determined with a precision of 90 kHz, which is the
most accurate transition ever measured for the hydrogen molecule. Moreover, from calculations
including QED effects up to the orderme! 6 [2], we obtained predictions for this R(1) line as
well as for the HD dissociation energy, which are less accurate but signaling the importance of
the complete treatment of nonadiabatic effects. Provided that the theoretical calculation reaches
the same accuracy, the present measurement will lead to a determination of the proton-to-electron
mass ratio with a precision of 1.3 parts per billion.

Figure 1: Lamb dip spectrum of the R(1) 2-0
line of HD

D0, (0,0) 2-0, R(1)
E (2) 36406.510839(1) 7241.846169(1)
E (4) -0.531325(1) 0.040719
E (5) -0.1964(2) -0.03743(4)
E (6) -0.002080(6) -0.000339
E (7) 0.00012(6) 0.000021
EF S -0.000117 -0.000021
Total 36405.7810(5) 7241.84912(6)
Expt. 36405.78366(36) [3] 7241.849386(3)
Diff. 0.0026 0.00027

Table 1: Calculated and experimental energies
of HD (unit: cm! 1).
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Accurate spectroscopy of deuterium molecule

P. Wcis!oa, F. Thibaultb, M. Zaborowskia, S. W«ojtewicza, A. Cygana, G. Kowzana,
P. Mas!owskia, J. Komasac, M. Puchalskic, K. Pachuckid, R. Ciury!oa, D. Lisaka

a Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus
University, Grudziadzka 5, 87-100 Torun, Poland

b Institut de Physique de Rennes, UMR CNRS 6251, Universit«e de Rennes 1, Campus de
Beaulieu, Böat.11B, F-35042 Rennes, France

c Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 Pozna«n, Poland
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 saturate) in
molecules which cannot be cooled and trapped, is presently limited to the sub-megahertz level,
without clear perspectives for further substantial improvements. We demonstrate a new method
with the potential to achieve kilohertz-level accuracy. We bring the Doppler-regime measurements
into the high-pressure region, where the signal-to-noise-ratio is much higher. The expected deteri-
oration of accuracy by collision-induced systematics [1] is mitigated withab initio line-shape and
quantum scattering calculations [2]. We test our approach on a case of weak quadrupole transi-
tion in D2, which is a benchmark system for testing quantum electrodynamics in molecules. We
validate our methodology at the400kHz level by comparing our results with the best previous de-
termination [3]. We demonstrate that our approach achieves higher accuracy despite much milder
experimental requirements (in Ref. [3], the effective optical path was 20 times longer). For the
same experimental apparatus, the accuracy of our approach will be at least one order of magni-
tude better. For the Þrst time, we appliedab initio quantum scattering calculations to address the
collisional line-shape effects [4, 5] in ultra-accurate spectra analysis collected at high pressures.
The experimental and theoretical values of the 2-0 S(2) line position in D2 reported here constitute
the most precise comparison of the experimental and theoreticalab initio determinations of rovi-
brational splitting for any neutral molecule. We observe a3.4! discrepancy, which, together with
previously reported discrepancies [6], indicates that the theoretical accuracy is underestimated
because of the uncalculated terms.
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The dissociation energy (D0) of H2 is a benchmark value in quantum chemistry, 
with recent QED calculations now approaching accuracies achievable in simple atoms. 
Precise measurement of the GK-X molecular transition, in combination with other 
precision measurements, provides a determination of D0. The GK-X transition is excited 
through Doppler-free two-photon spectroscopy using 179-nm radiation, based on 
frequency up-conversion using a special KBBF crystal. The optical frequency of the 
fundamental (716 nm), which is the output of a narrowband pulsed Ti:Sa laser system, 
is locked to a frequency comb. This enables accuracies of the GK-X transition to a few 
parts in 1010 or MHz level, leading to an order-of-magnitude improvement for D0. The 
comparison of this accurate experimental result with the best calculations may provide a 
test of the Standard Model of Physics. 
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Nuclear Spin-Independent Effects of Parity NonConservation in
Molecule of Hydrogen

Chubukov D.V.a,b, Skripnikov L.V.a,b, Labzowsky L.N.a,b, Plunien G.c
a St. Petersburg State University, Oulianovskaya 3, 198504, St. Petersburg, Petrodvorets, Russia
b National Research Centre ÒKurchatov InstituteÓ B.P. Konstantinov Petersburg Nuclear Physics

Institute, 188300,Gatchina, Leningrad district, Russia
c Institut f¬ur Theoretische Physik, Technische Universit¬at Dresden, Mommsenstrasse 13,

D-01062, Dresden, Germany

Theoretical study of discrete symmetry (e.g. spatial parityP) violation effects in atomic and
molecular systems plays a key role in developing theories and models of fundamental interaction
physics. In all atomic experiments only theP-odd electron-nucleus (e-N) interaction was observed
since it is enhanced in heavy atoms, while theP-odd electron-electron (e-e) interaction is negli-
gible [1]. In 1977 it was proposed to observe the effect of optical rotation on oxygen molecule
[2]. According to very rough estimates in this case theP-odde-einteraction effect should prevail
over theP-odd e-N one. The idea was that all electrons of a molecule involved in formation of
the chemical bond are concentrated in the region between the nuclei, so there should not arise
additional smallness in the matrix element of theP-odde-einteraction, which is present in atoms
for that effect. It follows from our recent calculations via coupled cluster method [3] that for O2

theP-odde-einteraction is suppressed compared to theP-odde-N one and, in principle, cannot
be separated out in this case. Note also that this suppression in O2 is less than the one in an atom
with the same nuclear charge.

This contribution is devoted to the description and the calculation of theP-odd effects in
diatomic homonuclear molecule of parahydrogen H2. For this purpose the M1 transition between
the states with the same rotational number of the vibrationalv = 1 ! 0 band in the H2 ground
electronic1! +

g state [4] is considered. It is shown that in this case the effects of theP-odde-eand
e-N spin-independent interactions are of the same order of magnitude. H2 molecule is therefore
the Þrst example of atomic system where thee-ePNC interaction can be directly observed. Since
the constants of thee-N PNC interaction were already accurately measured in atomic experiments,
thee-ePNC interaction constant also can be extracted from these experiments. In all other atoms
and molecules thee-ePNC interaction is usually deeply screened by thee-N interaction. Then
the evaluations of the PNC effect in the parahydrogen molecule H2 may acquire another important
sense. The parahydrogen molecule H2 is the unique atomic system also because in this molecule
thee-eande-N weak interaction constants are the same. Then a momentÕs consideration shows
that the PNC experiments with H2 molecule may become a source of the most accurate values for
the WeinbergÕs angle.

ÑÑÑÑÑÑÑÑ

[1] V.G. Gorshkov, G.L. Klimchitskaya, L.N. Labzovskii, and M. Melibaev, Zh. Eksp. Teor. Fiz.
72, 1268 (1977) [Sov. Phys. JETP 45, 666 (1977)]

[2] L.N. Labzovsky, Zh. Eksp. Teor. Fiz.73, 1623 (1977)
[3] D.V. Chubukov, L. Skripnikov, O. Andreev, L. Labzowsky and G. Plunien, J. Phys. B50,

105101 (2017)
[4] K. Pachucki and J. Komasa, Phys.Rev. A 83, 032501 (2011)
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Measurement of the Electric Dipole Moment of the129Xe Atom

F. Allmendingera, O. Grasdijkb, W. Heilc, K. Jungmannb, H.-J. Kraused, A. Offenh¬ausserd, U.
Schmidta, L. Willmannb, S. Zimmerc

(MIXed collaboration)
a Physikalisches Institut, Ruprecht-Karls-Universit¬at, 69120 Heidelberg, Germany

b University of Groningen, The Netherlands
c Institut f¬ur Physik, Johannes Gutenberg-Universit¬at, 55099 Mainz, Germany

dPeter Gr¬unberg Institute (PGI-8), Forschungszentrum J¬ulich, 52425 J¬ulich, Germany

Precision measurements of fundamental symmetry violations in atoms can be used as a test
of the Standard Model of elementary particles and to search for new physics beyond it. Electric
Dipole Moments (EDMs) of fundamental or composite particles are excellent candidates to look
for new sources of violation of CP symmetry. We describe a setup to measure the CP violat-
ing permanent EDM of the neutral129Xe atom. Our goal is to improve the present experimental
limit (dXe < 3 á10! 27 ecm [1]). The experimental approach is based on the free precession of
nuclear spin polarized3He and129Xe atoms in a homogeneous magnetic guiding Þeld of about
400 nT [2, 3]. A Þnite EDM is indicated by a change in the precession frequency as an electric Þeld
is periodically reversed with respect to the magnetic guiding Þeld. To render the experiment in-
sensitive to ßuctuations and drifts of the magnetic guiding Þeld, the principle of co-magnetometry
is used: Two different spin species are located in the same volume (hyperpolarized129Xe and3He
gas in the same measurement cell). The experiment beneÞts strongly from long spin-coherence
times of several hours [4]. We discuss the methods of data evaluation and analyze different sources
of noise and systematic effects, and the sensitivity of the129Xe EDM to underlying sources of CP
violation on the level of elementary particle interactions. We report on technical improvements
and Þrst experimental results achieved within the MIXed collaboration.
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[1] M. Rosenberry, T. Chupp, Phys. Rev. Lett86 (2001).
[2] W. Heil et al., Ann. Phys. (Berlin)525(2013).
[3] F. Allmendingeret al., Phys. Rev. Lett112(2014).
[4] F. Allmendingeret al., Eur. Phys. J. D71 (2017).
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 Atomic parity violation in ytterbium  
 

Dionysios Antypasa, Anne Fabricantb, Jason Stalnakerc, Konstantin Tsigutkind, and Dmitry 
Budkera,b,e 
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In the study of electroweak interactions, atomic parity violation (APV) experiments form a 
powerful tool, providing valuable information about the Standard Model and low-energy 
nuclear physics. Ytterbium is an excellent system for such studies, due to its strong APV effect 
(largest effect observed in any atomic system to date) and the availability of many stable 
isotopes. This brings within reach the possibility to perform high-precision measurements of the 
isotopic dependence of the effect, which would serve as a probe of the neutron skin variation 
among these different isotopes of the ytterbium nuclei. In addition, a determination of the 
nuclear spin-dependent contributions to the APV effect would be an observation of the nuclear 
anapole moment, and would yield information about nucleon-nucleon weak meson couplings.  
     Our programme in ytterbium parity violation in Mainz has reached in early 2018 its first 
milestone, namely the observation for the first time, of the isotopic variation of the APV effect, 
as predicted by the electroweak theory.  We will present the result of these measurements, and 
discuss future prospects for determining nuclear spin-dependent APV effects as well 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. Skripnikova,b, Alexander N. Petrova,b, Daniel E. Maisona,b, Anatoly V. Titova,b

a National Research Centre ÒKurchatov InstituteÓ B.P. Konstantinov Petersburg Nuclear Physics
Institute, Gatchina, Leningrad District 188300, Russia

b Department of Physics, St. Petersburg State University, 198504 St. Petersburg, Russia

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

We use a method, which allows one to signiÞcantly simplify the relativistic treatment of
such characteristics. This approach includes relativistic correlation calculation of valence elec-
tronic structure using the generalized relativistic pseudopotential approach followed by the non-
variational restoration of four-component electronic structure in the vicinity of heavy-atom nu-
cleus. We show [1] that this method can be efÞciently combined with the direct 4-component
Dirac-Coulomb-Breit approach to consider contributions of the (excluded from pseudopotential
calculations) inner-core electrons, remove uncertainties due to approximate restoration procedure
and treat high order correlation effects up to the coupled cluster method with single, double, triple,
and perturbative quadruple amplitudes. In the report the status [1] and applications of the method
to the atoms [2], molecules [1,3,5] and solids [4] most actual to search for the New physics Ð ThO,
HfF+ , Fr, ThF+ , TaN, PbF, PbTiO3, etc. are given. Calculation [5] is required for exhaustive
interpretation of the experimental data by Cornell/Ye group [6].

We also show that precise relativistic methods of electronic structure calculation of molecules
(Þnite Þeld coupled cluster approaches) can be used to accurately extract nuclear magnetic mo-
ments from NMR experiments [7]. Applications of such methods allowed us to resolve [7]
recently-established ÒhyperÞne puzzleÓ [8].

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

Bernhard Maa§a, Jan Krausea, Phillip Imgrama, Kristian K¬oniga, J¬org Kr¬amera, Peter M¬ullerb,
Wilfried N¬ortersh¬ausera, Tim Ratajczyka, Rodolfo S«anchezc, Felix Sommera,

a Institut f¬ur Kernphysik, TU Darmstadt, Darmstadt, Germany
b Physics Division, Argonne National Laboratory, Chicago, USA

c GSI Helmholtzzentrum f¬ur Schwerionenforschung, Darmstadt, Germany

The 2p-3s ground-state transition in the atomic Þve-electron system of neutral Boron has been
measured using Resonance Ionization Mass Spectroscopy (RIMS). A stable Boron atom beam
was overlapped perpendicular with two laser beams. While one laser was frequency-scanned over
the atomic resonance, it was simultaneously monitored with a frequency comb, providing an ac-
curate reading for the absolute frequency. The second laser was used for non-resonant ionization
out of the previously excited 3s state. Ions were extracted from the ionization region and guided
into a quadrupole mass spectrometer and Þnally detected by a channeltron. The mass selection
provided almost background-free single-ion detection. The acquired spectra allowed us to extract
absolute transition frequencies and the isotope shift of10B and11B with high precision.

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

Furthermore, we strive to extend these isotope shift measurements along the boron isotopic chain
to the short-lived (770 ms) proton-halo candidate8B. The most decisive observable to conÞrm its
halo character, the nuclear charge radius, can be extracted from such measurements.

In this presentation, the results of the ofßine experiment will be presented. Also, a status and
outlook of our efforts towards the measurement of the8B mean-square nuclear charge radius at
Argonne National Laboratory will be given.

This work is supported by the U.S. DOE, OfÞce of Science, OfÞce of Nuclear Physics, under
contract DE-AC02-06CH1135, and by the Deutsche Forschungsgemeinschaft through Grant SFB
1245.
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Leptonic and semi-leptonic decays of charmed mesons at BESIII

Hailong Maa

(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 3.19 fb! 1 e+ e! col-
lision samples at the center-of-mass energies of 3.773 and 4.178 GeV, respectively. They are
all the worldÕs largest ones to date. Using these data samples, we have studied the purely lep-
tonic decaysD +

(s) ! ! + " ! , and the semi-leptonic decays ofD 0 ! K (#)! e+ ve, K (#)! µ+ vµ,

D + ! øK 0(#0)e+ ve, øK 0(#0)µ+ vµ andD +
s ! K (" )0e+ ve. We will report the improved mea-

surements of the branching fractions of these decays and the CKM matrix elements|Vcs(d) |, the
D +

(s) decay constants, the form factors ofD +
(s) semi-leptonic decays. These results are important

to calibrate the LQCD calculations ofD +
(s) decay constants and form factors and to test the CKM

matrix unitarity.
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Charmonium(-like) spectroscopy with BESIII 

Johan Messchendorpa 
on behalf of the BESIII collaboration 

a University of Groningen/KVI-CART, Zernikelaan 25, 9747 AA Groningen, The Netherlands. 
 

After a short review of the overall physics program of BESIII and the key features of the 
BEPCII collider and BESIII detector, I will present some of the recent highlights of the 
charmonium(-like) spectroscopy program of BESIII. The results include measurements of 
radiative and hadronic decays of several charmonium(-like) states below and above the open-
charm production threshold. The ultimate aim is to provide data to study the dynamics of the 
strong interaction in the confinement region and to understand the nature of the recently 
discovered XYZ states.  In this talk, I will discuss on what has been learned so far and what the 
future perspectives could be in this field of hadron physics. 
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The µµtron physics program

V. P. Druzhinina, A. I. Milstaina,b, S. S.Gribanova,b

a Budker Institute of Nuclear Physics
b Novosibirsk State University

The construction of the low-energye+ e! collider (µµtron) operating near the muon-pair pro-
duction threshold begins in 2018 at BINP (Novosibirsk). The collider parameters and conÞgura-
tion (a luminosity of8 ! 1031 cm! 2c! 1), an center-of-mass energy spread of 400 keV, and beams
collision with a large crossing angle) allow to perform experiments on study of dimuonium prop-
erties. The dimuonium is theµ+ µ! bound state that has not yet been observed. Atµµtron it
will be possible to detect about 40 thousand dimuonium atoms per year (107 s). In this report we
describe the physics program ofµµtron.
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[1] A. Bogomyagkovet al., arXiv:1708.05819 [physics.acc-ph].
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Muon (g-2) and measurement of hadronic cross-sections at CMD-3

Ivan Logashenkoa,b

on behalf of the CMD-3 collaboration
a Budker Institute of Nuclear Physics

b Novosibirsk State University

Precise measurement of the muon anomalous magnetic momentaµ = ( gµ ! 2)/ 2 provides
a stringent test of the Standard Model and a tool for a search of physics beyond the Standard
Model at the laboratory. There is a long-standing 3Ð4 standard deviations difference between the
result of the latest measurement ofaµ in Brookhaven National Laboratory [1] and the Standard
Model prediction ofaµ [2, 3]. In 2018 a new experiment E989 [4] to measureaµ has started data
taking at Fermilab with an ultimate goal of 4-fold improvement in precision compared to the BNL
measurement.

There are world-wide efforts to improve the accuracy of the Standard Model prediction ofaµ

to match the expected precision of the Fermilab measurement. The dominant contribution to the
theoretical error comes from the evaluation of the hadronic contribution. While a lattice-based
approach to calculate the hadronic contribution from the Þrst principles shows great progress over
last years, the best precision is still achieved with the traditional dispersive approach, based on the
integration of the measured total cross-section ofe+ e! " hadrons. The calculation is heavily
dominated by low-energy data, in particular, by data at

#
s < 2 GeV.

The CMD-3 experiment at the VEPP-2000 collider [5] in Novosibirsk carries out the compre-
hensive program of measurements of the exclusive cross-sectionse+ e! " hadrons in the energy
range from the threshold to

#
s < 2 GeV. The Þrst round of data taking in the whole available

energy range was done in 2011-2013 . After a three-year break for collider and detector upgrades,
data taking resumed in 2017.

WeÕll present the overview of the Þeld and the status and current results from the CMD-3
experiment.
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Collider experiment SND and Precision Physics with hadronic e+e- 
cross sections 
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Spherical neutral detector (SND) is an experiment for e+e- annihilation 
study at moderate energies 0.2-2 GeV. The light quark anti-quark bound 
states are main subject of study at these energies. The quark anti-quark 
states express themselves as resonances in the e+e- �W! hadronic cross 
sections. The hadronic cross sections could be recalculated to hadronic 
vacuum polarization (HVP). The Standard Model predictions today are 
limited by HVP which is not calculable with modern Quantum chromo 
dynamics theory. In this talk we present the review of the hadronic cross 
sections measurements at SND and some new measurements: e+e- �W�Œ+�Œ-, 
�Œ0��, K+K-, �˜ �Œ0, K+K-��, �Œ+�Œ-��, KsKL�Œ

0, �Œ+�Œ-�Œ0��, �˜ �Œ0�� e.t.c. 
!
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P ,T -odd Faraday effect in heavy neutral atoms

Chubukov D.V.a,b, Skripnikov L.V.a,b, Labzowsky L.N.a,b

a St. Petersburg State University, Oulianovskaya 3, 198504, St. Petersburg, Petrodvorets, Russia
b National Research Centre ÒKurchatov InstituteÓ B.P. Konstantinov Petersburg Nuclear Physics

Institute, 188300,Gatchina, Leningrad district, Russia

Theoretical study of discrete symmetry (e.g. spatial parityP and time-reversal parityT )
violation effects in atomic systems plays an important role in developing theories and models of
fundamental interaction physics. The existence of theT -noninvariant interactions in the nature is
one of the most important fundamental problems which has to be solved by the modern physics.
TheCP-violation (C- charge conjugation) discovered in [1] in the exotic reaction with K-mesons
means, according to theCPT-theorem that such interactions in principle exist. However a search
for the more universalT -violating interactions has been continued from 1950 up to now without
success.

This contribution is devoted to the proposal to observe theP, T -odd Faraday effect, i.e. rota-
tion of the polarization plane of the light propagating through a medium in presence of an electric
Þeld in the intra-cavity absorption spectroscopy (ICAS) experiments [2]. TheP, T -odd Faraday
effect may be caused byCP violation within the Standard Model. It is demonstrated that the
observation of theP, T -odd Faraday effect may compete with the observation of theP, T -odd
electron spin rotation in an external electric Þeld which provides now the most stringent bounds
for the P, T -odd effects in atomic physics. We revisit theP,T -odd Faraday effect in view of
a serious progress in the ICAS made during the last few decades [3]-[5]. For the Faraday rota-
tion (ordinary orP,T -odd) the maximum of the effect coincides with the maximum of absorption
what prevents usually the work off-line and employment of the large optical path length. However
our proposal is based on working off-resonance using second Faraday rotation maximum existing
both for the ordinary andP,T -odd Faraday effects. This would allow to employ very large optical
path length (up to hundred kilometres) corresponding to the recent ICAS experiments and greatly
enhance theP,T -odd Faraday rotation signal. Here we present the accurate calculations and a
detailed analysis of the possible ICAS-type experiment. The calculations are performed for the
heavy metal atoms Cs, Tl, Pb, Bi where theP,T -odd effects are most pronounced. The results
of the calculations demonstrate that with that large optical path length the ICAS experiments will
be able to Þx the possibleP,T -odd effects at the level several orders of magnitude lower than the
other most advanced modern experiments.
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Nonadiabatic rotational states of H2, HD, and D2

Krzysztof Pachuckia, Jacek Komasab

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

We present a new computational method for the determination of energy levels in four-particle
systems like H2, HD, D2, HeH+ , and Ps2 using explicitly correlated exponential basis functions
and analytic integration formulas. In solving the Schr¬odinger equation, no adiabatic separation of
the nuclear and electronic degrees of freedom is introduced. We provide formulas for the coupling
between the rotational and electronic angular momenta, which enable calculations of arbitrary
rotationally excited energy levels. To illustrate the high numerical efÞciency of the method, we
present results for various states of the hydrogen molecule. The relative accuracy to which we
determined the nonrelativistic energy reached the level of10! 12Ð10! 13, which corresponds to an
uncertainty of10! 7Ð10! 8 cm! 1.
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[1] K. Pachucki, J. Komasa, Schr¬odinger equation solved for the hydrogen molecule with un-
precedented accuracy, J. Chem. Phys.144, 164306 (2016).

[2] K. Pachucki, J. Komasa, Nonadiabatic rotational states of the hydrogen molecule, Phys.
Chem. Chem. Phys.20, 247-255 (2018).
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Relativistic corrections for the ground state of the hydrogen molecule

Liming Wanga, Zong-Chao Yanb,c,
a Department of Physics, Henan Normal University, Xinxiang, Henan, P. R. China 453007

b Department of Physics, University of New Brunswick, Fredericton, New Brunswick, Canada
E3B 5A3

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

Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, China

The Schr¬odinger equation for the ground state of the hydrogen molecule is solved by the
Rayleigh-Ritz variational method in Hylleraas coordinates without using the Born-Oppenheimer
approximation. The non-relativistic energy eigenvalue converges to! 1.164 025 030 4(5)a.u..
Then the leading order relativistic corrections (including the mass-velocity, Darwin, orbit-orbit,
and spin-spin terms) and the relativistic recoil terms are calculated by perturbation method. To-
gether with the QED corrections and higher-order corrections calculated by M. Puchalski, J. Ko-
masa, and K. Pachucki [1], we obtain the dissociation energy of the hydrogen moleculeD0 =
36 118.069 47(47)cm! 1, which agrees with the recent experimental results36 118.069 62(37)
cm! 1 [2] and36 118.069 45(31)cm! 1 [3].

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

Basis size Non-relativistic energy! 2 correction ! 2 contribution to the
(in a.u.) (in10! 5 a.u.) dissociation energy (in cm! 1 )

256 Ð1.163 966 582 92 Ð1.088 999 4 Ð0.531 751
500 Ð1.164 014 701 97 Ð1.091 203 3 Ð0.526 914
912 Ð1.164 022 742 55 Ð1.090 704 3 Ð0.528 009
1570 Ð1.164 024 408 23 Ð1.090 057 1 Ð0.529 429
2570 Ð1.164 024 831 12 Ð1.089 629 1 Ð0.530 369
4050 Ð1.164 024 974 62 Ð1.089 440 2 Ð0.530 783
6150 Ð1.164 025 011 35 Ð1.089 361 0 Ð0.530 957
9070 Ð1.164 025 022 86 Ð1.089 315 7 Ð0.531 056
13020 Ð1.164 025 027 14 Ð1.089 288 1 Ð0.531 117
18270 Ð1.164 025 028 91
25100 Ð1.164 025 029 71
33870 Ð1.164 025 030 10
Extrap. Ð1.164 025 030 4(5) Ð1.089 24(5) Ð0.531 21(10)
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Precision Tests of Fundamental Interactions 
with Ion Trap Experiments 

Wolfgang Quinta,b 
a GSI Helmholtzzentrum fŸr Schwerionenforschung, 64291 Darmstadt, Germany 

b Physikalisches Institut, Ruprecht Karls-UniversitŠt Heidelberg, 69120 Heidelberg, 
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Single particles in traps allow for clean investigations of basic interactions and also for the 
determination of fundamental constants. This has been demonstrated by investigations of 
Quantum Electrodynamics (QED) with respect to the g-factor of the free electron [1] and of 
hydrogen-like or lithium-like ions [2 - 4], which form the most precise determinations of the 
fine-structure constant and of the mass of the electron, respectively. Ion traps are also suitable 
for the study of the interaction of atomic ions with high-intensity laser radiation [5]. The 
trapping of hydrogen-like heavy ions up to uranium is possible at the heavy-ion accelerator at 
GSI with stripping and post-deceleration. At the HITRAP facility at GSI, the final stage for 
deceleration and trapping of bare and hydrogen-like heavy ions up to uranium has been 
commissioned. After stripping at energies of a few 100 MeV/u, the ions are decelerated down to 
4 MeV/u in the Experimental Storage Ring (ESR) and further down to 6 keV/u by a 
combination of an IH and a RFQ structure operating as decelerators. Finally, the ions will be 
captured and cooled down to cryogenic temperatures in a Penning trap by means of electron 
cooling and resistive cooling. From this trap, they can be extracted and used for experiments. 
With this novel technique of deceleration, trapping and cooling of highly charged ions, atomic 
physics studies on slow highly charged ions up to uranium U92+ interacting with photons, atoms, 
molecules, clusters, and surfaces will be performed. In addition to collision studies, high-
accuracy atomic physics experiments on trapped highly charged ions will be a significant part of 
the atomic physics program of the HITRAP facility. At the upcoming Facility FAIR, the 
HITRAP facility will form an integral component of both the SPARC as well as the FLAIR 
Collaborations. 

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

Wanping Zhoua,b, Xuesong Meia,c, Haoxue Qiaoc
a School of Physics and Technology, Wuhan University, Wuhan 430000 china

b Engineering and Technology College, Hubei University of Technology, Wuhan 430000 China
c Wuhan Institute of Physics and Mathematics , Chinese Academy of Sciences, Wuhan 430071

China

The polarizability in atomic physics is important to determining the frequency standard [1],
magic wavelengths and the tune-out wavelengths [2,3] of the atom in the optical lattice clock. It is
also used to calculating the long-range interactions between atoms [4] in the cold atom research.
However the higher order corrections are still researched inadequately [1,5]. In this work, starting
from the relativistic polarizability of the Hydrogen-like atoms, we derive the operators of the
nonrelativistic leading term and Þrst order perturbation term: relativistic corrections and radiative
corrections by applying Nonrelativistic Quantum Electrodynamic approach[6,7]. These correction
are the dynamical parts, which dependent on the electric Þeld frequency. The Bethe-logarithm-like
correction is also obtained. This study can be helpful in our next step research about blackbody
radiation contribution in atomic system, which is based on our previous study [8].
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Precision x-ray spectroscopy of the 1s Lamb shift in high-Z  
hydrogen-like systems 

G. Webera, H. Beyerb, A. Gumberidzeb, T. Gassnerb,c, Th. Stšhlkera,b,c 
on behalf of the FOCAL collaboration 

a Helmholtz Institute Jena, Germany; b GSI Helmholtzzentrum fŸr Schwerionenforschung, 
Germany; c Institut fŸr Optik und Quantenelektronik, FSU Jena, Germany 

 

The study of the 1s Lamb shift in hydrogen-like systems represents one of the most stringent 
tests of quantum electrodynamics (QED) for the most fundamental atomic systems. Due to the 
strong dependence of the Lamb shift on the nuclear charge Z, it is of high interest to test the 
predictions of QED in the regime of very strong electric fields, such as in hydrogen-like gold 
(Au78+) or uranium (U91+), where approximations relying on ! Z !  1 are not applicable.  The 
present contribution will focus on most recent efforts with respect to high-precision Lamb shift 
studies in high-Z systems at GSI, Darmstadt. 

After several experiments on the 1s Lamb shift in U91+, conducted with conventional 
semiconductor detectors [3], the twin crystal spectrometer FOCAL has been developed [4] 
which is the result of a well-balanced trade-off between a high resolving power and detection 
efficiency. Namely, an acceptable efficiency is needed to operate the crystal spectrometer at an 
ion storage ring with a luminosity which is low compared to other high intensity x-ray sources 
like synchrotrons or nuclear reactors. The outcome of the first beam time using the complete 
two-arm FOCAL spectrometer will be presented, see Fig. 1. In addition, the development of 
microcalorimeters for the x-ray regime, that combine the high resolution typical for crystal 
spectrometers with the good efficiency of conventional solid state detectors, is expected to open 
a promising route for precision spectroscopy in high-Z systems. Here, we will discuss recent 
test measurements with the maXs prototype detector [5] as depicted in Fig. 2. 

 

  

Figure 1: X-ray spectrum of hydrogen-like gold as 
recorded by a position sensitive detector after being 
dispersed by the FOCAL crystal. The lines correspond 
to the Lyman-!  and -"  transitions in Au78+. 

Figure 2: X-ray spectrum from the collision of a Xe54+ 
ion beam and a Xe gas target. The Doppler-shifted 
Lyman series of Xe53+ and Xe52+ are clearly visible. 
Centered around 30 keV one can see the K-lines of 
differently charged 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. Dreissena, C. Rotha, E.L. Gr¬undemana, M. Faviera, J.J. Krautha, K.S.E. Eikemaa

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

High-precision spectroscopy of simple atoms and molecules set the benchmark for tests of
bound-state Quantum Electrodynamics (QED). Especially atomic hydrogen has served as a model
system, and experimental efforts have lead to a measured 1S-2S transition frequency with a rel-
ative accuracy of10! 15 [1]. In order to improve the theoretical description of this system, the
proton charge radius (r p) was extracted from the measured Lamb shift in muonic hydrogen with
a 10 times higher accuracy compared to previous determinations from electronic systems. This
measurement, however, also shows a 5.6! discrepancy with CODATA-2014 and this is now well
known as theproton radius puzzle[2, 3]. Recent developments in this Þeld have made matters
even more confusing. The proton radius extracted from the measured 2S-4P transition frequency
in electronic hydrogen agrees well with the muonic value [4], while a recent measurement of the
1S-3S transition frequency results in a value which coincides with CODATA-2014 [5]. Efforts
are now being made to resolve this problem, using different systems. Therefore, our goal is to
measure the 1S-2S transition in singly-ionized helium at 30 nm. This system is more sensitive to
nuclear charge effects and the result can be compared directly with measurements conducted in
muonic-He+ . Also, combining the expected more accurate determination of the nuclear charge-
radius of the" -particle from the muonic-He+ measurement with high accuracy spectroscopy of
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) method,
which combines high-power ampliÞed frequency comb laser pulses with high-precision frequency
metrology. This enabled us to perform precision measurements in molecular hydrogen at deep
ultra-violet wavelengths, demonstrating that RCS is very suitable for combining efÞcient fre-
quency up-conversion with high-precision spectroscopy [7]. Moreover, systematic shifts due to
the ac-Stark effect or chirp are greatly suppressed. We are currently extending this technique to
the vacuum-UV and extreme-UV wavelength range using High-Harmonic Generation (HHG). A
3 meter long vacuum system was designed and constructed for this, and the latest results show that
we have a refocused diffraction limited XUV beam (# < 50 nm). We are currently testing RCS
with HHG on the5p6 ! 5p56d[1/ 2]0 transition in xenon at 113 nm (7th harmonic of 790 nm).
With this measurement we can characterise the phase-shift induced by the HHG process and the
quality of our XUV-beam, which is of great importance for the experiment in He+ .
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The next generation of laser spectroscopy experiments of light
muonic atom

Stefan Schmidta and Randolf Pohla

on behalf of the CREMA collaboration
a Institut f¬ur Physik & Exzellenzcluster PRISMA, Johannes-Gutenberg Universit¬at Mainz,

Germany

Simple muonic atoms have been proven to be of particular interest for studies of nuclear prop-
erties, such as the charge and Zemach radii, and the nuclear polarizabilities. It has been found that
the proton [1] and deuteron [2] charge radii extracted from muonic atom spectroscopy deviate by
about 5! from the present CODATA values. This discrepancy has been coined theproton radius
puzzle[3]. The proton and deuteron radius discrepancies could originate from a problem in the
determination of the Rydberg constant [4] and indeed a recent measurement of the Rydberg con-
stant by means of the 2S-4P transition in ordinary hydrogen performed in Garching [5] suggested a
smaller Rydberg constant and hence a smaller proton radius also in hydrogen. However, the large
proton radius has recently been conÞrmed by a measurement of the 1S-3S transition in Paris [6].

Recently, also3He and4He were measured by laser spectroscopy of the muonic ions. Using
modern theory summarized in [2], we determine the charge radii of the these nuclei with 10 and
6 times higher accuracy than the values from elastic electron scattering.

In this contribution, we will present ongoing and planned measurements of the CREMA col-
laboration targeting the (magnetic) Zemach radius of the proton [7], by laser spectroscopy of the
hyperÞne structure inµp. We will also present plans to extend the Lamb shift measurements to
lithium and beryllium nuclei. With the muon as a sensitive probe for the nuclear structure, these
measurements have the potential to improve the corresponding charge radii by a factor of 10 and 5,
respectively. Comparing these measurements with studies from elastic electron-proton scattering
events provides a suitable tool to test nuclear theory.
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HyperÞne structure in heavy muonic atoms

N. Michela, N. S. Oreshkinaa, C. H. Keitela

a Max-Planck-Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg, Germany

We consider bound states between an atomic nucleus and a muon, so called muonic atoms. Espe-
cially for high charge numbers, the surrounding atomic electrons do not inßuence the muon and
the systemis essentially hydrogenlike. Just as in normal atoms, there is Þne andhyperÞne splitting,
but the signiÞcance of the various contributionsdiffers dramatically. In particular, nuclear structure
effects are muchbigger, and vacuumpolarization effects are very important. We calculate the level
structure in heavy muonic atoms, taking several QED and nuclear structure effects into account
in Þrst-order perturbation theory and beyond. Thereby, precise values of the hyperÞne structure
of muonic atoms are obtained [1] and the dependence of transition energies in muonic atoms on
nuclear parameters is investigated.
[1]: Phys. Rev. A96, 032510 (2017)
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Precise comparisons of the fundamental properties of protons and antiprotons, such as mag-
netic moments and charge-to-mass ratios, provide stringent tests of CPT invariance, and thus,
matter-antimatter symmetry. Using advanced Penning-trap methods, we have recently determined
the magnetic moments of the proton and the antiproton with a relative precision of 0.3 p.p.b. and
1.5 p.p.b., respectively [1, 2].

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

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

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

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

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

Carina Trippla

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],[3],[4].
The proposed kaonic deuterium measurement at J-PARC [5], [6] and DA! NE [7] will add impor-
tant results to the already existing kaonic hydrogen analysis, adding in particular values for the
determination of the antikaon-nucleon scattering lengths a0 and a1 by measuring the energy shift
and width of the 1s state. Additionally, the planned kaonic helium experiment at J-PARC will give
new insight in the possible isotope shift between He-3 and He-4 [8].

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

For the kaonic deuterium measurement the 2p! 1s shift will be measured by 48 SDD arrays
surrounding a cryogenic target cell (see Figure 1). With newly developed ampliÞers and specially
designed Silicon Drift Detectors the shift and width of the 1s state can be measured with an ac-
curacy better than 50 eV and 100eV, respectively. The SDDs have undergone several tests at the
Stefan Meyer Institute concerning their energy resolution and stability. The latest tests have been
performed to determine the timing resolution (drift time) of the SDD arrays, achieving a drift time
below 500 ns at 150 K. Tests at lower temperature to reduce the drift time below 200 ns are planned
in the near future.
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Charged particle veto detector for a kaonic deuterium measurement
at DA! NE

Marlene T¬uchlera

on behalf of the SIDDHARTA-2 collaboration
a Stefan Meyer Institute

Introduction

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

Experimental Setup

Using the theoretical estimates for K! d yields, which are one order of magnitude below the mea-
sured K! p yields, an upgrade and optimisation of the SIDDHARTA apparatus is essential. An
enhancement by at least one order of magnitude of the signal to background ratio is required
for SIDDHARTA. Therefore, an active charged particle anticoincidence-veto-2 system is under
construction, since each real X-ray signal from K! d K! transitions is accompanied by charged
particles like protons and pions from Þnal kaon absorption. We cannot veto all potential signals
which are in coincidence with these particles, but we rather have to look at the positional corre-
lation between SDDs and charged particle hits. Clearly, it is advantageous to detect the charged
particle position as close as possible to the SDD cell to obtain a good signature of whether the
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 small or-
ganic scintillators with sizes of 50 x 12 x 5 mm3, attached to one Silicon Photo-Multiplier (SiPM)
with a sensitive area of 4 x 4 mm2, which are shown in Fig.2. The main reasons for choosing
organic scintillators are their fast response (short rise- and decay-times) and their high light yield.
As detector SiPMs are chosen because SiPMs provide advantageous properties such as good tim-
ing, compactness and high photon detection efÞciency (PDE).
We will present in detail the detector setup and discuss the Þrst results of the test measurement.

Figure 1: Setup of SIDDHARTA-2 Figure 2: Scintillator tile with SiPM
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Status Update of NoMoS
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c Institut Laue-Langevin, 38042 Grenoble, France;

We  present  a  new method  of  spectroscopy,  utilizing  a  drift  effect  to  disperse  charged
particles in a uniformly curved magnetic field [1]. The curved field results in a drift  of the
charged particles perpendicular to the radius of the curvature and to the magnetic field, which is
proportional  to  the  particleÕs  momentum.  A  spatial-resolving  detector  will  determine  the
momentum spectra. The first realization, called NoMoS (Neutron decay prOducts MOmentum
Spectrometer) [2], will measure correlation coefficients in free neutron beta decay to test the
Standard Model of particle physics and to search for physics beyond [3,4]. Currently, the focus
is on the design and the construction of the magnet system.

[1] X. Wang et al., NIM A 701, 254 (2013).
[2] G. Konrad, PoS(EPS-HEP2015) 592 (2015).
[3] B.R. Holstein et al., J. Phys. G 41(1) (2014), articles 114001 - 114007.
[4] V. Cirigliano, S. Gardner, B.R. Holstein, Prog. Part. Nucl. Phys. 71, 93 (2013).

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

10th International Conference on the Physics of Simple Atomic Systems 84



3D-imaging of antimatter annihilation using the ASACUSA
Micromegas tracker

V. M¬ackela! on behalf of the ASACUSA collaboration
a Stefan Meyer Institute, Austrian Academy of Sciences, Boltzmanngasse 3, 1090 Vienna,

Austria
! Current address: Ulmer Fundamental Symmetry Laboratory, RIKEN, Saitama 351-0198, Japan

The ASACUSA collaboration aims at measuring the ground state hyperÞne splitting of antihy-
drogen for probing fundamental symmetries. A cryogenic double cusp trap for mixing antiprotons
and positrons serves as an antihydrogen source for inßight spectroscopy [1, 2]. In order to be able
to monitor the antihydrogen formation process, the ASACUSA Micromegas Tracking (AMT) de-
tector was installed for detecting and reconstructing the antiproton and antihydrogen annihilations
in the trap in three dimensions [3].

The AMT detector consists out of two curved gaseous detector layers using micromegas tech-
nology [4]. The layers form two half cylinders and are mounted concentrically with the trap
electrodes on the upper side of the vacuum chamber containing the trap. A single, full-cylinder
layer of plastic scintillator between the two Micromegas layers provides fast signals for triggering
the read ou- of the micromegas channels. As an active gas, a mixture of argon (90%) and isobutane
(10%) is used. The drift region has a height of 3 mm, while the ampliÞcation region has a height
of 128µm. A relatively high drift voltage of 1600 V and an ampliÞcation potential of 460 V are
applied, which sufÞciently reduce the inßuence of the Lorentz force on the drift electrons due to
the magnetic Þeld of the trap.

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

V. M¬ackela and D. Murtaghb 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 Vienna,
Austria

Antihydrogen is the simplest stable antiatom which can be produced at low energies. A sample
of antihydrogen amenable to precision spectroscopic investigation would provide a stringent test
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 antiprotons
and positrons, which serves as an antihydrogen source for inßight spectroscopy [1, 2]. Antiprotons
are provided by the Antiproton Decelerator at CERN. Positrons from a radioactive22Na source
with an activity of currently 0.51 GBq are slowed down to a few eV using a neon rare-gas solid
moderator and accumulated in a Surko-type buffer gas trap. Typically,6 ! 106 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 condition
positrons will be discussed. Planned new developments in positron temperature measurement and
cooling will be shown, which will be important for improving the mixing efÞciency. Calculations
show that hydrogen production is optimal with a high density, low temperature positron plasma
[3], encouraging recombination via three-body and radiative processes.
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[1] E. Widmann et al., HyperÞne Interactions 215, 1 (2013)
[2] N. Kuroda et al., Nature Communications 5 3089 (2014)
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Towards a search for Dark Matter using atomic Dysprosium

A. Sharmaa,b, M. Leysera,b, A. V. Viatkinaa,b, L. Bougasa,b and D. Budkera,b

a Helmholtz Institut Mainz (HIM), Johannes Gutenberg Universit¬at, Mainz 55128, Germany
b Institut f¬ur Physik, Johannes Gutenberg Universit¬at, Mainz 55128, Germany

Studies of rotation curves of galaxies, initiated by Oort& Zwicky (1930Õs) and later by Rubin
(1970Õs) led to the Dark Matter (DM) hypothesis and the subsequent evidence for the existence of
Dark Matter and Dark Energy. Search for the elusive dark matter candidates has been going on
since the early 1970Ôs. Oddly, the Standard Model (SM) with all its tremendous successes (most
notably, in the recent past, being the discovery of the Higgs boson at the LHC, CERN) has so far
failed to provide an insight into the candidates that may directly or indirectly relate to Dark Matter
or Dark Energy.

Experimental efforts (including the ones at the LHC, CERN) initiated towards the search of
axions and WIMPs (Weakly Interacting Massive Particles), both of which are potential Dark Mat-
ter candidates, have still not produced any deÞnitive outcome related to the origin of Dark Matter
and the still yet elusive, Dark Matter particles. In our group, we are trying to search for possible
Dark Matter (DM) candidates through precision atomic spectroscopy on dysprosium (Dy) atoms.
Dysprosium (Dy) is an atomic system that has in the past been used for searching for possible vari-
ations of fundamental constants [1] with the aim of constraining possible dark matter candidates
and also exploited for the search of parity-violating effects mediated by cosmic Þelds that may be
part of dark matter. This experiment was also used towards a search for ultralight dilatonic dark
matter [2] (that was also used to improve constraints on possible quadratic interactions of scalar
dark matter by 15 orders of magnitude), and most recently, a search for possible exotic interactions
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 Spec-
troscopy) measurements with sub-Hz precision, with the aim of searching for New Physics (NP)
beyond the Standard Model (BSM) through possible non-linearities that may arise on a King Plot
(KP) [4]. The idea is based on isotope shifts spectroscopy (ISS) and establishing a King Plot (KP)
through frequency measurements across multiple isotopes of dysprosium (Dy) in the RF (Radio
Frequency) and the optical domain. In an ideal scenario, the King Plot (KP) is linear with mass
and frequency ratio scaling measured for two different transitions across multiple isotopes. Non-
linearities in the King Plot may arise from possible dark matter candidates that couple to the atomic
nucleus and electrons through short range forces. I shall present our experimental efforts that have
been initiated towards this end with an emphasis on the current status and possible experimental
outcomes.
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[1] N. Leeferet al., Phys. Rev. Lett.111(2013) 060801.
[2] K. van Tilburget al., Phys. Rev. Lett.115(2015) 011802.
[3] N. Leeferet al., Phys. Rev. Lett.117(2016) 271601.
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Nuclear-anapole-moment Effects in Diatomic Molecules

Y. Haoa, M. Iliasb, and A. Borschevskya

This work is afÞliated 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 provide
huge enhancements for tiny physical effects, making it possible to look for new physics beyond
the Standard Model in a single experiment. Nuclear-spin dependent parity-violating interactions
and nuclear anapole moment effects in particular in diatomic molecules provide precise test of the
electroweak theory of the Standard Model [1]. The nuclear anapole moment interaction coefÞcient
WA can be used to extract helpful information, which determines nuclear-spin dependent parity-
violating interactions, from experiments [1]. It, speciÞcally, depends on electronic structure and
can be obtained from evaluating the matrix elements of the! ! (r ) operator in the molecular spinor
basis [1, 2, 3]. In this work, theWA coefÞcients for the selected alkaline earth metal ßuorides are
reported with Relativistic Coupled Cluster theory combined with Finite Field approach and their
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. Ilias, V. A. Dzuba, K. Beloy, V. V. Flambaum, and P. Schwerdtfeger,

Phys. Rev. A 85, 052509 (2012).
[3] A. Borschevsky, M. Ilias, V. A. Dzuba, V. V. Flambaum, and P. Schwerdtfeger, Phys. Rev. A
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Nonlinear Zeeman effect in boronlike highly charged ions

V. A. Agababaeva,b, D. A. Glazova, A. S. Varentsovac, A. M. Volchkovaa,
A. V. Volotkaa,d, V. M. Shabaeva, G. Pluniene

a Department of Physics, St. Petersburg State University,
Universitetskaya nab. 7/9, 199034 St. Petersburg, Russia

b St. Petersburg Electrotechnical University ÒLETIÓ,
Professor Popov st. 5, 197376 St. Petersburg, Russia

c ITMO University, Kronverksky pr. 49, 197101 St. Petersburg, Russia
d Helmholtz-Institut Jena, Fr¬obelstieg 3, D-07743 Jena, Germany
e Institut f¬ur Theoretische Physik, Technische Universit¬at Dresden,

Mommsenstra§e 13, D-01062 Dresden, Germany

The signiÞcant progress in theg-factor studies of highly charged ions was achieved in the
last two decades, as a result of both experimental and theoretical work [1, 2]. The substantial
accuracy improvement of the electron mass determination has been reached in these studies [3].
ItÕs expected that high-precisiong-factor measurements in hydrogen-, lithium- and boronlike ions
will provide an independent determination of the Þne structure constant! [4, 5]. The ARTEMIS
experiment being carried out in GSI is an important step to this goal [6]. It aims at measurement of
the Zeeman splitting in boron-like argon. It will be sensitive not only to the linear Zeeman effect (g
factors) of the ground and Þrst excited states, but also to the nonlinear effects in magnetic Þeld. At
present, theg factor has been well investigated theoretically including the QED, interelectronic-
interaction and nuclear effects. The leading order of the quadratic Zeeman effect, the one-loop
QED correction, and the one-photon-exchange correction for boronlike argon have been calculated
in Ref. [7]. The leading order of the cubic Zeeman effect has been evaluated in Ref. [8]. We
presentab initio QED calculation of the quadratic Zeeman effect for the ground and Þrst excited
states of boronlike ions in the wide range ofZ including the Þrst-order corrections: one-photon
exchange, self-energy and vacuum polarization. Moreover, we evaluate the one-photon-exchange
correction to the cubic Zeeman effect [9]. We employ both the perturbation theory in the magnetic
interaction and the nonperturbative approach based on the numerical solution of the Dirac equation
in the presence of external magnetic Þeld. Both methods are fully relativistic, i.e., exact to all
orders in! Z .
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[1] S. Sturmet al., Ann. Phys. (Berlin)525(2013) 620.
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ALPHATRAP is a high-precision Penning-trap based experiment dedicated to the 
exploration of ground-state properties of heavy, highly charged ions (HCI). The major 
goal of ALPHATRAP is the measurement of the bound-electron gyromagnetic factor, 
or g-factor, which can be predicted to very high precision in the framework of bound-
state quantum electrodynamics (BS-QED). The comparison of the experimental results 
with recent theoretical calculations will not only serve as a sensitive test of BS-QED, 
but also yields a new approach for the determination of fundamental constants such as 
the electron mass or the fine structure constant �Ù.  
The measurement of the bound-electron g-factor of a single HCI is performed in an 
improved cryogenic double Penning-trap setup, utilizing the continuous Stern-Gerlach 
effect. For injection of externally produced HCI up to 208Pb81+  the ALPHATRAP 
experiment is coupled to various ion-sources, including the Heidelberg Electron-Beam 
Ion Trap. The ALPHATRAP apparatus including beamline, trap tower and electronics 
was successfully commissioned with single 12C5+ and 40Ar13+ ions, and is in preparation 
for its first g-factor measurement. This poster will give an overview of the experimental 
setup. 
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High-accuracy ab-initio calculations of magic wavelengths for the
23S1 ! 21S0 transition of helium

Fang-Fei Wua,b, San-Jiang Yanga,c, Yong-Hui Zhanga,! , Li-Yan Tanga,  , Jun-Yi Zhanga,
Hao-Xue Qiaoc, and Ting-Yun Shia,d

a State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan
Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, PeopleÕs

Republic of China
b University of Chinese Academy of Sciences

c Department of Physics, Wuhan University, Wuhan 430072, PeopleÕs Republic of China
d Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, Peoples Republic

of China

High-precision spectroscopy in helium has been achieved with sufÞcient accuracy to determine
the Þne-structure constant, to test QED theory, and to extract the nuclear charge radius. However,
the determination of nuclear charge radius differences between3He and4He still disagree by 4!
from different frequency measurement of the21S ! 23S and23S ! 23P transitions [1, 2].
In order to measure the21S ! 23S transition with sub-kHz precision, W. Vassen group in VU
University designs a 319 nm magic wavelength trap to eliminate the ac Stark shift [3]. So far, there
is lack of ab-initio calculation for the magic wavelengths of helium. In present work, a large-scale
full-conÞguration-interaction calculation based on Dirac-Coulomb-Breit (DCB) Hamiltonian is
performed for helium. Different from our previous RCI method [4], the mass shift operators are
included directly into the DCB Hamiltonian. Furthermore, the non-relativistic calculations of
helium are also carried out by using the Hylleraas-B-spline method. All the magic wavelengths
from two different theoretical methods are consistent, and present RCI method predicted the magic
wavelength 319.816 07(2) nm for4He, which provides theoretical support for experimental design
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) 338.683 5(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) 318.611 62(5) 318.611

Table 1: The magic wavelengths (in nm) for the21S0 ! 23S1(M J = ± 1) transition of4He.
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[1] R. van Rooij, J. S. Borbely, J. Simonet, M. D. Hoogerland, K. S. E. Eikema, R. A. Rozendaal,
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Hylleraas-BBB-spline basis set and its application of energies,
polarizability and Bethe-logarithm of helium

Sanjiang Yanga,b, Yongbo Tangb, Xuesong meia,b, Tingyun Shib,! and Haoxue Qiaoa, 

a Department of Physics, Wuhan University, Wuhan 430072, China
b State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan

Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, PeopleÕs
Republic of China

For solving the Hamiltonian eigenvalue problem of a two-electron atomic system, the Hylleraas-
B -spline, H-B -spline, basis set is constructed through coupling the correlation termr12 and the
traditionalB -spline basis set [1]. This basis overcomes the ground state difÞculty of using the
traditionalB -spline-type basis and inherits the property of Þtting a wider range of initial states
in one diagonalization. In the energy calculation for ground state of helium, the accuracy of our
result using H-B -spline basis has 7 signiÞcant digits higher than using traditionalB -spline basis.
Combing the sum over pseudostates approach, we calculated the polarizability of helium. In two
gauges, the results of polarizabilities for low-lying states of helium reached 8 signiÞcant digits at
least. And the relative difference of the results of two gauges reached10" 11. Recently, we extend
this basis to the non-relativistic Bethe-logarithm, BL, calculations. Using H-B -spline basis, our
preliminary results of BL arrived 7 signiÞcant digits for the2 3S ! 10 3S states of helium.

States Hyllerass-B-splines Ref. [2] Ref. [3]

2 3S 4.3640364(1) 4.36403682(1) 4.3640354
3 3S 4.3686666(1) 4.36866692(2) 4.3686665
4 3S 4.3697230(2) 4.36972344(5) 4.3697229
5 3S 4.3700782(2) 4.37007831(8) 4.3700791
6 3S 4.3702286(4) 4.3702300
7 3S 4.370302(1) 4.3703043
8 3S 4.3703442(2) 4.3703450
9 3S 4.370367(1) 4.3703690
10 3S 4.370382(1) 4.3703841

Table 1: Comparison of BL for then 3S, n up to 10, states of helium. Units are a.u.
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Recent progresses in building a femtosecond extreme-ultraviolet 
(XUV) comb at WIPM 
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Optical frequency comb in the XUV region has attracted a great deal of attention since its 

first demonstration in 2005 [1-2]. On one hand, it provides laser in the XUV region with narrow 

band width for the first time. This advance pave the way for measuring important transitions in 

the XUV region. For example, the 1S-2S transition of He, He+, and Li + at 120 nm, 61 nm, and 
40.7 nm, respectively. On the other hand, ultrafast processes on the attosecond/femtosecond 

time scale are evolved during high order harmonics generation when the laser intensity inside an 

enhancement cavity reaches ~1013 W/cm2. Thus, ultrafast science can be revealed with high 

harmonic spectrum, coherence measurements, etc., with the benefit of high repetition rate. In a 

word, XUV comb leads to another joint frontier of precision spectroscopy and ultrafast science 

[2].   

In this work, we report on the recent progress in building an XUV comb at Wuhan Institute 

of Physics and Mathematics (WIPM). High harmonic generation in an enhancement cavity is 
adopted to realize the short wavelength in the XUV region. The driving IR comb has a 

repetition rate of 100 MHz, a pulse duration of ~100 fs and a maximum output power of 100 W. 

After mode matching, this IR comb is coupled into a 3-meter long travel wave enhancement 

cavity. The enhancement cavity is designed to have a buildup of ~200 and a beam diameter of 

~20 µm at the focus. With the PDH method, we were able to lock the length of the enhancement 

cavity to the repetition rate of the driving laser. Up to now, we have achieved an average power 

of 3.6 kW in the enhancement cavity and intra-cavity high harmonic generation is on the way. 
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PSAS2018 14th-18th of May, Vienna Poster Session Tuesday

10th International Conference on the Physics of Simple Atomic Systems 96



Towards precision spectroscopy of the 2S-6P transition
in atomic hydrogen

V. Andreeva, L. Maisenbachera, A. Matveeva,
A. Grinina, R. Pohla,b, K. Khabarovaa,c, N. Kolachevskya,c,

T. W. H¬anscha,d and Th. Udema

a Max-Planck-Institut f¬ur Quantenoptik, Garching, Germany.
b Johannes Gutenberg-Universit¬at Mainz, Mainz, Germany.

c On leave from: Lebedev Physical Institute, Moscow, Russia.
d Ludwig-Maximilians-Universit¬at, Munich, Germany.

The 1S-2S two-photon transition frequency in hydrogen can be measured most accurately
compared to other transitions in hydrogen due to its narrow natural linewidth, and serves as a
corner stone for fundamental constants [1]. However, only a combination of the precisely known
1S-2S transition with additional measurements allows to extract speciÞc constants such as the
proton root mean square charge radiusrp as well as the Rydberg constantR! , and to test the
consistency of Quantum Electrodynamics. More precise measurements of the 2S-nP transition
frequencies (e.g. withn = 4 , 6) can be used to overcome current limitations in the framework of
determining fundamental constants.

The value ofr p has become particularly interesting since the discovery of the apparent dis-
crepancy with muonic hydrogen [2]. Important steps towards the solution of this so-called proton
radius puzzle are more precise measurements of other transitions in hydrogen. Recently, the 2S-
4P transition has been measured in our group with a relative uncertainty of 4 parts in1012 [3].
Combining this result with the 1S-2S transition frequency leads to therp value which is 3.3 com-
bined standard deviations smaller than the value deduced from previous hydrogen world data, but
in good agreement with the value from muonic hydrogen. Since the origin of this discrepancy is
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 transition with
an improved uncertainty. With a narrower natural linewidth of 3.8 MHz (as opposed to 12.9 MHz
for 2S-4P), the 2S-6P transition has the potential to determine the line center more accurately.
In addition to the known challenges from the previous experiment, the new transition requires to
rebuild the system for 410 nm (2S-6P) as opposed to 486 nm (2S-4P) laser light. The shorter
wavelength leads to difÞculties such as a complete re-design of our collimator used for the active
Þber-based retroreßector [4], and increased Rayleigh scattering in the optical Þber resulting in
etalon-like effects. This poster reports on the current status of the 2S-6P hydrogen experiment,
with a particular focus on the upgrade for shorter wavelength.
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First results of the VIP2 experiment

Andreas Pichlera on behalf of the VIP2 collaboration
a Stefan Meyer Institute for subatomic physics, Boltzmanngasse 3, 1090 Vienna, Austria

The Pauli Exclusion Principle (PEP) is the foundation for our understanding of physics where
systems of fermions are concerned. Therefore, it is important to make precision tests of the PEP.
In a pioneering experiment, Ramberg and Snow supplied an electric current to a Cu target, and
searched for PEP violating atomic transitions of ÒfreshÓ electrons from the current [1]. The non-
existence of the anomalous X-rays from such transitions then set the upper limit for a PEP vio-
lation. The VIP (VIolation of Pauli Exclusion Principle) experiment could set this upper limit to
4.7 ! 10! 29 [2] with the described method. The follow-up project VIP2 improves experimental
parameters with the goal to set an even lower limit. First results were presented in [3], which could
already improve the limit provided by VIP. The VIP2 experiment and the newest results from a
longer data taking period in the underground laboratory of Gran Sasso (LNGS) will be presented.
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A new approach for measuring antiproton
annihilation at rest with Timepix3

A. Gligorova 1, on behalf of the AEgIS and ASACUSA
collaborations

1. Stefan Meyer Institute for Subatomic Physics, Austrian Academy of Sciences, Boltzmanngasse 3,

1090 Vienna, Austria

Ultra precise tests of CPT (charge, parity, time) symmetry, in view of the baryon
asymmetry in the Universe is the main motivation for the experiments at the Antiproton
Decelerator (AD) at CERN. Most of them focus on studying antihydrogen - the only
stable, neutral antimatter system available for laboratory study. Crucial to the success
of these experiments is the e! cient detection and correct tagging of antiprotons and
antihydrogen. Mostly it is achieved with tracking detectors, through the reconstruction
and extrapolation of the trajectories of charged pions produced in the annihilation process
[1,2,3,4]. These detectors determine the time and positionof antiproton annihilations and
usually consist of layers of silicon strip modules [1,2] or scintillating bars and Þbres [3,5].

We present here a di" erent detection method, using a pixel detector, 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 position (tens of µm), making it dom-
inant for experiments with such requirement [6]. When integrated with a conventional
tracking detector, the method makes possible to detect and identify most of the products
in antiproton-nucleus annihilation (charged pions, protons, alphas and heavy fragments).
A detailed study of their multiplicity and energy distribut ions is essential for tuning the
physics models in the Monte Carlo simulations (e.g. GEANT4) inthe low-energy region.

This work incorporates studies from two AD experiments, employing the Timepix3, an
ASIC hybrid detector developed by CERNÕs Medipix3 collaboration, characterised with
high spatial resolution and nanosecond precision on the Time-of-Arrival and Time-over-
Threshold [7]. Direct detection of antiprotons was performed on a dedicated beam line
within AEgIS [8], providing quantitative results on the tagging e! ciency and the position
resolution of the annihilation point, which will be discussed [9]. The measurement of the
multiplicity and energy distributions of the prongs in antiproton annihilations in di" erent
materials was set up in ASACUSA, where the information from a quad array of Timepix3
and the existing hodoscope was combined [3]. The advantagesof having two detectors
and a Þrst glimpse on the results will be presented.
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Ramsey set-up for (anti-)hydrogen hyperÞne spectroscopy

Amit Nandaa 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 fundamental prop-
erties for matter and antimatter. The precise measurement of the ground state hyperÞne structure
of antihydrogen and its comparison to that of hydrogen is a sensitive test of CPT invariance. A
Ramsey type beam spectroscopy method [1] has the potential to improve this precision by a factor
of 10 over the existing Rabi type setup [2] at CERN. The design phase for this new set-up is under-
way and the case studies considering the microwave cavities and surface coils, which shall be used
for perturbations will be presented. The most optimal solution from these cases will govern the
decision whether to adapt to a longitudinal or transverse static magnetic Þeld design. Although the
characterisation of the spectrometer line will be done using hydrogen, its scalability for the case
of antihydrogen shall also be discussed.
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Spectral lines from C-like to Ca-like tungsten

Anuradha Natarajan1 and L. Natarajan2!

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) from
highly charged heavy ions have attracted attention in the temperature diagnostics of tokamak plas-
mas such as International Thermonuclear Experimental Reactor (ITER). Among all possible high
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 range W68+ to
W54+ and report the structure of of the spectral lines from these ions. The calculations have been
carried out using multi-conÞguration Dirac-Fock wavefunctions with the inclusion of magnetic
interaction, retardation and quantum electrodynamics effects [2]. The radiative decay wavelengths
and rates are compared with currently available theoretical and experimental data [3].
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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 polarizability
of an atom vanishes. It can be measured to very high precision by means of an interferometric
comparison between two beams. This paper is part of a joint theoretical/ experimental project
with K. Baldwin et al. (Australian National University) [1] and L.-Y. Tang et al. (Wuhan Insti-
tute of Physics and Mathematics) [2] to perform a high precision comparison between theory and
experiment as a probe of atomic structure, including relativistic and quantum electrodynamic ef-
fects. We will report the results of calculations for the tune-out wavelength that is closest to the
1s2s 3S ! 1s3p 3P transition of4He at 413 nm. Our result for theM = 0 magnetic substate,
obtained with a fully correlated Hylleraas basis set, is413.084 109 440(12)nm, where the Þgures
in brackets indicate the computational uncertainty. This includes a leading relativistic contribu-
tion of ! 0.059 218 5(16)nm from the Breit interaction as a perturbation, and a relativistic recoil
contribution of! 0.000 044 47(17)nm. A leading QED correction of 0.004 150 93 nm is also in-
cluded, but not higher-order corrections or their uncertainty. The results will be compared with
recent relativistic CI calculations [2].
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Guiding and manipulating Rydberg positronium using
inhomogeneous electric Þelds

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

In a recent series of experiments we selectively excited individual Stark-states of Ps [3], guided
the atoms using inhomogeneous electric Þelds in an atomic guide [4], and modiÞed the guide to
select a portion of the velocity distribution of the atoms with kinetic energies of! 45 meV [5].
Having a beam of slow Rydberg Ps atoms will lead to a number of applications including trapping
Ps, measuring the Rydberg constant in a purely leptonic system [6], scattering and merged beams
experiments, and potential antimatter gravity measurements.

Figure 1: (Left) Trajectory simulation for Ps in the ground state (a),n = 10 (b) and guidedn = 10 with
inhomogeneous electric Þelds. (Center) Experimental setup and detector position. (Right) Measured and
calculated ßuorescence lifetimes of Rydberg states rangingn = 10 to 19.
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Testing fundamental interactions on light atoms

Krzysztof Pachuckia, Vladimir A. Yerokhinb, Vojtÿech Patk«oÿsc

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
c Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, 121 16 Prague 2, Czech

Republic

We critically examine the current status of theoretical calculations of the energies and the
isotope shift of the lowest-lying states of helium, searching for unresolved discrepancies with
experiments. Calculations are performed within the nonrelativistic quantum electrodynamics ex-
pansion in powers of the Þne structure constant! and the electron-to-nucleus mass ratiom/M .
For energies, theoretical results are complete through orders! 6m and! 6m2/M , with the result-
ing accuracy ranging from0.5 to 2 MHz for then = 2 states. The isotope shift between3He and
4He is treated theoretically with a sub-kHz accuracy, which allows for a high-precision determi-
nation of the differences of the nuclear charge radii" r 2. Several such determinations, however,
yield results that are in a 4# disagreement with each other. Apart from this, we Þnd no signiÞcant
discrepancies between theory and experiment for the helium atom.

Further, we present the complete relativisticO(! 2) nuclear structure correction to the energy
levels of ordinary (electronic) and muonic hydrogen-like atoms. The elastic part of the nuclear
structure correction is derived analytically. The analytical result is veriÞed by high-precision nu-
merical calculations. The inelasticO(! 2) nuclear structure correction is derived for the electronic
and muonic deuterium atoms. The correction comes from a three-photon exchange between the
nucleus and the bound lepton and has not been considered in the literature so far. In the case of
deuterium, the inelastic three-photon exchange contribution is of a similar size and of the opposite
sign as the corresponding elastic part and, moreover, cancels exactly the model dependence of the
elastic part. The obtained results affect the determination of nuclear charge radii from the Lamb
shift in ordinary and muonic atoms.

ÑÑÑÑÑÑÑÑ

[1] K. Pachucki, V. Patk«oÿs, V. A. Yerokhin, Testing fundamental interactions on the helium atom,
Phys. Rev. A95, 062510 (2017).

[2] V. Patk«oÿs, K. Pachucki, V. A. Yerokhin, Higher-order recoil corrections for singlet states of
the helium atom, Phys. Rev. A95, 012508 (2017).

[3] K. Pachucki, V. Patk«oÿs, V. A. Yerokhin, Three-photon exchange nuclear structure correction
in hydrogenic systems, submitted to Phys. Rev. A.
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