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09:00- 09:15 CALT - Damir Aumiler

09:15 - 09:55 Dragan Mihailović 
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12:40 - 14:30 LUNCH 

14:30- 15:10 Francesca Ferlaino
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Tuesday, 6. July

9:00 - 9:40 Jean Dalibard
Laboratoire Kastler Brossel, Collège de France, Paris, France

Investigating two-body physics in a Bose gas: the spectroscopic way

9:40 - 10:05 Dmitry S. Petrov
Université Paris-Saclay, CNRS, LPTMS, Orsay, France

Higher-order effective interactions for bosons near a two-body zero crossing

10:05 - 10:30 Henning Moritz
Institut für Laserphysik and The Hamburg Centre for Ultrafast Imaging, Universität Hamburg, Hamburg, Germany

Superfluidity in strongly correlated 2D Fermi gases crossing

10:45 - 11:25 Frédéric Merkt
Physical Chemistry Laboratory, ETH Zurich, Zurich, Switzerland

Cold ion chemistry within the orbit of a highly excited Rydberg electron

11:25 - 11:50 Roland Wester
Institut für Ionenphysik und Angewandte Physik, Universität Innsbruck, Innsbruck, Austria

Controlled interactions of cold trapped negative ions

11:50 - 12:15 Gleb F. Gribakin
School of Mathematics and Physics, Queen’s University of Belfast, Belfast, Northern Ireland, UK

Positron binding to molecules: effects of chemical composition and shape

12:15 - 12:40 Marcel Mudrich
Department of Physics and Astronomy, Aarhus University, Aarhus, Denmark

Dynamics of excited helium nanodropets: Ultrafast relaxation, ICD, ATI

14:30 - 15:10 Bernd von Issendorff
Physics Institute, University of Freiburg, Freiburg, Germany

Matter at the nanoscale: study of the structure and dynamics of clusters

15:10 - 15:35 Lars von der Wense
JILA, National Institute of Standards and Technology and University of Colorado, Boulder, CO, USA

Prospects for constraining temporal variations of fundamental constants with a 229Th-based nuclear fre-
quency standard

Sponsor presentations I

15:45 - 15:55 Catalin Neascu
Amplitude

15:55 - 16:05 Axel Wehling
Coherent / ICS Solutions d.o.o.

16:05 - 16:15 Benjamin Sprenger
Menlo Systems

16:15 - 16:25 Reinhard Ebel
LRM d.o.o.



16:25 - 16:35 Gabriel Tempea
few cycle

16:35 - 16:45 Bojan Resan
TLD Photonics

Poster session I
Room 1: Quantum optics, quantum information and quantum simulation & Cold gases and quantum
fluids

17:00 A. D. Manukhova (101)
Hong-Ou-Mandel Interference via quantum non-demolition gate between atoms and mechanics
17:10 D. Holzmann (102)
A versatile quantum simulator for coupled oscillators using a 1D chain of atoms trapped near an optical
nanofiber
17:20 A. Biella (106)
Measurement-Induced Entanglement Transitions and the Quantum Zeno effect: non-Hermitian physics
at play
17:30 R. Veilande (119)
The new mathematical model of photons
17:40 H. Tonchev (133)
Optimization of the quantum random walk search algorithm
17:50 H. J. Williams (135)
Implementing Hamiltonians on a Rydberg Quantum Simulator
18:00 S. Shevate (140)
Construction of strontium quantum gas microscope to study relaxation dynamics in 2D lattice gases
18:10 S. Varbev (144)
Qubit controlled by the magnetic dark soliton
18:20 M. Suchorowski (146)
Interactions and dynamic of two ultracold highly-magnetic atoms in a harmonic trap
18:30 A. Ritboon (155)
Sequential phonon measurements of atomic motion
18:40 L. Vranješ Markić (281)
Quantum Monte Carlo study of trapped Bose-Bose mixtures at zero and finite temperature
18:50 T. Mežnaršič (285)
Phase diagram of matter-wave jets
19:00 H. Eneriz (296)
Loading and cooling in an optical trap via hyperfine dark states

Room 2: Cold gases and quantum fluids

17:00 A. Pandey (262)
Homonuclear ion-atom collisions: application to Li+s-Li
17:10 A. Perrin (120)
Toward unidimensional Bose gases with tunable interactions
17:20 T. Kirova (121)
Ultraprecise Rydberg atomic localization by standing waves and optical vortices
17:30 C. Oliver (129)
Bloch oscillations in a synthetic dimension of harmonic trap states
17:40 G. De Rosi (131)
Dark-soliton-induced anomaly in the thermodynamic behavior of a one-dimensional Bose gas
17:50 L. Longchambon (136)



A versatile ring trap for quantum gases
18:00 G.S. Sangami (138)
Ultracold AlF molecules: theoretical insights for buffer-gas and evaporative cooling
18:10 M. Robert-de-Saint-Vincent (139)
Adiabatic spin-dependent momentum transfer in an SU(N) degenerate Fermi gas
18:20 A. Wojciechowska (141)
Large spin-orbit coupling as a source of Feshbach resonances in ultracold ion-atom mixtures
18:30 T. Badr (151)
Supersonic Rotation of a Superfluid: A Long-Lived Dynamical Ring
18:40 V. Vulić (193)
Laser Cooling of Atoms using an Optical Frequency Comb
18:50 F. Revuelta (163)
Dynamical localization in non-ideal kicked rotors driven by two modulations
19:00 D. Mellado-Alcedo (164)
Two interacting polar linear molecules in an electric field
19:10 D. Rey (168)
An annular quantum gas induced by dimensional reduction

Room 3: Frequency and time domain spectroscopy and metrology

17:00 W. Jastrzebski (108)
Spectroscopic study of the 31Πu state in Cs2 molecule by polarisation labelling laser technique
17:10 F. Schmid (115)
Towards High-Precision Spectroscopy of the 1S–2S Transition in He+

17:20 R. Ferber (122)
Extended Spectroscopic Studies and Interatomic Potential Refinement of the c3Σ+ (Ω=1) State in KCs
17:30 O. Bezrodnova (263)
Towards a high-precision measurement of the 3He and T nuclei atomic mass difference at LIONTRAP
17:40 A. Cinins (182)
Selective Two–Photon Excitation of Rydberg Atomic State Hyperfine Components
17:50 G. Le Gal (125)
Zero-field magnetometer based on the combination of atomic orientation and alignment
18:00 I. Puljić (137)
Towards the first strontium optical atomic clock in Croatia
18:10 A. Sopena (160)
Asymmetric electron angular distributions in stimulated Compton scattering from H2 irradiated with
soft-X ray laser pulses
18:20 Katja Gosar (166)
Single-shot Stern-Gerlach magnetic gradiometer with an expanding cloud of cold cesium atoms
18:30 L. Busaite (170)
Development of a 3D single-port magnetometer based on magneto-optical resonances in an alkali vapor
18:40 A. Martı́nez de Velasco (172)
Towards Ramsey-comb spectroscopy of the 1S-2S transition in singly-ionized helium
18:50 R. Lazda (173)
Vector magnetometry using NV centers in diamond
19:00 J. Delgado (179)
Attosecond Spectroscopy of Small Organic Molecules: XUV pump-XUV probe Scheme in Glycine
19:10 F. L. Constantin (280)
Selective Two–Photon Excitation of Rydberg Atomic State Hyperfine Components

Room 4: Applications to astrophysics, plasma physics, biophysics, clusters & Atom-like systems



17:00 S. Gamrath (103)
Calculated Oscillator Strengths for Radiative Transitions of Cosmochronological Interest in Singly Ion-
ized Thorium (Th II)
17:10 J. Tamuliene (107)
Similarities of fragmentation of some amino acids under low-energy electron impact
17:20 H. Carvajal Gallego (111)
Large-scale atomic data calculations in Ce V–X ions for application to early kilonova emission from
neutron star mergers
17:30 J. Baier (153)
KWISP - Latest results on the chameleon hunt at the CAST experiment at CERN
17:40 H. Skenderović (261)
Biological samples used for imaging
17:50 D. Schury (113)
Planned Laboratory Studies of N2 reacting with H+

3 Isotopologues
18:00 P. Palmeri (117)
Plasma environment effects on K lines of astrophysical interest: universal formulae for ionization poten-
tial and K-threshold shifts
18:10 Z. Bouza (127)
Spectral investigation of tin ions in an electron beam ion trap and laser-produced plasmas in the EUV
region
18:20 J. Sheil (130)
Multiply-excited states and their contribution to opacity in laser-driven tin plasmas
18:30 D. Maletić (221)
LIBS vs ICCD imaging for atmospheric plasma jet diagnostics
18:40 S. Gamrath (105)
Oscillator strengths in doubly- and trebly-ionized gold deduced from core-polarization-corrected pseudo-
relativistic Hartree-Fock calculations
18:50 B. Margulis (109)
Direct Observation of a Feshbach-resonance by Coincidence-detection of Ions and Electrons in Penning
Ionization Collisions
19:00 N. Domenikou (142)
Shortcut to adiabaticity for a three-level quantum system near a metallic nanoparticle
19:10 M. Mirahmadi (145)
On the formation of van der Waals molecules through direct three-body recombination

Room 5: Atom-like systems & Fundamental physics

17:00 N. Ladda (229)
Photoelectron circular dichroism of fenchone using deep ultraviolet femtosecond laser pulses
17:10 J. J. Omiste (234)
Ultrafast photoionization of aligned excited states of neon
17:20 F. Grilo (236)
Comprehensive laboratory measurements resolving the LMM dieletronic recombination satellite lines in
Ne-like Fe XVII ions
17:30 F. Grilo (237)
Observation of metastable 1s2s 3S1 He-like oxygen decay in an electron beam ion trap
17:40 A. Aleksanyan (114)
Alkali atom transition cancellations within magnetic field
17:50 H. R. Hamedi (116)
Off-axis optical vortices using double-Raman singlet light-matter scheme



18:00 A. Androutsopoulos (118)
Accurate theoretical study of the spectroscopic properties of diatomic molecules including 2nd row tran-
sition metals
18:10 P. Danev (132)
Prospects for refining fundamental constants by spectroscopy of deuterium molecular ion
18:20 V. A. Terashkevich (147)
The simultaneous coupled-channel deperturbation treatment of the X2Σ+, A2Π and B2Σ+ states in the
CN radical: the first attempt
18:30 M. C. Mooij (149)
A buffer gas cooled BaF beam for the NL-eEDM experiment
18:40 E. A. Koval (150)
Resonances in arbitrarily oriented dipoles scattering in plane
18:50 P. Paliwal (154)
Fano interference in quantum resonances from angle-resolved elastic scattering
19:00 C. M. König (157)
High-Precision Spectroscopy of Single Molecular Hydrogen Ions in a Penning Trap at Alphatrap
19:10 O. Rousselle (169)
How does antimatter fall?: simulation of the GBAR experiment at CERN



Wednesday, 7. July

9:00 - 9:40 Ruth Signorell
Department of Chemistry and Applied Biosciences, ETH Zurich, Zurich, Switzerland

Genuine properties and relaxation dynamics of solvated electrons in neutral water clusters

9:40 - 10:05 Elena Gryzlova
Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia

Achievements of Polarization Atomic Spectroscopy with FELs

10:05 - 10:30 Guiseppe Sansone
Albert-Ludwigs-Universität, Freiburg, Germany

Shaping attosecond waveforms at free-electron lasers

10:45 - 11:25 Fedor Jelezko
Ulm University, Ulm, Germany

Diamond light matter quantum interface

11:25 - 11:50 Christiane Morais Smith
Institute for Theoretical Physics, University of Utrecht, Netherlands

TBA

11:50 - 12:15 Morgan W. Mitchell
The Institute of Photonic Sciences (ICFO), Barcelona, Spain

Measurement-induced, spatially-extended entanglement in a hot, strongly-interacting atomic vapor

Sponsor presentations II

12:25 - 12:35 Robert Scholten
MOGLabs

12:35 - 12:45 Valdas Maslinskas
Light Conversion

12:45 - 12:55 Dario Nicolosi
SAES

14:30 - 15:10 EGAS General Assembly Career Development Talks

15:45 - 16:45 Marin Soljačić
Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, MA, USA

Enabling novel light phenomena at the subwavelength scale

Poster session II
Room 1: Quantum optics, quantum information and quantum simulation & Fundamental physics

17:00 S. Filatov (177)
On Interchangeability of Probe-Object Roles in Quantum-Quantum Interaction-Free Measurement
17:10 F. Lunić (178)
Exact solutions of a model for synthetic anyons in a noninteracting system
17:20 L. Ostermann (197)
A Nanoscale Coherent Light Source
17:30 I. Mastroserio (201)
Complementary Experimental Quantum Embedding for Machine Learning



17:40 S. Hernández-Gómez (206)
Energy fluctuations of an NV spin qutrit under feedback-controlled dissipative dynamics
17:50 J. M. Mortlock (211)
Towards Quantum Gas Microscopy of Polar Molecules
18:00 V. A. Knyazeva (219)
Photon polarizations in two-photon 2s→ 1s decay
18:10 V. Vujnović (222)
Single photons behaviour in optical resonators and its applications
18:20 C. Hölzl (240)
Circular Rydberg states for quantum many-body physics
18:30 G. Ferioli (242)
Storage and release of subradiant excitations in a dense atomic cloud
18:40 S. Rau (264)
Precision Mass Measurement of the Deuteron’s Atomic Mass
18:50 D. Šimsa (278)
Quantum mechanical description of hydrogen dimers

Room 2: Cold gases and quantum fluids

17:00 M. Kruljac (158)
Collective light-atom interaction in free space and in an optical cavity
17:10 A. Dombi (165)
Collective self-trapping of atoms in a cavity
17:20 R. Jannin (174)
Constraining ab-initio molecular potential calculations through measurements of the spin relaxation rate
in a Fermi gas of 3He
17:30 F. B. V. Martins (175)
Reaction between a molecule and a Rydberg atom: studying n-changing processes in He(n) + CO →
C(n′) + O + He
17:40 Y. van der Werf (176)
Narrowing of Spectroscopic Linewidths through Pauli Blockade of Stimulated Emission
17:50 M. Uminśki (180)
Tuning ultracold collisions oh He*-Li with external magnetic field
18:00 K. Miculis (183)
Penning Ionization Processes Involving Cold Rydberg Alkali–Metal Atoms
18:10 T.W. Clark (186)
Transmission-blockade breakdown phase transition of atoms in a cavity
18:20 G. Ness (187)
Observing quantum-speed-limit crossover with matter wave interferometry
18:30 E. Abdiha (189)
Avoiding dark states in the laser cooling of TlF using additional external fields
18:40 K. P. Horn (190)
Feshbach resonances in half-collisions between para/ortho H+

2 and He
18:50 D. Buhin (156)
Doppler cooling of atoms with a frequency comb: Rb theoretical case study
19:00 A. Litvinov (195)
Measuring densities of cold atomic clouds smaller than the resolution limit
19:10 C. C. Kwong (198)
Coherent flash effect beyond the low saturation two-level case

Room 3: Frequency and time domain spectroscopy and metrology



17:00 F. Fernández (184)
Time-Resolved Images of Intramolecular Charge Transfer in Organic Molecules
17:10 K. Kanika (188)
Measurement of Magnetic Moments in Heavy, Highly Charged Ions Using Laser-Microwave Double-
Resonance Spectroscopy
17:20 S. Gravina (194)
Development of a high-resolution mercury spectrometer at 253.7 nm for temperature metrology
17:30 D. Kovačić (205)
Towards blue-detuned lattice optical atomic clock
17:40 V. Wirthl (207)
Towards precision spectroscopy of the 2S-6P transition in atomic deuterium
17:50 M. Forjan (208)
Ultrafast Photogeneration of Quinone Methides from Naphthol Derivatives
18:00 L. J. Spieß (210)
Developments on King Plot Analysis using Highly Charged Ions
18:10 W. van der Meer, H. L. Bethlem (215)
Performing Spectroscopy in the 1.5 mm-regime on slow Ammonia in a Molecular Fountain
18:20 S. Gerlich (220)
Matter-Wave Interferometry as a tool for Quantum-Enhanced Metrology
18:30 L. S. Dreissen (239)
Precision metrology with multi-ion Coulomb crystals
18:40 N.-H. Rehbehn (249)
Sensitivity to new physics of isotope-shift studies using forbidden optical transitions of highly charged
Ca ions
18:50 S. V. Popruzhenko (251)
Attosecond Time Shifts in Strong-Field Tunneling Ionization of Atoms by Tailored Laser Pulses
19:00 M. Steinel (260)
Sympathetic sideband cooling of 171Yb+ by 88Sr+ for an optical atomic clock
19:10 R. Ferber (123)
The Spectroscopic Observation and Analysis of Bound-Free Transitions to a3Σ+ and X1Σ+ States of KCs

Room 4: Applications to astrophysics, plasma physics, biophysics, clusters & Atom-like systems

17:00 H. Carvajal Gallego (112)
Multiconfiguration Dirac–Hartree–Fock radiative data for emission lines in Ce II–IV ions and cerium
opacity calculations for kilonovae
17:10 D. Popović (203)
Detection of low electron densities in atmospheric pressure plasma jet by laser induced avalanche ioni-
sation
17:20 V. Zhelyazkova (159)
Ion-dipole and ion-quadrupole interaction effects in ion-molecule reactions at collisional energies Ecoll/kB

between 0 and 40 K
17:30 J. Petrović (161)
An alternative method for determination of hardness based on LIBS
17:40 T. Depastas (167)
A Constrained Fermionic Dynamics study of near Ground state properties and Isospin Symmetry of the
Nuclear Systems
17:50 B. Bastian (185)
A new end-station for synchrotron spectroscopy of helium droplets reveals interatomic Coulombic decay
on a Fano resonance



18:00 E. Sanchez (226)
Rotational energy relaxation of diatomic molecules in superfluid helium nanodroplets. The case of the
HCl, DCl and TCl molecules
18:10 M. González (274)
Photodissociation of Br2 in Superfluid Helium Nanodroplets. Importance of the Recombination Process
18:20 O. Versolato (128)
Characterization of tin plasma driven by high-energy, 2-µm-wavelength light
18:30 R. Radičić (192)
Photocatalytic properties of zinc oxide prepared by thermal degradation of the cellulose template
18:40 D. Blažeka (196)
TiO2 nanoparticles synthesized by pulsed laser ablation in water as catalyst in photodegradation of or-
ganic pollutants under UV and visible vlight irradiation
18:50 A. Senkić (214)
Sulphur concentration influence on morphology and optical properties of MoS2 monolayers
19:00 M. Trassinelli (134)
New stringent test of bound-state QED: high-resolution measurement of an intra-shell transition in He-
like uranium
19:10 M. D. Kiselev (148)
Kr 3d shake-up photoelectron spectra and angular distributions

Room 5: Atom-like systems & Fundamental physics

17:00 H. Lee (244)
Photoelectron circular dichroism via multiphoton ionization with varying pulse duration
17:10 K. Hansen (248)
From exponentials to power laws and back again
17:20 L. Ábrók (252)
Nondipole and channel-interference effects in the case of Kr 4p direct photoionization and 3p/3d Auger
decay
17:30 O. Borovik (256)
Excitation of the 4p55s22 2P1/2,3/2 states in strontium by electron impact
17:40 J. V. Barnes (152)
Magnetic deflection of neutral sodium-doped ammonia clusters
17:50 L. Busaite (171)
Dynamic nuclear spin polarization in Nitrogen–Vacancy centers in diamond
18:00 M. Ayouz (200)
Theoretical study of vibrational (de-)excitation of NO2 and N2O by low-energy electron impact
18:10 O. S. Alekseeva (202)
The VUV absorption spectra arising from collisions of Kr and Xe atoms with H2 molecules in the short-
wave region near the resonance lines 1,3P1–1S0
18:20 M. Eraković (204)
Combined VCI and instanton approach for computation of vibrational spectrum in asymmetric well sys-
tems
18:30 A. P. Wózniak (209)
A systematic construction of Gaussian basis sets for the description of laser field ionization and high-
harmonic generation
18:40 D. Osite (213)
Transverse alignment-to-orientation conversion in the ground state of alkali atoms with linearly polarized
laser excitation
18:50 Z. Yibin (225)
The simulation of unimolecular reaction rates of Lennard-Jones clusters



19:00 P. Laha (228)
Thermally-induced entanglement of atomic oscillators
19:10 C. M. Rawlins (233)
Many-body theory calculations of positron scattering and annihilation in H2, N2, CH4 and CF4



Thursday, 8. July - CALT Day

9:00 - 9:15 Damir Aumiler
Institute of physics, Zagreb, Croatia

CALT talk

9:15 - 9:55 Dragan Mihailović
Jožef Stefan Institute, Ljubljana, Slovenia

Non-equilibrium condensed matter: an open door to new phenomena

9:55 - 10:35 Gerry O’Sullivan
JUniversity College Dublin, Ireland

Spectroscopy of Laser Produced Plasmas of Highly Charged Ions to Support Short Wavelength Light
Source Development

14:30 - 15:10 Francesca Ferlaino
Institute of Experimental Physics, Univ. of Innsbruck, Austria

Institute for Quantum Optics and Quantum Information (IQOQI), Austrian Academy of Sciences, Innsbruck, Austria

Supersolidity in the ultracold: when atoms behave as crystal and superfluid at the same time

15:10 - 15:50 Rudolf Grimm
Institute for Quantum Optics and Quantum Information Austrian Academy of Sciences / Institute of Experimental Physics,

Univ. of Innsbruck, Austria

Ultracold Fermion Mixtures with Strong Interactions

15:50 - 16:30 Jun Ye
JILA, National Institute of Standards and Technology and university of Colorado, Boulder, Colorado, USA

A molecular quantum gas with tunable interactions

Poster session III
Room 1: Quantum optics, quantum information and quantum simulation & Fundamental physics

10:45 D. M. Walker (253)
A coherent interface between helium Rydberg atoms and chip-based superconducting microwave res-
onators
10:55 D. Abramović (255)
Application of Single Photons in Holography
11:05 C. Warnecke (267)
A superconducting radio-frequency quadrupole resonator for metrology experiments with highly charged
ions
11:15 J. D. R. Tommey (277)
Transverse matter-wave interferometry with Rydberg helium atoms
11:25 L. M. Fernley (287)
Storage Qubits and Synthetic Dimensions with Ultracold Polar Molecules
11:35 G. Kowzan (290)
Polarization control of rotationally-resolved third-order molecular response
11:45 A. Serafin (292)
Nuclear spin squeezing by continuous quantum non-demolition measurement: a theoretical study
11:55 K. Gaul (235)
Complementary atoms and molecules for rigorous bounds on P,T -violation
12:05 S. Petrosyan (241)
Amplification of Light Signal on V-type Atomic System



12:15 M. Door (282)
Latest Results of the High-Precision Penning Trap Mass Spectrometer PENTATRAP

Room 2: Cold gases and quantum fluids

10:45 T. Sánchez-Pastor (199)
On the limits of the theoretical calculation of inelastic confinement-induced resonances
10:55 T. Petrucciani (212)
Spatial Bloch oscillations of a quantum gas in a ”beat-note” superlattice
11:05 J.-N. Schmidt (217)
Angular and Radial Roton Excitations in an Oblate Dipolar Quantum Gas
11:15 K. Dželalija (218)
Quantum Monte Carlo study of strongly interacting bosonic one-dimensional systems in periodic poten-
tials
11:25 A. J. Park (289)
Large, deep, and homogeneous optical lattices created in monolithic crossed cavities
11:35 X. Xing (230)
Ion loss events in a Rb-Ca+ cold hybrid trap: photodissociation, black-body radiation and non-radiative
charge exchange
11:45 K. Pleskacz (231)
Mapping of ion motion spectra in a linear Paul trap
11:55 T. Cantat-Moltrecht (232)
A Cavity-Enhanced Microscope for Cold Atoms
12:05 L. Mazza (110)
One dimensional Yb gases with two-body losses: strong quantum correlations in the Zeno regime
12:15 R. Veyron (269)
Fast in-situ absorption imaging of the local density of ultra-cold atoms in an optical lattice using an
imaging lattice
12:25 R. Muñoz-Rodriguez (273)
Photoassociation of Rb and Hg atoms near the 87Rb D1 line at 795 nm
12:35 A. S. Popova (293)
Quantum Monte Carlo Simulation of Polaron Tunneling

Room 3: Frequency and time domain spectroscopy and metrology

10:45 R. Steinbrügge (265)
High Precision Calibration of Molecular Oxygen Absorption Lines Using Transitions in Highly Charged
Ions
10:55 E. A. Dijck (268)
Characterizing a Nb superconducting radio-frequency resonator for trapping highly charged ions
11:05 Y.-C. Cheng (270)
Controlling phototionization with attosecond time-slit experiment
11:15 B. Özdalgic (271)
Hyperfine Structure Analysis of Atomic Holmium in the Visible Range
11:25 J. Keller (276)
Precision spectroscopy with In+ / Yb+ Coulomb crystals
11:35 D. Charczun (291)
Dual-comb spectroscopy based on measurements of cavity resonances
11:45 M. Tamanis (124)
Extended Spectroscopic Data and Deperturbative Analysis of A1Σ+

u and b3Πu States in K2
11:55 T.-L. Chen (284)



Mid-Infrared Mode-Resolved Cavity Ring-Down Vernier Spectrometer using an Interband Cascade Laser
Based Chip-Scale Optical Frequency Comb
12:05 S. Dickopf (288)
Determination of the hyperfine structure constant and the g-factors of 3He+

12:15 F. L. Constantin (279)
Terahertz Electrometry using Precision Spectroscopy of the Hydrogen Deuteride Molecular Ions

Room 4: Applications to astrophysics, plasma physics, biophysics, clusters & Atom-like systems

10:45 N. Vujičić (227)
Excitonic effects in CVD grown mono- and bilayer MoS2 in the low-temeprature limit
10:55 S. Gamrath (104)
A new set of oscillator strengths in moderately charged indium ions for the spectral analysis of hot white
dwarfs
11:05 J. Car (238)
A model for determination of diameter and concentration of metal nanoparticles synthesized by laser
ablation in water
11:15 H. Wei (250)
Radiative cooling of cationic carbon clusters, C+

N
11:25 M. A. Mermigki (181)
Electronic structure and Bonding Properties of Diatomic Molecule FeS
11:35 S. Kühn (266)
High-precision laser spectroscopy measurements of the prominent 3C/3D oscillator-strength ratio in Fe
XVII
11:45 V. Jadriško (272)
Novel method for preparing nanoscale atomically thin heterostructure devices
11:55 N. Selaković (275)
Mass spectrometry and ICCD imaging of atmospheric pressure plasma jet with spiral electrodes
12:05 A. Blech (191)
Photoelectron circular dichroism in racemic mixtures
12:15 C. Blondel (216)
Old recipes to the rescue of modern data on the hyperfine structure of Xe I
12:25 A. S. Petrovskaya (223)
Numerical Simulation of Argon Microdischarge for Plasma Deactivation Technology
12:35 S. Vasudevan (224)
Photoelectron circular dichroism of heavier chalcogenofenchones using near ultra-violet femtosecond
laser pulses

Room 5: Atom-like systems & Fundamental physics

10:45 J. Gȩbala (162)
Cold interactions and collisions between helium ions (He+) and metastable helium atoms (He*)
10:55 S. Das (257)
Chirp and intensity dependence of the circular dichroism in ion yield of 3-methylcyclopentanone mea-
sured with femtosecond laser pulses
11:05 A. V. Maiorova (259)
Radiative recombination of twisted electrons with highly charge ions
11:15 S. Bernitt (283)
Strong Two-Electron-One-Photon Transitions in Li-like Ions
11:25 J. Forer (286)
Low-Energy Dissociative Recombination of CH+



11:35 P. Jasik (294)
Spontaneous Electron Emission Versus Dissociation in Internally Hot Silver Dimer Anions
11:45 S. Krishnan (295)
Penning ionization of Camphor molecules in He nanodroplets by EUV photoexcitation: electron-ion co-
incidence spectroscopy
11:55 J. Hofierka (243)
Many-body theory of positron binding in polyatomic molecules
12:05 B. Dutta (245)
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Investigating two-body physics in a Bose gas: the spectroscopic way

Jean Dalibard∗1

1. Laboratoire Kastler Brossel, Collège de France, 11 Place Marcelin Berthelot, 75005 Paris, France

The thermodynamic equilibrium of any homogeneous fluid is characterized by its equation of state. This equation
gives the variations of a thermodynamic potential, e.g. the internal energy E, with respect to a set of variables
such as the number of particles, their temperature and their interaction strength. Regarding this latter variable,
the relevant thermodynamic quantity for an ultra-cold gas is the so-called Tan’s contact [1], which unifies many
different properties from the momentum distribution to the spatial two-body correlation function.

In this talk, I will explain how one can use a Ramsey interferometric scheme between the two hyperfine clock
states of rubidium atoms to map out the variations of Tan’s contact in a two-dimensional Bose gas, from the
strongly degenerate superfluid case to the non-degenerate case [2]. I will also show a somewhat surprising result,
revealed by this precise microwave spectroscopy in a two-dimensional fluid: in spite of the fact that each clock
state is non-magnetic, a mixture of the two states still displays a magnetic dipole-dipole interaction comparable to
the one expected for the other (magnetic) Zeeman states [3].
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Higher-order effective interactions for bosons near a two-body zero
crossing

A. Pricoupenko1, D.S. Petrov∗1

1. Université Paris-Saclay, CNRS, LPTMS, 91405 Orsay, France

Systems with partially attractive and partially repulsive forces, fine-tuned to an approximate overall cancellation of
the mean-field term, provide an interesting platform for studying various beyond-mean-field (BMF) phenomena,
remarkable recent examples being quantum droplets and dipolar supersolids (see Ref. [1] for review). In contrast
to the mean-field energy, which is essentially the first-order Born integral of the interaction potential multiplied
by the number of interacting pairs, the BMF term is sensitive to many-body effects reflecting the structure of the
Bogoliubov vacuum, i.e., the spectrum of Bogoliubov quasiparticles and their density of states. This can lead
to a rather exotic and nonanalytic dependence of the BMF energy density on the particle density (n5/2 in D = 3
dimensions, n2 ln(n) for D = 2, and n3/2 for D = 1). On the other hand, in quasi-low-dimensional regimes one
can also recover the integer-power behavior with the leading terms in the energy density proportional to n2 and
n3, which can be interpreted, respectively, as a renormalized two-body interaction and an emergent effective three-
body force [2-3].

In this work [4] we consider bosons interacting by a two-body potential V of zero mean and perturbatively
calculate the ground-state energy up to terms ∝ V 3. We find that up to this order the result is an analytic function of
the density n and contains two-body corrections ∝ V 2n2 and ∝ V 3n2 as well as an effective three-body term ∝ V 3n3.
We show that these results can be obtained from the first-quantized few-body approach and from the Bogoliubov
perturbation theory. We apply our theory to a few two-body interaction potentials and, in particular, calculate the
leading two-body and three-body interaction corrections for quasi-low-dimensional dipoles as a function of their
tilt angle θ with respect to the confinement cylindrical symmetry axis. We find that the three-body force for quasi-
two-dimensional dipoles changes from attraction to repulsion with increasing θ (see Fig. 1). For one-dimensional
dipoles the dominant three-body force is attractive and second order in V except when they are aligned parallel to
the axis (θ = 0).

lΘ

Fig. 1: Left panel: Quasi-two-dimensional dipoles, θ is the tilt angle, l is the confinement oscillator length. Right
panel: the three-body coupling constant g3 in units of h̄2r3

∗/ml for this geometry, m is the mass of the particles
and r∗ is the characteristic dipolar length. For any given θ the short-range part of the interation is assumed to be
fine-tuned such that the two-body interaction is brought to a zero crossing. The effective three-body interaction
monotonically changes from attractive when dipoles are perpendicular to the plane (θ = 0) to repulsive when they
are in the plane (θ = π/2).

Our results suggest a way to engineer systems with dominant elastic attractive and repulsive three-body forces,
and can be used as a low-density reference point for the Hugenholtz-Pines method of calculating the BMF correc-
tion.
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Superfluidity in strongly correlated 2D Fermi gases

L. Sobirey1, N. Luick1, H. Biss1, M. Bohlen1, V. Singh1, L. Mathey1, T. Lompe1, H. Moritz∗1

1. Institut für Laserphysik and The Hamburg Centre for Ultrafast Imaging, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg

In this talk, I will review our recent work on superfluidity in homogeneous ultracold 2D Fermi gases. In the first
part I will report on the observation of Josephson oscillations between two such gases [1], demonstrating phase
coherence between them, enabling us to find excellent agreement with the sinusoidal current phase relation of an
ideal Josephson junction and determine the critical current. In the second part I will present our measurements of
the dynamic structure factor of 2D superfluids [2] . Using Bragg spectroscopy, we determine the critical velocity
(see Fig. 1) and the superfluid gap in the BEC-BCS crossover, allowing for detailed comparisons with and bench-
marks for theory. Our measurements enable us to directly study the role of reduced dimensionality on strongly
correlated superfluids.

Fig. 1: Phononic and pair breaking excitations in a 2D Fermi gas. (A) Response of a gas in the BEC regime to
excitations with lattice wavevector k0 and velocity v. For small wavevectors, the moving lattice excites phononic
modes at the sound velocity vs. For larger wavevectors, the peak in the heating rate moves to higher velocities
as the dispersion deviates from the linear phononic branch and single-particle excitations become dominant. (B)
In the BCS regime, we observe a continuum of pair breaking excitations with a minimum of the onset velocity at
k0 = 2kF . In both regimes, the heating rate is negligible for excitations that move slower than the critical velocity
(red dashed lines). To enhance the visibility of weaker excitations, each column has been linearly rescaled to range
from 0 to 1.
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Cold ion chemistry within the orbit of a highly excited Rydberg electron

J. Deiglmayr1,2, K. Höveler1, F. B. V. Martins1, F. Merkt∗1, M. Žeško 1, V. Zhelyazkova1

1. Physical Chemistry Laboratory, ETH Zurich, Vladimir-Prelog-Weg 3, CH 8093 Zurich, Switzerland
2. Department of Physics, University of Leipzig, DE-04109 Leipzig, Germany

The study of ion-molecule reactions at low collision energies (Ecoll) below Ecoll/kB = 10 K, or low temperatures, is
experimentally challenging because stray electric fields in the reaction volume heat up the ion samples. A potential
difference of 1 mV across a reaction region of 1 cm accelerates the ions to 1 meV, which corresponds to heating
them up to about 12 K. To overcome this problem and study ion-molecule reactions below 10 K, we have developed
a new method, in which the ion molecule reaction takes place within the orbit of a Rydberg electron at high values
of the principal quantum number n. In high-n Rydberg states, the Rydberg electron only very weakly interacts with
the ion core, so that it does not significantly influence the ion-molecule reaction taking place within its orbit but
shields the ion from heating by stray electric fields. Instead of studying exothermic and barrier-free ion-molecule
reactions of the type

I+1 +M1→ I+2 +M2, (1)

we study the reactions
I∗1 +M1→ I∗2 +M2, (2)

in which I∗1 and I∗2 represent atoms or molecules in high Rydberg states with ion cores I+1 and I+2 , respectively.
To reach very low collision energies, we use chip-based Rydberg-Stark decelerators and deflectors [1,2] to

merge cold supersonic beams of I∗1 and M1 and to vary their relative velocities [3]. Monitoring the product yield as
a function of the relative mean velocity of the two beams, we obtain the relative reaction cross sections as a function
of the collision energy. At collision energies (Ecoll/kB) below 1 K, we find that the reaction rate coefficients deviate
from those estimated with Langevin-type capture models [4-6]. The deviations become particularly large when M1
has a permanent dipole [5] or a quadrupole moment [4].

The talk will present general aspects of this new method as well as the results of studies of the reactions of
H+

2 and He+ (I+1 ) with neutral molecules such as N2, H2, CH3F, NH3 and CH4 (M1) at very low collision energies
and will discuss the observed low-temperature behavior in terms of the electric dipole and quadrupole moments
of M1. Our latest efforts at detecting the theoretically predicted [7-10] factor-of-two quantum enhancement of the
Langevin rate coefficient at collision energies close to zero will be summarized.
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Controlled interactions of cold trapped negative ions

Roland Wester∗1
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Negatively charged molecular ions have drawn a lot of attention in recent years, in particular owing to the detection
of several molecular anions in cold interstellar molecular clouds. Cryogenic radiofrequency ion traps are well
suited tools to study the spectroscopy as well as cold collision processes of negative ions with high resolution and
high sensitivity.

Using photodetachment spectroscopy we have been able to probe rotational quantum states [1] of cold trapped
anions. We have used this to study rotational state-changing collisions of the negative ions OH− and NH−2 with
neutral helium atoms at low temperature [2,3,4] and to perform rotational terahertz spectroscopy [5,6] and infrared
overtone spectroscopy [7]. We have also studied photodetachment of the interstellar anions CN− and C3N− near
threshold and used these data to improve the accuracies of the respective electronic affinities [8,9]. For CN−

the data are well described by the Wigner threshold law, if the permanent electric dipole moment of the neutral
product is included in the analysis [8]. For C3N− the large permanent dipole moment of C3N leads to a qualitatively
different cross section behavior near threshold [10]. Furthermore, the rotational contour of a dipole bound state
was resolved slightly below the detachment threshold [9] in agreement with calculations [11]. This state could
serve as a doorway state to negative ion formation in interstellar clouds.

Recently, we have developed a two-photon scheme to probe the rotational and vibrational states of the homonu-
clear anion C−2 , a candidate that has been proposed for negative ion laser cooling. Results on electronic spec-
troscopy and vibrational relaxation collisions of this ion will be presented [12].
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Positron binding to molecules: effects of chemical composition and shape

J. P. Cassidy1, G. F. Gribakin∗1, A. R. Swann1

1. School of Mathematics and Physics, Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland, UK

Positron annihilation in molecules is a fascinating and complex process that involves positron capture in vibrational
Feshbach resonances (VFR) [1]. It is facilitated by the ability of polyatomic molecules to bind positrons, while the
enhanced annihilation rates reveal the critical importance of anharmonic effects in the vibrational dynamics [2].
Observation of VFRs with a trap-based positron beam enables measurements of the positron binding energies. At
present, their values are known for about 90 molecules [1,3,4]. They range from a few meV for small polyatomics
(e.g, acetylene C2H2), to few hundred meV for large species, such as hexadecane (C16H34). By contrast, much less
progress has been achieved in calculations of positron-molecule binding. Ab initio calculations struggle to predict
binding for nonpolar species and the best agreement with experiment is at the 25% level, for acetonitrile [5].

To gain an insight into the problem of positron binding with molecules, we have developed a model-potential
method that allows a systematic study for a wide range of molecular species [6,7,8]. In our method, the positron-
molecule interaction is described by the potential V (r) =Vst(r)+Vcor(r), where Vst is the electrostatic potential of
the molecule, and Vcor represents positron-molecule correlation interaction. At long range, it describes polarisation
of the electron cloud by the positron, Vcor(r) ∼ −α/2r4, α being the molecular polarisability. At short range, it
accounts for other types of correlations, such as virtual positronium formation. We use the following form [6]:

Vcor(r) =−
Na

∑
A=1

αA

2|r− rA|4
[1− exp(−|r− rA|6/ρ6

A)], (1)

where αA are atomic hybrid polarizabilities [9], and ρA are cutoff radii, and the sum is over the atoms in the
molecule. Values of αA account for the chemical environment of each atom, with α = ∑A αA. The cutoff factor
in square brackets suppresses the potential at distances close to an atomic nucleus, with ρA chosen by comparison
with experiment or high-quality calculations.

Calculations of the binding energies εb for linear alkanes CnH2n+2 using ρC,H = 2.25 a.u., chosen to fit the
measured εb for dodecane, have provided a good description of the experimental data for n =3–16, including the
emergence of the second bound state for n ≥ 12 [7]. However, the calculated εb demonstrated a slower growth
for large n. For these molecules, the presence of conformations produced by twisting the carbon backbone turned
out to be important. Our calculations show that more compact structures lead to stronger binding, and predict a
temperature dependence of the measured εb values [8]. A study of chlorinated alkanes [4] demonstrates the critical
role that the position of the Cl atoms(s) has on the binding energy for these, mostly polar, molecules, see Fig. 1.
Including the nitrogen and oxygen atoms (with their own cutoff radii) allows us to achieve an excellent description
of positron binding for nitriles, aldehydes and ketones. Here the difference between the calculated and measured
binding energies does not exceed a few percent.

(a) (b)

Fig. 1: Positron bound states for (a) n-propyl chloride (εb = 95 meV) and (b) isopropyl chloride (εb = 123 meV).
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Dynamics of excited helium nanodropets: Ultrafast relaxation, ICD, ATI

M. Mudrich∗1, A. C. Laforge2, R. Michiels3, Y. Ovcharenko4, M. Abu-samha5, L. B. Madsen1, P.
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Wavelength-tunable extreme-ultraviolet (XUV) free-electron lasers (FEL) open up new opportunities to study
ultrafast dynamics of outer and inner valence-shell excited molecules, clusters and nanoparticles. Here we discuss
the dynamics initiated by resonant electronic excitation of superfluid helium nanodroplets probed by time-resolved
photoelectron spectroscopy at the seeded FEL Fermi in Trieste, Italy. Three types of ultrafast relaxation are ob-
served in different regimes of the XUV-pump and UV-probe intensity:

1) Ionization by 1+ 1′-photon absorption via the resonances centered around hν/e = 21.6 and 23.8 eV is
characterized by a complex relaxation dynamics of the droplets involving ultrafast localization of the excitation,
electronic-state relaxation, the formation of a void bubble, and the ejection of an excited He∗ atom [1], [2].

2) At pump-pulse intensities IXUV & 109 Wcm−2, helium nanodroplets are multiply excited. Subsequently,
pairs of localized He∗ excitations in one droplet autoionize by interatomic Coulombic decay (ICD) [3]. By de-
pleting the excited-state population using a time-delayed probe pulse, we trace the ICD dynamics in time. The
resulting ICD time constant, τICD = 0.4-1 ps is surprisingly short and only weakly dependent on the density of
He∗ in the droplets. Time-dependent density functional (TDDFT) simulations show that the bubbles around each
He∗ merge if they are formed near each other (. 10 Å) thereby pushing the He∗ together and accelerating the ICD
reaction [4].

3) At probe-pulse intensities INIR,UV & 1013 Wcm−2 and for multiply excited helium nanodroplets we observe
efficient above-threshold ionization (ATI), see Fig. 1. Electron emission due to high-order ATI is enhanced by
several orders of magnitude compared to gaseous He atoms. The crucial dependence of the ATI intensity on the
number of excitations per droplet is interpreted as a local collective enhancement effect [5].

Fig. 1: Typical delay-dependent electron spectra recorded by resonant 1+ n′-photon ionization of helium nan-
odroplets, where n= 1-4. The photon energies of pump and probe pulses were hν/e= 23.8 eV and hν ′/e= 3.2 eV.
Adapted from [5].
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Matter at the nanoscale: study of the structure and dynamics of clusters

Bernd v. Issendorff*1

1. Physics Institute, University of Freiburg, 79104 Freiburg, Germany

Clusters and nanoparticles often have properties rather different to those of the corresponding bulk material, which 
is due to the large surface-to-volume ratio and in general to quantum size effects, the discretization of otherwise 
continuous densities of states. Especially the latter makes them highly interesting candidates for the study of few 
to many particle physics. In my talk I will first explain the intricate interplay between electronic and geometric 
structure in simple metal clusters, which has been clarified by a combination of photoelectron spectroscopy on free, 
size-selected alkali and noble metal clusters and DFT-calculations [1,2]. Then I will concentrate on two examples 
of recent findings. The first example is the form of the angular distributions of photoelectrons emitted from simple 
metal clusters [3]. These turn out to be almost classical, simply reflecting the rotational motion of the electrons 
within the approximately spherical clusters. It is, however, decohering many-electron dynamics which produces 
this behaviour via quenching of inferences, providing an interesting example of complex dynamics leading to a 
very simple result [4]. The second example relates to the dynamics of large silver clusters promptly heated to high 
temperatures by optical excitation in resonance with the plasmon resonance, as recently studied by time-resolved 
x-ray scattering at the free electron Laser FLASH within a larger collaboration involving the Technical University 
of Berlin, the MBI Berlin, the University of Rostock and the University of Freiburg. Depending on the amount of 
heating the clusters have been observed to melt, to enter a supercritical state where they immediately explode, or 
to break into larger liquid fragments. The latter could be explained by subsequent molecular dynamics simulations 
(Moseler group, University of Freiburg and IWM Freiburg), which found a curious soap-bubble-like expansion 
resulting from a simple classical cavitation effect. These examples illustrate that clusters are close to ideal model 
systems for the study of a broad range of phenomena.
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Prospects for constraining temporal variations of fundamental constants
with a 229Th-based nuclear frequency standard
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The metastable, first excited state of the 229Th nucleus - usually denoted as 229mTh - has long been in the scientific
focus due to its extraordinary low nuclear excitation energy of about 8.1 eV [1], which offers the unique oppor-
tunity to perform laser spectroscopy of a nuclear transition thereby also enabling the development of a nuclear
frequency standard [2][3]. The laser wavelength required for nuclear laser spectroscopy is about 150 nm, which is
technologically challenging, yet feasible to obtain with narrow-bandwidth, as it corresponds to the 7th harmonic
of an Yb-doped-fiber frequency comb [4][5].

Due to the combination of recent progress in laser technology [5], improved constraints of the nuclear excitation
energy [6][7], and a novel laser excitation scheme [8], laser spectroscopy of 229Th has become feasible within the
past couple of years and is now in the focus of several groups worldwide. Once the direct laser excitation of 229mTh
is achieved, the development of a nuclear frequency standard will come into reach.

Such a nuclear frequency standard, often times also referred to as the “nuclear optical clock”, is expected to have
multiple fundamental physics applications [9]. The reason is a predicted extraordinary high sensitivity for varia-
tions of fundamental constants, e.g., the fine-structure constant α as well as the dimensionless quark masses [10].
This high sensitivity is caused by a large sensitivity enhancement factor, which was recently estimated to be on the
order of 104 [11], where atomic shell transitions - used for today’s most stringent constraints of temporal variations
of fundamental constants [12] - exhibit typical enhancement factors between 1 and 10. A sensitivity enhancement
factor of about 104, in combination with a small expected inaccuracy of a nuclear clock of 10−19 [3], offers the
potential to probe temporal variations of fundamental constants at the 10−23 level, a five orders of magnitude im-
provement compared to the currently most stringent constraints [11].

In this presentation an overview of the current status of nuclear optical clock development will be provided with a
special focus on the work carried out in our group at JILA.

This work is supported by AFOSR Grant No. FA9550-19-1-0148, ARO Grant No. W911NF2010182, NSF Grant
No. PHY-1734006 and the National Institute of Standards and Technology. Lars v.d.Wense acknowledges support
from the Alexander von Humboldt Foundation.
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Hong-Ou-Mandel Interference via quantum non-demolition gate between
atoms and mechanics

A. D. Manukhova∗1, A. A. Rakhubovsky1, R. Filip1

1. Department of Optics, Palacký University, 17. Listopadu 12, 771 46 Olomouc, Czech Republic

Quantum coupling between mechanical oscillators and atoms has been recently experimentally demonstrated
using their subsequent interaction with light [1-2]. The next step is to build a hybrid atom-mechanical quantum
gate showing bosonic interference effects of single quanta. We propose an experimental test of Hong-Ou-Mandel
(HOM) interference between single phononic excitation and single collective excitation of atoms using the optical
connection between them. A single optical pulse is sufficient to build a hybrid gate to observe the bunching of
these two excitations.

The basic principle to realize the quantum non-demolition (QND) gate between a cloud of atoms and a mechan-
ical mode of an optomechanical cavity is as follows [3]. A squeezed quantum field accompanied by strong classical
fields sequentially passes through the atomic ensemble, located in the cavity, and the optomecanical cavity. We
assume both intracavity interactions are QND-type characterized by controllable coupling rates. The gate with the
gain G relates the quantum states of the atoms and mechanics after the interactions with their initial states and the
noises and transforms the initial quadratures rin =(X̂0

a, P̂0
a, X̂0

m, P̂0
m)

T to the final quadratures rout =(xa, pa,xm, pm)
T

as:

xa = X̂out
a = TaX̂0

a−G X̂0
m + N̂Xa , xm = X̂out

m = TmX̂0
m + N̂Xm , (1)

pa = P̂out
a = TaP̂0

a + N̂Pa , pm = P̂out
m = TmP̂0

m +G P̂0
a + N̂Pm . (2)

We demonstrate the possibility to observe an analogue of the HOM interference using the gate.
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Fig. 1: 〈HOM|ρout|HOM〉 matrix element of the output state for the ideal QND gate as a function of the gain
G calculated for the different cases of the input: quantum input |1〉a|1〉b (solid black curves), mixture input
(p |1〉〈1|+(1− p) |0〉〈0|)a · (p |1〉〈1|+(1− p) |0〉〈0|)b (dashed black curves, dashing scale indicates parameter
p). Dashed gray line is the output threshold. Blue curve is the input thresholds (phase randomized) restricting area
that covers all the possible values of the matrix elements of the output state of the gate in the case of the random
coherent input with averaged phases. Here, the HOM state is defined as |HOM〉= (|0〉a |2〉b−|2〉a |0〉b)/

√
2.

We consider the HOM effect as a bunching of two excitations in one of the interacting subsystems. We demonstrate
the nonclassical HOM effect, i.e. the buildup of the bunched HOM state via the second-order interference. As
the input we assume incoherent mixture of vacuum and single-boson states. We investigate the dependences of
the HOM matrix element of the output state on the parameters of the gate and compare it to the HOM element
corresponding to the classical coherent cases using two nonclassicality thresholds (see Fig. 1).

The output atomic-mechanical state exhibits a probability of a hybrid bunching effect that proves its nonclas-
sical aspects. This proposal opens a feasible road to broadly test such advanced quantum bunching phenomena in
a hybrid system with different specific couplings.
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A versatile quantum simulator for coupled oscillators using a 1D chain of
atoms trapped near an optical nanofiber

Daniela Holzmann∗1, Matthias Sonnleitner1, Helmut Ritsch1

1. Institute for Theoretical Physics, University of Innsbruck, Technikerstraße 25, A-6020 Innsbruck, Austria

The transversely confined propagating light modes of a nano-photonic optical waveguide or nanofiber mediate
effectively infinite-range forces between quantum particles. We show that for a linear chain of particles trapped
within the waveguide’s evanescent field, transverse illumination with a suitable set of laser frequencies allows
the implementation of a coupled-oscillator quantum simulator with time-dependent and widely controllable all-
to-all interactions. At the example of the energy spectrum of oscillators with simulated Coulomb interactions we
show that different effective coupling geometries can be emulated with high precision by proper choice of laser
illumination conditions. Similarly, basic quantum gates can be implemented between arbitrary pairs of oscillators
in the energy basis as well as in a coherent state basis. Key properties of the system dynamics and states can be
monitored continuously by analysis of the out-coupled fiber fields.
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Measurement-Induced Entanglement Transitions and the Quantum Zeno
effect: non-Hermitian physics at play

X. Turkeshi1,2,3, A. Biella∗4,5, R. Fazio2,6, M. Dalmonte1,2, M. Schiró 3

1. SISSA, via Bonomea 265, 34136 Trieste, Italy
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3. JEIP, USR 3573 CNRS, Collège de France, PSL Research University, 11 Place Marcelin Berthelot, 75321 Paris Cedex 05, France
4. Université Paris-Saclay, CNRS, LPTMS, 91405 Orsay, France

5. INO-CNR BEC Center and Dipartimento di Fisica, Università di Trento, 38123 Povo, Italy
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We investigate measurement-induced phase transitions in the paradigmatic Quantum Ising chain coupled to a
monitoring environment. The dynamics alternates the unitary coherent evolution with random local measurements.
This interplay allows the emergence of a sharp transition from a critical phase with a logarithmic scale of the
entanglement entropy to an area-law phase as the measurement rate is increased [1]. We show that the non-
Hermitian Hamiltonian arising from the postselected no-click dynamics and its associated subradiance spectral
transition provide a natural framework to understand both the extended critical phase, emerging here for a model
which lacks any continuous symmetry, and the entanglement transition into the area law. The non-Hermitian
Hamiltonian also provide a natural framework to grasp the emergence of the Quantum Zeno effect in the rare
events of the dynamics [2].

Fig. 1: Stationary-state entanglement entropy as a function of the length of the chain. (a) Average entanglement
entropy for the quantum state diffusion protocol. (b) Long-time entanglement entropy for the non-Hermitian
dynamics. In both cases we see a transition from a logarithmic critical scaling, for small measurement rate γ to an
area law (constant) scaling at large γ . Different curves in the two panels correspond to increasing values of γ , from
γ = 0.25 (top curve) to γ = 6 (bottom curve) with a ∆γ = 0.25.

References
[1] X. Turkeshi, A. Biella, R. Fazio, M. Dalmonte and M. Schiro, arXiv:2103.09138 (2021).
[2] A. Biella and M. Schiró, arXiv:2011.11620 (2020).
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The new mathematical model of photons

I. Bersons1, R. Veilande*1, O.Balcers2

1. Institute of Atomic Physics and Spectroscopy, University of Latvia, Riga, Latvia
2. Engineering Faculty, Vidzeme University of Applied Sciences, Valmiera, Latvia

Recently the interest for single photon technologies has rapidly increased because it is considered the main
element in quantum communication technologies. But a question remains: what is a photon? In 1927 Dirac [1]
proposed the quantization procedure for the Maxwell equations which was reduced to quantization of an infinite
number of linear harmonic oscillators. The quantization procedure provides the correct energy and momentum
of the photon and perfectly describes the creation and annihilation of photons. The quantization of the field is
the cornerstone of the quantum field theory and, especially, quantum electrodynamics. Despite the great success
of the quantization of light, the physics of this procedure is not so clear: what is there that oscillates and where
are photons located in time and space? The definition of a photon as a first excited state of a single mode of the
quantized electromagnetic field is rather abstract.

Several nonlinear equations with the electromagnetic soliton type solution were proposed [2]-[4]. A soliton is
a stable formation that doesn’t dissolve in space and time similar to a photon. In these models the non-linearity in
the Maxwell equations is introduced by small, finite components of polarization and magnetization in a vacuum
along the direction of the propagation of light.

Developing the photon models, we find the possibility to define the vector potential Ak of the field which
describes the free propagation of photons [5]. The vector potential obeys two separate linear equations: one looks
like the Schrödinger equation for the harmonic oscillator with the longitudinal coordinate ηk = ωt − kr and the
second is a simple equation for polar radius ρk. The vector potential for one-mode n−photon state looks like:

Akn = k

√
h̄cµ

s
√

π2n−2n!
Hn(sηk)exp

(
− s2η2

k
2
−µτk

)
.

where τk = k2ρ2
k /2 and the normalization constant is found by equating the field energy to the Plank defined energy

h̄ω(n+1/2). In the proposed model there is another vector potential, the operator, which contains the annihilation
and creation operators. This vector potential describes the interaction of photons with the charged particle and
looks similar as in the traditional quantization procedure.

(a)                              (b)                                      (c) 

 
Q0 

(a) 
(b) 

 Q0 

(a) (b) 

Q1 
Q2 

Fig. 1: The cross-section of the dimensionless functions Qn = Akn/(k
√

h̄c) of the vacuum, one- and two- photons
state for the parameters s = 0.2, µ = 1 and t = 0 are depicted.

The obtained function contains two unknown dimensionless parameters s and µ , which determine the longitu-
dinal and transverse size of photons. If we assume that the radius of photons is of the order of their wavelength, so
the constant µ is of the order of unity, but s is small. Of course, the proposed model is only a model, and it should
be tested in different processes where photons participate.

RV has been supported by ERDF project No. 1.1.1.1/18/A/155.
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Optimization of the quantum random walk search algorithm

H. Tonchev*1, P. Danev2

1. Institute of Solid-State Physics, Bulgarian Academy of Science, Sofia, Bulgaria
2. Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Science, Sofia, Bulgaria

The quantum random walk search algorithm [1] is a probabilistic quantum algorithm that is quadratically
faster than any classical search algorithm. This algorithm is based on the quantum analogue of classical random
walk [2]. The algorithm uses an oracle, that can recognize the solution, and two coins – one to be applied to mark
the searched element and one to be applied on the unmarked elements. The shift operator is used to traverse through
vertex states, depending on the state of the coin. This quantum algorithm can be used to search in a database with
arbitrary topology.

In our work we optimize the coins of quantum random walk search algorithm by using numerical methods,
including machine learning to increase the probability to find the searched element in the quantum register. This
work is a continuation of our previous study of the quantum random walk search algorithm [3].

This work was supported by the Bulgarian Science Fund under contract KP-06-M48/2 /26.11.2020.
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Implementing Hamiltonians on a Rydberg Quantum Simulator

H. J. Williams*1, P. Scholl1, G. Bornet1, D. Barredo2, T. Lahaye1, A. Browaeys1

1. Université Paris-Saclay, Institut d’Optique Graduate School, CNRS, Laboratoire Charles Fabry
2. Nanomaterials and Nanotechnology Research Center, Universidad de Oviedo

Quantum simulation using synthetic systems is a promising route to solve outstanding quantum many-body prob-
lems in regimes where classical approaches fail. Here I will present recent results on the implementation of various
Hamiltonians using individually trapped Rydberg atoms. With our platform we are able to create defect-free arrays
of up to 200 atoms in arbitrary geometries [1]. The atoms can then be made to interact by exciting them to the
Rydberg manifold. Depending on the chosen states, the atoms either interact via the van der Waals or the dipole-
dipole coupling. These two types of interaction allow us to implement different Hamiltonians.

The van der Waals interaction causes the Rydberg blockade, whereby two neighbouring atoms cannot be ex-
cited into the same Rydberg state. This leads to a natural implementation of the transverse field quantum Ising
model (Eq. 1) where a laser field couples the two spin states | ↑〉 and | ↓〉, with a Rabi frequency Ω and detuning
δ acting as transverse and longitudinal fields, respectively. Here Ui j = C6/r6

i j is the van der Waals interaction
between atom i and j, with a separation of ri j, ni = (1+σ z

i )/2, and σi are the usual Pauli matrices. I will present
our results from this model on triangular and square arrays (Fig.1) which exhibit qualitatively different phases [2].

HTFI = ∑
i< j

Ui jnin j +
h̄Ω
2 ∑

i
σ x

i − h̄δ ∑
i

ni. (1)

Fig. 1: Single shot fluorescence images showing the implementation of the transverse field Ising Model on a square
and a triangular array, with illustrations showing the ordering via the Rydberg blockade with Rydberg atoms in
blue and ground state in red.

The dipole-dipole interaction between two Rydberg states leads to a natural implementation of the XY model,
with an interaction strength Ji j =C3(−cos(θi j))/2r3

i j, where θi j is the angle between the interatomic axis and the
quantisation axis. By using this interaction in combination with external driving fields (here sequential microwave
pulses around different axes), the Average Hamiltonian Theory allows us to implement XXZ Hamiltonians with
controllable anisotropy (Eq. 2)[3]. The values of δ are controlled by the timings between pulses. I will present our
preliminary results from this work.

HXYZ =
2
3 ∑

i, j
Ji j(δxσ x

i σ x
j +δyσ y

i σ y
j +δzσ z

i σ z
j ). (2)
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Construction of strontium quantum gas microscope to study relaxation
dynamics in 2D lattice gases
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Describing the relaxation dynamics of closed quantum systems far from equilibrium in greater than one di-
mension poses a formidable challenge to many-body physics as the existing numerical and analytical approaches
have severe limitations and so far, most of the efforts have been done in one dimensional systems [1]. In this
poster, we will discuss the construction of our novel experimental apparatus based on ultracold strontium-84 atoms,
that aims to observe, characterize and interpret the relaxation dynamics in the quantum critical regime of the 2D
Bose–Hubbard model as shown in figure 1. The observation and characterization will be performed by experi-
mentally measuring the evolution of equal-time two-point density correlations after a quench. The experimental
protocol is well established in the early experiment conducted on a 1D system [1].

This poster presents the current state of our experiment where we successfully demonstrate the generation
of both kinds of magneto-optical traps of strontium - 1) along its wide transition at 461 nm and 2) along its
narrow transition at 689 nm. Due to the narrow linewidth transition of 7 kHz, strontium is a promising candidate
for efficient laser cooling. The next steps in our experiment will include the implementation of a quantum gas
microscope which is a high resolution imaging system with single site resolution and single atom sensitivity that
will enable the direct measurement of the two-point density correlations.

With the motivation to better understand the link between the elementary excitations and the relaxation dy-
namics, we will perform a series of experiments in which a 2D degenerate gas of strontium-84 atoms is loaded in
a square optical lattice and then the lattice depth will be changed abruptly. In doing so, we are going to explore
different regimes that are outside and inside the quantum critical region. Outside the quantum critical regime,
the excitations have quasiparticle nature which drive the relaxation dynamics such as the ballistic spreading of
correlations whereas inside the quantum critical regime, the nature of the collective excitations is more complex,
less-explored and it differs strongly than the quasiparticle. Exploring these complex collective excitations is our
main interest. These studies may find interesting applications in, for example, revealing the entanglement carried
by quasiparticle pairs [1] and engineering of the efficient quantum channels necessary for fast quantum computa-
tions [2].

Fig. 1: The quantum critical region of the 2D Bose–Hubbard model. At a critical value of the ratio J/U between
the tunnel coupling J and the on-site interaction energy U, the nature of the ground state changes from insulating
to superfluid. Above this quantum critical point is the quantum critical region, where the elementary excitations
can not be described as quasi-particles. The solid line to the right of the quantum critical point marks the transition
from a superfluid to a normal gas. Figure adapted from [3].
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Qubit controlled by the magnetic dark soliton

S. Varbev*, I. Boradjiev, R. Kamburova, H. Chamati
1. Institute of Solid State Physics, Bulgarian Academy of Sciences, Tzarigradsko chaussée 72, 1784 Sofia, Bulgaria

The influence of a soliton propagating along an isotropic Heisenberg ferromagnetic spin chain on the state of a
spin- 1

2 localized particle embodying a qubit is studied. The Hamiltonian of the considered system reads [1, 2]

Ĥ =−J ∑
n

Ŝn · Ŝn+1 +
[
(µ−ν)H0−dzŜz

j

]
σ̂ z− dxy

2

(
Ŝ+j σ̂−+ Ŝ−j σ̂+

)
, (1)

where Ŝn are the spin vector operators, J > 0 is the spin-spin exchange integral, σ̂ is the spin- 1
2 vector operator

of the qubit, H0 is the external magnetic field in the z-direction, µ and ν are the magnetic moments per spin
in the chain’s sites and the qubit, respectively, dxy and dz are qubit-chain coupling parameters. In (1) the first
term describes intra-spin chain interaction in the nearest neighbour approximation. The rest of the Hamiltonian
corresponds to the qubit interaction with j−th chain spin and H0.

In the semi–classical approximation, for large spin and wide excitations, neglecting the qubit influence on the
spin chain, an isotropic Heisenberg ferromagnetic admits a dark soliton solution. Then, the qubit state dynamics is
described by the two state time-dependent Schrödinger equation

i
d
dt
|ψ〉=

[
∆(t) σ̂ z +

Ω(t)
2
(
σ̂−+ σ̂+

)]
|ψ〉, (2)

where the coupling Ω(t) and the detuning ∆(t) depend on the parameters of the dark soliton propagating at constant
velocity and of the qubit-chain couplings dxy and dz. Analyzing Eq. (2), we established the parameter space, where
we can control the state of the qubit and obtained different evolutionary patterns as switching 1

2 -spin as well as
switching with consecutive 1

2 -spin return and superposition [3].

References
[1] S. Varbev, R. Kamburova, M. Primatarowa, J. Phys. Conf. Ser. 1186, 12016 (2019).
[2] S. Varbev, I. Boradjiev, R. Kamburova, H. Chamati, J. Phys. Conf. Ser. 1762, 1, 012018 (2021).
[3] S. Varbev, I. Boradjiev, R. Kamburova, and H. Chamati, in preparation.

*Corresponding author: stanislavvarbev@issp.bas.bg
17



Interactions and dynamic of two ultracold
highly-magnetic atoms in a harmonic trap
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Since Bose-Einstein condensation had been first observed in a gas of chromium [1], dysprosium [2] and erbium [3],
physicists have been extensively studying ultracold highly magnetic atoms with a large magnetic dipole moment
and anisotropic long-range interactions. Quantum phase transitions of the extended Bose-Hubbard model [4],
the quantum chaos [5], the existence of the roton mode [6] or the emergence of the self-bound droplets [7] were
discovered in experiments with these ultracold atoms. Such exciting applications make these systems a fascinating
field also for theoretical investigation.

We theoretically investigate the properties and dynamics of two ultracold highly magnetic atoms in a one-
dimensional harmonic trap in the external magnetic field by means of exact diagonalization. Atoms interact via
magnetic dipole-dipole interaction, which in one-dimensional limit can be approximated by effective contact spin-
spin interaction [8]. We show how interactions and magnetic field impact the properties of the system and observe
its dynamic after a sudden change of these parameters. We look at ground-state magnetization which can act as a
guide into potential magnetic properties of a many-body system. Our research gives new insights into the possible
application of highly magnetic atoms trapped in optical tweezers or optical lattice for simulations of quantum
many-body systems.
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Sequential phonon measurements of atomic motion
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Quantum motion of trapped atoms plays a vital role in various active research fields, including quantum sensing
[1], quantum simulation [2], quantum computing [3] and quantum thermodynamics [4]. Highly sensitive phonon
measurements are not only much in demand and crucial, regardless of their limited dynamic ranges, but also
challenging. This is similar to the case of photon counting, in which multiplexed single-photon detections gave rise
to further development of powerful techniques for light detection despite their limited photon number resolution
[5]. For trapped atoms, phonons are conventionally measured by coupling them with discrete internal levels, which
are optically detectable [6]. The reliability and stability of the overall procedure are very essential in the same way
as reliable and stable beam splitters are essential to photon counting.

As available information in a few electronic levels about the phonons is limited, the coupling needs to be
sequentially repeated to further harvest the remaining information. We analyze such phonon measurements on
the simplest example of the force and heating sensing using recently mastered mechanical Fock states as a probe.
The protocol is summarized in the form of a quantum circuit depicted in Fig. 1. We prove that two sequential
measurements are sufficient to reach sensitivity to force and heating for realistic Fock states and saturate the
quantum Fisher information. It is achieved by the most reliable Jaynes-Cummings coupling. Further enhancements
are expectable when the higher Fock state generation is improved. The result opens additional applications of
sequential phonon measurements of atomic motion.(a)

(b)
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Fig. 1: The quantum circuit for two sequential measurements of the motional state ρmo. The most basic Jaynes-
Cummings interactions between the internal qubit, initially prepared in the excited state |e〉, and the motional state
of trapped ions are described by two unitary operators ÛJC . The second interaction is adaptive as its interaction
time, te,g

2 , is chosen depending on the outcome of the first measurement.
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We present a study of termal properties of dilute harmonically confined repulsive Bose-Bose mixture using
quantum Monte Carlo methods [1]. Our results are obtained in the regime which was previously estimated as
universal [2], so we do not expect them to depend on the model of the interaction potential.

We focus on temperature dependence of the superfluid density and the condensate fraction in three phases
which confined Bose-Bose mixtures manifest, mixed, shell and two-blobs regime. To this end, we use the d-
iffusion Monte Carlo method, in the zero-temperature limit, and the path-integral Monte Carlo method for finite
temperatures. The results obtained for density profiles are compared with solutions of the coupled Gross-Pitaevskii
equations for the mixture at zero temperature.

We notice the existence of an anisotropic superfluid density in the two-blobs regime. Namely, in the limit of
zero temperature, the superfluid fraction is 1 when calculated with respect to the axis which passes through both
components’ center of mass, but below 0.5 when calculated with respect to an axis which passes through the total
center of mass and is perpendicular to the previous axis. In the other two regimes the superfluidity is isotropic.

Our results also show noteworthy situations where the superfluid fraction becomes smaller than the condensate
fraction when temperature increases. This effect is also observed in a single species simulation with the same
interparticle interaction strength; if the strength is increased, the crossing of condensate and superfluid fraction
disappears.
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Phase diagram of matter-wave jets
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Matter-wave jets are emitted from a Bose-Einstein condensate as a consequence of periodic modulation of in-
teratomic interaction via a Feshbach resonance [1, 2]. In quasi-1D geometry, trapped by a single dipole beam, they
occupy a single angular mode, limiting the possible higher order processes [3]. Here we present the experimental
observation of golden jets, named for their golden ratio momentum, along with numerical 1D Gross-Pitaevskii
equation simulations, which reveal interesting behavior of jet emission depending on the frequency and amplitude
of interaction modulation. Above the threshold for emission of first order jets, higher order jets gradually start ap-
pearing with increasing modulation amplitude. As we increase it even further we slowly transition into the chaotic
region without discernible jets.

Fig. 1: Left: phase diagram of jets. Right: simulated density profile at a fixed time after interaction modulation
for increasing amplitude and a selected frequency (red line in left figure).
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Recently self-emergence phenomena, like glassiness and crystallization, have been extensively studied using
pumped condensed atomic samples, coupled to a high finesse optical resonator. So far most of these experiments
have been realized in standing wave cavities, which impose the resonator geometry to the lattice being formed
by the atoms and the light scattered into the cavity modes. Adopting degenerate multimode cavities opens new
horizons to study order emergence effects, where compliant lattices between atoms and light can show a dynamical
evolution [1].

The optical cavity we use to study self-ordering has a bow-tie geometry [2] and the intra-cavity field is in a
traveling wave configuration. As a consequence, there are no constraints at the cavity mirrors on the intra-cavity
light, and the phase of the expected light-atom crystals results in a free parameter. As a first step, we developed
a novel protocol to load cold rubidium atoms in the telecom dipole trap enhanced by the cavity: we substituted
the conventional red molasses phase with a gray molasses technique utilizing hyperfine dark and bright states
arising through two-photon Raman transitions [3]. In this way we obtained a seven-fold increase in the atomic
loading, and the technique was crucial to obtain an all-optical BEC in microgravity [4]. Furthermore, with the
same technique we could cool the atoms directly in the dipole trap, exploiting the position dependence introduced
by the differential light shift caused by the light at 1560 nm. Atoms at deeper potentials need to be addressed by
a further red-detuned cooler on the D2 line, since the dipole trap creates a large differential Stark shift between
ground and exited states.We could thus cool the trapped atoms by a factor of 4 (see Fig. 1) in few ms, limited
by the gray molasse scheme being applied on the D2 line, and notably by the presence of the F’=3 upper level.
The cooling scheme could be improved by using cooling light on the D1. In general, the cooling protocol is fast,
lossless, and could be applied to other atomic species.
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Fig. 1: (a) Ballistic expansion of the atomic cloud released from the FORT: cloud size vs time of flight. The fits
(solid lines) yield a temperature of 198 µK before the cooling sweep (black points) and 48 µK after it (red points).
Absorption images of the atoms before (b) and after (c) the cooling sweep, taken with a time-of-flight of 700 µs.
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The study of collisions of a trapped ion in a dilute gas of ultra-cold atomic ensemble provides knowledge of
interatomic interactions in the quantum regime [1-9]. The theoretical framework of collisions for homonuclear,
ground state ion-atom systems in the ultra-cold regime is presented. Total binary collision cross section (σtot ) is
derived, which is different from the commonly used expression, σ̃tot , valid at high-energies [10]. For homonuclear
case, the indistinguishability of direct elastic and resonant charge exchange (RCE) scattering channels is discussed.
The standard cross-section expressions for direct elastic (σ̃el) and RCE (σ̃ce) channels are obtained as high energy
approximations to (σtot ). We show that the total cross-section is equal to the diffusion cross section, (σD), in the
s-wave limit. The validity of the equivalence relation between the σD and 2× σ̃ce is also discussed. These matters
are illustrated with the aid of high quality non-relativistic potential energy curve (PEC) calculations for 7Li+–7Li
[11] and 6Li+–6Li systems. The use of σtot is advocated as correct and consistent way to represent cross section.
Average collision rate coefficient z̃ = < σtotv >T is also discussed for these cases.
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Fig. 1: σtot and σ̃tot as a function of collision energies for 6Li+–6Li system. In the inset, differences between σtot
and σ̃tot in the s-wave energy regime are shown for 6Li+–6Li and 7Li+–7Li.
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We are building an atom chip experiment, where sodium atoms are trapped magnetically, relying on the fields
produced by microwires and external coils. The chip entails a coplanar waveguide especially designed for 1.6 GHz
and allowing to reach large microwave amplitude in the near field, where the atoms are confined. This will allow us
to investigate microwave-induced Fano-Feshbach resonance which have been theoretically predicted but never ex-
perimentally observed up to now [1]. The microwires configuration allows to reach very elongated trap geometries
(aspect ratio above 100), permitting in turn the production of unidimensional Bose gases.

The atoms are first accumulated in a magneto-optical trap [2] and then transfered in a quadrupole magnetic
trap. They are then transported magnetically over 60 cm to a science chamber [3], and then loaded onto a Ioffe-
Pritchard trap produced by a macroscopic Z-shaped wire. After a first evaporation cooling stage, the atoms are
transfered in the microtrap and cooled to degeneracy thanks to a final evaporation ramp.

Fig. 1: View of the atom chip currently installed on the experiment.

In this poster, we will give details on our experimental procedure to obtain degenerate unidimensional Bose
gases and present first results concerning the investigation of microwave-induced Feshbach resonances, as well as
next experimental developments.
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The spatial confinement of atoms with high precision, e.g. atom localization has been of continuous interest in
quantum mechanics, while modern tools of quantum optics made the actual realization of such experiments pos-
sible. Current investigations on the topic are driven by the possibility of practical applications in nanolithography
[1], laser cooling and trapping [2], and other areas of atomic physics [3].
Many problems arise when it comes to achieving localization of Rydberg atoms, due to the difficulty of confining
them in a small region with high density. The strong van der Waals (vdW) interactions enhance the nonlinear
properties of the Rydberg media via the dipole blockade [4] and open new opportunities for quantum optics and
quantum information applications [5]. This makes the question of experimentally achievable precise localization
of highly excited Rydberg atoms an important one.
We propose theoretical schemes for strongly confined atomic localization using interacting Rydberg atoms in a
coherent population trapping ladder configuration, where a standing-wave or a vortex field is used as a coupling
field in the second step of the ladder. Depending on the degree of compensation of the Rydberg level energy shift (
induced by the vdW interaction) by the coupling field detuning, we distinguish between two antiblockade regimes,
i.e., a partial antiblockade (PA) and a full antiblockade (FA).
When a standing wave is used as a coupling field, a periodic pattern of tightly localized regions can be achieved
for both regimes. However, the PA allows for much faster convergence of spatial confinement, yielding a high-
resolution Rydberg state-selective superlocalization for higher-lying Rydberg levels to a sub-nanometer scale. In
comparison, for lower-lying Rydberg levels, the PA leads to an anomalous change of spectra linewidth, confirming
the importance of using a stable uppermost state to achieve the superlocalization regime [6].
When applying a doughnut-shaped optical vortex in the second step of the ladder [7], ultraprecise two-dimensional
localization solely in the zero-intensity center is achieved, within a confined excitation region down to the nanome-
ter scale. In addition, applying an auxiliary modulation to the two-photon detuning allows for a three-dimensional
confinement of the Rydberg atoms.
Our results pave one-step closer to the development of new subwavelength localization techniques via reducing
the excitation volumes to nanometer level, thus representing feasible implementations for future experimental ap-
plications.
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Since the seminal proposals of [1][2], synthetic dimensions have become a powerful method for realising
theoretical models in artificial systems such as ultracold atoms and photonics [3]. In this approach, a set of states
are selected and coupled together, with the coupling then being interpreted in terms of a particle hopping along
a synthetic lattice formed by the states. Synthetic dimensions have proven useful as they can allow for more
straightforward implementations, particularly of topological models, than is otherwise possible in experiments.

In this poster, we report on preliminary progress towards implementing a synthetic dimension based on atomic
harmonic trap states [4]. In this approach, a deep harmonic trap containing cold atoms is resonantly shaken around
the trapping frequency, so that the shaking potential effectively couples nearest-neighbour harmonic trap states.
Within this framework, the harmonic trap states are re-interpreted as lattice sites along a synthetic dimension,
where the shaking amplitude sets the effective hopping amplitude and the shaking detuning generates an effective
force along the synthetic lattice. A predicted signature of the synthetic dimension is then the emergence of 1D
Bloch oscillations with respect to the dimension of harmonic trap states [4]. Here, we shall discuss progress
towards the practical observation of this effect based on a cold-atom set-up with a digital micro-mirror device.
The experimental implementation of such a synthetic dimension will pave the way for the future investigation of
2D topological quantum Hall physics in this system, when a position-dependent shaking phase is included in the
set-up.
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In many-body systems of very different nature, the specific heat shows an anomalous temperature dependence
which signals the onset of phase transitions or intrinsic features of the excitation spectrum. In a one-dimensional
(1D) Bose gas, we reveal an intriguing anomaly [1], the first one in the ultracold gas field, although phase tran-
sitions cannot occur [2] and the microscopic complicated spectrum has not permitted so far a direct link with the
thermodynamics. We find that the anomaly temperature is ruled by the dark soliton energy, corresponding to the
maximum of the hole-excitation branch in the spectrum. We rely on Bethe Ansatz [3] to obtain the specific heat
exactly and provide interpretations of the analytically tractable limits. We predict new quantum regimes. The
dynamic structure factor is computed with the Path Integral Monte Carlo (PIMC) method, gaining insight into the
pattern of the excitations. This allows us to formulate a microscopic interpretation of the anomaly origin when the
quantum and thermal effects are comparable. The PIMC method has been applied to a 1D Bose gas for the first
time in our work. Our calculations extend for a wide range of temperature compared to previous studies which
were restricted only at very low temperature [4-8]. We provide indications for future observations and how the
anomaly can be employed for in-situ thermometry and for identifying different collisional regimes. We introduce
an innovative concept of quantum simulation [9] of thermal properties where the new dark-soliton anomaly pre-
cisely models other anomalies in condensed matter, atomic, many-body, solid-state physics and material science.
The understanding of thermal properties, enhanced by the new quantum simulation, is relevant for engineering
innovative materials and developing emerging quantum technologies.

Fig. 1: Sketch of the dynamic structure factor at a temperature below (left) and around (right) the value of the
Dark-Soliton Anomaly. Upper particle-like Lieb I and lower hole-like Lieb II branches are reported with solid
curves. Dashed line denotes the linear phononic spectrum ω(k) = v|k| where ω is the frequency, v is the sound
velocity and k is the wavenumber. The dark-soliton excitation is located at the Fermi wavenumber kF and its energy
is equal to ∆. The dynamic structure factor at zero temperature is reported with the blue shaded region with vertical
lines. Its thermal contribution is instead denoted with red shading.
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We present here the experimental realization of an hybrid magnetic and optical ring trap [1], [2]. Fig. 1 displays
its principle, relying on an optical vertical confinement and a radial confinement from an rf-dressed bubble-shaped
quadrupole trap at its equator [3]. This well-controlled versatile ring trap allows a wide variety of radii (Fig. 2) and
vertical and radial trapping frequencies, all independently tunable. In such a trap, we have achieved a ring-shaped
Bose-Einstein condensate with no discernible thermal fraction. We discuss the feasibility for this superfluid de-
generate quantum gas to enter the long-sought one-dimensional regime with periodic boundaries and find that for
current experimental values and atom number around 7000 the system should reach this quasi-condensate state. We
have set the atomic ring into rotation with two different excitations, one purely magnetic relying on a quadrupole
deformation of the bubble profile, and the other purely optical by means of a rotating focused beam. In the latter
case especially, the observation of one multiply-charged vortex at short times after the excitation and two or three
vortices at longer times is a strong signal that this trap sustains multivalued quantized circulation of the superfluid.
We have developed a trap decompression technique adapted to our dressed trap in order to observe a single quan-
tum of rotation after time-of flight.

This hybrid ring is very promising for the study of 1D superfluid dynamics, for example the shock waves
induced by rotation in the presence of a static barrier. Increasing again the ring confinement towards fermionization
of the atoms could lead to NOON states more robust against decoherence, whereas dressing the quadrupole static
magnetic field with multiple rf frequencies allows the implementation of multiple concentric rings. Tunneling
between these rings is expected to build a macroscopic quantum superposition of several rotating BECs. Moreover,
the recombination technique, starting from a controlled large phase winding in the ring, could ease the way to the
production of quantum Hall states.

Fig. 1: Principle of the hybrid trap. The quadrupole static trap plus radiofrequency dressing provides the shell
trapping surface, whereas two horizontal repulsive light sheets provide vertical confinement.

Fig. 2: Different ring diameters obtained with the hybrid trap. The white bar in all images has a length of 50 µm.
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Motivated by the recent experimental progress in laser cooling of AlF molecules, which have highly diago-
nal Franck-Condon factors, we study the electronic structure of these molecules, their interactions with He atoms,
and intermolecular interactions. We employ ab initio quantum chemistry methods, such as the coupled cluster
method. The potential energy surfaces for AlF - He interaction for the ground and first excited states of AlF are
useful to described buffer-gas cooling, while the potential energy surfaces for AlF - AlF interaction will be used
to characterize prospects for evaporative cooling. This study also enabled us to test the accuracy and feasibility of
the method used and to test the energy convergence of ab initio methods.
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For the study of strongly correlated fermionic systems, ultracold alkaline-earth atoms offer original possibilities
with their large ground-state spin and spin-independent collisions (SU(N) symmetry). The nuclear nature of the
spins is both a strength and a complication – for example as it prevents the simple use of magnetic forces as in a
Stern-Gerlach measurement. Nevertheless, the narrow lines associated with their singlet-to-triplet transitions can
be used for novel spin-sensitive manipulations schemes, e.g. effective magnetic fields as in the “Optical Stern-
Gerlach” (OSG) scheme [1], and spin-orbit coupling with low levels of spontaneous emission [2].

In our experiment [3], we introduce a spin-orbit coupling scheme where a retro-reflected laser beam selectively
diffracts two spin components of a degenerate Fermi gas in opposite directions. Spin sensitivity is provided by
sweeping through a magnetic-field sensitive transition: the intercombination line of strontium 87. The atoms
follow adiabatically dark states, which significantly suppresses spontaneous emission. The adiabaticity of the
scheme makes it inherently robust. We furthermore demonstrate a generalization of the scheme, and diffract in
a single shot four spin states with four different momentum transfers. The spin-orbit coupling is associated with
well-defined momentum transfers, set by the two-photon recoil, such that, unlike in OSG, momentum distortion
is negligible. Thus, this scheme allows simultaneous measurements of the spin and momentum distributions of
a strontium degenerate Fermi gas, opening the path to momentum-resolved spin correlation measurements [4] on
SU(N) quantum magnets.

Fig. 1: Spin- and momentum resolved picture of a degenerate Fermi gas of 87Sr. A quantized momentum transfer
is selectively applied to four spin states in the same experimental run, here mF =+1/2,+5/2,−7/2,−3/2.
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Feshbach resonances are a crucial tool, enabling to control atoms’ interactions in quantum gases, which have al-
ready led to many significant breakthroughs. The following step to ultracold physics advancement is an observation
of these resonances between ions and atoms. It is desirable, for instance, due to its application in quantum simula-
tion and computing. Until recently, the ultracold regime was unattainable for ion-atom mixtures. The quantum gas
consisting of lithium atoms and barium ion is the first one, where Feshbach resonances were observed, thanks to
measurements by the group of Tobias Schaetz at the University of Freiburg. This confirmation of resonances itself
is important progress in the fundamentals of physics, but that is not the end of the story. In the Ba++Li mixture, we
discovered that the observed Feshbach resonances originate from the second-order spin-orbit interaction, which is
a unique mechanism, comparing to, for instance, neutral systems. What is more, the predicted spin-orbit coupling
appears to be giant – 2 to 3 orders of magnitude larger than in neutrals. Therefore, standard approaches of solving
the problem (for example perturbation theory) are likely to fail. Gaining a deep understanding of this phenomenon,
allows us to probe short-range interactions in ion-atom systems. In my work, I build a theoretical model describ-
ing ion-atom interactions and collisions to confirm and characterize experimentally measured features and inspire
further applications.
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Superfluidity is a rich quantum dynamical phenomenon with striking manifestations such as the existence of a
critical velocity for the creation of excitations and the appearance of quantized vortices when set into rotation. The
particular case of a quantum gas rotating at an angular frequency has attracted a lot of theoretical and experimental
interest, since it presents a strong analogy with a quantum system of charged particles in a uniform magnetic field,
relevant for condensed matter problems.
In a superfluid quantum gas confined in a harmonic trap of radial frequency ωr, for rotation rates Ω≤ ωr a dense
triangular array of singly charged vortices establishes. However, reaching the situation Ω ≥ ωr is impossible in
a purely harmonic trap because the radial effective trapping in the rotating frame vanishes due to the centrifugal
potential, leading to the loss of the atoms. This high rotation regime requires an anharmonic trap to counteract the
centrifugal effect. In this situation a zero-density area (a hole) grows at the trap center above a critical rotation
frequency Ωh [1], leading to an annular density profile. Above a second threshold Ωgv, the gas enters the so-called
“giant vortex” regime, where all the vortex cores migrate close to the depleted central region. Pioneering exper-
iments have tried to generate a ring-shaped flow in a three-dimensional condensate, either approaching Ωh from
below in an anharmonic trap such that no hole could form [2], or drilling a hole in a rotating gas confined in a
harmonic trap by removing atoms with a laser pulse [3] [4], the system being strongly out of equilibrium.
Here, we present what is to our knowledge the first experimental realization of such a superfluid annular flow sta-
bilized by its own angular momentum, as shown in Fig. 1. We demonstrate that it is a very long-lived quasi-two-
dimensional (2D) stable structure that persists over more than a minute [5]. The ring atomic density distribution
agrees with a zero-temperature superfluid model. We measure rotation frequencies reaching 1.06ωr, correspond-
ing to a linear supersonic velocity of Mach 18 with respect to the peak speed of sound. We also perform the
spectroscopy of elementary excitations of the ring.

Fig. 1: Superfluid annular flow sustained by its own angular momentum. (a) Computed density contour (red
annulus). (b) Experimental in situ integrated 2D density of the atomic cloud, rotating at Mach 15.
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1D simultaneous laser cooling of 87Rb and 85Rb atoms using an optical frequency comb (FC) has been demon-
strated recently by our group [1]. The FC spectrum consists of a series of equally spaced narrow spectral lines,
thus enabling simultaneous excitation of different atomic hyperfine transitions by different comb lines. By adjust-
ing the pulse repetition frequency and the offset frequency, the FC spectrum was tuned to ensure that two distinct
FC lines were simultaneously red-detuned from the cooling transitions, one line for each species. Starting from
a pre-cooled cloud of 87Rb and 85Rb atoms at above-Doppler temperatures, we showed simultaneous cooling of
both species down to the Doppler temperature using two counter-propagating σ+/σ−-polarized beams from the
frequency comb.

In an effort to upgrade our comb cooling experiment we are currently developing a new FC source that is based
on a direct diode-pumped mode-locked Ti:sapphire picosecond laser. Direct pumping of the Ti:sapphire oscillator
using low-cost blue laser diodes significantly reduces both the cost and the complexity of the laser, while using
a SEmiconductor Saturable Absorber Mirror (SESAM) for modelocking ensures reliable self-starting and robust
operation, with lower phase noise than by using Kerr-lens modelocking [2]. The FC will be actively stabilized by
locking the pulse repetition frequency to an RF frequency standard and simultaneously locking a comb line to a
continuous-wave reference laser [3, 4].

The newly developed FC source will have the advantage of higher optical power per comb line due to higher
total power and a narrower optical spectrum than the FC used in [1], as well as a repetition frequency chosen so that
there are comb lines simultaneously red-detuned from the cooling and near-resonant with the repumping transitions
of both 87Rb and 85Rb atoms. These improvements should allow for simultaneous FC cooling of two atomic species
directly from room temperature, thus enabling the realization of a multi-species magneto-optical trap (MOT) using
only a single laser source. This will further decrease the complexity of (ultra)cold multi-atom experimental systems
enabling significant advances in the fields of multispecies atom interferometry and multispecies interactions.

Fig. 1: Direct blue diode-pumped mode-locked Ti:sapphire picosecond laser, under development.
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Dynamical localization is the quantum suppression of classical diffusion. It is a fascinating example where
the quantum dynamics of a system is dramatically different from its classical counter part [1], [2], [3]. Initially,
and for a short period of time, the quantum system begins to delocalize at a rate which given by the classical
diffusion constant. However, after a certain time, known as localization time, the quantum motion seems to freeze,
and the delocalization process thereafter disappears. This fact can be understood as the result of the balance
between classical diffusion, which acts in the sense of spreading the wave-packet, and (the more subtle) quantum
interference, which acts in the sense of maintaining coherence [4].

In this work [5], we study the dynamical localization taking place in an ultracold atomic gas confined in an
optical lattice simultaneously shaken by two pulsatile modulations with different periods and/or waveforms. A
systematic study of pulse finite-size effects and modulation waveform on this phenomenon is performed. For this
purpose, we compare the classical and quantum momentum. Dynamical localization is identified when the previous
difference is large. As shown in Fig. 1, the dynamical localization can survive in the presence of quasiperiodic
modulations.

Fig. 1: Difference between the classical and quantum momentum dispersion as a function of the ratio between
the modulation frequencies for three different modulation amplitudes (in different color). Dynamical localization
takes place when the difference ∆pC−Q is large, something that The supression of dynamical localization can also
occur for some quasiperiodic modulations.
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The long-range and anisotropic dipole-dipole interaction in cold and ultracold dipolar gases can be controlled
and tuned by external fields giving rise to a rich variety of novel applications [1]. For instance, this interaction
plays an important role in the control of chemical reactions in an ultracold gas of polar molecules [2]. Ultracold
polar diatomic molecules coupled via the dipole-dipole interaction have been proposed for the implementation of
quantum logic gates in quantum computation [3-5]. An optimal control of orientation and entanglement has been
performed for two dipole-dipole coupled quantum planar rotors [6]. In this work, we investigate the entanglement
and the rotational dynamics of two identical polar linear molecules in an electric field and coupled via the dipole-
dipole interaction as shown in Fig. 1.

By analyzing the symmetries of the system, the time-dependent Schrödinger equation is solved describing the
molecules within the rigid rotor approximation. The molecules are allowed to rotate in three dimensions and linear
and sudden turning on are needed for the electric field. We explore the dependence of the rotational dynamics
and entanglement on electric field parameters, dipole-dipole interaction strength and spatial configuration. If the
dipole-dipole and electric field interactions are of the same order and the two molecules are in the same initial
state, they reach a significant orientation but are weakly entangled. When the molecules are initially in different
states, they have different mixed-field orientation and a larger entanglement is attained. In both cases, a strong
dependence on the configuration angle is observed. By increasing the electric field strength, the orientation is
increased and a moderate entanglement is reached.

Fig. 1: Sketch (not to scale) of the two polar linear molecules in a linear switched on electric field
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We report the observation of a major consequence of dimensional reduction in a system of ultracold atoms
confined on an ellipsoidal surface. At LPL, we study the equilibrium and dynamical properties of Bose-Einstein
condensates confined in a rf dressed quadrupole trap [1]. In this trap, atoms are confined to the —hollow—
ellipsoidal isomagnetic surface of the quadrupole magnetic field selected by the frequency of an rf field. Their
motion is thus essentially two-dimensional along the surface of a shell. Gravity ensures that the atoms stay at the
bottom of this shell.
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Fig. 1: (a): Schematic representation of the atomic cloud in the trap when gravity is compensated. (b): Top
view of the atomic distribution, as measured in the experiment (left) and simulated with Gross-Pitaevskii equation
(right).

By finely controlling the properties of the rf field, we have developed a method to compensate for gravity, such
that the atoms are able to explore the full ellipsoidal geometry of our trap. Instead of filling the whole ellipsoid,
the quantum gas takes an annular shape, see Fig. 1, which is due to dimensional reduction: the zero-point energy
in the hidden direction, transverse to the surface, tailors a confining potenial inside the shell which leads to this
annular shape. Our work demonstrate how a hidden dimension affects a low dimensional system by changing its
topology.
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We report an experimental study of the 31Πu state in cesium dimer by the V-type optical-optical double resonance
polarisation labelling spectroscopy technique [1] which allows to obtain simplified, rotationally resolved excitation
spectra of Cs2. The lowest vibrational levels v ≤ 6 of the 31Πu state were observed more than 30 years ago by
Amiot [2] but, as numerous perturbations of part of these levels were not taken into account, the derived molecular
constants were of limited applicability. By investigating the 31Πu ← X1Σ+

g band system we extend observations
of the 31Πu state up to v = 35 with a wide coverage of J quantum numbers (see Fig.1).

0 5 0 0 0 1 0 0 0 0 1 5 0 0 0 2 0 0 0 0 2 5 0 0 0 3 0 0 0 0
2 0 . 8

2 1 . 0

2 1 . 2

2 1 . 4

2 1 . 6

E re
d=E

-0.
00

8 c
m-1  x 

(J(
J+

1)-
1) 

[10
3  cm

-1 ]

J ( J + 1 ) - 1

v = 3

8

1 3

1 8

2 4

3 0

v = 3 5

Fig. 1: Reduced term values of the observed rovibrational levels in the 31Πu state plotted against J(J + 1)− 1.
Two or occasionally three energies assigned to the same (v, J) quantum numbers indicate strong perturbations,
presumably by the neighbouring 33Πu and 43Σ+

u states.

Our study reveals an intricate system of highly perturbed levels belonging to more than one electronic state.
Contrary to Ref. [2] we find that only the four lowest levels of the 31Πu, v = 0− 3, are free of observable
perturbations and their energies can be described in a compact way by molecular constants (Table I). In the Table
they are compared with predictions of the sole theoretical calculation available [3]. For the 31Πu state levels with
v≥ 4 a deperturbation analysis involving at least two other electronic states is required and the attempts of it will
be discussed.

Table 1: Molecular constants (in cm−1) for the 31Πu state of Cs2 representing energies of the lowest rovibrational
levels (v = 0− 3) compared with theoretical values [3]. Numbers in parentheses are uncertainties in units of the
last digits.

Te ωe Be αe×104 De×108 diss.en.
this work 20684.56(3) 30.62(1) 0.009125(30) 0.3784 (32) 0.274(9) 4911.3(9)
theory [3] 20734 29.3

References
[1] R. Ferber, W. Jastrzebski, P. Kowalczyk, J. Quant. Spectrosc. Radiat. Transfer 58, 53 (1997).
[2] C. Amiot, J. Chem. Phys. 89, 3993 (1988).
[3] N. Spies, Ph. D. thesis, Universität Kaiserslautern, 1990.

*Corresponding author: jastr@ifpan.edu.pl
†Corresponding author: Pawel.Kowalczyk@fuw.edu.pl

37



Towards High-Precision Spectroscopy of the 1S–2S Transition in He+

F. Schmid*1, A. Ozawa1, J. Weitenberg1, T. W. Hänsch1,2, and Th. Udem1,2
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Precise tests of a physical theory require a system whose properties can be both measured and calculated with
very high precision. One famous example is the hydrogen atom which, due to its simplicity, can be precisely de-
scribed by bound-state quantum electrodynamics (QED). On the experimental side, laser spectroscopy employing
frequency combs enables accurate measurements of the atomic transition frequencies. Two fundamental constants,
the Rydberg constant and the nuclear charge radius, are determined by fitting the theory expression for the energy
levels to the experimental data. Comparing the fundamental constants extracted from different combinations of
measurements then serves as a consistency check for the theory itself.

In atomic hydrogen, the frequency of the extremely narrow 1S–2S two-photon transition was measured with a
relative uncertainty below 10−14 [1, 2], while relative uncertainties on the 10−12 to 10−13 level have been recently
achieved for broader transitions [3, 4, 5]. Trapping and cooling of atomic hydrogen under conditions suitable for
high precision spectroscopy has not yet been achieved. Therefore, these experiments were performed on atomic
beams where the thermal motion of the atoms ultimately limits the achievable accuracy.

We are currently setting up an experiment to perform spectroscopy on the 1S–2S transition in the simplest
hydrogen-like ion, He+. By combining the 1S–2S transition frequency with an accurate value of the helium nuclear
charge radius measured by muonic helium spectroscopy [6], we will be able to make an independent determination
of the Rydberg constant. This value will then be compared with the value obtained from hydrogen spectroscopy,
serving as one of the most stringent tests of QED. Due to their charge, He+ ions can be held near-motionless in
the field-free environment of a Paul trap, providing ideal conditions for a high precision measurement. Further-
more, interesting higher-order QED corrections scale with large exponents of the nuclear charge, which makes this
measurement much more sensitive to these corrections compared to the hydrogen case [7].

The main challenge of the experiment is that driving the 1S–2S transition in He+ requires narrow-band radia-
tion at 61 nm. This lies in the extreme ultraviolet (XUV) spectral range where no transparent solids and no cw laser
sources exist. Our approach is to use two-photon direct frequency comb spectroscopy [5] with an XUV frequency
comb. The comb is generated from an infrared high power frequency comb using intracavity high harmonic gen-
eration [8]. The spectroscopy target will be a small number of He+ ions which are trapped in a linear Paul trap and
sympathetically cooled by co-trapped Be+ ions (see Fig. 1).

Fig. 1: Ion Coulomb crystal consisting of bright laser-cooled Be+ ions surrounding a dark core of sympathetically
cooled He+ ions.
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The present study is focused on spectroscopic investigations and electronic structure modelling of the c3Σ+ state
of KCs; this molecule is under intensive research [1] aimed to produce it at ultracold conditions. First experiment-
based results on c3Σ+ KCs have been obtained in recent paper [2]. In present study we applied the laser-induced
fluorescence (LIF) method. The LIF spectra of the c3Σ+→ a3Σ+ transition were recorded with Fourier-Transform
spectrometer IFS125-HR (Bruker) using InGaAs detector. The Ti:Sapphire laser Equinox/SolsTis (MSquared)
operated within 13800 - 12900 cm-1 range was exploited and c→ a LIF signal was recorded within 9000 to 10000
cm-1 range. Detected LIF intensity distribution has been compared with the calculated one, which unambiguously
confirms the vibrational numbering suggested in [2]. We obtained a set of about 750 new term values belonging
to both e and f components, see Fig. 2, with increased accuracy of about 0.015 cm-1, which are covering a
more extended range of rotational and vibrational levels than in [2]. The term values were included in a direct
point-wise interatomic potential reconstruction of the c3Σ+(Ω = 1) state, which explicitly takes into account the
Λ(Ω)-doubling effect. The experimental treatment of the c3Σ+ state was supported by the fully relativistic multi-
reference coupled cluster calculation of the potential energy curves for the c3Σ+(Ω= 0−,1) states, as well as by the
spin-forbidden c3Σ+(Ω = 1)−X1Σ+(Ω = 0+) and spin-allowed c3Σ+(Ω = 0−,1)− a3Σ+(Ω = 0−,1) transition
dipole moment functions.

Fig. 1: KCs LIF c3Σ+→ a3Σ+ relative intensity distribution from the level ν ′ = 23, N′ = 26: bars – experiment,
circles - calculations.
Fig. 2: KCs c3Σ+ state term values as dependent on rotational quantum number N′ : empty circles – e levels, stars
– f levels, points – data from [2], triangles – B1Π state data [3]
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Towards a high-precision measurement of the 3He and T nuclei atomic
mass difference at LIONTRAP

Olesia Bezrodnova*1, Sangeetha Sasidharan1,2, Sascha Rau1, Wolfgang Quint2, Sven Sturm1, Klaus
Blaum1

1. Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2. GSI Helmholtzzentrum für Schwerionenforschung, GmbH Planckstraße 1, 64291 Darmstadt , Germany

LIONTRAP (Light-Ion Trap) is a multi-Penning-trap mass spectrometer, optimized for measuring atomic masses
of light ions with a relative precision of a few parts per trillion (ppt). The rest masses of the proton, deuteron, triton
and helion (T and 3He nuclei), together with the electron rest mass, serve as essential parameters for sensitive
tests of fundamental physics [1]. For example, the electron-to-proton mass ratio enters the Rydberg constant, and
the deuteron mass, combined with the proton mass and the neutron separation energy, allows the determination
of the neutron mass and a test of special relativity. Furthermore, the helion and triton mass difference contributes
to the prediction of the endpoint of the tritium β -decay energy spectrum in case the neutrino mass is zero. This
value contains the information of the rest mass of the electron anti-neutrino, currently being investigated by the
KATRIN collaboration [2].

In previous measurement campaigns, the masses of the proton [3], the deuteron and the HD+ molecular ion
were obtained and found to be in excellent agreement with values extracted from molecular hydrogen spectroscopy
[4]. However, when combining these values with the literature value of the helion mass, an inconsistency of about
five standard deviations appears, which is also known as “light ion mass puzzle”.

The present activities of the LIONTRAP group aim at the ultra-precise measurement of the helion and triton
mass difference with a relative uncertainty better than 10 ppt. These measurements will provide an important input
parameter for determining the electron anti-neutrino mass, and the helion mass value will further resolve the light
ion mass puzzle.

In this contribution, the current status of the experiment will be presented, which includes the 3He source prepa-
ration for the ongoing mass measurement campaign and the development and implementation of new techniques
that will eventually enable a leap in spectroscopic resolution [5].

References
[1] E.G. Myers et al. Atoms 7(1), 37 (2019)
[2] M. Aker et al. Phys. Rev. Lett. 123, 221802 (2019).
[3] F. Heiße et al. Phys. Rev. A 100, 022518 (2019).
[4] S. Rau et al. Nature 585, 43–47 (2020).
[5] S. Rainville et al. Nature 438, 1096–1097 (2005).

*Corresponding author: olesia.bezrodnova@mpi-hd.mpg.de
40



Selective Two–Photon Excitation of Rydberg Atomic State Hyperfine
Components

A. Cinins*1, K. Miculis1, N. N. Bezuglov1,2, A. Ekers3

1. University of Latvia, Institute of Atomic Physics and Spectroscopy, Riga LV-1004, Latvia
2. Saint Petersburg State University, St. Petersburg 199034, Russia

3. King Abdullah University of Science and Technology (KAUST), Computer, Electrical and Mathematical Sciences and Engineering Division
(CEMSE), Thuwal 23955-6900, Saudi Arabia

Upon interaction with resonant laser radiation, the stationary energy level structure of a quantum system is altered
(”dressed”), forming coherent superpositions of the initial unperturbed states. Engineering the laser–dressed energy
levels plays a key role in solving many problems of modern AMO physics, such as coherent population transfer
using the STIRAP technique [1, 2], or storage of light pulses [3]. The task of preparing a quantum system in a
specific state or superopsition of states becomes significantly more challenging if the system exhibits additional
energy level structure. In fact, most realistic systems exhibit either a Zeeman sublevel structure of hyperfine (HF)
structure, or both. Even relatively weak resonant laser fields can induce several HF components of a fine structure
transition at once. Strong laser fields, which are commonly used in coherent control schemes, simultaneously
couple multiple HF levels, forming a complicated spectrum of bright and dark dressed states [4].

We developed a general model of optically dressed states formed in a three–step ladder excitation scheme with
HF splitting. Fine structure transitions 3S1/2−3P−nS1/2(−nD) of atomic sodium were used as a model system.
Dressed states formed in a strongly driven first transition are probed with a weak laser on the second transition.
Each peak of the resulting Autler-Townes spectrum can be attributed to a certain pair of coupled sublevels in the
first transition. We treat the absence of some bright peaks in the spectrum as a consequence of formation of multiple
independent (orthogonal) ladder excitation schemes. Analysis of the independent excitation schemes reveals that
in several cases, the interplay between HF interaction and Autler–Townes effect reduces the conventional electric
dipole two-photon selection rule |∆F | ≤ 2 to a more restrictive form of ∆F ≡ 0. Further analysis indicates that in
specific excitation schemes, introduction of a third, ”blocking” laser enables active switching between the |∆F | ≤ 2
and ∆F ≡ 0 behaviours. This feature opens up a perspective to selectively address spectrally unresolved HF
compenents of atomic and molecular energy levels, and therefore has various practical applications in Rydberg
physics.
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Zero-field magnetometer based on the combination of atomic orientation
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Thanks to the improvement of their sensitivity, magnetometers based on optical pumping of atomic gasses -the so-
called optically-pumped magnetometers (OPMs)- became serious candidates to replace superconductive-quantum
interference devices for measuring ultra-low magnetic fields [1]. Our team works on OPMs based on a gas of
helium-4 atoms in their 23S1 metastable state. This spin-one species allows exciting both orientation (< Sz >6= 0)
and alignment (< S2

z −S2 >6= 0) polarizations in the atomic ensemble. We have recently proposed a new architec-
ture of magnetometer pumped with elliptically polarized light which prepares both orientation and alignment for an
isotropic vector measurement of the three components of a magnetic field [2]. The dynamics of atomic ensembles
pumped by circularly- or linearly-polarized light and subject to magnetic fields is well known. We discuss here
the more general case of a spin-one atomic state pumped with elliptically-polarized light of arbitrary ellipticity.
We show how parametric resonance under several radio-frequency fields can be described analytically in this very
general case using the dressed-atom formalism. As shown by Fig. 1, the theoretical expectations derived in this
way are in close agreement with the experimental measurements. Additionally, we discuss some specific features
of Hanle and parametric resonances of the metastable state of helium-4.
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Fig. 1: Upper row: experimentally measured slopes to the Bz (sz), By (sy) and Bx (sx) component of the magnetic
field (a), b) and c) respectively) as a function of the RF fields amplitudes. Lower row: Theoretical estimations of
the slopes sz, sy and sx (d), e) and f) respectively) as a function of the RF fields amplitudes. The RF frequencies
are Ω/2π = 15 kHz and ω/2π = 40 kHz. Bz is the component parallel to the atomic orientation, By is parallel to
the atomic alignment, and Bx is orthogonal to both of them. γ is the helium-4 2 3S1 state gyromagnetic ratio.
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Development of atomic clocks has enabled technological and scientific advances like global navigation satellite
systems, very-long-baseline interferometry, tests of general relativity and of the time-variation of fundamental
physical constants, with further proposals for their use for the detection of dark mater and gravitational waves.
The advent of optical frequency combs two decades ago has enabled improvements in the accuracy and precision
of atomic clocks of over two orders of magnitude by enabling practical frequency measurements of optical clock
transitions. Strontium is often used in such optical atomic clocks, with current state-of-the-art clocks reaching a
level of stability of 10−17τ−1/2 and a level of accuracy bellow 10−18 [1].

In our experiment hot strontium atoms leaving the effusive oven will be first transversely cooled and then
slowed down by using a Zeeman slower. Next, they enter a 2D magneto-optical trap (MOT) chamber and are
pushed to a 3D-MOT chamber under a 45◦ angle relative to the entering direction. This way, uncooled atoms of
the atomic beam do not enter the science chamber, the Zeeman slower beam is prevented from crossing the 3D-
MOT and atoms in the 3D-MOT chamber are not affected by black-body radiation from the oven. In the 3D-MOT
chamber, a blue and red 3D MOT will be used to cool down the atoms. Once cooled, atoms will be confined in
optical tweezers or a multiplexed 1D lattice.

Stabilization of our laser systems will be based on an 1550 nm fiber laser stabilized to a high-finesse optical
cavity and a low-noise frequency comb will be locked to it. The frequency comb spectrum will then be broadened
with nonlinear processes to the required wavelenghts. Repumper lasers (at 679 nm and 707 nm), a red cooling laser
(689 nm) and a clock laser (698 nm) will be phase locked to the frequency comb which will make the setup highly
stable and simple. Also, since stabilizing both repumper lasers to the comb makes them phase coherent, it will be
possible to perform Raman transitions between the long-lived states 3P0 and 3P2 and use them for high-resolution
adressing.
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3. Institute for Advanced Research in Chemical Sciences, Universidad Autónoma de Madrid, 28049 Madrid, Spain
4. Instituto Madrileño de Estudios Advanzados (IMDEA) en Nanociencia, Cantoblanco, 28049 Madrid, Spain

5. Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, 28049 Madrid, Spain

The last two decades have seen the rise of X-ray free electron lasers (XFELs) throughout the world, providing
ultra-short pulses with unprecedented intensities (1020 W/cm2), over a large range of photon energies going from
VUV to the hard X-ray domain. Besides the achievements in terms of brilliance, tremendous activity has been also
devoted to the generation and control of XFEL pulses with sub-fs and even attosecond durations [1]. Extending
X-ray to the attosecond domain is of crucial interest in a wide range of fundamental problems such as, for instance,
resolving in time the dynamics of electronic rearrangement in atoms after core excitation or ionization [2]. New
avenues are also opened to explore non-linear response in X-ray regime, like direct two-photon ionization of atoms
[3] or non-linear Raman and Compton scattering processes [4].

In the present paper, we present a novel scheme of stimulated Compton scattering (SCS) on the hydrogen
molecule using a highly intense ultrashort X-ray pulse with frequencies ranging from 0.5 to 1.6 keV (see Fig.
1a). We solve the time-dependent Schrödinger equation including the explicit evaluation of dipole and non-dipole
terms. The short wavelength of the X-ray pulse breaks down the commonly employed dipole approximation
and it is found that the coherent contributions of dipole and non-dipole effects lead to a symmetry breaking in
the photoelectron emission, which strongly depends on the X-ray wavelength and the molecular orientation (see
Fig. 1b). This is a pure non-linear effect captured in the low-energy lying electrons emitted after absorption and
subsequent stimulated emission of photons within the energy bandwidth of the pulse.

Fig. 1: (a) Schematic representation of SCS using ultrashort pulses with H2 potential energy curves. (b) MFPADs
integrated over a range of electron energies [0-2.5 a.u.] for 1.1 keV pulse with a duration of 68 as and an intensity
of 1018 W/cm2.

Additionally, we present results for SCS simulations using two ultrashort pulses with different photon energies
and propagation directions. As seen in atoms [5], non-dipole effects depend on the relative propagation angle of
the pulses presenting a maximum in the SCS ionization probability for counter-propagating pulses. In this case,
the direction of the photoelectron emission asymmetry can be related to the momentum transferred to the molecule
by the absorption of a photon and the subsequent emission stimulated by the second field.
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1. Jožef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
2. Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, SI-1000 Ljubljana, Slovenia
3. Faculty of Electrical Engineering, University of Ljubljana, Tržaška cesta 25, SI-1000 Ljubljana, Slovenia

We combined the Ramsey interferometry protocol [1], the Stern-Gerlach detection scheme, and the use of elon-
gated geometry of a cloud of fully polarized cold cesium atoms [2] to measure the selected component of the
magnetic field gradient along the atomic cloud in a single shot [3]. In contrast to the standard method where the
precession of two spatially separated atomic clouds is simultaneously measured to extract their phase difference
[4], which is proportional to the magnetic field gradient, we demonstrated a gradiometer using a single image of
an expanding atomic cloud with the phase difference imprinted along the cloud [3].

We started from a cloud of 2× 105 cesium atoms at T = 1.29 µK in a crossed dimple trap. We let the cold
atom cloud expand along one of the dimple beams by turning off the perpendicular beam. The experiment is is
schematically shown in Fig. 1a. After 20 ms the expansion becomes linear in time; at the total expansion time
of 40 ms the 1/e width is σx = 366 mm. The protocol for measuring the magnetic field gradient is illustrated
in Fig. 1b. It includes a Ramsey sequence composed of two π/2 RF pulses (50 kHz) that are separated by the
interrogation time TR. The absorption image of the atomic cloud is taken after the Stern-Gerlach separation of
mF -state populations in the applied magnetic field gradient ∂Bz/∂ z. The absorption images, from each of which
the magnetic field gradient component can be extracted, are shown in Fig. 1c.

Using this single-shot Stern-Gerlach magnetic gradiometer, it is in principle possible to determine any compo-
nent of the complete magnetic-field-gradient tensor ∂Bi/∂ j, with i, j = x,y,z. ∂Bi can be selected by the direction
of B0 (in Fig. 1a, this is Bx), whereas ∂ j can be chosen by the orientation of the elongated cold atom cloud. The
resolution of our single-shot gradiometer is not limited by thermal motion of atoms and has an estimated absolute
accuracy below ±0.2 mG/cm (±20 nT/cm).

Fig. 1: (a) Schematic illustration of the magnetic gradiometer showing a cold atom cloud expanded along the dim-
ple beam. (b) The experimental sequence for observing position-dependent Larmor precession of magnetization,
caused by the ∂Bx/∂x component of the magnetic field gradient. (c) Absorption images of position dependent mF
-state populations for a range of interrogation times TR.
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Optical magnetometers based on alkali vapor cells are widely used and achieve excellent magnetic-field resolu-
tion [1]. They can be made compact and do not require cryogenics. Optical pumping magnetometers (OPM)
usually create an oriented atomic state with the direction of orientation along the z-axis, which then rotates around
a perpendicular magnetic field as a result of Larmor rotation. A probe beam linearly polarized along the z-axis, but
propagating in a direction that is perpendicular to the magnetic field and the z-axis will have its plane of rotation
shifted as it propagates through the medium of the OPM. Using a second probe beam perpendicular to the first
probe beam and the z-axis, which also undergoes polarization rotation, one can measure the magnetic field in two
directions. However, two or three optical ports are required. To overcome this difficulty, the OPM can be modified
to work with atomic angular momentum alignment along the z-axis instead of orientation. Now a probe beam
whose linear polarization vector is oriented at an angle of π

4 with respect to the z-axis will undergo polarization
rotation, which lead to a dispersive magnetic field dependence of the absorption (see Fig. 1)[2].

Fig. 1: Schematic representation of the dual-axis alignment OPM. Subfigure a) and c) show the polarization
direction of the two probe beams, whereas b) and d) show the dispersive magnetic field dependence

This method has achieved promising results [3] in terms of resolution and does not require perpendicular
optical ports. The z-component of the magnetic field can be measured using a parametric resonance magnetometer
(PRM), which can be implemented using the same lasers by simply adding an appropriate RF excitation [4][5]. In
this way, a 3D magnetometer can be realized.

We will model the expected signals and sensitivities of this type of magnetometer for various hyperfine transi-
tions in alkali metal vapors, optimize the design and construct a laboratory prototype. At this conference we will
present the results of our simulations.
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The 1S-2S transition of hydrogenic systems is a benchmark for tests of fundamental physics [1]. The most promi-
nent example is the 1S-2S transition in atomic hydrogen, where impressive relative accuracies have been achieved
[2-3]. Nowadays, these fundamental physics tests are hampered by estimates of uncalculated higher-order QED
terms and the uncertainties in the fundamental constants required for their calculation [4]. An independent, ex-
perimental approach to contribute to and further improve these fundamental physics tests is to measure the 1S-2S
transition in He+. Because He+ has twice the nuclear charge of hydrogen, certain interesting QED contributions are
strongly enhanced and can therefore be tested more precisely than in hydrogen. Furthermore, nuclear properties
such as e.g. the alpha particle charge radius or nuclear polarizability contributions can be probed [4].

We aim to use the Ramsey-comb spectroscopy (RCS) method [5] in order to measure the 1S-2S transition in
singly-ionized helium in the extreme ultraviolet (XUV) spectral range and contribute to fundamental tests of QED.
RCS uses two amplified and up-converted pulses out of the infinite pulse train of a frequency comb laser to perform
a Ramsey-like excitation. The He+ spectroscopy scheme is based on two-photon excitation, using one XUV photon
at 32 nm (generated through High-Harmonic Generation, the 25th harmonic) and one infrared photon at 790 nm
from the fundamental beam. The atomic sample will consist of a He+ ion confined in a Paul trap, sympathetically
cooled by a Doppler- and Raman-cooled Be+ ion, which has a cycling transition at 313 nm that we also use to
monitor the Be+ ion. The readout scheme for two-photon He+ excitation is based on quantum logic spectroscopy
[6], which relies on detecting the recoil of He+ upon excitation, transferred to the Be+ ion.

Recently we demonstrated that RCS can be combined with HHG [7] leading to a high precision measurement
in xenon at 110 nm [8]. The many new components required for the He+ experiment, such as a new RCS laser, the
ion trap, laser cooling and imaging systems, are approaching completion and we will report on their current status.
Using the RCS method we aim to do a first 1S-2S measurement of He+ with an accuracy of 1-10 kHz, while an
accuracy of better than 50 Hz should be ultimately achievable.

Fig. 1: Overview of our He+ 1S-2S spectroscopy setup. Two selectively-amplified frequency comb pulses and
their 25th harmonic, generated in an argon jet, are focused onto a sympathetically-cooled helium ion in a Paul trap.
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The NV center is a color defect center in diamond (see Fig. 1) whose properties make it very suitable for measuring
magnetic fields (the direction and magnitude) [1]. In bulk, they give a diamond a yellowish color.

Fig. 1: Left: a single NV center, a C3v symmetric structure in a diamond crystal carbon lattice consisting of a
carbon atom substituting nitrogen atom and a lattice vacancy adjacent to it. Center: NV center unit cell in a
diamond crystal lattice. Right: 3×3×0.5 mm3 synthetic diamonds used in the laboratory.

The sensitivity of a magnetic field measurement [2] can be estimated by the following relation:

ηsensitivity ≈
∆ f

C
√

NP
. (1)

The main parameters are ∆ f - the full width at half maximum (FWHM) of the optically detected magnetic
resonance (ODMR) [3], C - the ODMR contrast, NP - the number of received photons per second (see Fig. 2).

Fig. 2: Left: a simplified scheme of the ODMR experiment, when a diamond with NV centers is excited by green
light, the emitted fluorescence is red. Right: a sample ODMR signal in the red fluorescence.

The properties of the diamond (lattice structure, mechanical and chemical robustness, small size) and the NV
center make it suitable for making a compact magnetic field measuring platform (see Fig. 3).

Fig. 3: A handheld prototype device for measuring the direction and magnitude of a magnetic field using a diamond
with NV centers.
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The availability of coherent light sources with attosecond resolution (1 as=10−18 s) has opened the door to re-
solve electron dynamics in excited and ionized complex molecules. The early electron dynamics triggered in a
biomolecule is at the heart of biological processes which are essential to life. Therefore, understanding the ultrafast
charge dynamics that steer these processes has become a hot topic in the field of attosecond science. Attosecond
time-resolve experiments allow us to retrieve images of this charge dynamics in molecules. The first experiment
retrieving a sub-femtosecond ultrafast dynamics in a biomolecule was performed by using an as UV-pump/ fs IR-
probe scheme in phenylananine [1]. The sub-fs charge fluctuations where associated with electronic coherences
initiated by the as pump pulse. Theorical calculations to describe this experiment were initially performed consid-
ering that the nuclei of the molecule remained fixed in space [1],[2]. How long these electronic coherences can
survive when nuclear motion comes into play is a question that has yet to be solved.

In the present study, we pursue to shed some light on this matter by theoretically describing the outcome of an
attosecond two-color XUV-pump/XUV- probe scheme in glycine. The broadband pump pulse ionizes the molecule,
creating a coherent superposition of cationic states, which evolve in time coupled to the nuclear motion until it is
probed by the second XUV pulse. An explicit evaluation of the full-electron wave function in the continuum
and the inclusion of non-adiabatic effects are carried out [3]. Both aspects have been addressed in this work by
combining a multi-reference static-exchange method and a surface hopping approach, respectively. We have found
that, in the absence of the probe pulse, ionization can lead to fragmentation of the glycine cation through the C-
C or the C-N bonds. The lower electronic states of the cation are more likely to induce elongation of the C-C
bond, while the higher excited states favor elongation of the C-N bond, both of which can ultimately break. We
have found that by simply varying the central frequency of the pump pulse by a few eVs, one can alter the cation
dynamics favouring specific fragmentation pathways. We have also investigated the role of the probe pulse in
capturing the above dynamics, first by looking at the photoelectron spectra and then at the fragmentation yields,
both as a function of the pump-probe delay.
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A space-time variability of fundamental constants, allowed by the dark matter couplings addressed in theories
beyond the Standard Model, may be strongly constrained using optical clock comparisons or astrophysical ob-
servations [1]. The frequency measurements of molecular clocks allowed to constrain the time variation of the
proton-to-electron mass ratio µ at the 10−14/yr level in a few cases [2,3]. The constraint may be improved by
increasing the accuracy of the clock transitions, by exploiting transitions with increased sensitivity at the variations
of fundamental constants, and by performing measurements during a longer period of time. This contribution pro-
poses to perform optical frequency measurements for Doppler-free lines of the molecular iodine in order to extract
correlated temporal variations for a set of fundamental constants.
The frequencies of the transitions of the B(0+u )-X(1Σ+

g ) electronic band of 127I2 (Fig. 1.a) are modelled using a
Dunham series expansion for the rovibronic energy levels [4]. That enables to derive the sensitivity coefficients to
the variation of µ with values that are at the 10−2 level. The results for transitions to the levels at the limit of dis-
sociation of the B state, that display narrow natural linewidths, are shown in Fig. 1.b. These transitions encompass
the fine structure splitting of the atomic iodine and their frequencies scale approximately as α2 in function of the
fine structure constant α . On the experimental side, recent developments were directed towards space-qualified
ultrastable lasers based on molecular iodine references [5-7]. A compact setup based on a frequency-tripled tele-
com laser locked at 514 nm allowed a frequency stability at the 10−14 level at 1 s [6]. The frequency uncertainty
of the molecular iodine clocks were estimated at the 10−15 level [7]. The measurements of absolute frequencies
of three optical transitions of 127I2 pertaining to the vibronic bands indicated in Fig. 1.b have the potential to
constrain conjointly the time variation of α and µ at the 10−14/yr level. Using in such comparisons optical atomic
clocks with improved stability and accuracy will enable access to another set of sensitivities to the variations of
fundamental constants and may improve the constraints on their time variation by two orders of magnitude.

Fig. 1: a. Rovibronic energy levels adressed by the optical transitions of 127I2. b. Dependences of the sensitivity
coefficient to the variation of µ on the transition frequency in selected vibronic bands.
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Up to now, there are very few available calculations of radiative data for singly ionized thorium (Th II). This is
mainly due to the complexity of its electronic configurations and to the fragmentary knowledge of its experimental
spectrum.

Transition probabilities and oscillator strengths for Th II radiative transitions are important in astrophysics [1].
Indeed, Th II, as well as U II, is used as a cosmochronometer in order to determine the age of stars. More specif-
ically, the 232Th isotope, with a half-life of 14 Gyr, is used to date galactic stars [2-6]. Goriely and Clerbaux [7]
pointed out that new accurate data on heavy radioactive elements could improve the accuracy of cosmochronomet-
ric analyses.

For the particular use in cosmochronology, knowing the Th II abundances in stars is of high importance. Indeed,
in order to date a star, we use [8]:

RU/T h = PU/T he
T

τT h
− T

τU (1)

where R is the Uranium/Thorium abundances ratio, P is the production rate, τ is the half-life and T the studied
star’s age. Therefore, in order to precisely determine R, a better knowledge of Th II’s spectrum is necessary. We
already published atomic data for the U II lines .

The accuracy of this dating technique is still hampered by the lack of available radiative parameters for Th
II spectral lines. Some oscillator strengths were obtained experimentally by combining branching fraction mea-
surements with laboratory lifetimes determined using laser spectroscopy [10-11], but these data only concern a
restricted number of strong lines. In order to partly fill this gap, we carried out extensive calculations of oscillator
strengths for the most intense Th II lines of potential cosmochronological interest using the pseudo-relativistic
Hartree-Fock with core-polarization potential [12-13] theoretical approach. Our results will be presented at the
conference.
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Knowledge of structure and chemical properties of amino acids is necessary to understand their reactivity and
biological activity in human body, application in clinical practice for diagnosis and treatment. Recent SARS-CoV-
2 outbreak stimulated coronavirus research. Coronavirus particles contain 4 major structural proteins, one of which
mediates virus attachment to the body cell receptors and promotes virus entry into the affected organism cell. In
light of this, destruction of these pathogenic proteins will provide an opportunity to develop methods to overcome
this threat. Hence, we present the insight into the amino acid (valine, glutamine and threonine) fragmentation under
the low- (<100 eV) energy electron impact. A mass-spectrometric technique was used to measure the mass spectra
of the above acids and the appearance energies for the most prominent ionic fragments. The B3LYP/cc-pVTZ
approach has accompanied these measurements to explain an experiment results. The results obtained indicate
some similarities in the mass spectra of the above amino acids. They contain the NH2-CH-COOH part that allows
us to predict formation of the same fragments and, what is most important, the influence of other substitutes on the
low-energy electron impact fragmentation.

The intense peaks were observed in the m/z=27–30 and 40–50 regions of the mass spectra for all molecules
studied. The m/z=28 and 29 fragments are present in all mass spectra. Their chemical composition was the same
in all investigated cases.

Table 1: Values of the calculated appearance energy for some main fragments produced under low-energy electron
impact. The lowest appearance energies are presented.

Fragment Appearance energy, eV
Valine Glutamine Threonine

CH2N (m/z=28) 9.10, 9.87 12.56 10.67, 11.21
C2H5 (m/z=29) 10.35, 10.58 10.0 11.38, 12.05
CHO2 (m/z=45) 11.53 12.44,12.47
C2H5O (m/z=45) 10.36, 9.39

The results of our theoretical analysis indicate that the m/z=28 fragment is the CH–NH+ radical that could be
formed when the CH–NH2

+ (m/z=29) fragment loses one H atom. The values of the binding energy per atom
are 2.06 eV and 2.77 eV for m/z=29 and m/z=28, respectively, indicating that the lowermass fragment has higher
thermal stability. The results of comparison of the appearance energies allow us to predict that in case of valine
the m/z=28 fragment could be formed directly from the parent acid molecule, while in the glutamine case this
fragment formation from m/z=29 is more probable. In case of threonine both these pathways are probable due to
the presence of several conformers.

Note that the most prominent peak in the glutamine mass spectrum is m/z=84. We have found that this fragment
could be formed due to the loss of the COOH+ (m/z=45) fragment and the H and O atoms or NH2 and H ones. It is
a reason for the absence of the m/z=45 fragment peak in the mass spectrum of glutamine. It is interesting that both
ionized threonine conformers are decomposed at their equilibrium point, with fragmentation starting immediately
when the molecule is on its way to lose electron. Thus, at the equilibrium point, the ionized molecule splits into
the C2H5NO2 (m/z=75) and C2H4O (m/z=44) or the C2H4NO2 (m/z=74) and C2H5O (m/z=45) fragments. The
appearance energy for C2H5O+ is lower than that for COOH+. Hence, the presence of C2H5O+ is more probable
than that of COOH+. And only in case of valine the m/z=45 fragment is COOH. On the other hand, the results
presented clearly indicate that the presence of the NH2-CH-COOH fragment does not indicate formation of the
COOH+ fragment. Even the m/z=28 fragment could be produced in a different way. Hence, there is no doubt that
the amino acid substitutes are crucial for these molecules fragmentation under low-energy electron impact.

Present study was supported in part by the Ukrainian National Research Fund (Grant No. 2020.01/0009 ”In-
fluence of ionizing radiation on the structure of amino acid molecules”).
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On August 17, 2017, the LIGO-VIRGO collaboration observed gravitational waves from a neutron star merger for
the first time [1]. During this event, the ejected hot and radioactive matter gave rise to a very luminous phenomenon
called kilonova, the spectral analysis of which revealed the presence of a large quantity of elements heavier than
iron. Among these latter, the lanthanides (Z = 57 – 71) play a particular role because, given their rich spectra,
they contribute intensely to the opacity affecting radiation emission [2]. In order to interpret the spectrum of a
kilonova, it is therefore crucial to precisely know the radiative parameters characterizing these elements. While
the determination of these parameters has already been the subject of various studies (see e.g. [3]), the latter
only concern the first degrees of ionisation (up to 3+) and are therefore limited to the analysis of kilonovae in
a temperature range below 20000 K. In order to extend the modelling of this type of celestial object to higher
temperatures, corresponding to the early phases of kilonovae, it is essential to know the spectroscopic properties
of lanthanide ions in higher charge stages for which practically no investigation has been published to date. Our
project aims to make a significant contribution in this field as it consists of a detailed study of the radiative processes
characterizing moderately charged lanthanide ions (from 4+ to 9+) and to deduce the corresponding astrophysical
opacities.

As there is almost no experimental data available for these ions, our calculations are based on a multi-platform
approach involving different complementary theoretical methods, namely the pseudo-relativistic Hartree-Fock
(HFR) [4,5], and the fully relativistic Multiconfiguration Dirac-Hartree-Fock (MCDHF) [6-9] and Configuration
Interaction Many-Body Perturbation Theory (CI+MBPT) [10,11] methods. In the absence of sufficient experi-
mental data, this approach is the only way to estimate the accuracy of the results obtained through systematic
comparisons between distinct computational procedures.

In the present contribution, we report the first results obtained as regards the atomic structures and radiative
parameters in Ce V–X ions and the corresponding monochromatic opacities for application to early phases of
kilonova emission spectra observed following neutron star mergers.
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The KWISP (Kinetic Weakly Interacting Slim Particle) detector [1],[2] is part of the CAST experiment at CERN
exploring the dark sector. It utilizes an ultra-sensitive optomechanical force sensor searching for solar chameleons.
Chameleons are hypothetical scalar particles postulated as dark energy candidates, which have a direct coupling
to matter depending on the local matter density [3]. In the Sun chameleon particles can be produced by the
conversion of photons in a strong magnetic field. Considering the density dependent characteristics a flux of
solar chameleons hitting a solid surface at grazing incidence will, under certain conditions, reflect and exert the
equivalent of radiation pressure on the surface. To exploit this trait the KWISP sensor consists of a thin and rigid
dielectric membrane placed inside a resonant optical cavity measuring the displacement of the membrane caused
by the reflection of chameleons. The detector setup and the latest results will be presented in this talk.
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For some time, there are efforts to apply the natural biological structures as imaging detectors by using
thermally-induced effects[1-3]. The read-out of those possible devices is usually all optical i.e., instead of elec-
tronic signal read from CCDs, the image information would come from light beam interaction with the sensitive
area - focal point array (FPA). The foreseen advantage is multispectral sensitivity of such devices. As a most pre-
cise method for detecting sub micron changes on FPA one could use holography, as in [1]. In a possible practical
implementation of this approach, artificail nanostructures will be fabricated inspired by biological samples.

In this work we present optical reading from butterfly wings by means of digital holographic microscopy in a
compact Twyman - Green configuration where wings scales are used as pixels of the FPA. By shining the auxilliary
laser on the wing, individual scales are excited. We show spatial and temporal sensitivity of the setup with wings.
As a next step artificial nanostructures in a role of FPA will be investigated, and integrated in a compact imaging
device.

Fig. 1: Image of butterfly Morpho Peleides (a). Holographic reconstruction of the wing scales (b). Reconstruction
of the wing excited by auxiliary laser beam (c) and (d)

Image of a typical butterfly is shown in Fig.1(a). The FPA in our case consists of wing scales which are imaged
from the wing area sized approximately 600x600 µ2. Individual scales can be clearly seen. Excitation of several
pixels by impeding light is shown in the Fig.1.(c) and almost single pixel excitation is reconstructed in Fig.1(d).
Additionally, we discuss temporal response of the wings. This research should give guidelines for nanofabrication
of practical FPAs inspired by architecture designed by nature.
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Deuterated molecules are used to infer the temperature, chemistry, and thermal history of cosmic objects such
as prestellar cores and protoplanetary disks [1]. In the very dense cold regions found in prestellar cores and the
outer mid-plane of protoplanetary disks, most molecules beside hydrogen freeze onto dust grains, leaving HD as
the primary deuterium reservoir in the gas phase. The HD can react with H+

3 to form deuterated isotopologues
of the ion. Subsequent ion-neutral reactions pass on the deuteration to other gas-phase species. Of particular
importance is the abundance ratio for N2D+ and N2H+. Their formation occurs near the N2 snow line of prestellar
cores and protoplanetary disks and they are commonly used to trace the properties of these objects. However, to
reliably interpret observations of these ions, an accurate understanding of their formation process is needed. We
will use our dual-source, ion-neutral, merged-fast-beams apparatus [2][3] to measure the integral cross sections
of the reaction of N2 with H+

3 and its isotopologues, to an accuracy of about 15%. From these results, we will
derive the thermal rate coefficients used in astrochemical models. In addition, our results will help the astrophysics
community to determine the validity of the commonly assumed scaling of available kinetics data for H-bearing
reactions to deuterated isotopologues and also of the assumed statistical branching ratios used for the relative
fractions of H-bearing and D-bearing daughter products.
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Fig. 1: Schematic of the experimental setup with particle beam trajectories indicated. The initial N2
+ beam (dark

orange) neutralizes in the gas cell and forms N2 (blue). In the interaction region, it reacts with the superimposed
H3

+ beam (light orange) and N2H+ is created (green). All initial and product beams are collected in Faraday cups
and particle detectors.
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Supersolar abundances have been inferred from K lines of different elements observed in X-ray spectra of X-
ray binaries (XRB) and active galactic nuclei (AGN), see e.g. Kallman et al.[1], Dong et al.[2], Walton et al.[3]
and Fukumura et al.[4]. These absorption and emission features can occur in the inner regions of the black-hole
accretion disks where the plasma densities range from 1015 to 1022 cm−3 [5]. The emerging photons can be
recorded with current space observatories such as XMM-Newton, NuSTAR, and Chandra, and synthetic spectra
can provide measures of the composition, temperature, and degree of ionization of the plasma [6,7]. Nevertheless,
the great majority of the atomic parameters used for spectral modeling that involves K-shell processes do not
take density effects into account and therefore compromise their usefulness in abundance determinations beyond
densities of 1018 cm−3 [8].

In a series of papers dedicated to plasma density effects on the atomic parameters used to model K lines in ions
of astrophysical interest, the ionization potentials (IP), K thresholds, transition wavelengths, radiative emission
rates, and Auger widths have been computed with the relativistic multiconfiguration Dirac–Fock (MCDF) method
[9-11], as implemented in the GRASP92 [12] and RATIP [13] atomic structure packages. The plasma electron–
nucleus and electron–electron screenings are approximated with a time-averaged Debye-Hückel (DH) potential.
The datasets comprise the following ionic species: O I–O VII, by Deprince et al.[14]; Fe XVII–Fe XXV, by
Deprince et al.[15]; Fe IX–Fe XVI, by Deprince et al.[16]; Fe II–Fe VIII, by Deprince et al.[17].

In the present work, the universal fitting formulae for ionization potential (IP) and K-threshold shifts proposed
by Deprince et al.[17] are improved by further MCDF/RATIP computations of these above-mentionned parameters
in other representative cosmically abundant elements, i.e. carbon (Z = 6), silicon (Z = 14), calcium (Z = 20),
chromium (Z = 24) and nickel (Z = 28). These plasma effects are expected to be the main ones with potential
alteration of the ionization ballance and opacities.
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The strong extreme ultraviolet (EUV) light emission around 13.5 nm wavelength, from highly-charged tin (Sn)
ions produced in an laser-produced plasma (LPP) is currently used in state-of-the-art EUV lithography [1,2]. The
spectroscopic investigation of these plasmas can be quite challenging due to the complex electronic configurations
of the relevant ions Sn5+–Sn14+ [3]. The emission spectra of Sn ions generated in LPPs and in an electron beam
ion trap (EBIT) are studied in EUV region to understand such plasma.

In this work, emission features of the Sn5+–Sn10+ ions are investigated in the wavelength region between 12.6
and 20.8 nm [4]. To unravel the blended EBIT spectra of the different Snq+ ions (Fig. 1), we make use of a matrix
inversion method to obtain charge-state resolved EUV spectra [5]. In this method, we use the fact that each row in
the 2D map of light intensities, shown in Fig. 1, represents a linear combination of unique spectra per charge state
weighted by their respective fluorescence curve.

The emission features of the charge-state-resolved Sn ion spectra obtained from the EBIT are identified using
the Cowan code. We then use the EBIT spectra to assign the identified features in the LPP spectra obtained from
both droplet and planar solid Sn targets. In the case of the droplet target, a clear evolution of the different Sn
ions are observed for different laser intensities while in the case of the solid target, plasma-self absorption effects
are also observed in the form of dips in the emission spectra. Using the Cowan code we have identified spectral
features corresponding to 4d− 5p, 4d− 4 f , 4p− 4d transitions as well as new identifications of 4d− 5 f and
4d−6 f transitions in Sn6+ and 4p−4d transitions in Sn5+.

We qualitatively demonstrate the potential of using emission in the studied region to individually monitor
several Sn charge states that strongly contribute to the narrow EUV light emission around 13.5 nm wavelength
relevant for EUV nanolithography.

Fig. 1: 2D spectral intensity map of Sn ion emission constructed from EBIT measurements. The colour bar
indicates the emission intensity and the white line represents equivalence between the electron beam energy and
the photon energy.
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The source of extreme ultraviolet (EUV) light in new-generation EUV lithography machines is that of a laser-
driven tin plasma [1]. In these machines, plasmas are generated by irradiating disk-shaped tin (Z = 50) micro-
droplet targets with high-intensity CO2 (laser wavelength λ = 10.6 µm) laser pulses. Under optimum experimen-
tal conditions, the EUV spectrum of such a plasma exhibits an intense narrowband emission feature centered near
a wavelength of 13.5 nm [2−4]. Importantly, this emission feature overlaps with the reflective wavelengths of
molybdenum/silicon multilayer mirrors used to transport EUV photons from the light source to the wafer stage for
use in the lithography process [5].

I will give an overview of our recent work on the topic of tin-ion opacities for laser-driven plasma conditions.
First, I will present our calculations of tin-ion opacities for Nd:YAG laser-driven (λ = 1.064 µm) plasma con-
ditions [6]. Detailed local thermodynamic equilibrium (LTE) opacity calculations performed with the ATOMIC
code [7−8] indicate that the well-known 4p64dn− (4p54dn+1 + 4p64dn−14 f ) transitions in Sn11+ − Sn14+ ions
(n = 3−0) only make a minor contribution to the opacity in the EUV region. Rather, it is transitions between com-
plex, multiply excited states (doubly-, trebly- and quadruply-excited states) that dominate the opacity spectrum.
Incorporating these opacities into a one-dimensional model for radiation transport in the plasma has enabled com-
parisons with experimentally-recorded EUV spectra. The simulated spectra are found to be in excellent agreement
with experimental measurements.

Second, I will present calculations of tin-ion opacities for industrially-relevant, CO2 laser-driven plasmas [9].
Plasmas driven by CO2 lasers exhibit lower electron densities and temperatures than Nd:YAG-driven plasmas.
As such, CO2-driven plasmas are in truly non-LTE conditions. Unfortunately, the standard collisional-radiative
approach [10] cannot be used to calculate level populations associated with multiply-excited configurations −
there are simply too many levels that necessitate coupling in the rate matrix. To circumvent these difficulties, we
have employed Busquet’s ionization temperature method [11] to effectively “mimic” non-LTE level populations
using LTE computations. We show that this approach yields excellent agreement between non-LTE and LTE-
computed configuration populations. A fully level-resolved, LTE opacity calculation has then been performed for
a relevant CO2 laser-driven tin plasma condition. We have found that transitions between multiply-excited states
also make a substantial contribution to opacity in CO2 laser-driven tin plasmas.
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Nowdays atmospheric pressure plasma jets (APPJs) attract a lot of attention thanks to their great application pos-
sibilities especially in biology and medicine. For each specific application it is necessary to study in detail all
physical and chemical processes, both in the plasma jet and in the interaction with treated samples. To solve these
complex problems many diagnostics techniques are developed such as optical emission spectroscopy (OES), mass
spectrometry (MS), Schlieren imaging, laser induced fluorescence (LIF), electrical probe measurements. From
the fast ICCD imaging it is found that the plasma jets are not continuous but consist of fast moving plasma pack-
ages [1]. From mass spectrometry and OES spectroscopy concentrations of the various reactive species can be
determined.

In this paper we compare the fast ICCD images with the newly developed diagnostic method that utilizes the
laser induced breakdown (LIB) in plasma jet for time and spatial plasma jet diagnostics proposed by D. Popović et
al. [2]. Our helium plasma jet is powered with a 80 kHz high-voltage sine wave signal, the plasma is ignited in a
capillary tube and propagate into the ambient air. High energy pulsed laser beam 1064nm (4ns pulse duration and
5 Hz repetition rate) was focused with the lens into the plasma jet. The laser pulse and the jet powering signal were
synchronized. The laser plasma discharge is highly dependent on the concentration of seed electrons and other
charged particles in the plasma jet channel. We compare the radial profiles of the plasma and the ionization wave
velocities obtained with these two methods. In Fig. 1 we show the ICCD images and emission intensities of He
588 nm line for the plasma jet propagating into the open air.

Fig. 1: a) Time resolved ICCD images of the plasma jet, from 8.0 to 12.0 µs; b) Emission profiles in the x axis
direction from the plasma jet nozzle; Helium flow 2 slm and 4 W of power delivered to the plasma

We show that the laser induced breakdown spectroscopy can be used for time resolved and spatial diagnostic
of the atmospheric plasma jet. This method can be used as a complementary method for the diagnostics of plasma
jets together with ICCD measurements. Using the LIB we can determine the dimensions of the plasma channel
and velocity of the ionization wave propagation.
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[2] D. Popović, M. Bišćan and S. Milošević, Plasma Sources Sci. Technol. 28, 055009 (2019).

*Corresponding author: dmaletic@ifs.hr
60



Oscillator strengths in doubly- and trebly-ionized gold deduced from
core-polarization-corrected pseudo-relativistic Hartree-Fock calculations

S. Gamrath*1, P. Palmeri1, P. Quinet1,2

1. Physique Atomique et Astrophysique, Université de Mons, 7000 Mons, Belgium
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The calculation of electronic structure and radiative parameters for the lowest ionization stages of transition metal
elements belonging to the sixth row of the periodic table (from Hf to Hg) is a demanding and time-consuming
challenge. If neutral and singly ionized atoms of this group have been the subject of many different studies on
both experimental and theoretical sides (see e.g. [1]), higher ionization stages considerably suffer from the lack of
accurate atomic data. The complexity of modeling these atomic systems lies in the fact that they are characterized
by low-lying configurations of the type 5dk, 5dk−1nl and 5dk−2nln′l′ whose interaction gives a large number of
strongly mixed valence electronic states. It is also well established that core-valence correlations play an extremely
important role in heavy ions, which makes it necessary to include in purely ab initio calculations for sixth row
elements single and double excitations from core orbitals such as 4f, 5s, 5p, and possibly 4d. This can very quickly
lead to calculations including several millions or several tens of millions of configuration state functions.

Many previous works have shown that a convenient approach to obtain a large number of reliable transition
rates in heavy ions is the pseudo-relativistic Hartree-Fock (HFR) method [2] in which the largest part of the
intravalence correlation is represented within a configuration interaction scheme, i.e. by explicitly including a
set of electronic configurations in the physical model, while core-valence correlation is approximated by a core-
polarization (CPOL) model potential, giving rise to the so-called HFR+CPOL method [3,4]. This method has
been succesful for predicting radiative parameters in many different situations, showing in general a very good
agreement with precise experimental lifetimes measured using laser-induced fluorescence spectroscopy (see [1]
and references therein). Moreover, it has been demonstrated in many different cases that the HFR+CPOL approach
gives rise to similar results as those obtained with purely relativistic methods, such as the Multiconfiguration Dirac-
Hartree-Fock (MCDHF) method [5,6], provided configuration interaction is considered in the calculations in a
sufficiently extensive way (see e.g. [7-9]).

The present work focuses on the particular cases of doubly- and trebly-ionized gold (Au III–IV). More pre-
cisely, the relativistic Hartree-Fock approach including core-polarization effects (HFR+CPOL) has been combined
to a semi-empirical adjustment of radial parameters minimizing the differences between computed energy levels
and available experimental values to compute transition probabilities and oscillator strengths in these two ions. Our
semi-empirical calculations took advantage of the experimental energy levels reported for the 5d9, 5d86s, 5d87s,
5d86d, 5d76s2, 5d86p and 5d76s6p configurations in Au III [10] and the 5d8, 5d76s, 5d66s2, 5d76p configurations
in Au IV [11]. This allowed us to produce a new set radiative decay rates for many spectral lines involving all the
configurations mentioned above in these two ions of astrophysical interest, in particular for stellar nucleosynthesis
studies.
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Observation of molecular dynamics with quantum state resolution is one of the major challenges in molecular
physics. Complete characterization of collision dynamics leads to the microscopic understanding and unraveling
of different quantum phenomena such as scattering resonances. We present a new experimental approach for
observing molecular dynamics involving neutral particles and ions. Our approach utilizes Penning ionization (PI)
reaction as a preparation step of the ionic system with the energy of ejected electron serving as an indicator of the
formed quantum state. The coincidence detection of momenta of PI products serves as a state-to-state detection
of the post-ionization ion-neutral dynamics. For He∗(3S,1S)+Ar PI reaction, we observe a Feshbach resonance
arising from the coupling between an electronically excited bound HeAr+ A2 state to the scattering electronically
ground He + Ar(3P1/2) state. Our main results are presented at Fig. 1, additionally, we found that the lifetime of
the bound HeAr+ A2 state to be on the order of 1 µs.
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Fig. 1: Energy distribution of Penning electrons measured in coincidence to products of PI collisions. The
correlation between high kinetic energy Ar+ ions (red curve) and specific electron energy provides the observation
of the scattering resonance.
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The study of Stimulated Raman Shortcut-to-Adiabatic Passage (STIRSAP) [1-4] of three-level quantum sys-
tems, like atoms, molecules and quantum dots, has attracted significant interest in the last decade. It is a robust
coherent control method for population transfer between quantum states which reduces the necessary time and im-
proves the efficiency of quantum adiabatic evolution compared with the STIRAP method [5,6]. Studies have also
shown that the presence of plasmonic nanostructures, such as a spherical metallic nanoparticle, near the quantum
system may modify the population transfer process when STIRAP is used [7,8]. As coupled quantum-plasmonic
nanostructures are important for quantum technology, as well as nanotechnology, applications, it is useful to study
the behavior of STIRSAP for a quantum system near a metallic nanoparticle. Therefore, in this work, we present
a theoretical investigation of the influence of a gold nanoparticle on the population transfer using the STIRSAP
technique. We consider the density matrix approach for the system’s dynamics, where we use numerical electro-
magnetic calculations for the electric field amplitude seen by the quantum system near the metallic nanoparticle
and the modified spontaneous decay rates of the quantum system due to the Purcell effect in the presence of the
metallic nanoparticle. The shortcut is such that the mixing angle is derived from Gaussian pulses [3,4]. We present
numerical results for the time evolution of populations in the three different levels of the quantum system with
STIRAP and STIRSAP control methods varying the distance d between the quantum system and the nanoparticle,
the polarization of the pump and Stokes fields, and in the absence and presence of the metallic nanoparticle. Our
results show that STIRSAP leads to efficient population transfer in the absence of the metallic nanoparticle. Also,
the shortcut (STIRSAP) improves the efficiency of STIRAP method for small distances between the quantum sys-
tem and the metallic nanoparticle, at shorter times compared with the simple STIRAP technique. With suitable
polarization of the fields, one can obtain highly efficient and robust population transfer using STIRSAP near a
metallic nanoparticle.

Fig. 1: The Λ-type quantum system (QS) at distance d from the surface of the spherical metallic nanoparticle
(MNP) with radius R. Ωi and δi, (i = 1,2) are the Rabi frequencies and detunings of |i〉 → |0〉 field-induced
transitions, respectively.
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We present a study on atom-atom-atom direct three-body recombination processes based on a classical trajectory
method in hyperspherical coordinates [1]. In particular, we focus on the formation of van der Waals molecules
X-RG (where RG is a rare gas atom) via X + RG + RG → X-RG + RG collisions at temperatures relevant for
buffer gas cells [2]. As a result, we show that almost any X-RG molecule should appear in a buffer gas cell under
appropriate conditions. It is pretty remarkable that, despite the drastic differences in the properties of the atom, X,
and parameters of X-He interaction potentials, the recombination rates are of the same order of magnitude. As an
example, the rates for X-He molecules are illustrated in Fig. 1.

In addition, after extending our study to ion-atom-atom systems, we have revisited the previously derived
threshold law for ion-neutral-neutral three-body recombination [3]. As a result, we explain such threshold law and
establish a range for its validity. Similarly, we find new and intriguing scenarios in which the branching ratio of
the product states after three-body recombination deviates from the expected threshold law in the cold regime.

10
-34

10
-32

10
-30

10
-3

10
-1

10
1

10
-34

10
-32

10
-30

10
-3

10
-1

10
1

10
-3

10
-1

10
1

Fig. 1: Three-body recombination rate, k3, of formation of six different X-He van der Waals molecules as a
function of collision energy Ek , plotted on a log-log scale. Each red dashed line indicates the relevant dissociation
energy De associated with the X-He molecule.
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The forward/backward asymmetry of the photoelectron angular distribution (PAD) with respect to the propagation

direction of ionizing circularly polarized light of a randomly orientated chiral molecule is known as photoelectron

circular dichroism (PECD) [1]. The measurement of the PAD asymmetry can be performed using velocity-map

imaging (VMI) technique, where the gas phase provides a nearly collision and interaction free environment. Deep

ultraviolet (DUV) femtosecond laser pulses from third harmonic (264 nm, 4.7 eV) and fourth harmonic (198 nm,

6.25 eV) generation of our Ti:Sa laser system enable a 1+1 resonance-enhanced multi-photon ionization (REMPI)

process via energetically higher lying intermediate states of the chiral prototype molecule fenchone. The polariza-

tion of the harmonics was characterized and the quality of the circularly polarized light given by |s3/s0| is above
99 %. The ionizations channels that can be identified by the different intermediate states show different amplitudes

in their PECD and in the contributing Legendre coefficients.
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Fig. 1: Top row: measurement of (S)-(+)-fenchone ionized with the third harmonic of our Ti:Sa laser system in

a 1+1 REMPI process. Antisymmetric PECD image, where the upper hemisphere represents the raw data and the

lower hemisphere the Abel inverted data (a). Corresponding LPECD plot (b) and contributing Legendre coeffi-

cients (c). Bottom row: measurement of (R)-(−)-fenchone ionized with the fourth harmonic of our Ti:Sa laser

system in a 1+1 REMPI process. Antisymmetric PECD image, where the upper hemisphere represents the raw data

and the lower hemisphere the Abel inverted data (d). Corresponding LPECD plot (e) and contributing Legendre

coefficients (f).
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We describe numerically the ionization process induced by linearly and circularly polarized XUV attosecond laser
pulses on an aligned atomic target, specifically, the excited state Ne∗(1s22s22p5[2Po

1/2]3s[1Po]). In order to ob-
tain this excited atomic state we take a guess wave function within the term [1Po] and propagate it using the
time-dependent restricted-active-space self-consistent field (TD-RASSCF) method [1-2] in imaginary time to fully
account for the electronic correlation. We show that correlation-assisted ionization channels can dominate over
channels accessible without correlation and observe that the rotation of the photoelectron momentum distribution
by circularly polarized laser pulses compared to the case of linear polarization can be explained in terms of differ-
ences in accessible ionization channels. Therefore, this investigation manifests that the electron correlation effects
have to be considered to accurately describe the photoelectron emission dynamics from aligned excited states [3].
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L-shell transitions of highly charged iron dominate the 15−18Å range of the spectra emitted by astrophysical hot
plasmas (MK) [1]. Due to its high ionization potential, Fe XVII is a very stable species and its emissions due to
dielectronic recombination (DR) can be used as diagnostic tools to evaluate the temperature and electron density
of the plasma [2].

We investigate both experimentally and theoretically the DR populating doubly excited configurations 3l3l’
(LMM) in Fe XVII, one of the strongest channel for soft x-ray line formation in this ubiquitous species [3].
We used two different electron beam ion traps and two complementary measurement schemes for preparing the
Fe XVII samples and evaluating their purity, observing negligible contamination effects [4]. This allowed us to
diagnose the electron density in both EBITs. The measurements in one of the traps enabled the direct observa-
tion of spectral dynamics due to population time evolution, from which we achieved a good agreement with a
charge-state dynamics simulation, performed for the experimental conditions. We compare experimental results
from both EBITs with an independent storage ring measurement [5], as well as with configuration-interaction,
multiconfiguration Dirac-Fock, and many-body perturbation theories. The latter showed outstanding predictive
power in comparison with the combined independent experimental results. From these, we also inferred DR rate
coefficients, which unveiled discrepancies with OPEN-ADAS [6] and AtomDB [7] databases (Fig. 1).

Fig. 1: Experimental and theoretical DR rate coefficients obtained with FAC-MBPT, MCDF, by Nilsen [8] and
by Zatsarinny [9] (AUTOSTRUCTURE), as well as tabulated values for two temperatures from adf09 files of
OPEN-ADAS.
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X-ray spectra from hot astrophysical plasmas contain a strong presence of spectral lines of He-like ions due to
its closed shell ground state configuration [1]. Abundant light elements, like oxygen, appear in a wide range of
temperatures, thus providing lines that can serve as important diagnostic probes [2]. The relative intensity ratio
of their forbidden to allowed lines are key diagnostic tools of temperature and density, since the metastable state
population mechanisms are highly sensitive on these physical quantities [3].

X-ray measurements of He-like oxygen excited by an electron beam in the 0.3− 1.0 keV energy range were
made with an electron beam ion trap. The decay of the metastable 1s2s 3S1 state population was directly observed
(mean lifetime of around 956 µs in the literature [4]) using a 35 eV ms−1 electron beam energy sweep rate (Fig.
1).

Fig. 1: Left: X-ray spectra of the downwards (red) and upwards (black) electron beam energy scan. Right:
Difference between downwards and upwards spectra. The vertical dashed line indicates the 1s2s 3S1 formation
energy given by Flexible Atomic Code (FAC).

A faster scan rate of 350 eV ms−1 was used to obtain a stable population of a few 1s 2S1/2 H-like, and mainly
1s2 1S0 He-like and 1s2s 3S1 He-like oxygen ions. A good electron beam energy dispersion of 7 eV resolves the
He-like dielectronic recombination (DR) structure, as well as resonant excitation (RE) superimposed to collisional
excitation (CE). The ongoing data analysis indicates that DR and RE resonant structures parting from the (triplet
state) 1s2s 3S1 state have a significant role in the final spectral modeling of the astrophysical plasmas. Furthermore,
the strong inner-shell CE of this state was used to estimate a relative population of 1/5 of the triplet state.
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[4] J. R. Crespo López-Urrutia, P. Beiersdorfer, D. W. Savin, K. Widmann, 1998, Phys. Rev. A, 58, 238.

*Corresponding author: f.grilo@campus.fct.unl.pt
†Corresponding author: pdamaro@fct.unl.pt

68



Alkali atom transition cancellations within magnetic field

A. Aleksanyan*1,2, R. Momier1,2, E. Gazazyan1,3, A. Papoyan1, C. Leroy2

1. Institute for Physical Research, NAS, 0203 Ashtarak, Armenia
2. Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR CNRS 6303, UBFC, 21000 Dijon, France

3. Yerevan State University, 0025 Yerevan, Armenia

In this work we consider σ+, π and σ− optical transitions of alkali atoms within a static magnetic field. Depending
on the type of transition and the involved atomic levels, the Hamiltonian matrices are of 1×1, 2×2, 3×3 or 4×4
dimension [1].

For D1 line, which block matrices are 1×1 or 2×2 dimension, we built Hamiltonian in presence of a magnetic
field in order to describe all the transitions. Eigenvalues and eigenkets describing ground and excited levels are
calculated, “modified” and unperturbed transfer coefficients and expression of the transitions intensity as a function
of the nuclear spin I, the magnetic quantum number m and the magnetic field magnitude B are determined. One
observe that cancellations appear only for those π transitions, where the total atomic angular momenta of ground
and excited states are equal to each other (Fg = Fe). We obtained a formula expressing the magnetic field values
that cancel transitions for any alkali atom D1 line:

B =− 1
µB
· 2m

1+2I
· 2ξ ε

(gI−gS)ε +
3gI−4gL +gS

3
ξ
, (1)

where µB is the Bohr magneton, gI , gS and gL are respectively the nuclear, electronic and angular Landé factors, ξ
and ε are the energy difference of the ground and excited states, and

0≤ (−1)2Im≤ I− 1
2
. (2)

For matrices of dimension higher than 2×2, formulas exist but are heavy, thus we have performed numerical
calculations. We have analyzed 5 2S1/2 → 5 2P3/2 and 5 2S1/2 → 6 2P3/2 transition cancellations of the 85Rb and
87Rb alkali metal. For each considered system of 87Rb we can observe 8 cancellations for σ+ transition, 5 cancel-
lations for π and 3 cancellations for σ− transitions. For 85Rb there are 16 cancellations for σ+ transition, 15 for
π and 11 for σ− transitions. It is very interesting, that for some σ− transitions, cancellation takes place more than
one time.

We calculated all transition cancellations of mentioned above transitions of 85Rb and 87Rb alkali metal. The
precision of these values is only limited by the precision of the involved physical quantities, for instance ξ and ε
in (1) [2-6]. A very soon coming experiment is envisaged in order to measure precisely these B values. As a result,
we expect to be able to evaluate more precisely these physical quantities. It should be noted that this modelization
is an indirect way to determine precisely atomic levels of energy.
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We study the formation of off-axis optical vortices [1] propagating inside a double-Raman gain atomic medium
(Fig. 1). The atoms interact with two weak probe fields as well as two strong pump beams which can carry orbital
angular momentum (OAM) [2]. We consider a situation when only one of the strong pump lasers carries an OAM.
A particular superposition of probe fields coupled to the matter is shown to form specific optical vortices with
shifted axes. Such off-axis vortices can propagate inside the medium with sub- or superluminal group velocity
depending on the value of the two-photon detuning. The superluminal optical vortices are associated with the
amplification as the energy of pump fields is transferred to the probe fields. The position of the peripheral vortices
can be manipulated by the OAM and intensity of the pump fields. We show that the exchange of optical vortices is
possible between individual probe beams and the pump fields when the amplitude of the second probe field is zero
at the beginning of the atomic cloud [3].

Fig. 1: Schematic diagram of the double Raman scheme.
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Transition metals have very interesting properties which result from their partially occupied d 

orbitals with loosely bound electrons. These metals are very hard and malleable; they have high 

melting and boiling points, high electrical and thermal conductivity; they form colored compounds due 

to d-d electronic transitions. They often exhibit high catalytic activity and tend to form paramagnetic 

compounds. Their diatomic molecules are the simplest building blocks of solid metal compounds; 

therefore, an investigation of the electronic structure of the former can be proven very useful in the 

field of the corresponding bulk materials, crystalline or otherwise. 

Here, we study the properties of seven diatomic molecules including 2nd row transition metals, 

i.e., MoO, MoS, Mo2, TcN, RuC, RhB, and PdBe.[1-2] We have calculated the spectroscopic data and 

the potential energy curves of their low-lying states employing multi reference configuration 

interaction and coupled cluster methodologies in conjunction with the aug-cc-pVnZ(-PP) basis sets, 

where n = 2 - 5. We study how the gradual transition of the nuclear charge from Mo to Pd in the 

isoelectronic molecules (MoO, TcN, RuC, RhB, PdBe), and from O to S in (MoO, MoS) influence all 

calculated data and how the increase of bonding strength affects their spectroscopic data. 

Moreover, specific spectroscopic data have been extrapolated in the infinite basis set size limit 

while the relativistic effects on molecular properties have also been included. The latter have been 

calculated via 9th order Douglas-Kroll-Hess approximation accomplishing a decoupling of positive- and 

negative-energy eigenstates of the Dirac one-electron Hamiltonian [3]. We conclude that by the 

employment of a relativistic approximation scheme or by the basis set limit extrapolation, the 

theoretical values of the spectroscopic constants approach the experimental data with significant 

accuracy [4]. 

 

References 
[1] D. Tzeli, I. Karapetsas, J. Phys. Chem. 124, 6667 (2020). 

[2] A. Androutsopoulos, T. Depastas, D. Tzeli, to be submitted. 

[3] T. Nakajima, K. Hirao, Chem. Rev. 112, 1, 385 (2012). 

[4] B. Simard, M.-A. Lebeault-Dorget, A. Marijnissen, and J.-J. Meulen, J. Chem. Phys. 108, 9668 (1998). 

 

 

 

 

 ∗Corresponding author: alexandrosandroutsopoulos@hotmail.com 
  †Corresponding author: tdepastas@gmail.com 

 

71



Prospects for refining fundamental constants
by spectroscopy of deuterium molecular ion

P. Danev*1, D. Bakalov1, V.I. Korobov2, S. Shiller3

1. Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Science, Sofia, Bulgaria
2. Joint Institute for Nuclear Research, 141980, Dubna, Russia

3. Institut für Experimentalphysik, Heinrich-Heine-Universität, Düsseldorf, 40225 Düsseldorf, Germany

Hydrogen molecular ions, due to the possibility of precise theoretical evaluation of their spectrum, transitions,
and external effect shifts, are shown to be of metrological relevance [1], [2]. The comparison of high precision
experimental and theoretical results opens room for independent tests of QED and has the potential to provide
accurate values of fundamental constants. One of the recent achievements in the hydrogen molecular ion spec-
troscopy is the determination of the proton-to-electron mass ratio with factional accuracy of ∼ 2 × 10−11 from
ro-vibrational precision laser spectroscopy of cooled and trapped HD+ ions [3], [4]. The recent adjustments of the
CODATA values of the proton charge radius and the Rydberg constant were confirmed too [3].

In homonuclear molecular ions the electric dipole transitions, between ground electronic states, are strongly
suppressed and of primary laser spectroscopy interest is the electric quadrupole transition spectrum. In a continua-
tion of our previous work on the H+

2 ion [5], we report here the results of the calculations of the hyperfine structure
of the laser-induced electric quadrupole transitions between a large set of ro-vibrational states of D+

2 [6]. We show
that the electric quadrupole moment of the deuteron can in principle be determined with low fractional uncertainty
(≃ 1 × 10−4) by comparing the obtained results with future data from precision spectroscopy of D+

2 .
This work was supported by the Bulgarian Science Fund under Grant No. FNI 08-17.
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The CN molecule has been attracting the permanent attention of astronomical spectroscopists for more than 80
years since the first recognition of the radical in the absorption spectrum of the interstellar medium (ISM) [1].
From the point of view of theoretical molecular spectroscopy, the CN radical is of great interest due to a large
number of low-lying electronic states, between which the local and regular perturbations take place (ex: [2]). Up
to the date, an array of over 6000 rovibronic term values [3] belonging to the first three electronic states X2Σ+,
A2Π, B2Σ+, has been obtained by statistical artificial intelligence processing of experimental frequencies in the
MW, IR and visible radiation regions. It is of fundamental interest to obtain a comprehensive set of the deperturbed
molecular parameters: potential energy curves of the coupled states and relevant non-adiabatic matrix elements.
This parameters would produce the still ”unobserved” lines with experimental (spectroscopic) accuracy and would
fulfill the existing ”gaps” in the astronomical atlas. For these purposes, the reduced coupled channel approach [4]
can be successfully used, which makes it possible in principle to describe overall set of experimental data in the
framework of unified deperturbation model.

At the first step of this work, the systematic ab initio electronic structure calculation has been carried out for the
lowest (1-6)2Σ+ and (1-5)2Π electronic states of the CN radical in the range of internuclear distances R = [0.75-3.0]
Å. Besides the potential energy curves of electronic states, the corresponding spin-orbit and electron-rotational non-
adiabatic matrix elements were evaluated along with the relevant transition dipole moment functions. To describe
carbon and nitrogen atoms, the aug-cc-pCVQZ-DK full-electron basis set was used. The optimized molecular
orbitals were obtained by the state-averaged self-consistent field method in an active space of 10 orbitals of 6a1,
2b1 and 2b2 symmetry (the point group C2v). Then a dynamic correlation was taken into account using the MR-
CISD method. All 13 electrons were correlated explicitly while the lowest two a1 orbitals were kept to be doubly
occupied. The impact of higher electronic excitations on the energy calculated was taken into account using the
Davidson correction; the scalar-relativistic correction was estimated within the framework of the effective Douglas-
Kroll Hamiltonian approach.

The ab initio results were then used as a trial set in the non-linear fitting procedure to the experimental term val-
ues based on iteratively solving the direct spectroscopic problem realized in the framework of the reduced coupled
channel approach. In particular, the empirical potentials for the X2Σ+, A2Π and B2Σ+ states were defined in the
analytical form - an expanded Morse oscillator (EMO). The fitted non-adiabatic matrix elements were uniformly
scaled in order to ensure a maximal interlink with the corresponding initial ab initio functions. The current set of
deperturbed parameters reproduces the most of experimental term values with uncertainty of 0.03 cm−1.
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The search for the electron electric dipole moment (eEDM) is a direct method of testing fundamental theories
beyond the Standard Model. We aim to improve the current best sensitivity [1] using BaF, which has a large
effective internal electric field, strong laser cooling transitions, a large dipole moment and a relatively low mass
[2]. A buffer gas beam source [3,4] is preferred because of the intense beam at low velocities, which leads to more
efficient deceleration.

In Amsterdam we have built a cryogenic beam source. Inside a cold cell at 20 K Ba is ablated by a short laser
pulse (5 ns, 532 nm, 10Hz) and reacts with SF6 to form BaF molecules. The molecules are cooled by collisions
with cold Ne gas that flows continuously through the cell. Inside this Ne flow the molecules are extracted from the
cell and form a beam. About 1010 molecules per single rotational level are produced at a velocity of 200 m/s. We
are currently analyzing the source in detail. The density, velocity, positional spread and rotational temperature of
the molecular beam are measured with rotationally resolved absorption and laser-induced fluorescence detection.
With multi-photon ionization we can also detect the Ba atoms and Ne carrier gas.
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Fig. 1: Design of molecular source.
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The impact of the short-range interaction on the resonances occurrence in the
anisotropic dipolar scattering in a plane was numerically investigated for the
arbitrarily oriented dipoles and for a wide range of collision energies.

We revealed the strong dependence of the cross section (see Fig. 2) of the dipolar
scattering in plane on the radius of short-range interaction, which is modeled by
a hard wall potential and by the more realistic Lennard-Jones potential, and on
the mutual orientations of the dipoles.

We defined the critical (magic) tilt angle of one of the dipoles, depending on the
direction of the second dipole for arbitrarily oriented dipoles. It was found that
resonances arise only when this angle is exceeded.

In contrast to the 3D case, the energy dependencies of the boson (fermion) 2D
scattering cross section grows (is reduced) with an energy decrease in the ab-
sence of the resonances, as shown in Fig. 1. We showed that the mutual orien-
tation of dipoles strongly impacts the form of the energy dependencies, which
begin to oscillate with the tilt angle increase, unlike the 3D dipolar scattering.

The angular distributions of the differential cross section in the 2D dipolar scat-
tering of both bosons and fermions are highly anisotropic at non-resonant points.
The results of the accurate numerical calculations of the cross section agree well
with the results obtained within the Born and eikonal approximations.
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Fig. 1: The energy dependencies of the total cross section of the dipolar scattering of iden-
tical bosons σB(E) (α = 45◦(a)) and identical fermions σF (E) (α = 45◦(b)) for aligned
dipoles configuration β = 0◦ and γ = α . The tilt angle exceeds the critical angle α > αc
(αc = 35.3◦) for such dipole mutual orientations. The curves corresponding to the reso-
nance points in Fig. 2 are indicated by a red solid line, the non-resonant curves by a blue
dashed line; the Born approximation by a green dotted line, the eikonal approximation by
a gray dashed line.
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Fano interference in quantum resonances from angle-resolved elastic
scattering
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Interference of a discrete quantum state with a continuum of states gives rise to asymmetric line shapes [1][2] that
have been observed in measurements across nuclear, atomic, molecular as well as solid-state physics. Information
about the interference is captured by some but not all measurable quantities. For example, for quantum resonances
arising in single channel scattering, the signature of such interference may disappear due to the orthogonality
of partial waves. We show that probing the angular dependence of the cross section allows for unveiling the
coherence between the partial waves which leads to the appearance of the characteristic asymmetric Fano profiles
[2]. We observe a shift of the resonance position with observation angle, in excellent agreement with theoretical
predictions from full quantum scattering calculations. Using a model description for the interference between the
resonant and background states, we extract the relative phase responsible for the characteristic Fano-like profile
from our experimental measurements.
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Fig. 1: Experimental and theoretical angle-resolved energy-dependent cross sections for the collision of normal
deuterium molecules with metastable helium in the vicinity of the orbiting resonance at 4.8 K. (a) A typical
velocity-mapped image is shown where different angular sectors are marked as regions (i) to (iv) on the annulus
by white-dashed semicircles. The color bar on top represents the number of He+ ions. The collision axis points
up in this image. (b) The blue curves show the theoretical prediction for the angle-resolved energy-dependent
cross section×k2 (where k is the momentum of the colliding pair) in the regions marked as (i) to (iv) in (a) and
the red lines join the experimentally obtained data points. The x-axis represents (E −Eres)/(Γ/2) where Eres is
the resonance energy and Γ is the resonance width. The error bars show standard deviation in experimental data
points.
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High-Precision Spectroscopy of Single Molecular Hydrogen Ions in a
Penning Trap at Alphatrap
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1. Max-Planck-Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg, Germany

Molecular hydrogen ions are an excellent system for testing quantum electrodynamics by comparing experiments
and theory. With only a single bound electron they are the simplest molecules available. We, in collaboration
with the group of Stephan Schiller (University Düsseldorf), plan to perform high-precision spectroscopy on single
hydrogen molecular ions in the Penning-trap setup of ALPHATRAP [1] utilizing the continuous Stern-Gerlach
effect for state detection [2]. The first measurements will investigate the hyperfine structure of the HD+ ion in
the microwave regime and will thus allow extracting the coeffcients of the hyperfine hamiltonian, from which
rovibrational laser spectroscopy performed on this ion species can benefit [3,4]. In the future, we aim to extend
our methods to single ion rovibrational laser spectroscopy of H+

2 at infrared wavelengths enabling the ultra precise
determination of fundamental constants such as the proton-to-electron mass ratio [5]. The development of the
required techniques for this measurement will be an important step towards spectroscopy of an antimatter H−2 ion
for tests of matter-antimatter symmetry which would exceed the current limits by several orders of magnitude [6].
In this contribution I will present an overview of the experimental setup and the planned measurement schemes.
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How does antimatter fall ?: simulation of the GBAR experiment at CERN

O. Rousselle*1, P. Cladé1, S. Guellati1, R. Guérout1, S. Reynaud1
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One of the main questions of fundamental physics is the problem of the asymmetry matter/antimatter in the universe
and the action of gravity on antimatter. Tests on antimatter gravity have currently a limited precision, with the sign
of gravity acceleration not yet known experimentally [1]. Ambitious projects are developed at CERN facilities to
produce low energy antihydrogen with the aim of measuring the free fall of antihydrogen atoms. Among them, the
GBAR experiment (Gravitational Behaviour of Antihydrogen at Rest) aims at measuring the gravity acceleration
ḡ of ultracold antihydrogen atoms during a free fall in Earth’s gravitational field. The simulation of the free-fall
chamber includes the Monte-Carlo generation of trajectories and the statistical analysis leading to the estimation
of ḡ. A precision of the measurement beyond the % level is confirmed by taking into account the experimental
design. Moreover, we propose to improve the accuracy of the measurement by using the idea of quantum reflection
drawn from experiments performed on ultracold neutrons [2]. The quantum interference pattern obtained brings
more information on the value of ḡ than the classical method, and then improves the accuracy of the experiment
by approximately 3 orders of magnitude [3].
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Fig. 1: Principle of the free fall measurement in the GBAR experiment. Details of the figure: cylindrical chamber
(in grey); an example of antihydrogen trajectory from trap to detection surface (in blue); secondary particles
produced by the annihilation (in green).

References
[1] P. Perez et al., Hyperfine Interactions 233 (2014).
[2] .V. Nesvizhevsky et al., Nature 415 (2002).
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Genuine properties and relaxation dynamics of solvated electrons in
neutral water clusters

R. Signorell*1

1. Department of Chemistry and Applied Biosciences, ETH Zurich, 8093 Zurich, Switzerland

The interest in the hydrated electron stems from its role in Chemistry and radiation damage, and from the fact that
it is one of the simplest quantum solutes. We have investigated the formation and relaxation dynamics, and the
genuine properties (binding energy and photoemission anisotropy) of hydrated electrons in neutral water clusters
with a combination of time-resolved photoelectron velocity map imaging and electron scattering simulations [1-4].

We find hydrated electron formation and loss processes after one-photon laser excitation to be pronouncedly
cluster-size dependent, indicating a minimum cluster size required to support solvated electrons. The relaxation
to the ground-state hydrated electron (s-state) after one-photon laser excitation below and above band gap is com-
pleted within about 2 ps. It is suggested that this relaxation dynamics is dominated by slow and fast solvent
response. The timescales are consistent with corresponding solvation timescales found in the liquid bulk and in
large anion water clusters, hinting at similar mechanisms in the different systems.

The genuine properties of the ground-state hydrated electron in clusters agree well with corresponding exper-
imental and theoretical values for the liquid, suggesting similar properties of the solvated electron in liquid water
and large neutral water clusters. However, contrary to anionic water clusters neither the bulk liquid nor the neutral
clusters seem to give rise to different isomers with distinct vertical binding energies.
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Achievements of Polarization Atomic Spectroscopy with FELs

E. Gryzlova*1
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Polarization spectroscopy is a well-developed research field including a variety of phenomena, such as dichroism,
electronic and ionic correlations, spin polarization etc. Nevertheless until FELs implementation such investigations
in non-linear regime was available in optical domain only. With the FELs development a great number of non-linear
polarization phenomena was achieved in VUV domain from complete experiment [1] to many-path interference in
multi-photon regime [2].

One of the significant research field is determination of all (within a model) complex amplitudes describing a
process using measurements of polarization parameters or vice versa characterization of unknown properties of a
radiation such as degree of polarization, admixture of highest harmonics or phase offset with a help of well-known
properties of some system [3]. The last is essential issue for FELs where spiky structure of the pulses prevent
characterization of the pulses by conventional way.
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Fig. 1: The photoemission angular anisotropy as result of the interference two-photon and single-photon ionization
pathways.

The radiation generated by a FEL naturally contains several harmonics, mainly mixture of fundamental and
second ones. If the two colours are mutually coherent, the emitted photoelectrons may interfere. Mutual coherence
means that the electromagnetic oscillations of the wavelengths have a definite phase, or temporal, relationship in a
given pulse of light. If polarization of the harmonics is well defined then resulting electric strength possesses the
lower symmetry than each of harmonic separately [4],[5]. This symmetry violation manifests in the observable of
photoemission: photoelectron angular distribution [6], [7] and especially prominent in spin polarization [8]. The
information about fields, in particularly, harmonic ratio and their phases are depicted in these values and may be
extracted. At the conference new results concerning bi-chromatic ionization of an atom will be presented.
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Shaping attosecond waveforms at free-electron lasers

G. Sansone*1

1. Albert-Ludwigs-Universität, 79104 Freiburg, Germany.

The generation of ultrashort attosecond light pulses in the extreme ultraviolet and X-ray spectral range relies on
different technologies based either on intense femtosecond laser sources [1] [2] or charged particle accelerators
[3][4][5]. In both cases, the emission of short wavelength radiation is due to the dynamics of free electrons, which
either recombine with the parent ion after an initial tunnelling ionization process (high-order harmonic generation)
or moves at relativistic velocities through a magnetic periodic structure (free-electron lasers (FELs)). The control
of the motion of the electronic wavepacket (in HHG) or of the relativistic electron bunch (in FELs) offers the
opportunity to manipulate the characteristics of the emitted radiation, allowing the generation of even harmonics
of the fundamental radiation [6], or the sub-cycle control of the relative phase between the two-colors of an intense
femtosecond XUV pulse [7].

In this presentation, I will show how the control of the electron bunch at the seeded FEL laser FERMI [8] gives
the possibility to generate and shape in time an attosecond pulse train consisting of phase-locked harmonics. The
experimental results demonstrate the first complete and independent amplitude and phase shaping of attosecond
waveforms in the extreme ultraviolet.

For the temporal characterization a novel approach inspired by the reconstruction of reconstruction of attosec-
ond bursts by beating of two-photon transitions [1] was developed and implemented. In this approach, the control
over the delay between the attosecond waveforms and a near-infrared pulse is replaced by a correlation analysis
of the single-shot photoelectron spectra generated by the combination of the two fields. This analysis gives access
to the group-delay-dispersion of the harmonic spectrum, which is required for the temporal reconstruction of the
waveform, together with the spectral amplitudes. Some examples of waveforms synthesized using four coherent
harmonics are shown in Fig. 1.

Fig. 1: Shaped attosecond waveforms using four harmonics of the seeded FEL FERMI. The differences in the
intensity profiles of the electric field are induced by manipulating the group-delay dispersion of the spectrum.
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Diamond light matter quantum 

interface 

 

Fedor Jelezko 

Ulm University, Germany 

 

Applications in quantum communications require the ability to connect the state of long-living matter 

qubits to optical photons for generation of entanglement over long distances. Here we discuss a novel 

quantum interface connecting quantum states of optical photons and spins in diamond. Among many 

colour centres in diamond, the negatively charged silicon-vacancy (SiV) and germanium-vacancy (GeV) 

centre stand out due to its desirable optical properties. In particular, near transform-limited photons can 

be created with high efficiency due to the strong zero-phonon line emission that constitutes∼70% of the 

total emission. SiV and GeV centers can also be created with a narrow inhomogeneous distribution that is 

comparable to the transform limited optical line width. These optical properties, due to the inversion 

symmetry of the system, which suppresses effects of spectral diffusion, recently enabled demonstration 

of two-photon interference from separated emitters that is a key requirement for many quantum 

information processing protocols. Interfacing coherent optical transitions with long-lived spin qubits will 

be the main topic of this talk. Prospects for realizing electrical readout of  quantum registers based on 

optically controlled SiVV centers will be discussed 
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Measurement-induced, spatially-extended entanglement in a hot,
strongly-interacting atomic vapor
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Fig. 1: Generation of a macroscopic singlet state in a SERF-regime 87Rb. a) schematic of the method, b) Faraday
rotation signals and Kalman filter estimation of spin dynamics, c) magnification of spin dynamics showing spin
uncertainty beyond the standard quantum limit.

Quantum non-demolition (QND) measurement, in which a quantum observable is measured non-destructively,
is a very useful tool in optical quantum technology. QND measurement of atoms by light has been used in quantum
memory, quantum teleportation between light and atoms, sensing beyond the spin-projection noise limit, and to
generate large amounts of atomic entanglement. A key figure of merit for QND measurement is the on-resonant
optical depth (OD). Meanwhile many applications of QND measurement, e.g. quantum memories or quantum
sensors, benefit from long T2 spin coherence times. It is natural to ask whether hot alkali vapors in the spin-
exchange-relaxation-free (SERF) regime, which show both high OD and high T2, can be manipulated with QND
measurement. This is not immediately obvious, because the SERF spin dynamics rapidly approaches a thermal spin
state, whereas thermalization is, in most situations, incompatible with non-classical phenomena such as squeezing
and entanglement.

Here we describe an experiment to test whether QND techniques can produce squeezing and entanglement in
SERF-regime vapors [1]. We apply optical quantum non-demolition to an un-pumped SERF-regime vapor in a
weak magnetic field, which rotates the spin state to make the three spin components sequentially available to QND
measurement. We use Kalman filtering [2] and spin-squeezing inequalities [3] to recover the atomic spin state,
including both mean and covariance matrix. We observe the generation of a “macroscopic singlet state” in which
at least 1.52(4)×1013 of the 5.32(12)×1013 participating atoms form spin singlets, the largest entangled state
ever reported. The entanglement is observed to persist for tens of spin-thermalization times, and to span thousands
of times the mean inter-atomic distance. The results show that high temperatures and strong random interactions
need not destroy many-body quantum coherence, that collective measurement can produce very complex entangled
states, and that the hot, strongly-interacting media now in use for extreme atomic sensing are well suited for
quantum technology.
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Enabling novel light phenomena at the subwavelength scale

M. Soljačić*1

1. Research Laboratory of Electronics, Massachusetts Institute of Technology, 02139 Cambridge, MA, USA

By nano-structuring materials at length scales smaller than the wavelength of light, one can create effective ma-
terials, exhibiting optical properties unparalleled in any naturally occurring materials. This talk will present our
work in three areas of research that have recently been of particular interest to the nanophotonics community:
plasmonics, topology, and artificial intelligence. First, via plasmonics, one can spatially confine light by orders
of magnitude compared to light confinement in regular materials; conventional Maxwell’s equations are no longer
suitable for modelling this regime. Second, many of the exciting phenomena in topological physics can also be
observed in nanophotonics, including: Chiral Edge States, Weyl points, Fermi arcs, etc. Third, numerical simula-
tions of nanophotonics phenomena can often reproduce real experiments very closely: this makes nanophotonics
a great training-ground for developing and studying new AI algorithms for science.
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On Interchangeability of Probe-Object Roles in Quantum-Quantum
Interaction-Free Measurement
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We examine Interaction-Free Measurement [1] where both the probe and the object are quantum particles.
We argue that in this case the description of the measurement procedure must by symmetrical with respect to
interchange of the roles of probe and object. A thought experiment is being suggested that helps to determine what
does and what doesn’t happen to the state of the particles in such a setup. It seems that unlike the case of classical
object, here the state of both the probe and the object must change. A possible explanation of this might be that
the probe and the object form an entangled pair as a result of non-interaction.

The physical entities in our thought experiment are internal degrees of freedom (DoFs) of a two-level atom with
dark and bright resonances (usually: object) and polarization degrees of freedom of a photon (usually: probe). The
possible entities, however, are not limited by such selection and can be realized through spatial DoFs of an electron
and a positron travelling inside intereferometer. In general, we focus on a pair of qubits which are coupled by a
transforming interaction if their DoFs are aligned. But our main interest lies in understanding the result of non-
interaction (such initial configurations in which the transforming interaction could happen with some probability,
but didn’t). In order to understand whether the state of either of the qubits changes after such non-interaction
we put two conditions on the final state of the system. First, the description should be invariant with respect to
exchange of the roles of “probe” and “object”. Second, it should be impossible to determine the eigenbasis of
preparation of individual particles in a maximally mixed ensemble [2]. Using the above conditions we examine
different scenarios of non-interaction and come to the conclusion that in any event of non-interaction, the state of
both qubits must change. We propose candidate mechanisms for the abovementioned dynamics, the most likely
being the establishment of entanglement between the qubits.

This work is novel in two ways. First, it allows for deeper understanding of the process of quantum-quantum
Interaction-Free Measurement. Second, it provides a method of testing hypotheses in realms where direct compu-
tations might not be available yet. The work can be found here [3].

Fig. 1: Thought experimental Filter-device. Stage A produces “probes”, in this case - photons. It operates in two
modes, both of which correspond to Identity density matrix. Mode 1: photonic state is either (50%-50%) |x〉ph
or |y〉ph. Mode 2: Photonic state is either (50%-50%) |σ+〉ph or |σ−〉ph. Stage B is an “object”, in this case -
atom. It is prepared in the state |x〉at regardless of the mode of operation of Stage A; for every photon we are
using a “fresh” atom. Stage C is a beamsplitter that separates (projects) “probes” (here - photons) that haven’t
interacted with the “object” (here - atom) into |x〉ph and |y〉ph (basis of the “object”) which later get detected by a
corresponding detector. If we assume that photonic state remains unchanged after it non-interacts with the atom,
two modes of operation at the Stage A will be distinguishable. Any successful description of (non-)interaction
should satisfy the restrictions proposed here also if we change the basis of the “object” and measurement (stages B
and C) as well as if we exchange the roles of “probe” and “object” between the photon and atom (stages A and B).
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Exact solutions of a model for synthetic anyons in a noninteracting system

F. Lunić∗1, M. Todorić1, B. Klajn1, T. Dubček2, D. Jukić3, H. Buljan†1,4
1. Department of Physics, Faculty of Science, University of Zagreb, Bijenička c. 32, 10000 Zagreb, Croatia
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We present solutions of a theoretical model for synthetic anyons in a noninteracting quantum many-body system.
Anyons [1][2] are quantum particles in 2D space with exotic exchange statistics, interpolating between bosons
and fermions. They present an attractive field of research because the realization and manipulation of the so-
called non-Abelian anyons could pave the way to topologically protected quantum computing [3]. They have been
predicted to arise in various strongly interacting systems, most famously in fractional quantum Hall states [4].
A less explored possibility lies in weakly interacting fermions coupled to a topologically nontrivial background
or external perturbations [5][6]. We consider a noninteracting system perturbed with specially tailored localized
probes, giving rise to an Abelian anyonic state.

The model we study (Fig. 1(a)) is represented by the Hamiltonian for a noninteracting 2D electron gas, in a
uniform magnetic field, with N external solenoids (probes) carrying a magnetic flux that is a fraction of the flux
quantum. We first present the ground state of this Hamiltonian when all the states belonging to the lowest Landau-
level are populated, while all other states are empty. We then show that the Berry phase accumulated as one of the
probes adiabatically traverses a contour around another identical probe (Fig. 1(b)-(d)) contains a nontrivial (frac-
tional) statistical contribution (statistical phase), indicating the anyonic nature of the ground state wave function
in the coordinates of the probes. Finally, we discuss why these synthetic anyons cannot be considered emergent
quasiparticles, and how this affects anyon fusion rules.

(a) (b)

(c) (d)

Fig. 1: (a) Sketch of the model. B0 is the uniform magnetic field, and η j are the positions of the probes. (b) A
possible contour of a single probe. The Berry phase depends on how many other probes are contained in the loop.
(c),(d) The statistical phase is the difference between Berry phases γin and γout.
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A Nanoscale Coherent Light Source
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A laser is composed of an optical resonator and a gain medium. When stimulated emission dominates mirror losses,
the emitted light becomes coherent. We propose a new class of coherent light sources based on wavelength sized
regular structures of quantum emitters whose eigenmodes form high- Q resonators. Incoherent pumping of few
atoms induces light emission with spatial and temporal coherence. We show that an atomic nanoring with a single
gain atom at the center behaves like a thresholdless laser, featuring a narrow linewidth. Symmetric subradiant
excitations provide optimal operating conditions.

The setup under consideration is depicted in Fig. 1 (a) and (b), while Fig. 1 (c) and (d) show the emitted field
from our nanoscale laser. The corresponding letter has been published in PRL in 2020. [1]

Fig. 1: Coherent Light Emission from a Partially Pumped Atomic Array. (a) A ring of atoms with an additional
atom in its center incoherently pumped with a rate ν . (b) The atoms decay at a spontaneous decay rate Γ0 and are
collectively coupled to the center atom with dispersive coupling Ωp and dissipative coupling Γp, respectively. In
turn, the ring atoms have couplings Ωi j and Γi j amongst each other. The symmetric excitation exhibits a collective
decay rate Γcoll. (c) The field intensity generated in the steady state for a ring of N = 11 atoms in the xz-plane with
y = 2.5λ0, d = λ0/5 and ν = 0.1Γ0. (d) The field intensity in the xy-plane with z = 2.5λ0.
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1. Dipartimento di Scienze, Università degli Studi Roma Tre, 00146 Rome, Italy
2. Dipartimento di Fisica Ettore Pancini, Università degli Studi di Napoli Federico II, Napoli, Italy
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Nowadays the need of processing large amount of data is considerably increasing, and the development of su-
percomputers has further encouraged the advancement of Quantum Technologies and the study of algorithms in
that direction. In particular, the introduction of Quantum Machine Learning algorithms has provided a remarkable
speed-up over their classical counterparts [1-3]. However, the natural structure of the original data can be very
complex and an intensive preprocessing is often necessary for Machine Learning algorithms to perform efficiently.
In the case of binary classification problems, one would aim at achieving a geometrical representation of the data
in which they are easier to be identified into distinct categories later to be analyzed.
In this context, we have developed an extensive experimental study of Quantum Embedding implementing the
ideas proposed by Ref.[4] on two different experimental platforms. One is based on quantum optics and another
on ultra-cold atoms. The embedding protocol concerns a novel approach to perform classification in the context
of Quantum Metric Learning used in Machine Learning. We have implemented a quantum feature map that can
be trained, via optimization, to separate and embed classical data points, coming from two different classes, into
a much larger Hilbert space. Quantum Mechanics suggests that the natural representation of a quantum bit is
the Bloch sphere, therefore the embedding we want to train will be composed of a sequence of rotations on non-
commuting axes to be applied to an input qubit. The training and the parameters of the embedding are flexible and
can be manipulated in order to account for the specific needs of the different experimental platforms.
We will focus on the description of the atomic platform in which we realize the embedding on a Bose-Einstein
Condensate (BEC) of 87Rb realized with an Atom-chip [5,6] (Fig. 1). We will illustrate how the performance of
Quantum Embedding will depend on the degree of control on the actual system, thus on the level of experimental
imperfections specific to the solutions adopted.
The aim of our study is to prove that this kind of approach is robust to experimental errors and that can be applied
in practice, hence supporting the promising idea of hybrid quantum technologies for future Quantum Machine
Learning applications.

Fig. 1: The Atom Chip in the vacuum science cell to reach the BEC stadium and manipulate its internal dynamics.
A micrometer Z-wire and two U-wires integrated on the chip realize the magnetic trap and the RF antennas for
Rabi pulses and evaporative cooling respectively. All Zeeman states are simultaneously detected by absorption
imaging.
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Diamond spins disclose new possibilities for exploring how thermodynamic processes take place in open sys-
tems at the nanoscales, where fluctuations play a paramount role, and quantum features show up.

We characterize purely quantum energy fluctuations of an autonomous dissipative Maxwell demon realized by a
spin qutrit formed by a Nitrogen-Vacancy (NV) center in diamond at room temperature. The autonomous Maxwell
demon is implemented by applying to the spin qutrit a combination of unitary evolution drivings and series of
interactions with short laser pulses. Each interaction with a short laser pulse acts as a quantum measurement,
followed by an irreversible optical pumping (dissipation) that is conditioned by the quantum measurement [1,2],
as schematized in Fig. 1. As a result, the autonomous dissipative Maxwell demon asymptotically brings the qutrit
into a quantum (non-thermal) out-of-equilibrium steady state.

Fig. 1: A spin system S evolves under a Hamiltonian H, with eigenstates |Ei〉, i = 1,2,3. Upon interaction
with a short laser pulse, the spin system S is subject to a quantum measurement (Qm) of Sz, and dissipation (QD)
towards the mS = 0 spin projection. This irreversible dissipation is analogous to put the system in contact with
an out-of-equilibrium reservoir R. Since the interaction betweenthe system and the reservoir is conditioned by the
application of a quantum measurement, the spin qutrit dynamics is well described by an autonomous dissipative
Maxwell demon.

Our work [3] generalizes the Sagawa-Ueda-Tasaki relation (originally valid for conditioned unitary evolu-
tion [4]-[6]) to conditioned dissipative dynamics, verifying it experimentally by measuring the energy change
statistics of the spin qutrit. We also verify, both theoretically and experimentally, that for the specific qutrit dy-
namics the characteristic function of energy variation, G(η) ≡ 〈e−η∆E〉, is time independent for a single specific
value η∗ of its argument. Thus, an effective Jarzynski-like fluctuation theorem holds, despite lack of unitality of
the qutrit evolution. In addition, our results pave the way for the use of NV centers in diamond to further investi-
gate open quantum system dynamics and thermodynamics, for example by exploring non-Gibbsian quantum heat
engines and the role of coherence in energy exchange mechanisms.
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We report progress towards a Quantum Gas Microscope for polar molecules using a three species machine capable
of producing Bose-condensed 133Cs and 87Rb, and ultracold samples of 41K. The ultimate goal of our work
is to use rotational excitations of polar molecules trapped in a deep optical lattice to investigate the dynamics
of strongly interacting quantum systems. We intend to use a high resolution objective to achieve single-site,
state resolved readout following the proposal in [1]. Such a system has been proposed to realise spin models
such as the XXZ Heisenberg model with tunable anisotropic long-range couplings for studies of spin liquid and
localisation phenomena [2]. Including microwave dressing between three rotational states has been suggested to
realise topologically ordered matter [3].

We present three directions of progress towards preparing these molecular samples. First our work on devel-
opment of an atomic microscope, including a novel scheme for optical lattice based transport of atoms. Second we
report a new measurement of the 133Cs 880nm tune-out wavelength which improves the value for the ratio of the
|
〈
6P3/2||d||6S1/2

〉
|2 and |

〈
6P1/2||d||6S1/2

〉
|2 matrix elements by an order of magnitude. Finally we present work

towards measurements of interspecies Feshbach resonances between 41K and 133Cs using ultracold mixtures in a
bichromatic optical trap, a key first step towards magneto-association of these atoms.
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We investigated the differential transition probability for two-photon 2s→ 1s transition in H-like ions with
respect to the polarization of the emitted photons. The investigation was performed for ions with atomic numbers
1≤ Z ≤ 120.

On the basis of our relativistic calculations and works [1-2], we introduced a two-parameter approximation,
which makes it possible to describe the two-photon angular-differential transition probability for the polarized
emitted photons with high accuracy. The angular distribution of the emitted photons is determined by the dominant
E1E1 transitions, which gives 1+ cos2 θ distribution, where θ is the angle between the momenta of the emitted
photons. This deviation leads to an asymmetry of the angle-differential transition probability. The reason for this
deviation is the interference between E1E1 and the higher multipoles (mainly E2E2 and M1M1). The deviation
from the distribution in the nonrelativistic limit was investigated in [1]. The asymmetry for unpolarized emitted
photons was investigated in [3].

We found that the differential transition probability can be approximated by two parameters: the total two-
photon transition probability and the asymmetry factor A. The asymmetry factors for several atomic numbers Z
are given in Table 1, which also shows this factors from previous work [1]. The accuracy of this approximation is
10−3% for light ions, remaining within 1% even for the superheavy ions (for the photons with equal energies). For
precise experiments, it can be important that a nonzero asymmetry factor, even for light ions, could be a source of
nonresonant corrections [4].

Using this approximation we investigated the emission of photons with linear and circular polarizations. The
results for linear photon polarizations for several Z are presented in Fig. 1.

We also investigated the transition probabilities for the polarized initial and final electron states.
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Fig. 1: The normalized differential transition probabilities as a function of the angle (θ) between the momenta of the emitted
photons (k1 and k2, respectively) for the photons with equal energies in the case of the linear photon polarization. The red
solid line represents angular dependence of the differential transition probability for the photon polarization vectors placed in
the (k1,k2)-plane. The blue dashed line represents angular dependence of the differential transition probability for the photon
polarization vectors orthogonal to the (k1,k2)-plane. The data are presented for atomic numbers Z = 1, 64, 92, 118.

Table 1: The transition probabilities (W , in s−1 ) for two- photon decay of 2s state and the asymmetry factor (A). The digits in
square brackets refer to the power of 10. The numbers in parentheses indicate the accuracy of the two- parameter approximation.

Z W A Aa

1 8.22906 4.256617(3)[-6] 4.22[-6]
40 3.19889[10] 7.136(2)[-3] 7.32[-3]
64 4.97436[11] 1.940(3)[-2] 2.16[-1]
92 3.83600[12] 4.30(2)[-2] 6.06[-2]
118 1.40273[13] 6.7(1)[-2] 1.80[-1]
120 1.52661[13] 6.8(2)[-2] 2.00[-1]

a[1]

References
[1] C. K. Au, Phys. Rev. A 14 531 (1976).
[2] N. L. Manakov et al. Journal of Physics B 33 4425 (2000).
[3] A. Surzhykov, J. P. Santos, P. Amaro, and P. Indelicato Phys. Rev. A 71 022509 (2005).
[4] O. Y. Andreev, L. N. Labzowsky, G. Plunien, and D. A. Solovyev Physics Reports 455 135 (2008).

*Corresponding author: viknyazeva16@gmail.com
91



Single photons behaviour in optical resonators and its applications
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In our recent work we have investigated generation of additional degrees of freedom (DOF) in laser locked
high Q Fabry–Pérot (FP) cavity using both single and double pass experimental setup [1]. In some quantum optics
experiments [2], [3], [4] two independent light beams are required, which is usually achieved by using mutually
orthogonally polarized beams of the same wavelength. In our dichroic cavity setup we showed that beside widely
used polarization DOF’s, it is possible to change frequency of the beam using AOM, and observe them resonate
in the cavity as different TEM modes (Fig. 1). This way we obtained additional DOF in a manner of transverse
electric field distribution.

Fig. 1: Vaious TEM modes for 532 nm light while FP cavity is locked on 1064 nm TEM00 mode. Yellow labeled
numbers correspond to the AOM frequencies used to get represented TEM mode [1]

Our goal is investigation of single photon behaviour in dichroic FP resonator as proposed in [5]. In the first
experimental setup (Fig. 2) we are observing coincidences between a trigger pulse driving EOM and the pulse
generated by FP cavity reflected and transmitted photons being detected on SPAD’s. For that purpose we employed
pseudo-single photon source [6] where faint laser pulse (FLP) is additionally switched by fast EOM, where ≈ 5%
of FLP’s contains more than one photon. Custom made SPAD’s (RBI, Photonics and Quantum Optics Laboratory)
were used in combination with FPGA as photon counters.

Fig. 2: A simplified scheme of the setup where the locking IR beam is not shown. The green dashed line represents
FLP’s which can be either transmitted or reflected by the FP cavity. The reflected (transmitted) pulses are detected
by the PD2 (PD3).

In the following setup we will implement two distinguishable photonic states and test mutual coincidence
while cavity is locked for one of these states. Possible applications are in fundamental research - nature of the qu-
antum vacuum; and in quantum technology: interaction free detectors [5], quantum gates or in all-optical photonic
processing.
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Highly excited low-l Rydberg atoms in configurable mircotrap arrays have recently proven highly versatile for
studying quantum many-body spin systems with single particle control. I will report on the advances of a new
project pursuing to harness high-l circular Rydberg atoms for quantum simulation. When stabilized against black
body radiation (BBR) in a suitable cavity structure, circular Rydberg states promise orders of magnitude longer
lifetimes compared to their low-l counterparts and thus provide an appealing potential to strongly boost coherence
times in Rydberg-based interacting atom arrays. To maintain excellent high-NA optical access we exploit a novel
approach using an indium tin oxide (ITO) capacitor [1], capable of surpressing the parasitic microwave BBR even
in a non-cryogenic environment while beeing transparent to visible light.
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Atom-light interfaces are promising for quantum information protocols or metrology. Usually, the interaction
of atomic ensembles with light is treated as the sum of the independent contributions of each atom. However,
when close enough, they can influence each other via their radiation, leading to a collective interaction with the
light field. A dramatic manifestation is subradiance: a strongly reduced emission rate of an excitation stored in
a medium. Subradiance has attracted some attention lately, as the reduced decay rate can be beneficial in some
cases. For instance, it could be used to store and release light on demand. Proposals have shown that this might be
done when the distance between the atoms is smaller than the wavelength of the light, and if the coupling between
atoms can be controlled externally. But this regime is also very difficult to treat theoretically, making it challenging
to understand subradiance beyond the regime where a single photon is stored in the ensemble.

We have for the first time observed subradiance in this regime [1]. We probe the nature of subradiant exci-
tations when many photons are stored, and verify a conjecture about how these many-body subradiant states are
constructed. Also, by applying an external control on the atoms, we perform a proof-of-principle experiment where
we switch-off the interactions between atoms and release rapidly the light that was stored in subradiance. These
results thus provide an important benchmark for many-body theories, and show that subradiance could provide an
interesting path to tailored light-matter interfaces.
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Fig. 1: Sketch of the protocol used to store and release the subradiant excitation

More recently we have also observed and characterize superradiance in this dense cloud, near Dicke’s regime
of an ensemble smaller than the wavelength of the optical transition. We show that contrarily to what was believed,
superradiance is still present in the presence of dipole interactions. Finally, we measured the intensity correlation
function and observed non-classical statistics.
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The rest masses of many light nuclei, e.g. the proton, deuteron, triton and helion, are of great importance for
testing our current understanding of physics as well as in metrology. One example is the mass difference of triton
and helion [1], which is used for systematic studies in the determination of m(ν̄e) in the KArlsruhe TRItium
Neutrino experiment KATRIN [2]. However, the relatively large ratio of the kinetic energy to the low rest mass
makes measuring the masses of light ions especially challenging. Recently discussed discrepancies in light ion
mass measurements, carried out at different mass spectrometers (the “light ion mass puzzle” [3]), give further
motivation for independent measurements.

In this contribution, the results of LIONTRAP (Light ION TRAP) [3], an ion trap setup dedicated to high-
precision mass measurements of light ions, will be presented. In a collaboration with with members from the
Nuclear Chemistry Department at the University of Mainz we recently measured the deuteron’s atomic mass [4]
by comparing the cyclotron frequencies of a single deuteron and a bare carbon nucleus, achieving a relative mass
uncertainty of 8.5×10−12. Our value

md = 2.013553212535(17)u (1)

is a factor 2.4 more precise than the current CODATA-2018 value, which is dominated by a measurement from
the University of Washington (UW) [5], but deviates by 4.8σ . In addition to various detailed checks of our model
of systematics, the good agreement with an additional mass measurement of the HD+ molecular ion and our
previously reported proton mass [3] further validates our measurement. For an overview of cyclotron frequency
ratio measurements in the light sector, see Fig. 1.
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Fig. 1: Overview of cyclotron frequency ratio measurements on light ions. The measurements taken in our group
(MPIK) are internally consistent and agree with the measurements taken by the FSU, but are in strong tension with
the measurements by the UW.

There, a measurement of the deuteron-to-proton mass ratio by the Florida State University (FSU) [6] is shown,
which agrees with the measurements taken in our group. This agreement enables a least square adjustment resulting
in mass values for the proton and the deuteron with unprecedented precision. The resulting values can be used in
the interpretation of high-precision measurements of ro-vibrational transitions in HD+, enabling tests of QED and
searches for fifth forces [7][8], as well as a new value for the neutron mass [4].
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The weekly bound dimers of hydrogen and its isotopologues are extensively studied systems. Relative simplic-
ity of the system makes it a good study tool for both experimental [1-2] and theoretical [3-5] communities. But
the hydrogen dimer is not only a good system for testing, comparison and method development. Since hydrogen
is the most abundant element in the Universe, the precise description is thus extremely important in astrophysics
and astronomy. For example, the collision induced absorption (CIA) of (H2)2 is an important tool for studying
atmospheres of giant-planets [6]. More accurate spectra will need to be analyzed after the James Webb Space
Telescope (Launch date October 31, 2021) will become available.

Ab initio studies of hydrogen dimers and its isotopologues are challenging. The necessity of high accuracy
with combination of mulitidimensionality of the potential energy surface (PES) makes it hard to verify the result
against an experimental data.

In this work, we provide an accurate model for calculation of the dimer bound states using different PES and
we suggest to use a bound-to-bound CIA spectra of (D2)2 dimer as a sensitive check of them. The results for
different potentials is given in Fig. 1.
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Fig. 1: CIA bound-to-bound spectra of (D2)2 for three different potentials by Schaefer and Köhler (SK) [3], Diep
and Johnson (DJ) [4] and Hinde (H) [5] in comparison with the McKellar and Schaefer experimental results [7]
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Interaction of N atoms with laser radiation can differ significantly from the single atom physics. While prob-
ing a sample of high density, there is a pronounced anisotropy of the light scattering pattern, with an enhanced
scattering in the forward and backward direction, compared to transverse directions. As a consequence, reduction
and broadening of the laser induced force on the atomic cloud’s center of mass in the forward direction can be
observed. If, however, the atoms are located inside a high-finesse optical cavity, light-atom interaction can change
even further compared to free space. Since all the atoms are coupled to the same cavity mode, there is a collective
atom-cavity coupling proportional to the number of atoms. This collective coupling can shift the cavity resonance
significantly as the atoms move through the cavity potential, resulting in a complex coupled dynamics. This cou-
pled dynamics can even be used to cool and trap the atoms in the cavity mode, relying on the photon loss out
of the cavity as a dissipation mechanism, instead of the spontaneous emission as in the standard Doppler cooling
techniques. This cavity cooling technique could, in theory, be used to cool any polarizable particles, regardless of
their internal energy structure [1].

In free space, we experimentally investigated the signature of collective effects in a cold cloud of 87Rb atoms
by probing the cloud with a femtosecond pulsed laser, whose spectrum forms a frequency comb (FC). We observed
reduction and broadening of the FC-induced force on the cloud as the cloud’s optical depth increases. We compared
the measured results with two theoretical models, developed for cw interaction, and found good agreement [2].

With a horizontal high-finesse optical cavity mounted inside the vacuum chamber, we loaded the atoms in
the center of the cavity and probed them longitudinally, pumping the cavity mirrors with a cw laser. Tuning the
probing laser dozens of linewidths to the blue of an atomic transition (where heating, at most, is expected for free
space scattering), we observe trapping of the atoms along the cavity axis, as well as slowing of the cloud’s free
fall along the vertical axis due to gravity. This shows a collective dynamic that cannot be explained by standard
free space scattering of atoms. We plan to investigate this dynamics even further, pumping the atoms transversally
to the cavity axis (where phenomena like spontaneous self-organization are expected) and replacing the cw laser
with a frequency comb [3]. Modes of the FC can be matched with the cavity modes, coupling a large number of
frequencies into the cavity which creates a more complex potential, compared to a single-frequency standing wave.

Fig. 1: a) Reduction and broadening of the free-space FC-induced force for different optical depths b0 of the cloud.
Solid lines are theoretical predictions based on a Timed-Dicke state model, and the force values are scaled to the
single atom value. b) Absorption images of the MOT cloud without (blue) and with (red) the interaction with
a cavity beam. On the left, data along the horizontal (cavity) axis and the vertial (direction of gravity) axis are
shown. The corresponding 2D images, from which the graphs were extracted, are shown on the right.
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Experimental study of an ensemble of cold atoms placed in a spatially and spectrally selected, discrete, resonant
mode of a high finesse optical cavity can yield precious insight into the dynamics of photon-atom interaction. The
dynamics of both the atoms and the light field have to be taken into account for understanding such systems, which
is the generic feature of cavity quantum electrodynamics [1]. The atoms not only move under the forces from
the light field but exhibit a strong back action on the state of the field [2]. While the light field is influenced by
the averaged interaction with the atoms, the “optical centre of mass” [3], individual atoms communicate between
themselves through their mutual coupling to the cavity field mode [4] leading to various collective light scattering
and synchronisation effects.

We experimentally demonstrate the collective self-trapping of atoms in a laser-driven optical resonator. Self-
trapping has been demonstrated before based on the nonlinear interaction between ultracold atoms in a bosonic
Josephson junction [5]. In our system however, the dynamically coupled cavity field is the key to the effect.
The laser frequency is tuned away from the mode resonance such that the light cannot penetrate into the optical
resonator. However, when atoms are present, the mode frequency is pulled closer to that of the driving laser, and
light is injected into the cavity. This light is far detuned from atomic resonances, so its mechanical effect is limited
to the optical dipole force. In the case of red detuning, with respect to the atomic resonances, the field creates
an optical dipole trap, attracting atoms towards the field maxima, i.e. the antinodes along the cavity axis. In a
cavity-based, dynamic, optical trap the collective effect of the atomic cloud is needed to let the necessary amount
of light into the cavity. Therefore, whereas a single atom would not be trapped, a cloud with a sufficient number
of atoms will be captured in the cavity mode volume under the same external conditions. Such an effect has now
been observed.

In order to study the self-trapping effect quantitatively, we need to define a characteristic trapping time. We
opt for the definition that the trapping time is the interval between the point of maximum transmission and the
midpoint between that and minimum transmission, corresponding to the empty cavity. A typical example of the
time evolution of the cavity output power, along with the representation of the trapping time is shown in Fig.1.
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Fig. 1: Time evolution of the cavity output power with 5 µs resolution. The left panel shows a single recorded
trajectory, where the non-trivial motional dynamics of the atomic cloud in the dynamically changing cavity field
leads to various oscillatory features. As this depends heavily on uncontrolled initial conditions, averaging over ten
such trajectories reveals a simple deterministic evolution, as shown in the right panel.
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The behaviour of ultracold trapped fermionic gasses is dictated by Fermi-Dirac statistics, and therefore very
different phenomena are observed than for bosonic gasses. In particular, the Pauli exclusion principle inhibits
the collision of two identical fermions in the s-wave channel, resulting in a suppression of collisions within spin-
polarized degenerate Fermi gases of atoms cooled below the milliKelvin regime, as the p-wave channel processes
are basically negligible at that temperature. This effect is commonly used for the realization of atomic clocks based
on fermions trapped in optical lattices so that the measured transition frequency is free from collisional shifts.

However, despite their suppression in a spin polarized sample, collisions can still occur because of depolari-
sation induced by spin-dipole interaction in the sample. Metastable Helium (in the 23S1 state) possesses a large
internal energy of 19.8 eV, which is sufficient for Penning ionization to occur when a pair of atoms collide. Depo-
larization due to spin-dipole interaction in an optically trapped gas will thus result in losses through two processes:
the first corresponds to spontaneous spin-flips with a gain of kinetic energy sufficient to escape the trapping poten-
tial (spin relaxation), and the second involves immediate ionization after a spin flip (relaxation-induced Penning
ionization).

The rates of these two processes have been calculated in the case of the 4He isotope in the presence of an
external constant magnetic field [1][2], as shown in Fig. 1. Interestingly, the calculated value of the applied
magnetic field at which the minimum spin relaxation rate is obtained is highly dependent on the molecular potential
of the 5Σ+

g electronic state of the colliding pair, allowing to experimentally constraint ab-initio calculations of such
a potential. However, the bosonic nature of metastable 4He, where s-wave collision channels are allowed, lead to
three-body recombination dominated losses, making the determination of the spin relaxation contribution difficult
[3]. In contrast, an optically trapped degenerate Fermi gas of 3He∗ is an ideal candidate for such a measurement as
s-wave collisions are strongly suppressed.

In our experiment we prepare degenerate Fermi gases of metastable 3He confined in an optical dipole trap at
1557 nm. A bias magnetic field is then turned on and the evolution of the number of atoms is measured to extract
the rate of the spin relaxation process. We will present our experimental results and compare them to theoretical
calculations for 3He that we performed.

Fig. 1: Dependance of the calculated spin relaxation (left) and relaxation-induced Penning ionization (right) rates
on an applied magnetic field for metastable 4He.
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Reaction between a molecule and a Rydberg atom: studying n-changing
processes in He(n) + CO→ C(n′) + O + He
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Ion-molecule reactions are usually challenging to study at low temperatures. In recent years, an approach based on
merged beams of molecules (A) in the ground state and a Rydberg species [B(n)] has been shown to be a successful
way of studying A+B+ reactions, making it possible to reach collision energies as low as∼ kB ·100 mK [1-3]. We
present experimental studies of the reaction between CO molecules and helium atoms excited to Rydberg-Stark
states [He(n)] in a merged-beam apparatus. The supersonic beams of CO and of He(n) excited to states with
principal quantum number n in the range 27−45 are merged with a surface deflector [4,5]. The product ions are
collected in a time-of-flight mass spectrometer and detected with a micro-channel plate detector.

In previous studies [1-3], the reaction between a Rydberg atom and a molecule was considered to be equivalent
to the corresponding ion-molecule reaction. The Rydberg electron typically acts as a spectator and its only role is to
shield the ions from stray electric fields [6-8]. In reactions forming molecular Rydberg states with rovibrationally
excited ion cores, autoionization promptly releases the electron. In the He(n)+CO reaction, however, long-lived
atomic C(n′) atoms are formed. This reaction system thus offers the possibility to study n-changing processes
taking place before and during the reaction.

We study the Rydberg-Stark-state distribution of the He(n) atoms and of the C(n) products experimentally by
pulsed-field ionization [see Fig. 1(a)] and theoretically. The integrated signal from pulsed-field ionized He(n) and
C(n) recorded with different electric field values is compared to the predicted diabatic ionization for a distribution
of Rydberg-Stark states. The He sample initially excited to a specific n state is redistributed among a number
of states prior to the reaction via fluorescence and blackbody-radiation-induced transitions during the 85-µs time
between excitation and detection. We calculate the rates of these radiative processes and include them in Monte
Carlo simulations to model the evolution of the He(n) population and its n-distribution. The agreement between
the modeled ionization and the measured ionized He(n) signal in Fig. 1(b) confirms that a range of Rydberg-
Stark states of He are populated. The discrepancy between experimental and modeled ionization of C(n) can be
explained by the different ionization dynamics of C(n) or changes in the Rydberg state during the reaction. This
finding indicates the validity of the Rydberg-electron-spectator model.
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Fig. 1: (a) Time-of-flight mass spectra of the He(n)+CO reaction with He atoms initially excited to n= 35 Rydberg
states at several electric fields. (b) Integrated pulsed-field ionization signal of He(n) (open circles), initially excited
to the n = 35 state and C(n) (black dots). The modeled ionization signal that accounts for the distribution of n
states shown in the inset (single-n state) at the time of ionization is represented by the orange (green) line. The full
(dashed) vertical line in (b) corresponds to the adiabatic (diabatic) ionization threshold of atoms with n = 35.

References
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Narrowing of Spectroscopic Linewidths through Pauli Blockade of
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We demonstrate, for the first time to our knowledge, the effect of Pauli Blockade on stimulated emission, and its
effect on spectral line shapes.

When fermionic atoms are cooled to quantum degeneracy, their quantum statistical behaviour starts to dominate
the atom dynamics and interactions, leading to many interesting phenomena. In our experiment, we prepare
degenerate Fermi gases (DFG) of 3He in the metastable 23S1 (F = 3/2) state, which we excite to the 21S0 (F =
1/2) state with a frequency-comb referenced stable laser at 1557 nm. A spectrum is recorded by observing the
remaining 23S1 fraction after excitation. The atoms are confined in a dipole trap at the magic wavelength, where
they experience no differential AC Stark shift from the trapping light, and thus the spectral lineshape (at low
intensity) is purely determined by Fermi-Dirac statistics.

Here, we demonstrate that our spectroscopic linewidth is reduced compared to the expected Doppler broadened
profile based on the DFG momentum distribution [1,2]. We explain this as an effect of Pauli blockade, which
strongly inhibits stimulated emission from the 21S0 back to the 23S1 state for the densely occupied low-momentum
states. This effect is seen because of the much larger finite linewidth of the laser (a few kHz) compared to the trap
level spacing. The sparsely occupied high momentum states (contributing most to the Doppler broadening) are
less affected by the blockade and have a higher probability to de-excite to the metastable state through stimulated
emission, effectively narrowing the line.

As an experimental verification, we decrease the lifetime of the 21S0 state through optical pumping to the
short-lived 41P1 level with 397 nm light, thus strongly decreasing the probability for stimulated emission at 1557
nm and lifting the effect of the Pauli blockade. We show that for a wide range of 397 nm laser powers, the Doppler
broadened linewidth is retrieved, and we find excellent agreement between modelled line widths and experimental
data over a range of thermodynamical parameters of the DFG.

This experiment explores a new facet of exotic phenomena related to Pauli blockade in degenerate Fermi gases
based on suppressed stimulated emission, while several other experiments recently demonstrated its effect on
inhibition of spontaneous decay [3,4,5]. Moreover, the narrowing effect is beneficial for the purpose of precision
spectroscopy and could provide a new tool in developing precision measurements on trapped fermionic samples.
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One of the main goals of studying cold matter is to broaden our knowledge of mechanisms underlying chemical
reactions. Recent advances in the field of cold matter experiments ([1],[2]) bring us closer to observing how
chemical reactions may be precisely controlled. Feshbach resonances, which we observe in cold regime, are a
quantum phenomenon playing a crucial role in the results of atom and molecule collisions. Alkali atoms and
helium are good examples to observe due to their simple structures. Here we are examining a model system in
which chemical reaction controlled by external field can be studied: the cold collisions of Li atoms with metastable
helium (labelled as He*) in magnetic field.

He*-Li molecules may come in one of two spin states: a stable, spin-polarized quartet state and unstable,
lowspin doublet state, in which we observe the Penning ionization. The bound states are mixtures of these two
states.

To describe them we use two interaction potentials: a real, published before Morse/Long- Range potential de-
scribing quartet state and a predicted, theoretical complex potential of doublet state. To characterize the lowenergy
collisions we use the renormalized Numerov method and discrete variable representation.

As we are interested in dependency on external magnetic field, we also consider Zeeman effect, which allows
us to carefully shift Energy levels. Using this, we may tune our system to allow Feshbach resonances to happen.
In proximity of resonances, we expect to observe increased rate of inelastic reactions, and thus ion production.
Depending on the composition of these two states, the Feshbach resonances, which originate from them, might
have different loss rates and shapes. Taking advantage of the mentioned properties we may, for the first time,
observe chemical reactions induced by magnetic field.
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The Penning ionization (PI) processes in cold gas media of alkali atoms are investigated in this contribution. The
corresponding autoionization widths show a drastic dependence (by orders of magnitude) on the orbital quan-
tum numbers of Rydberg atoms involved in a long-range dipole-dipole interaction. Nontrivial dependence of PI
efficiency on the size of colliding particles was considered, with a particular accent to the applications for the re-
search of cold matter created in experiments with magneto-optical traps. We described analytically optimal, highly
asymmetric configurations of atomic Rydberg pairs, which lead to explosive intensification (by several orders of
magnitude) of free electron escaping due to PI [1]. This property may be favorable for the generation of primary
(seeding) charged particles when a cold Rydberg medium evolves into a cold plasma. Under the frame of the
semiclassical approach, we obtained universal analytical formulas containing two fitting parameters which allow
one to evaluate PI rate constants. We have calculated both the optimal {nili,nd opt ld} pairs and the correspond-
ing reduced Penning autoionization widths Γ́opt(nili) for different configuration of alkali atoms and presented the
results obtained in the tabulated form. As an example, the case of p-states (li = ld = 1) for H and Na atoms are
provided in Fig. 1.

Fig. 1: The optimal ni – nd opt pair and the corresponding reduced autoionization width Γ́opt(nili) in the cases of
sodium and hydrogen atoms with li = l +d = 1.
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Transmission-blockade breakdown phase transition of atoms in a cavity
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We demonstrate, both theoretically and in practise, a novel type of phase transition in a many-atom cavity QED
system. The light transmission of a laser-driven optical resonator can have two distinct, robust states depending
on the state of an ensemble of cold atoms trapped within the cavity mode. Atoms in their initially prepared pure
state blockade the transmission by causing a large detuning of the cavity mode from the laser drive. The atoms can
transition into an uncoupled state via a non-linear channel which is suppressed in the blockaded phase, however,
opens up in a critical run-away process to guide the whole cavity system into a transparent phase. The experiment
allows for a time-resolved direct observation of the transition between two phases as well as the quantification of
the enhanced fluctuations in the critical region.

Fig. 1: Schematic summary of a new type of phase transmission, dubbed a transmission blockade breakdown,
where different colours represent different repetitions of the same experiment. The time evolution of the transmitted
intensity is plotted (above), exhibiting the switch from the blockaded phase into a transparent one. The transition
is accompanied by the increase of thermal fluctuations, represented by thermal photon numbers, as extracted from
the photon statistics of the transmitted light.

*Corresponding author: thomas.clark@wigner.hu
†Corresponding author: dombi.andras@wigner.hu

104



Observing quantum-speed-limit crossover with matter wave
interferometry

Gal Ness*1, Manolo R. Lam2, Wolfgang Alt2, Dieter Meschede2, Yoav Sagi1, Andrea Alberti2
1. Physics Department, Technion – Israel Institute of Technology, Haifa 32000, Israel

2. Institut für Angewandte Physik, Universität Bonn, D-53115 Bonn, Germany

Quantum mechanics sets fundamental limits on the speed at which quantum states can transform over time. Two
well-known quantum speed limits are the Mandelstam-Tamm (MT) and the Margolus-Levitin (ML) bounds, which
relate the maximum rate of evolution to the energy uncertainty and mean energy of the system, respectively. We
perform fast matter wave interferometry experiments and track the motion of a single atom in a spin-dependent
lattice. This setup constitutes a multi-level quantum system in which we concurrently test both speed limits. Our
data reveal two different regimes: one where the MT limit constrains the evolution at all times, and a second where
a crossover to the ML limit occurs at longer times. We take a geometric approach to quantify the deviation from
the speed limit, measuring how far the quantum evolution of the matter wave deviates from the geodesic trajectory
in the Hilbert space of the multi-level system. Our results[1], establishing the role of quantum speed limits beyond
the simple two-level system, are important for understanding the ultimate performance of quantum computing
devices and related advanced quantum technologies.

For time-independent Hamiltonian, the ML and MT bounds restrict the maximal state evolution rate via the
two-time state overlap by means of the mean energy above ground state E ≡ 〈Ĥ〉 and the energy uncertainty
∆E ≡ 〈Ĥ2−E2〉1/2, respectively:

|〈ψ(0) |ψ(t)〉| ≥ cos

(√
πEt
2h̄

)
, |〈ψ(0) |ψ(t)〉| ≥ cos

(
∆Et

h̄

)
. (1)

Each of these limits is valid until the corresponding orthogonalization time: τML ≡ π h̄/(2E) and τMT ≡ π h̄/(2∆E).
Exploiting fast Raman-Ramsey interrogation technique, we obtain the two-time state overlap 〈ψ(0) |ψ(t)〉 as a
function of time t. The temporal evolution of the Ramsey fringe contrast directly translates into the modulus of the
overlap, as its phase provides the overlap’s argument. We also extract E, and ∆E, that enable the testing of Eq. (1)
and quantify the distinction of the actual state trajectory from the limit.

Fig. 1: Quantum-speed-limit crossover, reproduced from [1]. Measured orthogonalization times, τML and τMT,
displayed through their reciprocals, with n the quantum number characterizing the initial wave packet shape. When
∆E < E (and thus τML < τMT), the dynamics are restricted by the MT bound only. However, if τMT < τML,
a crossover to the ML bound is manifested at longer times. Shades in color identify the ML regime, where a
crossover manifests at time τc, as opposed to the MT regime (uncolored area), where no crossover occurs. Inset
highlights data points in the ML regime. Values are expressed in units of the reciprocal of the trap oscillation
period, which is around 16µs.
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Ultracold heteronuclear diatomic molecules have become a platform for research in many areas such as exami-
nation of fundamental physics. Among other techniques to achieve cold samples of molecules, laser cooling is a
reliable and feasible method. Laser cooling of molecules faces more obstacles compared to that of atoms due to
their complex energy level structure i.e. their vibrational and rotational degrees of freedom. However, for some
specific molecules, this can be overcome by carefully choosing a suitable molecular transition. Here, we study
the laser cooling of Thallium Fluoride (TlF). In addition to the investigation of the violation of parity and time-
reversal invariance, this molecule is attractive for measuring the Schiff moment of the Tl nucleus due to its high
polarizability and high mass. In principle, optical cooling requires optical cycling between the ground state and
the excited state of the molecule. Loss of even a very small fraction of the population to other energy levels, so-
called dark states, prevents having as many times absorption and emission cycles as needed for cooling. We seek
to identify suitable external fields to inhibit population trapping in the dark states during the laser cooling of TlF
using quantum optimal control and the concept of mutually unbiased bases.
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Feshbach resonances in half-collisions between para/ortho H+
2 and He
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Novel experimental setups allow collision energies to be tuned to sufficiently cold temperatures, such that fun-
damental quantum phenomena such as resonances begin to emerge. In particular, 4He−H+

2 half-collisions can
be prepared via Penning ionisation in merged supersonic beams of 4He∗ and H2. These collisions reveal signifi-
cant differences in rotational distributions when using either para or ortho H+

2 as a collision partner. We provide
an explanation of the observed disparity in terms of the dominating influence of Feshbach resonances in the vi-
brationally excited states of the two spin isomers. Numerical simulation of the half-collision process, utilizing
a state-of-the-art potential and full coupled channels calculations allows us to study the character of these reso-
nances. Our calculations show that this character depends sensitively on the mass of the utilised helium isotope as
would be expected for Feshbach resonances.
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Doppler cooling of atoms with a frequency comb: Rb theoretical case
study

D. Buhin* 1, N. Šantić1, M. Kruljac1, V. Vulić1, T. Ban1, D. Aumiler1
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Optical frequency combs (FCs) are unique sources of light, with applications ranging from high precision spec-
troscopy to quantum communication. In the recent literature, there were demonstrations of frequency comb cooling
of atoms and ions [1-3] as well as simultaneous cooling of multiple atomic species [4]. These demonstrations are
opening the way towards the cooling of atoms with strong cycling transitions in the VUV spectral range such as
hydrogen, oxygen and other biologically important atoms. In order to fully understand the comb cooling exper-
imental results and provide physical insight into the comb-atom interaction, it is crucial to develop theoretical
models that describe the interaction of multi-level atoms with the frequency comb.

In this work we present the theoretical model that quantitatively describes the interaction of six-level atoms
with two counter-propagating beams of a frequency comb, i.e. 1D Doppler cooling of Rb atoms with a frequency
comb. The temporal evolution of the atomic system is described by the optical Bloch equations, and stationary
state solutions for the excited state populations are used to calculate the radiation pressure force and diffusion
exerted on atoms. The steady-state temperature of the atoms is then calculated using the Fokker-Planck equation.

We use the developed theoretical model to study the complex interplay of comb parameters and the atomic
energy level structure that drives the comb cooling process. The radiation pressure force of a frequency comb,
which consists of many equidistant comb modes, is much more complex than in the case of standard continuous-
wave laser cooling. Consequently, even slight changes in comb parameters can lead to significant changes in the
radiation pressure force and diffusion, and therefore to the final temperature of atoms. We analyze how the comb
parameters affect the cooling process and provide some general guidelines regarding the effective use of frequency
combs in the laser cooling of atoms.
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Fig. 1: Radiation pressure force in 1D frequency comb cooling of Rb atoms as a function of atomic velocity, for
two nearby pulse repetition frequencies.
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Measuring densities of cold atomic clouds smaller than the resolution
limit.
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Laburthe-Tolra1,

1. Laboratoire de Physique des Lasers, CNRS, UMR 7538, Université Sorbonne Paris Nord, F-93430 Villetaneuse, France

The cold atoms community explores the physics of dense cloud of atoms, which reveal interesting phenomena
in extremely small and local features such as vortices, density fluctuations, etc. Resolving such structures is a
difficult but rewarding problem that prompted important technical developments, using for example fluorescence
imaging with high-resolution objectives [1], the newly demonstrated quantum gas magnifier [2], super-resolution
imaging [3],[4]. In the case of standard absorption imaging of extremely small and dense objects, the Beer-Lambert
law is non linear and cannot be averaged over the imaging resolution. This excludes the imaging of small features,
and can also significantly distort large features.

We experimentally demonstrate that it is still possible to accurately measure the size and local density of
an object, even when this object is smaller than the imaging resolution, taking benefit of the non-linearity of
the Beer-Lambert law. The number of photons absorbed by a given number of atoms depends on the size of
the sample especially when it becomes optically dense. The method relies on making an ansatz on the cloud
shape along the unresolved dimension(s), and providing an additional information such as the total number of
atoms. We experiment our method to measure transverse sizes as small as one fifth of our imaging resolution of
in-situ absorption images of quasi-1D 87Sr Fermi gases. The measurement is in good agreement with theoretical
predictions. Moreover, we show that the distorted image of density profiles along the long axis can be reconstructed
in agreement with theoretical predictions of Fermi distributions.

Fig. 1: Recovering density profiles from distorted absorption images of quasi-1D tightly confined gas. a) Cross
section along the unresolved short axis of the column density imaged by absorbtion imaging. The raw data (black
squares) shows diffraction fringes leading to negative optical depth. The red line is the result of our method
using a gaussian shape ansatz along the unresolved axis. b) Density per unit length along the resolved long axis,
n1D(y) =

∫
dxn(x,y) deduced either by integrating the pixelated optical depth along the short axis (”raw data”,

black dashes), or by our method (black hash, the area of which describing the uncertainty). The two red lines are
Gaussian fits for the raw data (upper normalized residuals at c)) and for the 1D density obtained by our method
(lower normalized residuals d)). c) The residuals show that the raw data differs significantly from the expected
Gaussian shape of a thermal gas. d) Our method recovers this expected Gaussian shape.
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A short coherent flash of light is emitted in the forward direction by an optically thick medium, when a quasi-
resonant probe beam is switched-off abruptly [1]. The coherently transmitted field Et can be decomposed into the
incident field Ei and a two-level forward scattered field Es, i.e., Et = Ei +Es. Due to the finite response time of
the atoms, we have Ei = 0 and Et = Es at the moment of probe extinction, enabling a measurement of the forward
scattered field from a flash measurement [1]. Furthermore, the lifetime of the flash is cooperatively shortened, and
scales as τ f ∼ 1/b0Γ [2], where Γ is the natural linewidth of the transition and b0 is the resonant optical thickness
at zero temperature. Here, we present two studies that go beyond the case of two-level system at low saturation.

In the first case, we study the flash effect at high saturation of a two-level transition in cold strontium atoms [3].
At high saturation, inelastic scattering of light by the atoms becomes important. Nevertheless, our experimental
result is consistent with only the elastic scattering contributing to the forward scattered light. This is expected
since Es is coherent with Ei . We then derive an analytical expression, close to resonance at high saturation, to
compute the total power of elastic scattering from the forward scattered power. By measuring the forward scattered
power through the flash effect, we can compute the elastically scattered power in our experiment, and find a good
agreement at high saturation with simulation results based on Maxwell-Bloch equations (see left panel of Fig. 1).

Fig. 1: (left panel) Comparison between experimental measurement of the total elastically scattered power, with
the simulated values based on Maxwell Bloch equations. This probe detuning is δ/Γ = −2. A good agreement
is obtained at large saturation parameter. (right panel) The upper 2D plot presents the flash intensity during probe
extinction. We assume that there is no ground state decoherence, b0 = 200, and Ωc = γ21/2 with γ21 is the natural
linewidth of the probed transition. The inteference fringe as a function of detuning can be observed over a wide
range of modulation period T . The lower plot shows the variation of inteference signal and contrast at different T .

In the second case, our theoretical study of the flash effect in an optically thick ensemble of three-level atoms
in Λ-configuration, reveals a self-aligning homodyne interference that allow a precise determination of the two-
photon resonance. In presence of electromagnetically induced transparency (EIT), the transmitted field decom-
poses into Et = Ei +Es +EEIT , where EEIT is the field of the EIT slow light. A flash is emitted when the weak
probe beam (targeting a transition of linewidth γ21) is abruptly turned off, while the control beam (Rabi frequency
of Ωc) is kept always on. Since EEIT has a long delay, it is involved in a homodyne inteference with the flash field
(Es). This interference is sensitive to the phase difference between Es and EEIT . Within the narrow transparency
window, the phase of Es remains constant while EEIT undergoes rapid change of its phase by π , over a small
probe detuning δp of π|Ωc|2/(b0γ21). The interference finge separation is narrowed due to the factor 1/b0, indi-
cating a cooperative enhancement of the sensitivity in detecting the two-photon resonance. The duty cycle of this
measurement can be increased with a periodic square pulse modulation of the probe beam. A strong interference
signal Imax and good fringe contrast is still maintained at short modulation period (see right panel of Fig. 1). This
technique could be a useful tool to measure the two-photon resonance for sensing applications.
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Ever since the first models of organic solar cells were proposed more than 40 years ago, the search for new
materials with the ability to produce a charge separation, necessary for photovoltaic applications, has kept drawing
the scientific community’s attention.

Organic photovoltaic devices usually achieve charge photogeneration by using charge transfer complexes,
which act as an intermediate step between exciton dissociation and charge extraction.

In order to capture the real time evolution of such electronic process, which takes place in the time range
between tens of attoseconds to a few femtoseconds, a sub-femtosecond time-resolution is required. Therefore,
in this work we propose the use of a pump-probe scheme employing ultrafast laser sources to track the charge
transfer process using as target a typical donnor-acceptor molecule in the gas phase. In particular, we investigate
the ultrafast dynamics following the excitation of para-nitroaniline (PNA), which has been extensively studied in
a solvent, both theoretically [1-3] and experimentally [1, 4-6], while scarcer works have been performed in gas
phase to date.

We thus propose the use of a pump-probe scheme, using a few-fs UV pulse to excite the target. The ensuying
electron-nuclear dynamics will be later probed by a time-delayed attosecond XUV pulse which will ionize the
molecule. The time-varying ionization yields are expected to capture the complex dynamics triggered in the
excited molecule.

In a first approach, using the fixed nuclei approximation, we retrieve the time evolution of the excited wave
packet by analyzing the electron density variation, computed through a transition density matrix formalism. The
imprint of these dynamics is later retrieved into the cation with the time-delayed absorption of the probe pulse.

We later explored how these electron dynamics evolved when coupled with the nuclear degrees of freedom,
when non-adiabatic couplings come into play. The coupled electron-nuclear motion is described by means of
a surface-hopping method, i.e. within a semi-classical picture. In short, the time-dependent wave function is
retrieved at each time step, computing the electronic structure on-the-fly by means of a quantum mechanical de-
scription, while the nuclear dynamics follows the classical equations of motion.

Fig. 1: Diagram of the pump probe scheme.
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In ARTEMIS [1] [2] laser-microwave double-resonance spectroscopy [3] will be used to measure the intrinsic
magnetic moments of both electrons and nuclei in heavy, highly charged ions (HCIs). This provides a probe of
strong-field quantum electrodynamics. Figure 1 shows the level scheme for boron-like argon and the transitions
used for the measurement. The fine structure and Zeeman transitions are shifted to the optical and microwave
regimes respectively. A closed optical cycle is used as a probe of successful induction of spin flips by microwave
stimulus.

The ARTEMIS Penning trap has two sections: the spectroscopy trap (ST) and creation trap (CT), and can
store ion densities up to 106 cm−3 for several days or even weeks. This is possible due to the vacuum pressure
< 10−15 mbar in the trap center, which is in turn made possible by a cryogenic environment at nearly 4 K. The ST
uses a half-open design for optical and ion access [3]. On the closed side spectroscopic access is provided by a
transparent endcap electrode with a conductive indium-tin-oxide coating. This provides≈ 2 sr conical access to the
trap center for irradiation and detection of fluorescence light. This is more than an order of magnitude greater than
conventional cylindrical designs with similar harmonicity and tunability. On the open side HCIs can be injected
from the adjacent CT, where they can be created in situ via electron impact ionization or captured from an external
source.

Currently, ARTEMIS is working toward a measurement of the 2p electron in a test ion, Ar13+, which has a
well known and accessible fine-structure transition. Also the experiment is preparing for capture of heavy, HCIs
such as Pb81+ and Bi82+ from the HITRAP facility at GSI.

Fig. 1: (Left) Schematic of the ST showing a double-resonance measurement of trapped ions. (Right) Level
scheme of Ar13+ with relevant spectroscopic transitions. νop denotes a closed-cycle optical transition, and dotted
lines are spontaneous or stimulated decay channels. The Zeeman transition of interest, νmw, is in the microwave
regime for the given charge state and magnetic field strength.
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Temperature is one of the most difficult physical quantities to measure. According to the recent revision of the
International System (SI), the unit kelvin is defined in terms of a fixed value of the Boltzmann constant [1]. Such
a definition encourages the development of primary thermometers operating in absolute mode [2, 3]. Here, we
report on a new implementation of Doppler-broadening gas thermometry, which appears to be a very promising
way for the pratical realization of the new kelvin. Our method is based on the precise observation of the shape of
the 6s2 1S0→ 6s6p 3P1 intercombination transition at 253.7 nm in mercury vapors, for a pair of bosonic isotopes,
namely, 200Hg and 202Hg. The generation of coherent UV radiation has been performed by means of double stage
Second Harmonic Generation (SHG) scheme. The pump laser is an external-cavity diode laser which emits at
1014.8 nm with a power level of about 65 mW. After a single passage through a periodically-poled lithium niobate
crystal, the near-infrared radiation is converted into green light at 507.4 nm and used for injection locking of a
high-power diode laser. Then, a second SHG process generates the 253.7 nm radiation through a β -barium borate
crystal placed inside a resonant cavity, employing the common bow-tie design. In this scheme, the measured UV
power is up to 250 µW. The realized source shows over 10 GHz mode-hop-free tunable range [4]. Laser-gas
interaction takes place inside an isothermal cell filled with mercury vapors. An important requirement for the
DBT experiment is the highly precise and accurate control of the laser frequency. To this purpose, the near-IR
pump laser will be stabilized against an ultra-stable optical reference at 1014.8 nm. Figure 1 shows an example
absorption spectrum obtained by scanning continuously the frequency of the near-infrared radiation across the
200Hg and 202Hg intercombination lines. The UV transmitted signal spectrum after the isothermal cell has been
recorded by using a silicon carbide (SiC) photodiode whose linearity of the responsivity in the deep-ultraviolet
region has been studied by using a variant of the intensity-ratio method [5]. We report on preliminary tests and
measurements characterizing the present status of the spectrometer. We also present a new determination of the
Einstein coefficient for the mercury intercombination line.
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Fig. 1: Hg absorption signal in coincidence with the intercombination transition at 282.15 K.
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Most strontium-based optical clocks employ a red-detuned optical lattice with wavelength of 813 nm to trap atoms.
For this wavelength (one of the possible magic wavelengths) scalar polarizabilities of ground and excited states of
clock transition are identical and the light shift of clock transition is largely suppressed. However, for a red-detuned
lattice atoms are loaded into maxima of light intensity which leads to undesirable higher-order light shifts which
can be difficult to compensate. On the other hand, atoms in a blue-detuned optical lattice (with magic wavelength
of 390 nm) are loaded into light intensity minima, reducing light-induced perturbations of clock transition.
We present experimental and theoretical results related to the development of the Sr optical atomic clock based
on a blue-detuned wavelength optical lattice at 390 nm. We determine photoionization losses for 1P1 and 3S1
states in 88Sr and perform a study of feasibility of applying blue-detuned lattice in optical clocks. We measure the
photoionization cross section of the 1P1 state of 88Sr at 390 nm by comparing the decay times of the blue MOT
fluorescence at 461 nm with and without the presence of the 390 nm probe light. For the photoionization cross
section for 3S1 state we measure light-induced atomic losses from the optical trap at 813 nm for various trap depths
during standard clock cycle with and without the presence of 390 nm beam. These photoionization cross sections
are then used to calculate photoionization loss rates for 1P1 and 3S1 states in blue-detuned lattice for different
lattice depths and compared with the natural decay rates of the two states. Finally, we consider atoms trapped in
vertical optical lattice. Due to presence of gravity, energies of atoms in adjacent lattice sites are not degenerate
and we therefore must calculate eigenstates of Hamiltonian (called Wannier-Stark states). These states consist of a
main central peak and two smaller ’revival’ peaks in side wells of the lattice. We calculate these states for a blue-
detuned lattice and compare with the more commonly used red-detuned lattice, giving us valuable information on
experimental requirements to ensure strong trapping of atoms in a blue-detuned lattice.

Fig. 1: The photoionisation cross section from the 1P1 state as a function of the wavelength of the ionising light
(Fig 1a). Photoionization rates for 1P1and 3S1 states for different 3D lattice depths for 390 nm magic wavelength
lattice (Fig 1b)

Fig. 2: Wannier-Stark states for different lattice depths for 390 nm (left) and 813 nm (right) magic wavelength
lattices
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in atomic deuterium

V. Wirthl*1, L. Maisenbacher1, A. Grinin1, D. Taray1, A. Matveev2,
R. Pohl1,3, T. W. Hänsch1,4, Th. Udem1,4
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Similar to atomic hydrogen, precision laser spectroscopy of atomic deuterium can be used to determine physical
constants and to test Quantum Electrodynamics. The isotope shift of the 1S-2S transition [1] links transition
frequency measurements between hydrogen and deuterium through the squared deuteron-proton charge radius
difference [2,3]. A combination of the 1S-2S transition frequency with additional measurements in deuterium
allows a determination of the deuteron radius independent of the proton radius [4]. These determinations are
however discrepant with results obtained in muonic deuterium [5], similar to the proton radius puzzle in hydrogen.
Contrary to hydrogen [6,7], no recent measurements in deuterium are available (see Fig. 1).

We are working towards a measurement of the 2S-6P transition in deuterium. In contrast to hydrogen, simulta-
neous excitation of unresolved hyperfine components can not be avoided for the 2S-6P transition in deuterium due
to the different nuclear spin and the selection rules. This complicates the situation and may lead to quantum in-
terference between unresolved components [8]. Since these effects depend on laser polarization, we developed an
improved active fiber-based retroreflector with a polarization monitor [9]. Furthermore, we find that in our case the
unresolved quantum interference is expected to be strongly suppressed, making a 2S-6P deuterium measurement
with similar precision as for hydrogen feasible.
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Fig. 1: Proton (left) and deuteron (right) charge radii extracted from precision spectroscopy of hydrogen and
deuterium, respectively. Each point is a combination of the 1S-2S transition measurement combined with a second
transition measurement shown on the left scale. Data points summarized in ‘2014 world data’ are shown in black,
the values from muonic hydrogen or deuterium in magenta, and recent spectroscopic measurements from regular
hydrogen in green. In contrast to hydrogen, so far no recent data is available in deuterium.
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Quinone methides (QMs), important intermediates in the chemistry and photochemistry of phenols, naphthols,
anthrols etc., attracted attention owing to their biological activity [1][2] and increasing number of applications in
organic synthesis [3][4]. However, the polar structure of QMs, which results in their high electrophilic and nucle-
ophilic reactivity[5], makes them usually short-lived [6], so that they cannot be stored and have to be generated
in situ. Among the methods for the generation of QMs, photochemical reactions are particularly appealing due
to their ability to temporally and spatially control the activation event. For the applications of QMs in biological
systems it is pivotal to fully unravel all details of the photochemical reaction mechanisms and characterize all
intermediates that exist from the moment of photoactivation to the generation of QMs in the ground state. In fact,
biological molecules may interact with these intermediates and thereby change reaction pathways and products
[7].

By using ultrafast transient absorption, photochemical generation of QM from naphthol and adamantyl-naphthol
in a solution at room temperature was tracked in real time with time resolution of 300fs. Pump beam wavelength
of 267nm was obtained by setting up a third harmonic setup at one branch of fundamental 800nm beam. Pump
energy per pulse was set up to be at around 250nJ. White light probe beam was generated in 3mm thick CaF2
window which was constantly displaced to avoid material degradation. White light spectral range was spread out
from 320nm to 700nm, hence, ultrafast dynamics in UV and visible part of the spectrum could be monitored. Time
window for dynamics monitoring depended on the length of translation stage which was 20cm long, therefore
dynamics in 1 ns time window could be monitored.

Surprisingly, although molecules possess the same chromophore (naphthol) the photochemical pathway of QM
generation by photodehydration is different. In the case of adamantyl-naphthol, ground state QMs are produced
directly via excited state QMs with no other intermediates or species participating in a reaction. In the case
of naphthol, naphthol radical cation and phenoxyl radical participate in a reaction. Naphthol radical cation by
deprotonation gives phenoxyl radical which decays by elimination of radical OH• giving QM.

Therefore by using ultrafast transient absorption, photochemical reaction pathway has been completely re-
vealed and all intermediates have been identified.

Fig. 1: Photochemical reaction pathways of QM generation from adamantyl-naphthol (left) and naphthol (right).
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Precision measurements of isotope shifts can provide a stringent test of fundamental physics, and potentially reveal
new physics beyond the Standard Model. When measuring the isotope shift for two transitions of very different
character in a given element, a so-called King plot analysis can be applied where any observed non-linearities may
indicate an as-yet unknown fifth force or non-gravitational coupling to dark matter. Non-linearities in the King plot
can also arise from effects within the Standard Model. Adding more transitions to the analysis can suppress these
effects [1] and potentially allows the contributions from new physics. Optical clocks are the ideal instruments to
achieve the required precision, reaching down to a fractional uncertainty below 10−18. However, investigations
to-date have focused on neutral or singly-charged atoms, which exhibit only a limited number of suitable electric-
dipole-forbidden transitions. By variation of the charged state this can be expanded to highly charged ions (HCI)
which would vastly increase the number of available transitions [2].

So far, the use of HCI for this purpose was prevented by the high temperature (≈MK) at which HCI are
produced and typically stored and the corresponding Gigahertz resolution from Doppler-broadening. This has
been overcome by extraction of HCI from a plasma in our electron beam ion trap (EBIT) [3] and transport to a
linear Paul trap, where a single HCI is recaptured and sympathetically cooled using Be+ [4][5]. Reduction to a
HCI-Be+ two-ion crystal allows for the use of quantum logic techniques for high-precision measurements, which
we have successfully demonstrated with 40Ar13+ [6]. Recently, we have shown the control of temperature-induced
motional shifts to a fractional uncertainty below 10−18 using algorithmic cooling [7], competitive with state-of-
the-art optical clocks. This will soon allow us to perform the first absolute frequency measurement of a transition
in a HCI with an accuracy below 1Hz, improving the value by more than six orders of magnitude.

We are planning to perform the first isotope shift measurement of a HCI with an expected relative uncertainty
below 10−15. As a proof-of-principle measurement we will compare our measurements in 40Ar13+ against the
rare isotope 36Ar13+, which we have successfully extracted from our HCI source (Fig. 1) and recaptured in the
Paul trap. Simultaneously we are preparing the measurement of isotope shifts in highly charged Ca. Injection of
Ca from a solid-state target into the EBIT has been demonstrated. In parallel with this work, a new Paul trap for
reduced systematic shifts and a new ultra-stable clock laser are being developed. This will allow spectroscopy of
Ca14+ at even lower levels of systematic uncertainty.

Fig. 1: Time of flight spectra of 40Ar13+ and 36Ar13+ after extraction from our HCI source. The different species
separate based on their charge-to-mass ratio and are readily identified using a microchannel plate (MCP) detector.
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In a molecular fountain [1], molecules are released upwards, decelerated and launched upwards by electric fields,
and observed as they fall back under gravity. This setup enables us to perform high-precision spectroscopy on
various molecules.

Our molecular fountain decelerates vertically moving ammonia molecules down from 300 m/s to 90 m/s using
a conventional Stark decelerator. These molecules are then further decelerated and launched upwards by a traveling
wave decelerator [2]. They are focused in the transverse direction by a quadrupole and in the longitudinal direction
by two ring electrodes. A focused UV laser then ionizes the molecules, the resulting ions are extracted and detected.

By exciting the molecules to a suitable vibrationally excited state, e.g. for ammonia the ν1 + ν3 overtone,
their Stark effect changes. Hence, they will be focused worse by the focussing electric fields. The density of
excited ammonia molecules in the detection zone will then be lower, thus providing an accurate way of finding
the transition frequency. There are two areas where the molecules can be excited, namely in the first field-free
region of the rising beam, or in the free-falling region of the rising and falling beams. The first option has more
molecules, hence it gives a clearer signal, but it does have a Doppler shift and a maximum interaction time of 5 ms.
The second option has an interaction time of up to 266 ms.

To perform the spectroscopic measurements, we lock a diode laser around 1520 nm to a frequency comb using
a phase lock. The linewidth of the infrared laser is then reduced to below 100 kHz. We can use this setup to
measure single photon transitions and plan to use it to measure Raman transitions and two-photon transitions as
well.

Fig. 1: Schematic view of the top part of the vertical beam machine showing the end of the traveling wave decel-
erator, the quadrupole lens system and simulated trajectories in red. The molecules are ionized by a UV laser and
imaged on a phosphor screen located behind a multichannel plate (MCP). The image is recorded using a charge
coupled device (CCD) and a photo-multiplier tube (not shown). The infrared laser (not shown) shines vertically
down from the top through the buncher rings.
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Matter-Wave Interferometry as a tool for Quantum-Enhanced Metrology
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The Viennese Long-baseline Universal Matter-wave Interferometer (LUMI) has opened new avenues for the explo-
ration of the wave-nature of massive particles. The universality of the grating mechanisms used in LUMI makes it
possible to explore, in the same instrument, the quantum behaviour of a large variety of different particles ranging
from single atoms to complex molecules, consisting of more than 2000 atoms, with masses of up to 28.000 u and
de Broglie wavelengths down to 40 fm [1].

LUMI is sensitive to external forces as small as 10−26 N. While this puts high experimental demands on the
vibration insulation and, for example, even necessitates compensation of the Coriolis force [2], it also makes
LUMI an ideal platform for atomic and molecular metrology applications. The versatile and modular design of the
interferometer allows for the introduction of precisely controlled electric and magnetic fields and provides optical
access for spectroscopy lasers. The universality of LUMI makes it possible to calibrate these fields to the well
known properties of particles such as alkali atoms and to then study the electronic, optical and magnetic properties
of a nearly unlimited variety of more complex particles with high precision and in free flight.

We demonstrate the capabilities of LUMI with new precision measurements of the polarizability of the fullerenes
C60 and C70 calibrated to cesium atoms [3], and of dynamically induced susceptibilities of tailored tripeptides [4].
We also study the magnetic properties of aromatic and non-aromatic hydrocarbons [5]. Finally, we present the
first measurement of ground-state diamagnetism of isolated neutral atoms and show the isotope dependence of
the interference visibility due to the nuclear magnetic moment, thereby demonstrating a new method for isotope
selection [6].

Fig. 1: LUMI is a three-grating, Talbot-Lau-type interferometer with an overall span of 2 m. The central grating
G2 can be toggled between a SiNx mask, which is preferable for fast particles with low polarizablity such as single
atoms and small molecules, and an optical phase grating, which is required for more massive and highly-polarizible
particles. Precisely controlled, homogeneous electric and magnetic force-fields can be applied through specially
designed electrodes and magnets. Monitoring the resulting shift of the interference pattern with nanometer resolu-
tion allows for the detection of forces as small as 10−26 N.
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Optical clock experiments based on precision spectroscopy of a single trapped ion has become increasingly
more accurate over the past decades and enables the search for new physics with high sensitivity [1]. The resolution
of these systems is nowadays limited by the poor signal-to-noise ratio of a single ion. Therefore, scaling to 1D ion
Coulomb crystals, while preserving the accuracy, is highly desirable. In the field of quantum simulation, scaling to
even 2D or 3D systems is becoming more realistic and enables simulations of more complex Hamiltonians [2]. We
have investigated motional effects in ion Coulomb crystals and calculated the influence of these effects on precision
spectroscopy and coherent manipulation of higher dimensional systems [3]. By characterizing motional heating
in linear chains of ions especially under the influence of the radio-frequency (rf) trapping field, we were able to
extrapolate theoretically to 2D and 3D crystals see Fig. 1(a)), where exposure to high rf fields is inevitable. We
further calculated time dilation shifts and thermal decoherence effects of each individual ion due to their thermal
motion.
With the obtained knowledge on the influence of motional heating, we are performing precision experiments to
test local Lorentz invariance (LLI) with trapped 172Yb+ ions to search for physics beyond the Standard Model.
After demonstrating coherent excitation of the highly forbidden electric octupole (E3) transition [4], we are able
to exploit the high intrinsic sensitivity to Lorentz violation of the meta-stable (τ ≈ 6 years) 2F7/2 state [5], where
we perform rf spectroscopy of the individual Zeeman sublevels using a composite pulse scheme which suppresses
magnetic field noise [6], see Fig. 1 (c). This combination allows us to profit from long interrogation times and
enables scaling of the ion number. We are currently working on the first demonstration of this technique with a
single Yb+ ion, after which we will scale it up to ≈ 10 ions to improve on the current test of LLI [7].
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Fig. 1: (a) An image of a 3D 22-ion helix shaped crystal used as an example to calculate motional heating and
spectroscopic properties. (b) The simulated ion crystal and a spline to indicate more clearly the helix structure.
(c) A simplified energy structure of 172Yb+ and a zoom-in of the Zeeman sub-levels of the meta-stable 2F7/2 state.
The wavefunctions of the m j=±1/2 state and the m j=±7/2 are orthogonal and, therefore, Lorentz violation may
be observed by detecting the energy splitting while the earth rotates. A composite rf pulse sequence (Dynamical
Decoupling) is used to suppress magnetic field noise.
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Promising atomic-physics based searches (for a recent review, see [1]) for phenomena beyond the current Standard
Model (SM) of particle physics are feasible through isotope-shift spectroscopy, which is sensitive to a hypothetical
fifth force between the neutrons of the nucleus and the electrons of the shell [2,3]. Such an interaction would be
mediated by a new particle, which could in principle be associated with dark matter. In so-called King plots, the
mass-scaled frequency shifts of two optical transitions are plotted against each other for a series of isotopes. Subtle
deviations from the expected linearity could reveal such a fifth force. Since highly charged ions (HCI) are expected
to be most suitable for this purpose [4], we study experimentally and theoretically six forbidden transitions in ions
of Ca, an element with five stable isotopes of zero nuclear spin. Some of the transitions are suitable for upcoming
high-precision coherent laser spectroscopy and optical clocks. Our results [5] provide a sufficient number of clock
transitions which enable an application of the generalized King plot method [6], also in combination with those
of singly charged Ca+ [7,8]. This will allow future high-precision measurements to remove higher-order SM-
related nonlinearities and open a new door to yet more sensitive searches for unknown forces and particles. We are
currently investigating also optical transitions of Xe HCI. Since this element has an even greater number of stable
isotopes with zero nuclear spin than Ca, this will extend the reach of the generalized King plot method [6].
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Fig. 1: Fits to the Zeeman components of the studied optical transitions. Magenta arrows mark their positions and
relative intensities. The inset shows simplified level diagrams with total angular momentum J [5].
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A possibility to experimentally measure the time spent by an electron under the potential barrier during its tunnel
ionization from an atom or molecule has remained the subject of active discussions during several past decades
(see recent review [1] and references therein). It is now almost generally accepted the this time itself is not an
observable and can only be defined within some model and then extracted from the experimentally measurable
momentum distribution of photoelectrons. In other words, this value is model-dependent. Notwithstanding that,
discussions of different approaches and algorithms for extraction of the tunneling time delay remain in the focus
of the strong-field atomic physics, see e.g. [1-5] for an overview.

Models underlying the tunneling time concept in strong-field ionization typically involve pictures based on
classical trajectories the electron moves along starting from some spatial point known as the tunnel exit. Within
this framework, it is usually assumed that, if no tunnel delay takes place, the electron appears in the continuum with
the highest probability at such time instant t0 = tm that the absolute value of the electric field E(tm) of the laser wave
is maximal. The subsequent motion of the electron is dictated by Newton’s equation whose solution establishes the
mapping t0→ p with p being the photoelectron momentum in the detector. A high-resolution measurement of the
photoelectron distribution allows determining the most probable momentum with an accuracy sufficient to localize
the corresponding time t∗ of the electron’s “birth” within a few attoseconds. If the time instants t∗ and tm appear
different, this can be interpreted as a consequence of the delayed electron escape. Within the single-active-electron
picture of ionization (explicitly valid for the hydrogen atom and applicable as a good approximation for ionization
of complex atoms in low-frequency laser fields) the value of this delay is identified with the time spent under the
potential barrier.

In this work, we demonstrate that, regardless of the hypothetical tunneling time delay, a small time shift (of
any sign) between the maximum tm of the electric field amplitude value and the value t∗ which can be extracted
from position of the momentum distribution maximum, can emerge due to asymmetry of the laser pulse. Using the
Strong Field Approximation [6-8] and its interpretation in terms of complex-time trajectories [9] we show that the
difference between the two times is

∆t = tm− t∗ ' aγ2/ω (1)

where ω is the laser field frequency, γ is the Keldysh parameter [6,9] and the dimensionless coefficient a depends on
the waveform E(t). In the static-field limit γ → 0, ∆t→ 0, and the tunneling proceeds with the highest probability
at the field maximum. For some special waveforms including symmetric pulses E(tm + τ) = ±E(tm − τ) the
coefficient a ≡ 0 so that ∆t = 0 too. However, in time-dependent fields of arbitrary pulse shape, the shift (1)
appears nonzero and can span from a few attoseconds to hundreds of attoseconds, depending on the waveform E(t)
and the Keldysh parameter. We demonstrate the appearance of this shift and numerically investigate its parametric
dependence for ionization of hydrogen by a 5-cycle circularly polarized pulse of intensity ≈ 1014W/cm2 and
wavelength λ = 800nm and different degrees of asymmetry. For these parameters and the degree of the electric
field waveform asymmetry on the level of 10%, the shift (1) appears a few attoseconds, which is comparable to the
accuracy of the experimental measurements reported in [5] where no contribution of the tunneling time delay into
the offset angle of the momentum distribution has been found.

Similarly to the tunneling time delay, the attosecond time shift (1) is not an observable quantity and therefore
it needs a theoretical model for its determination. Obviously, the presence of such shift generates an additional
uncertainty in the algorithms aimed at the extraction of the hypothetical tunneling time delay.
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The frequency instability of single-ion optical clocks is fundamentally limited by the spectral resolution that
is achieved in the excitation of the reference transition. The achievable resolution is typically limited by the
coherence time of the light-atom-interaction. Excitation of highly forbidden reference transitions by ultra-stable
lasers permits coherence times in the range of several seconds, so that comparisons between single-ion clocks with
statistical uncertainty at the 10−18 level appear possible with averaging times of a few hours.

171Yb+ possesses an electric octupole (E3) transition at 467 nm with an excited state lifetime of several years.
For second-long laser interrogation pulses, anomalous heating can limit the coherence between the ion and the laser
even if it is cooled to its motional ground state initially, and the provided laser coherence time is sufficiently high.
Direct laser cooling during spectroscopy is not possible with a single ion, but a co-trapped ion from a different
species makes sympathetic cooling possible. Resolved sideband cooling on the clock transition of the ancillary
ion removes thermal energy gained by the two-ion crystal during spectroscopy, if all relevant normal modes of the
secular motion of the two-ion crystal are addressed.

We choose 88Sr+ as our ancillary ion for two major reasons. The 88Sr+ clock transition used for sideband cool-
ing is close to the magic wavelength where the light shift of the 171Yb+ E3 transition is zero. Consequently, the
light shift induced by resolved sideband cooling is comparatively low. Secondly, a large contribution to the total
uncertainty of the 171Yb+ E3 transition stems from black-body radiation (BBR) of the ion environment. The sensi-
tivity of 88Sr+ to BBR is well known [2], so it can act as an in-situ sensor for the temperature of its environment, if
additional shifts are suppressed [3]. The more accurately known temperature reduces the uncertainty of the BBR
shift of the 171Yb+ E3 transition. Additionally, the sensitivity of 171Yb+ to BBR radiation can also be measured
with greater accuracy, if the relative shift for both clock transitions is measured using a strong infrared laser field.

In preparation to the BBR measurements, we performed experiments with 171Yb+ and 88Sr+ in a linear seg-
mented ion trap based on a stacked design of four printed circuit boards [4]. Doppler cooling and resolved sideband
cooling for both species has been observed. The interplay between the Zeeman splitting of 88Sr+ and its secular
frequencies in the harmonic potential generated by the trapping field imposes limitations on the minimum duration
of the sideband cooling pulses. We discuss both pulsed sideband cooling and continous sideband cooling and
compare the final temperature, cooling time and ease of use. To find a good combination of cooling pulses on the
first and second-order motional sidebands, we employ a simulation of the cooling process and anomalous as well
as recoil heating [5]. Finally, we measure the heating rate of the different secular modes and find a large difference
between the axial and radial secular modes. We attribute this difference to uncompensated micromotion along the
trap axis caused by misalignment of the trap electrodes.
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ipating States and from the European Union’s Horizon 2020 research and innovation programme. The work is
also supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under CRC 1227
DQ-mat within project B02.
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a3Σ+ and X1Σ+ States of KCs

R. Ferber*1, V. Krumins 1, A. Kruzins 1, M. Tamanis 1, A. Oleynichenko 2,3, A. Zaitsevskii 2,3, E. Pazyuk 2,
A. Stolyarov 2,

1. Laser Center, Faculty of Physics, Mathematics and Optometry, University of Latvia, 19 Rainis blvd, Riga LV-1586, Latvia
2. Department of Chemistry, Moscow State University, 119991 Moscow, Leninskie gory 1/3, Russia

3. NRC Kurchatov Institute - PNPI, Orlova Roshcha, Gatchina 188300, Russia

Valuable information about short-range repulsive part of the ground state interatomic potential can be obtained from
a scattering experiment and/or observations of bound-free radiative transitions provided the excited state potentials
are known well enough. In present study we report on observation and modelling of relative intensity distributions
into a continuous oscillation structure of bound-free transitions coming from the excited (4)1Σ+ and c3Σ+ states of
KCs to the lowest ground X1Σ+ and a3Σ+ states. The Fourier-transform spectrometer Bruker IFS-125HR was used
to record the laser-induced fluorescence (LIF) spectra that included both bound-bound and bound-free continuum
rovibronic transitions. Fig. 1a presents a c3Σ+ → a3Σ+ LIF spectrum from the upper rovibronic level v′ = 27,
N′ = 48 induced by a Ti:Sapphire laser Equinox/SolsTis (MSquared). The a-state potential used for spectrum
simulation (red curve in Fig.1a) is presented in Fig. 1b, see dotted curve, along with previous potentials from Refs.
[1,2]; information on the c3Σ+ potential from [3] was used.

The probe of the repulsive part of the ground singlet X1Σ+ state potential of KCs above the dissociation
limit was based on the observation of bound-free transitions in the (4)1Σ+ → X1Σ+ LIF spectra excited with a
single-mode dye laser Coherent 699-21, see Fig. 1c. The (4)1Σ+ state has been experimentally studied in [4,5],
hence, its spectroscopic properties are well known, including the adiabatic potential energy curve. According to
Ref. [4] the bound-free transitions from the (4)1Σ+ state can be observed at excitation of high vibrational levels,
v′ > 44. To achieve a high contrast of the bound-free signal the upper rovibronic levels with low rotational quantum
number J′ were selected. The spin-allowed (4)1Σ+→ X1Σ+, c3Σ+→ a3Σ+ and spin-forbidden (4)1Σ+→ a3Σ+

transition dipole moments required for the simulation of the observed spectra were obtained in the framework of
fully relativistic multi-reference coupled cluster calculation [6].

Fig. 1: a - c3Σ+→ a3Σ+ spectrum, b - a3Σ+ state potentials, c - (4)1Σ+→ X1Σ+ and (4)1Σ+→ a3Σ+ spectra.
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Large-scale calculations of atomic structures and radiative properties have been carried out for singly, doubly, and
trebly ionized cerium. For this purpose, the purely relativistic multiconfiguration Dirac–Hartree–Fock (MCDHF)
method [1-4] was used, taking into account the effects of valence–valence (VV) and core–valence (CV) electronic
correlations in detail. The results obtained were then used to calculate the expansion opacities characterizing the
kilonovae observed as a result of neutron star mergers. Comparisons with previously published experimental and
theoretical studies have shown that the results presented in this work are the most complete currently available, in
terms of quantity and quality, concerning the atomic data and monochromatic opacities for Ce II, Ce III, and Ce
IV ions.

In order to obtain atomic parameters as reliable as possible, different physical models including VV and CV
correlations were considered in a systematic and progressive manner for each ion. The quality of the results ob-
tained could be highlighted thanks to the convergence of the parameters calculated from the different theoretical
models and also thanks to the good agreement observed by comparing the theoretical energy levels with the avail-
able experimental data [5], the deviation being generally of the order of a few percent. This allowed us to determine
a new set of reliable transition probabilities and oscillator strengths for a large amount of spectral lines in Ce II, Ce
III, and Ce IV, that were then used to calculate astrophysical opacities in the context of kilonovae.

More precisely, the atomic parameters obtained in this work for 30194 electric dipole (E1) transitions in Ce II,
77044 E1 transitions in Ce III, and 37 E1 transitions in Ce IV, were used to compute expansion opacities required
for radiative transfer simulations of kilonovae, radioactively powered by electromagnetic emission from neutron
star mergers. Our results were compared with data deduced from transition rates previously published, such as
those compiled in the DREAM database [6,7]. The latter being systematically based on a much smaller number of
lines and on less elaborate theoretical approaches than the one adopted in our investigation, we can conclude that
the present work constitutes a substantial and reliable contribution to the study of opacities affecting the emission
spectra of kilonovae produced during neutron star mergers.
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The electron density in low-temperature non-equilibrium plasmas can easily get below the detection limit of stan-
dard detection techniques such as Thomson scattering, laser interferometry, or optical emission spectroscopy (Stark
width measurement). Measuring the low electron densities is especially important in case of repetitive discharges,
when residual electrons from previous discharge affect the initiation of the next one.

Here we present the principles of using laser induced avalanche ionisation to measure low density of electrons
in a helium atmospheric pressure plasma jet, from 1013 cm−3 down to 107 cm−3, using Nd:YAG laser with 4 ns
pulse duration, at 1064 nm [1] and 5 Hz repetition rate. Similar technique can be used for remote detection of
radioactive sources, but with mid-IR (3.9 µm) picosecond laser [2]. The few electrons present in the laser focal
volume are accelerated and collide with the gas atoms leading to electron avalanche and gas breakdown. This
way the initial electron density, too low to measure, increases to a value above the detection limit of standard
techniques. The only problem left then is tracing back the process with a good enough model.

The plasma source used was set at the pulse repetition rate of 10 kHz, pulse width of 10 µs, and amplitude of 4
kV. We present results obtained by optical emission spectroscopy of the laser plasma. The plasma jet and the laser
plasma are shown in the Fig. 1. The initial electron density is controlled by changing the time delay between the
laser pulse and voltage pulse. This way we can obtain the time evolution of the electron density in the plasma jet.

Fig. 1: A photo of an atmospheric pressure plasma jet (left) and the laser plasma (right) when a laser is focused in
the plasma jet (laser in sync with the discharge).
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Ion-molecule reactions are a class of barrierless, exothermic reactions which are important for the synthesis of
molecules in the interstellar medium [1]. These reactions proceed with high rate coefficients even at low tempera-
tures and are usually modelled by the classical Langevin model. The Langevin rate coefficient, kL, is temperature-
independent and given by: kL =

√
πα ′q2/(ε0µ), where α ′ is the polarizability volume of the molecule, q is the

ionic charge and µ is the ion-molecule reduced mass.
Ion-molecule reactions are challenging to study at temperatures below 10 K because of stray-electric-fields-

induced heating of the ions and space-charge effects. In the recent years, a new experimental technique, based on
replacing the ion with an atom or molecule in a Rydberg state, has made it possible to study the corresponding
ion-molecule reactions at temperatures as low as 100 mK [2-5]. This method relies on using a surface-deflector to
merge a supersonic beam of Rydberg atoms or molecules with a supersonic beam of ground state (GS) molecules.
The ion-molecule reaction takes place within the orbit of the Rydberg electron, and is not affected by it. By tuning
the relative velocity of the two beams, vrel, one can vary the collisional energy of the reaction Ecoll = µv2

rel/2, in
the centre-of-mass reference frame.

We present experimental and theoretical studies of reactions involving Rydberg helium [He(n)] and simple
molecules. The helium atoms are excited to a low-field-seeking Rydberg-Stark state, with a principal quantum
number n = 30, and deflected and merged with the GS supersonic beam using a curved surface-electrode Rydberg-
Stark decelerator. The merged beams enter a time-of-flight mass spectrometer in which the formed product ions
are extracted and detected with a microchannel plate (MCP) detector. We monitor the product-ion yield as a
function of the He(n) velocity with the GS beam velocity kept constant. The results of these measurements for the
He(n)+ND3 and He(n)+N2 reactions are displayed in Fig. 1 (a) and (b), respectively.
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Fig. 1: Experimentally measured (green circles) and modelled (orange and purple circles and black curves) total
product ion yields of the He++ND3 (a) and He++N2 (b) reactions versus collisional energy. Displayed in the
insets are the mass-resolved ion-product traces recorded with the MCP at Ecoll/kB ≈ 1 K.

The measured total product yields, I, display a significant dependence on the collisional energy, Ecoll, when the
molecule has a permanent dipole or quadrupole moments. With decreasing Ecoll, we observe a significant in-
crease of I in the case of a molecule with a permanent dipole moment µel (e.g., ammonia, µel = 1.468 D), and
a pronounced suppression of I in the case of a molecule with a negative Qzz component of the quadrupole mo-
ment (e.g., N2, Qzz =−1.036 a.u.). We calculate the reaction rate coefficients using a capture model that includes
the rotational-state-dependent energy shift of the molecule in the electric field of the He+ ion and average over
the rotational state population distribution in the supersonic source, including nuclear spin statistics effects. The
agreement between the experimental data and the model is very good for a number of molecules: CH3F [4], NH3,
ND3, N2 and CO. The observed significant deviation from the Langevin model is attributed to the locking of the
molecular angular momentum at low collisional energies [6].

References
[1] D. Smith, Chem. Rev. 92, 1473 (1992).
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In various industrial and metallurgical applications it is necessary to determine the mechanical properties of mate-
rials. One of the most important material characteristics is its hardness. An alternative Laser Induced Breakdown
Spectroscopy (LIBS) setup based on the TEA CO2 laser was used to examine different sets of samples: cast iron,
aluminum alloys and lead glass.[1,2] The standard method for measuring hardness uses the Vickers test, which is
defined by the ratio of the injected force applied and the surface area of the resulting impression. The instrument
used for the measurement imposes specific conditions on the samples, such as the surface treatment and the dimen-
sions of the sample, which limits the application for in situ measurement. On the other hand, the LIBS technique
has the ability to measure the hardness of samples on the site as well as those that are remote, without previous
complex sample preparation. Samples were analyzed to establish the correlation between surface hardness and the
ratio of ionic and atomic emission lines induced by laser irradiation. The work of various researchers confirmed
that the values of the intensity of emission lines can be correlated with the hardness of the samples. This con-
nection originates from the speed of the shock wave that occurs during the interaction of laser radiation and the
target. In the interaction, plasma expansion and a large number of collisions of constituents in the plasma occur,
which increases the number of ionized species. This correlation depends on the role of the laser shock wave on the
ionization rate of the ablated target atomic material.

Fig. 1: Comparison of LIBS and Vickers method. Determination of microhardness of glass (GS1, GS2, GS, GS4)
and cast iron (CIS1, CIS2) samples using LIBS and standard Vickers method.

Proflometric measurements were used to confirm that the LIBS method does minimal damage to the target and is
almost nondestructive for the investigated materials. The results obtained in two different studies [1,2] have suc-
cessfully demonstrated applications of the TEA CO2 laser based LIBS setup for testing the hardness of materials
(Figure 1.).
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The nuclear interaction is one of the most fascinating and complicated forces in nature, as it results from the yet
not completely studied strong nuclear correlations of quarks and gluons. The nuclear N-body problem has been
studied at various levels of theory ranging from microscopic effective QCD Lagrangians to hydrodynamical models
[1]. In the present work, we employed the CoMD (Constrained Molecular Dynamics) model that provides an
approximate solution to the nuclear dynamics problem through the Time Dependent Variational Principle leading
to Hamiltonian equations of motion [2]. The total nuclear wavefunction is taken as a direct product of one-body
nucleonic wavefunctions, parametrised as Gaussian wavepackets. The fermionic character of the nucleons is taken
into account with a constraint of the available phase-space.
For the solution of the equations of motion, the initial configuration of nucleons is required. The configuration
space is obtained via a Simulated-Annealing algorithm and its characteristics depend heavily on the parameters of
the effective interaction. We studied the effects of these parameters and developed a process for global optimisation
of a configuration based upon its binding energy, rms radius, average density and average phase space occupation
fraction.
In parallel, we studied the Giant Dipole Resonance (GDR) which is one of the most interesting phenomena of
low energy nuclear dynamics. This resonance mode consists of an off-phase oscillation of neutrons against the
protons. In our study, we developed a theoretical treatment of GDR based on the CoMD formalism. The effect of
the parameters of the effective interaction to the GDR characteristics were studied. Additionally, we calculated the
GDR spectra for the optimised configurations of several nuclei. We plan to systematically study the characteristic
energy and the width of the GDR peak across the nuclear chart with the goal of obtaining stringent constraints of
the nuclear equation of state [2],[3].
Finally we have studied the possible isospin symmetry breaking (ISB)[4] of the near ground state properties of
several isobaric and isotopic chains. Following the theory of s=1/2 spin, the eigenvalues of Isospin operators
characterise the type of the nucleon. A neutron has +1/2 third projection eigenvalue, while a proton has a -1/2.
Specifically, we calculated variation of the GDR spectrum’s characteristics, binding energies and neutron skins as
a function of the isospin. The calculations were accompanied by an extension of the theoretical GDR description.
We conclude that the approximate isospin symmetry is broken both explicitly and spontaneously near the drip
lines.
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Fig. 1: Near ground state properties as a function of Isospin 3rd projection quantum number (τ3). The left pannel
presents the variation of the absolute value of neuron skin and the right panel of the total (binding) energy. The
green curve correspsonds to the A = 40, the purple to the A = 68 and the cyan for the A = 100 isobar.
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Helium nanodroplets (HND) offer a unique environment for fundamental studies of superfluid helium and quantum
liquids [1] and as a cold matrix for studies on chemical reactions or high resolution spectroscopy of embedded
atoms and clusters [2]. The energy dependent absorption coefficient gives basic insight into the nature of He
droplets [3]. Photoelectron-photoion coincidence measurements in the 60 eV photon energy range have revealed
Fano resonances that are broadened and shifted with respect to the atomic lines [4]. Measuring electron spectra of
He nanodroplets furthermore permits to disentangle different nonlocal electronic decay processes. One example is
the interatomic Coulombic decay (ICD) process

2 He + hv He + He+* + e –
sat He+ + He+ + e –

sat + e –
ICD

that has been observed after ionizing and exciting a He atom in a droplet [5]. Here, we present a new end-station for
the AMOLine of the ASTRID2 synchrotron in Aarhus. It combines a HND source with different doping options and
a combined velocity map imaging (VMI) and time-of-flight spectrometer for coincidence electron spectroscopy.
First experiments have evidenced a recently predicted ICD process [6] at the Fano resonance at 60.3 eV photon
energy.

The combination of a helium droplet source with two chambers for gas doping or oven cells allows to pick
up a range of different dopants. More flexibility can be obtained with the future options of a water cluster source
or a seeded supersonic expansion. The setup is installed as a new end-station for the undulator of the AMOLine
that gives access to photon energies from 5 eV to 150 eV [7]. The spectrometer with a delay line detector allows
to record coincidence and multi-coincidence spectra of electron (in coincidence with ions) or ion kinetic energies.
Electrons up to 90 eV kinetic energy are detected with an optimal energy resolution reaching ∆E/E = 1%.

First results for electron spectra at the 60.3 eV Fano resonance are presented in Fig. 1. Integrated peak in-
tensities are shown on the right hand side. At the resonance, the 36 eV photoline from direct He + hv He+

ionization is suppressed and the appearance of a low energy peak near 15 eV is indicative for the ICD process

2 He + hv He + He**(2s2p+) He+ + He* + e –
ICD.
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Fig. 1: Electron kinetic energy spectra in coincidence with He+ and integrated intensities as a function of photon energy.
Helium droplets were formed with a stagnation pressure of 30 bar and nozzle temperatures of 14 K (left) and 12 K (right).
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nanodroplets. The case of the HCl, DCl and TCl molecules.
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Superfluid helium nanodroplets (HeNDs; T=0.37 K) can be doped with a wide variety of impurities. The quantum
nature of this solvent presents remarkable behaviours, making HeNDs very interesting from both the physical and
chemical perspectives [1][2].

HeNDs can be used, for instance, as low-temperature spectroscopic matrices. The low interaction between the
solvent and the impurities (atoms or molecules) in combination with their superfluid behaviour render HeNDs very
adequate to study the structure of ultra-cold reaction products [3] among other applications.

Hence, it is important to understand how HeNDs affect the relaxation processes of excited molecular or atomic
species embedded in them. As in the case of the vibrational relaxation [4], there is only a single theoretical study
on the dynamics of rotational relaxation inside HeNDs (H2 and isotopic variants) [5].

The aim of this work is to study the effects of HeNDs on the rotational energy relaxation process of the
HCl molecule, taking also into account the DCl and TCl isotopic variants. A hybrid theoretical model is used
[6], where the helium is described using time-dependent density functional theory (TDDFT) and the molecule
is described using standard quantum mechanics (wave function). The comparison of our results with previous
findings of our laboratory regarding the H2 system [5], which is a faster rotor, has allowed us to investigate the
effect of the helium-molecule interaction, rotational energy gap and asymmetry of the molecule on the dynamics.
The DCl and TCl isotopic variants have also been included in order to obtain additional insight into the mechanism
of the rotational relaxation inside HeNDs.

The relaxation times of HCl, DCl and TCl are much smaller than those of H2, D2 and T2, in accordance
with the lower rotational energy gap and stronger interaction with the solvent of the former. Besides, the systems
studied here are slower rotors than H2 and isotopes, thus allowing helium to adapt better to their motion. Moreover,
a remarkable non-monotonic behaviour has been found in the rotational relaxation of the selected molecules
after excitation to the | j = 1,m j = 0〉 rotational state.

This work has been supported by the Spanish Ministry of Science, Innovation and Universities (project ref.
MDM-2017-0767) and the Autonomous Government of Catalonia (project ref. 2017SGR 348).
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The superfluid 4He nanodroplets (HeNDs; T=0.37 K) have opened a very interesting research area from a chemical
perspective: chemical reactivity at very low temperature, synthesis of non-stable (in ordinary conditions) molecules
and nanoclusters, etc [1,2]. However, although there has been some progress, still little is known on the reaction
dynamics of processes involving HeNDs (finite quantum solvent).

Here, we have studied the interesting chemical bond breaking process resulting from the photodissociation of
a bromine molecule placed inside a HeND when it is excited from the ground to the B electronic excited state:
Br2(X)+hν → Br2(B)→ Br+Br∗. This corresponds to the second photodissociation process in HeNDs that has
been investigated theoretically. We have employed a hybrid theoretical method which was previously applied by
us to the photodissociation of the related Cl2 system [3-5]. Thus, a phenomenological time dependent density
functional theory (TDDFT) approach has been used to describe the HeND at zero temperature [6], while the
diatomic molecule has been treated using standard quantum dynamics (wave packet).

The main dynamic properties have been examined. Thus, we have analyzed the microscopic mechanism, pho-
todissociation probability, velocity distribution of the dissociated atoms (when they are far enough from the HeND),
the influence of the nanodroplet size (N=100-1000 helium atoms), etc. These properties have been compared with
those of gas phase in order to determine the influence of this finite quantum solvent. Moreover, the results have
also been compared with those obtained for the related Cl2(B) photodissociation in HeND [3,4]. Differing from
Cl2(B), which fully dissociates for the nanodroplet sizes indicated above, the dissociation probability of Br2(B) is
in the range 0.83-0.00 for N=100-1000. This important difference comes from the fact that the Br2(B) excess of
energy with respect to the atomic dissociation is smaller than that for Cl2(B).

Finally, it should be noticed that the velocity distribution of the dissociated atoms has a strong oscillating
character for all the HeNDs examined, as it happens for the Cl2(B) case. This phenomenon arises from confinement
quantum interferences that are generated at the early times of the photodissociation process, which were reported
for the first time in HeNDs in references [3,4].
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Tin laser-produced plasmas are used as sources of extreme ultraviolet (EUV) light at 13.5 nm wavelength in nano-
lithography [1]. Tin plasmas driven by lasers operating at wavelengths of 1 and 10 µm are widely studied with
respect to their emission characteristics in the EUV regime. We present experimental data from tin plasmas driven
by a 2-µm-wavelength laser operating in the yet-unexplored range between the 1 and 10 µm cases. Plasmas driven
by a 2-µm laser provide intermediate plasma densities that help to understand the role of fundamental atomic prop-
erties in the generation of usable EUV light.

Comparative studies of tin plasmas driven by lasers of either 1- or 2-µm wavelength are conducted. In these
experiments, small droplets of molten Sn are dispensed from a droplet generator inside a vacuum vessel and are
irradiated by one of the two drive-lasers. Relevant plasma characteristics such as emission spectra and the emitted
in-band energy around 13.5 nm are observed for different target dimensions and laser parameters. The experiments
show a significant reduction of spectral line broadening at 13.5 nm in going from 1- to 2-µm drive laser wavelength
(λ ) under otherwise similar conditions. The change in line broadening is attributed to a near-linear scaling of
the relevant plasma mass density with λ−1 and thus a corresponding scaling of optical depth at 13.5 nm. The
2-µm-driven plasma with reduced relevant density paired with controllable drive-laser-pulse duration and plasma
dimension allows for further detailed studies of the opacity-related broadening that may limit future solid-state-
laser driven sources of EUV light. The experiments provide insight into the fundamental atomic opacity limits of
converting drive laser light to useful EUV photons.
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Wastewater pollution with organic dyes has become one of the leading environmental problems. A non-toxic
and environmentally friendly method of wastewater treatment is based on the photocatalytic ability of semicon-
ductors such as zinc oxide (ZnO) [1]. ZnO is an II-IV semiconductor that is characterized by excellent optical,
electrical, optoelectric, and photochemical properties and has a wide application in photocatalysis, sensors, solar
cells, antimicrobial materials, and more [2].

This work aims to prepare, characterize and investigate the photocatalytic properties of hybrid materials based
on: 1) cellulose and zinc oxide (ZnO), and 2) ZnO structures obtained by a polymer templated thermal decompo-
sition of the previously prepared ZnO/cellulose hybrids.

We synthesized ZnO on two different cellulose substrates, Sodra Green T and UPM Conifer, using the thermal
atomic layer deposition (t-ALD) method. In doing so, we applied standard process conditions for the growth of
a 50 nm ZnO film on a silicon substrate. After that, the hybrid materials were calcinated in the programmable
furnace to obtain pure ZnO. The samples were characterized using a field emission scanning electron microscope
(FE-SEM) and X-ray photoelectron spectroscopy (XPS). In the study of photocatalytic activity of the samples,
we used methyl orange (MO) as a model organic pollutant. Changes in the absorbance of the MO solution was
monitored using a UV / Vis spectrophotometer.

Our results showed that calcinated samples have a larger active surface area as a result of the formation of solid
porous tubular structures. Furthermore, ZnO who was synthesized on Sodra Green T cellulose showed a larger
amount of reactive surface OH groups, indicating better photocatalytic activities. After calcination of the hybrid
materials, the resulting ZnO showed strong photocatalytic activity. Within 80 min there is complete mineralization
and decolorization of MO, while before calcination of samples within 240 min there was no discoloration or
mineralization of MO. Also, ZnO deposited on Sodra Green T cellulose proved to be a better photocatalyst than
ZnO deposited on UPM Conifer cellulose.

Fig. 1: FE-SEM image of ZnO tubular structures obtained after calcination of ZnO/cellulose hybrid.
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The pulsed laser ablation in liquid is simple and green method for synthesis of high purity nanoparticles [1]. The
Nd:YAG laser at wavelength 1064 nm is used for hitting and ablating the Ti target immersed in water. Interac-
tion between laser pulse (duration 5 ns) and target induces the formation of hot plasma plume above the ablated
target, that contains the atoms and ions both from target and surrounding water. The nanoparticles are formed
during cooling down of hot plasma plume in the processes of nucleation and condensation. Ablation of Ti target
in water leads to formation of colloidal dispersion of TiO2 nanoparticles. SEM revealed that TiO2 nanoparticles
are spherical and have Log-Normal size-distribution with maximal diameter at 5 nm and XRD has shown that they
are amorphous. After heating treatment of the colloidal dispersion, the TiO2 nanoparticles have crystallized. The
photocatalytic tests [2] of non-heated, heated and reference Aeroxide P25 nanoparticles are performed both for
UV and visible light. The photodegradation of the Methylene Blue and Diazepam dilluted in the colloidal TiO2
dispersions is monitored. The crystallized TiO2 nanoparticles have shown significantly larger photocatalytic effi-
ciency for visible light when compared to amorphous and P25 nanoparticles, while their photocatalytic efficiency
for UV light is slightly better than P25 in the photodegradation of Methylene Blue. XPS revealed the significant
presence of Ti3+ atoms in heated TiO2 which have positive impact on photocatalytic efficiency.
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MoS2 in its two-dimensional (2D) form is one of the most studied materials in the last decade due to its promising
applications in semiconducting industry (photosensors [1], optoelectronics [1], photovoltaics [1] etc.). One of the
main approaches in synthesis of semiconducting 2D materials is chemical vapour deposition (CVD) technique,
schematically shown in Fig. 1. In this work we have systematically investigated how synthesis parameters (growth
temperature TG, sulphur temperaure TS and carrier gas flow) influence sample quality. As a result, correlation
between synthesis parameters and sample’s morphology and optical response were obtained.

Fig. 1: Schematic illustration for the CVD setup.

By changing mentioned synthesis parameters the Mo:S ratio was consistently tuned which, in turn, modified
both morphology and optical response of the sample (Fig. 2). As the ratio is approaching to the ideal value of 1 : 2,
the morphology of samples becomes more symmetric, triangular with even edges while the PL and Raman spectra
intensities for given sample increase. If the sulphur concentration is increased compared to the ideal stoichiometric
ratio, the samples become dendritic with uneven edges and optical response is poor. On the other hand, if the
molybdenum concentration is increased by increasing TG, vertical growth is preferred rather than lateral, and
bilayers or multiple-layered islands are formed.

Fig. 2: Left: Morphological evolution of CVD grown MoS2 islands. Given synthesis parameters are in following
order: growth temperature, sulphur temperature, argon flow. Scale bar is 100 µm. Middle: Evolution of photo-
luminescence spectra of MoS2 islands. Solid black lines represent non-linear fit using two Lorentzian functions.
Right: Raman spectra of samples made at different growth temperatures. Sulphur temperature is 140°C and argon
flow 75 sccm. Solid lines represent non-linear fit using two Lorentzian functions. Vertical grey lines are only
eye-guides.

Raman spectra of samples grown at different TG (800− 900°C) are shown on the right side of Fig. 2. The
difference between centres of these two Raman modes increases with the growth temperature increase [2]. One
possible explanation for this behaviour is increased induced tensile strain resulting from the high-temperature
growth process. Complementary structural characterization by atomic force microscope (AFM) and scanning
electron microscope (SEM) were used to determine existence of grain boundaries and cracks in crystal basal plane,
showing that optimisation of synthesis parameters leads to high-quality crystal morphology. Our further work will
focus on exploring the optical properties of crystals in low-temperature limit.
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He-like ions, being the simplest multi-body atomic systems, offer the unique possibility to test QED correlation
and electron-electron interaction effects. For such a simple system, theory can provide high-accuracy prediction.
However, the presence of extremely high electric fields, as for high-Z ions, provides still a significant challenge
and different approaches leads to different results. A first attempt to test such contributions has been made in
an experiment in 2007 [1]. There, the energy difference between the two 2p3/2→ 2s1/2 intra-shell transitions in
He-like and Li-like uranium ions was measured. The final accuracy of 1 eV (for 4.5 keV photon energy) was not
sufficient to effectively test the theoretical predictions but provided proof that the [1s1/2,2p3/2]

3P2 state can be
populated efficiently in ion-atom collisions.

Fig. 1: Position-sensitive detector image of the 2p3/2 → 2s1/2 transition in He-like uranium. Dispersion is in the
horizontal direction. The slant of the line is caused to the Doppler shift due to the ion kinetic energy of 41 MeV/u.

We present here a new relative measurement of the intra-shell transitions in He- and Li-like uranium with an
accuracy gain with respect to the past experiment by more than one order of magnitude. The experiment was
conducted at the internal gas jet target of the ESR at GSI. We employed twin spectrometers with two bent Ge(220)
crystals, both under 90◦observation angle to the ion beam and equipped with X-ray CCDs. By appropriately
choosing the ion velocities, the energies of the two transitions (∼ 4509 eV for He-like U and 4459.37 eV for Li-
like U) correspond to basically the same X-ray photon energy in the laboratory frame (4319 eV) with a drastic
reduction of many systematic effects. A FWHM resolution of ∼ 2.7 eV has been obtained, mainly due to the
Doppler broadening caused by the finite size of the gas jet. After several days of data acquisition, we collected
more than 1000 photons per transition, allowing for a statistical accuracy of about 0.03 eV. To additionally control
the systematics in the experiment, we also measured reference lines from a stationary Zn fluorescence target as well
as the intra-shell transition from Be-like uranium ions. Preliminary results of the experiment will be given. We aim
for an accuracy of∼ 0.2 eV on the absolute energy of the intra-shell transition in He-like uranium, mainly dictated
by the accuracy of the Li-like uranium reference line, and of∼ 0.06 eV for the relative measurement between those
lines. This will allow for an unmatched test of electron correlation effects and two-loop QED contributions in few
electron systems in strong electric fields, which are in the order of 0.8 eV.
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Kr 3d shake-up photoelectron spectra and angular distributions
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The advent of X-ray free electron lasers and fourth generation synchrotron radiation sources has given a new
impetus to the development of atomic inner shell photoelectron spectroscopy. The complex electron spectra contain
many lines due to the shake-up satellites. The shake-up mechanism can be described quantitively only in advanced
theoretical models. Bearing in mind future experiments with new brilliant sources of the XUV radiation, we
consider 3d-photoionization of Kr, centering on the photon energies from 80 eV to 200 eV and binding energies
from 110 eV to 135 eV. The satellite photoelectron spectrum in this region was studied [1], but no information is
available so far about photoelectron angular distribution of the satellite lines.

Fig. 1: (a) Photoelectron spectrum calculated for the photon energy of 190 eV. The bandwidth (0.1 eV) of the pho-
ton beam and energy resolution of an electron detector (Gaussian with FWHM = 0.15 eV) are taken into account
to simulate a potential experiment. The numbers indicate three individual shake-up states with dominant configu-
rations [Ar]3d104s24p5(3D)5p [2F5/2] (1), [Ar]3d104s24p5(1F)5p [2D5/2] (2), [Ar]3d104s24p5(3D)6p [2D5/2] (3).
(b) Anisotropy parameters β for the lines 1, 2, and 3 as functions of the photon energy, without the convolution.
The shaded area covers the region of autoionizing states with rapid oscillations of β , which are impossible to
resolve on the graph.

We consider the reaction (in the dipole approximation)

γ +Kr([Ar]3d104s24p6)→ Kr+(α f J f )+ e(ε`) ,

where ε and ` denote photoelectron energy and its orbital momentum, respectively, J f is the total angular mo-
mentum of the residual Kr+ ion with α f further identifying its particular state. The photoionization amplitudes
were calculated by an R-matrix method with B-splines using the BSR program [2] with partial allowance for the
non-orthogonality of electron orbitals and diagonalization of the Breit-Pauli Hamiltonian to take into account rel-
ativistic effects. Extensive basis sets included hundreds of configuration state functions leading in total to 627
photoionization channels. The photoelectron angular distributions are of the form

W (θ) =W0 [1+β P2(cosθ)] ,

where P2(x) is the Legendre polynomial, θ is the angle determined by the direction of the emitted photoelectron
and the polarization vector of the XUV radiation, and β is the anisotropy parameter.

Our typical results are shown in Fig. 1. The photoelectron spectrum is clearly separated into two regions
corresponding to 3d−14p−1nl (l = 0,1,2) and 3d−14s−1nl (l = 0,1,2) satellites. The lowest states with the binding
energies from 110 eV to 113 eV are mostly conjugate shake-up resonances, while the direct (normal) shake-up
mechanism dominates the strong lines. The anisotropy parameter for different satellite lines shows in many cases
similar behavior as function of the photon energy above 160 eV. More results and their detailed analysis will be
presented at the conference.
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Photoelectron circular dichroism via multiphoton ionization with varying
pulse duration
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Photoelectrons from randomly oriented chiral molecules ionized by circularly polarized light can have an asym-
metric momentum distribution with respect to the propagation direction of the laser beam. This effect is called
photoelectron circular dichroism (PECD). In this contribution, we studied PECD of a few monoterpenes, such
as fenchone, thiofenchone and camphor, by using laser pulses with different time durations from 30 fs to 5 ns.
The laser pulses were centered at 380 nm to induce 2+1 resonant-enhanced multiphoton ionization via B- and
C-band [1] and photoelectrons from each band were distiguished by different photoelectron energies. As the pulse
duration increases, the effect of different relaxation dynamics of B- and C-band were clearly observed as a change
of the ratio between photoelectron contributions from B- and C-band. We could model the observed behavior by
simplified quantum mechanical model using Lindblad formalism including decoherence and estimate lifetimes of
B- and C-band electronic states [2].
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Fig. 1: (a) Photoelectron energy spectrum measured by using pulses with various durations from 30 fs (blue
solid line) to 5 ns (black solid line). The peak near 0.75 eV is from the ionization passage through B-band and
the other peak near 1.2 eV is from C-band. (b1-d1) Photoelectron angular distributions (PADs) recorded with
velocity map imaging (VMI) technique. The propagation direction of the laser pulses is left to right. Each PAD is
respectively measured with linearly polarized 30 fs (b1), 0.4 ps (c1) and 5 ns (d1) laser pulses. The inner concentric
circle corresponds to the contributions from B-band, and the outer circle corresponds to C-band. The increasing
contribution from B-band as well as the decreasing contribution from C-band as functions of the pulse duration
are clearly shown. (b2-d2) PECD images from raw data (upper half) and from Abel inverted data (lower half)
correspond to pulse durations of 30 fs (b2), 0.4 ps (c2) and 5 ns (d2). First, a PAD measured with left cirularly
polarized (LCP) pulse was subtracted from a PAD measured with right circularly polarized (RCP) pulse, to obtain
the difference between LCP and RCP PAD. Then anti-symmetrization along the vertical axis was applied to extract
and show asymmetric part with respect to the propagation direction of the laser pulses. The asymmetry of C-band
contribution fades as the pulse durations becomes longer, while the asymmetry of B-band contribution is always
pronounced.
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From exponentials to power laws and back again
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Unimolecular decays provide a very efficient method to determine several parameters of a decaying system when
its decay is measured in thermal equilibrium, e.g. the binding energy as extracted from an Arrhenius plot [1] In
molecular beams this is approach encounters serious problems caused by the difficulties with control of internal
energy distributions. Even energy distributions with a modest width lead to 1/t decays, vs. the expected expo-
nential [2],[3]. This in practice prevents determination of the variation of rate constants with the excitation energy
and we are seeming at an impasse for clusters and radicals that can not be prepared in a single-species canonical
thermal ensemble.

However, it turns out that the non-exponential nature of the power law decay allows the determination of the
parameters of rate constants. The method is based on reheating of the system and determining the change in the
effective zero time for the reheated component. It therefore makes constructive use of the non-exponential decay
rate that caused the problem in the first instance. It is documented is in [4] and will be described in detail in the pre-
sentation with thermionic emission from C−60 as a case study, using data from [5]. It will also be demonstrated how
the technique allows some spectral information of the radiative cooling to to be extracted from the experimental
data in [5].

References
[1] S. Arrhenius, Z. Physik. Chem. 4, 226 (1889)
[2] K. Hansen, J.U. Andersen, P. Hvelplund, S.P. Møller, U.V. Pedersen, and V.V. Petrunin, Phys. Rev. Lett. 87, 123401 (2001)
[3] Klavs Hansen, Mass Spectrometry Reviews, 4, (2021) DOI 10.1002/mas.21630
[4] K. Hansen, Phys. Rev. A 102, 052823 (2020)
[5] A.E.K. Sundén, M. Goto, J. Matsumoto, H. Shiromaru, H. Tanuma, T. Azuma, J.U. Andersen, S.E. Canton, and K.Hansen, Phys. Rev. Lett.
103, 143001 (2009)

∗Corresponding author: klavshansen@tju.edu.cn
140



Nondipole and channel-interference effects in the case of Kr 4p direct
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The description of the photoionization process at low photon energies is mostly limited to the dipole approx-
imation, higher-order terms are usually neglected. However, both theoretical and experimental studies confirmed
that first and second-order nondipole terms can affect the angular distributions even at photon energies of a few
tens of eV [1]. These effects become important for example in the case of Cooper-minima and autoionization. In
the latter case the relaxation process of the excited states, realized through inner electron processes, and the direct
photoionization interfere. Thus the different anisotropy parameters can vary strongly within a small photon energy
range resulting in notable angular distribution changes.

The angular distributions of Kr 4p photoelectrons were measured in the vicinity of the resonantly excited states
of the inner shells 3p and 3d at the synchrotron light source DORIS III in Hamburg, Germany applying linearly
polarized light. The ESA-22D electron spectrometer was used to detect the electrons in the polar angular range of
0◦-360◦ [2]. The Kr 3d and 3p shells were excited at around 90 eV [3] and 220 eV [4] photon energy, respectively.
The interference of the direct ionization and the participator Auger process was investigated at different photon
energies. We have developed a theoretical model and calculated angular differential cross section for the ejected
electrons considering higher-order terms (electric dipole, quadrupole and octupole) in the interaction Hamiltonian.
In our model we also included the Auger decay based on a simplified two step process. The anisotropy parameters
were extracted from the experiments by fitting the theoretical expression including higher-order terms.

Strong photon energy dependence was observed for the anisotropy parameters including forward-backward
asymmetry that can only be explained by the presence of the multipole terms (Fig. 1).

0

30

60

90

120

150

180

210

240

270

300

330

off-resonant
off-resonant

5p resonance

Fig. 1: Normalized angular distributions of the Kr 4p photoelectrons relative to the photon polarization vector
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Direct ionization of the 4p6 subshell in Sr leads to the formation of the ionic 4p55s2 2P1/2,3/2 doublet states which
are represented in the Auger spectra by the most intense and well-resolved lines (Figure 1(a)). The excitation
functions of these lines reflect the energy-dependent behavior of the 4p6 ionization process and are currently the
only source of information on the ionization cross section of the 4p6 subshell in Sr atoms.

Here we report our first data on the excitation functions of the 4p55s2 2P1/2,3/2 states in an impact-energy
range from their excitation thresholds at 28.18 eV (2P3/2) and 29.15 eV (2P1/2)[1] up to 600 eV. The apparatus
and measuring procedure were described elsewhere [2]. The data were obtained by determining the normalized
intensities of lines in the Auger spectra measured at the observation angle of 54.7◦ in series, step-by-step for
different impact-energy values. Spectra were recorded at the incident- and ejected-electron energy resolution of
0.3 eV and 0.06 eV, respectively. The incident-electron and ejected-electron energy scales were calibrated by
using the photoabsorption data [3]. The uncertainties of energy scales were estimated to be ±0.1 eV for incident
and ±0.05 eV for ejected electrons. The relative uncertainty of the data, after accounting for fluctuations of
the experimental conditions, did not exceed 10%. Exceptions are the near-threshold energy regions where the
uncertainty reached 15%.

 

Fig. 1: (a) - the Auger spectrum of Sr atoms at impact-energy value of 140 eV. (b) - the excitation functions of the
4p55s2 2P1/2,3/2 states. Inset shows the ratio R(E)=I3/2(E)/I1/2(E).

Figure 1(b) shows the measured excitation functions of the 4p55s2 2P1/2,3/2 states. As can be seen, the excita-
tion functions are similar in shape in the entire impact-energy region under study. Similar observation was earlier
reported in excitation of the 3p54s2 2P1/2,3/2 states in Ca [4]. Two enhancements of the cross section around 60
and 90 eV are observed in both functions but their origin is not clear yet. Our preliminary estimations employing
RDW calculations for atomic autoionizing states [5] show that the maximum excitation cross sections for 2P3/2

and 2P1/2 states should not exceed 1.1 and 0.5×10−16cm2, respectively.
The inset in Figure 1 (b) shows the ratio R(E) of the normalized intensities of the lines 2P3/2 and 2P1/2 as a

function of the incident electron energy. At near-threshold energies, the ratio reaches about 8, and above 50 eV
approaches the statistical value of 2, as one would expect in LS-coupling for the states with J = 3/2 and J = 1/2.
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Magnetic deflection of neutral sodium-doped ammonia clusters
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The discovery of concentration-dependent colours of alkali metal-ammonia solutions in the early 19th century by
Sir Humphry Davy and later reported by W. Weyl [1], sparked a large series of experimental and theoretical work
on excess electrons in alkali metal ammonia solutions [2] (and references therein). However, the underlying cor-
relation effects of the solvated electrons are still not well understood. While correlation effects have been probed
by magnetic measurements on alkali metal solutions, [3], [4] the involved diamagnetic and paramagnetic species
have not yet been identified in bulk phase experiments.[2]
We describe the setup and the performance of a new pulsed Stern-Gerlach deflector, and present results for sodium
atoms and small sodium-doped ammonia clusters Na(NH3)n (n = 1− 4) in a molecular beam. To test the perfor-
mance of the deflector we deflect Na atoms, which inherently show the deflection behaviour of an atomic free spin
1
2 system. The sodium-doped ammonia monomer (NaNH3) exhibits the deflection of an atom-like free spin 1

2 sys-
tem, while all lager clusters show much smaller deflections and therefore cannot be described as an atom-like free
spin spin 1

2 system. Experimental deflection ratios are compared with values calculated from molecular dynamics
simulations, assuming a free spin 1

2 system with the corresponding particle momentum. The comparison reveals
that intracluster spin relaxation in NaNH3 takes place on a time scale significantly longer than 200 µs. Assuming
that intracluster relaxation is the cause of the reduced deflection, relaxation times seem to be on the order of 200 µs
for all larger clusters Na(NH3)n (n = 2− 4). We propose an acceleration of intra-cluster spin relaxation in n > 1
clusters as a result of Zeeman-like spin rotation coupling. The emergence of very low frequency internal rotation
modes for n > 1 leads to a drastic increase in the thermally accessible density of rovibrational states to which the
spin can couple, which could explain the abrupt decrease of the deflection for clusters with n > 1. Our work is
a first attempt to understand the magnetic properties of isolated, weakly-bound clusters. Emphasis is placed on
how the magnetic properties of an atomic free spin 1

2 system of Na is perturbed by an increasing number of NH3
molecules. In more general terms, we focus on how the magnetic properties evolve from atom-like to molecular
deflection behavior as a function of cluster size.

mS = −1
2

mS = +1
2

NaNH3 (HOMO)d~B/d~z

Pulsed magnetic deflector

Fig. 1: A new pulsed Stern-Gerlach setup elucidates the spin relaxation dynamics of small weakly-bound
Na(NH3)n clusters.
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Dynamic nuclear spin polarization in Nitrogen–Vacancy centers in
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Nitrogen–Vacancy (NV) centers are defects in diamond that consist of a nitrogen atom in place of one of the carbon
atoms with an adjacent vacancy. NV centers exhibit many characteristics that are suitable for quantum metrology
and quantum information applications [1-3].

We measured experimentally and calculated numerically signals that revealed the dynamic nuclear spin polar-
ization of nitrogen in negatively charged nitrogen-vacancy (NV) centers in diamond over a wide range of magnetic
field values from 0 to 1100 G covering both the excited-state level anti-crossing (ESLAC) and the ground-state
level anti-crossing (GSLAC) magnetic-field regions (Fig. 1). We focused on the less studied ground-state level
anti-crossing region. The nuclear spin polarization was determined from the measurements of the optically de-
tected magnetic resonance (ODMR) signals. A very large (up to 96± 2%) nuclear spin polarization of nitrogen
was achieved according to the measurements. We also measured the influence of angular deviations of the mag-
netic field from the NV axis on the nuclear spin polarization efficiency. The results show that in the vicinity of the
ground-state level anti-crossing, the nuclear spin polarization is more sensitive to this angle than in the vicinity of
the excited-state level anti-crossing. The results of the research are published in [4].
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Fig. 1: (a), (b), (d), (e): ODMR signals at individual magnetic field values. (c): Experimental (blue dots, each
representing one ODMR measurement) and theoretical (solid curves) nuclear spin polarization as a function of
magnetic field. The signal changes more drastically as a result of angular deviations in the GSLAC region com-
pared to the ESLAC region. The pumping rate for theoretical calculations was Γp = 5 MHz. The experimental
ODMR curve fit determined that the magnetic field angle θ = 0.2◦, which is in good agreement with the calculated
curve at magnetic field angle θ = 0.2◦.
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Theoretical study of vibrational (de-)excitation of NO2 and N2O by
low-energy electron impact

Mehdi Ayouz*1, Hainan Liu2, Chi Hong Yuen3, Samantha Fonseca dos Santos4, Pietro Cortona2,
Viatcheslav Kokoouline3
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We present cross sections for vibrational (de-)excitation of NO2 and N2O by low-energy electron impact.
Calculations are performed using a theoretical approach based on a combination of the normal mode approximation
for vibrational states of the target molecule, fixed-nuclei electron-target scattering matrices and the vibrational
frame transformation employed to evaluate the scattering matrix for vibrational transitions. Results are presented
for excitations between the ground and first two excited vibrational states for NO2 (see Fig. 1), and between the
ground and first excited vibrational state for N2O (see Fig. 2) in all the vibration modes for both target molecules.
Thermally-averaged rate coefficients are derived from the obtained cross sections for temperatures in the 10-10000
K interval. For NO2, a comprehensive set of calculations are performed for assessing the uncertainty of the present
calculations. The uncertainty assessments indicate that the computed observables for vibrational (de-)excitation is
reasonable for later use in NO2−containing plasma kinetics modeling. For N2O, the NO and NN stretching modes
cross-section behavior agrees reasonably well with the available experimental data as displayed in Fig. 2.
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Fig. 1: Calculated cross sections as functions of the electron scattering energy for the vibrational excitation of NO2
being initially in the lowest vibrational state v = 0 for the three normal modes (see the text for detailed discussion):
(a) cross sections for v′ = 1,2← v = 0 transitions for bending mode; (b) for symmetric stretching mode; (c) for
asymmetric stretching mode.
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Fig. 2: Comparison of the present N2O theoretical results with available experimental cross sections for the vi-
brational v = 0→ v′ = 1 excitation of the (a) NO stretching, (b) bending, and (c) NN stretching modes. The
experimental results are taken from Hayashi [M. Hayashi and K. Akashi, Handbook of plasma material science
(1992)] (solid line with circles), Allan and Skalický [M. Allan and T. Skalický, J. Phys. B: At., Mol. Opt. Phys.
36, 3397 (2003)] (solid line with triangles), and Nakamura [Y. Nakamura, Proc. of the 28th ICPIG p. 224 (2007)]
(dashed-dotted line)
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The VUV absorption spectra arising from collisions of Kr and Xe atoms
with H2 molecules in the short-wave region near the resonance lines
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The calculations of the collision-induced quasimolecular absorption spectra in the short-wave region near the
resonance lines of 1,3P1 – 1S0 of Kr and Xe atoms in H2 atmosphere are performed for the first time. As the
potential energy surfaces (PES) we use PES for the excited states obtained in the framework of the pseudopotential
and the effective Hamiltonian methods [1, 2], ab initio quantum-chemical PES for the ground state of Kr+H2 [3]
and the flat PES approach for the ground state. In the region that is essential for the radiative transitions under
consideration the dipole moment varies insignificantly. Therefore it can be replaced by the dipole moment of the
corresponding atomic transition. The calculations of the spectral distributions of the absorption coefficients are
carried out in the well-known quasistatic approach for two extreme cases: fast rotation of the molecule during
the collision and slow rotation. It has been established that the results obtained from both approaches almost
coincide. Furthermore, the use of the flat PES approach for the ground state leads to the result that is almost twice
underestimated in compare with the use of ab initio PES. The analogous calculations for the thermal collisions of
Kr and Xe atoms with He atoms give the results which are in good agreement with the available experimental data
[4, 5]. The calculated spectral distributions of the absorption coefficients for Kr(1P1)+H2 is presented in Fig. 1 .

Fig. 1: The spectral distributions of the absorption coefficients for Kr(1P1)+H2. Solid and dashed lines represent
the results obtained with the use of the averaged calculated and the flat PES for the ground state respectively,
dots correspond to the absorption coefficients firstly calculated for the different orientations of H2 molecule and
averaged after.
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In systems with potential energy surfaces that contain multiple symmetry-related minima, vibrational eigenfunc-
tions are delocalized, which results in the energy splitting of vibrational levels. The splitting is a consequence of
tunnelling between different minima. It can be experimentally measured, using, e.g. high-resolution microwave
spectroscopy, and it encodes timescales of rearrangements between minima. If potential has minima of slightly
different energies or different frequencies, vibrational energies will be a combination of tunnelling contribution
and difference in energies of wavepackets localized in the minima. Such asymmetry can be found in molecules
which possess different conformers, in molecules embedded in matrices, where environment imposes asymmetry
on the potential energy surface, or in molecules which are partially isotopically substituted and isotope moves
into inequivalent position upon rearrangement. If asymmetry is sufficiently large, different vibrational states of
different minima mix as a consequence of tunnelling.

In this contribution, we develop a Jacobi field instanton method [1] for computing tunnelling interaction matrix
elements between vibrational states of different minima. We show that in combination with vibrational configura-
tion interaction (VCI) [2] for computing energies of localized wavefunctions, an accurate vibrational spectrum can
be obtained. The two methods complement each other since VCI provides excellent energies of localized wave-
packets, but poor description of wavefunctions in the barrier, which is essential to compute tunnelling contribution.
On the other hand, instanton method yields tunnelling matrix elements with great accuracy, but works in harmonic
approximation around minima, which is too inaccurate to be used for localized energies. We apply this approach
to the case of partially deuterated malonaldehyde.
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A systematic construction of Gaussian basis sets for the description of
laser field ionization and high-harmonic generation
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A precise understanding of mechanisms governing the electron dynamics within atoms and molecules sub-
jected to intense laser fields has a key importance for the description of a variety of attosecond processes, such as
high-harmonic generation and photoionization. From the theoretical point of view this is still a formidable task, as
it requires the explicit knowledge of the wavefunction evolution in time. For small, one- or two-electron atoms and
molecules several numerical methods involving solving the time-dependent Schrödinger equation via propagation
on a finite spatial grid have been developed, however they are not applicable for larger systems. Recently there
have been efforts to employ the method of propagating the time-dependent wavefuction in the form of a linear
combination of basis set functions, an approach well-known from quantum chemistry [1,2]. This is still challeng-
ing, as finding the optimal basis set that would be able to approximate both the bound atomic or molecular states
and the electronic continuum is far from trivial.

In our work we present a novel systematic scheme for constructing Gaussian basis sets suited for the description
of excited and continuum states. Our approach relies on choosing a predefined set of Slater-type orbitals, which
constitute a complete basis set in the Hilbert space, and fitting the Gaussian-type orbitals simultaneously to all of
them, so that each Slater-type orbital is approximated by a combination of Gaussian functions with a roughly equal
accuracy.

We constructed such so-called active-range optimized (ARO) basis sets for the hydrogen and helium atom
and examined their performance by computing real-time propagations of atomic wavefunctions excited with short
laser pulses of wavelength 800 nm and intensities from 5×1013 to 5×1014 W/cm2. From the time-resolved dipole
moments we then calculated the high-harmonic spectra and the ionization probabilities. We compared our results
with the ones obtained using basis set proposed previously by other authors and, in case of the hydrogen atom,
with a numerical reference generated with the QPROP TSDE grid solver [3]. An exemplary HHG spectrum for
the helium atom is presented on Fig. 1. Our results [4] suggest that the ARO basis sets outrank other basis sets
designed to reproduce the electronic continuum, being able to accurately reproduce the overall structure of the
HHG spectra, as well as determine precisely the ionization rates.
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Fig. 1: HHG spectrum of the helium atom subjected to laser field of intensity 2×1014 W/cm2, obtained using our
ARO basis set (black curve) and using a basis set described previously by Kauffman et al. [5] (blue curve). The
dot-dashed line denotes the harmonic cutoff.
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Classical degeneracies and unimolecular reaction rates of Lennard-Jones
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The presence of isomeric states in clusters play a decisive role in the high temperature dynamics, as seen for
example in the finite size analogue of freezing/melting. Less well known is the fact that they will also play an
important role for unimolecular decays. In the simplest case where isomers appear in the form of a degenerate
ground state, this degeneracy will modify the rate constants with a multiplicative factor [1]. Specifically as the
ratio of product and reactant degeneracies. Standard methods of calculating rate constants will not be able to
capture this effect.

Here we present numerical molecular dynamics simulations of small clusters composed of atoms interacting
with the Lennard-Jones two-body potential to quantify the effect. The simulations apply the classical Hamiltonian
and are performed at low excitation energies to avoid interference from the emerging melting transition. Rate
constants are recorded as averages of reciprocal atomic emission times. The target of the simulations is the effective
frequency factor in the expression for the rate constants. Fig.1 shows an example of the fit of the simulated rate
constants for one of these clusters. Information about the ground state energies and dissociation energies, Ea, is
obtained from [2]. The relation plotted is as follows:

k ≈ ω
(E−Ea)

3N−10

E3N−7 (1)

where ω is approximately constant.

Fig. 1: The left hand side of Eq.1 vs. the energy dependent factor of the right hand side. The logarithmic slope of
unity confirms the expression. The value of ω is found as the intercept.
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Thermally-induced entanglement of atomic oscillators
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An array of laser driven ultracold ions confined in a linear Paul trap is an excellent and experimentally viable
platform available for the implementation of a wide range of quantum protocols involving quantum simulation [1],
for example of Ising spin systems [2], the Bose-Hubbard (BH) model [3] and the Jaynes-Cummings-Hubbard
(JCH) model [4]. These systems possess several striking advantages such as the presence of long coherence times,
the ability to efficiently manipulate the internal and motional (centre of mass) degrees of freedom, and individual
access to each ion allowing implementation of quantum gates between specific ions [5]. Recently, a single ion
has been used to investigate quantum phase transitions in mechanical motion [6]. Spontaneous emission of the
internal states and damping of the motion of the ions are effectively minimised in state of the art experiments by
tuning the appropriate metastable transitions of the ions stored in ultrahigh precision spectroscopy and maintain-
ing low pressures for long times such that collisions with background atoms and other incoherent couplings are
negligible [7]. The high level of control afforded by such systems combined with their anticipated scalability in
simulating many-body effects provide us with a framework in which the autonomous quantum behaviour that may
become a necessity of larger-scale quantum technologies can be investigated.

In particular, a pair of ions interacting in such traps exchange vibrational quanta through the Coulomb inter-
action. This linear interaction can be anharmonically modulated by coupling to the internal two-level structure
of one of the ions. Driven by thermal energy in the passively coupled oscillators, themselves coupled to the in-
ternal ground states of ions, the nonlinear interaction autonomously and unconditionally generates entanglement
between the mechanical modes of the ions. We examine this counter-intuitive entanglement behaviour for several
experimentally feasible model systems and propose parameter regimes where state of the art trapped ion systems
can produce such phenomena. For instance, the simplest possible generalisation of the thermally induced entan-
glement protocols involves a pair of oscillator modes and a single qubit. The two simplest possible arrangements
of these three systems involve the qubit coupled to one member of the oscillator pair which is itself coupled via the
beamsplitter interaction, or a single qubit acting as mediator between a pair of uncoupled oscillators (Fig. 1). The
interaction Hamiltonians of such systems can be expressed in terms of the Jaynes-Cummings (JC) and beamsplitter
(BS) interactions as

HI = HJC1 +HBS12 , HII = HJC1 +HJC2 . (1)
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Fig. 1: Schematics of the systems embodied by Hamiltonians HI (left) and HII (right), respectively.

To study the entanglement dynamics we measure the entanglement between the reduced state of the oscillator
pair using the logarithmic negativity (LN). Contrary to intuition, the unitary evolution of these systems produces
entanglement between the oscillator pair driven by the temperature difference. For instance, we find that regardless
of the coupling strengths, increasing the thermal noise of one of the oscillators (after keeping the other oscillator
and the qubit in the ground state, initially) increases the entanglement, up to saturation and up to a critical value
of the coupling parameter above which entanglement generation begins to be inhibited again. Also, increasing the
mixedness in the remaining components of both the systems decreases the capacity to generate entanglement. In
addition, we demonstrate (i) a multiqubit enhancement of such thermally-induced entanglement, (ii) the changes
in the system dynamics due to the presence of qubit dephasing and other dissipative agents of open systems, and
(iii) entanglement generation when the oscillator pair is prepared initially in a single coherent state and the ground
state or phase randomised coherent state and the ground state.
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Many-body theory calculations of positron scattering and annihilation in
H2, N2, CH4 and CF4
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Understanding the fundamental interactions of positrons with matter is important to e.g., develop positron traps,
beams and positron emission tomography, and to properly interpret positron-based materials science techniques
and understand positron interactions in the Galaxy.

Progress has been made describing positron-atom interactions, e.g., many-body theory calculations have given
positron scattering cross sections, annihilation rates [1] and γ spectra [2], and thermalisation rates [3] all in ex-
cellent agreement with experiment. For molecules, calculations of positron binding energies have been performed
via numerous approaches including quantum Monte Carlo, configuration interaction, NEO (Nuclear Electronic
Orbital framework) and APMO (Any-Particle Molecular Orbital theory), finding agreement with experiment to
25% at best for small polar molecules, and failing to predict binding in non-polar molecules (see e.g., [4]).

Calculations of positron scattering or annihilation in molecules are more scarce. Calculations for small molecules
have been performed using sophisticated techniques including stochastic variational, R-matrix, Kohn-variational,
diffusion Monte Carlo and Schwinger-multichannel methods, but only for positron annihilation on the smallest
molecule (H2) does theory agree adequately with experiment (see e.g., [5]).

We have developed a many-body theory description of positron interactions with polyatomic molecules [6].
Here, we use it to calculate s-wave positron scattering phase shifts and Zeff ab initio for H2, N2, CH4 and CF4
(which do not bind the positron), delineating the effects of the positron-molecule correlations, and comparing
with theory and experiment, where possible, e.g., see Figure 1, which shows the many-body theory calculated
phase shifts and Zeff for H2. We solve the Dyson equation in a Gaussian basis with positron-molecule self energy
calculated at the GW@(RPA/TDHF/BSE) levels including the virtual-positronium formation (vPs) and positron-
hole (p-h) contributions. The Dyson wavefunction normalisation is determined from the energies of discretized
positron positive energy pseudostates [7]. The effects of short-range positron-electron correlations on Zeff are
included via vertex enhancement factors [2].

Fig. 1: s-wave (a) phase shifts and (b) Zeff for positrons on H2. Many-body theory calculations in different ap-
proximations (see legend), model potential calculation [7] (blue line), Kohn-variational calculations [8] (circles),
Modified-effective-range-theory fit of the measured cross section [9] (diamonds) presented for phase shifts. For
Many-body theory results, dashed lines are the stated approximations, dot-dashed lines are the stated approxima-
tions+vPs and solid lines are the stated approximations+vPs+p-h. Room-temperature values presented for Zeff (see
Table 2 in [5]: experiments are blue symbols, the rest from other methods).
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Non-equilibrium condensed matter: an open door to new phenomena
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While the focus of ultrafast science in the recent past has been on the study of short timescale phenomena as-
sociated with various symmetry breaking transitions, relatively little attention has been paid to the aftermath of
the transition. On timescales ranging many decades, system tuning can result in new emergent metastable phases
which do not occur naturally. In my presentation I will present three examples of metastable quantum phases in
1T-TaS2, which can be created by tailoring the trajectory of the system in the aftermath of an electronic ordering
transition: a quantum jam, a quantum billiard and a state exhibiting quantum melting. Modelling of the electron
dynamics using reverse annealing on a D-wave quantum computer shows that quantum materials and quantum
simulators show directly analogous emergent phenomena based on only microscopic interactions.
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Spectroscopy of Laser Produced Plasmas of Highly Charged Ions to
Support Short Wavelength Light Source Development
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Laser produced plasmas (LPPs) are versatile sources of extreme ultraviolet (EUV) or soft x-ray (SXR) radia-
tion. Depending on the choice of target they can generate continuum or line radiation and indeed one of the first
reported applications was their use as continuum sources for studies of inner shell photoexcitation of atoms and
ions [1]. In plasmas of some medium and high Z elements the short wavelength emission spectrum is dominated
by intense bands of emission arising from unresolved transition arrays (UTAs) that result from resonance 4d-4f and
4p-4d transitions in a range of ion stages that overlap within a narrow wavelength range and whose intensity and
spectral profile is very sensitive to plasma opacity [2]. The critical density of LPPs is approximately 1021(λL-2)
cm3, where λL is the laser wavelength in µm and plasmas produced by solid state lasers with λL ≤ 1 µm, are, in
general, optically thick. However, plasma opacity can be reduced by using longer wavelength lasers, reducing the
ion concentration using mixed composition or foam targets or using dual pulse irradiation in which a pre-pulse pro-
duces a lower density plasma or mist target that is then reheated by the main laser pulse or by using sub nanosecond
pulses since opacity also increases with laser pulse duration. These observations have been successfully exploited
in EUV lithography sources where power outputs exceeding 200 W in a 2% bandwidth centred on 13.5 nm are
generated using tin droplet sources irradiated by a 1.06 µm or 10.6 µm pre-pulse followed by a 10.6 µm main
pulse [3]. However, the production of similar power levels at shorter wavelengths remains a major challenge since
the conversion efficiency, which depends on the ion stage distribution in the plasma, decreases due to the increased
energy needed to produce higher ion stages.

More recently the application of LPPs as sources for biomedical imaging in the water window (2.4 – 4.3 nm)
has become a topic of considerable interest following the development of optical components such as multilayer
mirrors and zone plates that can be used in this spectral region. Traditionally such work has been performed at
synchrotron sources and laboratory based ‘table top’ alternatives are attractive in order to meet researcher require-
ments. Microscope systems based on resonance lines of nitrogen and carbon ions have been developed [4] but
because of their low brightness, some recent research has focussed on the potential using of UTA emission. This
work has being largely based on studies of n = 4 – n = 4 emission in plasmas of very high Z elements and n = 3 – n
= 4 transitions in intermediate Z elements. Since imaging requires a small plasma size, lasers with pulse durations
of a few hundred picoseconds or less, sufficient to produce the ion stages required but short enough to limit plasma
expansion are required. However work needs to be done to establish the optimum laser irradiation conditions for
particular promising target materials which in turn depend on the availability of suitable optics. Moreover, such
imaging systems are not without competition and alternative strategies based on the use of high harmonics with
coherent diffractive imaging are starting to emerge.
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Supersolidity in the ultracold: when atoms behave as crystal and
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Quantum physics often makes possible conceptual paradoxes, which appear ephemeral to our classical intuition.
A recent example is the discovery of supersolid states in ultracold dipolar gases. Such states combine properties
of superfluidity with those of a crystalline order.

This talk traces the fundamental steps for the observation of supersolidity from the perspective of the Innsbruck
experiments. We will discuss how a quantum gas of erbium and dysprosium atoms spontaneously breaks its trans-
lational symmetry, creating a periodic modulation of its density, while maintaining a quantum phase coherence. We
will show how in our experiments it is possible to drive the system to a supersolid phase transition either by cooling
a thermal gas or by modifying the short-range interaction from an unmodulated dipolar condensate. Finally, we
will report on the recent observation of extending the supersolid properties to two dimensions, and highlight the
open questions which still remain to be understood.
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Mixtures of ultracold fermionic species with Feshbach resonant interactions offer a rich playground for experi-
ments on strongly interacting states of matter, which are of great fundamental interest and which challenge our
understanding. I will report on two different experiments related to the physics of quantum impurities in a Fermi
sea [1] and the prospect of creating novel superfluids [2].

Our first experiment [3] is motivated by understanding many-body behavior beyond the widely considered
limit of a single impurity in a Fermi sea. How do impurities interact via the medium and what kind of density-
dependent effects will arise if the impurity concentration is increased? To tackle these questions experimentally,
we study a model system of bosonic 41K impurities immersed in a Fermi sea of 6Li, with control of the interspecies
interaction by a Feshbach resonance. We carry out radio-frequency spectroscopy to map out the energy spectrum
of the impurities in the strongly interacting regime. We find that for impurity concentrations of up to a few 10% the
observed spectrum stays very close to the single-impurity limit; see Fig. 1(a). A striking change, however, occurs
if the impurities undergo Bose-Einstein condensation: Fig. 1(b) shows that a new branch emerges in the spectrum
with much less energy shift. In the central region of the trap, which is occupied by the BEC, the density of the
bosons greatly exceeds the fermion density. Here the interaction physics is governed by the Bose polaron instead
of the Fermi polaron.

Fig. 1: Spectral response of bosonic 41K atoms immersed in a 6Fermi sea. In (a) the impurity cloud is in
the thermal regime, whereas in (b) the impurity cloud is partially Bose condensed (condensate fraction of about
50%). The color scale refers to the fraction of atoms transferred by a radio frequency (detuning ∆ν from the bare
transition) into the resonantly interacting spin state at an interaction strength X =−1/(κF a), where κF is the Fermi
wavenumber and a is the interspecies s-wave scattering length, the latter being controlled by a Feshbach resonance.
The comparison of the two spectra reveals the emergence of a new branch related to the condensate fraction. In
this situation Fermi and Bose polarons coexist in the trapped impurity cloud.

Our second experiment [4] is driven by the prospect of realizing novel superfluids in mass-imbalanced fermion
systems, which favor unconventional pairing mechanisms [2]. We have realized a tunable Fermi-Fermi mixture of
161Dy and 40K atoms and carried out first experiments in the resonant interaction regime near a broad Feshbach
resonance. Hydrodynamic expansion profiles reveal a bimodal behavior resulting from mass imbalance. Lifetime
studies on resonance show a suppression of inelastic few-body processes by orders of magnitude, which we in-
terpret as a consequence of the fermionic nature of our system. With mass imbalance, tunability, and collisional
stability the new mixture offers the key ingredients for reaching exotic superfluid regimes. Comparing experimen-
tal results with a beyond-mean-field theory for our system [5] shows that superfluidity is in reach.

We acknowledge support by the Austrian Science Fund FWF within the Doktoratskolleg ALM (W1259-N27)
and within Projects No. P32153-N36 and P34104-N.
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A molecular quantum gas with tunable interactions
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Building on the realization of a degenerate Fermi gas of polar molecules [1], we apply a precisely controlled
electric field to molecules confined in different geometries. In two-dimensional optical traps, the E field turns on
elastic dipolar interactions by orders of magnitude while suppressing the reactive loss. Efficient dipolar evaporation
leads to the onset of quantum degeneracy in 2D [2]. When the electric field is used to tune excited molecular states
into degeneracy with the scattering threshold, we observe sharp collision resonances that give rise to three orders-
of-magnitude modulation of the chemical reaction rate [3]. This resonant shielding is used to realize a long-lived
bulk molecular gas in 3D with tunable, elastic, and anisotropic dipolar interactions [4].
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A coherent interface between helium Rydberg atoms and chip-based
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Hybrid approaches to quantum information processing involve interfacing quantum systems with complemen-
tary characteristics, e.g., superconducting circuits for fast quantum-state manipulation, and gas-phase atoms or
molecules for long coherence times [1,2]. In this context, we present a coherent interface between helium Ry-
dberg atoms and a superconducting coplanar waveguide microwave resonator [3]. In these experiments, helium
atoms prepared in the 1s55s 3S1 Rydberg level pass over a superconducting λ/4 coplanar waveguide microwave
resonator. This resonator is operated at 3.8 K and driven at a frequency near its third harmonic, close to resonance
with the two-photon 1s55s 3S1→ 1s56s 3S1 (55s→ 56s) transition in helium at 19.556499 GHz. After interacting
with the resonator, the Rydberg atoms are detected by state-selective pulsed electric field ionization. In this setting,
Rabi oscillations in the population of the 55s and 56s Rydberg states at frequencies of∼3 MHz have been observed
as the time for which the driving field was applied was varied. The coherence time of the atom–resonator-field in-
teraction was greater than 800 ns. By performing Ramsey spectroscopy in the frequency domain, coherence times
of the atomic superposition states in excess of 2 µs were measured. Uncancelled DC electric fields close to the
superconducting chip surface have been measured to high precision and the spectral characteristics of the resonator
mode have also been probed by cavity-enhanced Ramsey spectroscopy [4]. The microwave field distribution close
to the resonator has been characterised by measurements of Rabi oscillations in the time domain. These results
pave the way for the implementation of long-coherence-time quantum memories [5] and optical-to-microwave
photon conversion [6] in this hybrid system.
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1. Institute of Physics, Bijenička c. 46, 10000 Zagreb, Croatia
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Holography is usually associated with wave nature of light [1]. However, 1970s Clauser demonstrates that one
can distinguish between classical wave and particle model of light [2]. Recent holographic experiments in single
photons regime relied on classical light [3] or on photosensitive array [4, 5, 6]. These schemes cannot be considered
as true single-photon experiments (ala Feynman double slit Gedankenexperiment), because of the classical light
features or a multipixel detector.

Here we present a true single-photon experiment, where hologram is recorded photon by photon. The holo-
grams were recorded by 2D scanning of the single-pixel detector in the image plane of the Twyman-Green inter-
ferometer. We used heralded single photons at 810 nm as a source of single-photon illumination, avalanche silicon
photodiodes as a single-photon detector and a time-tagging module for the data acquisition.

Fig. 1: The hologram (left) and simultaneous events detected by three single photon detectors (where one detector
is the heralding detector).

Figure 1 shows a hologram recorded particle by particle and corresponding events that can be described by
classical wave model of light. The measured second-order correlation function g (2)(0) = 0.004(8) is among the best
recorded compared to the literature [7] and, as such, our source provides excellent basis for true heralded single-
photon imaging. The presented approach to quantum holography provides strong and simple evidence that it is
feasible to record holograms in conditions of a single-photon interference by heralded single-photon source. From
practical point of view, the experiment also demonstrates that the hologram visibility for the heralded technique
is much better than for the hologram generated in conditions by non-heralded light source that generates much
stronger illumination (more than 70 times stronger).
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Gaining quantum control over the motional modes of cold, highly charged ions (HCI) had been a challenge for the
last decades [1] since they lack of fast cycling transitions for laser cooling. Quantum logic spectroscopy (QLS)
of the M1 transition in Ar+13 which was sympathetically cooled by a single Be+ logic ion was just recently ac-
complished and lowered the relative uncertainty by eight orders of magnitude to about 10−15 [2]. Due to their
high sensitivity on beyond the Standard Model observables compared to singly charged ions and the possibility
to extend current frequency standards to higher frequencies, HCI are of great interest [3]. Some of the possible
clock-transitions in the XUV obtain extremely long lifetimes, thus promise the ability of reaching fractional un-
certainties below ∆ν/ν = 10−19. Additionally they also feature a low susceptibility to external influences [3].
To provide an environment free of noise induced by external alternating electromagnetic fields, we developed a
quasi-monolithic, superconducting quadrupole resonator of the Cryogenic Paul Trap Experiment (CryPTEx-SC) at
the Max-Planck-Institute for Nuclear Physics in Heidelberg, Germany reaching a very high Q-factor up to 2x105 at
the working frequency of about 34 MHz [4]. While the Meisner-Ochsenfeld-effect shields the ions from external
magnetic field fluctuations, the motional heating of the radial modes is directly suppressed due to the fidelity of
the quadrupole fields. Therefore the cavity provides a promising environment to increase coherence times for QLS
experiments, which will lead the way to future measurements of HCI in the Lamb-Dicke regime.

Complementing the trap, we have designed a 50-mm diameter magnifying objective covering a 500 micron field-
of-view at a working distance of 57 mm, and optimized for imaging of the trapped Be+ ions at 313 nm. For
stability and to keep the fields inside the cavity uncompromised from normal conducting surfaces, the 8-lens sys-
tem directly is mounted on top of the superconducting resonator, and operates at 4 K. We discuss our design and
present first commissioning results.
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Atoms in highly excited Rydberg states can possess very large induced electric dipole moments, on the order
of 10,000 Debye for values of the principal quantum number n > 55. These large dipole moments allow forces
to be exerted on atoms in these states using inhomogenous electric fields [1]. By employing a combination of
microwave pulses, to coherently manipulate the internal states of an atom, and pulsed electric field gradients, to
state-selectively manipulate the center-of-mass motion, matter-wave interferometry with Rydberg atoms can be
performed [2]. In this talk we will present an implementation of this type of electric Rydberg atom matter-wave
interferometry in a transverse geometry with beams of helium atoms [3]. In these experiments the atoms are
initially excited to the triplet |61s〉 Rydberg state inside a wedge shaped pair of electrodes. Superpositions of the
|61s〉 and |62s〉 states are then prepared by driving a two-photon microwave transition at 14.350 GHz. A sequence
of inhomogenous electric field gradient pulses and further microwave pulses complete the implementation of a half-
loop Stern-Gerlach type matter-wave interferometer [4]. Phase differences between the arms of the interferometer
are measured by state-selective pulsed electric-field ionization. Numerical calculations, accounting for the full
phase evolution of the superposition state in the interferometer have been performed to aide in the interpretation
of the experimental data. Coherent separations of the atomic momentum states up to 2 nm have been observed,
limited by dispersion across the atom beam and residual Stark phase shifts arising because of the geometry of the
apparatus. These results open new opportunities for studies of geometric quantum phases for particles with large
electric dipole moments [5], with potential applications for gravity measurements with Rydberg positronium atoms
[6].
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The rotational and hyperfine structure of ultracold polar molecules provides a huge Hilbert space in which to
encode quantum information. In this work, we create an ultracold gas of optically trapped RbCs molecules in their
rovibronic and hyperfine ground state by association from a pre-cooled atomic mixture [1][2]. We demonstrate that
we can control the rotational and hyperfine states of the molecules with high fidelity using microwave fields [3].
Using a series of microwave π-pulses, we show that we can access rotational states up to N = 6 in the molecule.
Furthermore, by applying multiple microwave fields simultaneously, we observe an Autler-Townes doublet in a
3-level ladder of rotational states [4].

Most recently, we have explored the coherence between a pair of hyperfine states in the rotational ground state
which together form a storage qubit [5]. We fully characterise the dominant mechanisms for decoherence of the
storage qubit using high-resolution Ramsey spectroscopy. Guided by a detailed understanding of the hyperfine
structure of the molecule, we tune the magnetic field to where a pair of hyperfine states have the same magnetic
moment. These states form a qubit, which is insensitive to variations in magnetic field. Our experiments reveal a
subtle differential tensor light shift between the states, caused by weak mixing of rotational states. We demonstrate
how this light shift can be eliminated by setting the angle between the linearly polarised trap light and the applied
magnetic field to a magic angle of arccos(1/

√
3)≈ 55◦. This leads to a coherence time exceeding 5.6 s at the 95%

confidence level.

Fig. 1: Long-lived coherence between a pair of hyperfine states in the rotational ground state of optically trapped
RbCs molecules. Using our optimal configuration of experimental parameters, we eliminate decoherence from
differential Zeeman and tensor light shifts. We measure the coherence using an interrogation time of 1.2 s and find
a lower bound on the coherence time of T ∗2 > 5.6 s at the 95% confidence level.
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Broadband multidimensional coherent spectroscopy is a powerful tool for studying both molecular structure
and dynamics but it is mostly limited to optically thick samples with broad spectral features, due to its low res-
olution and low sensitivity. It was shown recently that using optical frequency combs and optical enhancement
cavities [1], both of these deficiencies can be overcome, paving the way for broadband rotationally-resolved mul-
tidimensional spectroscopy.

In broadband 2D IR spectroscopy, it is common to use specific beam polarization angles to suppress parts
of the molecular response and simplify structure determination [2]. Similarly in the context of degenerate four-
wave mixing and two-color four-wave mixing with narrowband lasers, polarization schemes suppressing particular
rotational branches have been used to great effect [3]. Here, we analyze the polarization dependence in the more
general case of three-color interaction with time-separated pulses, corresponding to broadband measurements with
ultrashort frequency comb pulses. We decompose the total third-order rotationally-resolved response of a single
vibrational mode into classes of pathways distinguishable by polarization of incident beams. We present useful
sets of experimental polarizations allowing to selectively suppress parts of the response. In particular, we show
how to either suppress or maximize amplitudes of the pathways undergoing coherent evolution between the second
and third light-matter interaction. We demonstrate these results with simulations of the ν3 mode (C-Cl stretch) of
methyl chloride [4].
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Fig. 1: Non-rephasing third-order rovibrational response of the ν3 vibrational mode (C-Cl stretch) of CH3(35Cl)
split into classes of pathways with distinct polarization dependence. The upper-row classes are unique to three-
color four-wave mixing pathways and undergo coherent evolution between the second and third interaction. The
panel titles describe the sequences of rotational branch excitations, e.g. PRR corresponds to P-branch transition
followed by two R-branch transitions.
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Helium-3 in its ground state enjoys the remarkable property of having a purely nuclear spin 1/2, perfectly isolated
from the outside world even in an environment as hostile to quantum coherences as a gas of helium in a centi-
metric cell at room temperature and a pressure of the order of a millibar. By well-mastered nuclear polarization
techniques,reaching a polarization of 90%, we can then routinely prepare (for example for lung imaging by nuclear
magnetic resonance [1]) a giant collective nuclear spin with an extremely long lifetime. Recently, a coherence time
T2 larger than 60 hours was measured in ultra-precise magnetometry devices [2], that seems limited only by the
longitudinal decay time T1 due to collisions with the cell walls. These numbers make the macroscopic nuclear
spin in a room temperature gas an ideal system for the production, the study and the use of entangled states, and
therefore a competitor of cold atomic gases and Bose-Einstein condensates in metrology and quantum information
processing [3].

In our work published in Comptes Rendus Physique [4] we propose to take advantage of the weak coupling of
ground-state helium-3 nuclear spin to its environment to produce long-lived macroscopic quantum states, nuclear
spin squeezed states, in a gas cell at room temperature. To perform a quantum non-demolition measurement of
a transverse component of the polarized collective nuclear spin, we maintain a population in helium-3 metastable
state with a discharge. The collective spin associated to F = 1/2 metastable level hybridizes with the ground state
one by metastability exchange collisions. To access nuclear spin fluctuations, one continuously measures the light
leaking out of an optical cavity, where it has interacted dispersively with the metastable state collective spin. In
a three coupled collective spin model (nuclear, metastable and Stokes), we calculate moments of the nuclear spin
squeezed component Iz conditioned on the time averaged optical signal. For a homodyne detection scheme, we
solve the stochastic equation for the system state conditioned on the measurement; the conditional expectation
value of Iz depends linearly on the signal and the conditional variance of Iz does not depend on it. The conditional
variance decreases as (Γsq)

−1, where the squeezing rate Γsq depends linearly on the light intensity in the cavity
at weak atom-field coupling and saturates at strong coupling to the ground state metastability exchange effective
rate, proportional to the metastable atom density. Including de-excitation of metastable atoms at the walls, which
induces nuclear spin decoherence with an effective rate γα we find a limit ∝ (γα/Γsq)

1/2 the conditional variance
reached in a time ∝ (γα Γsq)

−1/2.
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“New physics” beyond the standard model, as for instance described by supersymmetric models, can be probed
by studying violations of discrete symmetries, i.e. space parity (P), time-reversal (T ) and charge conjugation
(C). Many different hypothetical sources of simultaneous violation of P- and T -symmetry can be discussed on
the elementary particle level, such as P,T -odd currents between quarks and electrons or permanent electric dipole
moments (EDMs) of elementary particles. All these fundamental P,T -odd interactions could induce net P,T -odd
moments in bound systems such as atoms and molecules [1]. Thus, a measurement of a P,T -odd EDM of an atom
or a molecule is difficult to interpret and predict due to possible interference of the various fundamental sources of
P,T -violation. Nonetheless, due to enormous electronic structure enhancements of such P,T -odd effects in polar
molecules, low-energy high-precision experiments on these molecules can give access to the TeV energy-regime
[2]. With the proposal of laser-cooling of polyatomic molecules and its experimental evidence, new possibilities
to improve molecular searches for P,T -violation employing the advantages of polyatomic molecules were demon-
strated [3].

In this contribution possible sources of discrete symmetry violation are summarized and their effects on spectra
of diatomic and small polyatomic molecules are discussed. Requirements of molecules for high-precision spec-
troscopy that aims to measure a permanent molecular EDM are elucidated. Trends of P,T -violation within the
periodic table of elements determined with quasi-relativistic calculations [4] as well as measurement models for
disentanglement of sources of P,T -violation in molecules are discussed [5]. Simple analytical models, which are
gauged by ab initio calculations, help to identify suitable atoms and molecules for experiments.
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In this work, the population dynamics of the V-type atomic system in the field of Gaussian pulses [Fig. 1 a)], are
investigated, using numerical analysis. Our results are significantly different from the results in the framework of
the resonance approximation. There are two types of techniques. In the first technique, there is an interaction with
two Gaussian-shaped laser pulses, which are not in the two-photon resonance condition during the whole process.
The laser pulses duration are fixed and show no difference. In the second technique, there is an interaction with two
Gaussian laser pulses, where the transition |2〉 → |1〉 is symmetrically and linearly scanned close to its resonance
frequency [1-3], which is expressed as

∆1,2(t) = ∆1,2(0)−2∆1,2(0) ·
t
Tc

with Tc the consideration time, ∆1,2(0) the detuning value in the beginning of the process and t the time.
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Fig. 1: a) V-type atomic system levels scheme, b) Amplification (Z-axis) dependence on the initial value of the
scan (X-axis) and the process consideration time (Y-axis). All parameters are normalized to the average pulse
duration T .

Figure 1 b) shows two amplification peaks. The first peak (viewed in red) is much stronger than the second
peak. We present that in the three-level V-type system the amplification is more effective when using symmetrical
and linear scanning around the resonant frequency.

Detailed analyses of the numerical solutions of the non-stationary equations for the density matrix of the three-
level V-type system are carried out.
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This contribution presents the latest high-precision atomic mass measurements using highly charged ions at the
Penning-trap mass spectrometer PENTATRAP [1] located at the Max-Planck-Institute for Nuclear Physics in Hei-
delberg. It recently has proved its capabilities of performing mass-ratio measurements on highly charged ions of
stable nuclides with a relative uncertainty of a few ppt, i.e. in the low 10−12 range [2,3]. With a broad measure-
ment program PENTATRAP plans to contribute to experiments on tests of special relativity [4], bound-state QED
[5], neutrino-physics [6] and 5th force search [7]. The following unique features of PENTATRAP facilitate high-
precision mass-ratio measurements: (1) Cryogenic detection systems with single ion sensitivity and phase-sensitive
Fourier Transform Ion Cyclotron Resonance (FT-ICR) image-current detection methods; (2) Highly charged ions
provided by external ion sources; (3) A stack of five Penning traps used to perform simultaneous measurements
and systematic checks; (4) Ultra-stable magnetic field and trapping potentials. Results on recent measurements on
the Xe isotopic chain and on Re-Os will be presented.
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Ultracold quantum atoms (UCA’s) have become a topic of great interest over the last years since the experimental
realization of the first Bose-Einstein Condensate [1]. Nowadays, UCA ’s lie among the most promising platforms
for quantum information and computation due to the excellent degree of control that we have to manipulate and
control them. One way to do so consists in tuning the interparticle interactions with the help of Feshbach reso-
nances by application of external magnetic fields [2].

Moreover, quantum gases are routinatively confined in optical traps of different shape and geometry (optical
lattice, tweezers, dipolar traps, etc.). Changing the trapping potential enables an alternative way to manipulate the
atomic sample through the so-called inelastic confinement-induced resonances (ICIR’s), which were first observed
in a ground-breaking experiment in Innsbruck [3]. The origin of the ICIR’s lies on the coupling of the center-of-
mass (CM) and relative-motion (rm) coordinates due to the nonlinearities in the trapping potential. Consequently,
they are absent in perfectly harmonic traps.

In this communication, we examine the limits of the theory of the ICIR’s by comparison with full CI ab initio
simulations. For this purpose, we calculate the energy spectrum of a system formed by two Lithium atoms by
solving the corresponding six-dimensional Schrödinger equation. ICIR’s manifest as avoided crossings in the
spectrum, due to the interaction between the least-bound (molecular) state and the first-trap state. Our results
show that the theory is accurate for quasi-one-dimensional traps [3], [5], but has severe limitations in the case of
three-dimensional settings. Further details will be reported elsewhere [4].

Fig. 1: Position of the inelastic confinement-induced resonances in terms of the ratio between the scattering length
and the characteristic transversal size, as/dy, as a function of the ratio between the transversal frequencies, ωx/ωy,
for two Lithium atoms in a quasi-one dimensional trap ωx,ωy >> ωz. Anisotropy is responsible of the splitting
of the resonance in two branches, being the top (bottom) one associated with two center-of-mass excitations in
the y (x) direction. The ab initio simulations (white stars) agree well with our theoretical predictions [4] (blue solid
lines), as well as by those given in Ref. [5] (red solid lines), which both lie within the limits of the theory (colored
shaded areas).
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Spatial Bloch oscillations of a quantum gas in a “beat-note” superlattice

L. Masi∗1, T. Petrucciani†2, G. Ferioli1, G. Semeghini1, G. Modugno1,2,3, M. Inguscio1,2,4, M. Fattori1,2,3

1. CNR Istituto Nazionale Ottica, 50019 Sesto Fiorentino, Italy
2. European Laboratory for Nonlinear Spectroscopy (LENS), 50019 Sesto Fiorentino, Italy

3. Department of Physics and Astronomy, University of Florence, 50019 Sesto Fiorentino, Italy
4. Department of Engineering, Biomedical Campus University of Rome, 00128 Roma RM, Italy

In this work we report the realization of a novel optical lattice for the manipulation of ultra-cold atoms where
arbitrarily large separation between the sites can be achieved without renouncing to the stability of retroflected
lattices, usually limited by the available laser sources with narrow linewidth. Superimposing two short-wavelength
optical lattices with commensurated wavelengths, we realize an intensity periodic pattern with a beat-note like
profile, where the regions with high amplitude modulation provide the potential minima for the atoms, Fig. 1.

The condition we impose on the wavelength is λ1n = (n + 1)λ2 with n integer, and working with n=20 and
λ1 ≈1µm we realize an effective lattice period around 10 µm. To investigate the properties of this beat-note
superlattice (BNSL) we prepare a Bose Einstein condensate with the possibility to tune the interatomic interaction
by means of a magnetic Feshbach resonance. We employ it to measure the energy gaps between the first three
bands and we study in-trap Bloch oscillation with negligible interaction in presence of small external forces.

The long lasting (1 second) oscillations between sites separated by ten microns we report prove the high
stability of this potential and it is a valuable tool for the precise manipulation of atoms at large distances in a wide
range of applications, for example trapped atom interferometry [1], quantum simulation with optical lattices [2]-[5]
and for the development of future quantum technologies.

Fig. 1: a) Plot of the beat-note optical lattice (thin line) and the correspondent effective potential Veff (thick line).
b) Profile of the ground-state atomic wavefunction in the presence of a BNSL (thin line) and in the presence of a
standard large spacing optical lattice with a depth equal to the effective depth of the BNSL (thick line). c) Density
distribution of a non interacting condensate in the ground state of the BNSL that shows the spatial modulation with
a period of 10 µm.
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Elementary excitations leave a characteristic footprint in the fluctuations of a quantum mechanical system. We
report on first signatures of radial and angular roton excitations around a droplet crystallization transition in oblate
dipolar Bose-Einstein condensates by direct in situ measurements of the density fluctuations near this transition.
This approach allows for a direct extraction of the static structure factor simultaneously at all momenta. We
analyse its radial and angular behaviour to identify the particular radial and angular excitations by the characteristic
symmetries of their spatial patterns. The fluctuations peak as a function of interaction strength indicating the
crystallization transition of the system and their characteristic length scale slightly shifts. By comparing our
observations to a theoretically calculated excitation spectrum, we connect the crystallizations mechanism with the
softening of the angular roton modes [1]. This understanding is an important step towards the realization of a
dipolar supersolid in two-dimensional oblate trapping geometries [2], which is just the starting point to an rich
phase diagram of structured patterns [3].
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We present diffusion Monte Carlo (DMC) and path-integral Monte Carlo (PIMC) calculations of a onedimensional
Bose system with realistic interparticle interactions in a periodic external potential. Our main aim is to test the
predictions of the Luttinger liquid (LL) theory [1-3], in particular with respect to the superfluid-Mott insulator
transition at both zero and finite temperatures, in the predicted robust and fragile superfluid regimes. For that pur-
pose, we present our results of the superfluid fraction ρs/ρ0, the one-body density matrix, the two-body correlation
functions, and the static structure factor. The DMC and PIMC results in the limit of very low temperature for ρs/ρ0
agree, but the LL model for scaling ρs/ρ0 does not fit the data well. Algebraic decay of correlation functions is
observed in the superfluid regime and exponential decay in the Mott-insulator one, as well as in all regimes at finite
temperature for distances larger than a characteristic length.

The system under study is composed of N bosons of mass m with the Hamiltonian

Ĥ =− h̄2

2m

N

∑
i=1

∆i +
N

∑
i< j

U(ri j)+
N

∑
i=1

Vext(xi), (1)

where N is the number of 4He atoms of mass m, ri j = |xi− x j|, U(r) represents the interaction between 4He atoms
modeled by the Aziz potential [4] and Vext(x) is the external potential corresponding to the optical lattice.

In this work, we considered periodic external potential of the form

Vext(x) =V0 sin2(kx), (2)

where k = π/a0, with a0 = L/N the lattice constant, so that there is one atom per lattice site.
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Fig. 1: Luttinger liquid parameter K as a function of the density. The bottom area corresponds to the quasi-solid
regime with K < 0.5. The superfluid regime which is robust to periodic potential (K > 2) is at the top.

The system was studied thoroughly for four densities (Fig. 1), two in expected robust superfluid phase (K > 2)
and two in fragile superfluid phase (K < 2). Despite the difference in microscopic models, when the bare Luttinger
liquid parameters are equal, the obtained values of the critical depth for the superfluid insulator transition are close
to both experimental and theoretical results in ultracold gases [5-7], demonstrating the LL universality.
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We have developed ultra-high-vacuum compatible cavities to create large-scale, two-dimensional optical lattices
for use in experiments with ultracold atoms. The assembly consists of an octagon-shaped spacer made from ultra-
low-expansion glass, to which we optically contact cavity mirrors, leading to a high degree of mechanical and
thermal stability. The advantages of such cavities include increasing the system sizes in quantum gas microscopes
by an order of magnitude compared to the state-of-the-art, improving the lattice homogeneity, and enhancing the
lattice depth. We have integrated the cavities into an ultracold Strontium machine and benchmarked the size and
homogeneity of the lattice by imaging the intensity profile via atomic clock shifts. Our clock spectroscopy can
also locally resolve the vibrational modes, thus allowing us to locally probe temperatures. We do not observe
discernible heating while holding the atoms in the lattices up to 15 seconds, and we observe atom lifetime of a
minute. Our results present a viable solution to create ultracold atoms experiments where compactness, stability,
and large, deep lattices can be achieved simultaneously.
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The ‘hybrid’ trap merging ultracold atoms and cold ions opens up fascinating avenues to investigate ion-atom
interactions and formation of cold molecular ions for various applications [1,2,3]. The advantage of such atom-ion
experiments is that we can detect the ion loss event as one of key fingerprints to identify processes and distinguish
product branching ratios. Even though ion loss has been commonly present in ion-atom collisions as an universal
behavior, to acknowledge the reactive mechanism is always a complex and non-intuitive problem.

In Basel, a hybrid trap for ultracold 87Rb atoms and cold 40Ca+ ions has been implemented, and already
delivered many results [3-6]. Three competing processes have been identified in the trap dynamics, and investigated
both theoretically and experimentally: radiative association of RbCa+ molecular ions, radiative charge transfer and
non-radiative charge exchange [7,8]. However, the precise role of the involved lasers has still to be investigated.

We present theoretical calculations related to three processes: photodissociation of the created molecular ions,
the influence of black-body radiation (BBR), and non-radiative charge exchange based on novel molecular data
compared to Ref. [7]. The Ca+ cooling laser with 397 nm wavelength is demonstrated to be capable of inducing the
dissociation of the cold RbCa+ ions, beyond a given threshold for their internal states. The analysis of BBR effect
reveals that the surviving RbCa+ are not destructed by BBR-induced photodissociation. Finally, the non-radiative
charge exchange calculations, despite the significant differences in our new set of molecular data compared to
those of Ref. [7], yield rates in good agreement with experimental data.

Fig. 1: Calculated non-radiative charge exchange reaction rate as a function of the collision energy. Non-
thermalized rate (green), Boltzmann thermalized rate (red), Boltzmann thermalized rate (blue) of Ref. [7], and
experimental data (black) of Ref. [4].

Our theoretical calculations are able to characterize the vibrational distribution of the traped RbCa+ at the
ground state. The obtained specific range of vibration states 16 ≤ v ≤ 28 implys that photodissociation would
destroy the molecules with v ≥ 29, and the deeper bound molecular ions with v ≤ 15 are unlikely formed within
radaitive association process. Besides, we discover that the photodissociation-induced ion loss of ground state
molecular ion would be commonly presented in other ultracold Calcium-ion-alkali-metal-atom systems due to the
cooling lasers of Ca+.
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Mapping of ion motion spectra in a linear Paul trap
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The basic idea of an ion trap is to confine a charged particle in a free space using electric and / or magnetic
fields. In 1953 Paul developed a quadrupole ion trap using an alternating electric field with radio frequency Ω
[1]. Oscillating electric field combined with perfect quadrupole geometry and electrostatic potential provides a
minimum in the total energy of the ion at the trap center and creates a quadrupole effective trapping potential with
eigenfrequency ω . In the ideal linear trap, the motion of ions can be written in the form of Mathieu equations [2].
Stable solution of such equations can be analyzed by means of a stability diagram showing the stability regions of
the ion in a and q domain.

However, the quadrupole field in real traps contains higher-order field components, such as octupole [3], [4],
which makes the ion motion in the trap more complex. This is the direct cause of the formation of nonlinear
resonances in the motion of ions in the potential of the trap. This phenomenon can be observed as the ions’ escape
from the trapping region, which is caused by a rapid increase in their kinetic energy gained from the electric field
of the trap. In the stability diagram resonances form characteristic lines, which were observed experimentally and
discussed in our previous work [4].

The numerical simulations for different trapping conditions (a and q) were carried out to observe ion motion in
the trap potential. The results obtained for the quadrupole potential mixed with higher order harmonics were ana-
lyzed. In addition, the Fourier transform was used to determine the characteristic spectra in the frequency domain.
The spectra were compiled and presented as two-dimensional maps (see an example in Fig.1) Calculations were
performed for the parameters in the area of stability for which nonlinear resonances can be expected. The dis-
crepancies between adiabatic approximation and numerical simulation data were observed, which requires further
research (Fig 1).

Fig. 1: Map of frequency domain as a function of the parameter q for ion in quadrupole field disturbed with an
octupole for a fixed value of a=0.05. Grayscale is mapped on a logarithmic scale and relate to the amplitude.
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We have set up a novel type of atom microscope, consisting of cold Lithium 6 atoms in a high-finesse cavity,
combined with high-numerical-aperture optics (0.37). This combined system allows to trap the atoms in a com-
bined dipole trap made up of a micro-tweezer at 780 nm and an intra-cavity dipole-trap at 1342 nm. These beams
trap the atoms inside the 671 nm near-concentric cavity mode addressing the D2 transition of 6Li. A fourth beam at
460 nm addressing the 2P→ 4D transition of 6Li, tightly-focused through the high-NA optics, will allow to control
the detuning between the D2 transition and the cavity field at 671 nm by light-shifting the energy of the 2P3/2 state.
As atom-cavity coupling depends non-linearly on atom-cavity detuning, this ”light-shifting beam” will provide
temporal and spatial control over atom-cavity coupling, with a super-resolution effect realizing this novel type of
”Cavity Enhamced Microscope” [1]. This will also open up new avenues for fine control over cavity-mediated
interactions among an atomic ensemble, leading to interesting regimes for quantum simulation.

Lithium 6
atoms

Cavity mirror 
HR @ 671 & 1342nm ; HT @ 460 & 780 nm

light shi�ing
beam 460 nm

dipole trap
beam 780 nm

Aspheric lens
(DL spot size              )

cavity fields
671 nm & 1342 nm

high finesse high NA
near-resonant 671 nm (atom-cavity interaction) 460 nm (light-shifting beam)
far off resonance 1342 nm (intracavity dipole trap) 780 nm (micro-tweezer dipole trap)

Fig. 1: Left : Scheme of the cavity system and relevant light fields, whose functions are summarized in the table.

Currently, Li6 atoms can be trapped and imaged inside the intra-cavity dipole trap at 1342nm and dispersive in-
teraction of the atomic cloud with the cavity mode has been verified. Thanks to a simple model for the geometry of
atom-cavity coupling, we are developing a method for estimating the temperature of the atoms through dispersive
cavity measurements.

The next steps towards a working Cavity-Enhanced Microscope is the preparation of ultra-cold atomic ensem-
bles. We hope to achieve efficient cooling by suing cavity cooling techniques: the atoms scatter photons from
a pump beam into the cavity mode and release kinetic energy in the process [2,3]. Our combination of a narrow
linewidth cavity (451 kHz) and strongly confining dipole traps (600 kHz to 2 MHz trapping frequencies) is an ideal
setup for realizing this type of cavity cooling in a resolved sideband regime, which could lead to near ground state
cooling for single atoms.

I will summarize the important ideas and technical developments behind the design, present the current status
of our experiment and the next steps towards resolved-sideband cavity cooling.
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One dimensional Yb gases with two-body losses: strong quantum
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We consider strong two-body losses in quantum gases trapped in one-dimensional optical lattices. We first consider
the bosonic case. We exploit the separation of time scales typical of a system in the many-body quantum Zeno
regime to establish a connection with the theory of the time-dependent generalized Gibbs ensemble. Our main
result is a simple set of rate equations that capture the simultaneous action of coherent evolution and two-body
losses. This treatment gives an accurate description of the dynamics of a gas prepared in a Mott insulating state
and shows that its long-time behaviour deviates significantly from mean-field analyses (see Fig. 1). The possibility
of observing our predictions in an experiment with 174Yb in a metastable state is also discussed [1]. We then
move to the fermionic case, where experiments with 173Yb have already been performed: our theoretical approach
pinpoints the importance of spin in determining the full dynamics of the system [2].
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Fig. 1: Time-evolution of the number of atoms for an initial bosonic Mott insulator according to the rate equations
(dashed red line). Our result is benchmarked with simulations based on quantum trajectories for L = 10, 12 and
14 (each point is averaged over 104 trajectories). The dot-dashed black line represents the mean-field solution
N(t)/L. The inset highlights the different long-time decay as t−1 for the mean-field solution and as t−1/2 for the
rate equation.
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Fast in-situ absorption imaging of the local density of ultra-cold atoms in
an optical lattice using an imaging lattice
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Quantum gas microscopes have become a major element for quantum simulations using ultra-cold atoms in op-
tical lattices. Long-range order as antiferromagnetic correlations between lattice sites have been observed in far
field optical lattices using density and spin resolved microscopy. Decreasing the lattice period would increase the
interaction energies in those systems to enter deeply into quantum regimes.
Our group proposed a theoretical work [1] where the lattice period can be reduced by trapping atoms in close prox-
imity (down to tens of nanometers) with a nano-structured surface generating sub-wavelength lattice potentials. At
such a distance from the surface, the attractive Casimir-Polder force between the atoms and the surface needs to be
compensated. The surface is engineered by a spatially varying field to doubly dress the ground state which forms
a controllable trapping potential with a tunable trapping position.
In such sub-wavelength lattices, one needs to overcome the diffraction limit to image in-situ the lattice sites. In this
work, we present the experimental characterisation of a sub-wavelength imaging method applicable to quantum gas
microscopes. The setup consists in imaging the sites of an 1D optical lattice initially loaded with a Bose-Einstein
Condensate of 87Rb with a period of 532 nm by dressing the excited state with a second optical lattice with a period
of 768 nm. Absorption imaging in 20 µs of the density distribution is demontrasted. The limits of the current setup
and the limits of the method will be detailed.

Fig. 1: Ground state lattice generated by an optical lattice at the wavelength of 1064 nm and the excited state lattice
generated by an optical lattice at 1529 nm. Both are coupled with a repumper laser at 780 nm. Scanning the phase
between the lattice gives access to the density in 1 site. The width of the Gaussian fit reflects the convolution of
the density profile with the resolution of the sub-wavelength imaging method.
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Photoassociation of Rb and Hg atoms near the 87Rb D1 line at 795 nm
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Ultracold molecules produced with a mixture of alkali and closed shell alkaline earth like atoms are of special
interest since they possess both electric and magnetic dipole moments which could allow their control by means
of external fields [1]. Such type of molecules could be used for quantum simulations and for high precision
measurements of magnetic fields [2], the electron-proton mass ratio and in the search of the limit of the electronic
dipole moment of the electron [3].

The simultaneous laser cooling and trapping of Rb and Hg atoms with the ultimate goal to achieve cold RbHg
molecules by photoassociation is motivated by the current research on open-shell polar molecules such as the RbSr
[4],[5], RbYb [6], LiYb [7],[8] and CsYb [9],[10].

With the photoassociation of Rb and Hg atoms at 795 nm, we embark into the creation of an interesting but
challenging type of molecule with very promising prospects and applications. For example, Meyer and Bohn [11]
have proposed dimers containing Hg atoms as good candidates for experimental search for electric-dipole moment
of the electron (eEDM). Furthermore, due to its small Van der Waals interaction, dimmers containing Hg atoms
are suitable for revealing new types of interaction between barions [12]. For last, due to the plethora of Hg bosonic
isotopes, there are 10 possible combinations of RbHg molecules, thus opening up the door to the mass tuning of
the scattering length. Fig.1 describes our most recent results regarding to the theory and the experiment.

Fig. 1: Comparison between the measured trap-loss spectrum and the calculated photoassociative loss rate for the
202Hg atoms near the 87Rb D1 line [13]. The two lines in the detected photoassociation spectrum correspond to
two partial waves involved in Rb-Hg collisions, s and p, respectively. The p-wave line position was determined
using an optical frequency comb, which yielded ΓPA = 377102.5(1) GHz. The covered range is shown in light red
color and the dashed lines show the detuning for the s and p-wave lines at ∆1 =-5086.4 MHz and ∆2 = -4963.5
MHz, respectively. The calculated center of the closest PA line in the scanned range and the measured top of the
p-wave line differ by 1.136 GHz.
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Quantum Monte Carlo Simulation of Polaron Tunneling
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A single mobile impurity, which interacts with a phonon bath, forms a polaron. The polaron model was
developed to define the coupling between electrons and lattice phonons in a dielectric crystal [1] in the first half
of the twentieth century. Today it also describes a an impurity atom immersed a Bose-Einstein condensate (BEC),
where interaction strength goes far beyond the parameter range relevant for solids [2]. Research of impurities into
an ultra-cold environment be also useful for a deeper understanding the physics of neutral atoms in optical traps [3]
and quantum dots [4].

In this work, we are interested in the study of the incoherent tunneling effect [5] in the BEC-impurity set-up.
Generally, a tunneling particle, which interacts with a bath, is hard to study both analytically and numerically. To
overcome this issue, we develop a special modification of the QMC method to consider tunneling of a single im-
purity immersed in BEC (Frolich-Bogolubov model [2]) and trapped in a double-well potential in one dimension.
In the main, the proposed Quantum Tunneling Monte Carlo (QTMC) method uses the idea of reducing the initial
many-body task to a single particle problem by including correlations of all orders in a numerically exact way. Our
algorithm samples the impurity trajectories in imaginary time on a coarse time grid with the step, which enables
us to simulate a tunneling effect for the impurity effectively. Our algorithm samples the impurity trajectories in
imaginary time on a coarse time grid with the step, which enables us to simulate a tunneling effect for the impu-
rity effectively. We calculate the density of states from the imaginary-time Green’s function, using the maximum
entropy method (MaxEnt).

We discover the crossover from phonon-assisted tunneling in weak interaction strength to self-trapping for
strong coupling in the BEC-impurity system (Fig. 1), using the QTMC method [5]. For the continuous bosonic
spectrum, there is a crossover region and these two phenomena coexist in the intermediate strength regime. More-
over, we identify the density of state peaks as quasiparticle peaks and estimate their effective mass. For a phonon-
assisted tunneling region, the effective mass of an impurity decreases while a heavy quasiparticle emerges for
strong coupling. We believe that these phenomena can be observed in the recent experimental set-ups [6] with an
addition of two close harmonic optical dipole traps for an impurity atom.
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Fig. 1: Spectral densities of states for 39K tunneling impurity, which interacts with the continuous spectrum of
Bogoliubov excitations in 87Rb condensate; aIB is the interaction strength
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The absorption lines of neutral atomic oxygen observed in numerous Chandra and XMM-Newton spectra show
a large discrepancy to the rest wavelength measured in the laboratory. If interpreted as an astrophysical Doppler
shift, this would indicate implausible gas velocities in the order of 300 km/s. The laboratory measurements have
been calibrated using transitions in molecular O2, whose absolute energy calibration almost all trace back to a
single experiment performed in 1974.

In this contribution we present measurements of O2 transition energies using transitions in highly charged ions
as energy reference. The x-ray beam of a synchrotron light source is used to ionize O2 in a gas cell while counting
photoions with channeltron. To calibrate the photon beam energy, the PolarX-EBIT was installed upstream of the
gas cell. This electron beam ion trap features an off-axis electron gun, allowing the photon beam to pass through
the trap along its main axis [2]. In the trap helium-like nitrogen ions were produced and resonantly excited by the
photon beam, using their 1s2−1snp transitions as energy references.
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Fig. 1: Spectra of O2 photoions and the simultaneously measured fluorescence of He-like nitrogen. The Kε
(1s2− 1s6p) and Kζ (1s2− 1s7p) lines were used to calibrate the photon beam energy. Vertical lines mark the
position of the measured features (solid) and the corresponding literature value (dashed) [2].

As the transition energies of helium-like systems can be calculated with high precision, we achieved an absolute
energy accuracy for the O2 lines down to 8 meV during our first campaign at BESSY II [3]. We find a difference
of about 450 meV in the O2 transitions compared to the literature values [2]. This shift was confirmed in a second
experiment at PETRA III beamline P04, reaching a statistical uncertainty of 2 meV with a systematic error below
15 meV. Applying our values to the atomic oxygen measurements reduces the velocity of the galactic neutral
oxygen to be consistent with zero.

Our measurements demonstrate the accuracy and reproducibility of transitions in highly charged ions as an
energy calibration reference. We have applied similar techniques with photon energies of up to 15 keV at PETRA
III beamline P01. Due to the plethora of ion species, this method is applicable to a large range of photon energies.
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In a novel ion trap concept, the CryPTEx-SC experiment at the Max Planck Institute for Nuclear Physics, Hei-
delberg, Germany combines a linear Paul trap with a superconducting radio-frequency cavity to form a quadrupole
trap with ultralow-noise trapping fields [1]. The niobium cavity operating at 34 MHz at a temperature of 4 K
features a high quality factor Q ≈ 105, which filters the RF trap drive and blocks electric field noise at undesired
frequencies. This is expected to strongly suppress motional heating rates and associated frequency shifts that
would otherwise limit the accuracy achievable in laser spectroscopy measurements. In addition, the nearly full
enclosure by superconducting material blocks magnetic field fluctuations from reaching the trapped ions through
the Meissner–Ochsenfeld effect.

Goal of the project is to perform precise frequency metrology with highly charged ions in the developed appa-
ratus. Highly charged ions are excellent candidates for the development of next-generation optical atomic clocks
and are sensitive probes for changes in fundamental constants [2]. Read-out and sympathetic laser cooling of
highly charged ions will be implemented using quantum logic spectroscopy with co-trapped Be+ ions [3].

We will present the current status of characterizing the operation of the superconducting resonator ion trap.
Using an all-optical excitation scheme, the motional modes of trapped Be+ ions are excited to determine the
secular trapping frequencies and characterize the generated electric fields in radial and axial directions. In addition,
several potential sources of RF losses are investigated to identify what ultimately limits the resonator quality
factor. Thermally induced normal-conducting charge carriers cause losses when increasing the temperature of the
superconductor. Nonzero magnetic field magnitude at the onset of superconductivity when cooling down through
the critical temperature produces moderate losses, indicating flux trapping within the superconductor. Changes
to the magnetic field after reaching the superconducting state do not produce an observable change, which is
consistent with the Meissner–Ochsenfeld effect. Observations of nonlinear effects in the resonance spectrum with
a strong dependence on the intra-cavity field strength are subject to ongoing investigations.

References
[1] J. Stark et al., arXiv:2102.02793 (2021)
[2] M. G. Kozlov et al., Rev. Mod. Phys. 90, 045005 (2018)
[3] P. Micke et al., Nature 578, 60 (2020)

∗Corresponding author: elwin.dijck@mpi-hd.mpg.de
180



Controlling phototionization with attosecond time-slit experiment
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Photoionization is one of the most fundamental and fastest processes in nature, where an electron is emitted from
matter after absorption of a high-energy photon. Its dynamic on the attosecond timescale is traditionally studied
using an extreme ultraviolet field (XUV). The development of phase-controlled few-cycle infrared (IR) laser pulses
opens the door to the production of a few atto-second pulses[1]. We show that in this new regime of light-matter
interaction, between the streaking technique with a single attosecond pulse[2] and RABBITT technique with a
train of attosecond pulses[3], photoionisation dynamics can be interpreted as a time-slit experiment, allowing
unprecedented control of electron emission[4].

Fig. 1: Experimental setup. A 200 kHz tailored sequence of few XUV attosecond pulses is generated and focused
by a gold-coated toroidal mirror into a 3D momentum spectrometer, where it intersects an effusive helium jet. An
Al filter can be introduced to eliminate the co-propagating IR field. Before the achromatic lens, a portion of the
initial pulse is split off and can be recombined with the generated attosecond pulses via a holey mirror at a chosen
time delay.

The experiment, depicted in Fig. 1, was carried out using high order harmonic generated from a 200 kHz optical
parametric chirped pulse amplification laser, emitting few-cycle pulses (≤6-fs), CEP stabilized, around 800 nm.
The resulting attosecond pulse trains consist of 3-4 pulses with controllable phase difference [1]. When the ultra-
short XUV light pulses impinge on atoms together with the generating IR field, multiple coherent ultrabroad-band
electron wave packets are created and characterized with a 3D momentum electron-ion spectrometer [5]. By scan-
ning the CEP of the driving laser, the delay between the XUV and the IR fields remains constant while the relative
phases between attosecond XUV pulse are changed. As a result, the individual phase of electronic wave pack-
ets emitted during an IR optical cycle time can be controlled, allowing thus to manipulate interferences between
successive electron wave packets in the presence of the dressing field.

Our measurements reveal a strong CEP- dependent asymmetry of the photoelectron spectra emitted along the
polarization axis. Within the framework of the strong field approximation, we show that the amplitude and phase
modulation of both IR and XUV fields are at the origin of the symmetry breaking, due to interferences between
electronic wavepackets. The control of photoionization, made possible by the extreme temporal confinement of
the light-matter interaction, paves the road for the manipulation of ultrafast processes with time slit-experiments.
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Holmium (Ho) with the atomic number 67 is the eleventh element in the group of so-called lanthanide or rare earth
elements in the periodic table. It has only one stable isotope, which has the mass number 165. The nuclear spin of
this isotope is I = 7/2. Due to its relatively large nuclear magnetic dipole moment of µI = 4.17(3) µN , for most
of the lines, the hyperfine structure (hfs) is clearly visible in optical spectra [1].

Emission spectra of Ho were recorded by a high-resolution Bruker IFS 125HR Fourier transform (FT) spec-
trometer, with a resolution of 0.025 cm−1 at the Laser Centre of the University of Latvia. In the experimental setup,
optical bandpass interference filters were inserted into the beam path between the hollow cathode discharge and the
FT spectrometer to reduce the background caused by the intensity noise. The Ho plasma was generated in a hollow
cathode discharge lamp. The cathode was cooled with liquid nitrogen in order to reduce Doppler broadening.

The research of line identification and hyperfine structure analysis of the spectra of Ho measured by several
spectroscopic techniques has been the subject of many studies by our group in recent years [2-7]. The measured
spectra covers a spectral range from 12 000 to 31 500 cm−1 (from UV to NIR).

This study is a continuation of the previous work of our group, in which the FT spectra of Holmium in the
visible region was investigated in terms of line identification and hyperfine structure analysis [5-7]. In these
spectra 4 193 lines were assigned to atomic and ionic Ho. We were able to classify 1 067 of these lines, in terms
of the energy levels between which they occur. The spectra of Ho are very dense and complex due to the unfilled
4 f electron shell. Even though, we have identified 4 186 of the lines seen in the spectra according to the degree of
ionization, we could not classify more than half of them, as the known energy levels of Ho are considerably less
than the unknown levels. 987 of the 1 067 lines, classified in total, belong to atomic Ho. After classification, we
performed hyperfine structure analysis for more than 170 spectral lines of these 987 atomic Ho lines. When we
were selecting these transitions, we particularly considered that the hyperfine structure constants of at least one of
the energy levels were not previously determined or determined by large error bars.

In this study, we determined the magnetic dipole hfs constants A of five energy levels with the program FITTER
[8]. Four of these, whose magnetic dipole hfs constants A were found in our previous studies, were recalculated
by the analysis of different spectral lines. The magnetic dipole hfs constant A of one level is found for the first
time in the present study. The hfs constants of this level could not be determined in the previous analysis, due
to the saturation effect. The hfs spectra of some transitions were not well reproduced during the fit, because the
strong components of the transitions carry more weight than the weaker ones. In these cases, we were unable to
determine the magnetic dipole and the electric quadrupole hfs constants together. In this study, we overcame this
problem by fixing the electric quadrupole hfs constants B, and we determined the magnetic dipole hfs constants A
of five levels by analysis of six spectral lines.

An overview of all these results will be given.
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[3] Gö. Başar, et al., The Astrophysical Journal Supplement Series, 228, 17 (2017)
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Precision spectroscopy with In+ / Yb+ Coulomb crystals
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Precision spectroscopy with trapped ions benefits from their isolation from environmental disturbances and a high
level of experimental control. Steady progress in the characterization and control of systematic shifts has enabled
trapped-ion optical clocks with fractional frequency uncertainties below 1× 10−18 [1]. The low signal-to-noise
ratio of a single ion, however, requires averaging times of many days to resolve a transition at this level. This
limitation can be overcome by the parallel interrogation of multiple ions. We have previously shown that, with the
use of precision machined ion traps optimized for this application [2][3], the interrogation of mixed-species chains
with multiple clock ions can in principle allow uncertainties in the 10−19 range as well [4]. Here, we report on
recent progress towards an In+ / Yb+ multi-ion clock.

We have implemented the first site-resolved internal state detection of In+ ions in Coulomb crystals via flu-
orescence on the 1S0 ↔ 3P1 transition at 230 nm (see Fig. 1a). Figure 1b shows a scan of the 1S0 ↔ 3P0 clock
transition at 236 nm in a sympathetically cooled single In+ ion using this scalable approach.

Control of systematic uncertainties in heterogeneous crystals requires experimental management of the ion
order within the crystal, which can be disturbed, e.g. by background gas collisions. We present calculations of
sympathetic cooling efficiency and its dependence on the crystal configuration. In the experiment, we monitor
the order via spatially resolved fluorescence signals during the cooling stage. We have developed sequences of
trapping potential changes which restore given crystal configuration within ca. 100 ms to 300 ms (see Fig. 1c) and
report on measurements of their reliability. We further report on other automated mitigation strategies for common
issues in order to progress towards unattended clock operation.

This project has been supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion) through grant CRC SFB 1227 (DQ-mat, project B03) and through Germany’s Excellence Strategy - EXC-
2123 QuantumFrontiers - 390837967. This work has been supported by the EMPIR projects 17FUN07 “Coulomb
Crystals for Clocks” and 18SIB05 “Robust Optical Clocks for International Timescales”. This project has received
funding from the EMPIR programme co-financed by the Participating States and from the European Union’s Hori-
zon 2020 research and innovation programme.
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Fig. 1: (a) Simultaneous EMCCD exposure of In+ (230 nm) and Yb+ (370 nm) ions in a linear Coulomb crystal.
(b) Scan of the 1S0↔ 3P0 clock transition in In+ at 236 nm with 100 ms pulses. The left (right) signal corresponds
to the mF = 9/2, mF ′ = 9/2 (mF =−9/2, mF ′ =−9/2) component. (c) Deterministic Coulomb crystal reordering
for reproducible cooling dynamics and systematic shifts. The example shows one of our techniques applied to an
In+ (dark) / Yb+ (fluorescing) crystal.
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Dual comb spectroscopy (DCS) has quickly become one of the most popular implementations of direct fre-
quency comb spectroscopy due to its robustness and relative simplicity [1]. However, cavity-enhanced DCS has not
yet been thoroughly explored with only several demonstrations until now [2-5], all of which required knowledge
of the reference spectrum and an additional correction due to molecular dispersion affecting comb-cavity matching
[6]. As a way to circumvent those limitations of cavity-enhanced DCS, we present a way to measure absorption
and dispersion from measured widths and positions of enhancement cavity modes for a methane mixture with
nitrogen. This method has been previously demonstrated with continuous wave (CW) lasers [7] and broadband
comb-based mechanical Fourier-transform [8], and dispersive [9] spectrometers.

To perform our measurements we used two 25 GHz wide combs with 1 GHz repetition rates, generated from
CW laser light with electro-optical modulators and shifted with acousto-optical modulators [10]. The first comb,
or the sample comb, is transmitted through the cavity and combined with the second comb light to obtain the dual
comb signal. Part of the CW laser light is split before the comb generation to lock the sample comb to the cavity
with the Pound-Drever-Hall locking scheme.

The cavity mode measurement is performed by registering a series of dual comb interferograms with varying
frequency differences between the sample comb and the cavity. Each interferogram is then Fourier transformed
producing a spectrum. Each of the spectra provides a single point for each measured cavity mode. The spectra are
interleaved to obtain mode shapes, which are fitted with Lorentzian curves. Fitted mode widths and positions are
presented in fig 1. a) and b) and compared with the spectra calculated using the HITRAN database. As HITRAN’s
accuracy for measured transition intensities is within 10%, the measured data is in a very good agreement with the
fitted model.

Fig. 1: a) Spectrum of resonance widths of the enhancement cavity filled with methane in nitrogen (20% mixture)
that can be recalculated into a loss coefficient. b) Spectrum of cavity mode shifts proportional to resonant molecular
dispersion, corrected by a linear term to fit out broadband dispersion of inert gas and cavity mirrors. Orange and
blue points are cavity mode widths fitted respectively with symmetric and asymmetric Lorentzian curves. Error
ranges are 3 statistical fit uncertainties. Black lines are simulations calculated using the HITRAN model, grey
areas are maximum errors calculated with the provided uncertainties of line strengths and line widths.
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Though the mixed by spin-orbit interaction A1Σ+
u and b3Πu states in K2 have been under intensive spectroscopic re-

search, see [1,2] and references therein, there are energy regions scarcely covered by experimental data; also, these
data involve only the 39K39K isotopomer. In present study we considerably increased the amount and abundance of
accurate term values, which include the data for 39K41K and 41K41K isotopomersas well. Term values of the A1Σ+

u
and b3Πu states were obtained from laser-induced fluorescence(LIF) A1Σ+

u b3Πu→X1Σ+
g Fourier-Transform spec-

tra recorded by Bruker IFS-125HR spectrometer with spectral resolution set to 0.03 cm-1. Ti:Sapphire lasers and
various diode lasers with excitation frequencies within 9800 – 13800 cm-1 were used to excite the naturally abun-
dant K2 isotopomers produced in a linear heat-pipe oven. Collision-induced population transfer within rotational
levels J′ of the excited state provided data systematically spanned over nearby J′-values. The newly obtained A1Σ+

u
and b3Πu states term values data are presented in Fig. 1. Overall, more than 6000 experimental term values were
determined for 39K2, 800 term values for 39K41K, and 17 term values for 41K41K. The new data cover energy range
from 11000 to 16500 cm-1 spanning over J′-range from 3 to 160. Their accuracy limited only by the Doppler effect
is 0.015 cm-1, or even better.

The present and Ref.[2] A1Σ+
u b3Πu data sets belonging to 39K2 have been simultaneously treated in the frame-

work of the coupled-channel deperturbation analysis yielding empirical interatomic potentials and spin-orbit cou-
pling functions valid until the common (4P)K+ (4S)K dissociation limit. The massinvariant properties of the
deperturbed molecular parameters are confirmed by a good agreement of the term values predicted for 39K41K and
41K2 isotopomers with their experimental counterparts. To additionally validate the deperturbation model con-
structed from energy-based data only, we compared the experimental A1Σ+

u b3Πu → X1Σ+
g LIF relative intensity

distributions with their simulated counterparts. The highly accurate ab initio potential energy curves, spin-orbit
coupling functions and relevant transition dipole moments [3] were exploited for the deperturbation analysis.

Fig. 1: Newly obtained experimental data field of A1Σ+
u b3Πu K2 rovibronic term values; black circles – 39K39K,

blue points – 39K41K.
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As a broadband coherent laser source, optical frequency combs (OFCs) have shown their extraordinary abilities
in both temporary resolution and spectral resolution for molecular sensing [1]. To improve the sensitivity and
resolution, choosing a laser emitted in molecular fingerprint mid-infrared regime and coupling it into an optical
cavity are essential for enhancing the absorption length and weak signal. Recently, chip-scale OFCs emerge as
promising alternatives to existing bulky femtosecond laser systems for their more compact sizes and monolithic
electronic and feedback integration. An Interband Cascade Laser (ICL) comb is one of chip-scale electrically
driven semiconductor laser with advantages over other semiconductor lasers particularly in 3-4 µm [2], which
associated with the absorption of C-H bonds.

Here we present a preliminary result on mid-infrared mode-resolved cavity ring-down vernier spectrometer
utilizing a 3.3 µm ICL comb systems (optical power∼4 mW) and a high finesse cavity (Finesse>6500). The cavity
is not only used for cavity ring-down spectrometer but served as a mode filter for performing vernier spectrum while
the cavity mode spacing are carefully adjusted to match to the repetition frequency of the ICL comb (∼10 GHz).
The cavity ring down time is around 1.3 µs, corresponding to 1.2 kilometers of the effective path length. The
preliminary result of the cavity ring-down vernier spectrum is shown in Fig. 1, where there are only 6 comb lines.
The signal to noise ratio of the ring down curve and the comb lines expansion will be further improved using RF
injection locking.

Fig. 1: (a)ICL comb experimental setup for cavity ring-down vernier spectroscopy. (b) The laser-cavity coupling
efficiency and comb spectrum spanning can be improved using RF injection locking (3.0µm quantum-well comb).
(c) Preliminary result of cavity ring-down vernier spectrum with only 6 comb lines.
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Quantum-jump spectroscopy in Penning traps, which utilizes the continuous Stern-Gerlach effect, has been used
to carry out the most precise g-factor measurements of charged particles, such as free [1] and bound [2] electrons,
the positron [3], the proton [4] and the antiproton [5]. By applying similar techniques to hydrogen-like 3He we
measured the transition frequencies of four ground-state hyperfine transitions in a 5.7 T magnetic field. From the
obtained transition frequencies the electronic and the nuclear g-factor were determined with a precision of a few
hundred ppt. Moreover, the value of the hyperfine structure constant of 3He was improved by more than one order
of magnitude.

This measurement is the first direct measurement of the nuclear g-factor of 3He, which therefore contributes to
establish 3He magnetometers as an independent standard for high-precision magnetometry with unprecedentedly
small systematics [6, 7]. Furthermore, the low uncertainty of the hyperfine structure constant makes it sensitive to
nuclear structure effects. This allows an independent determination of the Zemach radius.

The current status of the hyperfine structure measurement as well as future plans for an improved nuclear
magnetic moment measurement on 3He2

+ will be discussed [8].
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Rydberg atom spectroscopy was exploited to provide stable, accurate and SI-traceable detection of microwave
electric fields with sub-wavelength resolution [1]. Various approaches enabled detection of weak electric fields at
the µV/cm level with a sensitivity limited by the photon shot noise. For the hydrogen molecular ions, the simplest
molecular systems, the energy levels [2,3] and their shifts in external fields [4,5] are predicted accurately by quan-
tum electrodynamics calculations. Recently, Doppler-free spectroscopy of cold and trapped HD+ ions allowed
significant improvements in resolution and accuracy [6-8]. This contribution proposes a new method to measure a
THz electric field in a Cartesian reference frame based on the comparison of the measurements of the lightshifts
induced on a two-photon transition of HD+ with the ab-initio theoretical predictions [9].
The measurements may be performed using experimental setups with HD+ ions trapped and sympathetically
cooled using laser-cooled Be+ ions [6-8]. The two-photon rovibrational transitions of HD+ shown in Fig. 1.a
may be detected by resonant enhanced multiphoton dissociation with uncertainties estimated by 2 Hz using the
quantum projection noise limit for single-ion spectroscopy. A static magnetic field, applied to the ion trap with
three coil pairs that are not necessarily orthogonal, is exploited to define the quantization axis and to tune the
HD+ energy levels. The comparison of Zeeman spectroscopy measurements of the (v,L,F,S,J,Jz) = (0,0,1,2,2,-
2)− (2,2,1,2,4,0) transition with the predictions of the ab-initio theory allows to characterize the relative orienta-
tion of the coils that generate the magnetic field, the coil-to-field parameters, and the residual magnetic field. The
orientation and strength of a reference 10−4 T magnetic field may be determined with uncertainties estimated at
the mrad level and the 10−7 T level, respectively. Furthermore, a linearily polarized THz-wave slightly detuned to
the (v,L,F,S,J) = (0,0,1,2,2)− (0,1,1,2,3) hyperfine component is characterized using the lightshift induced on the
(v,L,F,S,J,Jz) = (0,0,1,2,2,2)− (2,0,1,2,2,2) transition. This approach enables weak THz electric field detection
at the µV/m level and calibration with 10 µV/m-level accuracy (Fig. 1.b), by exploiting magnetic field tuning of
the HD+ energy levels. In addition, the amplitudes and the phases of the components of the THz electric field in
the Cartesian laboratory frame are characterized from six lightshift measurements for three calibrated values of
the magnetic field and two orientations. For a reference THz-wave with an intensity of 1 W/m2, the amplitudes of
the components of the electric field may be characterized with µV/m-level uncertainties or better (Fig. 1.c). The
uncertainties of the phases of the electric field components are at the mrad level or better [9].

Fig. 1: a. Energy levels of HD+ addressed for THz-wave sensing. Two-photon transitions (red lines), THz-wave
driven electric dipole couplings (blue lines), dissociation (green lines). b. Uncertainty of the THz electric field
amplitude in function of the THz electric field amplitude. c. Uncertainty in the characterization of a linearily
polarized THz electric field in function of the orientation of the polarization vector defined with spherical angles.

References
[1] C. S. Adams, J. D. Pritchard, and J. P. Shaffer, J. Phys. B 53, 012002 (2020).
[2] V. I. Korobov, L. Hilico, and J.-Ph. Karr, Phys. Rev. Lett. 118, 233001 (2017).
[3] V. I. Korobov et al, Phys. Rev. A 102, 022804 (2020).
[4] D. Bakalov, V. I. Korobov, and S. Schiller, J. Phys. B 44, 025003 (2011).
[5] S. Schiller et al, Phys. Rev. A 89, 052521 (2014).
[6] S. Alighanbari et al, Nature 581, 152 (2020).
[7] S. Patra et al, Science 369, 1238 (2020).
[8] I. Kortunov et al, Nat. Phys. (2021). DOI : 10.1038/s41567-020-01150-7.
[9] F. L. Constantin, Atoms 8, 70 (2020).

∗Corresponding author: FL.Constantin@univ-lille1.fr
188
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Two-dimensional (2D) transition metal dichalcogenide (TMD) semiconductors exhibit strong light-matter cou-
pling and possess direct band gaps in the visible and infrared spectral ranges, making them potentially interesting
candidates for various applications in optics and optoelectronics [1]. Weak dielectric screening and in-plane geo-
metrical confinement give rise to an extraordinarily strong Coulomb interaction of electron-hole pairs resulting in
interesting many-body phenomena, such as the formation of excitons and, also, higher order excitonic quasipar-
ticles. Excitons are tightly bound in these materials and dominate the optical response even at room-temperature
[2], making TMDs and related VdW heterostructures a new platform for exploring fundamental exciton physics.

We investigated optical emission form chemical vapor deposition (CVD) grown MoS2 mono- and bilayer
nanocrystals in broad temperature range (from 4.2 K up to 350 K) in order to completely characterize influence
of growth parameters on sample quality and its electronic structure since sample reproducibility and stability
as well as their intrinsic high optical quality are crucial for high-quality device applications [3]. Temperature-
dependant experiments give information on optical transition linewidths due to interaction with acoustic and optical
phonons. Also, different approaches to sample preparation and conservation via hBN encapsulation in order to
access additional information on their optical and spin-valley properties will be presented.
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A new set of oscillator strengths in moderately charged indium ions for
the spectral analysis of hot white dwarfs
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A few years ago, the discovery of lines of trans-iron elements in the spectrum of the hot white dwarf RE
0503289 [1] encouraged us to begin doing systematic calculations of transition probabilities and oscillator strengths
in different heavy elements (Z > 26) in their moderately ionization stages, typically from 3+ to 6+ (see e.g. [2]).
With the newly calculated data obtained for twelve elements (Zn, Ga, Ge, Se, Kr, Sr, Zr, Mo, Te, I, Xe, Ba and Cu),
extreme overabundances, due to radiative levitation, were highlighted in RE 0503-289 [3]. With the high qual-
ity spectra recorded by the Space Telescope Imaging Spectrograph (STIS) onboard the Hubble Space Telescope
(HST), astrophysicists are able to identify line per line, element per element, and thus to improve calculations and
abundance analyses. However, for the reliable spectral analysis of hot, compact stars, non-local thermodynamic
equilibrium (NLTE) model-atmospheres are mandatory. In contrast to LTE models, where occupation numbers
of atomic levels are determined by Saha and Boltzmann equations, they have to be calculated in detail, i.e. all
radiative and collisional transitions between all levels have to be considered. In other words, for bound-bound
transitions reliable radiative parameters are required, not only for lines that are identified in the observation but
for the complete model atoms that are considered in the model-atmosphere calculations. In order to extend our
previous investigations, the present work is focused on indium ions, from In IV to In VII, for which the radiative
data are very sparse in literature. More precisely, new radiative decay rates (oscillator strengths and transition
probabilities) were computed using the pseudo-relativistic Hartree Fock (HFR) method originally introduced by
Cowan [4], and modified for taking core-polarization (CPOL) effects into account, giving rise to the so-called
HFR+CPOL approach [5,6]. For each ion, this method was combined with a semi-empirical procedure to optimize
some radial integrals by fitting the calculated energy levels with available experimental data. Our results will be
presented at the conference.
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In this work a model is developed for quantitative and calibration-free determination of colloidal metal nanoparticle
diameter and concentration synthesized by laser ablation in water [1-4]. Model is valid under assumption that total
ablated material is transferred into nanoparticles which is proved by Mie theory under dipole approximation and
Beer Lambert law using experimentally determined crater volumes, size distributions and photoabsorbances. The
model accounts for determination of nanoparticle diameter and concentration using only crater volume and pho-
toabsorbance as experimental input. The model was developed under theoretically expected equality of nanopar-
ticle concentrations obtained independently by photoabsorbances and volume of the crater and under dipole ap-
proximation of Mie theory. It is shown that a priori unspecified diameter of nanoparticles in model derivation
turns out to be in 1 sigma range of mode diameter of size distribution of nanoparticles obtained by AFM analysis.
Introduction of quadrupole terms in extinction cross section gave the same result for diameter considering size
ranges of nanoparticles used in this work. Therefore, for nanoparticle sizes below specific diameter limit which
is yet to be determined, dipole approximation is justified for quantitative analysis of nanoparticles properties. The
model is verified by comparing the nanoparticle size distributions obtained by AFM and TEM imaging with the
mode and mean nanoparticle diameter calculated from the absorbance data. It allows fast and simple colloidal
metal nanoparticle quantitative analysis without use of electron microscopy or relevant experimental techniques.

Fig. 1: Graphical abstract consisting of NP synthesis, analysis and evaluation
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Radiative cooling of cationic carbon clusters, CN
+

Hu Wei1, Zhang Rui1, Shimpei Iida2, Hajime Tanuma2, Kei Masuhara2, Haruo Shiromaru2, Toshiyuki
Azuma3, Klavs Hansen*1,4

1. School of Science, Tianjin University, Tianjin 300350, China
2. Tokyo Metropolitan University, Tokyo 192-0397, Japan

3. Atomic, Molecular & Optical Physics Laboratory, RIKEN, Saitama 351-0198, Japan
4. Center for Joint Quantum Studies and Department of Physics, School of Science, Tianjin University, Tianjin 300350, China

The radiative cooling of highly excited carbon cluster cations of sizes N = 9, 11-12, 17-27 has been studied in the
Tokyo Metropolitan electrostatic storage ring. The clusters were produce by laser ablation and accelerated to 15
keV, which gave circulation times of several tens of microseconds [1]. Neutral decay products were detected at
the end of both straight sections of the ring. From the exponential suppression of the 1/t power law decay [2], the
radiative cooling constants were extracted, similar to the the procedure used in [3]. The cooling rate constants vary
with cluster size from a maximum at N = 9 of 2.4 × 104 s−1 and a minimum at N = 17 of 3.6 × 103 s−1. The
high rates indicate that photon emission takes place from electronically excited ions, providing a strong stabilizing
cooling of the molecules.

References
[1] S. Jinno, T. Takao, K. Hanada, M. Goto, K. Okuno, H. Tanuma, T. Azuma, and H. Shiromaru, Nucl. Instrum. Methods Phys. Res., A 572,
568 (2007)
[2] K. Hansen, J. U. Andersen, P. Hvelplund, S. P.Møller, U. V. Pedersen, and V. V. Petrunin,Phys. Rev. Lett. 87, 123401 (2001)
[3] F.-Q. Chen,N. Kono, R. Suzuki, T. Furukawa, H. Tanuma, P. Ferrari, T. Azuma, J. Matsumoto, H. Shiromaru, V. Zhaunerchyk and K.
Hansen, Phys.Chem.Chem.Phys., 21, 1587 (2019)

*Corresponding author: KlavsHansen@tju.edu.cn
192



Electronic structure and Bonding Properties of Diatomic Molecule FeS

M. A. Mermigki*1, D. Tzeli1,2
1. Laboratory of Physical Chemistry, Department of Chemistry, National and Kapodistrian University of Athens, Zografou GR-15784, Greece

2. Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation, 48 Vassileos Constantinou Ave., Athens 116 35,
Greece

Iron–sulfur clusters are ubiquitous. [1] They play a major role in industrial catalysis and especially in hydrodesul-
furization. [2,3] and they are preferred over oxide catalysis because of their resistance against poisoning. [4]
Additionally, they appear in the dust in the interstellar medium and the exact nature of interstellar amorphous
silicate grains is still an open question. [5] They are also involved in many biological systems operating as ac-
tive centers of proteins in processes such as photosynthesis, respiration, and nitrogen fixation. [6] The key for
their remarkable reactivity is their low-lying electronic states. It is particularly important to be understood the
intrinsic electronic structure of the Fe-S clusters as well as their modifications by their surroundings in order the
functionalities of the iron-sulfur proteins to be interpreted.

Here, we present a theoretical study of the diatomic FeS molecule, employing the CAS, MRCI, and CCSD(T)
methodologies in conjunction with the aug-cc-pV5Z. There is a debate regarding the identity of the ground state, 5∆
or 5Σ+. Here we show that the 5∆ is the ground state in agreement with the experimental data [7]. The 5∆ and 5Σ+

states are almost degenerate energetically, while the following excited state is the 7Σ+ state. The bond length of
5∆ is defined at 2.02 Å and its dissociation energies is calculated at 98.4 kcal/mol. Finally, the electronic structure
and the bonding properties of the molecule are analyzed. It is of interest that states of high spin multiplicity are
low-lying in energy. The electronic energy levels of even the same spin are dense providing a natural explanation
for the ubiquity of these clusters in nature and in catalysis.
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For more than 40 years, most astrophysical observations and laboratory studies of two key soft X-ray diagnostic
2p-3d transitions, 3C and 3D, in Fe XVII ions found oscillator-strength ratios f3C/ f3D disagreeing with theory
[1]. This discrepancy hampered the proposed plasma diagnostic utility based on the observed intensity ratios ever
since [2]. In previous laboratory measurements, the ratio was determined by scrutinizing the photon emission of
an electron-impact excited plasma. First X-ray laser spectroscopy experiments at a free-electron laser (FEL) con-
firmed the discrepancy between experiments and theory independently of electron-excitation cross sections that
could have falsified previous laboratory measurements [3]. Recently, the 3C/3D oscillator-strength ratio was mea-
sured by resonantly exciting the transitions utilizing highly brilliant and monochromatic X-ray synchrotron light.
Thereby, two proposed systematical effects that could have lowered the results of the FEL measurements were
excluded. The synchrotron measurement appeared to confirm previous experimental values and thus, exacerbated
the long-lasting emission problem of Fe XVII [4].

In newest measurements, a three-fold improvement of the experimental resolution and a significant increase
in the signal-to-noise ratio revealed a systematical underestimation of the observed ratio in the first synchrotron
measurement, see Figure 1. The result of these measurements f3C/ f3D = 3.51(7) is in excellent agreement with
the newest state-of-the-art theoretical predictions and finally resolves the long-lasting conundrum. Additionally,
for the first time, the individual natural linewidths of lines 3C and 3D, among others, were determined with an
uncertainty of ≈ 15%. This allows to benchmark theories not only by the oscillator-strength ratio but also by their
prediction of the individual transition lifetime. The findings of the measurement now allow the observed intensity
ratios of 3C and 3D to enable their usefulness in the diagnostics of astrophysical spectra.
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Fig. 1: Comparison of the observed and measured line profiles of lines 3C and 3D of Fe XVII as well as line C of Fe XVI. Blue: Observation
of the emission spectrum of Capella using the XMM-Newton observatory. Orange: Laser spectroscopy measurements at LCLS. Green: Newest
measurements conducted at beamline P04 of the PETRA III synchrotron.
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Novel method for preparing nanoscale atomically thin heterostructure
devices
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Current state of preparing 2D materials for use in devices was mostly focused on Chemical Vapor Deposition
(CVD) methods and exfoliation from the bulk crystals. While CVD offers great scalability potential which is nec-
essary for future device fabrication it also lacks in controllable parameters and properties of synthesised materials.
On the other hand, exfoliation from bulk crystals offers great sample quality but no realistic way of scaling to mass
producing which is a must for future devices. Another option is to use Molecular Beam Epitaxy (MBE) method

of synthesising in ultra-high vacuum (UHV) conditions which offers unparalleled control of growth parameters.
[1] One of the obstacles of current growth procedures is reliance on Ir(111) or Au(111) substrates which promotes
growth. Such metallic substrates quench the optical response of grown materials making them inconvenient for
use in optoelectronic devices. Here we present MBE growth of nanoscale sized islands of MoS2 synthesized on

uniform sheets of graphene on top of the Ir (111) substrate. [2] Obtained MoS2/Graphene/Ir(111) heterostructure is
transfered to a suitable substrate such as SiO2/Si wafers which offers great optoelectronic performance of devices.
Initial optical characterisation unveils successful transfer of the samples and room condition stability. [3]
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Mass spectrometry and ICCD imaging of atmospheric pressure plasma jet
with spiral electrodes
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Here we use spiral electrodes for generating an atmospheric pressure plasma jet APPJ. Their geometry allows the
formation of discharges along relatively large source lengths [1]. We use ICCD fast imaging and mass spectrometry
to observe discharge propagation as well to determine the chemical composition [2]. A possible application of this
type of non-thermal plasma could be in medicine for sterilization of catheters and infusion hoses [3].

In this study, the source that we used was made of a 30 cm long glass tube around which two copper wires were
wrapped into a spiral. These two wires did not touch at any point and were set at approximately equal distances
of about 10 mm compared to each other. We used 4 slm of helium as a feeding gas during all experiment. One
of the wires was powered with sine wave at 70 kHz excitation frequency and the other one was grounded. The
applied voltage was generated using signal generator. The signal was amplified with custom made amplifier and
transformer before it was applied to the powered electrode. We have used high voltage probe in order to measure
the high voltage. The oscilloscope was used to capture signals of current and voltage in order to calculate power
delivered to the discharge [4].

A molecular beam mass spectrometer MBMS (HIDEN HPR60) was used to detect neutrals, positive and neg-
ative ions mass spectra derived from APPJ discharge. In Fig. 1 one can notice a rich spectrum of negative ions
obtained in APPJ’s plume dominated by oxygen species such as O-, OH-, O2

- and O3
-. Also, water clusters

O- ·(H2O)n and OH-·(H2O)n can be observed. ICCD and electrical measurement results showed the appearance
of a pulsed streamer at the maximum of the positive half-cycle of the voltage signal. In addition, we could no-
tice the appearance of discharge within the glass tube which was following powered electrode during the negative
half-cycle and grounded electrode during the positive half-cycle.

Fig. 1: Negative ions mass spectra 0-100 amu (15 mm distance between APPJ and MBMS, applied voltage 8.0
kV, helium flow rate 4 slm)

Mass spectrometry results showed similar concentrations of positive and negative ions for the same experimen-
tal conditions dominated by oxygen and nitrogen species. No water clusters were observed for positive ions. The
ICCD acquisition provided insight into the propagation of discharge within the glass tube as well as within the
plume which propagates in ambient room.
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Photoelectron circular dichroism in racemic mixtures
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Photoionisation and measurment of the photoelectron’s angular distribution allows to extract valuable information
about molecular structure and intramolecular dynamics. In the special case of chiral molecules, which cannot be
superimposed with their mirror images, the laboratory-frame photoelectron angular distributions show a distinct
forward-backward asymmetry with respect of the light propagation direction, if the ionising light source is circu-
larly polarised. This asymmetry is called photoelectron circular dichroism (PECD) and even survives the average
over all possible molecular orientations, as it is the case for an ensemble of randomly oriented molecules[1]. As
a pure electric dipole effect, PECD has a high signal strength. Hence, it established itself as a versatile probe of
dynamics in chiral molecules. In samples of randomly oriented molecules, the strength of PECD is directly related
to the enantiomeric excess and vanishes in the limit of a racemic mixture. However, it has been demonstrated re-
cently that the rotational state of an molecular ensemble can be controlled in an enantioselective manner[2]. Here,
we show that this opens the possibility to observe PECD even in racemic mixtures. We aim to propose an efficient
scheme for measuring PECD in a racemic molecular ensemble starting from an isotropic initial state and to provide
a systematic theoretical analysis of the electric dipole response in racemic mixtures.
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Old recipes to the rescue of modern data on the hyperfine structure of Xe I
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Investigation of the hyperfine structure of the natural isotopes of xenon, 129Xe and 131Xe, with a nuclear spin
I = 1/2 and 3/2 respectively, was recently extended to an unprecedented number of excited levels of Xe I [1-2].
The authors of the survey nevertheless regret that “There does not appear to be any obvious pattern or trend in
these values of A129, A131 and B131 as a function of the angular momentum quantum numbers J, `, and K” [2].

XXth century investigations, however, had shown quantitatively how appropriate it could be to attribute most
of the hyperfine structure of Xe I excited states to the interaction of the 6p5 2Pj core with the nucleus. Based
on this, variation of the dipole and quadrupole hyperfine coefficients A and B stems straightforwardly from the
different possible coupling schemes of the atomic angular momenta, from one or the other possible fine-structure
states j of the core, through a defined value K of the momentum that arises from coupling the core with the orbital
momentum ` of the outer electron, including the spin s = 1/2 of the same electron, to end up with a well-defined
value J of the total angular momentum of the electron shell [3-6]. With the use of elementary Racah algebra, the
hyperfine dipole parameter A appears proportional to an angular coefficient κ , such as:

κ( j, `,K,J) =
[4J(J+1)+4K(K +1)−3] [K(K +1)+ j( j+1)− `(`+1)]

8J(J+1)K(K +1) j( j+1)
(1)

Formula (1) has taken explicit advantage of the fact that the p5 core has an `C = 1 orbital angular momentum
and that both this core and the outer ` electron have an s = 1/2 spin. Figure 1 shows how well experimental A
parameters actually appear correlated with κ (with a proportionality coefficient that itself depends on the nuclear
magnetic momentum), which may thus serve as the wanted “obvious pattern” [2] for the ( j, `,K,J) dependence of
the hyperfine dipole coefficient.

Fig. 1: Dipolar parameters A
[
(p5) j`[K]J

]
of 129Xe (pentagons and circles) and 131Xe (squares and triangles), in

MHz, shown vs. their expected κ ratio to the monoelectronic dipole-hyperfine parameter of the core. Pentagons
and squares (resp. circles and triangles) stand for the j=3/2 “unprimed” (resp. j=1/2 “primed”) levels. The
dashed and long-dashed lines show the general trend of the 129A and 131A to follow a linear dependence with
respect to the κ factor deduced from the hypothesis of a pure core-hfs effect. As expected, the ratio of the slopes
corresponds to the ratio of the nuclear gyromagnetic coefficients, γ129/γ131 '−3.37.

A similar analysis for the quadrupole coefficient will be shown at the conference.
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Numerical Simulation of Argon Microdischarge for Plasma Deactivation
Technology
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In this work, we performed the results of the numerical simulation of a microdischarge in argon at atmospheric
pressure. The investigated type of microdischarge is used in a new thermo-plasma technology for the selective
extraction of the radioactive isotope 14C in the deactivation treatment of the irradiated reactor graphite surface.

At present time, some complicated and economically unprofitable methods for deactivation of the irradiated
reactor graphite and other structural elements of the nuclear power plants are under consideration. For example, to
solve the recycling reactor graphite problem (the irradiated graphite volume is estimated to be 100 thousand tons
in the world).

We offer a new technology for irradiated reactor graphite decontamination with inert gas (argon) plasma sput-
tering and thermo-treatment. In more detail the description of our technology is presented in [1, 2]. The mi-
crodischarge is ignited in argon at the pressure 1 atm. between the treated surface (the cathode) and the collector
electrode (the anode). The gap between the electrodes is selected of the order of 1 mm. The operating voltage on
the discharge gap is applied by the power supply source in the range of 400-600 V, the discharge current density
is regulated in the range (0.01 – 1) A/cm2. After discharge ignition argon ions are accelerated in the cathode
sheath, where main part of discharge voltage is dropped and sputter carbon and other atoms from the surface of
reactor graphite (the cathode). The sputtered atoms from the cathode are diffusing in the inert gas of the gap and
are precipitating on the anode (collector) electrode surface. Inert gas is circulated by a pump with inflow from the
perimeter of the anode and outflow to the pumping out tube in the center of the anode.

To assess the operating parameters of the thermo-plasma deactivation technology, the argon microplasma dis-
charge was simulated. The numerical model includes equations for the electronic and non-electronic components
of the plasma, Poisson’s and Boltsman’s equations, boundary conditions and 28 plasma-chemical reactions involv-
ing particles of argon plasma. Based on the numerical model, the following parameters of the microdischarge were
calculated: the cathode sheath value, the concentration of plasma particles, the current density of argon ions, the
sputtering rate of the reactor graphite surface by argon ions.

The magnitude of the cathode sheath is 140 V, the maximum values of the concentration of neutral argon
atoms Ar , electrons ne, atomic argon ions Ar+, molecular argon ions Ar2

+ and Ar3
+, metastable atoms Armet and

molecules Ar2
met: [Ar]=2.44 ·1025 m-3, ne = 8 ·1019 m-3, [Ar+]=5 ·1018 m-3, [Ar2

+]=7 ·1019 m-3, [Ar3
+]=7 ·1018

m-3, [Armet]= 5 · 1018m-3, [Ar2
met] = 5 · 1017 m-3. With the obtained parameters, the rate of ion sputtering of

GR-280 reactor graphite by argon ions is no less than 75.7 nm/s.
These results obtained for the first time and interested for plasma physics application and nuclear power for

solving the problem of irradiated reactor graphite decontamination.
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Photoelectron circular dichroism of heavier chalcogenofenchones using
near ultra-violet femtosecond laser pulses
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Photoelectron spectra and photoelectron circular dichroism (PECD) measurements after femtosecond laser res-
onance enhanced multi-photon ionization (2+1 REMPI) are reported for chalcogenofenchones with variation of
the chalcogen atom from oxygen to sulfur and selenium. Short pulses allow for excitation and ionization of the
intermediate states out of an almost frozen nuclear configuration and reduce the influence of internal conversion
processes. Keeping the excitation wavelength fixed, the contributing resonances and ionization energies are tuned
in a bathochromic fashion by chemical substitution of heavier atoms. Intermediate electronic states excited during
the REMPI process are assigned based on the measured photoelectron spectra and ab initio quantum chemical
calculations. The bathochromic shifts cause the heavier chalcogenofenchones to have absorption in the visible
region, which opens the door for future laser excitation, and control studies on the important fenchone prototype.

LC
P
-R
C
P

kk

(S)(+)-fenchone (R)(-)-fenchone

(S)(+)-thiofenchone (R)(-)-thiofenchone

(S)(+)-selenofenchone (R)(-)-selenofenchone

(a2)(a1) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1) (c2) (c3)

+

-

+

-

+

-

(c4)

k k

k k

LC
P
-R
C
P

LC
P
-R
C
P

LC
P
-R
C
P

LC
P
-R
C
P

LC
P
-R
C
P

Figure 1: Photoelectron results for (a) fenchone, (b) thiofenchone and (c) selenofenchone after 2+1 resonance-
enhanced multiphoton ionization at an incident wavelength of around 376 nm. Column 1 displays the raw images
containing the photoelectron angular distributions after ionizing with linealry polarized light. Photoelectron circu-
lar dichroism (PECD) images are presented in column 2 and 3 for the (S) and (R) enantiomers, respectively. Each
of the PECD images contains raw data in the upper half and Abel inverted distributions in the lower half. Column
4 contains the photoelectron spectra for circular (red) and linear (blue) polarized light.
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Cold interactions and collisions between helium ions (He+) and
metastable helium atoms (He∗)
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Cold hybrid ion-atom systems recently emerged as a new area for fundamental research in quantum physics
and chemistry. In my work, I investigate the dynamics of helium ions immersed in ultracold metastable helium
atoms. We calculate accurate potential energy curves for a ground state He+ ion interacting with He atom in
the lowest-energy metastable 3S state. We enploy the full configuration interaction method, equivalent to exact
diagonalization, with large single-particle Gaussian basis sets extrapolated to the complete basis set limit. We
include the leading adiabatic and relativistic corrections and use the potential energy curves to predict the scat-
tering lengths for atom-ion collisions. We also investigate the spectroscopic properties of the system, namely we
calculate the rovibrational levels and spectroscopic constants of the molecular ion in excited states for three stable
isotopologues.
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Fig. 1: The non-relativistic potentials energy curves of the He+2 molecular ion in the ground and excited electronic
states
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Chirp and intensity dependence of the circular dichroism in ion yield of
3-methylcyclopentanone measured with femtosecond laser pulses
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One of the methods to differentiate between the two enantiomers of a chiral molecule is Circular Dichroism (CD).
It arises due to the difference in absorption of left and right circularly polarised light by the two enantiomers. The
difference in absorption can also be mapped to the difference in ionisation of the enantiomers and is known as CD
in ion yield [1,2], cf. Fig. 1(a). This anisotropy for a particular transition can be quantified as follows [3]:

g =
4 · |~µ| · |~m| · cosθ
|~µ|2 + |~m|2 = 2 · Ilcp− Ircp

Ilcp + Ircp
(1)

where ~µ and ~m are the electric and magnetic dipole moment at an angle θ , and Ilcp and Ircp are the ion yields due
to left and right circularly polarised light.

As the CD in ion yield arises due to the interplay of the electric and magnetic dipole moments, one may
expect that their manipulation or structural changes in the molecule could alter the anisotropy. Our attempt to
use shaped femtosecond laser pulses to coherently control the anisotropy of a chiral molecule starts with this
study of the effect of linear chirp or group delay dispersion (GDD) on the anisotropy. The candidate molecule
for this experiment is 3-methylcyclopentanone (3-MCP). From our previous experiments [4] we found that the
3-MCP molecule has prominent anisotropy around 309 nm and around 324 nm. In the study we present here, we
perform all the experiments at 309 nm, where 3-MCP shows higher anisotropy. In this wavelength range a 1+1+1
resonance-enhanced multi-photon ionisation (REMPI) takes place in 3-MCP through the π∗← n transition.

(a) (b)

Figure 1: (a) The difference in absorption of left and right circularly polarised light to the intermediate state is
mapped to the ion yield of the enantiomer, when ionised in resonance-enhanced multiphoton ionisation scheme,
(b) experimental result of the effect of GDD on the anisotropy

For the current experiments, we use our home built Time of Flight (ToF) mass spectrometer with our recently
established twin peak measurement setup [4]. The twin peak method has the capability to measure ion yields for
both helicities within the same laser shot, hence reducing the laser fluctuation error and also the error related to the
rotation of the quarter wave-plate. To further account for systematic errors in the measurements we use the achiral
reference of potassium to correct the anisotropy of the chiral molecules. A pair of prism compressors is used in
the beam path to manipulate the chirp in the pulse. We observe similar trend of enhanced anisotropy for higher
GDD pulses for the (R)- and the (S)-3-MCP molecules, cf. Fig. 1(b). To see whether this change in anisotropy
occurs purely due to introducing chirp or intensity variation, we have furthermore studied the intensity effect on
anisotropy which will be discussed in details in our poster.
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Radiative recombination of twisted electrons with highly charge ions
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The radiative recombination (RR) of electrons with highly–charged heavy ions has been in the focus of exper-
imental and theoretical research over the last three decades [1]. It is one of the dominant processes in relativistic
ion–atom (or ion–electron) collisions that allows to explore the details of light–matter coupling in the high–energy
and strong–field regime. Moreover, the application of the radiative recombination for the diagnostics of spin–
polarized ions beams in storage rings attracts currently considerable attention [2]. This diagnostics method is
based on the rotation of the linear polarization of emitted recombination photons for the case when electron is
captured into a bound state of initially polarized hydrogen–like ion. A special interest to such (initially) hydrogen–
like ions arise from the fact that they are essential for investigating spin–flip atomic transitions and parity–violation
phenomena in high–Z domain as well as for the search of a permanent electric dipole moment [3].

In the past, the application of the radiative recombination for the diagnostics of spin–polarized ion beams has
been discussed exclusively for the “conventional” plane–wave electrons. During the recent years, however, the
twisted (or vortex) electron beams have been proposed as a promising new tool for atomic collision studies [4].
Carrying non–zero projection of the orbital angular momentum (OAM) onto their propagation direction and, hence,
possessing enlarged magnetic dipole moment, these electron beams can be used to study magnetic phenomena in
solid–state physics and light–matter coupling. One can expect, therefore, that OAM–induced effects will play also
important role in the radiative recombination of spin–polarized heavy ions and can significantly modify the linear
polarization of emitted photons.

Fig. 1: Left panel: The geometry for the radiative recombination of twisted electrons with longitudinally polarized
hydrogen–like uranium U91+ (1s) ions. Right panel: The degree and tilt angle of the linear polarization of K–RR
photons for the capture of plane–wave (black solid line) as well as Bessel twisted electrons with the energy 100
keV. For the latter case, calculations have been performed for the opening angles θp = 10 deg (red dash–dotted
line), 30 deg (green dashed line) and 45 deg (blue dotted line).

In this contribution, we present a theoretical study of the radiative recombination of twisted electrons with
initially hydrogen–like (finally helium–like) ions. By using solutions of the relativistic Dirac’s equation and the
density matrix approach, see Refs. [5,6], we explored (i) how the linear polarization of recombination x–rays is
affected if incident ions are themselves spin–polarized, and (ii) whether this polarization transfer can be enhanced
by the electron “twistedness”. Results of our theoretical analysis, supported by detailed calculations (see Fig. 1,
for example), suggest that the sensitivity of the “x–ray–polarization rotation” method for the diagnostics of ion
beams can indeed be improved if vortex electrons are used in place of plane–wave ones. Moreover, we argue that
the use of twisted electrons is indispensable is one needs to investigate the properties of “structured” ion beams,
whose (local) intensity and polarization vary within their cross sectional area [7].
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In systems with multiple bound electrons, excitations and subsequent decays can often be descibed in terms of
one single electron transitioning from one set of quantum numbers to another. However, even in few-electron
systems, the inclusion of multi-electron processes can become necessary to accurately predict properties, like
photoabsorption cross sections and observable decay channels in fluorescence spectra. In this contribution we
present experiments in which we observed two-electron-one-photon (TEOP) transitions in trapped Li-like ions.

In an experiment conducted at beamline P04 of the synchrotron facility PETRA III, a portable electron beam
ion trap (EBIT) [1] was used to provide a target of highly charged oxygen ions for the monochromatized syn-
chrotron photon beam. The photon energy was continuously scanned over the range from 570 eV to 740 eV
while recording x-ray fluorescence from the ions. Figure 1 shows the result of such a measurement, in which
the fluorescence following resonant excitations of electronic transitions in He-like O6+ and Li-like O5+ is visible.
While most of these decays are dominated by fluorescence photons having the same energy as the ones used for
excitation, the excited state [(1s2s)15p3/2]3/2;1/2 of O5+ primarily decays via TEOP, at lower photon energies.
We have found that this enhanced TEOP decay originates in a strong correlation with the near-degenerate state
[(1s2p3/2)14s]3/2;1/2 [2].

Fig. 1: Histograms of fluorescence events. The top part is showing the excitation photon energy and the detected
fluorescence photon energy. Events with both energies being equal are situated on the dashed line. The bottom
part shows the total number of events as a function of the excitation energy. Fluorescence following the resonant
excitation of transitions in He-like O6+ and Li-like O5+ is labeled. Labeled in violet in both parts is fluorescence
associated with the excited state [(1s2s)15p3/2]3/2;1/2, which is dominated by the TEOP process.

The x-ray spectra of few-electron oxygen ions are of great importance for hot gas diagnostics in astrophysics.
Our results demonstrate the need to study TEOP transitions and include them in plasma models used for the
interpretation of astrophysical x-ray spectra.

In another experiment, at beamline P01 of PETRA III, we resonantly excited transitions from the K to the M
shell in Li-like Br32+, around 14 keV. Alongside excitations to 1s2s3p states, we also observed TEOP transitions
to 1s2p3s states, directly excited by the synchrotron photons. The TEOP excitation channels exhibit transition
rates comparable to the ones of direct single-photon excitations.

Both measurements show how high-resolution photoexcitation experiments with trapped ions can enable de-
tailed studies of multi-electron processes, that such processes are present even in few-electron systems, and have
to be included in accurate plasma models.
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We present a theoretical approach to studying the dissociative recombination (DR) of CH+ in an energy range
where the direct and indirect DR mechanisms can be important. This method makes use of fixed-nuclei R-matrix
scattering calculations, rovibrational frame transformation with a complex absorbing potential, and quantum defect
theory to compute the DR cross-sections from the ground X1Σ+ state of CH+. The neutral 22Π dissociative state,
presently accepted as the main dissociation pathway [1], is created by the closed excitation channels of CH+. It is
represented implicitly by the quantum defects associated with the first two excited states of CH+: a3Π and A1Π.
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Fig. 1: The total DR cross-sections of CH+ from its ground vibronic state are compared against experimental
results [1] and previous theoretical calculations [2], [3], [4], [5]. Both the convolved (solid black) and unconvolved
(dashed black) results are plotted. In-figure arrows identify various resonances, while arrows above the figure
indicate vibronic channel thresholds. The left number is the vibrational quantum number, while the right indexes
the electronic states of CH+.

So far, our results for the DR cross-sections, ignoring the rotational structure, are close to experimental results
[1] above 0.03 eV, but are larger at low energies. This could be due to the neglected rotational structure, whose
implementation we are finalizing. The DR probabilities for different partial waves of the incoming electron were
calculated to identify prominent resonances; considerable contributions came from d-waves, which were not con-
sidered previously.
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Referring to a recent experiment reported by Anderson et al. [1], we theoretically study the process of a two-
channel decay of the diatomic silver anion (Ag−2 ), namely the spontaneous electron ejection giving Ag2 + e− and
the dissociation leading to Ag− + Ag [2]. The ground state potential energy curves (Fig. 1: left panel) of the
silver molecules of diatomic neutral and negative ion were calculated using proper pseudo-potentials and atomic
basis sets. We also estimated the non-adiabatic electronic coupling between the ground state of Ag−2 and the
ground state of Ag2 + e−, which in turn allowed us to estimate the minimal and mean values of the electron
autodetachment lifetimes. The relative energies of the rovibrational levels allow the description of the spontaneous
electron emission process, while the description of the rotational dissociation is treated with the quantum dynamics
method [2] [3] as well as time-independent methods [4]. The results of our calculations (Fig. 1: right panel) are
verified by comparison with experimental data. We also formulate some prospects to control such a process using
strong couplings to decrease significantly its timescale.
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Fig. 1: (left panel) Potential energy curves for the Ag−2 and Ag2 ground states: (a) current work; (b) current work
with original basis set of Peterson and Puzzarini [5]; (c) Morse potentials generated by experimental and theoretical
parameters [1]. (right panel) A map of rovibrational levels of Ag−2 and Ag2: (a) no decay possible; (b) spontaneous
electron emission only; (c) fragmentation only; (d) both decay modes possible; (e) rovibrational levels of Ag2.

The calculated mean value of the vibrational non-adiabatic couplings between all considered rovibrational
levels is very small, of the order of 10−9 a.u. This means that the spontaneous electron emission process can be
long and has a mean lifetime estimated by our approach of a few seconds, although the shortest lifetimes are on a
millisecond scale (i.e. ∼250 ms).

In turn, the mean lifetime of the predissociation reaction calculated for the considered quasibond states is
smaller compared to the electron autodetachment reaction and equals around 250 ms. It means that the fragmen-
tation reaction is generally faster than the spontaneous electron emission reaction occurring even on pico- and
nanosecond scale, but some overlap in time (starting with milliseconds) of both channels can be observed, leading
to vie of these two decay pathways of the Ag−2 molecule. All the above confirms the experimental results on the
timescale of reactions given by Anderson et al.[1].
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Superfluid He is a remarkable nanoscale quantum system which can be employed as a cold spectroscopic ma-
trix. This offers the opportunity to explore the dynamics of photoionization of atoms or molecules embedded at
sub-kelvin temperatures, 370 mK [1],[2],[3],[4]. Camphor (C10H16O) is a volatile monoterpene ketone with im-
portance in medicine and other applications [5],[6]. This system has long served as a benchmark chiral molecule,
for asymmetries in angle-resolved photoelectron spectra [7],[8],[9],[10]. Therefore, it is important to investigate
this molecule and its oligomers embedded in a low temperature environment, here, He droplets.

We performed photoelectron spectroscopy on Camphor doped with He nanodroplets using EUV synchrotron
radiation at the circular polarization (CiPo) beamline of Elettra Synchrotron Trieste, Italy. Using a velocity map
imaging (VMI) spectrometer we recorded photoelectron spectra in coincidence with photoions detected by time-
of-flight (ToF) spectrometry for the photon energies in the range 19. . . 26 eV. Photoelectron spectra correlated
to Camphor photoions recorded for excitation by 21.43 eV photons reveals significant Penning ionization. We
uncover consequent photofragmentation processes leading to ions from the dopant molecules in their ground and
excited states. We report typical photoelectron spectra measured in coincidence with these ions in the environment
of the He nanodroplet, such as the one depicted in figure 1 below: the photoelectron kinetic energy spectrum
measured in coincidence with monomer Camphor ion for effusive molecules which are not hosted in droplet is
show in green, for photoexcitation at hν = 21.43 eV. The overlayed red curve is the corresponding spectrum from
doped molecules embedded in He nanodroplets. These photoelectron spectra are similar to what was reported for
the case of acene molecules [11] such as Coronene [12] doped in droplets. Evidently, there is significant scattering
of Penning electrons with the surrounding He atoms. We present and discuss these in this article.

Fig. 1: Photoelectron energy spectra measured in coincidence with camphor monomer ([C10H16O]+) ion at photon
energy hν = 21.43 eV. Here red line corresponds for effusive camphor and green line corresponds for Penning
ionization electron spectrum (background subtracted droplet correlated signal). The He expansion conditions are
stagnation pressure P0 = 40 bar and nozzle temperature T0 = 14K.
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Positrons bind to molecules leading to vibrational excitation and spectacularly enhanced annihilation (see [1] for
a review). Whilst positron binding energies have been measured via resonant annihilation spectra for around 75
molecules in the past two decades [1], an accurate ab initio theoretical description has remained elusive. Of
the molecules studied experimentally, calculations exist for only 6, and for these, standard quantum chemistry
approaches have proved severely deficient, agreeing with experiment to at best 25% accuracy for polar molecules,
and failing to predict binding in non-polar molecules. The theoretical difficulty lies in the need to accurately
account for strong positron-molecule correlations including polarisation of the electron cloud, screening of the
positron-molecule Coulomb interaction by molecular electrons, and the unique process of virtual-positronium
formation (where a molecular electron temporarily tunnels to the positron). Their roles in positron-molecule
binding have yet to be elucidated.

We have developed a diagrammatic many-body description of positron-molecule binding in polyatomic molecules
that takes ab initio account of the correlations [2]. We solve the Dyson equation for the positron quasiparticle wave-
function in a Gaussian basis, constructing the positron-molecule self-energy including the GW contribution that
describes polarisation, screening and electron-hole interaction interactions (at RPA/TDHF/BSE levels), the lad-
der series of positron-electron interactions that describes virtual positronium formation, and the ladder series of
positron-hole interactions.

We have used it to calculate binding energies for a range of polar and non-polar molecules, focussing chiefly
on the molecules for which both theory and experiment exist [2]. Delineating the effects of the correlations, we
show, in particular, that virtual-positronium formation significantly enhances binding in organic polar molecules,
and moreover, that it is essential to support binding in non-polar molecules including CS2, CSe2 and benzene.
Overall, we find the best agreement with experiment to date (to within a few percent in some cases). The method
also enables the calculation of the positron bound wavefunction (see Fig. 1), and of the positron-electron contact
density (annihilation rate in the bound state).

Our approach can be extended to enable predictive ab initio calculations of positron scattering and annihilation
γ spectra in molecules, providing insight that should support the development of fundamental experiments and the
myriad of antimatter-based technologies and applications, e.g., traps, beams and positron emission tomography.
Moreover, the positron-molecule problem provides a testbed for the development of methods to tackle the quantum
many-body problem, for which our results can serve as benchmarks.

(a) (b) (c)

Fig. 1: Present many-body theory calculated bound-state positron density for (a) acetaldehyde (polar, isovalue at
0.62 of maximum density), (b) benzene (non-polar, isovalue at 0.83 of maximum density), and (c) CS2 (non-polar,
isovalue at 0.99 of maximum density)
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Highly excited alkali atoms (Rydbergs) have gained attention as candidates for quantum technology applica-
tions. This is because Rydbergs interact strongly with their neighbors thus favoring the observation of collective
phenomena. Thin vapor cells [1] and fiber-based devices have been proposed as solid-state platforms for probing
Rydberg excitations. These systems interface atoms with dielectric surfaces at the micro or nanometric scale, high-
lighting the need for experimental and theoretical investigations of Casimir-Polder, Rydberg-surface interactions.

Rydberg-surface interactions are also of fundamental interest when the atomic size, scaling as n?2 (n? is the
principle quantum number corrected by the quantum defect), is no longer negligible compared to the atom-surface
separation, z. In this case, the dipole approximation, giving an interaction energy proportional to z−3, is not valid
and higher-order terms need to be taken into account. Quadrupole interaction terms in the atom-surface interaction
manifest themselves with a novel distance dependence of z−5 [2] that has not been experimentally investigated yet.

The Rydberg-surface interaction was first measured with low-lying nS Rydberg states (n = 10−13) of sodium
atoms, demonstrating the −C3/z3 interaction law (where C3 is the van der Waals coefficient) [3]. Nevertheless,
more recent experiments with high-lying rubidium Rydbergs (n = 32−43) confined in thin vapor cells [1] were
difficult to interpret, sparking closer theoretical investigations of the Rydberg-surface interactions.

Here we use the well-developed technique of selective reflection spectroscopy to measure the Casimir-Polder
interaction between Cs(15D3/2) atoms and a sapphire surface. The experiments are performed in a sapphire cell
with an set-up similar to the one reported in [4]. The cesium atoms are excited by a strong pump laser to the first
cesium resonance (6P1/2) and subsequently selective reflection is performed on the 6P1/2→ 15D3/2 transition at
λ = 512nm (see Fig.1a). Selective reflection probes excited atoms at a distance of approximately λ /2π (see [4]
and references therein). Our measurements rely on the interpretation of our experimental spectra using a simple
theoretical model [5] that neglects the effects of atomic motion.

Fig. 1: (a) Relevant cesium energy levels. (b) Selective reflection spectrum normalized by the off-resonant re-
flection (gray line) along with the theoretical fit (black line). The cesium pressure is 25mTorr. The two peaks
correspond to the 6P1/2 hyperfine manifold (both levels are populated due to collisions [4]), separated by 1.17 GHz.

In Fig.1b we show a selective reflection spectrum, along with the best theoretical fit assuming an interaction
energy of −C3/z3. Our theoretical model describes well the experimental spectra. The best fits are obtained for a
van der Waals coefficient of C3 ≈ 10MHz µm3 assuming a collisional broadening of Γ≈ 160MHz. The measured
C3 coefficient is larger than the theoretically predicted value of≈ 4MHz µm3. The assumption of motionless atoms
is justified in this experiment because Casimir-Polder shifts at typical probing distances are larger than Doppler
shifts. We are currently working on improving our theoretical models to include the effects of atomic motion. This
could lead to better quality fits of our experimental spectra and more accurate measurements of the C3 coefficient.
We envisage probing higher-lying Rydberg states in order to test the limits of the dipole approximation and probe
quadrupole interactions [4]. The experiment is funded by the ANR project SQUAT (ANR-20- CE92-0006-0.1).
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[1] H. Kübler, J. P. Shaffer, T. Baluktsian, R. Löw1 and T. Pfau, Nat. Photonics. 4, 112-116 (2010).
[2] J. A. Crosse, S.A. Ellingsen, K. Clements,S. Y. Buhmann and Stefan Scheel, Phys. Rev. A. 82, 010901(R) (2010).
[3] V. Sandoghdar, C. I. Sukenik, E. A. Hinds and S. Harroche, Phys. Rev. Lett. 68, 3432-3435 (1992).
[4] A. Laliotis, T. Passerat de Silans, I. Maurin, M. Ducloy and Daniel Bloch, Nat. Commun. 5, 4364 (2014).
[5] M. Ducloy and M. Fichet, J. Phys. II France 1, 1429-1446 (1991).

∗Corresponding author: laliotis@univ-paris13.fr
209



Positron cooling in N2 and CF4 gases
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Developments in positron trapping, accumulation, and delivery of positrons in beams over the last few decades
[1] have enabled the study of low-energy antimatter interactions with atoms and molecules [2][3], and formation,
exploitation, and interrogation of positronium and antihydrogen [4]. In a typical setup, ∼500 keV positrons from
a 22Na source are slowed to eV energies by a solid-neon moderator and guided into a Surko trap [5], where
thermalization to room temperature is achieved via collisions with N2 and/or CF4 gases. Regarding theory, recently,
a Monte Carlo approach [6] using accurate many-body-theory cross sections [7] gave a complete description of
thermalization in noble gases, obtaining excellent agreement with experiment [8][9]. But cooling in molecular
gases is not well understood theoretically, even for N2 and CF4, despite their important use. Recent experiments for
CF4 indicated that the positron momentum distribution remains Maxwellian throughout the cooling, suggesting a
mechanism beyond simple excitation of the dominant ν3 and ν4 vibrational modes (which alone would be expected
to lead to ‘pile-ups’ of the distribution below the vibrational thresholds; see Fig. 1).

Here, we calculate the evolution of the momentum distribution f (k) and positron temperature T during cooling
in N2 (via rotational excitation) and CF4 (via vibrational excitation) using a Monte Carlo approach, simulating the
experiments of Natisin et al [10]. We use the Born-dipole and Born-quadrupole cross sections, respectively. Fig-
ure 1 shows the evolution of f (k) (left panel) and T (right panel), respectively, for CF4, calculated with the inclusion
of the dominant ν3 and ν4 modes, and the ν1 mode. The predicted evolution of T is in excellent agreement with
experiment, and although we observe ‘pile-ups’ at the vibrational thresholds, the inclusion of ν1 enables combina-
tion cooling below the lowest threshold (ν4). We are now investigating the effect of positron-positron collisions,
determining whether the experimental positron-to-gas-density ratio is sufficient to effect rapid Maxwellianization.
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Fig. 1: Left panel: f (k) for cooling in CF4. Values of time-density (the product of the time in ns and the CF4
number density in amg): 0 (blue), 0.002 (red), 0.004 (dark green), 0.006 (brown), 0.008 (magenta), 0.01 (orange),
0.02 (cyan), 0.03 (light green), 0.06 (black). Dashed line: initial Maxwell-Boltzmann distribution for T = 1700 K.
Dot-dashed line: Maxwell-Boltzmann distribution for 300 K. Dotted lines: vibrational thresholds.
Right panel: T for cooling in CF4. ν3 only (red), ν3 + ν4 (blue), ν3 + ν4 with scaling (green), ν3 + ν4 + ν1
(magenta), ν3 +ν4 +ν1 with scaling (black), experiment [10] (red circles).
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Four-body universality which extends from classical to quantum systems
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Universal relationship of scaled size and scaled energy, which was previously established for two- and three-
body systems in their ground halo state [1], is examined for four-body systems [2].

Four-body exact ground-state estimate of self-binding is obtained by the diffusion Monte Carlo method, while
structural properties are extracted by pure estimators [3]. Previously in the case of helium trimers, a similar
approach enabled comparison of theoretically predicted structural properties [4] with the most recent experimental
results [5] and [6], which were obtained by Coulomb explosion imaging of diffracted helium clusters.

A detailed study was performed in the halo region, where systems are extremely weakly bound and prefer
more to be in classically forbidden regions. Strengthening the inter-particle interaction we extend the exploration
all the way to classical systems. Different scaling length were tested and universal size-energy law has been found
for homogeneous tetramers in the case of interaction potentials decaying predominantly as r−6. The universal
size-energy line is also applicable to mixed four-body systems, if their structure is homogeneous-like.
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Gouy phase-matched angular and radial mode conversion
in four-wave mixing
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We couple the orthogonal azimuthal and radial mode numbers of structured light, in the form of Laguerre-
Gaussian beams, via four-wave mixing (FWM) in a heated rubidium vapour [1]. The selection rules for the
angular mode number are governed by angular momentum conservation ([2] , [3], [4]), while the role of the radial
mode number is more obscure([5] , [6]). One would not normally expect these orthogonal components to interact
but we demonstrate experimentally that a clean Laguerre-Gauss mode LG`

p =LG0
1 can be generated via FWM

using LG1
0 and LG−1

0 near-infrared pump beams – but only if the length of the atomic medium is greater than the
Rayleigh range of the interacting light fields. This leads to strikingly different conversion behaviour in thick- and
thin-medium regimes; with the Gouy phase, and it’s relative importance in each regime, the crucial component in
understanding this conversion. Our experimental investigation of the transition between these two regimes bridges
the gap between previous experiments in atomic thick media and work in nonlinear crystals. This sets the basis to
explore efficient radial-to-azimuthal and radial-to-radial mode conversion in the thick-medium regime.
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Figure 1: FWM for pump modes with opposite `: LG1
0 at 780nm (a) and LG−1

0 at 776nm (b). For a thick medium,
we observe 420nm light in an almost pure LG0

1 mode (c), in agreement with our model (d). For a thin medium the
experimental (e) and predicted (f) light is a coherent superposition of LG0

0 and LG0
1. Each image triplet in (a)-(f)

corresponds to the near-field (top) far-field (middle) and tilted lens (bottom) beam intensity. In (g) we simulate the
impact of the medium thickness on the mode purity of the generated light, with LG1

0⊗LG−1
1 input.
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