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PLENARY TALKS

Magneto-optical trapping and sub-Doppler cooling of molecules
Ed Hinds (EPS Invited Speaker)

Near-optimal atom-photon interfaces in the solid-state
Pascale Senellart

Attosecond physics and the dream of an electron movie
Eva Lindroth

Contactless photon-photon interactions
Charles Adams

Structure and dynamics of nanoparticles in short wavelength light pulses
Thomas Moéller

Quantum gas in a box
Zoran Hadzibabic

Atomic clock and quantum many-body physics
Jun Ye

Dipolar quantum gases and liquids
Tilman Pfau

Ultracold Dipolar Fermi Gas of NaK Molecules
Martin Zwierlein

INVITED TALKS

Fast ion beams stored in cryogenic low-density environment: Collision experiments
and low-energy internal excitations
Andreas Wolf

Superconducting circuits for detecting and manipulating spins in solids
Denis Vion

Imaging ultrafast molecular wave-packets with a single chirped UV pulse
Alicia Palacios

Cold chemistry with cold molecules
Edvardas Narevicius

Spectroscopy of highly charged ions in magnetic fusion plasmas: Research opportu-
nities and diagnostic necessities
Peter Beiersdorfer

Detection of entanglement and of features of quantum evolution with few local mea-
surement and complementary properties
Chiara Macchiavello

Exploring quantum antiferromagnets with single-site resolution
Daniel Greif

Real-time dynamics of lattice gauge theories with a few-qubit quantum computer
Christine Muschik

Observation of the 1S-2S transition in trapped antihydrogen
Niels Madsen

Vector correlations in molecular photodissociation: Production of spin-polarized H-
atoms and femtosecond stereodynamics
Oleg Vasyutinskii

Two-dimensional arrays of single Rydberg atoms for the quantum simulation of spin
systems
Thierry Lahaye
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Tuesday 12:10

Tuesday 15:30

Tuesday 15:50

Tuesday 15:30

Tuesday 15:50

Wednesday 11:30

Wednesday 11:50

Wednesday 12:10

Wednesday 11:30

CONTRIBUTED TALKS

Testing the Universality of Free Fall with Bragg atom interferometer
M. K. Zhou, K. Zhang, Y. Cheng, L. L. Chen, L. S. Cao and Z. K. Hu

Coherence of an interacting ultra-cold atomic ensemble in a trapped matter-wave
sensor

Alexis Bonnin, X. Alauze, C. Solaro, F. Combes, J. N. Fuchs, F. Piéchon and F. Pereira
dos Santos

Experimental constraints on non-Newtonian gravity via state of the art photoassoci-
ation spectroscopy

Mateusz Borkowski, Alexei A. Buchachenko, Roman Ciuryto, Paul S. Julienne, Hirotaka
Yamada, Kikuchi Yuu, Kekaru Takahashi, Yosuke Takasu and Yoshiro Takahashi

Experimental signatures of an absorbing-state phase transition in a cold Rydberg gas
C. Simonelli, M. Archimi, F. Castellucci, E. Arimondo, D. Ciampini, R. Gutierrez,
M. Marcuzzi, 1. Lesanovsky and O. Morsch

A Rydberg-dressed magneto-optical trap
A. D. Bounds, N. C. Keegan, R. K. Hanley, R. F. Faoro, E. M. Bridge, P. Huillery and M.
P. A. Jones

Quantum gas microscopy of spatial correlations in attractive and repulsive Fermi-
Hubbard systems

P. Schauss, D. Mitra, P. T. Brown, E. Guardado-Sanchez, S. S. Kondov, E. Khatami, T.
Paiva, N. Trivedi, T. Devakul, D. A. Huse and W. S. Bakr

Positron cooling and annihilation in noble gases
D. G. Green, P. Mullan, M. Lee and G. F. Gribakin

Self-organisation of light in optical media with competing nonlocal nonlinearities
F. Maucher, T. Pohl, S. Skupin and W. Krolikowski

Directional quantum controlled Chemistry: Generating alignment of ultracold pho-
toassociation molecules
S. Kallush, J. L. Carini, P. L. Gould and R. Kosloff

Precision spectroscopy of cold formaldehyde in an electric trap
Martin Ibriigger, A. Prehn, M. Zeppenfeld and G. Rempe

Laboratory measurements compellingly support a charge-exchange mechanism for
the “dark matter' ~ 3.5 keV X-ray line

Chintan Shah, Sven Bernitt, Stepan Dobrodey, René Steinbriigge, Liyi Gu, Jelle Kaastra
and José R. Crespo Lépez-Urrutia

Sideband heating of a single calcium ion trapped in a Penning trap: Preparation and
coherence studies of a non-thermal state
M. K. Joshi, P. Hrmo, V. Jarlaud, J. F. Goodwin, G. Stutter and R. C. Thompson

Direct detection of giant molecules with a cloud of cold ions
N. Bremare, C. Champenois, C. Dedonder-Lardeux, D. Guyomarc’h, A. Janulyte, J.
Pedregosa-Gutierrez, C. Jouvet and M. Knoop

Spectroscopy methods with quantum sensors
Tuvia Gefen, Simon Schmitt, Liam P. McGuinness, Fedor Jelezko, Alex Retzker
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Towards coherent splitting and recombination of bright solitary matter waves
A. Rakonjac, O. J. Wales, T. P. Billam, J. L. Helm, S. A. Gardiner and S. L. Cornish

Improved sensitivity to the electron’s electric dipole moment using YbF molecules
Isabel M. Rabey, J. A. Devlin, C. Ho, B. E. Sauer, M. R. Tarbutt and E. A. Hinds

Single atom- and momentum-resolved investigation of thermal and quantum deple-
tion in metastable Helium Bose condensates

H. Cayla, C. Carcy, Q. Bouton, R. Chang, C. I. Westbrook, A. Aspect, M. Mancini and D.
Clément

Supersolidity with Bose-Einstein condensates
A. Morales, J. Leonard, P. Zupancic, T. Esslinger and T. Donner

Crossing over from attractive to repulsive interactions in a tunneling bosonic Joseph-
son junction

Giovanni Ferioli, G. Spagnolli, G. Semeghini, L. Masi, A. Trenkwalder, S. Coop, M. Lan-
dini, L. Pezzé, G. Modugno, M. Inguscio, A. Smerzi and M. Fattori

Single organic molecule coupling to a hybrid plasmonic waveguide
S. Grandi, M. A. Nielsen, J. Cambiasso, S. Boissier, K. D. Major, C. Reardon, T. F. Krauss,
R. F. Oulton, E. A. Hinds and A. S. Clark

Identifying optical transitions in highly charged ions with applications for metrology
and searches of variation of the fine-structure constant

H. Bekker, A. Windberger, N. Potters, J. Rauch, J. Berengut, A. Borschevsky and J. R.
Crespo Lopez-Urrutia

Monochromatic electron beam from Rydberg atoms
E. Moufarej, Z. Mazzotta, M. Vielle-Grosjean, F. Robicheaux, Y. J. Picard and D. Com-
parat

An improved value of the atomic mass of the proton
Florian Kohler-Langes, Fabian Heifle, Sascha Rau, Sven Junck, Andreas Mooser, Wolf-
gang Quint, Stefan Ulmer, Giinter Werth, Klaus Blaum and Sven Sturm

Precision spectroscopy on the 23S — 2!S transition in ultracold helium inside a magic
wavelength trap
R.J. Rengelink, R. P. M. J. W. Notermans and W. Vassen

Electron-nuclear coupling through autoionizing states after strong-field excitation of
H; molecules

Yonghao Mi, Nicolas Camus, Lutz Fechner, Martin Laux, Robert Moshammer and
Thomas Pfeifer

Control of 3D photoelectron wavepackets using single beam bichromatic and polar-
ization shaped ultrashort laser pulses
D. Pengel, S. Kerbstadt, D. Johannmeyer, L. Englert, T. Bayer and M. Wollenhaupt

Nondestructive detection of polar molecules via Rydberg atoms
M. Zeppenfeld and F. Jarisch

Three-Body Forster resonances in a few interacting Rb Rydberg atoms
I. I. Ryabtsev, D. B. Tretyakov, L. I. Beterov, E. A. Yakshina, V. M. Entin, P. Cheinet and
P. Pillet

Coherent control and trapping of ultracold 8’ Rb!3*Cs molecules
Philip D. Gregory, Jacob A. Blackmore, Elizabeth M. Bridge, Jesus Aldegunde, Jeremy
M. Hutson and Simon L. Cornish
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Session A (Tuesday 16:30)

Towards conductivity imaging of biological tissues with atomic magnetometers
Cameron Deans, Luca Marmugi and Ferruccio Renzoni

Modelling LMT atom interferometry in optical cavities
M. Dovale, Aaron Jones, D. Brown, H. Miao and A. Freise

Application of cavity ring-down spectroscopy for diagnostics of low temperature
N>H' dominated afterglow plasmas
Abel Kilosi, P. Dohnal, D. Shapko, R. Plasil and J. Glosik

Multichannel optical atomic magnetometer operating in unshielded environment
V. Biancalana, Antonio Vigilante, G. Bevilacqua, Y. Dancheva, E. Mariotti and C. Rossi

Real-time monitoring of breath acetone in diabetic patients
Arin Mizouri, Nada Al Taisan, Eckart Wrede, N. Hendrik Nahler and David Carty

Dynamical studies in electron impact ionization of atoms and molecules
S. Houamer, M. Chinoune and C. Dal Cappello

The filleted atom revisited - a new dynamical description
H. Agueny, M. Chovancova, M. Fgrre and J. P. Hansen

Phase properties of the cutoff high-order harmonics
M. Khokhlova and V. Strelkov

Study of atomic delays in negative ions
E. Lindroth and Marcus Dahlstrom

Relativistic ionization dynamics for a hydrogen atom exposed to superintense XUV
laser pulses
E. Lindroth, Tor Kjellsson, Sglve Selstg and Morten Fgrre

XUV-initiated high-harmonic generation in Ar™
Daniel D. A. Clarke, H. W. van der Hart and A. C. Brown

Rydberg excitations of cold atoms inside a hollow-core fiber
Maria Langbecker, Mohammad Noaman, Chantal Voss and Patrick Windpassinger

Species-selective confinement of atoms dressed with multiple radiofrequencies
E. Bentine, T. L. Harte, K. Luksch, A. Barker, J. Mur-Petit, B. Yuen and C. J. Foot

An g-pseudoclassical model for quantum resonances in a cold dilute atomic gas peri-
odically driven by finite-duration standing-wave laser pulses

B. T. Beswick, S. A. Gardiner, I. G. Hughes, H. P. A. G. Astier, M. F. Andersen and B.
Daszuta

Fibonacci anyon excitations of one-dimensional dipolar lattice bosons
Tanja Puri¢, Krzysztof Biedroni and Jakub Zakrzewski

Laser cooling of molecules to below the Doppler limit
L. Caldwell, S. Truppe, M. Hambach, H. J. Williams, N. J. Fitch, E. A. Hinds, B. E. Sauer
and M. R. Tarbutt

The long-range behavior of ab initio transition dipole moments and spin-orbit cou-
pling matrix elements between the low-lying electronic states of LiRb and KRb
molecules

E. A. Bormotova and A.V. Stolyarov

Prospects of the usage of the A'X+ ~ b’IT and S'IT ~ @1 complexes in ultracold LiRb
molecule production
E. A. Bormotova, S. V. Kozlov, E. A. Pazyuk and A. V. Stolyarov

Towards non-destructive, real-time transport measurements of interacting Fermi gas
Barbara Cilenti, K. Roux, O. Bettermann, V. Helson and J. Brantut

Towards the implementation of quantum probes in spin-dependent optical lattice po-
tentials
Andrea Di Carli, C. Colquhoun and E.Haller
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Discovering new physics strategies with citizen science driven, human-computer hy-
brid optimization
Ott6 Eliasson, Jacob Sherson and the scienceathome.org team

Observing metastability in a strongly-correlated many-body system
L. Hruby, N. Dogra, M. Landini, K. Kroeger, T. Donner and T. Esslinger

Blue-detuned magneto optical trap
Kyle N. Jarvis, T. E. Wall, E. A. Hinds, B. E. Sauer and M. R. Tarbutt

Spin mixing and protection of ferromagnetism in a spinor dipolar condensate
Kaci Kechadi, Bruno Laburthe-Tolra and Paolo Pedri

Nonlinear scattering of atomic bright solitons in disorder
A. Boissé, G. Berthet and T. Bourdel

Towards coherent splitting and recombination of bright solitary matter waves
A. Rakonjac, O. J. Wales, T. P. Billam, J. L. Helm, S. A. Gardiner and S. L. Cornish

A multipurpose experiment for ultracold lanthanides
P. Ilzhofer, G. Durastante, A. Patscheider, M. Sohmen, A. Trautmann, M. J. Mark and F.
Ferlaino

Reflection of noble gas endohedral structure in electron and positron scattering cross-
sections
Miron Amusia and L. V. Chernysheva

Quantitative modeling of coherent atom-light interactions in 2, 3 and 4-level systems
in the hyperfine Paschen-Back (HPB) regime
J. Keaveney, D. J. Whiting, R. Mathew, C. S. Adams and I. G. Hughes

Atom probing of thermally populated surface polaritons
J. C de Aquino Carvalho, A. Laliotis, P. Chaves de Souza Segundo, I. Maurin, M. Ducloy
and D. Bloch

Sub-Doppler features in the backward-emitted fluorescence of a dense vapor and
analogies with thin-cell spectroscopy
J. C. de Aquino Carvalho, A. Laliotis, M. Chevrollier, M. Orid and D. Bloch

Slow molecular beams of heavy diatomic polar molecules
Kevin Esajas, Artem Zapara and Steven Hoekstra

Dielectric response of a particle embedded in media
Johannes Fiedler and Stefan Y. Buhmann

A new general cooling technique for ions by autoresonance in an electrostatic ion
beam trap
R. K. Gangwar, K. Saha, O. Heber, M. L. Rappaport and D. Zajfman

Optical diagnostic of gas mixture plasmas with fine-structure resolved population-
kinetic models
R. K. Gangwar, Priti, S. Gupta, Dipti and R. Srivastava

Single- and double-electron capture in the collisions of C** + He
J. W. Gao, Y. Wu, N. Sisourat, J. G. Wang and A. Dubois

Effect of gravity on magnetobound states of protonium
Elijah Goodrich and Carlos A. Ordonez

Experimental upgrades to measure the electron’s electric dipole moment using YbF
molecules
Chris J. Ho, I. M. Rabey, J. A. Devlin, B. E. Sauer, M. R. Tarbutt and E. A. Hinds

Molecular frame (e, 2e + ion) studies of CH4 and CF4
Khokon Hossen, Xueguang Ren and Alexander Dorn

Simultaneous magnetic trapping of O, molecules together with Li atoms
N. Akerman, Michael Karpov, Y. Segev, S. Reitich, N. Bibelnik, J. Narevicius and E.
Narevicius

The hyperfine structure investigation of V I lines with Doppler reduced laser spectro-
scopic method
G6. Basar, I. K. Oztiirk, F. Giizelcimen, Dogukan Bing6l, S. Kroger and Gii. Bagar
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Identifying optical transitions in highly charged ions with applications for metrology
and searches of variation of the fine-structure constant

H. Bekker, A. Windberger, N. Potters, J. Rauch, J. Berengut, A. Borschevsky and J. R.
Crespo Lopez-Urrutia

Isotope shift of the 2p* *P, — 2p33p 3P, two-photon transition of O I and the triplet
energy levels of atomic oxygen
Christophe Blondel, Daniil Marinov, Jean-Paul Booth and Cyril Drag

Probing the size of helium droplets with interatomic Coulombic decay: A theoretical
insight
S. Kazandjian, T. Miteva and N. Sisourat

E2 transitions between hyperfine structure components of the H2+ molecular ion
P. Danev, D. Bakalov, V. I. Korobov and S. Shiller

Photodetachment of O~ from the OCP) to the O('S) threshold
M. Génévriez, A. Dochain and X. Urbain

Resonant Faraday rotation effect in Rb atoms with the use of a nano-cell: Impact of
cell thicknesses on observed spectra

Emmanuel Klinger, A. Sargsyan, A. Tonoyan, G. Hakhumyan, A. Amiryan, A. Papoyan,
C. Leroy and D. Sarkisyan

Selective reflection monitoring of forbidden at zero B-field atomic transitions of a Rb
vapor nanocell
A. Amiryan, A. Sargsyan, E. Klinger, S. Cartaleva, C. Leroy and D. Sarkisyan

Algebraic order and quench dynamics in exciton-polariton condensates
P. Comaron, G. Dagvadorj, A. Zamora, 1. Carusotto, N. Proukakis and M. H. Szymanska

Charge-state-resolved spectroscopy of highly charged tin ions for laser-plasma-based
nanolithography EUV-light sources

F. Torretti, J. Scheers, A. Windberger, W. Ubachs, R. Hoekstra, A. Ryabtsev, A.
Borschevsky, J. Berengut, J. R. Crespo Lépez-Urrutia and O. O. Versolato

High-helicity vortex conversion in a rubidium vapor
Aurélien Chopinaud, Marion Jacquey, Bruno Viaris de Lesegno and Laurence Pruvost

Session B (Wednesday 19:00)

Colliding laser produced plasmas analysis: Fast imaging and spectroscopic study
Domagoj Kos, O. Maguire, F. O’Reilly, P. Dunne and E. Sokell

A novel off-axis electron gun for electron beam ion traps
S. Kiihn, Sven Bernitt, Peter Micke, Thomas Stohlker and José R. Crespo Lopez-Urrutia

Observing the effect of wavefront aberrations in an atom interferometer by modulat-
ing the diameter of Raman beams
Qin Luo, Le-le Chen, Xiao-Chun Duan, Min-kang Zhou and Zhong-kun Hu

Transmission diffraction gratings for ultrasensitive biosensors and atomic physics
A. Sierant, B. Jany, D. Bartoszek-Bober, J. Fiutowski, J. Adam and T. Kawalec

Effect of the Raman beams’ alignment in four-pulse atom gyroscope
W. J. Xu, M. K. Zhou, X. C. Duan, M. M. Zhao, K. Zhang and Z. K. Hu

Dielectronic-recombination processes in highly-charged heavy ions observed in ion
traps

A. Borovik, Jr., J. Dreiling, R. Silwal, Dipti, E. Takécs, J. Gillaspy, R. Lomsadze, V.
Ovsyannikov, K. Huber, A. Miiller and Yu. Ralchenko

Developments towards a transverse free-electron target for the storage ring
CRYRING@ESR

C. Brandau, A. Borovik, Jr., B. M. Dohring, B. Ebinger, C. Kozhuharov, T. Molkentin, A.
Miiller, Th. Stohlker and S. Schippers, for the SPARC working group “Electron Targets”
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Simulating strong control fields in nuclear quantum optics
K. P. Heeg, A. Kaldun, C. Strohm, P. Reiser, C. Ott, S. Rajagopalan, D. Lentrodt, J. Haber,
H.-C. Wille, S. Goerttler, R. Riiffer, C. H. Keitel, R. Rohlsberger, T. Pfeifer and J. Evers

X-ray laser spectroscopy with highly charged ions using radiation from synchrotrons
and free-electron lasers

S. Bernitt, R. Steinbriigge, S. Dobrodey, S. Kiihn, P. Micke, J. K. Rudolph, S. W. Epp, T.
Stohlker and J. R. Crespo Lopez-Urrutia

Theoretical studies of dipole blockade parameters using Forster resonances in Rb
atoms
Teodora Kirova, Arturs Cinins, Marcis Auzinsh and Ite A. Yu

Single- and multi-layer platform of individually addressable atomic qubits for quan-
tum simulation and quantum computation
M. Schlosser, D. Ohl de Mello, D. Schiffner, T. Preuschoff, L. Kohfahl and G. Birkl

Ionization spectra of highly Stark shifted rubidium Rydberg states
J. Grimmel, M. Stecker, M. Kaiser, F. Karlewski, L. Torralbo-Campo, A. Giinther and J.
Fortdgh

Efficient preparation of circular states in He with n > 70 using a modified version of
the crossed-fields method
A. Morgan, V. Zhelyazkova and S. D. Hogan

A Rydberg-atom beam splitter
J. Palmer and S. D. Hogan

Rydberg-mediated long-range interactions between stored optical photons
Hannes Busche, Paul Huillery, Simon W. Ball, Teodora Ilieva, Nicholas L. R. Spong,
Matthew P. A. Jones and Charles S. Adams

The coupled-channel deperturbation analysis of the mixed (1 ~ 2)'TI, 1°I1, 2'=* and
233" states of KRb molecule
Sergei V. Kozlov, E. A. Pazyuk and A. V. Stolyarov

A cold atoms platform for testing the computational power of discord
K. Krzyzanowska, R. Romain, M. Copley-May, A. Odufowora, C. MacCormick and S.
Bergamini

Towards measuring the absolute frequency of Rydberg levels in K
Prosenjit Majumder and Simon Cornish

Creating Feshbach resonances for ultracold molecule formation with radiofrequency
fields
Daniel J. Owens, Ting Xie and Jeremy M. Hutson

Inelastic losses in radiofrequency-dressed traps for ultracold atoms
Daniel J. Owens and Jeremy M. Hutson

Superstatistical energy distributions of an ion interacting with a neutral buffer gas
I. Rouse and S. Willitsch

An optical quasicrystal for ultracold atoms
Matteo Sbroscia, Konrad Viebahn, Edward Carter and Ulrich Schneider

Molecular beam brightening by shock-wave suppression
Yair Segev, N. Bibelnik, N. Akerman, Y. Shagam, A. Luski, M. Karpov, J. Narevicius and
E. Narevicius

Many-body localization due to random interactions
A. Sierant, B. Jany, D. Bartoszek-Bober, J. Fiutowski, J. Adam and T. Kawalec

Observation of Fano-Feshbach resonances in ultracold gas of thulium
Vladislav Tsyganok, E. T. Davletov, 1. S. Cojocaru and A. V. Akimov

A new design of a high-flux source of cold strontium atoms
Dongyang Xu, Rowan Moore and Christopher Foot

Collisions in ultracold polar bosonic RbCs molecules
Elizabeth M. Bridge, Jacob A. Blackmore, Philip D. Gregory, Jesus Aldegunde, Jeremy
M. Hutson and Simon L. Cornish
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Towards ultracold KCs molecules
Zhengkun Fu, Apichayaporn Ratkata, Danielle Boddy, Jesus Aldegunde, Jeremy M. Hut-
son and Simon L. Cornish

Laser cooling of YbF molecules for measuring the electron’s electric dipole moment
M. A. Trigatzis, J. Lim, J. R. Almond, N. J. Fitch, B. E. Sauer, E. A. Hinds and M. R.
Tarbutt

Retrieval of group refractive index in a dense atomic vapor helped by buffer gas-
assisted radiation channeling
A. Papoyan, S. Shmavonyan, Davit Khachatryan and G. Grigoryan

Two-dimensional exciton spectrum in GaAs quantum well in tilted magnetic field
E. A. Koval and O. A. Koval

Cavity-enhanced frequency up-conversion in rubidium vapour
R. F. Offer, J. W. C. Conway, E. Riis, S. Franke-Arnold and A. S. Arnold

CPT Tests with protons and antiprotons

G. Schneider, Hiroki Nagahama, Mustafa Besirli, Matthew Bohman, Matthias Borchert,
James Harrington, Takashi Higuchi, Andreas Mooser, Natalie Schon, Stefan Sellner,
Christian Smorra, Toya Tanaka, Klaus Blaum, Yasuyuki Matsuda, Christian Ospelkaus,
Wolfgang Quint, Jochen Walz, Yasunori Yamazaki and Stefan Ulmer

Notes on non-relativistic QED and Bethe logarithm
D. Simsa, J. Zamastil and V. Patké$

Electron collisions with selected hydrocarbons: relation between total cross section
and physical properties of molecule
Cz. Szmytkowski, S. Stefanowska, E. Ptasiriska-Denga and P. Mozejko

Spectroscopy of trapped !3®Ba™ ions for atomic parity violation
E. A. Dijck, N. Valappol, A. Hofsteenge, T. Meijknecht, L. Willmann and K. Jungmann

Effect of confinement on the self-annihilation rate of positronium
A. R. Swann, D. G. Green and G. F. Gribakin

Many-body theory of positronium-atom scattering and pickoff annihilation
D. G. Green, A. R. Swann and G. F. Gribakin

Solution of Hartree-Fock equations in the B-spline basis
David T. Waide, D. G. Green and G. F. Gribakin

Radiative lifetimes of HeLi™ (b3Z1)
Martina Zamec¢nikova and P. Soldan

Spectroscopy of ultracold dipolar °Li*’K molecules
Sambit B. Pal, Mark Lam, Anbang Yang, Andrew Laugharn and Kai Dieckmann

Stability of a frequency-comb-based transfer-lock using a passive Fabry-Perot res-
onator
Sambit B. Pal, Mark Lam and Kai Dieckmann

Experimental characterisation of the double minimum 312§ state in Rb, up to the
dissociation limit
W. Jastrzebski, P. Kowalczyky and J. Szczepkowski

X-Ray spectroscopy of the KLL-dielectronic recombination transitions with a Hei-
delberg compact EBIT

P. Micke, S. Bernitt, S. Kiihn, A. Surzhykov, T. Leopold, S. A. King, T. Pfeifer, P. O.
Schmidt and J. R. Crespo Lopez-Urrutia

Single photon transient hot electron ionization of Cg
K. Hansen and V. Zhaunerchyk

EUV/SXR spectroscopy of Ge laser-produced plasma
0. Maguire, D. Kos and E. Sokell

Intra-cavity high-order harmonic generation for XUV spectroscopy of highly
charged ions
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Tuesday 8:45 — Sir Arnold Wolfendale Lecture Theatre

Magneto-optical trapping and sub-Doppler cooling of molecules.

S. Truppe, H. J. Williams, M. Hambach, L. Caldwell, N. J. Fitch, M. A. Trigatzis, J. Lim, J. R. Almond,
E. A. Hinds*, B. E. Sauer and M. R. Tarbutt

Centre for Cold Matter, Imperial College London, SW7 2AZ, UK

Atomic physics has been revolutionised by the introduction of laser techniques to cool atoms far below the Doppler
limit. Now, it has become possible to laser cool molecules, to collect them in a magneto-optical trap, to cool
them below the Doppler limit [1] and to trap them with modest magnetic fields. These ultracold molecules open
up a wide vista of future applications. To give a few examples, they can be optically or magnetically trapped
to form arrays for quantum simulation, they can make a molecular fountain for testing fundamental physics at
unprecedented levels of sensitivity, and they open a new energy range for the study of ultracold collisions and
ultracold chemistry. I will review the current status of this field.

Fig. 1: Images of a CaF cloud expanding freely after cooling to 52(2) uK [1].
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Tuesday 9:30 — Sir Arnold Wolfendale Lecture Theatre

Near-optimal atom-photon interfaces in the solid-state

Pascale Senellart*!
1. Centre for Nanoscience and Nanotechnology — C2N — CNRS - UMR9001
Route de Nozay, 91460 Marcoussis, France

Today, optical quantum technologies are limited both by the low efficiency of heralded single-photon sources and
by the probabilistic operation of two-photon gates. Deterministic sources and gates can in principle be obtained
making use of the single-photon sensitivity of an atomic transition. In this context, artificial atoms in the form
of semiconductor quantum dots have emerged as a promising system to scale up optical quantum technologies,
offering the potential of integration and scalability.

In this talk, we will review our recent progresses along this research line. We will discuss how a single quantum

dot can be positioned in an optical cavity in a fully controlled way, so as to control its spontaneous emission on
demand [1-2]. Close to ideal atom-photon interfaces are obtained, where a single quantum dot interacts with a
single mode of the optical field and is largely isolated from all sources of decoherence [3].
These systems are shown to be bright single-photon sources with single photon purity and indistinguishability
exceeding 99%. The brightness of the sources exceeds by a factor 20 the one of currently used sources based on
parametric down conversion [4-5]. We have also made progresses toward the development of deterministic two-
photon gates [6], with devices performing as nonlinear switches at the single-photon level, converting a coherent
pulse into a highly non-classical light wave-packet [7].

Reflectivity

(n)

Fig. 1: (a) Artist view of the quantum-dot cavity devices performing as near optimal atom-photon interfaces.
(b) Reflectivity (top) and second order intensity correlation function (bottom) of the directly reflected light as a
function of the incident photon number (pulsed excitation).
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Tuesday 11:00 — Ken Wade Lecture Theatre

Fast Ion Beams Stored in Cryogenic Low-Density Environment:
Collision Experiments and Low-Energy Internal Excitations

Andreas Wolf*

for the CSR team
Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

Internal structures and excitations of atomic, molecular and cluster ions are sensitively probed by their colli-
sions and reactions. An important class of these reactions — such as ion—neutral reactions, dissociative recombi-
nation with electrons, or electron emission from molecular and cluster anions — leads to neutral products. These
products are difficult to access with stationary targets. However, fast ion beams offer powerful single-particle de-
tection methods by which neutral daughter products can be observed. The use of these efficient detection methods
on the binary interactions of stored and possibly state-controlled particles is a main motivation behind the devel-
opment of storage rings for atomic, molecular and cluster ions. In particular, electrostatic storage rings [1, 2] were
developed for complex, heavy ionic species with energies in the multi-keV range.

Both the ion storage conditions and the control over the internal ionic excitations can be much improved by
setting up cryogenic electrostatic storage rings. Devices of this type recently started operation at three laboratories
world-wide [3, 4, 5]. In this talk, we present the Cryogenic Storage Ring (CSR) realized at the Max Planck
Institute for Nuclear Physics in Heidelberg, Germany [5]. It is built to accept ion beams (cations and anions) of
kinetic energy up to 300 keV per ionic charge and stores these ions on a 35 m long closed orbit. The ion orbit
encompasses four 2 m long, field-free straight sections for collision experiments. The ion energy is high enough
to enable experiments with a merged electron beam at matched electron and ion velocities, even for polyatomic
molecules. Correspondingly, it is envisaged that phase-space cooling of such molecular ion beams will be possible
(envisaged mass limit ~160 u per ionic charge). Multi-particle coincidence detectors operated downstream of the
merged-beam zones offer the detection of neutral products and to include them in the analysis of the collision
kinematics.

2 K cryocooler
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(in development) \ =\

Quadrupole B
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>,
300 kV accelerator platform

Fig. 1: Overview of the Cryogenic Storage Ring CSR (closed orbit circumference: 35 m).

The CSR was operated successfully at vacuum chamber temperatures of 6 K and ion beam storage time con-
stants up to 45 min [5]. Moreover, it was used for experiments on resonant photodissociation of cations (CH™ [6])
and near-threshold photodetachment of anions (OH™ [7]). In both cases, the rotational levels radiatively cooled to-
wards a population dominated by J = 0. Photodissociation and photodetachment cross-sections as well as radiative
lifetimes were investigated on the rotationally cold ions, stored in empty space without buffer gas over times of up
to 20 min. Presently, merged-beams reaction zones with electrons and neutral atoms are taken into operation. The
talk will present the performance of the CSR, results of first experiments at the facility and the progress of recent
experiments using laser and merged particle beam interactions.
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Tuesday 11:30 — Ken Wade Lecture Theatre

Testing the Universality of Free Fall with Bragg atom interferometer

M. K. Zhou*', K. Zhang', Y. Cheng!, L. L. Chen!, L. S. Cao', Z. K. Hu'!

1. MOE Key Laboratory of Fundamental Physical Quantities Measurements, School of Physics,
Huazhong University of Science and Technology, Wuhan 430074, People’s Republic of China

The validity of universality of free fall (UFF), as one of the fundamental postulations of General Relativity
(GR), has excited a huge amount of experiments under various circumstances to search for the sign of the extended
GR theory. We have performed a precision atomic interferometry experiment on testing the UFF considering
atoms’ spin degree of freedom. Our experiment employs the Bragg atom interferometer with 8’Rb atoms in
different spin states of |F = 1,mp =0) and |F = 2,mp = 0), and both the wave packets in these two states are
diffracted in one pair of Bragg beams, which can help suppress the common-mode systematic errors. We have
obtained an E6tvos ratio n = (—2.8+4.2) x 1072, and set a new record on the precision with a nearly 30 times
improvement. Our experiment gives stronger restrictions on the possible UFF breaking mechanism. The new
scheme also possesses a potential to improve various quantum tests of the UFF, e.g. with different species and
search for possible spin-gravity couplings.
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Tuesday 11:50 — Ken Wade Lecture Theatre

Coherence of an Interacting Ultra-Cold Atomic Ensemble in a Trapped
Matter-Wave Sensor

Alexis Bonnin*', X. Alauze', C. Solaro', F. Combes?, J. N. Fuchs?3, F. Piéchon?, F. Pereira dos Santos'!

1. SYRTE, Observatoire de Paris, PSL Research University
CNRS, Sorbonne Université, UMPC Univ. Paris 06, LNE

61 avenue de L’observatoire, 75014 Paris, France
2. Laboratoire de Physique des Solides, CNRS UMR 8502

Univ. Paris-Sud, Univ. Paris-Saclay
F-91405 Orsay CEDEX, France
3. Laboratoire de Physique Théorique de la Matiére Condensée
CNRS UMR 7600, Univ. Pierre et Marie Curie,
4 place Jussieu, 75252 Paris CEDEX 05, France

The FORCA-G project aims to develop a quantum-sensor for probing short range forces, i.e forces at a length
scale of typically few micrometers. The sensor relies on a trapped atom interferometer using an ultra-cold ensemble
of 87Rb trapped in a vertical optical lattice (A = 532nm). For shallow depths of the lattice, stimulated Raman
transitions are used to induce a coherent coupling between different lattice sites, allowing us to realize atom
interferometers capable of probing with very high sensitivity and accuracy the local potential experienced by
the atoms. By using a symmetrized Ramsey-Raman interferometer, our force quantum-sensor reaches a state-of-
the-art relative sensitivity of 1.8 x 107 at 1 s on the Bloch frequency, and thus on the local gravitational field
(1z1.

In a recent work [3], we studied the impact of atomic interactions arising from the use of a dense and small
ultra-cold atomic ensemble as a source for our trapped interferometer. The purpose of using such an atomic source
is to reduce inhomogeneous dephasing and to obtain better addressability of the lattice sites and ultimately to
populate only one of them. At densities of typically 10'?> atoms/cm?, we observe an unexpected behavior of the
contrast of Ramsey interferometers, when applying a m-pulse to symmetrize the interferometer. These results are
interpreted as a competition between the spin-echo technique and a spin self-rephasing (SSR) mechanism based
on the identical spin rotation effect (ISRE [4]), see Fig.1. Originating from particle indistinguishability, SSR has
been observed in trapped atomic clocks, where it can enhance the clock’s coherence up to several seconds [5][6].
The study of these mechanisms due to atomic interactions seems thus to be of great interest for metrology and
for developing more compact quantum-sensors based on trapped atomic ensembles, and capable of probing the
external fields experienced by the atoms with a spatial resolution better that 1m.
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Fig. 1: Competition between Spin Echo and Spin Self-Rephasing. The atomic population is divided into two
equal classes of hot (red) and cold (blue) atoms that are represented by their macrospins trajectories on the Bloch
sphere. After the first 7/2-pulse of the Ramsey sequence, the two macrospins are in the equatorial plane. (a)
Inhomogeneous dephasing acts as a torque pointing in the vertical direction that is of opposite sign for the two
classes of atoms (red and blue short arrows). (b) With the ISRE, the effective magnetic field seen by the atoms
is the sum of the inhomogeneity and the exchange mean field proportional to the total spin (green arrow). As a
consequence, the hot (cold) macrospin precesses around the red (blue) long arrow, so that if no w-pulse is applied

they rephase at certain time T,,: this is the SSR (c). If one applies a 7-pulse when the two macrospins are out of
the equatorial plane the rephasing is degraded (d).
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Tuesday 12:10 — Ken Wade Lecture Theatre

Experimental constraints on non-Newtonian gravity
via state of the art photoassociation spectroscopy

Mateusz Borkowski', Alexei A. Buchachenko?, Roman Ciurylo', Paul S. Julienne’, Hirotaka Yamada®,

Kikuchi Yuu*, Kekaru Takahashi®, Yosuke Takasu®, Yoshiro Takahashi*>
1. Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, 87-100 Torun, Poland
2. Skolkovo Institute of Science and Technology, 100 Novaya Street, Skolkovo, Moscow Region, 143025, Russia
3. Joint Quantum Institute, National Institute of Standards and Technology and the University of Maryland,
100 Bureau Drive, Stop 8423, Gaithersburg, Maryland 20899-8423, USA
4. Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
5. CREST, Japan Science and Technology Agency, Chiyoda-ku, Tokyo 102-0075, Japan

Deviations from the universal inverse-square law of gravitation have in recent decades been the subject of
considerable experimental effort [1]. Corrections to the Newtonian law have been predicted by several exten-
sions to the Standard Model of particle physics [2], where additional forces would appear due to the exchange
of light bosons. Also, attempts at solving the hierarchy problem using extra dimensions (see e.g. [3]) also pre-
dict deviations from the —1/R? behavior at submillimeter scale. Experiments aim to constrain the magnitude of
these deviations by providing limits on the magnitude ¢ of the Yukawa-type form of the gravitational potential
V(R) = —G™%2 (14 acexp(—R/A)) as a function of its range A.

While the inverse-square gravitational interaction is well confirmed at macroscopic scales, for nanometers the
current best constraints on ¢, are over twenty orders of magnitude larger than gravity itself. Such constraints are
mostly provided by measurements of neutron scattering and of Casimir-Polder forces and only recently a new
scheme using precise transition measurements in the H, molecule has been proposed. We propose a scheme based
on the mass scaling behavior of photoassociation (PA) line positions. We have measured a total of 13 PA lines for
three isotopes of the Yb, molecule. To achieve high precision, the measurements were performed using the Raman
scheme in a Bose-Einstein condensate of Yb atoms (see Fig. 1, left). Systematic shifts have been eliminated by
extrapolation (Fig. 1, right) leading to an unprecedented experimental accuracy of ~ 500 Hz.
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Fig. 1: Left: (a) transitions used in the experiment, (b) two-color photoassociation spectroscopy in Raman config-
uration, (c) impact of the Yukawa-modified gravitational potential on the atomic interaction. Right: High precision
photoassociation spectroscopy. (a) An example Raman PA lineshape with FWHM = 1 kHz, (b-d) extrapolation of
systematic shifts caused by PA light shift, trapping laser light shift, and atomic density, respectively.

We calculate the theoretical line positions using an ab initio-based potential. The long range parameters and a
short range ‘quantum defect’ of the potential are fitted to the PA data using least-squares to obtain a mass scaled
model [4]. Incorporating the beyond-Born-Oppenheimer effects [5] into the model enabled us to achieve mass
scaling to an accuracy of about 20 kHz. Finally, the non-Newtonian gravitational interaction is added. The value
of a where the model loses its accuracy despite continued fitting is our experimental constraint on non-Newtonian
gravity. Even though this is a proof of concept determination, our limits are already nearly on par with the best
constraints provided by competing mature methods.
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Superconducting circuits for detecting and manipulating spins in solids

C. Grezes' A. Bienfait!, J. Pla?, Y. Kubo', D. Vion', D. Esteve!, B. Julsgaard 3, K. Moelmer >,

J.Isoya 4, J. J. L. Morton?, and P. Bertet*!
1. Quantronics group, SPEC, CEA, CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette, France
2. London Centre for Nanotechnology, University College London, London WC1H 0AH, UK
3. Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, Aarhus C DK-8000, Denmark.
4. Research Center for Knowledge Communities, University of Tsukuba, Tsukuba 305-8550, Japan

The detection of spins in solids or biological materials by electron-spin resonance (ESR) spectroscopy has nu-
merous applications in material science and biology. Besides, dilute spins in solids have long quantum coherence
time, which makes them promising candidates for storing quantum information. In our laboratory, we use super-
conducting circuits to try to store and retrieve quantum information in spin ensembles, as well as to increase the
ESR sensitivity and detect as few spins as possible. In this presentation, we will first show how a superconduct-
ing resonator can be strongly coupled to a spin ensemble [1], and how quantum information can be stored in and
retrieve from the ensemble [2] [3] using circuits combining superconducting resonators and a Josephson quantum
bit (see Fig. 1). In a second part, we will show how using the tools offered by circuit Quantum Electrodynamics
(QED), namely high quality factor superconducting resonators and Josephson parametric amplifiers that operate
at the quantum limit, we increase the sensitivity of ESR by four orders of magnitude over the state-of-the-art [4].
Finally, we will show how the energy relaxation time of the spins can be limited by spontaneous emission of mi-
crowave photons through the resonator, which opens the way to on-demand spin initialization via Purcell effect

[5].

Fig. 1: Hybrid circuit with superconducting resonators and qubits coupled to an ensemble of NV centers in
diamond.
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Experimental signatures of an absorbing-state phase transition
in a cold Rydberg gas
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Marcuzzi’*, I. Lesanovsky>*, O. Morsch*!2
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2. Dipartimento di Fisica “E. Fermi”, Universita di Pisa,
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3. School of Physics and Astronomy, University of Nottingham,
Nottingham, NG7 2RD, UK
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Nottingham, NG7 2RD, UK

Phase transitions in non-equilibrium systems have been extensively studied in recent years but continue to pose
challenges. One example of such a phase transition is that between a non-fluctuating absorbing phase [1], e.g., an
extinct population, and one in which the relevant order parameter, such as the population density, assumes a finite
value. Here we report the observation of signatures of such a non-equilibrium phase transition in an open driven
quantum system. In our experiment rubidium atoms in a quasi one-dimensional cold disordered gas are excited to
Rydberg states under so-called facilitation conditions [2]. This conditional excitation process (which in the present
work occurs in the incoherent regime and can thus be described by a rate equation) competes with spontaneous
decay (see Fig. 1a) and leads to a crossover between a stationary state with no excitations and one with a finite
number of Rydberg excitations. This crossover can be seen in the phase diagram of Fig. 1b, where the number
of Rydberg excitations is plotted as a function of the driving strength and detuning from resonance for a system
initially prepared in a state with a fixed number of seed excitations [3]. We relate the underlying physics to that
of an absorbing state phase transition in the presence of a field which slightly offsets the system from criticality.
We observe a characteristic power-law scaling of the Rydberg excitation density as well as increased fluctuations
close to the transition point. Furthermore, we argue that the observed transition relies on the presence of atomic
motion (due to the finite temperature of the atomic cloud) which introduces annealed disorder into the system and
thus enables the formation of long-ranged correlations. Our study paves the road towards future investigations into
the largely unexplored physics of non-equilibrium phase transitions in open many-body quantum systems. The
experimental realization of such systems presented here promises to be a versatile platform for investigations both
in the semi-classical (incoherent) and in the quantum (coherent) regime.
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Fig. 1: (a) Microscopic processes leading to an absorbing state phase transition in a gas of cold Rydberg atoms
with ground state |g) and excited state |r): facilitation (characterized by the van der Waals interaction —V matching
the detuning A for off-resonant excitation) and decay at rate k. (b) Phase diagram of the experimental system:
stationary number of Rydberg excitations N; versus driving frequency Q and detuning A.
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A Rydberg-dressed magneto-optical trap

A.D. Bounds, N.C Keegan* R.K. Hanley, R.F. Faoro, E.M. Bridge, P. Huillery, M.P.A. Jones.'
1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DHI 3LE, UK

The strong dipolar interactions between Rydberg atoms have been exploited to perform numerous experimental
studies of interacting many-body systems. A promising approach to create an interacting many-body quantum gas
with tunable interactions is to off-resonantly couple a low-lying atomic state to a Rydberg state [1,2]. It has been
shown that this so-called Rydberg dressing approach could facilitate the formation of interesting states of matter,
such as supersolids [3,4]. Recently, experimental work has demonstrated the tunability of the Rydberg-dressed
interaction in optical lattices [5,6], however the effect of these interactions in a randomly distributed ensemble are
yet to be observed. Here we present a novel Rydberg-dressing experiment where the excited state of a narrow-
line strontium MOT is coupled off-resonantly to a high-lying Rydberg state, producing an operational MOT with
measurable Rydberg character. This is supported by a quantitative Monte-Carlo model of the MOT. We are able
to measure the Rydberg character of the MOT through its sensitivity to an applied electric field, which without
the Rydberg admixture would be nonexistent. Here we present recent experiments which strive to observe a
mechanical effect of the long-range dressed interactions in a laser-cooled gas.

(a) (b) (c)
23 s—

No Dressing No Compensation Compensated

Fig. 1: MOT images after 10ms of dressing at different values of coupling beam Rabi frequency and MOT beam
detunings. The coupling beam is detuned +12MHz from resonance. (a) MOT image in the absence of the coupling
laser with a MOT beam detuning of —110kHz. (b-c) MOT image in the presence of the coupling beam with 4AMHz
Rabi frequency and MOT beam detuning of —110kHz and +190kHz respectively. The presence of the coupling
beam causes an AC Stark shift of the MOT transition. If the MOT beam detuning remains unchanged (b), the
MOT moves to a lower position. By compensating the AC Stark shift (c), the atoms remain in the coupling beam
resulting in a functioning dressed MOT.
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Quantum gas microscopy of spatial correlations
in attractive and repulsive Fermi-Hubbard systems
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Quantum gas microscopes have taken the study of Hubbard physics in optical lattices to a new level, enabling
site-resolved detection of strongly correlated states like Mott insulators and antiferromagnets. We present two
experiments using a lithium-6 quantum gas microscope to study the Hubbard model in new regimes. In a first
experiment, we investigate the spin correlations of the repulsive Hubbard model in the presence of spin-imbalance
[1]. We observe short-range canted antiferromagnetism by measuring the anisotropy of spin correlations in two
bases. In addition we find non-monotonic behavior of the spin polarization with doping resembling the behavior
of the magnetic susceptibility in the cuprates.

In another experiment, we observe charge density wave correlations in the attractive Hubbard model at half fill-
ing [2]. These correlations provide a low-temperature thermometer for the attractive Hubbard model and constitute
a lower bound on superfluid correlations in this system.

Our measurements on Fermi-Hubbard physics in the presence of spin-imbalance and doping challenge state-
of-the-art numerical methods and contribute to the understanding of the low-temperature physics in these systems.
The combination of spin-imbalance with attractive interactions will enable the search for signatures of non-zero
momentum superfluids using quantum gas microscopy.
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Attosecond physics and the dream of an electron movie

E. Lindroth*!
1. Department of Physics, Stockholm University, AlbaNova University Center, SE-106 91 Stockholm, Sweden

Advances in laser technology have made it possible to produce light-pulses with a duration as short as around
hundred attoseconds. Since this is the time scale of electron dynamics it opens the exciting possibility to follow
electron motion in the time domain. Interesting scenarios could be to follow it during a chemical reaction, or for a
molecular break-up processes, during the charge-migration that is taking place before nuclear motion sets in. The
methods to make this dream come true are still in a rapid development phase.

The dynamics, during for example a photoionization process, is encoded in the amplitude and phase of the
released electron wave packet. A key quantity is the spectral derivative of this phase, the group delay. It reflects
the delay or advance of the electron when it travels through the atomic potential to eventually emerge in the
continuum: attosecond interferometric techniques have made such phase information obtainable.

During the last decade a number of photo-emission delay studies have been done showing for example distinct
delay differences for different atomic orbitals [1-2], or for different bands in solids [3]. In the latter case these
differences are giving information on the electron-transport dynamics towards the surface. More recently structures
in the continuum such as Cooper minima and resonances [4-6], with rapid spectral phase variations, have been
under investigation. In the talk I will discuss some of the experimental methods that have been developed, the
role of theory[7], and how we can understand the time-domain measurement that has been performed for a basic
processes such as photoionization.
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Imaging ultrafast molecular wave-packets with a
single chirped UV pulse

D. Jelovina!l, J. Feist>3, F. Martin!~>*, A. Palacios*!
1. Departamento de Quimica, Universidad Auténoma de Madrid, 28049 Madrid, Spain
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Free-electron-laser facitilites and high-harmonic generation techniques implemented in tabletop setups can nowa-
days provide intense ultrashort UV pulses with durations in the femtosecond and attosecond range [1][2]. These
pulses allow for monitoring and manipulating electron dynamics in matter at its intrinsic time scale. One of the
primary goals of attosecond science is to use UV-pump / UV-probe schemes [3][4][5], where one pumps an atom
(molecule), creating a superposition of electronic (vibronic) states whose field free evolution is captured by a sec-
ond UV pulse. Because of technical challenges, these schemes have proven elusive due to the still low intensities
that can be reached nowadays in the laboratory and due to difficulties in producing two independent ultrashort
pulses with well-controlled time delays. Therefore, most of the existing experiments have been performed com-
bining a UV ultrashort pulse with an IR field. The latter distorts the potential created by the electrons and nuclei
of the isolated system itself, and therefore leads to the observation of IR-induced dynamics more than probing
the UV-pumped ultrafast dynamics. In the present work, we propose an alternative approach: the use of a single
chirped UV pulse, which can be realized in a lab, to emulate a conventional UV-UV pump-probe scheme [6].

We demonstrate that by tuning a single parameter, the spectral chirp of an ultrashort UV pulse, we can achieve
a significant amount of control over molecular multiphoton ionization, changing the total ionization yield by more
than a factor of ten. In addition, we show how it is possible to emulate a standard pump-probe setup to obtain
direct time-resolved imaging of ultrafast molecular dynamics. The vibronic (vibrational4-electronic) wave packet
pumped in the singly excited molecule can be simultaneously probed through the ionization fragments generated
by the same pulse. The chirp is the parameter that encodes the time delay between the pump and probe frequencies.
We choose a quadratic frequency chirp, which is experimentally achievable even in broadband pulses with Fourier-
limited durations as short as a few hundreds of attoseconds [2][7][8], and perform ab initio simulations on the H2+
molecule.

The full-dimensional time-dependent Schrodinger equation is solved numerically, using a finite element dis-
crete variable representation [9] for the molecular wave function, including both electronic and nuclear degrees of
freedom. We also introduce a sequential model to demonstrate the direct mapping of the pumped wave packet into
the energy distribution of the charged fragments after the Coulomb explossion of the molecule [6]. Although we
employ the H2+ molecule as benchmark target, the method should also be suitable to probe wave packet dynamics
in more complex molecules.
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Positron cooling and annihilation in noble gases

D. G. Green*, P. Mullan, M. Lee’, G. F. Gribakin
School of Mathematics and Physics, Queen’s University Belfast, University Road, Belfast BT7 INN, UK

Observation of lifetime spectra for positrons annihilating in a gas was one of the first sources of information on
positron interaction with atoms and molecules [1]. In particular, measurements of the normalised annihilation
rate Zeg(¢) during positron thermalization provided information on the energy dependence of the scattering cross
sections and Zg. Understanding the dynamics of positron cooling, including the fraction of positrons surviving to
thermalization, is critical for accurate interpretation of such experiments. Incomplete thermalization was suspected
to be responsible for the lack of consensus among the Z.g data in Xe [2], while modelling of Z.(z) [3] revealed
deficiencies in the theoretical data for the heavier noble-gas atoms. Understanding of positron kinetics is also
crucial for the development of efficient positron cooling in traps and accumulators [4], and for a cryogenically
cooled, ultra-high-energy-resolution, trap-based positron beam [5].

Many-body theory (MBT) calculations provide an accurate description of the whole body of data on low-
energy positron scattering and annihilation rates on noble-gas atoms [6]. In this work we use our MBT calculated
elastic scattering cross sections, Zg and y-spectra to study positron cooling and annihilation in noble gases via
Monte-Carlo simulation and numerical solution of the Fokker-Planck equation. Both methods yield the positron
probability density in momentum space f(p,?) (see Fig. 1), from which we calculate the time-varying annihilation
rate Zer(t) = [ Zett(p) f(p,t)dp/ [ f(p,t)dp and y-spectra, and compare these with experiment, where available.

We find that a strikingly large fraction of positrons annihilate before thermalising: ~90% in He (see right panel
of Fig. 1), ~100% in Ne (due to cooling effectively stalling in the relatively deep momentum-transfer cross section
minimum), ~85% in Ar, ~95% in Kr and ~99.97% in Xe, owing to the larger mass. For Ar, Kr and Xe, we find
that Z.g(¢) is sensitive to the depletion of the distribution due to loss of annihilated particles. This is most notable
in Xe, for which the vigorous increase in Z.g at low positron momenta leads to a quasi-steady-state distribution
whose low-momentum tail is suppressed relative to the Maxwell-Boltzmann distribution, and a steady-state ‘ther-
mal’ annihilation rate Zg ~370 that is smaller than the true thermal Zg ~ 450, thus explaining the discrepancy
between gas-cell and trap-based measurements. Overall, the use of the accurate atomic data gives Zg(¢) in better
agreement with experiment for all noble gases except Ne, the experiment for which is proffered to have suffered
from incomplete knowledge of the fraction of positrons surviving to thermalisation and/or the presence of impu-
rities. We also show that the y spectrum shape parameters are sensitive probes of the positron energy and cooling
times, and thus provide an alternative and complementary probe to positron lifetime spectroscopy.
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Fig. 1:  f(p,t) for positrons in He at 293K, initially distributed uniformly in energy up to the Ps-formation
threshold: excluding (left) and including (right) annihilation. The latter distribution is normalized as [ f(p,t)dp =
F (1), where F(t) is the fraction of positrons surviving at time 7 (shown by the dashed line on the right panel).
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Self-Organisation of Light in Optical Media with Competing Nonlocal
Nonlinearities
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This talk will present recent work on nonlinear light propagation in the presence of competing local and nonlocal
nonlinearities [1]. Such system can be realized in a gas of thermal alkali atoms [Fig. 1(a)]. Here, the nonlocality
of the nonlinearity arises from the diffusive atomic motion and the simultaneous coupling of two incoherently cou-
pled hyperfine levels to an excited state manifold gives rise to the competition between focusing and defocusing
nonlinearities. For an appropriate choice of parameters, modulational instability occurs only for a finite band of
wavelengths. Then, apart from spatial soliton formation, the different length scales of the nonlocality can give rise
to filamentation and subsequent self-organised hexagonal lattice formation in the beam profile upon unidirectional
propagation [Fig. 1(b)], akin to the superfluid-supersolid phase transition in Bose-Einstein condensates. The par-
ticular role of the topologically complex optical vorticity in the process of the pattern formation will be emphasized
and the order of the phase-transition discussed [2].
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Fig. 1: (a) A thermal gas of alkali atoms with two hyperfine groundstates are coupled to an excited state manifold
by the laser beam shown in (b), where the upper panel shows the amplitude and the lower panel the phase of the
beam. The initial beam has a flat phase. Propagation of the beam gives rise to filamentation clearly visible in the
amplitude profile accompanied by a complex phase structure including phase singularities highlighted in the insets.
Further propagation then gives rise to a global ordering into crystals of light filaments with hexagonal symmetry.
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Cold chemistry with cold molecules

Edvardas Narevicius*!

1. Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76100, Israel

We will discuss our efforts towards reaching ultra-cold temperatures with trapped molecules where molecular
beams carrying both cold molecules and atoms have been decelerated and trapped in a permanent magnetic trap.
I will present our plans and prospects of further cooling via evaporation or sympathetic collisions. In the second
part of my talk we will focus on cold collisions with cold molecular partners that have been magnetically merged
in order to reach collisions temperatures of ~ 10 mK. I will show that quantum phenomena dominates collisions
in this cold regime and discuss the importance of molecular degrees of freedom on cold reactions.
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Directional Quantum Controlled Chemistry: Generating Alignment of
Ultracold Photoassociation Molecules
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2. The Fritz Haber Research Center, The Hebrew University of Jerusalem, Jerusalem 91904, Israel
3. Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA

Quantum coherent control was conceived as a method to direct chemical reactions to a desirable outcome [1],[2],[3].
Despite the remarkable success of the application of control methods to induce uni-molecular manipulations like
photo-isomerization[4], photo dissociation[5], the raison d’etre for coherent control in the context of chemistry,
namely, the assembling of multiple atoms or molecules into a new molecule, was not realized until recently [6],[7].
The main obstacle has been the pre-entangelment of the reactants [8]. The approach to overcome this issue differs
in hot and cold collisions. For reactions in the high (7' > 1K) temperature regime, one has to first distill entangled
pairs out of thermal incoherent mixture [9]. In the cold (T < 1K) regime, quantum phenomena close to threshold
effects the low angular momentum states are pre-entangled. For the ultracold reactions, technological develop-
ments that gave access to the instant frequency in the time domain [10] were used to demonstrate coherent control
effects for ultracold photoassociation[7].

We present a new aspect of quantum control of chemical reactions unique to photochemical reactions. Such
control is able to align the products of the reaction along a well-defined spatial direction relative to the lab frame.
We show that under conventional shaped photo-associated pulses in the ns regime a significant alignment is devel-
oped. The alignment We explore the dependency of and give several detecting approach

A theoretical investigating in pulsed photoassociation of ultracold 87Rb atoms shows significant alignment
of a specific vibarational state v = 39 on the ground 3%, electronic state. The simulation is based on solving
the time dependent Schrodinger equation with the pulse contained explicitly and performing thermal averaging.
Significant alignment is obtained by transform limited pulses. Enhancement of the population transfer by chirped
pulses decreases slightly decreases the alignment. Employing multipulses in synchornization with the vibrational
and rotational periods leads to coherent enhancement of both population and alignment of the target state.

A linearly polarized REMPI probe that will be tuned to an electronic IT state induce electronic excitations per-
pendicular to the molecule axis. For molecules which are aligned to the lab fixed axis a difference in the molecular
signal for REMPI pulse polarizations parallel and perpendicular to the pump should give a clear indication for the
alignment. For the values that presented in this paper one can estimate the ratio of the signal to be at most at the
order of S| /|| ~ 3. Once the photoassociation generats a v" = 39 molecule, additional alignment can be obtained
by excitation de-excitation cycles leading to lower vibrational states.

The introduction of lab-frame spectroscopy into the coherently controlled ultracold reaction could raise several
interesting applications. For hetronuclear ultracold molecules that posses permanent dipole moment, a controlled
photoassociation can generate macroscopic orientation of whole ensemble. Furthermore, under BEC conditions,
the induced macroscopic dipole could exhibit phenomena that origin in the quantum characters of the molecules
but give signatures on the macroscopic scales. A concerted rotation of the quantum condensed phase can lead to
effects which will have analogs in other classical-like condensed phase dynamics.
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Precision spectroscopy of cold formaldehyde
in an electric trap

Martin Ibriigger*', A. Prehn!, M. Zeppenfeld', G. Rempe'
1. Max Planck Institute of Quantum Optics, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

Ultracold molecules are ideal systems for the investigation of fundamental physics. The rich internal structure ren-
ders them perfect candidates for measuring a variation of physical constants such as the proton-electron mass ratio
and the fine structure constant. Due to high internal electric fields they are also well suited for measuring the elec-
tron’s electric dipole moment. All these experiments require the highest attainable precision calling for trapping to
increase interrogation times as is being done for atomic optical clocks. For neutral molecules however, in partic-
ular polyatomic molecules, there are few to none experiments combining spectroscopy with cooling and trapping.
In our group we use optoelectrical Sisyphus cooling [1] to prepare large ensembles of up to 3 - 10° formaldehyde
molecules (H,CO) at sub-millikelvin temperatures [2]. Molecules are cooled and stored in an electric trap [3]
which provides a box-like potential with a tunable and homogeneous offset field. Furthermore, we have good
control over the internal state of the molecules and are able to prepare them with a purity of over 80 % in a single
rotational state by optical pumping [4]. This setup provides us with an ideal environment to perform precision
spectroscopy.

Here, we present microwave spectroscopy of trapped formaldehyde on a magic transition between rotational
levels J =4 and J = 5 with a splitting of 364 GHz. Tuning the trap’s homogeneous electric field appropriately
allows us to essentially eliminate Stark broadening which up to now has been the limiting factor, broadening
transition lines on the order of MHz. We now achieve linewidths down to 3.8 kHz corresponding to an accuracy
of 108 limited by the Doppler effect. By applying this technique to even colder molecules, which are readily
available in our experiment, measurements with unprecedented precision for polyatomic molecules seem feasible.

50

45

40r 3.8 kHz

Counts/sequence

35}

25 * * ++

160 170 180 190 200 210
Detuning (kHz)

Fig. 1: Doppler-limited rotational transition line between J = 4 and J =5 of trapped formaldehyde at 364 GHz.
Measured data shown in blue and theoretical lineshape in red. Theory takes into account the energy distribution of
the molecules and the electric field distribution in the trap.
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Contactless photon-photon interactions

C.S. Adams*!,

1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DHI 3LE, UK

The experimental demonstration of electromagnetically induced transparency (EIT) involving highly-excited Ryd-
berg atoms [1] opened gate to a new field of non-linear quantum optics based on dipolar interactions [2]. A unique
feature of Rydberg quantum optics is the ability for photons to interact without ever being in the same medium.
Recently, we demonstrated the van der Waals repulsion between two photons stored in two media separated by
15 times the optical wavelength [2]. Effectively each photon sees a position dependent refractive index gradient
created by a photon in the nearby medium, as illustrated in the Fig. 1.
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Fig. 1: Propagation of light (red) through two independent media (grey). The light couples to highly-excited
Rydberg states which interact via long-range van der Waals interactions imprinting a phase gradient (shown below)

leading to a deflection of the outgoing light. The inset shows the case of a single channel.

Such long-range interactions between photons provide an interesting platform for scalable multichannel pho-
tonic devices, or quantum simulation of strongly correlated many-body dynamics using light.
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Wednesday 9:30 — Sir Arnold Wolfendale Lecture Theatre

Structure and dynamics of nanoparticles in short waelength
light pulses

Thomas Moller

Institut fir Optik und Atomare Physik, Technischrevrsitat Berlin
Hardenbergstrasse 36, 10627 Berlin. Germany

The interaction of high intensity, short-wavelengthort-pulse radiation with matter is a fundamleptablem
of current researchlts understanding is essential for virtually edperiments with new super intense X-ray
sources, in particular for flash imaging of nm dizmrticles. Clusters as finite systems with thesitg of bulk
solids are ideal samples to study fundamental Jiglaitter interaction processes in all wavelengttineg .
Recently, initial experiments with short wave ldngulses have shown that single nm-sized gas pfaseles
and clusters can be imaged by single shot scaiféfinEspecially with free electron lasers new avenues a

opened to investigate transition statesnd ultrafast processés™ with unprecedented spatial and temporal
resolution.
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Fig. 1. Experimental and simulated scattering pattefriarge silver nanoparticle.

While short wavelength radiation from hard x-rayises is essential for the high spatial resolutsmft x-rays
can provide 3D-information since the light alsoi@éintly scattered to rather large ané?es‘l’ his offers new
routes for structure determination in cluster aadameter-scale science.
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Wednesday 11:00 — Ken Wade Lecture Theatre

Spectroscopy of Highly Charged Ions in Magnetic Fusion Plasmas:
Research Opportunities and Diagnostic Necessities

P. Beiersdorfer*!
1. Physics Department, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

Highly charged ions play a crucial role in magnetic fusion research as diagnostics of, for example, electron and
ion temperatures, transport, and bulk motion, and as contributors to the radiative plasma cooling [1],[2]. In order
to develop specific spectral diagnostics a large amount of atomic data are needed. For example, there is a need for
highly accurate wavelengths as references for measurements of bulk plasma motion, for accurate line excitation
rates that encompass both electron-impact excitation and indirect line formation processes, for accurate position
and resonance strength information of dielectronic recombination satellite lines that may broaden or shift diagnos-
tic lines or that may provide electron temperature information, and for accurate ionization balance calculations.

Conversely, magnetic fusion plasmas are excellent sources for studying highly charged ions and their atomic
properties as well as the collisional processes involved in their excitation. These studies include x-ray production
by charge exchange, line identifications and accurate wavelength measurements, benchmark data for ionization
balance calculations, and the calibration of astrophysical density diagnostics. An overview of opportunities for
highly charged ion research with magnetic fusion plasmas was given recently [3].

We point out that the ions of several elements are of special current interest, notably the highly charged ions
of argon, iron, krypton, xenon, and, foremost, of tungsten [3]. The electron temperatures thought to be achievable
in the near future may produce W’ ions and possibly ions with even higher charge states. This means that all
but a few of the most highly charged ions are of potential interest as plasma diagnostics or are available for basic
research.

This talk will give an overview of various research opportunities and diagnostic needs involving highly charged
ions in magnetic fusion plasmas.
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Fig. 1: Emission from highly charged lanthanum observed from a tokamak plasma. Lines 3G and M2 are 35 — 2p
transitions in neonlike La*’*,

This work was performed under the auspices of the U. S. Department of Energy by Lawrence Livermore Na-
tional Laboratory under Contract DE-AC52-07NA27344 and supported by the Office of Fusion Energy Sciences.
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Laboratory measurements compellingly support a charge-exchange
mechanism for the ”Dark matter” ~3.5 keV X-ray line

Chintan Shah*!, Sven Bernitt''>3, Stepan Dobrodey', René Steinbriigge', Liyi Gu®, Jelle Kaastra*~, and

José R. Crespo Loépez-Urrutia'
1. Max—Planck—Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2. Friedrich-Schiller-Universitdt Jena, Fiirstengraben 1, 07743 Jena, Germany
3. Helmholtz-Institut Jena, Frobelstieg 3, 07743 Jena, Germany
4. SRON Netherlands Institute for Space Research, Utrecht, The Netherlands
5. Leiden Observatory, Leiden University, 2300 RA Leiden, The Netherlands

A mysterious X-ray signal at 3.5 keV from nearby galaxies and galaxy clusters [1] recently sparked tremendous
interest in the scientific community and has given rise to a tide of publications attempting to explain the origin of
this line. It has been hypothesized that the signal is the result of decaying sterile neutrinos — a potential dark
matter particle candidate — presumably based on the fact that this X-ray line is not available in the standard spectral
databases and models for thermal plasmas. Cautiously, Gu ef al. [2] have pointed out an alternative explanation
for this phenomenon: charge exchange between bare ions of sulfur and atomic hydrogen. Their model shows that
X-rays should be emitted at 3.5 keV by a set of S!>T transitions from n > 9 to the ground states, where 7 is the
principle quantum number.

We tested this hypothesis in the laboratory by measuring K-shell X-ray spectra of highly ionized sulfur ions
following charge exchange with gaseous molecules in an electron beam ion trap. We produced bare S'®* and H-
like S5+ ions and let them capture electrons in collisions with molecules, while recording X-ray spectra. The 3.5
keV transition clearly shows up in the charge-exchange induced spectrum under a broad range of conditions. The
inferred X-ray energy of 3.47 &+ 0.06 keV is in full accord with both the astrophysical observations and theoretical
calculations, and confirms the novel scenario proposed by Gu [2][3]. Taking the experimental uncertainties and
inaccuracies of the astrophysical measurements into account, we conclude that the charge exchange between bare
sulfur and hydrogen atoms can outstandingly explain the mysterious signal at around 3.5 keV [3].
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Fig. 1: Charge-exchange-induced X-ray spectrum in comparison with recently reported astrophysical observations.
The experimental data and observations are compared with the charge exchange model of Gu.
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Sideband heating of a single calcium ion trapped in a Penning trap:
Preparation and coherence studies of a non-thermal state

M. K. Joshi*!, P. Hrmo !, V. Jarlaud !, J. F. Goodwin 2, G. Stutter > and R. C. Thompson'
1. Imperial College London, SW7 2AZ, United Kingdom
2. Department of Physics, University of Oxford, Oxford OX1 3PU, United Kingdom
3. Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark.

Previously, we have demonstrated the ground state cooling of a single trapped calcium ion in a Penning trap[1].
A trapped calcium ion is initially cooled to its Doppler limit by a red detuned 397 nm laser light (resonant with the
S1/2 <> Py, transition) [2]. The next stage of cooling is carried out through a resolved sideband cooling scheme. A
resolved sideband cooling requires a narrow linewidth transition and also a narrow linewidth laser tuned to the first
red sideband of the transition (i.e. Sy, <> D5/, for a calcium ion). In an extension to that work, we report here the
coherent manipulation, both within and outside the Lamb-Dicke (L-D) regime, of a single ion qubit. Coherence
studies of a ground state cooled ion are carried out by observing the Rabi oscillations and Ramsey interference
fringes, and the coherence time is measured to be 1.5 ms.

In contrast to sideband cooling we also show the results of the sideband heating on a ground state cooled
trapped ion. Sideband heating is demonstrated by tuning the 729 nm laser to a blue sideband of the transition. This
eventually drives the population to high phonon states. Due to the presence of minima of the sideband strength, the
population gets confined to a few phonon states [3]. Such a spectrum is shown in Fig. 1, where the sideband heating
is carried out on the first blue sideband. In the right part of the figure, a simulated histogram of the population
spread as a function of sideband heating time is shown. It can be seen that initially the population spreads out and
then gets confined around a phonon state n = 160. This is the phonon state at which the blue sideband strength
ceases, thus leads to a population build up. Realisation of these quantum states are vital and can be very useful to
demonstrate the quantum studies outside the L-D regime.
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Fig. 1: Sideband heating of a calcium ion at 419 kHz axial frequency (Left). A simulated histogram plot of
population in each phonon state as a function of time, where the sideband heating is carried out at the first blue
sideband (Right).

Recently, we also have carried out the ground state cooling on ion Coulomb crystals (ICCs) [4]. The ground
state cooling of an ICC is performed through a resolved sideband cooling scheme, similar to the single ion case.
Due to the presence of multiple sidebands a complex cooling sequence was necessary and multiple laser frequen-
cies are used repeatedly to efficiently cool the ions to their ground state. In future work we will carry out the
coherence studies on such crystals.
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Direct Detection of Giant Molecules with a Cloud of Cold Ions

N. Bremare!, C. Champenois', C. Dedonder-Lardeux', D. Guyomarc’h', A. Janulyte!,
J. Pedregosa-Gutierrez', C. Jouvet!, and M. Knoop*!

1. Aix-Marseille University, CNRS, PIIM, UMR 7345, 13397 Marseille Cedex 20, France

Molecules with a mass above some 10° a.m.u. cannot be detected directly today, and there is a strong demand
in mass spectrometry to directly detect viruses or antibodies, rather than to rely on fragmentation. We use the
passage of a single, charged molecule through a cloud of laser-cooled, radio-frequency trapped ions as a direct
detector for any molecule without mass limitation. The crossing of the ion cloud by a charged particle induces
a perturbation of the ion cloud’s equilibrium state. The temperature variation of the ion cloud is amplified by
the radiofrequency heating induced by the confining potential, resulting in the modification of the fluorescence
signal of the ion cloud. This fluorescence signal is macroscopic, and can be measured with standard means of
non-intrusive photon collection and counting. Every single, charged particle that crosses the ion cloud induces a
measurable perturbation of the ion cloud and may thus be detected, independently of its mass. The technology
has so far been demonstrated theoretically and numerically [1], and the experimental prototype is delivering first
signals.

The experimental set-up combines a versatile molecule source in high vacuum with a linear radiofrequency
trap confining a laser-cooled cloud of Ca™-ions in ultra-high vacuum. The molecular source produces a beam of
lowly charged particles with a controlled energy dispersion in order to limit the divergence of the beam throughout
the apparatus. Various electrostatic lenses channel these molecules through the trapped ion cloud which is created
with a radial extension larger than 100 um in order to facilitate the interaction with the molecule. Trapping and
laser-cooling conditions are tuned so that the perturbation of the cloud and its fluorescence signal are persistent
and can be easily detected.

This innovative detector is non-destructive and allows to re-use the molecule for other experiments, it can be
coupled to a mass-separation stage (i.e. TOF). This sensor opens a new domain of applications: rapid detection of
macromolecules (proteins and viruses for example) in a single step, simply, reliably and unambiguously.
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Detection of entanglement and of features of quantum evolution
with few local measurement and complementary properties

Chiara Macchiavello* !
1. Department of Physics, University of Pavia,
via Bassi 6, 27100 Pavia, Italy

We will give an overview of several recent results concerning the detection of properties of composite states and
of quantum evolutions by employing measurements of complementary properties. Two properties of a quantum
systems are called complementary if they are such that, if one knows the value of one property, all possible
values of the other property are equiprobable. We will first provide an interpretation of entanglement in composite
systems based on classical correlations between measurement outcomes of complementary properties [1]. We
will then present a general scheme to detect properties of quantum evolution in open quantum systems and of
quantum communication channels. We will show in particular a practically feasible scheme to detect features
of quantum channels such as being entanglement breaking or separable [2], and lower bounds to information-
theoretic properties [3] that are important to quantify the ability of a quantum channel to transmit information,
such as the quantum capacity. Such a scheme is based on the measurement of few local observables that coincide
with complementary properties in the case of two-dimensional systems and offers the advantage of avoiding full
quantum process tomography, that is a demanding procedure in terms of the number of measurements required. Its
efficiency has been successfully tested with polarised photons [4]. We will finally show that a similar scheme can
be employed to detect non-Markovianity of quantum evolution, by applying tools from spectral analysis to study
the evolution of an open quantum system [5].
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Spectroscopy methods with quantum sensors

Tuvia Gefen*!, Simon Schmitt 2, Liam P. McGuinness 2, Fedor Jelezko 2, Alex Retzker'!
1. Racah Institute of Physics, Hebrew University of Jerusalem, 91904 Jerusalem, Israel
2. Institute of Quantum Optics, Ulm University, 89081 Ulm, Germany

We consider the problem of quantum spectroscopy, namely reconstruction of the frequency components of a
time dependent Hamiltonian. This task is of great interest to chemical analysis, nano-scale NMR and frequency
standards. We examine theoretically and experimentally the following questions: Given an oscillating Hamilto-
nian, what is the best achievable precision in detecting the frequency and how well can we resolve between two
close frequencies. It turns out that some misconceptions have led to suboptimal techniques and a considerable
improvement can be introduced. This observation is demonstrated experimentally with a new technique [1]. We

find, quite surprisingly, that the precision of the frequency tracking scales as %, while for long enough probe

coherence time a scaling of % is achievable (with a suitable control). We show that these control methods ba-
sically give rise to an accelerated phase accumulation which results in an enhanced sensitivity [2]. Relevance to
nano-scale NMR and future challenges are also discussed.
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Towards Coherent splitting and recombination of bright solitary matter
waves

A. Rakonjac*!, O. J. Wales', T. P. Billam?, J. L. Helm?, S. A. Gardiner', and S. L. Cornish'!
1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DH1 3LE, UK
2. Joint Quantum Centre (JQC) Durham—Newcastle, School of Mathematics and Statistics, Newcastle University
Newcastle upon Tyne NEI 7RU, UK
3. Dodd-Walls Centre for Photonic and Quantum Technologies, Department of Physics, University of Otago
730 Cumberland Street, Dunedin 9016, New Zealand

We report on the controlled creation, splitting, and recombination of bright solitary matter waves formed from
Bose-Einstein condensates of $°Rb atoms. These solitary wavepackets, or solitons, are long-lived, with lifetimes
of over 20 seconds, and can propagate without observable dispersion over macroscopic distances. Following our
previous work on classical reflection of solitons from a broad repulsive barrier [1] and quantum reflection from a
narrow attractive well [2], we extend our investigations to solitons incident on a narrow repulsive gaussian barrier
[3]. When the kinetic energy of the soliton wavepacket is comparable to the barrier height, we observe controllable
splitting of the soliton into two daughter solitons. The splitting proportion varies according to incident velocity and
barrier height with good agreement with 1-D and 3-D Gross-Pitaevskii simulations. After allowing the daughter
solitons to oscillate in a weak harmonic potential, they recombine on the barrier and continue propagating as an
apparent single soliton, though the recombination is in this case the result of velocity filtering rather than a coherent
process. Future experiments with a narrower barrier should allow us to reach the coherent recombination regime.

The coherent splitting and recombination of solitons as well as their long lifetime leads the way to using such
a scheme for soliton-based interferometry in a variety of configurations [4]. In particular, the scheme can be
utilised in a ring geometry for Sagnac interferometry [5]. Future work includes implementing a soliton Sagnac
interferometer using a 2-D painted ring potential and further experimental studies of bright matter-wave soliton
dynamics that can be used to elucidate the wealth of theoretical work in the field, as well as to explore, for example,
the realisation of Schrodinger cat states [6, 7] and the study of short-range atom-surface potentials [8].

Fig. 1: A series of destructive absorption images at 30 ms time intervals showing splitting and apparent recombi-
nation of two equally populated daughter solitons on a narrow repulsive Gaussian barrier.
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Improved sensitivity to the electron’s electric dipole moment
using YbF molecules

Isabel M. Rabey*!, J. A. Devlin!, C. Ho', B. E. Sauer', M. R. Tarbutt!, E. A. Hinds'
1. Centre for Cold Matter (CCM), The Blackett Laboratory, Imperial College London
Prince Consort Road, London SW7 2AZ, UK

It is well known that the electron has a magnetic dipole moment. This property has been measured with
exquisite precision and provides one of the most successful comparisons between experiment and theory. However,
no one has ever been able to detect the analogous electric dipole moment (EDM), d,. In principle, there is no reason
why an electron should not have an electric dipole moment, but a non-zero value of d, will violate time reversal
symmetry T. The standard model of particle physics does contain some T-violation, but the value of d, it predicts is
almost vanishingly small (|d,| < 1078 e.cm) — the displacement of the electron’s charge from its centre of mass is
predicted to be less than a Planck length. This is many orders of magnitude smaller than current experiments could
ever measure. However, theories that extend the Standard Model, such as supersymmetry, will typically include
additional sources of T-violation to help explain the matter-antimatter imbalance we see in the universe today. If
these theoretical predictions are correct, we expect to measure an EDM between the current experimental upper
limit |d,| < 8.7 x 1072 e.cm (90% confidence) [1] and the lower theoretical limit |d,| > 1 x 1073 e.cm [2].

We measure the electron EDM by performing a spin precsession measurement on a beam of supersonic ytter-
bium fluoride (YbF) molecules [3]. Recently, we have developed a series of improvements to the state preparation
and detection of the molecules [4] [5] which has increased the flux of useful molecules by two orders of magnitude.
This has significantly improved the statistical sensitivity of our machine and will allow EDMs of a few 1072° e.cm
to be measured.

Noise and systematic effects also need to be under good control below the level of the improved sensitivity.
With the leading concern being flucuating magnetic fields, we have also improved our measurement and control of
these unwanted fields [6]. With this upgraded apparatus, we are now able to search for evidence of new T-violating
physics with even higher precision.
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Quantum gas in a box

Z.Hadzibabic*!
1. Cavendish Laboratory, University of Cambridge, J J Thomson Avenue, Cambridge, CB3 OHE, United Kingdom

For the past two decades ultracold Bose and Fermi atomic gases have been used with great success to study
fundamental many-body physics. While traditionally they were produced in harmonic electromagnetic traps, it
recently also became possible to create them in the uniform potential of an optical box trap. This has opened
even more possibilities for fundamental studies, allowing closer connections with other many-body systems and
the theories that rely on the translational symmetry of the system. Research topics for which the homogeneous,
box-trapped quantum gases offer distinct advantages include critical phenomena near phase transitions, quantum
turbulence, and searches for exotic states of matter in strongly interacting (unitary) gases. I will give an overview
of our recent progress in this growing field.
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Exploring Quantum Antiferromagnets with single-site resolution

D. Greif*!
1. Department of Physics, Harvard University, Cambridge, Massachusetts, USA

Strongly correlated electron systems such as high-temperature superconductors and pseudo-gap states are a
cornerstone of modern condensed matter research. A complementary approach to studying solid-state systems is to
build an experimentally tunable quantum system governed by the Hubbard model, which is thought to qualitatively
describe these systems but is difficult to understand theoretically. Ultracold fermionic quantum gases in optical
lattices provide a clean and tunable implementation of the Hubbard model. At the same time, optical microscopy
in these systems gives access to single-site observables and correlation functions, and provides dynamic control of
the potential landscape at the single-site level. But so far ultracold atom experiments have not been able to reach
the low-temperature regime of the Hubbard model, which becomes particularly interesting when doped.

I will report on the observation of antiferromagnetic long-range order in a repulsively interacting Fermi gas of
Li-6 atoms on a 2D square lattice containing about 80 sites. The ordered state is directly detected from a peak in the
spin structure factor and a diverging correlation length of the spin correlation function. When doping away from
half-filling into a numerically intractable regime, we find that long-range order extends to doping concentrations of
about 15%. Our results open the path for a controlled study of the low-temperature phase diagram of the Hubbard
model.
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Single atom- and momentum-resolved investigation of thermal and
quantum depletion in metastable Helium Bose condensates

H. Cayla!, C. Carcy', Q. Bouton!, R. Chang', C. I. Westbrook!, A. Aspect!, M. Mancini', D. Clément*!
1. Laboratoire Charles Fabry, Institut d’Optique, CNRS, Univ. Paris Sud, 2 Avenue Augustin Fresnel 91127 PALAISEAU cedex, France

The interplay of quantum fluctuations and interaction is at the core of intriguing phenomena of quantum many-body
physics. An emblematic example, conceptually rather simple, of such a manifestation is the quantum depletion
of a Bose condensate occurring at zero temperature. The resulting many-body ground-state, a vacuum of quasi-
particles [1], is composed of single-particle excitations on top of the condensate, for which a direct observation has
been missing.

We will report on the single-atom-resolved measurement of the momentum distribution in interacting Bose
gases of metastable Helium after a 330 ms Time-Of-Flight (TOF). We produce Bose-Einstein condensates of
Helium-4 atoms in a metastable state [2], whose internal energy (20 eV) is large enough to allow for an electronic
detection of individual atoms in three dimensions [3][4]. We investigate two different potentials where atoms are
trapped before being released: a 3D harmonic trap and a 3D optical lattice.

We monitor the TOF distribution of Bose-Einstein condensates produced in a 3D harmonic at various tempera-
tures. It allows us to clearly separate and identify, by their k-dependence, two distinct contributions to the depletion
of the condensate: the thermal depletion and the quantum depletion [5]. This observation is illustrated in Fig. 1
where the different scalings of the momentum distribution with momentum k are shown in log-log scale.
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Fig. 1: Left: 3D momentum distribution of a Bose-Einstein condensate released from a 3D harmonic trap. Each
red dot is a single atom. We also show the 2D projections of the 3D distribution along each axis.

Right: Cut through the asymptotic momentum density of the 3D condensate (log-log scale). Our detection method
yields a large dynamics in atomic density which allows us to identify: (i) the Bose-Einstein condensate, (ii) the
thermal depletion and (iii) the quantum depletion (k~* scaling).

When released from a 3D optical lattice, we show that the measured TOF distributions are in the far-field
regime of expansion where the density can be precisely mapped onto the in-trap momentum distribution. The
far-field condition along with the absence of integration along a line of sight (as done in usual absorption imaging)
provide us with novel signals. For instance, we can precisely determine the thermal fraction (and the temperature)
as well as the condensed fraction of lattice superfluids, paving the way to establishing finite-temperature phase
diagrams with our original approach.
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Supersolidity with Bose-Einstein condensates

A.Morales', J. Leonard', P.Zupancic !, T.Esslinger*!, T.Donner!

1. ETH Zuerich, Department of Physics, Institute for Quantum Electronics, Otto Stern Weg 1, Zuerich, Switzerland

Supersolidity is a paradoxical state of matter featuring both the crystalline order of a solid and the dissipationless
flow typical of a superfluid. The realization of this state of matter requires the breaking of two continuous sym-
metries, the phase invariance of a superfluid and the translational invariance to form the crystal [1]. Proposed for
Helium almost 50 years ago [2], experimental verification of supersolidity remained elusive [3].

Here we report on the realization of such a supersolid state of matter [4]. This state is realized by coupling a Bose-
Einstein condensate (BEC) to the modes of two crossed optical cavities. Self-organization to individual cavities
only breaks a discrete spatial symmetry and realizes a ‘lattice supersolid’. By equally coupling the BEC to both
modes we enhance the symmetry of the system to a continuous one and observe simultaneous self-organization to
the two cavities. We reveal the high ground state degeneracy of the new supersolid state by measuring the crystal
position over many realizations through the light fields leaking from the cavities (Fig.1a).

Using cavity-enhanced Bragg-spectroscopy we measure the excitation spectrum at the superfluid to supersolid
phase transition (Fig.1b). In the supersolid phase we detect a Higgs (gapped) and a Goldstone (gapless) branch.
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Fig. 1: a Measurement of the high ground state degeneracy of the two cavities self-organized ground state as

measured from their light field amplitudes upon multiple realizations. b Excitation spectrum of the system across

the superfluid to supersolid phase transition. After a critical transverse pump power we enter the supersolid phase,

where we observe a Higgs and a Goldstone branch.
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Crossing Over from Attractive to Repulsive Interactions in a Tunneling
Bosonic Josephson Junction

Giovanni Ferioli*!, G. Spagnolli*> G. Semeghini’ L. Masi' A. Trenkwalder S. Coop> M. Landini” L.

Pezzé'> G. Modugno! M. Inguscio® A. Smerzi'> M. Fattori!
1. LENS and Universitd di Firenze, 50019 Sesto Fiorentino, Italy
2. CNR Istituto Nazionale Ottica, 50019 Sesto Fiorentino, Italy

We study the dynamics of a spatial bosonic Josephson junction realized by an atomic BEC loaded in a double well
optical potential [1]. We can tune both the tunneling energy, by controlling the height of the barrier between the
two wells, and the interaction energy U using a magnetic Feshbach resonance. By preparing the system with a
finite population imbalance z # 0, we observe the transition from Rabi to Josephson oscillations between the two
wells when the interaction goes from zero to finite values. In particular we observe that the oscillation frequency
increases for U > 0 and decreases on the negative side, until it vanishes in correspondence of a quantum phase
transition that we studied in a previous work [2]. The exquisite control of tunneling and interactions in the system
paves the way to the realization of a Mach-Zehnder interferometer (built with the two spatial modes of the double-
well potential) with trapped atoms: with non interacting clouds we can perform the linear beam splitter operation,
while interactions could be used to create many-body quantum-entangled states, improving the phase resolution of
the device beyond the shot noise limit.

Fig. 1: Oscillation of population imbalance between the two spatial mode
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Real-time dynamics of lattice gauge theories
with a few-qubit quantum computer

E. Martinez', C. Muschik*??, P. Schindler', D. Nigg', A. Erhard!, M. Heyl>>, P. Hauke>>, M. Dalmonte>>,

T. Monz!, P. Zoller?3, and R. Blatt!*2

1. Institute for Experimental Physics, University of Innsbruck, 6020 Innsbruck, Austria
2. Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, 6020 Innsbruck, Austria
3. Institute for Theoretical Physics, University of Innsbruck, 6020 Innsbruck, Austria
4. Physik Department, Technical University Munich, 85747 Garching, Germany

Gauge theories are fundamental to our understanding of interactions between the elementary constituents of
matter as mediated by gauge bosons. However, computing the real-time dynamics in gauge theories is a notorious
challenge for classical computational methods. In the spirit of Feynman’s vision of a quantum simulator, this
has recently stimulated theoretical effort to devise schemes for simulating such theories on engineered quantum-
mechanical devices, with the difficulty that gauge invariance and the associated local conservation laws (Gauss
laws) need to be implemented. We report the first experimental demonstration of a digital quantum simulation of
a lattice gauge theory[1], by realising 1+1-dimensional quantum electrodynamics (Schwinger model) on a few-
qubit trapped-ion quantum computer. We are interested in the real-time evolution of the Schwinger mechanism,
describing the instability of the bare vacuum due to quantum fluctuations, which manifests itself in the spontaneous
creation of electron-positron pairs. To make efficient use of our quantum resources, we map the original problem
to a spin model by eliminating the gauge fields in favour of exotic long-range interactions, which have a direct and
efficient implementation on an ion trap architecture. We explore the Schwinger mechanism of particle-antiparticle
generation by monitoring the mass production and the vacuum persistence amplitude. Moreover, we track the real-
time evolution of entanglement in the system, which illustrates how particle creation and entanglement generation
are directly related. Our work represents a first step towards quantum simulating high-energy theories with atomic
physics experiments, the long-term vision being the extension to real-time quantum simulations of non-Abelian
lattice gauge theories.
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Single organic molecule coupling to a hybrid plasmonic waveguide

S. Grandi'!, M. A. Nielsen?, J. Cambiasso?, S. Boissier', K. D. Major!, C. Reardon?,

T. F. Krauss>, R. F. Oulton?, E. A. Hinds!, A. S. Clark*!
1. Centre for Cold Matter, Blackett Laboratory, Imperial College London, South Kensington, SW7 2AZ, UK
2. Experimental Solid State Physics Group, Blackett Laboratory, Imperial College London, South Kensington, SW7 2AZ, UK
3. Department of Physics, University of York, York, YO10 5DD, UK

Efficient photon sources will enable many quantum technologies. Single dibenzoterrylene (DBT) molecules are
promising photon sources, but often emit in an unknown direction making photon collection challenging. Dielectric
structures redirect emission into single optical modes [1], but are relatively large due to the diffraction limit of light.
Plasmonic devices, such as antennae, can concentrate the electromagnetic field at the site of an emitter on a surface
in volumes below the diffraction limit and redirect emission into well-controlled directions, but often suffer from
losses. Recently, planar dielectric antennae have shown promise for redirecting emission [2], however often they
do not provide single mode operation or compatibility with integrated photonics.
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Fig. 1: (a) White-light image of a HPW showing input/output grating couplers and anthracene crystals on the

surface. (b) Molecule fluorescence from the dashed box in (a). (c) Saturation curves for the molecule indicated

with a red dashed circle in (b), showing count rates collected from the confocal microscope (black squares) and

from a grating coupler (red circles). (d) Pulsed laser measurement of the molecule excited state lifetime. (e) g (1)

measured from the microscope only and (f) g(z) (7) measured from the grating and microscope.
Here we present a hybrid dielectric—metal approach in coupling a single molecule to an optical mode in an inte-
grated planar device. We designed and fabricated a hybrid plasmonic waveguide (HPW) consisting of a dielectric
slab with a nanoscale gap patterned in gold on the surface, as shown in Fig. 1(a). Replacing the silicon layer used
in our previous work [3] with titanium dioxide (TiO,) allows operation at ~ 785 nm, the emission wavelength of
DBT. Light propagating in the TiO; layer passes through the gap between the islands of gold. The width of the gap
controls mode confinement: when the gap is <100 nm the propagating mode is mainly in the gap providing strong
confinement; but when the gap is wider the mode decouples from the gold and propagates mainly in the TiO, with
low loss. We deposited DBT-doped anthracene crystals on the surface (Fig. 1(a)) using a supersaturated vapour
growth technique [4]. Using confocal fluorescence microscopy we found a DBT molecule positioned near the gap
(Fig. 1(b)). We then measured the saturation intensity of the molecule (Fig. 1(c)) to be L, = 325(27) kW/cm?2.
Illuminating the molecule with a pulsed laser (Fig. 1(d)) we measured the lifetime of the molecule to be 2.74(2) ns.
Under CW excitation we measured the second-order correlation function g(z) (1) of the light emitted directly into
the microscope. This shows clear anti-bunching (Fig. 1(e)) with g/®(0) = 0.25(6) proving this to be a single
molecule. By detecting photons simultaneously from the microscope and from the grating coupler we measured
g? (0) = 0.24(6) (Fig. 1(f)), demonstrating that this single molecule was emitting into the waveguide mode. By
measuring the optical losses in our setup we calculated the coupling efficiency from the molecule to the HPW to
be ~ 22%. This method provides a route to building waveguide sources of photons in planar integrated quantum
photonic circuits for applications in quantum technology.
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Identifying optical transitions in highly charged ions with applications for
metrology and searches of variation of the fine-structure constant

H. Bekker*!, A. Windberger !, N. Potters !, J. Rauch !, J. Berengut 2, A. Borschevsky >,

J. R. Crespo Lépez-Urrutia !
1. Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2. School of Physics, The University of New South Wales, Sydney NSW 2052, Australia
3. Van Swinderen Institute, Universiteit Groningen, Nijenborgh 4, 9747 AG Groningen, Netherlands

Many highly charged ions (HCI) have been proposed for use in next generation optical clocks for metrology
purposes, see for example [1, 2]. Due to the compact size of their electronic cloud, HCI are less sensitive to
external perturbations than the neutral and singly charged systems that are currently widely employed in metrology.
Furthermore, increased relativistic effects in HCI lead to a strong sensitivity to variation of the fine-structure
constant . However, for these HCI, theory is not capable of predicting the energy level structures to the precision
required for precision laser spectroscopy.

To address this issue, we investigated several of the proposed HCI, which we produced, trapped, and collision-
ally excited in the Heidelberg electron beam ion trap (HD-EBIT). The wavelengths of subsequent fluorescence
light were determined at the ppm-level using a grating spectrometer. We present our latest results for Ir'’*, which
features transitions with an extremely high sensitivity to variation of the fine-structure constant [1,3]. Identifying
these transitions is cumbersome due to the uncertainties of the predictions, the large amount of observed transi-

tions, and their low intensities. However, by observing their Zeeman splitting in the strong magnetic field of the
HD-EBIT, many important lines could be identified, c.f. Fig. 1.
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Fig. 1: Observed Zeeman splitting of two Ir'7+ lines (black points), and fits to the data based on predicted line
shapes (solid lines). The individual Zeeman components as determined by the fit, are shown by vertical lines.
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Furthermore, our latest results for Pr’* and Pr!®* are discussed. In addition to the previously mentioned
advantageous properties of HCI, Pr’* is predicted to have a metastable state with an extremely long lifetime of
21 megayears, which potentially makes it suitable as a quantum memory [2].

All the presented results are used to benchmark state-of-the-art atomic theory calculations. Our investigations

aim to provide a deeper insight into the suitability of the proposed HCI for metrology purposes, and to pave the
way for future laser spectroscopy.
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Monochromatic electron beam from Rydberg atoms

E. Moufarej*', Z. Mazzotta', M. Vielle-Grosjean', F. Robicheaux?, Y. J. Picard', D. Comparat'
1. Laboratoire Aimé Cotton, CNRS, Université Paris-Sud, ENS Paris-Saclay
Bat. 505, 91405 Orsay, France.
2. Department of Physics and Astronomy, Purdue University
West Lafayette, Indiana 47907, USA

We develop a source of focused electron and ion beams, through ionization of a high flux effusive atomic beam.

The atomic (cesium) beam is obtained from an effusive oven. The low transverse temperature (sub-K range) and
the relative density of the starting atomic sample ensure excellent initial conditions in order to obtain a bright and
monochromatic (=1 meV) charged source (Fig. 1(b)). Typically, by photo-ionizing the atomic beam, the energy

spread of extracted electrons is limited by chromaticism created during the ionization process, related to the laser’s
waist. To overcome those effects, we use Rydberg atoms field ionization (Fig. 1(a)).

Here, we present an experimental and theoretical study of the photoexcitation and ionization of high quantum
defect states, using excitation from the 7s state in cesium to Rydberg states in the presence of a uniform electric field
[1]. Such states can exhibit complex ionization behavior, for instance, highly localized growth in the ionization
rate due to interference effects. We observe that large changes in the Rydberg ionization rate from small changes
in electric field are possible when a nearly stable state crosses a more unstable state (Fig. 1(c)). A fast variation of

the ionization rate with electric field allows for the production of charged beams with very low energy spread.
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Fig. 1: (a) and (b) Principle of ion or electron beam production using sharp Rydberg forced field ionization.
Electrons and ions are produced by laser excitation of Rydberg states that are then field ionized. (c) Scan of
ionization rate versus wavelength for varying field, displaying interference narrowing.
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Atomic clock and quantum many-body physics

Jun Ye*!
1. JILA, National Institute of Standards and Technology and University of Colorado

Boulder, Colorado 80309-0440, USA

Quantum state engineering of ultracold atoms and precise control of laser coherence have revolutionized a new
generation of atomic clocks with accuracy at the 18th digit. This progress has benefited greatly from microscopic
understandings of atomic interactions in the quantum regime. In return, the unified front of precision metrology
and quantum physics has enabled exploration of many-body quantum systems. Our next clock will have at its core
a Sr Fermi degenerate gas configured as a band insulator in a three-dimensional optical lattice. The correlated,
high-density atomic system provides a clear path for improving the clock performance to the next decimal point,
and sets the stage to explore spin-orbit coupling and long-range interactions in a many-body spin system. These
emerging quantum technologies will allow us to test the fundamental laws of nature and search for new physics.
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Observation of the 15-2S transition in trapped antihydrogen

N. Madsen*'
1. Department of Physics, College of Science, Swansea University
Singleton Park, Swansea SA2 8PP, UK

Antihydrogen, the bound state of an antiproton and a positron and the antimatter counterpart of hydrogen, holds
the promise of some of the most precise tests imaginable on the fundamental symmetry of matter and antimatter.
We report the first observation of the 1S-2S transition in trapped antihydrogen[1], a milestone in the quest to
use antihydrogen to do a precision test of the CPT Theorem, a cornerstone of the Standard Model. The 1S-
2§ transition is known to ~15 decimal places in hydrogen[2]. We discuss how this first observation was made
possible through a number of key advances in the ability to magnetically trap antihydrogen, that must be made
from its constituents. We further discuss the crucial enhancement of the 243 nm laser light that excites the two-
photon transition and the unique detection capabilities of the ALPHA apparatus necessary to probe the ultimately
few anti-atoms available for these experiments. This first observation was consistent with the equivalent transition
in hydrogen to ~2x 1071, and paves the way for measurements of the line shape in order to establish tight
experimental bounds on the CPT symmetry of hydrogen and antihydrogen.
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An Improved Value of the Atomic Mass of the Proton

Florian Kohler-Langes*!, Fabian Heile' >3, Sascha Rau', Sven Junck®*, Andreas Mooser”,

Wolfgang Quint”, Stefan Ulmer, Giinter Werth*, Klaus Blaum', Sven Sturm'
1. Max Planck Institute for Nuclear Physics (MPIK), Saupfercheckweg 1, 69117 Heidelberg, Germany
2. GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrafle 1, 64291 Darmstadt, Germany
3. Universitit Heidelberg, Fakultdit fiir Physik und Astronomie, Im Neuenheimer Feld 227, 69120 Heidelberg, Germany
4. Universitdt Maingz, Institut fiir Physik, Staudingerweg 7, 55099 Mainz, Germany
5. RIKEN, Ulmer Fundamental Symmetries Laboratory, Wako, Saitama 351-0198, Japan

The electron, the proton and the neutron are the basic building blocks of atomic matter. The precise knowledge of
their properties, e.g. their masses, is of utmost importance for tests of fundamental physics and the current revision
of the SI base units.

In this context an experiment dedicated to the determination of the atomic mass of the proton and the neutron has
been designed, assembled and commissioned. It is based on the former g-factor experiment for highly charged
ions, which provided most stringent tests of bound-state QED by studying the bound-electron g-factors of 28Si'3*
[1], 28Si''* [2] and the g-factors of the calcium isotopes “°Ca!’* and *Ca!”* [3]. Moreover, it delivered the most
precise value of the atomic mass of the electron [4]. The new experiment consists of a stack of five individual
cylindrical Penning traps, enclosed in a vacuum vessel operated at liquid helium temperature. Various single ions
can be trapped at different locations for months.

For the high-precision measurement of the atomic mass of the proton the cyclotron frequency ratio of a single
proton, v, (H"), and a single highly-charged carbon ion, v, ('2C%"), is measured:

+) B lvc(IZC(H—)

12 ~6+
6 v.(H) m("C),

m(

where the relative uncertainty of m(12C6+) due to the missing electrons and their binding energies is sufficiently
small (§m/m=9-10"1%),

In order to measure both cyclotron frequencies in the same electric and magnetic field configuration, both ions are
transported alternately into a Penning trap, the Measurement Trap (MT), consisting of seven cylindrical electrodes.
These electrodes serve to produce an extremely harmonic quadrupole trapping field by cancelling out to a large
extent higher orders electric field contributions by properly chosen voltages. By applying exactly the same elec-
tric field configuration for both ions with different charge/mass ratio, requires two separate, precisely tuned axial
resonators for non-destructive frequency detection. The modified cyclotron frequency is detected via the phase
sensitive measurement technique PnA [5].

Aiming for relative precisions of less than 1- 107!, magnetic field fluctuations which limit the statistical uncer-
tainty have to be overcome. For this purpose, the simultaneous PnA technique has been developed. Here, the
modified cyclotron frequency of a highly-charged ion, v, (HCI), placed in an adjacent Penning trap, the Reference
Trap (RT), and the modified cyclotron frequency of the ion of interest in the MT, e.g. of the proton or the carbon
ion, are measured simultaneously, which enables dramatically longer phase evolution times. Thus, the two ultra-
precise cyclotron frequency ratios: R; = v.(H") /v, (HCI) and R, = v,(>C®") /v, (HCI) can be determined and
combined to finally derive the desired frequency ratio: Ry /Ry = v.(H")/v.(12C%%).

At this conference, the new setup will be introduced and the latest results on the atomic mass of the proton will be
discussed [6].
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Precision spectroscopy on the 2 3S — 2 1S transition in ultracold helium
inside a magic wavelength trap

R.J. Rengelink*!, R.P.M.J.W. Notermans', W. Vassen'
1. LaserLaB, Department of Physics and astronomy, Vrije Universiteit
De Boelelaan 1081, 1081 HV Amsterdam, NL

Atomic level energies experience minute shifts caused by the finite size of the nucleus. When this shift was
measured in muonic hydrogen a 50 discrepancy was found with the then most recent CODATA recommended
value for the proton radius [1]. Since then this discrepancy has only increased and has been extended to the deuteron
as well [2]. The discrepancy has become known as the proton radius problem. Does this problem exist for other
atoms as well? To answer this question new measurements on the helium nucleus, both in muonic and electronic
systems, are underway. We are aiming for an improved measurement of the doubly forbidden 23S — 2'§ transition
in neutral helium. By combining frequency metrology with ab initio QED calculations the *He to *He nuclear
charge radius difference can be determined with sub-attometer accuracy, competitive with current measurements
in muonic He™ [3].

In order to reach this goal we need to improve our previous measurement, which was done in a Bose-Einstein
condensate of “He and a degenerate Fermi gas of 3He trapped in a 1557 nm optical dipole trap (ODT) and was
accurate to 2.3 kHz [4], by an order of magnitude. To entirely eliminate the largest term in the uncertainty budget,
the ac-Stark shift induced by the ODT, we have implemented a magic wavelength ODT.

Previously, we calculated polarizabilities of the 2 3§ and 2 'S levels and found a magic wavelength candidate
at 319.815 nm [5]. We built a laser system at this wavelength, producing over 2 W of power, and used it to trap
“He atoms [6]. Currently, we have implemented a full ODT with this laser system and are using it for spectrosopy.
By varying the wavelength of the laser we have now verified our calculations within their accuracy and we have
found the precise position of the magic wavelength at 319.816 nm, accurate enough that the uncertainty in the Stark
shift is no longer significant compared to other errors. Finally, we have made a number of other improvements
to the set-up and measurement scheme to better deal with other systematics, most notably an improved linewidth
of the spectroscopy laser to better deal with the mean-field shift [7] and we hope to present a more accurate
determation of the transition frequency in “He at the conference.

Differential ac-Stark shift as a function of ODT wavelength
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Fig. 1: (Preliminary) ac-Stark shift as a function of trap laser wavelength. The blue band is the calculated differ-
ential polarizability from reference [5] with its uncertainty range (rescaled to the data). The leading uncertainty in
this calculation is a constant offset caused by the continuum contribution to the polarizability. The dashed line is
the calculation with this offset fitted to the data.
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Vector Correlations in Molecular Photodissociation: Production
of Spin-Polarized H-Atoms and Femtosecond Stereodynamics

O. S. Vasyutinskii*
1. Ioffe Institute, 26 Polytechnicheskaya, 194021 St.Petersburg, Russia

The talk presents recent achievements in the rapidly growing field of angular momentum polarization in reactive
collisions and molecular photodissociation. The outstanding role of angular momentum in chemical reactions has
been realized many years ago. Molecules always interact with each other by anisotropic forces, giving rise to
anisotropic angular momentum distributions which may have relation to approach direction, scattering direction,
photon polarization, etc [1].

Although the production of spin-polarized hydrogen atoms in molecular photodissociation by circularly polar-
ized photolysis laser was considered theoretically more than thirty years ago [2], it has been directly experimentally
observed only recently, by detection of the polarized fluorescence in the H atoms excited by circularly polarized
Lyman-alpha radiation [3]. More recently, a new and more practically convenient experimental techniques have
been realized [4-6] allowing for direct measurement of the velocity dependence of hydrogen atom spin polarization
with high resolution and sensitivity. The strategy was a two-color high-n Rydberg excitation of hydrogen atoms
by a linearly polarized Lyman-o laser and a circularly polarized UV tagging laser combined either with Rydberg
time-of-flight approach, or with slice imaging, followed in both cases by a pulsed-field ionization. The techniques
allow for experimental determination of all three anisotropy parameters o ¥, and ¥, [1] which contain important
information on the photodissociation dynamics (excited state symmetry, nonadiabatic and long-range interactions,
quantum mechanical scattering phase shifts, ets.). The techniques were realized in photodissociation of HCI, HBr,
and DBr molecules and can be used for production of dense highly polarized atomic and nuclear targets and beams
for high-energy collision and surface scattering experiments. Moreover, the method can be applied for the study of
dissociation of polyatomic molecules and reactive scattering and promises a wealth of new detail concerning these
elementary processes.

The talk also presents the results of experimental and theoretical study of time-resolved vector correlations
in the femtosecond photolysis of polyatomic molecules by predissociation and direct dissociation mechanisms.
Experimentally, the photolysis of methyl iodide (CH3I) by linearly polarized laser beam via the B-band at 201.2
nm has been studied [7-8]. Time-dependent anisotropy parameters 3 has been determined from fragment angular
distributions using the pump-probe technique coupled with the velocity map imaging detection of the dissociation
products CH3(v=0) and I*(>P, /2)- The results obtained were theoretically interpreted with a quantum mechanical
quasiclassical theory which took into account the alignment of CH3 photofragments orbital momentum, nonadia-
batic interaction between the 3R, and 34, (E) excited states, excited state symmetries, the parent molecule rotation
during dissociation, and the CH3 fragment rotation after the bond break. The time-dependent vector correlations
were described by a set of anisotropy parameters [1]. The results obtained demonstrate an important role of the
molecular orbital angular momentum alignment and molecular rotation on the time-dependent photolysis. Com-
parison between the photolysis via the predissociative *R; and direct dissociative 3A;(E) excited states showed
the profound role of the predissociation mechanism. The 3R, and 3A|(E) excited state lifetimes, anisotropy trans-
forming coefficients, parent molecule beam temperature, and molecular rotation angles were determined from the
experimental data.
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Electron-Nuclear Coupling through Autoionizing States
after Strong-Field Excitation of H, Molecules
Yonghao Mi*, Nicolas Camus, Lutz Fechner, Martin Laux, Robert Moshammer, Thomas Pfeifer’

Max-Planck-Institut fiir Kernphysik
Saupfercheckweg 1, 69117 Heidelberg, Germany

When an H, molecule is exposed to a strong laser field, the following two single ionization channels may
occur:

Hy & Hf +e” (1)
Hy R Ht tHye )

The first channel is called bound ionization, in which one electron is freed by the laser field and the molecule ends
up as a bound molecular ion Hzr and a free electron. The second channel is named dissociative ionization, where
the H, molecule breaks up into a proton, a hydrogen atom and a free electron.

By using a Reaction Microscope (REMI) [1] and ultrashort laser pulses, we investigated channel-selective
electron emission from strong-field ionization of Hy [2]. Measuring of electrons and ions in coincidence, we
distinguished the bound and dissociative ionization channels and extracted electron momenta for the two channels.
According to the two-step mechanism [3], the laser-induced dissociation of H, molecules is described as follows:
the molecule is ionized by the laser field in the first step and then dissociates as the vibrational wave packet
is excited from the bound 150, state to the repulsive 2po;, state in most cases, which means that the dissociative
ionization process is independent from the bound ionization process. On first approximation, the electrons from the
two channels should thus be the same. As shown in Fig. 1, the fanlike stripes and the above-threshold ionization
rings appear for both channels, as expected from the two-step mechanism. However, an enhancement of the
photoelectron yield in the low-energy region for the bound ionization channel can be clearly observed.

(a) Bound ionization

P, (a.u)

-0.5

0.5

0
P (a.u.)

Fig. 1: Electron momentum distribution for (a) bound ionization and (b) dissociative ionization.

We interpret the low-energy enhancement in the electron yield for bound ionization as being due to the popu-
lation and subsequent decay of autoionizing states. For Hy molecules, the autoionzing states represent a series of
high-lying Rydberg states and are characterized by a simultaneous electronic and vibrational excitation. Instead of
populating the H;L bound state and being excited to the repulsive state for dissociation, the molecule can be excited
to the above-mentioned autoionizing state located above the ionization limit. Therefore, an autoionization process
occurs, in which the vibrational energy of the nuclei is transferred to the excited electron, which becomes free and
appears in the photoelectron momentum spectra.
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Control of 3D photoelectron wavepackets using single beam bichromatic
and polarization shaped ultrashort laser pulses

D. Pengel*!, S. Kerbstadt!, D. Johannmeyer', L. Englert', T. Bayer!, M. Wollenhaupt'
1. Ultrafast Coherent Dynamics, Institute of Physics, Carl von Ossietzky Universitdit Oldenburg
Carl-von-Ossietzky-Str. 9-11, 26129 Oldenburg, Germany

We report on the generation and control of complex shaped, three dimensional (3D) wave packets using single
beam bichromatic and polarization shaped laser pulses. Coherent control is based on the interference of multi-
ple quantum pathways connecting the initial system state with a preselected target channel. In our approach the
interplay of selection rules and intra pulse frequency mixing disentangles different quantum pathways. In the ex-
periment we use polarization-tailored bichromatic fields produced by our novel 4f polarization shaper setup [1][2].
It provides full control over all bichromatic pulse parameters such as the frequency and amplitude ratio, the spec-
tral phase profile (including CEP and relative phase) and the polarization state of both colors. Using bichromatic
polarization shaped laser fields we observe complex shaped 3D electron wavepackets measured by velocity map
imaging and retrieved by tomographic reconstruction [3].

In the first experiment we study sequences of two counter rotating, circular polarized laser pulses. These
pulse sequences generate vortex shaped electron wavepackets with different rotational symmetries, relying on
the quantum paths selected. In general, the coherent superposition of two continuum electron wavepackets with
quantum numbers m; and my of different sign leads to electron vortices with c|,,, _,| rotational symmetries. We
present measurements of perturbative electron vortices with c¢g symmetry and nonperturbative electron vortices
with ¢4 symmetry created from multi photon ionization of potassium atoms [4]. In addition, creation of electron
vortices with ultra-broadband few-cycle laser pulses is discussed. Secondly, we show the creation of unusual
superposition states using bichromatic, orthogonal linear laser pulses. Finally, we show how the combination of
bichromatic fields with polarization control permits selective detection of single |/, m)-states.

a)

Fig. 1: Measured 3D electron wavepackets using velocitiy map imaging and tomographic reconstruction. a)
Measured 3D electron vortex with retrieved projections. A sequence of two counter rotating circular polarized
laser pulses interacts with gaseous potassium and produces an electron vortex in the continuum. b) Measured 3D
electron wavepacket generated from interaction between orthogonal linear polarized bichromatic laser pulses and
gaseous potassium.
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Dipolar quantum gases and liquids

Tilman Pfau*!
1. 5. Physikalisches Institut and Center for Integrated Quantum Science and Technology (IQST), Universitdt Stuttgart, Germany

Dipolar interactions are fundamentally different from the usual van der Waals forces in real gases. Besides the
anisotropy the dipolar interaction is nonlocal and as such allows for self organized structure formation. Candidates
for dipolar species are polar molecules, Rydberg atoms and magnetic atoms. More than ten years ago the first
dipolar effects in a quantum gas were observed in an ultracold Chromium gas. By the use of a Feshbach resonance
a purely dipolar quantum gas was observed three years after [1]. By now dipolar interaction effects have been ob-
served in lattices and also for polar molecules. Recently it became possible to study degenerate gases of lanthanide
atoms among which one finds the most magnetic atoms. The recent observation of their collisional properties
includes the emergence of quantum chaos and very broad resonances [2][3]. Similar to the Rosensweig instability
in classical magnetic ferrofluids self-organized structure formation was expected. In our experiments with quantum
gases of Dysprosium atoms we could recently observe the formation of a droplet crystal [4]. In contrast to the-
oretical mean field based predictions the super-fluid droplets did not collapse. We find that this unexpected stability
is due to beyond meanfield quantum corrections of the Lee-Huang-Yang type [5][6]. We observe and study self-
bound droplets [7] which can interfere with each other. These droplets are 100 million times less dense than liquid
helium droplets and open new perspectives as a truly isolated quantum system.

Fig. 1: Insitu image of a quantum droplet arrangement (shown above where the distance between droplets is about
3 microns) in comparison to a ferrofluid showing a Rosensweig Instability (shown below).
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Ultracold Dipolar Fermi Gas of NaK Molecules

Martin Zwierlein*!
1. Department of Physics, Massachusetts Institute of Technology, MIT Harvard Center for Ultracold Atoms, and Research Laboratory of
Electronics, MIT, Cambridge, MA 02139, USA

Strongly interacting dipolar gases of molecules hold great promise for precision measurements, high-speed quan-
tum simulation and the creation of novel many-body systems. I will describe the creation of an ultracold dipolar
gas of fermionic NaK molecules in their absolute rovibrational and hyperfine ground state. The NaK molecule is
chemically stable and features a large electric dipole moment of up to 2.7 Debye. We observe lifetimes exceeding
four seconds, even in rotationally excited states of the molecule. We demonstrate coherent microwave control
of rotational and hyperfine states and observe second-long nuclear spin coherence times even without spin-echo
techniques. To induce large dipole moments, we explore microwave dressing of molecules, a technique that has
been proposed for shielding of inelastic collisions and the realization of topological superfluids.

*Corresponding author: zwierlei@mit.edu

To the list of contents



Friday 11:00 — Sir Arnold Wolfendale Lecture Theatre

Two-dimensional arrays of single Rydberg atoms
for the quantum simulation of spin systems

T. Lahaye*!, S. de Léséleuc,' V. Lienhard,' D. Barredo,' A. Browaeys!
1. Laboratoire Charles Fabry, Institut d’Optique and CNRS, Palaiseau, France

In our experiments, we generate arrays of up to 50 optical tweezers arranged in arbitrary two-dimensional ge-
ometries, each containing a single cold atom, and separated by distances of a few micrometers (Fig. 1). This is
achieved by active sorting of atoms in larger arrays that are initially loaded stochastically [1]. By exciting the
atoms to Rydberg states (with principal quantum numbers in the range 50-100), we can induce strong, tunable
dipolar interactions between the atoms [2].

This system is an ideal platform for the quantum simulation of spin Hamiltonians. By using van der Waals
interactions we can implement the quantum Ising model in a transverse field and observe the dynamics of the mag-
netization and of correlation functions following a quantum quench [3]. Using resonant dipole-dipole interactions,
we observed the propagation of a spin excitation in a minimalistic spin chain of three atoms governed by the XY
Hamiltonian [4].

Fig. 1: Examples of fully loaded, two-dimensional arrays of individual atoms with various geometries that are
relevant for quantum simulation of spin Hamiltonians. The typical distance between nearest-neighbour atoms is
4 pm.
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Nondestructive detection of polar molecules via Rydberg atoms

M. Zeppenfeld*!, F. Jarisch'
1. MPI fiir Quantenoptik, Hans-Kopfermann Str. 1, 85748 Garching, Germany

A quantum hybrid system combining polar molecules with Rydberg atoms provides fascinating opportunities for
research in quantum physics. Thus, the strong dipole-dipole interactions between polar molecules and Rydberg
atoms have been proposed for quantum information processing [1]. Moreover, the long-range interactions might
be used for efficient cooling of molecules to ultracold temperatures [2-3].

Here, we discuss using Rydberg atoms to efficiently and nondestructively detect polar molecules [4] and show
first experimental results. Forster resonant energy transfer between molecules and Rydberg atoms imprints the
presence of a molecule on a Rydberg atom. This allows detection of the molecule by subsequent state sensitive
field ionization of the Rydberg atom. Huge molecule-Rydberg-atom interaction cross sections on the order of
10~% cm? for sufficiently low collision energies allows for efficient detection [4].

We show experimental results for the detection of ammonia molecules in a room temperature thermal gas. For
Rubidium atoms initially excited to an nP state with n ~ 46, Forster resonant energy transfer induced transitions
to the n — 1D state. No population transfer to other nearby n’S or n'D Rydberg states is observed, indicating the
necessity for a transition which is resonant to a molecular transition (in our case the inversion splitting of ammonia),
as expected for Forster resonant energy transfer. Changing the resonance condition for energy transfer using
electric fields to tune the Rydberg transition changes the amount of population transfer, indicating the observation
of electric field dependent collisions.
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Fig. 1: Population in states 46P3, and 45Ds, as a function of ammonia pressure. Rubidium atoms are initially
excited to the 46P state with a pulsed UV laser and detected by field ionization after 10 us interaction time. Actual
populations are slightly higher due to imperfect state detection.
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Three-Body Forster Resonances in a Few Interacting Rb Rydberg Atoms

LI Ryabtsev* 2, D.B. Tretyakov'?2, LI Beterov'?, E.A. Yakshina'2, V.M. Entin'-2, P. Cheinet?, P. Pillet’
1. Rzhanov Institute of Semiconductor Physics SB RAS, pr.Lavrentyeva 13, 630090 Novosibirsk, Russia
2. Novosibirsk State University, 630090 Novosibirsk, Russia
3. Laboratoire Aime Cotton, CNRS, Univ. Paris-Sud, ENS Paris-Saclay, Bat. 505, 91405 Orsay, France

Three-body Forster resonances at long-range interactions of Rydberg atoms were first predicted and observed in Cs
atoms [1]. In these resonances, one of the atoms carries away an energy excess preventing the two-body resonance,
leading thus to a Borromean type of Forster energy transfer. The experiment in [1] was done with an ensemble of
~ 10° Cs atoms in an interaction volume of ~200 um in size. Therefore, the three-body Forster resonance was in
fact observed as the average signal for the large number of atoms N > 1.

In this report we present the first experimental observation of the three-body Forster resonance Rb(nPs /2) +
Rb(nP; /) — Rb(nS) /5) +Rb([n+1]S; ) for a few Rb Rydberg atoms with n=36, 37. In our experiment, N=2-5
Rydberg atoms in the initial nP3/, Rydberg state interact in a single volume of ~20-30 pm in size. This volume
is formed at the intersection of the two tightly focused laser beams that excite Rydberg states at the center of
the cold Rb atom cloud in a magneto-optical trap [2]. Using the selective field ionization technique with the
detection efficiency of 70%, the measured Forster resonance spectra are post-selected over the number of the
detected Rydberg atoms N=1-5 [3] and then additionally processed to extract the true multi-atom spectra taking
into account finite detection efficiency. The spectra represent the measured dependence of the fraction of atoms in
the final nS; /, state on the applied dc electric field, which controls the Forster resonance detuning, for various N.

Figure 1 shows the Stark-tuned Forster resonance in Rb atoms observed for N=2-5. In Fig.1(a) the atoms are in
the initial state 37P; > (|M;| = 1/2). The main peak at 1.79 V/cm is the ordinary two-body resonance that occurs
for all N=2-5 [2-4]. The additional peak at 1.71 V/cm is the three-body resonance that is absent for N=2 and
appears only for N=3-5.

The feature at 1.71 V/cm can in principle be caused by the imperfection of the electric-field pulses used to
control the Forster resonance [4]. In order to check for this effect, the resonance has also been recorded for the
atoms in the initial state 37P5»(|M;| = 3/2), as shown in Fig.1(b). Here we see again that the main peak at 2.0
V/em is the ordinary two-body resonance that occurs for all N=2-5. The additional peak at 2.14 V/cm is the three-
body resonance that is absent for N=2 and appears only for N=3-5. We conclude that the three-body resonances
really take place, as their positions and behavior well agree with theoretical calculations.

As aresult, we have found clear evidence that there is no signature of the three-body Forster resonances for ex-
actly two interacting Rydberg atoms, while it is present for the larger number of atoms. As the observed three-body
resonance appears at the different dc electric field with respect to the two-body resonance (the difference increases
for the lower n [1], and we have checked for it at n=36), it represents an effective three-body operator, which can
be used to directly control the three-body interactions. This can be especially useful in quantum simulations and
quantum information processing with neutral atoms in optical lattices.

This work was supported by the RFBR Grants No. 16-02-00383 and 17-02-00987, the Russian Science Foun-
dation Grant No. 16-12-00028, the Novosibirsk State University, the public Grant CYRAQS from Labex PALM
(ANR-10-LABX-0039) and the EU H2020 FET Proactive project RySQ (Grant No. 640378).
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Fig. 1: Forster resonance in Rb Rydberg atoms observed for various numbers of atoms N=2-5: (a) in the initial
state 37P3 5 (|M,| = 1/2); (b) in the initial state 37P; /> (|M,| =3/2).
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Coherent Control and Trapping of Ultracold 3’Rb!33Cs Molecules
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Durham University, South Road, Durham DHI 3LE, UK
2. Departmento de Quimica Fisica, Universidad de Salamanca, 37008 Salamanca, Spain
3. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Chemistry,
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The formation of ultracold heteronuclear molecules opens many exciting areas of research, spanning precision
measurement, quantum computation, quantum simulation, ultracold chemistry, and fundamental studies of quan-
tum matter. The large electric dipole moments of such molecules allow long-range interactions tunable over length
scales similar to the spacing between sites in an optical lattice. Long-lived, trapped samples of molecules with full
quantum control of the molecular internal state are crucial to realising many of their applications.

In this work, a sample of up to 4000 8’Rb'33Cs molecules in their electronic, vibrational, rotational, and hyper-
fine ground state are created at ultracold temperatures in a two-step process. Initially, weakly-bound molecules are
formed by magnetoassociation on a Feshbach resonance from a pre-cooled atomic mixture [1]. These molecules
are then transferred to their rovibronic and hyperfine ground state by stimulated Raman adiabatic passage (STI-
RAP) [2]. The transfer is characterised by a precision measurement of the binding energy of the molecule with
reference to an offset-free optical frequency comb; we find Dy = h x 114 268 135.25(3) MHz [3].

We demonstrate coherent control of the rotational and hyperfine state using external microwave fields (see
Fig. 1). Spectroscopy of the hyperfine structure of the first excited rotational state N = 1 allows us to determine
accurate values of rotational and hyperfine coupling constants that agree well with previous calculations. We find
that there is significant mixing between hyperfine states principally due to the scalar spin-spin coupling in N = 0,
and nuclear quadrupole coupling in N = 1. Complete population transfer between selected hyperfine levels of the
ground, first and second rotational states is performed using one- and two-photon z-pulses [4].

We investigate the interaction between the far-off-resonant light of our optical trap on the molecules. Through
high-resolution microwave spectroscopy, we measure the AC Stark shift of the hyperfine states of the ground and
first excited rotational states. We demonstrate that the trapping light can couple neighbouring hyperfine states,
yielding rich and complex structure with many avoided crossings. This coupling is due to the anisotropic compo-
nent of the real part of the AC polarizability. We show that this coupling can be tuned by varying the angle of the
laser polarization to broaden or narrow select avoided crossings as required and to allow access to previously dark
transitions between hyperfine states. This leads to our conclusion where we will be looking towards our future
work, where we hope to investigate collisions between our bosonic molecules confined in a 3D optical trap.
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Fig. 1: Coherent population transfer of molecules between specific hyperfine states in rotational levels N = 0 and
N = 1. (a) Transfer scheme followed in this work, where molecules begin in the lowest hyperfine state Mr =
5 of N =0. States are described in the uncoupled basis set |N ;MN,m}“’,mIC5>. (b) Rabi oscillations in one-
photon transfer of molecules to the single hyperfine level of N = 1 shown in (a). (c) Rabi oscillations in two-
photon transfer, using a 7-pulse on the first transition and a second microwave pulse with different frequency and
polarization to drive transitions to the My = 4 hyperfine state of N = 0 shown in (a). Figure reproduced from [4].
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Towards conductivity imaging of biological tissues
with atomic magnetometers

Cameron Deans*!, Luca Marmugi', Ferruccio Renzoni'
1. Department of Physics & Astronomy, University College London, GowerStreet, London, UK, WCIE 6BT.

The ability to map the conductivity of biological samples would aid the diagnosis and treatment of diseases
and conditions where a change in conductivity plays, or is expected to play, an important role. Examples include
the detection and diagnosis of cardiac arrhythmias and malignant tumours [1,2]. Currently deployed technologies,
such as magnetocardiography and electrocardiography, do not provide any direct information regarding the local
conductivity of tissue.

We identify Magnetic Induction Tomography (MIT) [3] as the ideal solution for mapping the conductivity of
living tissues. MIT is an attractive method of medical imaging as it is non-invasive and no direct contact with the
patient is required. In MIT, an AC magnetic field induces eddy currents in a target object. These eddy currents
generate an additional oscillating magnetic field component. The detection of this field gives access to the elec-
tromagnetic properties of the object, without requiring direct physical contact. In particular, it allows the direct
mapping of all three passive dielectric properties; the conductivity o, the permittivity €, and the permeability u.
As such, MIT represents a promising solution for non-invasively addressing the conductivity of biological tissues.
Conductivity maps can be obtained by taking spatially resolved MIT measurements. Tomographic measurements
can be constructed by taking measurements at various excitation field frequencies, thus varying the penetration
into the sample.

Our novel approach to MIT measurements is based on atomic magnetometers (AMs) [4,5,6]. This overcomes
the performance limitations of classical systems which use inductive pick-up coil sensors. AMs offer extreme sen-
sitivity over a wide frequency range, from Hz to tens of MHz. This allows simple tuning of the operation frequency
in MIT measurements and overcomes the poor low-frequency sensitivity of pick-up coils. AMs offer robust oper-
ation in unshielded environments providing flexibility for applications and miniaturised AMs could offer excellent
imaging resolution.

Here, we report on the progress towards mapping the conductivity of biological tissues using AMs. We exper-
imentally demonstrate the use of radio-frequency optical atomic magnetometers (RF-AM) for MIT imaging. The
RF-AM records the changes in the magnetic field’s properties due to eddy current excitation. We build images of
target properties in real-time and without background subtraction. We demonstrate the imaging of dummy targets
placed in the proximity of the sensor. These scans include of a range of materials with a wide range in conductiv-
ities. We show the progression towards low-conductivity biological targets by successfully imaging non-metallic
samples, for the first time. Our results show the wide range of operation frequencies available and the ease with
which the operating frequency is adapted. We also show that it is possible to image different parameters of the
oscillating field, each of these equates to the mapping of different electromagnetic properties of the target. Finally,
we present simulations validating the application of this approach to imaging biological samples.

Our results demonstrate the feasibility of an instrument based on AMs for MIT measurements of biological
tissues. The system is shown to perform over a wide frequency range facilitating the imaging of targets with a wide
range in conductivities. We envisage an instrument capable of ultra-sensitive high-resolution imaging, using ar-
rays of atomic magnetometers operating in a MIT modality. Such a device could find important applications in the
diagnosis and treatment of cardiac arrhythmias such as atrial fibrillation. This sustained arrhythmia affects more
than 10% of the population over 70. A conductivity map of the heart would shed light on both the fundamental
causes of fibrillation, aid diagnosis, and help guide effective clinical treatments.
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Moddeling LMT Atom Interferometry in Optical Cavities

M. Dovale!, Aaron Jones*!, D. Brown!, H. Miao', A. Freise!
1. Institute of Gravitational Waves, School of Physics and Astronomy, University of Birmingham

Edgebaston Park Road, Birmingham B15 2TT, UK

We present work modelling atom interferometry in optical cavities, based on our optical modelling experience for
gravitational wave detectors. The python based modelling activity will be an open source framework to benefit the
atom interferometry community. We are using this model to investigate Large Momentum Transfer (LMT) atom
optics in an optical cavity.

We have developed models for both Bragg and Raman transitions and verified these against both analytic solutions
and literature[1][2]. In the case of an analytic solution being available, we were limited only by double width
floating point precision errors.

Optical cavities offer an effective laser power increase, and cleaning of the laser wave-front distortions, reducing
noise in the interferometer. However, for the short pulses needed in the quasi-Bragg regime, the cavity may cause
a deformation and elongation of the temporal envelope of the pulse.

We are working towards the definition of safe parameters ranges for the cavity length and finesse in order to avoid
the problem of the temporal envelope elongation.

For short cavities (~ 1m), we found that short 7 pulses are still achievable even at large finesse (> 1000). The
effect becomes very severe for long cavities (> 100m), such as that proposed for MIGA[3], for which the width of
the shortest pi-pulses increases considerably even at low finesse (~ 100). These conclusions provide a quantitative
understanding of the ability of the interferometer to operate in this regime.

Our latest work explores the effect of mirror misalignment, astigmatism, beam clipping, mode mismatches and
mirror surface imperfections on the transition probabilities of the atoms.

m/2 T /2

Fig. 1: Depiction of an interferometer sequence using cavity-assisted large momentum beam splitters. A cloud of
atoms is coherently split (t = 0, z = zp), deflected (t = T, z = z,,) and recombined (r = 27T, z = z,) using light
pulses that resonate in the cavity.
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Fig. 2: Envelope functions of the intracavity field for a 1 m cavity injected with a 1 us pulse for different cavity
finesses. All areas normalized to the input pulse area for comparison. Inset: envelopes without the normalization.
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Application of cavity ring-down spectroscopy for diagnostics of low
temperature N;H™ dominated afterglow plasmas
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1. Department of Surface and Plasma Science, Faculty of Mathematics and Physics, Charles University
V HoleSovickdch 2, 18000 Prague, Czech Republic

A cavity ring down spectrometer (CRDS) in conjunction with a stationary afterglow (SA) apparatus has been
employed to extend the measurements of Sasada and Amano [1] on the 2v; vibrational band of N;H*. The ob-
served transition frequencies were fitted to experimental accuracy. Improved molecular parameters for the upper
vibrational state have been obtained. The ground state molecular parameters have been fixed to the high precision
values obtained by terahertz absorption spectroscopy [2]. The new measurements reported here will be employed
in a plasma afterglow study of the recombination of N;H* ions with electrons at low temperatures.

Sasada and Amano using a single distributed feedback (DFB) laser diode in their experiments observed only
the R-branch with rotational quantum number (J) values higher than 14. The relatively high output power and low
noise of this type of lasers and the integrated intensity of absorption of the 2v; band which is comparable with
that of the v3 fundamental band made the observations available in their multipass absorption experiment. The
aim of our ongoing experimental effort is to extend the observations towards transitions with lower-J values in the
lower ro-vibrational state which have higher intensities at temperatures below 300 K or can be used to evaluate the
rotational temperature of the ions in a wider range of temperatures.

According to absorption intensities predicted by Botschwina [3] the main limiting factor of our experimental
setup is the wavelength coverage of the DFB laser diodes available in our laboratory. We can also make use of a
fiber-coupled optical switch to utilize the wavelength range of a chosen pair of laser diodes in a set of recombination
measurements. The NoH ions are produced abundantly in a pulsed microwave discharge in a mixture of Hy and N
with typical number densities: 10’ cm™3 and 10" cm 3, respectively. For technical details of the employed laser
absorption spectrometer and SA apparatus with the exceptions of the optical switch and the modified solid-state
microwave source see Ref. [4]. Examples of measured absorption lines are shown in Fig. 1.
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Fig. 1: An example of the recorded absorption spectrum of NyH*. The figure shows typical absorption lines
of the newly observed P-branch in the 2v; vibrational band. The lines are labeled by the rotational transition as
AJ(J), where J is the lower state rotational quantum number. Experimental conditions were: [Hz] = 6 x 1016 cm =3,
[N2] = 1 x 10> cm™3 and discharge tube temperature T = 230K

In a different set of experiments we calibrated the wavelength readings by comparing the center wavelength of
known carbon monoxide second overtone absorption lines [5] with our measured values. The wavelength of the
active laser is measured absolutely by a Michelson interferometer-based wavemeter (WA-1650). The differences
were on the order of our statistical uncertainty and within the guaranteed absolute accuracy of the wavemeter
(0.3 pm) after taking into account the acousto-optic modulator induced frequency shift.
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Multichannel optical atomic magnetometer
operating in unshielded environment

V.Biancalana*!, Antonio Vigilante'?, G.Bevilacqua', Y.Dancheva’, E.Mariotti’, C.Rossi’
1. DIISM, University of Siena, Italy
2. DSFTA, University of Siena, Italy
3. DBCEF, University of Siena, Italy

We present a multichannel optical magnetometer operating in an unshielded environment, which is characterized
by high sensitivity, cost efficiency and robustness.

The scalar magnetometer is mostly sensitive to magnetic field variations along to a bias field’s direction. The bias
field ranges from hundreds of nT to tens of (7. The ultimate sensitivity, in gradiometric regime, is of the order of

100fT /em+/Hz.

The system contains two diode lasers differently tuned to pump and probe two Cs cells (atomic sensors). The
atomic precession signal is detected is such a way that two different channels are distinguished for each sensor. The
multichannel nature of the apparatus is exploited to perform various order magnetic field gradient measurements
[1]. The unshielded nature makes it necessary to perform a preliminary field and gradient field compensation. A
field tracking system is implemented to follow the environment magnetic variations and to cancel actively external
disturbances.

The magnetometer has been exploited to detect Zero-to-Ultra-Low Field (ZULF) NMR signals [2]. The experiment
is based on remote premagnetization with permanent magnets, shuttling of the nuclear sample, and detecting the
nuclear precession signal in the same highly homogenous low field where atoms precess. Compared to traditional
NMR, ZULF-NMR enables the study of nuclear spin coupling in conditions where it is a dominant term in the
nuclear Hamiltonian. Among several investigated substances, trimethyl-phosphate has been thoroughly analyzed.
ZULF-NMR spectral structures dictated by P-H J-coupling have been recorded and studied as a function of the
magnetic field (Fig. 1) [3].
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Fig. 1: Trimethyl-phosphate experimental and theoretical NMR spectra recorded at different bias magnetic fields.

Our perspectives for the next future concern to perform new ZULF-NMR studies and to improve the experimen-
tal apparatus in terms of sensitivity and active compensation. Among possible investigation fields we foresee
the study of relaxation and diffusion processes in ZULF regime, of solvent dynamics and the characterization of
heterogeneous materials and spins in porous media. The experimental apparatus improvements consist of the in-
crease the number of sensors to achieve a better sample coupling and ambient noise rejection. The gradient and
field compensation will be upgraded through a real time embedded board which analyses and actively correct the
field through using numeric control methods. Novel experimental campaigns will be devoted to the detection and
characterization of samples polarized by alternative methods (for example hyperpolarization) and to the MRI of
remotely magnetized samples.
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Real-time Monitoring of Breath Acetone in Diabetic Patients
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1. Department of Chemistry, Durham University, South Road, Durham DHI1 3LE, UK
2. Department of Physics, Durham University, South Road, Durham DHI 3LE, UK
3. School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EHI14 4AS, UK

Diabetic ketoacidosis (DKA) is a life threatening complication of type-1 diabetes (T1D). In DKA, the body
breaks up fatty acids as an alternative energy source producing poisonous ketones, including acetone, as a by-
product. Normally, DKA is treated by intravenous insulin infusion. A “guess” insulin dosage is administrated
following untimely blood analysis. There is, therefore, a timely translational opportunity to develop a non-invasive,
bedside ketone-monitoring device. We are currently building a sensor prototype that can measure the concentration
of acetone in breath, non-invasively and passively in real time. The sensor is based on the proven technique cavity-
enhanced laser-induced fluorescence (CELIF).

CELIF combines the sensitivity of laser induced fluorescence (LIF) and the absolute measurement capabilities
of cavity ring-down spectroscopy (CRDS) into one cross-correlated technique. A gas sample dense enough to
be measured by CRDS enters the sensor’s detection volume via a controlled flow system. Simultaneous CRDS
and LIF measurements measure the proportionality constant between the LIF intensity and the number of ace-
tone molecules in the sample that created it. This is then used for measurements at concentration levels where
measurements cannot be made by CRDS but can be made by LIF.

The instrument was validated by comparing measurements with the gold-standard measuring technique, gas
chromatography. The linear fitting suggests that the obtained acetone concentrations via both methods are consis-
tent.

References

[1] C. Wang et al., IEEE Sensors J. 10, (2010).
[2] C. Jiang et al., Sensors 16, (2016).

[3] S. E. Sanders et al., arXiv: 1308.1989, (2013).

*Corresponding author: david.carty @durham.ac.uk

To the list of contents



Poster Session A (Tuesday 16:30) — Poster A6

Dynamical Studies in Electron Impact Ionization of Atoms and Molecules
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Ionization of matter by electron impact is a fundamental process in collision theory which plays a
significant role in many fields such as plasma physics and astrophysics. The triply differential cross
section (TDCS) obtained in (e,2e) coincidence experiments where the two outgoing electrons are
detected simultaneously represents the most detailed description of the ionization process.

In this paper we study the electron impact ionization of some atomic and molecular targets
using non first order models. We use the BBK and BBKDW models which have been very recently
investigated [1] and where the interaction between the projectile and the target is purely Coulombic. We
also apply the BBKSR model where further to the Coulombic interaction, the short range potential is
included [2]. The one active electron approximation is made to study (e,2e) processes in the present

work. Results are compared with recent results [3].
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Figl. TDCS of CH, molecule in its ground state under kinematics E, =250eV, E, =50 eV and

05 =10° . Comparison is made between experiments [3] and the theoretical models: (i) the BBKSR model
(solid line), (ii) the BBK model (dashed line), (iii) the BBKDW model (dotted line).
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The filleted atom revisited - a new dynamical description
H. Agueny, M. Chovancova, M. Fgrre and J. P. Hansen*

Department of Physics and Technology, Allegt. 55, University of Bergen, N-5007 Bergen, Norway

Significant recent advances and progress of attosecond technology have led to the generation of extremely
short, increasingly intense pulses compressed towards a single optical cycle [1]. The emergence of these pulses
have been applied to study electron motion inside atoms, molecules and solids in real-time scale [3]. Extensive
theoretical and experimental studies of atoms in strong attosecond pulses have also led to a seemingly complete
picture of the induced electron dynamics [4].

In this context a most intriguing phenomenon induced by a single cycle attosecond pulse was discussed few
years ago by J. S. Briggs et al. [5]. They showed that it is possible to create atoms without nuclei, a "filleted
atom”, by a suitable attosecond laser pulse. Their theoretical work, based on the first order Magnus approximation
and where each half cycle is modeled by an instantaneous Dirac function, provides insight into the feasibility of
stripping the nucleus from the atom, without distorting the electronic bound state wavefunction. The phenomenon
was confirmed by numerical solutions of the time-dependent Scrhodinger Equation.

In this presentation we will give an alternative description of the process based on a translated moving co-
ordinate system and derive a precise criterion for a clean and complete filleting [6]. Under this criterion the
process is very robust which indicates that it may be the basis of new imaging technology of structure as well
as time-dependent electronic processes [7]. During the conference, we shall present our results stemming from
the time-dependent Schrodinger equation, and show that by tailored short pulses one can transport a coherent su-
perposition of quantum states in a specific region in momentum and position spaces, and steer their motion. An
extension to a diatomic molecule will also be addressed in observing the wavefunction of a double-slit process as
the electron emerges at the same time from both slits.
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Phase Properties of the Cutoff High-Order Harmonics
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One of the most characteristic features of the high-order harmonic generation (HHG) by atoms, molecules and
ions in intense laser field is the plateau in the spectrum, namely the region where the harmonic intensity almost
does not depend on the harmonic order. The high-frequency part of the plateau ends up with a sharp decrease
known as the cut-off of the harmonic spectrum [1]. The number of harmonics in the plateau increases with the
fundamental intensity [2]. When the fundamental intensity increases the given harmonic first is generated at the
cut-off and then within the plateau. At first glance, the former stage can be understood just as a sudden “’turning on”
of the generation, thus providing negligible contribution to the total signal. Using quantum mechanical calculations
we show that this is not the case. The cut-off regime can be attributed to a range of fundamental intensities and
provides an important impact on the generation under typical experimental conditions. The dependence of the
harmonic phase on the laser intensity substantially defines the phase-matching of the generation [3], spectral shift
and the harmonic line broadening [4], coherence [5] and the spatial properties of the harmonic beam [6]. Thus,
the cut-off high harmonic phase behavior has a pronounced effect on these properties. Moreover, the cut-off xuv is
used to generate an isolated attosecond pulse via amplitude gating technique [7]. Studying the phase properties of
these harmonics allows us to suggest the spectral range which should be used in this method to provide the shortest
attosecond pulse for given pump intensity and frequency.

We find that the cut-off regime can be defined as the one having regular linear dependence of the harmonic

phase ¢ on the fundamental intensity /. The phase coefficient o (&t = —%—‘f) in the cut-off regime is well approxi-

mated with equation ¢ ~ 342%9. The phase coefficient grows as the cube of the fundamental wavelength, therefore

this dependence becomes very important for the HHG by mid-infrared fields. The value of the phase coefficient is
much higher than that for the short trajectory in the plateau regime. We show that HHG takes place in the cut-off
regime for a range of intensities and that the xuv intensity within this range is comparable or even higher than
in the plateau regime. This makes the studies of the cut-off regime rather important from the practical viewpoint.
Moreover, for rather high harmonics the generation occurs mainly within this range because the medium ionization
practically limits the fundamental intensity for which the HHG takes place.

The change of the harmonic phase-locking when HHG evolves from the cut-off to the plateau regime deter-
mines the optimal bandwidth of the spectral region which should be used for the attosecond pulse production via
amplitude gating technique. We find that the minimal pulse duration which can be obtained with this technique
using argon as generating medium without utilizing dispersion elements is approximately 0.08 — 0.1 of the laser
cycle; this result is found for different laser intensities and for frequencies of the fundamental from 0.50r;.54pp to
2ri.5app- Using filters with proper dispersion [8] or chirped multilayer mirrors [9] is necessary to obtain shorter
attosecond pulses.
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Study of atomic delays in negative ions
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Attosecond pulses are traditionally characterized by methods based on laser-assisted photoionization. Further ex-
perimental work with these methods have shown that new insight into the photoionization process can be achieved
by performing relative delay measurements between different bands in solids [1], atomic orbitals [2],[3], atomic
species [4] or angle of photoemission [S]. Theoretically, it has been found that the atomic delay (T4 ~ Tw + T..) can
be interpreted as a sum of the photoelectron Wigner delay (7w ) and a contribution from the laser—ion interaction
(te)[6]. The 7. depends on the effective charge Z of the photoionized target. In the special case of photode-
techment from negative ions 7. is expected to vanish because the electron leaves a neutral target with Z.rr = 0.
Here, we present work on laser-assisted photoionization of negative ions with the aim to answer the question if it
is possible to measure directly the photoelectron delay 7y from targets that lack long-range interaction.

We have chosen to study the negative ions of fluorine and chlorine for two reasons (i) they both have large
affinities and (ii) they are isoelectronic to the much studied rare gases atoms neon and argon. One important
difference is that there are no bound excited states in most negative ions and few autodetaching resonances as well.
This is good news because it is understood that Fano resonances in laser-assisted photoionization will invalidate
the atomic delay relation when the laser photon is larger than the resonance width [7]. In this work ionization from
the outermost shell is performed using the Random Phase approximation with Exchange (RPAE) with a computer
program that has been used in earlier studies to compute the atomic delay in noble gas atoms [8]. In Fig. 1 we
present the difference 74 — Ty for both negative ions and noble gas atoms. As expected, we find that the delay
difference associted with negative ions are small at high kinetic energy of the photoelectron, so that 74 ~ Ty .
However, below 8 eV the delay difference is increasing, thus making it impossible to directly extract Ty from T4
by laser-assisted photoionization. Finally, we have studied the effect of reversed time-order processes (IR+XUV).
While the dominant process remains the XUV+IR process, the IR+XUV process is not negligible for negative ions.
As an example, we find that the reversed process induces a delay of ~5 as in F~ close to the affinity threshold,
while in the noble gas atoms this effect is less than 1 as.
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Fig. 1: The difference between atomic delay and Wigner delay (74 — Tw) is computed for negative ions and noble
gas atoms.

References

[1] A L Cavalieri et al. 2007 Nature, 449 1029

[2]1 M Schultze et al. 2010 Science, 328 1658

[3]1 K Kliinder ef al. 2011 Phys. Rev. Lett. 106 143002
[4]1 D Guénot et al. 2014 J. Phys. B 47 245602

[5]1S Heuser et al. 2016 Phys. Rev. A 94 063409

[6] ] M Dahlstrom et al. 2012 J. of Physics B 45 183001
[71M Kotur et al. 2016 Nat. Comm. 7 10566

[8]1J M Dahlstrom et al. 2012 Phys. Rev. A 86 061402

*Corresponding author: Eva.Lindroth@fysik.su.se

To the list of contents



Poster Session A (Tuesday 16:30) — Poster A10

Relativistic ionization dynamics for
a hydrogen atom exposed to superintense XUV laser pulses
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With the high laser intensities, available already now, or expected in the near future, the description of light-
matter interaction in a relativistic framework is of growing importance. The ionization dynamics initiated with
few cycle laser pulses calls further for a time-dependent treatment. Several attempts have consequently been
made to solve the time-dependent Dirac equation, see e.g. Ref. [1], [2], but it has been proven a hard task to
explore the true relativistic region while simultaneously account for the spatial dependence of the electromagnetic
field and the full dimensionality of the problem. In a recent attempt [3], we did account for high orders of the
multipole expansion of the electromagnetic field (well beyond the dipole approximation), and treated intensities
that can drive electrons ionized from hydrogen to velocities ~ 20% of the speed of light. We could also show a
shift from the non-relativistic results of expected magnitude. However, the study also underlines some important
problems that appear when the time-dependent Dirac equation is tackled with the usual velocity-gauge minimal-
coupling Hamiltonian, leading to slow convergence and exploding requirements on computing time and space. In
the poster we will demonstrate the reason for these inherit problems and show how they can be avoided by a gauge
transformation, originally proposed for the Schrodinger equations in Ref. [4]. Non-relativistically it replaces the
diamagnetic term with new terms that depend explicitly on the momentum in the direction of the laser propagation.
The gauge was consequently coined the propagation gauge. We will show that a corresponding gauge choice for
the Dirac equation is even more advantageous, and further takes a much simpler form.
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Fig. 1: Photo-electron spectrum from hydrogen exposed to a 15 cycle laser pulse, 7w = 3.5 a.u.(~ 95 eV) and
a field strength of 45 a.u. (~ 7-10'" W/cm?). The results labelled BYD show successive higher orders of effects
beyond the dipole interaction. This expansion is slowly converging when calculated in velocity gauge. The purple
line shows the results within the so-called propagation gauge which is converged already in lowest order.
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XUV-initiated High-harmonic Generation in Ar™"
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High-harmonic generation (HHG) has emerged as the canonical representative for non-linear and ultrafast
optical effects. The process has become a cornerstone of attosecond physics [1], wherein its innately ultrafast nature
has enabled the synthesis of coherent extreme-ultraviolet (XUV) and soft-X-ray light pulses, with ever-shortening
durations [2-4]. The semiclassical three-step model [5] captures well the gross features of the phenomenon. Here,
an electron (i) tunnels through the laser-suppressed Coulomb barrier, (ii) is accelerated by the field, and (iii)
radiatively recombines with the parent ion, all within a single cycle of the driving laser field.

In more recent years, research in HHG has diversified beyond the development of light sources, acquiring new
leitmotivs that reflect its potential as a sensitive probe of structure and dynamics. Concomitant with this growth of
interest in so-called high-harmonic spectroscopy [6-7] has been a demand for enhanced control and optimisation
of the process, especially at the single-atom level. In particular, tunnel ionisation from the initial state, traditionally
recognised as the first step, yields only poor temporal control and a low conversion efficiency, being both confined
to a fixed time interval during the laser pulse evolution, as well as restricted to the emission of an electron from
the outermost atomic shell. Acknowledging these limitations, several authors have advocated schemes based on
two-colour laser fields [8-10], whereby the target is subject to a strong visible or infrared (IR) driving pulse,
as well as a short-duration, often somewhat weaker, XUV pulse. The HHG process can then be initiated by direct
photoionization, rather than tunnelling. This has the advantage of being significantly more efficient, and also admits
the possibility of driving more deeply bound electrons for an investigation of their real-time dynamics [11-13].

The potential of this XU V-initiated HHG (XIHHG), both as a more efficient mode of single-atom HHG, and as
a spectroscopic tool, merits further disquisition of its features in general atomic systems. Importantly, the process
remains largely unexplored in atomic ions, whose attraction as HHG sources has been highlighted in several exper-
imental studies [14-15]. Only a limited number of theoretical techniques, however, possess the predictive capacity
needed to explore multielectron and multichannel effects in XIHHG, and thereby to inform, and impart direction-
ality to, experimental endeavours. Among them, the R-matrix with time-dependence (RMT) methodology holds
considerable promise, enabling the description of laser-driven, ultrafast dynamics in both open- and closed-shell
multielectron systems [16-18]. In this contribution, and following recent work on XIHHG in neutral atoms [18], we
report on an application of the RMT method to XIHHG from the Ar™ ion. We address the consequences of direct
XUV-mediated photoionisation, from the outer 3p subshell, for the HHG process, and discuss the dependence of
the harmonic yield on both the peak intensity, and time delay, of the XUV pulse with respect to the IR pulse. More-
over, we highlight the manifestation of electronic structure effects in the two-colour harmonic spectrum, assuming
the form of a pronounced Cooper minimum. Finally, we demonstrate the consequences of interference amongst
the outer-valence 3p and inner-valence 3s electrons for the harmonic response.
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Rydberg excitations of cold atoms inside a hollow-core fiber
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Cold atoms inside hollow-core fibers ([1] - [4]) present a promising candidate to study strongly coupled light-
matter systems. Combined with the long range Rydberg interaction which is controlled through an EIT process,
a corresponding experimental setup should allow for the generation of a strong and tunable polariton interaction.
Using this scheme, novel photonic states can be generated and studied with possible applications in quantum in-
formation and simulation (e.g. [5], [6]).

In our experimental setup, laser cooled Rubidium atoms are transported into a hollow-core fiber fiber using an
optical conveyor belt (compare Fig. 1). We explain the details of our transport procedure of the cold atoms into
the fiber. Further, we show characterizations of Kagomé-type hollow-core fibers, whose properties allow for two-
photon Rydberg excitation, and use them to study Rydberg EIT in a hot atom setup. Finally, we present the first
measurements of cold Rydberg excitations inside a hollow-core fiber and discuss our progress towards Rydberg
quantum optics in a quasi-one-dimensional geometry.
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Fig. 1: Schematic sketch of the experimental setup. In front of the hollow-core fiber, cold atoms are produced in a
MOT (blue). They are then transported into the fiber using an optical conveyor belt (red). Inside of the fiber, the
atoms are excited into Rydberg states (green).
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Species-Selective Confinement of Atoms Dressed With Multiple
Radiofrequencies
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Radiofrequency-dressed adiabatic potentials confine atoms using a combination of static and oscillating mag-
netic fields, and provide a means to create smooth, anisotropic traps with low heating rates [1]. The versatility of
these potentials is greatly increased by using multiple radiofrequencies to dress the atoms, enabling for example
the creation of multiple individually controllable wells [2]. We have recently demonstrated this approach on a
87Rb apparatus, where control over the amplitudes of each frequency component in the dressing field permits the
dynamical modification of a double well potential that confines the atoms [3].

We extend this work to propose a method of species-selective confinement that is suitable for mixtures in
which the Landé gp-factors of the constituent atomic species differ [4]. We describe a mixture dressed with two
radiofrequencies, which confines each species in an independently controllable harmonic well. Adjustment of the
dressing field allows the two atomic species to be spatially overlapped or separated. This is further developed
into a four radiofrequency scheme, in which a double well for one species is overlaid with a single well for the
other, while maintaining the ability to dynamically adjust the individual potentials. The discussion is framed with
parameters that are suitable for a 3Rb and 8’Rb mixture, but is readily generalised to other combinations. We
report on progress towards the implementation of this method on our rubidium BEC apparatus, where atoms of
85Rb will play the role of impurities immersed in a ’Rb condensate.
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Fig. 1: Adiabatic energy levels for atoms confined in a spherical magnetic quadrupole field and dressed with a
homogeneous multiple-radiofrequency field. Energies are plotted as a function of displacement (—z) below the
center of the static quadrupole field. (a) Eigenenergies of $’Rb,|F = 1) atoms dressed with two frequencies
w1 =27 x 3.0, 4.5 MHz. Avoided crossings occur at locations where the applied radiofrequencies are resonant
with the Zeeman splitting (dotted lines). (b) An applied radiofrequency is resonant at different locations for
85Rb, |F = 2) and ¥"Rb, |F = 1) because of the different magnitude of their Landé g-factors. Atoms are trapped
on the eigenstates depicted by solid lines at the filled circles; other eigenstates are shown as dashed lines. Each
species is manipulated by controlling the relevant radiofrequency field component. The quadrupole gradient along
21is 160 Gauss cm ™~ for the first two subfigures (a) and (b). (c¢) Extending the scheme to four radiofrequencies
enables a double well for one species to be overlapped with a single well for the other. The 85Rb is confined
in a double well by three frequencies @53 = 27 x 2.9, 3.0, 3.1 MHz while the 87Rb experiences a single well
potential formed by dressing at @y = 27 x 4.5 MHz. The quadrupole gradient in this subfigure is 400 Gauss cm .
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An g-pseudoclassical model for quantum resonances in a cold dilute
atomic gas periodically driven by finite-duration standing-wave laser
pulses
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Atom interferometers are a useful tool for precision measurements of fundamental physical phenomena, rang-
ing from local gravitational field strength to the atomic fine structure constant [1]. In such experiments, it is
desirable to implement a high momentum transfer “beam-splitter,” which may be achieved by inducing quantum
resonance in a finite-temperature laser-driven atomic gas [2]. We use Monte Carlo simulations to investigate these
quantum resonances in the regime where the gas receives laser pulses of finite duration, and derive an g-classical
model for the dynamics of the gas atoms, conceptually similar to that introduced to describe quantum accelerator
modes by Fishman, Guarneri and Rebbuzzini [3]. This model is attractive due to its mathematical simplicity and
the minimal computational complexity of the numerics. We show that the e-classical model is capable of repro-
ducing quantum resonant behavior for both zero-temperature and finite-temperature non-interacting gases, see Fig.
1. We show that this model agrees well with the fully quantum treatment of the system over a time-scale set by the
choice of experimental parameters. We also show that this model is capable of correctly treating the time-reversal
mechanism necessary for implementing an interferometer with this physical configuration, and that it explains an
unexpected universality in the dynamics [4].
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Fig. 1: Comparison between the dynamics of the momentum distributions of the gas population, computed by
the fully quantum model, and the pseudoclassical model for zero (w = 0) and finite temperature gases (w = 2.5),
for differing values of the scaled pulse duration €. The first and second columns show momentum distributions
for a zero temperature gas (w = 0) as computed by the quantum [(a), (¢), (e)] and pseudoclassical models [(b),
(d), (D] respectively. Columns 3 and 4 give the momentum distributions computed by the quantum [(h), (j), (1)]
and effective classical models [(i), (k), (m)] respectively, for w = 2.5. In each row, the distribution dynamics are
computed for a different value of €: row 1 [(a), (b), (h), (i)] has € = 0.02, row 2 [(c), (d), (j), (k)] has € =0.11, and
row 3 [(e), (f), (1), (m)] has € = 0.2. To accommodate the logarithmic color scale, we have chosen a cutoff value
of C=10"11, The corresponding time-evolution of (ﬁz) [in units of A2K?] is given in (g), for w =0 and (n) for
w = 2.5; solid lines represent results of quantum calculations, and symbols those of the effective classical model
(squares correspond to € = 0.2, triangles to € = 0.11, and circles to € = 0.02).
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Fibonacci anyon excitations of one-dimensional dipolar lattice bosons

Tanja Puri¢', Krzysztof Biedron*!, Jakub Zakrzewski'>
1. Instytut Fizyki im. M. Smoluchowskiego, Uniwersytet Jagielloriski, Lojasiewicza 11, 30-348 Krakow, Poland
2. Mark Kac Complex Systems Research Center, Jagiellonian University, Lojasiewicza 11, 30-348 Krakow, Poland

Recent research on topological order in quantum systems has lead to greater understanding of some fundamental
physical phenomena (such as Fractional Quantum Hall (FQH) effect), as well as provided new perspectives on
realising exotic states of matter, such as Majorana fermions. All of this may prove to be beneficial in the devel-
opment of quantum computation, as topologically protected states are a promising candidates for building blocks
of quantum computers, which need to stay coherent and error free for long periods of time. It turns out that non-
Abelian states of matter (whoose lowest excitations can combine - braid - in noncommutative ways) are enough to
perform universal quantum computation. Studies suggest that it should be possible to create such uncommon sys-
tems using optical lattices, e.g. 1D optical lattices described by extended Bose-Hubbard model, where the lowest
excitations correspond to some of the FQH states in the limit of zero tunneling[1]. We have done extensive exact
diagonalization and DMRG calculations in order to provide clearer picture of the system in question[2]. For small,
finite values of tunneling we have found that overlaps of the exact wavefunctions with, non-Abelian by design,
ansatz wave functions are still close to 1. We have also analyzed quantum phase transitions in the system.
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Laser cooling of molecules to below the Doppler limit

L. Caldwell*, S. Truppe, M.Hambach, H. J. Williams, N. J. Fitch, E. A. Hinds, B. E. Sauer, M. R. Tarbutt
1. Centre for Cold Matter, Blackett Laboratory, Prince Consort Road, Imperial College London, London SW7 2AB, UK.

The use of lasers to magneto-optically trap atoms and cool them to temperatures below the Doppler limit has
been essential to progress in many branches of physics in the last 30 years. Ensembles of ultracold atoms have
been utilised in precision measurements of fundamental physics, production of quantum degenerate gases and the
study of a range of phenomena in quantum optics and many body physics. A broad set of new applications await
ultracold molecules [1]. We will present our recent work with CaF molecules. We slow CaF molecules produced
from a pulsed cryogenic buffer gas source [2] and then load them into a magneto-optical trap (MOT). We lower the
temperature of the trapped molecules to <1 mK by reducing the intensity of the trapping light before loading them
into a blue detuned “grey molasses” where we are able to further reduce the temperature to 50 uK, well below the
doppler limit [3]. These ultracold molecules are suitable for loading into optical tweezers for quantum simulation,
launching in a molecular fountain for testing fundamental physics or for use in the study of ultracold collisions and
ultracold chemistry.
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Fig. 1: Sub-Doppler cooling of molecules. (a) Temperature versus magnetic field produced at the cloud by external
coil. The intensity of the molasses light is 460 mW/cm? and the molecules are held in molasses for 5 ms. (b)
Temperature versus time in the molasses. The intensity of the molasses light is 460 mW/cm?. (c) Temperature
versus light intensity for 5 ms molasses. (d) Free expansion temperature measurement of molecule cloud at 52(2)

uK.
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The long-range behavior of ab initio transition dipole moments and
spin-orbit coupling matrix elements between the low-lying electronic
states of LiRb and KRb molecules

E. A. Bormotova*!, S. V. Kozlov'!, E. A. Pazyuk', A. V. Stolyarov'
1. Chemistry Department, Moscow State University, Moscow 119991, Russia

Both spin allowed transition dipole moments (TDM) and spin-orbit coupling (SOC) matrix elements are calcu-
lated using ab initio methods for a wide range of internuclear distances, R, for the electronic states converging to
the lowest three dissociation limits of LiRb and KRb molecules. TDM and SOC functions are evaluated in the ba-
sis of the spin-averaged wavefunctions corresponding to pure Hund’s coupling case (a) by means of effective core
pseudopotentials (ECP). The electronic correlation is accounted for by applying the multi-reference configuration
interaction (MR-CI) method to only two valence electrons. Core-polarization potentials (CPP) are used to take the
core—valence effect into account.

The achieved accuracy allowed us to quantitatively demonstrate that the domonant asymptotic behavior of the
TDM and SOC functions is 1/R> and 1/R®, respectively. Furthermore, the asymptotic behavior of the resulting ab
initio TDM functions is very close to their analytical counterparts obtained within the framework of the long range
perturbation theory (LRPT) by Chu and Dalgarno [1]. The present correct long range TDM and SOC functions,
together with the relevant potential energy curves [2,3], could be applied to the comprehensive coupled-channel
(CC) treatment of the competitive radiative and predissociative dynamics of the mutually perturbed molecular
states located in the vicinity of dissociation thresholds.
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Fig. 1: a) Transition dipole moments (TDM) between electronic states converging to the first and second dissocia-
tion limits for LiRb; b) Spin-orbit coupling (SOC) functions between the electronic states converging to the second
dissociation limit for KRb

The work was partly supported by the RFBR grant N 16-03-00529-a.
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Prospects of the usage of the A'>1 ~ b1 and D'TI ~ d°TI complexes in
ultracold LiRb molecule production

E. A. Bormotova*!, A.V. Stolyarov'
1. Department of Chemistry, Moscow State University, ul. Leninskiye Gory 1/3, 119991 Moscow, Russia

Within the field of modern molecular physics laser synthesis and cooling has seen a surge of attention. Due
to their attractive properties, heteronuclear alkali metal dimers have been singled out as especially advantageous
diatomics. In particular, the LiRb molecule has a large permanent dipole moment in both ground and excited
electronic states which not only allows for easy manipulation by external electric field but also makes it possible
to use as a base material for quantum computers. Recently, few laser schemes for the assembly and cooling of the
LiRb molecule have been proposed, found and probed. However, a systematical searching of the most efficient
optical pathways for conversion of ultracold Li and Rb atoms into the stable ground molecular state, indispensably
requires highly accurate term values, and radiative and electric properties of the “intermediate” excited states,
especially possessing strong “mixed” singlet-triplet character.
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Fig. 1: (a) The schema of adiabatic potentials for the low-lying excited states of the LiRb molecule; (b) ab initio
calculated spin-orbit functions of the A'XT ~ b*IT and D' I ~ d>TI complex; c) selected transition dipole moments.

We accomplished a comprehensive deperturbation analysis of the spin-orbit coupled A'E+ ~ b3IT and D'TT ~
d*TI complexes of the LiRb molecule exploiting the recent spectroscopic observations[1-3] and our own electronic
structure estimates. The large scale ab initio calculations were performed within the framework of a pure Hund’s
coupling case ”a” for both singlet and triplet state manifolds converging to the lowest three dissociation limits.
The adiabatic potential energy curves (PECs), spin-orbit (SO) and angular coupling matrix elements as well as
the permanent and transition dipole moments were calculated in a wide range of inter-atomic distances. Most
obtained electronic matrix elements demonstrate a pronounced dependence on inter-atomic distance due to strong
configuration interaction occurring in the chemical bond domain. The predicted SO splitting in the triplet 5°TT
and d°11 states are found to be in good agreement with their experimental counterparts [2]. The rigorous coupled-
channel (CC) deperturbation model was used to describe the spin-orbit and spin-rotational interactions in mutually
perturbed states of the A'X+ ~ b3IT and D'TT ~ d>T1 complexes of LiRb on the spectroscopic level (~ 0.01 cm™)
of accuracy. The adjusted fitting parameters of the developed CC model (such as PECs and SO matrix elements)
were then applied for the simulation of the stimulated Raman @’X* — [A'ZT ~ b3TI]/[D'TI ~ &°TT] — X'+
processes which can lead to efficient formation of ultracold LiRb molecules in their absolute ground state vy = 0;
Jx =0.

The work was supported by the RFBR grant Nr. 16-03-00529a.
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Towards non-destructive, real-time transport measurements
of interacting Fermi Gas

Barbara Cilenti*', K. Roux', O. Bettermann', V. Helson', J. Brantut!
1. Institute of physics, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland

Over the last decades an intensive research has been conducted on ultracold atoms, inspired by their good isolation
from the environment and ease in manipulation. As a result a very high degree of control is now accessible,
including the tuning of inter-atomic interactions, the possibility to organize them in defined geometrical patterns or
in lower dimensions. For these reasons, ultracold atoms can simulate a large variety of many-body quantum system
that cannot be studied theoretically directly [1]. Among the open problems in many-body physics, the study of the
transport properties has gained popularity in the past years, and several experiments have been realized to study
the phenomenon under different perspectives. In particular, simulation of conductance in mesoscopic devices has
been performed, by connecting two macroscopic reservoirs of ultracold fermions via a channel and observing the
current induced by a controlled unbalance of the two reservoirs [2]. These experiments are usually limited in
sensitivity by the noise associated to the preparation of a new sample after each measurement.

The aim of the experiment that is currently being setting up in Lausanne is to overcome this limitation to the
sensitivity by integrating a high finesse cavity in the experimental set-up to perform non-destructive measurements
[3]. This feature will allow us to observe the dynamics of the system in real time and, as a consequence, to reduce
the preparation noise.

It can be shown that, for a fixed destructivity of the measurement, the signal to noise ratio increases like the square
root of the Finesse, we thus planned a finesse of 50000, as a compromise between high signal to noise ration and
experimental complexity. Our experimental setup will combine cavity assisted measurements with a tunable Fermi
gas of SLi atoms.

In my poster, I will give a detailed description of the current status of the experimental setup and I will discuss the
preliminary test that have been performed on a cavity prototype.
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Towards the implementation of quantum probes
in spin-dependent optical lattice potentials

Andrea Di Carli', C.Colquhoun ', E.Haller !
1. University of Strathclyde, Department of Physics,
Scottish Universities Physics Alliance (SUPA), Glasgow G4 ONG, United Kingdom

Ultracold atomic gases in optical lattice potentials provide a powerful approach to simulate strongly correlated
quantum systems [1] due to the possibility to tune almost any parameter of the system, such as the lattice geometry,
the particle density and temperature, and interactions. In particular caesium atoms, unlike the other alkali atoms,
provide very favorable scattering properties and a precise control of the interaction strength with magnetic Fesh-
bach resonances at low magnetic fields strength. The study of a complex quantum system by means of a small,
immersed quantum system (probe), with a reduced number of degrees of freedom, can provide new insight into
global and local properties of the complex system. Properties such as phase, correlations, and temperature can
change the decoherence and dissipation of the probe dramatically, and they can be determined by measuring the
dynamics of the probe. I am going to report on our progress and future plans to realise such quantum probes with
ultracold Cesium atoms in spin-dependent optical lattice potentials.
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Discovering new physics strategies with citizen science driven,
human-computer hybrid optimization

Ott6 Eliasson*', Jacob Sherson'! the scienceathome.org team'

1. Institute of Physics and Astronomy, Aarhus, Denmark

Problem solving is central to every scientific discipline. To solve a particular problem, we employ a certain /em
strategy. New and novel strategies can lead to new insight to the nature of the problem. The formulation of such
strategies is usually based on observations, intuition and theoretical assessment. For any given physical process,
often several distinct strategies are identified. The question arises, are they truly distinct or simply low dimensional
representations of a high dimensional continuum of possible solutions. Here, we investigate this question in two
physical frameworks.

Our online citizen science platform scienceathome.org used by more than 200,000 people, recently enabled
finding solutions to fast, 1D single atom transport [1]. Surprisingly, player trajectories of the quantum games were
found to bunch into discrete solution strategies (clans) yielding clear, distinct physical insight. These solutions are
locally optimal against perturbations along each of the roughly 1000 dimensions. However, searching along the
high-dimensional vector in the direction of other local maxima, we locate /em bridges demonstrating a continuum
of solutions with no clear physical interpretation exists. With this insight, we have developed a hybridized local
search and evolutionary algorithm (Memetic Algorithm) outperforming current quantum optimal control (QOC)
methods. This algorithm was not only tested on the single atom transport problem, but also in other systems
relating to the creation of a two-qubit gate using controlled double well merger, optimal splitting of a condensate
and condensate excitation.

In a second study, the experimental problem of creating atomic Bose-Einstein Condensates (BEC) was investi-
gated. Four conventional trap configurations forming distinct strategies were identified. We find again, that bridges
between the approaches can be identified by appropriate mixing of variables. In a novel approach, the problem
was gamified and nearly 800 citizen scientists from all over the world contributed in real-time to the optimization
of the experiment. The best player results yielded an improvement of about 50% in atom number [2].

Yield
Yield

’ o o ' X ° o - X

Fig. 1: The two figures illustrate control landscapes, with arbitrary control variables on the horizontal axes and
the yield of the fitness function on the vertical axis. (left) The problem has an optimal solution with respect to 1D
scans, depicted in red. By appropriate variable mixing, one climbs to the global optimum. (right) There exist many
distinct seemingly locally optimal solutions. In a different parametrisation these are connected by a continuum of
solutions (as the transparent envelope).
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Observing Metastability in a strongly-correlated many-body system

L. Hruby*!, N. Dogra!, M. Landini', K. Kroeger!, T. Donner!, T. Esslinger!
1. Institute for Quantum Electronics, Department of Physics, ETH Zurich
HPE, Otto-Stern-Weg 1, 8093 Zurich, Switzerland

Common assumptions at the basis of statistical mechanics often rely on interactions being sufficiently short-ranged
[1]. The opposite limit where interactions do not decay with distance is less well studied. Such global-range
interactions hinder the coexistence of phases and can result in the creation of long-lived metastable states [2].
These states are usually associated with first order phase transitions in strongly correlated matter, heralded via the
observation of hysteresis.

Our system consists of a Bose-Einstein condensate exposed to a three-dimensional optical lattice to enhance
short-range on-site interactions. The condensate is coupled to a single mode of an optical high-finesse cavity which
mediates effective atom-atom interactions of global range [3], see Fig. 1 A. We are able to tune the relative strength
of short- and global range interaction independently which allows us to map out the phase diagram [4] sketched
in Fig. 1B . Photons leaking from the cavity provide real-time information on the amount of a A-periodic density
modulation present in the system which we quantify by an even-odd particle imbalance.

We study the phase transition between two insulators, namely a Mott-insulator (MI) and a charge density
wave (CDW). The CDW is characterized by a non-zero even-odd particle imbalance ®, which is zero in the MI
phase. Thus the imbalance ® plays the role of an order parameter for the transition. We initialize the system in
an MI state and sweep the cavity-detuning towards the CDW phase so as to increase the strength of global-range
interactions. Proceeding the sweep we observe that the system ends up in either one of two distinct imbalance
levels separated by a gap. We attribute the existence of these levels to two metastable many-body states present
in the system and isolated from each other by an energy barrier. During the sweep from the MI to the CDW the
imbalance jumps within about a single tunneling time signaling a correlated tunneling of several thousand atoms to
their neighboring lattice sites. When approaching the transition from opposite directions we find hysteresis in the
even-odd particle imbalance. Our results provide a unique real-time study of a first order phase transition between
two strongly-correlated many-body phases.
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Fig. 1: A: Our experiment consists of a Rb Bose-Einstein condensate coupled to a single mode of an optical
resonator. It is exposed to a three-dimensional optical lattice. B: A sketch of the observed phase diagram of the
system consisting of four phases: a superfluid (SF), a lattice supersolid (SS), a Mott-insulator (MI) and a charge-
density wave (CDW). C: Metastable behavior of the imbalance when sweeping the cavity-detuning to cross from
an MI to a CDW state. Two distinct imbalance levels are highlighted in orange and green. A gap in the imbalance
is visible between them.
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Blue-Detuned Magneto Optical Trap

Kyle N. Jarvis*!, T. E. Wall, E. A. Hinds, B. E. Sauer, M. R. Tarbutt
1. Centre for Cold Matter, Blackett Laboratory, Imperial College London, London SW72AZ, UK

The magneto optical trap (MOT) is an essential tool for a wealth of scientific and technological applications of
ultra-cold atoms. The vast majority of atomic MOTs use a transition where the upper-state angular momentum,
F’, is larger than the ground-state angular momentum, F. These are known as type-I MOTs. Conversely, type-II
MOTs have F’< F. Molecular MOTs use type-II transitions to prevent rotational branching, and recent progress in
forming molecular MOTs [1] has stimulated a renewed interest in this type of trap [2][3]. Atomic type-II MOTs
have also been reported [4] but tend to produce relatively hot, low-density traps and so have not been used much.
We show that it is possible to circumvent these limitations by making a simple, but counter-intuitive, modification
to the trapping scheme: we use light that is blue-detuned from resonance. The temperature in the blue-detuned
MOT is far below the Doppler limit because the cooling is due entirely to polarization gradient cooling. The atoms
spend much of their time in dark states, and so the photon scattering rate is low. This reduces re-scattering within
the MOT which normally limits the density [5], and as a result the density in the blue-detuned MOT is higher than
in a type-I MOT. Our blue-detuned MOT has a phase-space density many orders of magnitude higher than reported
for red-detuned type-II atomic MOTs, and is also higher than most type-I MOTs.
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Spin mixing and protection of ferromagnetism in a spinor dipolar
condensate

Kaci Kechadi* !, Bruno Laburthe-Tolra !, Paolo Pedri'
1. Laboratoire de Physique des Lasers (LPL), CNRS UMR 7538, Université Paris 13, Institut Galilée
99 Avenue J.-B. Clment, F-93430 Villetaneuse, France

Our work focuses on the study of Bose-Einstein condensates with internal spin degrees of freedom, commonly
known as spinor BECs. We study out-of-equilibrium physics of spin-3 chromium dipolar BECs following an
excitation of the spin degree of freedom. We describe in particular spin dynamics which, we find, results from an
interplay between contact and dipolar interactions. Here we focus on the theoretical studies in contact with the
experiment at Villetaneuse [1].

Starting from a fully polarized spin 3 chromium dipolar BEC in state m = —3, we numerically investigate spin
mixing dynamics after rotation of the collective spin by an angle 6 compared to the magnetic filed. For 6 = /2
dynamics is triggered by dipolar interactions [2]. On the contrary, for & = /2 dipolar interaction does not drive
any dynamics and magnetic filed gradient is necessary to trigger dynamics.

Just after rotation, all spins are aligned and the sample therefore has a ferromagnetic character. One striking ob-
servation derived from our simulations of the spinor Gross-Pitaevskii equation, which are in good agreement with
experimental results, is a protection of a local ferromagnetic character of the gas while dynamics proceeds. In-
deed, the local spin length remains close to its maximum, 3. Surprisingly the spinor remains locally ferromagnetic,
despite the fact that spin dependent interactions energetically favor depolarization.

To understand this effect, we have solved the spinor Gross-Pitaevskii equation for a homogeneous BEC in
presence of magnetic field gradients. We find that the initial ferromagnetic character of the BEC is protected
by spin exchange contact interactions, which provide self-rephasing of the spinor components. Taking the phe-
nomenological assumption that the spinor remains ferromagnetic, we developed a simple analytical model based
on spinor hydrodynamic approach [3] to investigate the short time dynamics induced by a magnetic field gradient
b. We derive the following evolution of the fractional populations p,, of the Zeeman state m when taking an initial
Gaussian ansatz of 1/e? radius R:

MR Y n?pa(0) )¢ (m=—=3,....43) 1)

n=-3

e a1+ (292" (o 3

where M, g and up are the mass, the gyromagnetic factor and the Bohr magneton respectively.

We find excellent agreement with simulations at short time when only contact interactions are taken into ac-
count (See Fig. 1). Then eq. (1) provides a time scale (MR/ g/.LBb)l/ 2 for the spin dynamics. We stress that the
resulting dynamics predicted in this model is independent of spin dependent interactions, which are in practice adi-
abatically eliminated. Large enough spin dependent contact interactions convey metastability to ferromagnetism.

0.35 oo
0.30 m=1 A
—m=%2

Prm(t)

time (ms)

Fig. 1: Temporal evolution following an initial rotation of individual spins by an angle 6 = /2 for b = 35mG/cm.
Spin dynamics given by eq. (1) (dashed lines) are in good agreement with simulations at short time when only
contact interactions are taken into account (full lines).
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Nonlinear scattering of atomic bright solitons in disorder.

A. Boissé!, G. Berthet!, T. Bourdel*!
1. Laboratoire Charles Fabry (LCF), Institut d’Optique, CNRS, Univ Paris-Sud
2 Avenue Augustin Fresnel, 91127 Palaiseau Cedex, France

We observe nonlinear scattering of 3K atomic bright solitons [1] launched in a one-dimensional (1D) speckle
disorder. We directly compare it with the scattering of non-interacting particles in the same disorder. The atoms
in the soliton tend to be collectively either reflected or transmitted, in contrast with the behavior of independent
particles in the singlescattering regime, thus demonstrating a clear nonlinear effect in scattering. The observed
strong fluctuations in the reflected fraction, between zero and 100%, are interpreted as a consequence of the strong
sensitivity of the system to the experimental conditions and in particular to the soliton velocity [2]. This behavior
is reproduced in a mean-field framework by Gross-Pitaevskii simulations, and mesoscopic quantum superpositions
of the soliton being fully reflected and fully transmitted are not expected for our parameters. We discuss the
conditions for observing such superpositions, which would find applications in atom interferometry beyond the
standard quantum limit [3].
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Fig. 1: (Color online) Histograms of the experimentally measured reflected fractions of non-interacting atoms ((a)
in blue) and solitons ((b) in red). The double-peak structure in (b) is a clear signature of nonlinear scattering.
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Towards Coherent splitting and recombination of bright solitary matter
waves

A. Rakonjac*!, O. J. Wales', T. P. Billam?, J. L. Helm?, S. A. Gardiner', and S. L. Cornish'!
1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DH1 3LE, UK
2. Joint Quantum Centre (JQC) Durham—Newcastle, School of Mathematics and Statistics, Newcastle University
Newcastle upon Tyne NEI 7RU, UK
3. Dodd-Walls Centre for Photonic and Quantum Technologies, Department of Physics, University of Otago
730 Cumberland Street, Dunedin 9016, New Zealand

We report on the controlled creation, splitting, and recombination of bright solitary matter waves formed from
Bose-Einstein condensates of $°Rb atoms. These solitary wavepackets, or solitons, are long-lived, with lifetimes
of over 20 seconds, and can propagate without observable dispersion over macroscopic distances. Following our
previous work on classical reflection of solitons from a broad repulsive barrier [1] and quantum reflection from a
narrow attractive well [2], we extend our investigations to solitons incident on a narrow repulsive gaussian barrier
[3]. When the kinetic energy of the soliton wavepacket is comparable to the barrier height, we observe controllable
splitting of the soliton into two daughter solitons. The splitting proportion varies according to incident velocity and
barrier height with good agreement with 1-D and 3-D Gross-Pitaevskii simulations. After allowing the daughter
solitons to oscillate in a weak harmonic potential, they recombine on the barrier and continue propagating as an
apparent single soliton, though the recombination is in this case the result of velocity filtering rather than a coherent
process. Future experiments with a narrower barrier should allow us to reach the coherent recombination regime.

The coherent splitting and recombination of solitons as well as their long lifetime leads the way to using such
a scheme for soliton-based interferometry in a variety of configurations [4]. In particular, the scheme can be
utilised in a ring geometry for Sagnac interferometry [5]. Future work includes implementing a soliton Sagnac
interferometer using a 2-D painted ring potential and further experimental studies of bright matter-wave soliton
dynamics that can be used to elucidate the wealth of theoretical work in the field, as well as to explore, for example,
the realisation of Schrodinger cat states [6, 7] and the study of short-range atom-surface potentials [8].

Fig. 1: A series of destructive absorption images at 30 ms time intervals showing splitting and apparent recombi-
nation of two equally populated daughter solitons on a narrow repulsive Gaussian barrier.
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A multipurpose experiment for ultracold lanthanides

P. Ilzhiofer' 2, G. Durastante' 2, A. Patscheider'2, M. Sohmen?, A. Trautmann?, M. J. Mark!2, F.

Ferlaino'?,

1. Institut fiir Experimentalphysik, Universitit Innsbruck, Technikerstrafie 25, 6020 Innsbruck, Austria
2. Institut fiir Quantenoptik und Quanteninformation, Osterreichische Akademie der Wissenschaften, 6020 Innsbruck, Austria

In recent years experiments with highly magnetic lanthanide atoms have attracted great attention due to their
rich interaction properties. We will present the latest status of our new experimental apparatus on ultracold Er-Dy
mixtures.

Here, we will also focus on Rydberg physics with multi-electron atoms. Unlike in alkali or alkaline earth metals,
where only electrons from the outer s-shell can be excited to Rydberg states, for lanthanides with their complex
electronic structure also electrons from the open anisotropic 4f-shell are addressable. Thus, s-, p-, d-, f- or h-
Rydberg states can be excited via a simple two-photon excitation scheme utilizing either a broad- or narrow-line
transition in the first excitation step. This allows for the investigation of Rydberg-Rydberg or Rydberg-ground
state atom interaction for a larger set of parameters compared to the cases of alkali or alkaline earth metals. A
further noteworthy feature of lanthanide Rydberg atoms is an optically active core, which might allow optical
manipulation, cooling or even trapping of these Rydberg atoms.

We will present our first spectroscopy results utilizing a hollow-cathode lamp as well as the technical aspects of our
planned electric field control and ion detection for more sophisticated experiments on Rydberg physics in ultracold
samples of lanthanides in the near future.
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Reflection of noble gas endohedral structure in electron and positron
scattering cross-sections

Miron Amusia*!2, L. V. Chernysheva'>
1. Racah Institute of Physics, Hebrew University, Jerusalem 91904, Israel
2. loffe Physical-Technical Institute, St. Petersburg 194021, Russian Federation

We demonstrate in this talk, that by studying the low-energy elastic scattering cross-sections of electrons and
positrons upon endohedrals it is possible to disclose some specific features of their inner structure. An endohedral
A@Cy consists of a fullerene Cy stuffed” inside by an atom A. We demonstrate that the scattering cross-sections
are strongly affected not only by static potentials of both A and Cy, but also by their polarizabilities as well as by
mutual influence of these polarizabilities upon each other.

We have found a number of minima and maxima, for example, like the Ramsauer minima in partial wave
contributions to the total cross-section, and demonstrated their reflection in the differential cross-section at a given
angle, etc. We show that completely new structures appear in the cross-sections of electron and positron scattering
upon A@Cy that originate due to the presence of a single relatively small atom A inside a big fullerene. This is a
strong evidence of the quantum nature of the considered scattering process [1]. In classical physics the scattering
cross-sections, at least in the low-energy limit, is entirely determined by the size of the target and the radius of the
projectile-target interaction.

The concrete calculations for electron scattering were performed for all noble gas atoms, from He to Xe, and a
big metal atom Ba [2]. As a fullerene, we consider almost ideally spherically symmetric Cgy. This choice permits
to simplify the calculations considerably, since the atom A can be treated as located at the very center of Cgy. We
found that the presence of atom A prominently modifies the e~ + A@Cl scattering cross-sections, adding to them
new resonances. We have also predicted the appearance of additional bound states, it is formation of negative
ions A@C,. In the generation of new structures the role of interference of A and Ce( polarizabilities proved to be
essential.

At first glance, the positron e™ scattering upon A@Cy is an easier object of investigation than the electron
e~ scattering, since for e there is no exchange between the projectile and target constituencies. However, this
is not the case, since in the process of collision the projectile e™ and a virtually excited target electron form a
temporal bound state that we call virtual positronium. We took this effect into account shifting the energy of
virtual excitations by the positronium Ps binding energy value, Ip;. This shift increases considerably the value of
both A and Cg( polarizabilities. It can also chance sign of polarizabilities, thus leading to a paradoxical situation
of repulsive polarization potential, contrary to the well-known from textbooks statement that polarization potential
has to be attractive for any sign of the projectile charge.

Concrete results were obtained for all noble gas endohedrals [3]. The cross-sections for et and e~ are es-
sentially different and are strongly affected by the energy shift in polarizabilities. The results for the case of
e + He@Cl scattering are presented by the Fig. 1.
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Fig. 1: Elastic scattering cross-section of an electron and positron upon He and He@Cgy.
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Quantitative modeling of coherent atom-light interactions in 2, 3 and
4-level systems in the hyperfine Paschen-Back (HPB) regime

J. Keaveney!, D. J. Whiting', R. Mathew', C. S. Adams', I. G. Hughes*!
1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DH1 3LE, UK

The study of light propagation through thermal atomic vapours subject to external magnetic fields is a flourish-
ing area of research [1]. At Durham we have spent 15 years studying the quantitative spectroscopy of alkali-metal
vapours, culminating in the publication of our electric susceptibility code ElecSus [2]. We have extended our inves-
tigations to nondegenerate three-level ladder and four-level diamond schemes. Application of a sufficiently large
magnetic fields (where the Zeeman splittings exceed the Doppler width) allows us to gain access to the hyperfine
Paschen-Back (HPB) regime [3], [4]. In hot alkali-metal vapors we have demonstrated that it is possible to realise
electromagnetically induced transparency (EIT) [5] and absorption (EIA) [6] in nondegenerate three-level systems.

Applications of the quantitative understanding of atom-light interactions in the presence of a magnetic field
range from devices (a compact optical isolator [7], narrow-line filters [8], a Faraday laser [9]) to fundamental
physics (single-photon interference due to motion in an atomic collective excitation [10], a possible new method
to measure Boltzmann’s constant).
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Fig. 1: EIT in isolated three-level systems in the hyperfine Paschen-Back regime. (a) shows a typical weak-probe
transmission spectrum (red) and (b) a diagram of the transitions associated with the spectral features in (a). The
eigenstates of the system in the |my;m;) basis are shown to the right of the diagram for a magnetic field strength
B = 0.6 T, where a significant admixture of states with opposite spin (blue text) in the 58}, manifold remain;
these result in the weak transitions indicated by the blue arrows. (c) shows an expanded view of one of the EIT
resonances as a function of control-beam power. Zero detuning is the weighted D2 line centre of naturally abundant
rubidium in zero-magnetic field [11].
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Atom probing of thermally populated surface polaritons

J. C de Aquino Carvalho*, A. Laliotis, P. Chaves de Souza Segundo®, I. Maurin, M. Ducloy, D. Bloch
Laboratoire de Physique des Lasers, UMR 7538 du CNRS, Université Paris13-USPC, 93430 Villetaneuse France

The universal blackbody radiation, defined for the far-field, reveals not sufficient to account for the near-field
effects of the thermal emission [1]. When matter is heated-up, its boundary, susceptible to bear surface
polaritons, is thermally excited, and intense electromagnetic fields evanescently decay away from the surface.
The population of these surface modes obeys a thermodynamic distribution, according to the local density of
states in vacuum near the interface. In addition to this near-field extension of the fundamental thermal radiation,
which is highly sensitive to the nature of the material, elevating the temperature is susceptible to modify
phenomenologically the surface mode resonances themselves (broadening and/or shift). This genrates heavy
uncertainties for the predictions of our experiments to test the resonant behavior of an atom in the vicinity with
the hot surface, which uses the atom as a detector of the quantum thermal fluctuations.

Our group has already demonstrated, in the near-field van der Waals (vW) limit, that the Casimir-Polder
surface-induced energy shift varies with temperature [2]. We use here the coincidence [3] between the surface
mode of sapphire at ~ 24.6 THz (~ 12.2 um), and the excited state transition (at 12.15 pm) of Cs 6Ds;,—>7Pyy,,
known to lead to surface repulsion (instead of the standard vW attraction), and to a surface-induced quenching of
the 6Ds, level (Forster transfer). The experiments we report on are performed with selective reflection (SR)
spectroscopy - probing the vapour at ~100 nm- on the second resonance line of Cs, at 459 nm and 455 nm,
reaching Cs(7Py,) and Cs(7P3,) respectively (fig.1) The near coincidence between the sapphire resonance and
the 7P ,-6D3, coupling is responsible for a very different temperature-dependence of the surface attraction for
Cs(7Py52) and for Cs(7P3,) -cf. fig. 1a-. Indeed, the couplings for 7P3, (to 6Ds;, and 6Ds,) fall off the sapphire
surface resonance (respectively at 15.6 and 14.6 um).

We also aim to observe how the thermal emission of sapphire in a polariton mode sapphire can be absorbed by
Cs(7Py52), which would be a realization of a near-field heat transfer experiment, limited up to now to classical
objects. For this purpose, we investigate the population induced in the 6Dg;, level close to the sapphire window
through reflection spectroscopy on the 1.52 um line (see fig. 1b). Aside from the observation of a (weak) thermal
transfer through absorption in the volume (even for temperature as low as 500K), the frequency tuneability of the
459 nm excitation allows to address specific atomic velocities and hence interaction time with the vcininty of the
surface, yielding varying selective reflection lineshapes (at 1.52 um). The analysis of these first results is
presently in progress.
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Fig. 1: (a) The measured C; coefficient of the Csz* van der Waals surface potential, with z the atom-surface
distance, for Cs(7P1s,) (black) and Cs(7Ps,) (grey) as a function of temperature. The theoretical predictions
include (solid line), or negelect (dashed line) the temperature-dependence on the sapphire polariton itself; (b)
Scheme of the Cs energy levels, showing how a surface-induced thermal transfer by sapphire from 7P
population to 6D is probed by SR at 1.52 um..
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Sub-Doppler features in the backward-emitted fluorescence of a
dense vapor and analogies with thin-cell spectroscopy
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1.Laboratoire de Physique des Lasers, UMR 7538 du CNRS, Université Paris13-USPC, 93430 Villetaneuse France
2. Universidade Federale Rural de Pernambuco, UACSA, Cabo de Santo Agostinho, PE, Brazil

Literature has incidentally mentioned [1] a sub-Doppler contribution in the excitation spectrum of the
backward fluorescence of adense vapor, while the interpretation had assumed a metal layer in a boundary region
close to the window of the (alkali-metal) vapor container. We confirm here the appearance of a sub-Doppler
structure for the fluorescence emitted from a dense Cs vapor when tuning the frequency of normal incidence
irradiation. Experiments are performed both onthe strong D1 line (894 nm), or on the weaker second resonance
at 459nm, with an IR wawelength filtering. A decrease of the fluorescence emission attributed to surface
quenching had already been noted [2], but for high atomic densities so that the Doppler effect was negligible
with respect to other broadenings. Here, we show that this surface-induced quenching appears in a regime
compatible with velocity-selection, causing a decrease of fluorescence on the red side of the excitation spectrum.
The \elocity selection in the initial excitation process partly survives on the way to the quenching window,
despite the redistributions occurring in an optically thick medium. Among atoms directed to the surface, only
atoms moving slowly enough do not feel the surface quenching. The visibility of the corresponding sub-Doppler
structure (fig.1) is here greatly improved by applying a frequency-modulation (FM) technique, which monitors
the frequency-derivative of the lineshape through a lock-in detection, specifically sensitive to narrow features.

The specificity of this sub-Doppler signature when exciting fluorescence inan optically thick medium is that it
combines surface quenching with the rapid spatial attenuation of the irradiation. This is in close analogy with the
narrow spectroscopic features appearing in thin vapor cells [3]: here, the strong attenuation occurring on
distances typically on the order of tens of um is the equivalent of a "soft" window for the thin cell. We have
developed a simple model, based upon the comparison between the velocity A/t of atoms unaffected by the
quenching in the window (A the attenuation length, t the free decay time of atomic excitation into fluorescence)
and the thermal velocity u. This model (fig.1) also justifies that a normal incidence irradiation is the key to find
the sub-Doppler structure, which is independent of the geometry chosen to detect the fluorescence.

Despite the complexity naturally attached to an optically thick medium (radiation trapping, energy pooling
collisions and other redistributions), our observation rules out previous interpretations based upon an interaction with
a specific thin or intermediate metal layer. It may offer a diagnostics of the complex physics occurring specifically
closetoasurface. Specificities of the diagnostics may be improved by wavelength selection in the fluorescence
process. The required quick attenuation can also be brought by a first pumping step on a strong resonance line, with
the useful excitation reaching high-lying states brought by a second laser.
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Fig. 1: (a) Excitation spectrum of fluorescence on the 894 nm line, in direct detection (top) or FM detection (bottom), with the markers of
the Doppler-free resonance. The characteristic Doppler width ku is ~200 MHz ; (b) Simulation of the fluorescence with a frequency
scale normalized in ku units. The calculation assumes here that the absorption maximal at line center (absorption length A), is
governed by a Voigt profile (for u = 200 m/s and A=1um) with an optical width y=10MHz (or y=20MHz for diamonds). The
fluorescence is integrated on a finite length 3mm, and the far wings appear when absorption becomes weak; (c) Frequency-derivative
of the predictions in (b), corresponding to the FM detection of the fluorescence.
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Slow molecular beams of heavy diatomic polar molecules
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1. Van Swinderen Institute for Particle Physics and Gravity, University of Groningen
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Cold and slow beams of heavy diatomic polar molecules can be used to probe physics beyond the standard model.
We aim to utilize slow BaF molecules in their ground state for a measurement of the electron-EDM, which is a test
of CP violation. To produce intense beams of these molecules we are in the process of constructing a cryogenic
buffer gas source that we will combine with a Stark decelerator. We have already constructed a 4 meter long Stark
decelerator that we operate using SrF molecules. At the maximum deceleration strength we are able to reduce the
velocity of the StF molecules from 290 m/s to 120 m/s, thereby removing 85% of their initial kinetic energy[1].
With the cryogenic source we will produce BaF molecules with velocities around 180 m/s. In combination with
the decelerator this enables production of intense and slow (30 m/s) molecular beams.
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Fig. 1: Time of flight profiles showing the deceleration of StF molecules from an initial velocity of 300 m/s to the
indicated final velocities. The bottom curve shows deceleration from 290 m/s to 120 m/s.
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Dielectric response of a particle embedded in media
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To determine the electromagnet interaction between particles, such as the Coulomb force for charged particles or
the van—der—Waals forces for neutral atoms or molecules, the electromagnetic responses of the involved particles
are required. For particles embedded in media, e.g. in a solution, the surrounding medium may have a strong
impact on its response. In general, each interaction between two particle depends on both the response of the
particles and on the geometry surrounding them. The medium affects both - the local response and the geometry.
The change of the local response is caused in additional electromagnetic boundary conditions for the solution of
the Schrodinger equation describing the particle, which can be studied, e.g. by DFT simulations.

We present a theory based on the macroscopic quantum electrodynamics (QED) to describe both effects for
neutral atoms or molecules. Due to Pauli blocking the particles create a vacuum cavity in the surrounding solvent
medium which has two effects [1]: on the one hand, this cavity changes the electromagnetic scattering properties of
the environment, which can be described via cavity QED [2]. On the other hand, the cavity leads to Casimir-Polder
shifts in the particles’ internal eigenenergies [2,3]. Both effects will be introduced using macroscopic QED and
will be illustrated with a simple example.

Figure 1: Sketch of particle in vacuum (left) and embedded in a medium with permittivity €(®) (right). The atomic
states are shifted due to the Casimir—Polder interaction with the medium (Ucp). The change of the van—der—Waals
interaction (U, 4w ) is caused by the propagation through cavity.

References

[1] A. Held, and M. Walter, The Journal of Chemical Physics 141, 174108 (2014).

[2] S.Y. Buhmann, Dispersion Forces I: Macroscopic Quantum Electrodynamics and Ground-State Casimir, Casimir—Polder and van der Waals
Forces (Springer, Heidelberg, 2012).

[3] H.B.G. Casimir, and D. Polder, Phys. Rev. 73, 360-372 (1948).

*Corresponding author: johannes.fiedler@physik.uni-freiburg.de

To the list of contents



Poster Session A (Tuesday 16:30) — Poster A34

A new general cooling technique for ions by autoresonance in an
electrostatic ion beam trap

R. K. Gangwar*!, K. Saha !, O. Heber ', M. L. Rappaport’ and D. Zajfman'
1. Department of particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot, Israel 76100
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In many fundamental studies in physics and chemistry, the essential basic requisite is the control of the kinematic
and the internal degrees of freedom of ions. It also enables detailed experiments such as studies with merged beams
where precise control of the kinetic energies of the two beams permits fine tuning of their relative velocities[1].
Many techniques have been developed that can cool molecular ions kinematically and/or internally, such as buffer-
gas cooling [2], electron cooling (for molecular beams [3]), laser cooling [4], supersonic expansion [5] and many
more.

Here we demonstrate an evaporative-like cooling scheme to reduce the initial relatively wide momentum dis-
tribution (Ap/ p), of a trapped molecular ion bunch oscillating inside an electrostatic ion beam trap (EIBT). In this
approach, by applying adiabatic autoresonance (AR) acceleration, we were able to eject the ions that are at the tail
of the momentum distribution. Consequently, the momentum distribution of the adiabatic AR dragging force part
of the bunch can be narrowed by at least an order of magnitude depending on AR drag force parameters (see Fig 1
(A)). This reduction corresponds to a velocity width about 6 m/s and the temperature well below 1 K, in the frame
of reference of moving with the average speed of the ions.

In an EBIT, ion-ion collisions are expected mostly near the turning points in the mirrors, which serve to ther-
malize the distribution. To test this conjecture, further experiments were performed with time-dependent AR forces
(linearly decreasing amplitude) and also by changing the injected ion density. Our results clearly indicate that suffi-
cient ion-ion interactions occurred and can increase the phase space density of such an AR-accelerated bunch by at
least an order of magnitude (see Fig 1 (B)). The technique is general in that it is applicable for all ions irrespective
of their charge or mass.
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Fig. 1: (A) Normalized distribution of the second harmonic of the oscillation frequency plotted as the deviation
from the mean frequency for different drag voltages (V). The inset shows the actual peak height vs. V;. Note that
for V; > 0.07 V, the peak height is approximately constant, indicating that above this value the AR force dragged
all the ions of the bunch (B) Dragged bunch height vs. ratio between initial and final values of V;. The circles
are the direct height measurements of the dragged ion intensity while the squares are the same normalized to the
residual (not dragged) ions in the trap. The lines are a guide to the eye.

We have extended this technique further to explore whether ion-ion interactions can lead to control of ro-
vibrational degrees of freedom of molecular ions. Our preliminary results are encouraging and further experiments
are currently being conducted. Detailed results of the experiments conducted with SF, SFS+ ions and explanation
of the technique shall be presented.
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Optical diagnostic of gas mixture plasmas with fine-structure resolved
population-kinetic models
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Non-equilibrium plasmas (NEP) have been found very suitable for developing multi-sectorial technologies such as
synthesis of materials (dielectric, magnetic, smart layers, biomaterials, multifunctional materials, etc.), nanotech-
nology (production and functionalization of nanoparticles), biomedical (to deactivate pathogens, to stop bleeding
without damaging healthy tissue, to disinfect wounds and accelerate wound healing etc.) and many more. The
interest is rapidly growing as they offer wide range of reactive atomic/molecular species and photons. Often in
these applications, the chemically-reactive radicals, such as reactive nitrogen species (RNS) NO,N,(A) or reactive
oxygen species (ROS) O,03,0H etc. are required. Optical characterization (by coupling the spectroscopic mea-
surements with population-kinetic models) of such reactive molecular gas (RMG) plasmas is very challengingDue
to the increasing role of complex processes such as dissociation and recombination in the population balance equa-
tion of excited radiating states. In addition the corresponding cross-section data of these complex molecules are
often not available.

However, alternatively sufficient yield of required radicals can be achieved by introducing the traces of RMG
in the inert gas plasmas. Although this reduces the complexity of the needed models to analyze spectroscopic
measurements but still require an appropriate extension of pure gas plasmas. Incorporating our calculated fully rel-
ativistic distorted wave electron-impact cross sections, we developed fine-structure resolved collisional-radiative
(CR) models and successfully applied for the diagnostic of low-pressure pure Ar and Kr plasmas [1] [2] [3]. The
most important feature of these CR models is that it can perform the diagnostic with the intensity of individual
emission lines that are originated between fine-structure transitions. Moreover it uses all the data obtained from
reliable theoretical approaches, contrary to most previous model which uses data from non/semi relativistic ap-
proaches when these are not available in the literature. We strongly believe that the extension of our fine-structure
resolved model can provide very reliable diagnostic for gas mixture plasmas. In this context, our first effort for
the diagnostic of Hydrogen-cesium plasma which is suitable for developing the negative ion sources was very suc-
cessful [4]. Currently we are extending our models for the diagnostic of Ar + N, Ar + O, plasmas. The detailed
results and comparision with previous avaliable results along with the overview of our models shall be presented.
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Single- and double-electron capture in the collisions of C** + He

J. W. Gao'%, Y. Wu'!, N. Sisourat?, J. G. Wang' and A. Dubois*?
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Electron capture processes by carbon ions colliding with atoms or molecules have attracted much attention because
of their importance in astrophysics and in the treatment of thermonuclear fusion plasma. From an astrophysical
perspective, electron capture processes between multiply-charged ions with neutral atoms can play an important
role in determining ionization balance of the interstellar medium [1]. In fusion plasmas, carbon ions are important
impurities since carbon is used in divertor target plate tiles [2], while helium is abundant as a product in the
fusion reaction, and both of them appear at various impact energies in different ionization stages in the plasma.
Therefore, comprehensive knowledge of electron capture processes between multiply-charged carbon ions and
helium are important for the simulation and diagnostic of fusion plasmas.

In the conference, we shall present results for single- and double-electron capture processes occurring during
the collisions of C** + He:

C* (15%) + He(15%) — C3* + He (SEC) (1)
— C** + He*" (DEC). 2)

The cross sections are calculated by using two-active-electron semi-classical atomic orbital close-coupling (SC-
AOCC) method [3] with a large expansion basis. Our calculations shown in Fig.1 cover a wide energy domain
0.1 — 300 keV/u overlapping most of the previous experimental [4-8] and theoretical [8-13] works for E < 10
keV/u, where our calculations are in good agreement with the previous works. For E > 3 keV/u, our present
calculations are in better agreement with the experimental measurements of [8] than the theoretical calculations of
[4, 5]. A detailed state-to-state comparison with previous works and further interpretations will also be presented
during the conference.
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Fig. 1: Comparison between the present total SEC and DEC cross sections with different experimental and theo-
retical results.
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Effect of Gravity on Magnetobound States of
Protonium

Elijah Goodrich+, Carlos A. Ordonez™
1. Department of Physics, University of North Texas, Denton, Texas 76203, USA

A magnetobound state of protonium is a system of two pair particles (proton and antiproton) that become
spatially correlated in a strong magnetic field [1,2]. The state forms adiabatically and dissociates
spontaneously. This research uses classical trajectory simulations to determine the effect of gravity on these
systems. The possibility of a gravity experiment involving antimatter is explored. This material is based upon
work supported by the U.S. National Science Foundation under Grant No. PHY-1500427 and by the
U.S.Department of Energy under Grant No. DE-FG02-06ER54883.
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Experimental upgrades to measure the electron’s electric
dipole moment using YbF molecules

Chris J. Ho'!, I. M. Rabey*', J. A. Devlin', B. E. Sauer', M. R. Tarbutt!, E. A. Hinds'
1. Centre for Cold Matter (CCM), The Blackett Laboratory, Imperial College London
Prince Consort Road, London SW7 2AZ, UK

The existence of a permanent electric dipole moment (EDM) of the electron is intimately related to the violation of
time-reversal symmetry in nature. The Standard Model of elementary particle physics, which includes a degree of
time-reversal asymmetry, predicts an upper limit to the electron EDM (|d,| < 10~38¢.cm) that is far below current
experimental sensitivities [1]. However, modern extensions to the Standard Model predict EDM values in the
range accessible to experiment, |d, | ~ 10727 — 107 3%.cm [2]. In fact, these theories are now constrained by recent
experiments that utilise cold molecules (YbF [3], ThO [4]), and trapped molecular ions (HfF* [5]). The current
upper limit to the EDM is |d,| < 8.7 x 10~ *¢e.cm [4].

Here I present some improvements made to improve the sensitivity of the experiment to measure the electron’s
EDM using YbF molecules [6]. The initial population of YbF molecules in the ground state has been improved by
a factor of 6 using a combination of repump lasers, microwaves and rf fields [7]. The detection of YbF molecules
has been increased by a factor of 14 by by choosing laser-induced fluorescence transitions that have a lower decay
rate to unaddressed dark states [7]. We are also now detecting on both quadratures of the interferometer, improving
the sensitivity of the experiment by /2. These improvements have made it possible to reduce the shot noise by an
order of magnitude, allowing for an EDM to be measured with a sensitivity at the 10~2e.cm level.

We have demonstrated that the magnetic shields used in the experiment can reduce the magnetic noise down to
100fT per block of data, which is much lower than the shot noise sensitivity. We have also characterised a vacuum-
compatible SERF magnetometer [8] that can measure the fluctuating magnetic field in sifu. This will allow us
to tightly constrain any magnetic field that switches with reversing electric fields, which is a potential source of
systematic error.

With the various experimental upgrades, we are now able to search for physics beyond the Standard Model
with even greater precision.
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Molecular frame (e, 2e + ion) studies of CH, and CF,
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lonization and fragmentation of the tetrahedral molecules CF, and CH, is studied at low electron impact energies
ranging from E; = 35 eV to 67 eV. In kinematically complete experiments, the momentum vectors of the two outgoing
electrons and one fragment ion are detected in triple coincidence. Various fragmentation channels are analyzed
according to the ionized orbital binding energy (BE) and kinetic energy release (KER). Furthermore, we find electron
emission patterns which depend on the spatial molecular orientation in particular for CH,.

Kinematically complete electron impact ionization studies on atoms and molecules give detailed insight into
correlated few-body reactions. Both, CH, and CF, have tetrahedral symmetry and are relevant in a large range of
scientific and practical areas [1-2].

Experimentally, we use a reaction microscope and a pulsed photoemission electron beam [3]. For the incoming beam
energies E, between 35 eV and 67 eV were chosen. The momentum vectors of the two outgoing electrons (energies Ej,
E,) and one fragment ion are detected in triple coincidence. E.g., for CF, the fragment products CF5", CF,", CF", F" and
C" are resolved and can be associated to ionized orbitals according to the observed binding energies (BE) (Ey-E;-E»)
(see [4] for CHy).

In a two-body molecular dissociation the detected fragment momentum can provide the spatial orientation of the
broken bond and, as result, of the whole molecule at the instant of the collision. Thus, molecular orientation resolved (e,
2e) cross sections can be obtained and the influence of the anisotropic molecular potential and multiple scattering of the
electrons within the molecule can be studied. In this respect we analyzed fully differential cross sections (FDCS) for the
dissociation reactions CX," — CX3" + X where X = H or F. In the illustration in Fig.1 the projectile is coming in from
below (p,) and scattered to the left (p,). For the CH, target and one CH bond being aligned either along the positive or
negative x-axis the electron emission patterns in the (grey shaded) xy-plane perpendicular to the incoming beam are
shown in Fig. 2. Clearly, the cross section is orientation dependent and shows a maximum at 180° for one orientation
only. More results and a detailed analysis will be presented at the conference.
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Fig. 1: lllustration of the collision kinematics (see main text). Incoming and scattered projectile momenta are pg and p;. The
ejected electron (p») is observed in the perpendicular xy-plane. (a) and (b) show CH3+ emission along positive and negative x-
axis, respectively. Thus, one of the CH bonds of CHy is oriented along the x-axis. (c) The FDCS as a function of electron

emission angle ¢e, in the perpendicular plane. Ejected electron energy E, = 4 eV, projectile scattering angle 01 = - 8°. The
black and red solid circles refer to orientation as shown in Fig. (a) and (b), respectively.
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Simultaneous magnetic trapping of O, molecules together with Li atoms
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During the last decades trapping and cooling of atoms became a workhorse of atomic physics with countless
experiments, where atoms routinely cooled down to nano-Kelvin temperatures. On the other hand, cooling and
trapping of molecules remains challenging, and far less progress has been made in generation of cold mixtures of
atoms and molecules, even though it opens many possibilities in both physics and chemistry. Atom-molecule co-
trapping can lead to orders of magnitude longer interrogation times compared to molecular crossed beam methods,
which will enable the study of cold chemistry for especially slow processes. Particularly, inelastic collisions
in such a setup have been already successfully studied by Parazzoli et al. [1] and the upper limit on reactive
collisions between N and NH has been placed by Campbell et al. [2]. In addition, as in the production of cold
alkali molecules, photoassociation or Feshbach resonances can be used to construct polyatomic cold molecules.
We plan to implement/apply sympathetic cooling, one of the most exciting opportunities that cold atom-molecule
mixtures enables, where cold atoms that are amenable to laser cooling can be used to collisionally cool molecules.
Prospects of such a cooling scheme strongly depend on the collisional properties of atoms and molecules with
several candidates identified [3] and cooling mechanism studied in detail [4].

The starting point of our experiment is a supersonic beam, generated by an Even - Lavie valve [5], which
produces a cold plume of gas at temperatures of ~1 K, moving at velocities of hundreds of m/s. In order to slow
this beam we have constructed a 2.4 meter long moving-trap Zeeman decelerator, capable of slowing paramagnetic
species to trappable velocities, which enables us to load them into a permanent-magnet quadrupole trap.

In order to achieve the highest possible trapped molecular density, we chose molecular Oxygen that can be
easily seeded in a supersonic expansion and decelerated via Zeeman interaction, which has been demonstrated
[6],[7]. As a first step, using our moving-trap Zeeman decelerator we have shown co-deceleration of molecular
Oxygen together with metastable Argon atoms [8]. Subsequently, we replaced the Argon with Lithium, which
has the advantages of lower reduced mass and is suitable for laser cooling, and demonstrated how the decelerated
molecular ensemble together with the entrained Lithium atoms can be transferred into the permanent quadrupole
trap [9]. We estimate 10° trapped O, molecules (with density of n=10'" cm~3) at a temperature of 300 mK with a
background limited lifetime of more than 600 ms, together with 103 Lithium atoms in the permanent trap. These
results provide a pathway to further implementation of sympathetic cooling.

As a next step, we focus on a number of things: first, improving the entrainment of Lithium in order to increase
the number of trapped atoms and increasing the initial molecular beam density. Recent results indicate that we can
gain an order of magnitude in the density by cryo-cooling a skimmer placed between the supersonic nozzle and the
decelerator entrance, as was shown by Y. Segev et. al. [10]. Second, we are designing a deep loffe-Pritchard trap,
which will have a non-zero magnetic field minimum and will be able to confine a 300 mK ensemble of molecules
and atoms, which will also enable to perform 1D Doppler cooling, as an important step towards sympathetic
cooling.
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The hyperfine structure Investigation of V I lines with Doppler Reduced
Laser Spectroscopic Method
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This work is a continuation of our hyperfine structure investigation of Vanadium [1,2,3]. The aim of this work is
to increase the accuracy of hyperfine structure data of atomic vanadium. Vanadium (V), with atomic number 23 is
the third element of the iron group. Vanadium has one predominant stable isotope, 3!V, with a natural abundance
of 99.75% and a nuclear spin of I = 7/2. 3V has a large nuclear magnetic moment w;(3!'V) = 5.1574 uy [4], and
the electric quadrupole moment Q = —0.052 barn [4].

Doppler-reduced intermodulated laser-induced fluorescence spectroscopy (IMLIF) with a tuneable single-
mode cw Ti:Sa laser was applied to study the hyperfine structure of excited levels of Vanadium. The solid vanadium
metal was transferred into the gas phase using a hollow cathode discharge. Eight transitions in the near infrared
wavelength range between 760 nm and 850 nm have been investigated. In all our IMLIF spectra additional to
the hyperfine structure components so-called cross-over peaks appear. As an example in Figure 1 the line at
811.932 nm is shown.

Precise values for the magnetic dipole hyperfine structure constants A as well as for the electric quadrupole
hyperfine structure constants B of the isotope !V have been determined. Previously published values of magnetic
dipole hyperfine structure constants A have been improved and new values of the electric quadrupole hyperfine
structure constants B will be presented.

1.0+ Experiment
Fit
® (Cross Over
0.8
> * AF=1
= A AF=0
w _ A
L:’ 0.6 AF=-1
RS
=
& 02-
0.0 - T e oo Wb g i | ® et
Diff. |
T T T T T T T T
123164 12316.6 12316.8 12317.0
Wavenumber/cm™

Fig. 1: Hyperfine structure spectrum measured with intermodulated laser-induced fluorescence spectroscopy to-
gether with the best fit curve for the line at 811.932 nm of atomic vanadium. The hyperfine structure components
are marked by the difference AF of the total angular momenta of the lower and upper hyperfine structure levels.
Cross-over signals are marked by a grey dot In the lower part of the figure the residuals between experimental and
best fit curves are given.
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Identifying optical transitions in highly charged ions with applications for
metrology and searches of variation of the fine-structure constant
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Many highly charged ions (HCI) have been proposed for use in next generation optical clocks for metrology
purposes, see for example [1, 2]. Due to the compact size of their electronic cloud, HCI are less sensitive to
external perturbations than the neutral and singly charged systems that are currently widely employed in metrology.
Furthermore, increased relativistic effects in HCI lead to a strong sensitivity to variation of the fine-structure
constant . However, for these HCI, theory is not capable of predicting the energy level structures to the precision
required for precision laser spectroscopy.

To address this issue, we investigated several of the proposed HCI, which we produced, trapped, and collision-
ally excited in the Heidelberg electron beam ion trap (HD-EBIT). The wavelengths of subsequent fluorescence
light were determined at the ppm-level using a grating spectrometer. We present our latest results for Ir'’*, which
features transitions with an extremely high sensitivity to variation of the fine-structure constant [1,3]. Identifying
these transitions is cumbersome due to the uncertainties of the predictions, the large amount of observed transi-

tions, and their low intensities. However, by observing their Zeeman splitting in the strong magnetic field of the
HD-EBIT, many important lines could be identified, c.f. Fig. 1.
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Fig. 1: Observed Zeeman splitting of two Ir'7+ lines (black points), and fits to the data based on predicted line
shapes (solid lines). The individual Zeeman components as determined by the fit, are shown by vertical lines.
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Furthermore, our latest results for Pr’* and Pr!®* are discussed. In addition to the previously mentioned
advantageous properties of HCI, Pr’* is predicted to have a metastable state with an extremely long lifetime of
21 megayears, which potentially makes it suitable as a quantum memory [2].

All the presented results are used to benchmark state-of-the-art atomic theory calculations. Our investigations

aim to provide a deeper insight into the suitability of the proposed HCI for metrology purposes, and to pave the
way for future laser spectroscopy.
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Isotope shift of the 2p*3P, — 2p33p3P, two-photon transition of O I
and the triplet energy levels of atomic Oxygen
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Two-photon induced fluorescence of atomic oxygen (TALIF), which is routinely used for plasma and flame di-
agnostics [1], is implemented with two counterpropagating laser beams of sufficient monochromaticity to permit
Doppler-free spectroscopy. A single-mode injection-seeded pulsed Ti:sapphire laser has been frequency-doubled
twice to produce narrow-band pulsed radiation at wavelengths around 225.6 nm, suitable to excite the ground-
state-to-2p> [45‘3’ /2]3 p3P two-photon resonance line of oxygen. Accurate measurement of the injection-seeding

wavelength provides new data on the excitation energy of the 3p 3P states. The experiment was done both sequen-
tially and simultaneously on '°0 and '80, which makes it possible to test recent calculations of the isotope shift.
Those multiconfigurational Hartree-Fock (MCHF) and configuration interaction (CI) calculations predict a nearly
exact compensation of the 33.7 m~! normal mass shift by a similarly large specific mass shift of opposite sign,
leading to a -326 MHz, or -1.1 m~! isotope shift [2]. The nearly perfect agreement of the presently measured
-0.8(2) m~! with this value confirms it as one more noticeable success of MCHF+CI modelling.

0.8m’

normalized intensity/ a.u.

886:‘31 16 886:‘31 18
two-photon energy/ m™

Fig. 1: Atomic-fluorescence response, inside a low-pressure DC discharge [1], as a function of the 2-photon

excitation wavenumber of the 2p> [4S§ /2]3 P3P, fine structure level, when the discharge tube is fed either with 100,

(higher energy) or 80, (lower energy). The measured isotope shift is about —0.8(2)m~!.

Having an absolute measurement of the excitation wave-number from the ground level, which has been the
case only twice in previous spectroscopic studies of O I, we can re-examine the energy levels of the subset of
triplet states and present an updated set of optimized energy values that confirms and extends some proposals
made after recent extreme-UV spectroscopic studies [3]. For instance, the energy of the upper level of the first
3D term, 2p33d D3, still given by the NIST table as being 9748853.8m ™!, was found by Ivanov et al. [3] to lie
significantly lower, at 9748853.0(8)m~!. We confirm this lower value and make it even a little lower and more
accurate, recommending 9748852.6(5)m~! [4].
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Probing the size of helium droplets with Interatomic Coulombic Decay:
A theoretical insight.

S. Kazandjian*', T. Miteva!, N. Sisourat'
1. Sorbonne Universités, UPMC Univ Paris 06, CNRS, Laboratoire de Chimie Physique Matiére et Rayonnement, F-75005, Paris, France

Cooling down a chemical system at the kelvin scale can be useful in order to perform high-resolution spec-
troscopy or to isolate unstable species. This can be achieved by trapping a molecule in a helium droplet. Making
and doping helium droplets is commonly performed, but controlling their size proved to be very difficult [1].

In this work, we investigate how Interatomic Coulombic Decay (ICD) can be used as a tool to probe the size
of helium clusters. ICD is an ultrafast non-radiative electronic decay process [2] which occurs in a variety of
polyatomic systems such as rare gas clusters [3] or hydrogen bonded clusters [4-5]. In the case of helium clusters,
one atom is simultaneously excited and ionized and its excess energy is transferred to a neighboring atom, ionizing
it, as shown on Fig. 1 for the case of helium dimer. After the decay, the cluster contains two He™ ions, and
dissociates due to Coulombic repulsion.

We have developed a diatomics-in-molecules [6,7] approach for the description of ICD in rare-gas clusters [8].
Combined with a semiclassical algorithm specifically designed for ICD [9], this method is used to compute the
nuclear dynamics during the process. Our results, obtained for cluster sizes from 2 to 6 atoms, provide the first
complete description of ICD in small helium clusters. In particular, the kinetic energy gained by the ions during
the Coulombic explosion strongly depends on the initial geometry of the cluster, and, therefore, on the number of
atoms constituting it. This is mainly due to charges hopping during the relaxation, which dramatically affects the
relative kinetic energy of the two ions. We benchmarked the probability of such charge hopping for each cluster
size, and concluded that the size of experimental clusters can be estimated by measuring only the final kinetic
energy of the ions. This was successfully applied to recent experimental results [10].

He** He He* He*

ICD

<

Fig. 1: ICD in helium dimer. After simultaneous ionization and excitation of one helium atom, this excited ion
relaxes and transfers its excess energy to a neighboring helium atom, ionizing it. Due to Coulombic repulsion, the
system fragments.
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E2 transitions between hyperfine structure components of the H;r
molecular ion
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Hydrogen molecular ions, due to the possibility of precise theoretical evaluation of their spectrum, transitions, and
external effect shifts [1], are shown [2] to be of metrological relevance.

In the present work we have calculated the intensity of the electric quadrupole transitions between arbitrary Zeeman
splitted components of the hydrogen molecular ion H2+ hyperfine structure stimulated by laser. The dependence
of the induced transition rates on the laser polarization is thoroughly analyzed. In comparison with earlier results
of Pilon and Baye [3] and Karr [4] our work covers the case of arbitrary laser beam polarization and takes into
account all the details of H, hyperfine structure.
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Photodetachment of O~ from the O(°P) to the O('S) threshold

M. Génévriez*!, A. Dochain' X. Urbain!

1. Institute of Condensed Matter and Nanosciences, Université catholique de Louvain
Chemin du Cyclotron, 2, 1348 Louvain-la-Neuve, Belgium

Although photodetachment of atomic negative ions has been widely studied, experimental work is very often
limited to a few photon energies and targets a specific quantity, either the asymmetry parameter 3 or the total pho-
todetachment cross section ¢. With the advent of widely tunable laser sources, measurements over much broader
photon energy ranges are now feasible. In parallel, the development of the animated-crossed-beam technique for
photodetachment [1] has opened the way to systematic, accurate and absolute cross section measurements, while
the well-established velocity map imaging (VMI) technique is particularly powerful for the determination of asym-
metry parameters and branching ratios. We have combined these techniques to study the photodetachment of O~
in full detail.

In a first experiment, we used the animated-crossed-beam technique, together with a pulsed laser, to measure
the total absolute photodetachment cross section for photon energies ranging from threshold (1.46 eV) to 5.5 eV.
The animated crossed beam technique eliminates the need for estimating the interaction volume, which often
introduces inaccuracies in experimental results, leaving only integrated fluxes to be measured and thus providing
us with a robust and reliable method for absolute measurements. The results, displayed in Fig. 1, confirm the trends
observed in our previous measurement [1]: pronounced disagreements exist with the calculation of Zatsarinny and
Bartschat [2], and with some other absolute experiments [3 — 4].

In a second step, we have constructed a VMI spectrometer in order to measure asymmetry parameters and
final-state branching ratios. The instrument is devised to detect photoelectrons detached from a fast (several keVs)
anion beam entering the VMI perpendicularly to the detection axis. The issues brought by the use of a fast beam
and the perpendicular geometry have been tackled by modifying the original VMI design of Leén et al. [5] in order
to accommodate a deflector and re-referencing unit. Our setup provides an energy resolution of about 2% and an
accuracy of about 5% for 3. We have taken VMI images for photon energies ranging, again, from threshold to
5.5 eV, and the analysis of the data is currently under way. Preliminary results for the asymmetry parameter 3
already show good overall agreement with previous works [6].
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Fig. 1: Absolute photodetachment cross section of O~. Squares: present results, circles: Branscomb et al. and
Smith (see [3] and references therein), triangles: Hlavenka et al. [4], inverted triangles: Genevriez et al. [1], full
line: Zatsarinny and Bartschat [2]. Error bars represent the 20 statistical uncertainty. The insets show the present
results near the OCP) and O('D) thresholds, fitted with the Wigner threshold law (solid line) and with arrows
indicating the position of the various fine structure thresholds.

The present results offer a complete picture of the photodetachment of O~ in terms of absolute total, partial
and differential cross sections, and over an unprecedented range of photon energies. Discrepancies with some
theoretical calculations and some other experiments certainly call for further studies. The present work also stands
as a methodological development paving the way to complete studies of the photodetachment of other atomic and
molecular anions, and of other photoinduced processes.
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Resonant Faraday rotation effect in Rb atoms with the use of a nano-cell:
impact of cell thicknesses on observed spectra
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BP 47870, 21078 Dijon Cedex, France
3. Institute of Electronics, Bulgarian Academy of Sciences 1784, Sofia, Bulgaria

Magneto-optical processes occur once the light interacts with a medium placed in a magnetic field. These
effects are observed in usual cm length cells and are widely used in metrology, atomic spectroscopy, quantum
information, etc. [1]. Among these processes the rotation of plane of polarization of the light, also known as
Faraday Rotation (FR) was studied with use of a Rb atomic vapor contained in a nano-cell placed in a longitudinal
magnetic field.

The cell is placed in a special vacuum chamber and the thickness L = 140 — 1700 nm is controlled by varying

the internal pressure inside the chamber. This new technique allows one to measure cell thickness with better
accuracy than it was done up to now.
Recently, the study [2] showed that the spectral width of absorption spectra takes its minimum value for thicknesses
L= (2n+1)A/2 (A = 795 nm being the resonant wavelenght of the laser tuned to 8Rb D; line), where 7 is an
integer, while for the thickness L = nA the spectral width of absorption spectra reaches its maximum value, which
is close to the Doppler width (several hundreds of MHz), as it presented in Fig. 1(a). This is called revival and
collapse of coherent Dicke narrowing. Due to these effects the cell thicknesses L = A/2 and L = 31 /2 are of
special interest since the obtained width of FR spectra is also several times narrower (~ 60 MHz) than in case of
L= A and L =2A, is shown in Fig. 1(b). For the thicknesses L = A and L = 2A the signal decreases and gets
enlarged as presented in [3]. Such dependence on L is absent in centimeter-length cells.

In comparison: the absorption spectra also have oscillating behavior which is less pronounced than in case
of FR. Fluorescence spectra with the same experimental conditions are also observed. It is important to note
that in contrast to the absorption spectra the amplitude and the line-width of the fluorescence spectra increases
monotonically versus L, without oscillations of the line-width. The possible applications are presented [4].
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Fig. 1: Experimental spectra of Faraday Rotation (a) and absorption (b) of 3>Rb D line atomic transitions recorded
for the thicknesses A/2 < L < 214 of the nano-cell, with the following experimental conditions P = 10 uW,
T=120°Cand B=10G.
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Selective Reflection monitoring of forbidden at zero B-field atomic
transitions of a Rb vapor nanocell
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In the recent work [1] it was demonstrated that the Derivative Selective Reflection (DSR) technique from a
cell having a thickness L ~ 1 /2 (A being the resonant wavelength of the laser radiation), allows the achievement
of strong spectral line narrowing. Another advantage of the DSR is the proportionality of the recorded signal to
the atomic transition probability. These benefits make the DSR-method convenient for the study of closely-spaced
individual atomic transition components in a magnetic field [2].

It is known from the past decades that atomic levels undergo a frequency shift under the influence of a magnetic
field. Besides, the coupling between hyperfine levels lead to a strong modification of the transition probabilities. A
theoretical model covering all B-field range of the Zeeman effect for alkali atoms was proposed in [3], where they
even noted that, due to the coupling, one can expect to detect transitions obeying to the selection rule AF = £2,
i.e. transitions forbidden at zero magnetic field.

Using the DSR advantages, we have analyzed the Rb D; line in a wide range of magnetic field (200 — 1000 G),
with a 6" -polarized cw laser. We demonstrate that the amplitude of 8 initially forbidden transitions (5 for 8Rb, 3
for 8’Rb) become the largest among the 17 transitions of Rb F,=2—F,=1,2,3,4 group, and the 9 transitions
of 8’Rb F,=1— F,=0,1,2,3 group, respectively. The theoretical model is perfectly consistent with the experi-
mental results as it can be seen from Fig. 1 [4].
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Fig. 1: (a), (b): Diagram of the relevant transitions between the Zeeman sublevels of Rb D; line with o™ (left-
circular) laser excitation respectively for the case of $°Rb (nuclear spin I = 5/2), and 8’Rb (nuclear spin [ =
3/2). Transitions labeled in square (for 85Rb) and in circle (for 37Rb) obey to the selection rule AF = +2. (c):
experimentally recorded (red solid line) and calculated (dashed blue line) DSR spectra for the Rb nanocell with
the thickness L ~ A /2 for o laser excitation (P, = 10 uW) and B ~ 950 G.

Among the possible applications of the DSR technique, we can emphasize the following: (i) optical magne-
tometry and metrology, (ii) laser technologies, (iii) thanks to a small divergence of selective reflection radiation
beam, the DSR signal can be easily detected at large distance (~ 10 m away from the nanocell), which can be used
for the remote optical monitoring of magnetic field.
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Algebraic order and quench dynamics in Exciton-Polariton Condensates
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The properties and dynamics of exciton-polariton condensates can, in certain regimes, be described by a stochastic
driven-dissipative Langevin equation [1] (complex Ginzbug-Landau equation with noise), as already applied to the
Berezinskii-Kosterlitz-Thouless transition [2]. Motivated by our related earlier work in the context of trapped cold
atoms [3], we undertake a characterisation of the properties of an incoherently-pumped 2d condensate (focussing
on densities and correlation functions) in terms of appropriate physical system parameters, extending our analysis
to non-equilibrium regimes of experimental relevance [4]. We focus our studies on the out of equilibrium dynamics
of a exciton-polariton condensate when cooled through the Berezinskii-Kosterlitz-Thouless phase transition; here
bound and free vortices and phonons play arole in the change of the first-order correlation function and characterize
the transition from a disordered to ordered state. Then, we discuss dynamical scaling of defects and characteristic
length of the system when quenched across the transition and finally we present some preliminary results on
Kibble-Zurek mechanism in a 2d geometry [5] in which the disordered state is plague with topological defects,
and density of topological defects is related to the cooling rate.

Our work has been conducted with I. Carusotto, in collaboration with A. Zamora, G. Dagvadorj and M. Szy-
manska, with EPSRC funding.

References

[1] A. Chiocchetta, I. Carusotto, EPL (Europhysics Letters) 102, 67007 (2013)

[2] G. Dagvadorj, J.M. Fellows, S. Matyjaakiewicz, F. M. Marchetti, I. Carusotto, M.H. Szymanska, [arXiv:1412.7361v1]
[3] S. P. Cockburn, N. P. Proukakis, PRA 86, 033610 (2012)

[4] W. H. Nitsche et. al., Phys. Rev. B 90, 205430 (2014)

[51 A. Jelic and L. F. Cugliandolo, J. Stat. Mech., P02032 (2011)

*Corresponding author: p.comaron@ncl.ac.uk
TCorresponding author: G.Dagvadorj @ warwick.ac.uk
*Corresponding author: alex.zamora.soto@ gmail.com
$Corresponding author: iacopo.carusotto @unitn.it
ICorresponding author: nikolaos.proukakis @newcastle.ac.uk
HCorresponding author: m.szymaska@ucl.ac.uk

To the list of contents



Poster Session A (Tuesday 16:30) — Poster A50

Charge-state-resolved spectroscopy of highly charged tin ions
for laser-plasma-based nanolithography EUV-light sources
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Laser-produced tin plasmas are used in nanolithography applications for the generation of extreme ultraviolet
(EUV) light around 13.5 nm. Radiation in this wavelength band is primarily generated by electronic transitions
in highly charged tins ions in the charge states Sn®*-Sn'**. Due to the complex couplings present in the various
excited electronic configurations of those ions, thousands of atomic lines cluster around 13.5nm in a so-called
unresolved transition array (UTA). While this makes accurate line identification in the EUV extremely difficult,
optical forbidden transitions, which basically arise within the respective ground state configurations of those ions,
are far less numerous. In those configurations, with far fewer electronic states involved, only from a few up to tens
of optical lines appear. Additionally, the instrumental spectral resolution can also be made much higher. Therefore,
we have systematically investigated such optical emission lines using an electron beam ion trap (EBIT) at MPIK.
We separate the various charge states by stepwise raising the electron energy to selectively produce them, while
simultaneously collecting series of EUV and optical spectra (see Fig. 1). Based on these data as well as on level-
structure calculations obtained with various ab-initio methods, the optical lines found in the spectra were reliably
assigned [1][2]. As a conclusion, earlier assignments of EUV transitions from the literature are found to require
substantial corrections. Comparing the EUV and optical spectra obtained under controlled conditions in the EBIT
with the laser-produced plasma thus provides essential information on the contribution of tin charge states to the
EUYV emission in this region of strong technical interest.

Acceleration potential (V)

Wavelength (nm)

Fig. 1: Composite spectral map of Sn ions obtained at discrete acceleration potential in an electron beam ion
trap (from Windberger et al. [1]). The superimposed curves show the spectra of Sn! I+_gn!4+ at their respective
maximum fluorescence yield. Symbols (a), (b), (c), and (d) mark the most characteristic lines of specific charge
states.
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High-Helicity Vortex Conversion in a Rubidium Vapor
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An optical vortex is a light beam with a helically-shaped wavefront. Such a beam carries an orbital angular
momentum (OAM), which is quantized with a signed integer ¢ related to the helix period. This quantum variable
of light is also called the third momentum of light and is exchanged with matter via quantum rules.

Vortex conversion from a red optical vortex at 776 nm to a blue one at 420 nm is demonstrated for high values
of ¢ ranging -30 to +30. The vortex-conversion uses the 5S-5D two-photon transition in a rubidium vapor cell,
monitored with a Gaussian beam at 780 nm transition plus a vortex beam at 776 nm with helicity ¢. The 5D level
emission creates a pair of photons, i.e. 5.2 um and 420 nm With a parallel co-propagating beam configuration, we
obtain a high-helicity transfer, which respects the OAM conservation as shown in Fig.1.

This process is a promising way for quantum variable transfer in the context of quantum technology.

Fig. 1: Input red vortex (on the left) and generated blue one (on the right). For each ¢ value ({ =5 and —11)
we show the vortex intensity (donut shape) and the measurement of its OAM by auto-interference through an
astigmatic system (patterns with ¢ dark fringes).
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Colliding laser produced plasmas analysis: fast imaging and spectroscopic
study
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The ablation of a target material with a focused high power laser creates a plasma, a mixture of ions, electrons
and atoms. The plasma absorbs significantly more energy than the solid target, creating high ion stages and a very
dynamic system. As the laser pulse ends, the plasma continues to expand into the surrounding space and cools
down.

Creating two laser produced plasmas in close proximity can lead to their collision as they expand. Depending
on the separation between the plasmas and the ion-ion mean free path, the two plasmas can interpenetrate or
collide and form a stagnation layer [1]. The collision causes kinetic to thermal energy transfer [2], and the formed
stagnation layer shows different properties than those of the original plasma, with a longer life time and nearly
isothermal temperature distribution along the cylindrical shape [3]. As such, the stagnation layer has shown to be a
very suitable target for the laser reheat of a plasma [4], a method used in the EUV lithography industry to increase
emission from the plasma in the 13.5 nm region.

In this work we present the evolution of the colliding plasmas and the stagnation layer of a light element (Si,
Z=14) and a heavy element (Pb, Z=82). We view the time resolved expansion of the plasma in the visible region of
the spectrum, viewed at 90° angle with respect to the expansion direction of the two seed plasmas. The integration
time was 10 ns and the time step was 10 ns. An example of an image is shown in Fig. 1. We also present a time
resolved spectroscopic study of the stagnation layer of Si and Pb in the near ultraviolet region (360-415 nm) and
compare the spectrum of single plasma and the stagnation layer.
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Fig. 1: Stagnation layer of Si colliding plasmas 150 ns after the laser pulse, 10 ns integration time,
spectral region 350-800 nm. Plasma expands away from the target on the left edge of the figure.
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A novel off-axis electron gun for electron beam ion traps

S. Kiihn*', Sven Bernitt'-?, Peter Micke’, Thomas Stohlker?, José R. Crespo Lépez-Urrutia'
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In an electron beam ion trap (EBIT) highly charged ions (HCIs) are produced using an electron beam com-
pressed to very high densities, which sequentially ionizes atoms. EBITs usually employ on-axis electron guns
blocking the view along the trap axis, which can constitute a limitation for certain applications, like laser spec-
troscopy, where the external photon beam is lost by hitting the gun. A novel off-axis gun (OAG) was built with
its cathode displaced from the central axis, which is therefore free of any obstacles and thus the photon beam
is available for further experiments downstream. One of the envisaged applications is using HCIs as a new in
situ calibration standard for high energy photon beams as provided e.g. by synchrotrons. First measurements of
dielectronic recombinations on argon ions in a compact 0.86 T permanent magnet EBIT have shown stable oper-
ations of the OAG with a 25 mA electron beam and up to 8 keV beam energy. A high energy beam resolution of
AE =2.6(1)eV could be achieved using low beam currents.
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Observing the Effect of Wavefront Aberrations in an Atom Interferometer
by Modulating the Diameter of Raman Beams

Qin Luo, Le-le Chen, Xiao-Chun Duan, Min-kang Zhou, Zhong-kun Hu*
1. Ministry of Education Key Laboratory of Fundamental Physical Quantities Measurements, School of Physics, Huazhong University of
Science and Technology, Wuhan 430074, People’s Republic of China

Over the last two decades, atom interferometry technique has rapidly developed and was widely used. The
gravity measurement is one of the most successful applications of this technology. Atom interferometry gravime-
ters have reached sub-uGal resolution [1-4] (I uGal = 1 x 1078m/s?), but the accuracy is limited by wavefront
aberrations effect to several yuGal [5-6].

The effect of wavefront aberrations in atom interferometers has been observed by some different methods. In
this work [7], a new method observing this effect has been proposed and demonstrated by experiments. Firstly, the
principle of atom interferometry and wavefront aberrations will be briefly described, furthermore, for observing
the effect of wavefront aberrations in atom interferometer, we proposed to modulate the diameter of Raman beams,
and some calculations and results will be displayed. Last but not least, some experiments have been carried out,
and conspicuous variation of gravity measurement has been observed by using this novel method in our atom
interferometry gravimeter.
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Transmission Diffraction Gratings
for ultrasensitive biosensors and atomic physics

A. Sierant*!, B. Jany!, D. Bartoszek-Bober!, J. Fiutowski’, J. Adam?, T. Kawalec!
1. Marian Smoluchowski Institute of Physics
Lojasiewicza 11, 30-348 Cracow, Poland
2. NanoSyd, Mads Clausen Institute, University of Southern Denmark
Alsion 2, DK-6400 Sg¢nderborg, Denmark

Transmission diffraction gratings are submicron structures with a variety of applications, from OLED light out-
coupling and color filtering to surface plasmon polaritions (SPPs) excitation.

SPPs are collective electron oscillations confined at a metal-dielectric interface, which may be tailored with
subwavelength resolution [1]. This phenomenon is widely used in highly sensitive refractive index sensing [2] and
optical dipole mirrors for cold atoms [3,4,5]. In order to obtain a successful SPPs excitation one needs a strong
photon-to-SPP coupling. The prism-based coupling is classically used, but this method prevents the miniaturized
and compact systems application. An alternative realization is given by the use of a metallic diffraction grating,
where the diffracted light couples to the SPPs.

Here, we propose a metallic transmission diffraction grating with precisely calculated and optimized grating
parameters. The transmission structure is milled in a plain gold deposited on a glass substrate by means of focused
ion beam (FIB) microscope. Subsequently, the grating is investigated with near-field scanning optical microscope
(NSOM) and goniometric far field measurements (Fig. 1 a, b). We support the evidence of our analyses with
numerical calculations done by rigorous coupled wave analysis (RCWA) and finite-difference in time-domain
(FDTD) (Fig. 1 c).

Subsequently, such a structure can be applied in a plasmonic sensor setup and optical dipole mirror for ultracold
atoms.
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Fig. 1: a) Experimental results for transmission grating and CCD images for TE and TM polarized light. b) NSOM
image for both polarizations. ¢) RCWA simulations for SPPs excitation.
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Effect of the Raman beams’ alignment in four-pulse atom gyroscope
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1. MOE Key Laboratory of Fundamental Physical Quantities Measurements, School of Physics,
Huazhong University of Science and Technology, Wuhan 430074, People’s Republic of China

Since the demonstration of the first atom interferometer gyroscope was reported in 1991[1], Sagnac gyroscope
based on Atom interferometry is highly concerned for the reason of high potential sensitivity and small dimen-
sion [2-5]. The alignment of the Raman beams should be carefully adjusted in large area atom gyroscope [6].
Here we theoretically analyze and experimentally demonstrate the effect of the parallel misalignment of the two
Raman beams in four-pulse atom interferometer, what’s more, the influence of space asymmetry of the four-
pulse atom interferometer is also shown coupled with the misalignment of the two Raman beams. With this
method, a four-pulse atom gyroscope with 7=54.25 ms is achieved, the current sensitivity of the atom gyroscope is
1.5x 10 %rad / S / Hz!/2 by the means of vibration compensation.do not include acknowledgments in your abstract.
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Fig. 1: Fig. 1: (a) The configuration of the Raman beams. (b) Contrast measurement for different diameter of the
velocity selection aperture as a function of the angle of the Raman beam in y-z plane.
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Dielectronic-recombination processes in highly-charged
heavy ions observed in ion traps
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V. Ovsyannikov?, K. Huber?, A. Miiller’, and Yu. Ralchenko!
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Leihgesterner Weg 217, 35392 Giessen, Germany
3. Institut fiir Atom- und Molekiilphysik, Justus-Liebig-Universitdit GiefSen
Leihgesterner Weg 217, 35392 Giessen, Germany
4. Department of Physics and Astronomy, Clemson University
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5. Division of Physics, National Science Foundation
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6. Department of Physics, Ivane Javakhishvili Tbilisi State University
1 Chavchavadze Avenue, T’bilisi 0179, Georgia

Correct understanding of ionized-matter environments ranging from plasmas in small laboratory devices to ionized
gas in interstellar clouds in far outer space requires reliable data on elementary atomic processes. Such data
include parameters for numerous mechanisms in wide energy ranges and can, therefore, exclusively be obtained
theoretically. However, for many atomic systems, the accuracy of theoretical approaches generally used for such
purposes is limited. This is especially the case for plasmas including ensembles of highly-charged many-electron
ions of heavy elements. In such cases, experimental data serving as a guiding light for theoretical calculations are
highly desirable.

We report on the X-ray spectra of highly-charged tungsten and iridium ions measured employing the Electron-
beam Ion Trap (EBIT) at National Institute of Standards and Technology [1] and the Main Magnetic Focus Ion Trap
(MaMFIT) at Justus-Liebig Universitit GieBen [2], respectively. The data are shown in Fig. 1. The NIST EBIT
spectra (a), measured from 6.44 through 11.27 keV, reveal series of resonances corresponding to dielectronic-
recombination (DR) processes involving transitions 2¢ — 3¢’ and 2¢ — 4¢' subshells in Ne-like through Mn-like
tungsten. The spectra from the MaMFIT (b), measured at energies 7.1 through 8.65 keV, show resonances corre-
sponding to DR processes involving transitions between 2p — 3d subshells in K-like through Ni-like iridium. The
detailed modeling of the observed spectra has been performed employing the non-Maxwellian collisional radiative
code NOMAD [3] with the atomic data produced by the Flexible Atomic Code. Comparison of the experimental
and theoretical results has revealed a good agreement for both cases of W9 and Ir" spectra.
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Fig. 1: X-ray spectra from EBIT at NIST a) and MaMFIT in Giessen b).
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Developments towards a transverse free-electron target
for the storage ring CRYRING@ESR
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The storage ring CRYRING@ESR will be one of the first operational devices at the upcoming antiproton and
heavy-ion accelerator facility FAIR. As a part of the program of the SPARC collaboration it is intended to install
a dedicated sheet-beam free-electron target at CRYRING@ESR [1]. Electron-ion collision studies with transverse
electron targets were conducted at low-energy single-pass beam lines since the 1960s [2] but a crossed-beams
setup has never been realized at a heavy-ion storage ring, yet. Currently, a new electron gun is being developed
(Fig. 1) that advances previous multi-electrode arrangements [3,4,5] with adaptations to the special requirements
at CRYRING@ESR, namely, free space for the circulating ion beam and stringent vacuum conditions with residual
gas pressures of the order of 10!" mbar. The multi-electrode layout enables a detailed control of electron-beam
parameters such as beam size, electron density and electron energy. Maximum electron energies up to 12.5 keV are
envisaged. The typical beam-size in the interaction region is 8 x 80 mm? at an electron density of up to 109 cm?.

The set-up is optimized for spectroscopy of photons thus enabling many new opportunities for experimental
access to fundamental electron-ion collision processes including excitation, recombination, elastic scattering and
ionization. In contrast to collision studies at a gas-jet target, no target nucleus is present. Hence, observations
of electron-impact excitation or electron-ion recombination are not obscured by competing processes like proton-
impact excitation or non-radiative capture. A further advantage is that the electron-ion collision energy can easily
be changed over a wide range without changing the ion energy.

This work is supported by German Federal Ministry of Education and Research BMBF (contract 05P15SRGFAA),
and the Helmholtz International Center for FAIR, a Hessian state funded Center of Excellence.
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Fig. 1: Current design of the new electron gun, which is still being optimized. The electron beam is directed left
to right.
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Simulating strong control fields in nuclear quantum optics
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X-ray quantum optics has gained considerable momentum during the last few years and opens up an avenue to
study the light-matter interaction beyond the visible regime [1]. While x-rays can in principle interact with the
transitions of atomic inner-shell electrons, driving nuclear resonances forms an interesting alternative [2-4]. In
particular, Mossbauer nuclei with their narrow line widths offer some unique features. The light—matter interaction
can be boosted by cooperative effects between the atoms [2] and systems with complex quantum superpositions
can be operated essentially decoherence-free [3].

However, severe practical limitations arise from the fact that suitable strong control laser fields are generally
not available. Even x-ray free electron lasers are expected to have only a moderate impact on the nuclei, mostly due
to their narrow line width as compared to the bandwidth of typical x-ray pulses. Additionally, coherent multi-color
X-ray sources are not routinely available in the lab. To circumvent this problem, we aim to develop methods which
simulate the effect of strong control fields without actually applying an electromagnetic field.

Our approach is based on fast mechanical motion of the resonant target [4]. In certain configurations, such
mechanical motions on tiny distance and short time scales take the role of the desired control fields and facilitate
manipulations in the temporal as well as the spectral domain. Since our method is compatible with existing and
upcoming x-ray sources, we anticipate that it will fuel new applications in particular with ultra-narrow x-ray
resonances.

In this contribution, I will report on our recent theoretical and experimental results in this direction.
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X-ray laser spectroscopy with highly charged ions using radiation from
synchrotrons and free-electron lasers
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By resonantly exciting electronic transitions with monochromatic light and recording the induced fluorescence
as a function of the light wavelength, it is possible to directly probe the electronic structures of atoms, molecules
and ions. This technique, commonly known as laser spectroscopy, is widely used in physics and chemistry, yielding
highly accurate spectroscopic data. In recent years, the advent of the newest generation of ultrabrilliant light
sources — synchrotrons with undulators and free-electron lasers — has enabled its application in the previously
unaccessible x-ray regime.
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Fig. 1: X-ray laser spectroscopy with an electron beam ion trap (EBIT). Highly charged ions are produced by
repeated electron impact ionization, and trapped radially by the negative space charge of the electron beam as well
as axially by potentials applied to a set of cylindrical electrodes. An x-ray beam is overlapped with the cloud of
trapped ions. Resonantly excited fluorescence is detected and recorded as a function of the x-ray wavelength.

The transportable electron beam ion trap FLASH-EBIT has been used in a number of experiments to provide
targets of trapped highly charged ions for VUV and x-ray radiation from FLASH [1,2], LCLS [3], BESSY II [4] and
PETRA 1I1 [5,6,7]. Our measurements have yielded accurate transition energies [1,2,5,7], natural line widths [5,6],
and relative oscillator strengths [3]. By detecting changes of ion charge states we were also able to detect resonant
photoionization [4] and deduce branching ratios as well as absolute radiative and Auger decay rates [6].

The atomic data obtained is valuable for the interpretation of astrophysical x-ray spectra [3], such as the ones
expected from future satellite missions like the JAXA/NASA X-ray Astrophysics Recovery Mission (XARM)
or ESA’s ATHENA, where a lack of high accuracy spectroscopic data still limits the possible scientific gain.
Furthermore, the study of high-Z few-electron systems provides benchmarks of atomic theory [5,7]. We present
first results of recent experiments with helium-like and lithium-like Ge, Se, Br, and K, testing calculations on the
level of QED contributions.

We also present a new compact electron beam ion trap based on permanent magnets, called PolarX-EBIT. It
has been developed to investigate the possible use of electronic transitions in highly charged ions as future x-ray
wavelength standards, and explore new applications for spectroscopy, metrology and polarimetry.
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Theoretical Studies of Dipole Blockade Parameters using Forster
Resonances in Rb Atoms

Teodora Kirova*!, Arturs Cinins', Marcis Auzinsh?, Ite A. Yu?
1. Institute of Atomic Physics and Spectroscopy, University of Latvia, Riga, LV-1586, Latvia
2. Laser Centre, University of Latvia, LV-1002, Riga, Latvia
3. Department of Physics, National Tsing Hua University, Hsinchu 30013, Taiwan

Rydberg atoms [1] are characterized by a large separation between the electron and the ion core, which leads
to their strong polarizability and extreme long-range dipolar interactions. At short distances the strong resonant
dipole-dipole (DD) interaction is of 1/R* dependence, while the long range interaction is of van der Waals 1/R®
type.

In the phenomenon of dipole blockade [2], the DD interaction causes the applied laser excitations to be off-
resonant, as a result of which only a single atom can be excited within the “blockade sphere” [3] while simultaneous
excitation of two/multiple Rydberg atoms will be suppressed.

Our aim is to find the best experimental parameters necessary to achieve a large (around 50um ) blockade
radius. For that purpose we are deriving a general expression for the DD interaction strength for an arbitrary
Forster resonance transition [4], which will allow us to automatically find the best candidates among the multiple
possible Forster resonances in 37Rb.

Following the procedure outlined in [5], the expression for the DD interaction matrix element between the
initial and final states results in calculating products of two integrals in the solid angles. Due to the properties of
the 3j-symbols [6], most of these integrals have zero values in the case of Forster transitions between states with
definite m j-sublevels, which leaves us with a simple expression for the DD interaction matrix element.

To check the validity of our calculations we compare our results with the magnitute of the dipole-dipole in-
teraction strength obtained for a specific experimental arrangement [7]. In the latter case, the authors base their
calculations of the DD interaction strength on the procedure outlined in [8].

Next, we derive a generalized expression for the DD interaction matrix element between initial and final states
with arbitrary m-sublevels. The generalized expression is further summed over all possible Zeeman components
of the initial and final states, which we implement using numerical techniques.
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Single- and multi-layer platform of individually addressable atomic qubits
for quantum simulation and quantum computation

M. Schlosser*!, D. Ohl de Mello!, D. Schiiffner!, T. Preuschoft', L. Kohfahl!, and G. Birkl'!
1. Institut fiir Angewandte Physik, TU Darmstadt, Schlossgartenstrafie 7, 64289 Darmstadt, Germany

Efficient quantum simulation and quantum information processing requires scalable architectures that guar-
antee the allocation of large-scale qubit resources. In our work, we focus on the implementation of multi-site
geometries based on microoptical systems. This approach allows us to develop flexible, integrable and scalable
configurations of multi-site focused beam traps for the storage and manipulation of single-atom qubits and their
interactions [1]. The application of microfabricated optical elements, such as arrays of microlenses, as the core
enabling technology enhances conventional focused beam trap setups for laser cooled neutral atoms to a scalable
architecture [2]. It transfers the extensive versatility of lithographic fabrication techniques to the light fields gener-
ated for atom manipulation without introducing additional complexity. The use of microlens arrays allows for the
creation of massive multi-site trap arrays with structure sizes approaching the wavelength of the light applied, yet
the geometry is decoupled from the trapping laser wavelength and therefore customizable. Large scale quantum
computing, quantum simulation and quantum error correction will be accessible [3].

We give an overview on the investigation of 8°Rb atoms in two-dimensional arrays of more than 400 individ-
ually addressable dipole traps featuring trap sizes and a tunable site-separation in the single micrometer regime.
Furthermore, we report on a novel technique for the optical creation of 3D multi-layer configurations of 2D peri-
odic quantum registers based on the Talbot effect and demonstrate the trapping and imaging of individual atoms in
integer and fractional Talbot planes [4]. We prepare exactly one atom per site in more than 150 sites of a selected
2D register utilizing light assisted collisions and present single-site resolved addressing in a reconfigurable fashion.

We will discuss progress in introducing Rydberg based interactions and present prospects of our platform for
the investigation of many-body physics. Controllable interatomic distances lead to tunable Rydberg-mediated
dipolar or van der Waals type interactions. Our work is aiming towards the utilization of Rydberg interactions in
the blockade regime for two-qubit gates and in the unblocked regime for the implementation of many-body spin
Hamiltonians, e. g. for the study of topological phenomena.

Fig. 1: Fluorescence images of rubidium atoms stored in a reconfigurable two-dimensional architecture of focused
beam traps. The underlying configuration (background) reflects the 2D-periodic geometry of the microlens array.
The pattern of trapped atoms is subject to external control via a spatial light modulator which is used to selectively
illuminate the corresponding microlenses.
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Ionization spectra of highly Stark shifted rubidium Rydberg states
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1. Center for Quantum Science, Physikalisches Institut, Eberhard-Karls-Universitdt Tiibingen,
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Stark spectra of alkali Rydberg states above the classical ionization threshold exhibit an intricate energy level
structure with strongly varying ionization behaviour, including rapidly ionizing states as well as the extreme of
narrow resonances where ionization is almost suppressed. The latter feature is clearly distinct from hydrogen,
where the ionization rate of a given state grows exponentially with the applied external electric field [1]. The study
of these ionization spectra of non-hydrogenic atoms is therefore of particular interest not only from a fundamental
point of view but also for the prospect of improved control over the ionization process in Rydberg gases.

For the theoretical treatment of such ionization processes a complex absorbing potential (CAP) can be em-
ployed to create a non-Hermitian Hamiltonian [2], leading to complex eigenvalues of the Hamiltonian which can
be used to obtain the energy levels and linewidths, i.e. the ionization rates in the present case. The CAP is added
to the original Hamiltonian in the form —inW (¥). The free parameter 7 is usually determined for every single
resonance of the system by a variational method.

In a previous work [3] we have calculated Stark shifted energy levels including the corresponding dipole
matrix elements by diagonalization of a matrix representation of the Hamiltonian [4]. Here, we combine these
calculations with an adaptive CAP method by choosing a potential that is adjusted to the external electric field.
This removes the need to determine the free parameter 1 for each resonance separately and thereby greatly reduces
the computational effort for the numerical calculation. We calculate ionization spectra near the unperturbed 43S /
and 70S; /, Rydberg states for electric fields far beyond the classical ionization threshold. Furthermore, we present
an experiment in which rubidium atoms in a magneto-optical trap (MOT) are excited to Rydberg states in the
presence of an external electric field. When the atoms ionize from these Stark shifted Rydberg states, the ions are
guided to a detector by an ion-optical system [5]. We have measured ionization spectra by ramping up the external
electric field and scanning the excitation laser frequency near the aforementioned states.

The methods we present here can be used to search for resonances from the ionization spectra, like highly
Stark shifted states which have a desirable ionization rate or sensitivity to the external electric field across a certain
range. Furthermore, this opens up the possibility to tune a coupling between ionizing and non-ionizing states by
the external electric field. This way of tailoring the ionization process is highly useful for the design of sources of
cold ions and electrons for microscopy purposes [6]. Moreover, a precise knowledge of these ionization spectra
opens new perspectives for experiments incorporating Rydberg atoms near surfaces, where static electric fields
arise due to adsorbates [7].
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Fig. 1: Ionization Stark spectrum above the classical ionization threshold with a detuning given relative to the
unperturbed state 70S ». (a) Detected ion signal from the experiment. (b) Results from the numerical calculations.
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Efficient preparation of circular states in He with n > 70
using a modified version of the crossed-fields method

A. Morgan, V. Zhelyazkova, S. D. Hogan
Department of Physics and Astronomy, University College London, Gower Street
London WCIE 6BT, United Kingdom

Atomic helium is particularly appealing for use in the development of hybrid approaches to cavity quantum electro-
dynamics (cavity QED) with Rydberg atoms coupled to superconducting microwave circuits. This is because in
cryogenic environments it does not easily adsorb onto surfaces minimising the detrimental effects that can arise
with alkali metal adsorbates [1]. The low mass of helium means that when excited to Rydberg states it can be
efficiently transported and manipulated using chip-based guides [2], decelerators [3], and traps [4]. Helium can
also be laser cooled in the metastable 152s 35 level [5, 6] and the laser radiation required for efficient two-photon
excitation to Rydberg states from the 1525 3S; level is readily generated using commercially available diode laser
systems.

For many hybrid cavity QED experiments it is desirable to use circular Rydberg states (with £ =my =n—1,
where ¢ and |m,| are the orbital angular momentum and azimuthal quantum numbers, respectively). This is because,
circular states exhibit no first-order Stark shift, resulting in low sensitivity to stray electric fields and hence longer
coherence times. Due to the selection rules for electric dipole transitions a system consisting of two consecutive
circular states (where An = 1) represents a quasi two-level system, in that the only allowed transitions out of
the two-level system is from the lower energy state, and these are weak. This leads to long radiative lifetimes
(e.g. 46ms for the |n = 55,4 = 54,m; = +54) state, scaling with n°). At large values of n, An = +1, Amy = +1,
circular-to-circular transitions are in the microwave domain, with transition frequencies v < 40 GHz for n > 50, and
v <20 GHz for n > 69. Lower transition frequencies are particularly desirable for hybrid cavity QED experiments
as they impose fewer restrictions on the microwave circuitry, allow for longer microwave resonators which leads to
longer atom-resonator interaction times, and permit interfacing with superconducting qubits which typically have
transition frequencies in the 5-10 GHz range [7].

Efficient preparation of n = 55 circular states has recently been demonstrated using the crossed-fields method
[8]. However, for larger values of n the efficiency of this method is limited by effects of electric field noise at the
time of laser photo-excitation. Here, we present a modified version of the crossed-fields method which overcomes
this problem. To prepare the |n,n— 1,4+(n—1)) circular state, this first involves exciting the atoms from the
1525 38 level to the 1s(n+2)s 3S; Rydberg state in zero electric field. An electric field is then slowly turned
on causing the atoms to adiabatically evolve through the first avoided crossing with the Stark states of the n 4 1
manifold, and switching it from a high-field-seeking to a low-field-seeking state. A resonant microwave pulse then
transfers the population in this state to the outermost, low-field-seeking Stark state of the n manifold which has
a similar static electric dipole moment. Finally, the electric field is adiabatically switched off causing the state to
evolve into the n circular state in the perpendicular magnetic field. The circular states are then detected by ramped
electric field ionisation and probed using microwave spectroscopy.
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A Rydberg-atom beam splitter

J. Palmer*! and S. D. Hogan'
1. Department of Physics and Astronomy, University College London, Gower Street, London WCIE 6BT, U.K.

The very large static electric dipole moments of high Rydberg states of atoms and molecules (> 10000 D for
states with principle quantum numbers n > 51) can be utilized to control the motion of gas-phase samples using
inhomogeneous electric fields [1]. This has led to the development of sets of chip-based devices to guide [2][3],
decelerate [3][4][5] and trap [4][5][7] Rydberg atoms and molecules. To further realise a complete Rydberg-
laboratory-on-a-chip the development of Rydberg-atom beam splitters with similar electrode geometries is partic-
ularly valuable. Such devices will be useful in a wide range of experiments including (i) splitting Rydberg atom
beams to distribute atoms among arrays of superconducting resonators, (ii) the development of Rydberg-atom
interferometers, and (iii) using one part of a split beam as an intensity reference in collision and spectroscopy
measurements.

The design and experimental implementation of a Rydberg-atom beam splitter will be presented. In this work
beams of helium Rydberg atoms were split into pairs of components using static electric fields and separated by
up to 15.6 mm. The operation of the beam splitter was characterised by position sensitive electric field ionisation
of the Rydberg atoms. The interpretation of the experimental data was aided by comparison with the results of
numerical particle trajectory simulations.
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Rydberg-mediated long-range interactions between stored optical photons
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Matthew P. A. Jones', and Charles S. Adams'

1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DH1 3LE, UK

Rydberg non-linear optics [1] has emerged as a viable approach to induce strong effective photon-photon interac-
tions, e.g. for applications in optical quantum information processing. Using electromagnetically induced trans-
parency and photon storage, the um-ranged dipolar interactions between collective Rydberg excitations, can be
mapped onto photons. So far, experiments focused on observing Rydberg-mediated photon interactions between
overlapping modes within a single cold atomic medium [1]. Recently however, we have demonstrated an effective
‘contactless’ interaction between photons stored as collective Rydberg excitations in two spatially separate atomic
ensembles and propagating in non-overlapping modes [2].

During storage, van-der-Waals interactions between the excitations alter the phase relation between the indi-
vidual atoms that contribute to the collective states. As the phase shifts are not spatially uniform, retrieval of the
photons in their original modes is suppressed. The effect of the interactions can be observed as an anti-correlation
in the statistics of the light retrieved in the original modes. We observe how the interaction varies while changing
the distance between the clouds (see Fig. 1), the Rydberg state employed for storage, and the interaction time.

The stored photons can be coherently controlled using an additional microwave field which drives transitions
between Rydberg states. Interfacing with microwaves allows to drive high-fidelity Rabi oscillations while the pho-
tons are stored and to shape the retrieved pulse [3]. The degrees of freedom provided by contactless, long-range
effective interactions between stored photons combined with microwave control of their state and phase may lead
towards a Rydberg-based all-optical quantum gate [4] and applications in quantum simulation.
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Fig. 1: (a) The effect of ‘contactless’, Rydberg-mediated photon interactions can be observed as an anti-correlation
(ng) < 1) between channels A and B in the retrieval. It emerges as the distance between the individual storage
media and optical modes is reduced. (b) Rydberg-mediated interactions also lead to the retrieval of highly non-
classical light in the individual channels as indicated by the suppression of the single channel correlation functions
gi( B < 1. The results are in good agreement with a theoretical phase-shift model (grey lines).
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The coupled-channel deperturbation analysis
of the mixed (1 ~ 2)'I1, 1°T1, 2'=* and 232" states
of KRb molecule

Sergei V. Kozlov*!, E. A. Pazyuk', A. V. Stolyarov!
1. Chemistry Department, Moscow State University, Moscow 119991, Russia

The stimulated Raman adiabatic passage (STIRAP) [1] is widely used to create alkali diatomic molecules
in their absolute ground state. This two step optical process involves intermediate excited rovibronic states which
should be singlet-triplet mixed to provide an appropriate efficiency of nominally forbidden singlet-triplet transitions
from the uppermost levels of both singlet X'=* and triplet a*~* ground states [1]. In the case of alkali diatomics
containing heavy atoms (such as Rb or Cs) spin-orbit coupling indeed leads to pronounced mutual perturbation of
low-lying excited states. Moreover, due to the vicinity of atomic energies of the first excited 4°P(K) and 5*P(Rb)
states electronic the structure of the KRb molecule is additionally perturbed by a strong radial coupling effect
between states possessing the same spatial and spin symmetry [2].
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Fig. 1: a) Potential energy curves of the electronic states converging to the second and third dissociation limits; b)
Spin-orbit coupling (SOC) functions between the electronic states converging to the second and third dissociation
limits [2].

Recently, we performed a local deperturbation analysis of the experimental rovibronic term values mainly
belonging to the (1 ~ 2)'TT and 2'=* ~ 13IT complex of KRb [2,3]. In the present, work we significantly expand
the examined energy manifold by involving the close-lying (1,2)'TI, 13T, 2'£+ and 232+ states in the explicit
coupled-channel (CC) deperturbation treatment simultaneously. Potential energy curves for isolated states of the
(1 ~ 2)'TT complex and relevant spin-orbit coupling (SOC) matrix elements were presented in a diabatic basis [2]
to simplify the numerical solution of the CC equations. The corresponding non-adiabatic eigenvalues and multi-
channel eigenfunctions were found using a finite-difference scheme combined with a Richrdson extrapolation to
the zeroth step. Analytical mapping was applied to improve the efficiency of the solution [4]. Using predicted
rovibronic energies, as well as radiative lifetimes and linewidths, calculated from high level ab initio transition
dipole moments, we further reanalyzed transition probabilities of the optical cycle a*X* (v,J = 0) — [T~ 2'TT ~
215t ~ 238t ~ 1) (v,J = 1) — X'EF (v = 0,J = 0) for a wide range of the vibronic excitations.

The work was partly supported by the RFBR grant N 16-03-00529-a.
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A cold atoms platform for testing the computational power of discord

K. Krzyzanowska*!, R. Romain', M. Copley-May', A. Odufowora', C. MacCormick', S. Bergamini'',
1. School of Physical Sciences, Faculty of Science, Technology, Engineering and Mathematics (STEM), The Open University
Walton Hall, Milton Keynes MK7 6AA, UK

Quantum computing models are generally based on the manipulation of qubits in highly pure states and the ex-
ploitation of entanglement to implement logic gates. Even if these conditions are satisfied for few qubits, scalability
remains a challenge and the computational power is limited by the system’s architecture. Deterministic Quantum
Computing with One Clean Qubit (DQCI1) [1] is a novel class of algorithms where only one control qubit is re-
quired to be in an almost pure state, while the target ensemble of qubits is initially prepared in a mixed state. In
this case, interactions between atoms enable nonclassical correlations other than entanglement, namely discord.
In [2] it was proposed that discord would provide sufficient quantum enhancement to solve a particular class of
classically intractable computations.

Our project is the first attempt to use atoms to demonstrate the scalability of the DQC1 protocol, since the first
demonstrations of DQC1 concept using 2 photonic qubits [3], and four NMR-based qubits using carbon nuclei [4].
Cold atoms are a natural platform to perform DQC1 and scale it up, as it is possible to load micrometer-size dipole
traps with a controllable number of atoms, ranging from one to many, by varying the trap’s parameters and loading
rate [5-7]. We aim to demonstrate the DQC1 protocol for just a few atoms in the target ensemble initially to verify
the model’s prediction from [8], using a scheme in which the information processing is realized through the CNOT
gate based on Rydberg blockade [9]. The implementation of this protocol imposes very stringent requirements on
the dipole trap: to perform CNOT gate with high fidelity it is required that a full Rydberg blockade is operating
throughout the extent of the ensemble. Moreover, the loss rate of the atoms needs to be kept to a minimum, as the
loss of one atom during the processing or readout stages would result in loss of information.

In this work we report on the progress of the development of a cold atoms platform to demonstrate DQCI. In
our experimental setup a vapour of 8’Rb is first trapped in a MOT and cooled to sub-Doppler temperatures. Atoms
are subsequently trapped in two adjacent dipole traps (Fig.1 (left)), to encode the qubits in the hyperfine structure
of the ground ®’Rb state. Our experimental setup is based on using a high-N.A. lens to achieve a sub-micron
trapping potential and simultaneously observe trapped atoms with a micrometre resolution (Fig.1 (center)). The
trap lifetime is limited by the background collisions, therefore vacuum is maintained on the level of 10~!° Torr.
Fig.1(right) shows the fluorescence from about 50 atoms held in the single dipole trap, characterized by a 2.5s
lifetime and Sum waist.
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Fig. 1: (left) Two adjacent dipole traps, control and target ensemble, filled with a single and many atoms respec-
tively. (center) Implementation of dipole trap with 87Rb. A strong laser beam acts on the high N.A. lens and is
focused in the center of the MOT. Fluorescence light is collected by the same lens and directed onto the ICCD.
(right) The fluorescence image of 48 +6 87Rb atoms within dipole trap.
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Towards measuring the absolute frequency of Rydberg levels in *°K.

Prosenjit Majumder*' and Simon Cornish!
1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DHI 3LE, UK

Since last few years atoms and molecules have been studied extensively for precision measurements for fun-
damental physics, such as exact measurement of Rydberg transition frequency [1], time, length, mass and the
gravitation constant measurements [2-5]. Due to large dipole moments Rydberg atoms are attracting a large field
of research, as their quantum states can be prepare and manipulate with large precision and can be controlled by
electromagnetic fields. Due to large polarizability and dipole moments Rydberg atoms are responsive to the static
and dynamic electric field with levels shifts and therefore sensitive to microscopic as we as macroscopic objec-
tive. For precision measurements of such interactions and accurate quantum state control is beneficial to know the
unperturbed Rydberg energy levels that we trying to quantify in this present work with *°K atoms.

In our work we are using 45, — 5Py, as a probe to detect the EIT signal, which is locked using modulation
transfer spectroscopy (MTS) technique [6]. And we use another coupling laser for 5Py, — nS;/; to populate
the desired Rydberg levels and detect an electromagnetically induced transparency (EIT) signal. The signal is
generated by a velocity selection scheme [7-9], which mitigates superposition of EIT by Doppler shifts for coupling
wavelengths larger than the probe wavelength. In this scenario, a strong optical pumping beam, which is counter-
propagating to the EIT probe beam, transfers atoms between hyperfine states. The transition frequencies between
5P, and nS; ), states in **K are obtained via EIT spectroscopy in a 10 cm heated **K vapour cell. After calibration
of the Rydberg transition 4S; , — nSy,, via the use of a wavelength meter and a frequency comb, we are able to
measure the absolute frequency of Rydberg levels [1] for K.

Currently, we measured the Doppler and Sub-Doppler features for the 4S;, — 5P, transition. After I iden-
tifying the atomic transitions we able to lock our laser at a specific atomic transition using MTS technique. Next
step of our experiment is introduce coupling laser and perform the EIT spectroscopy.
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Creating Feshbach resonances for ultracold molecule formation with
radiofrequency fields

Daniel J. Owens*!, Ting Xie, Jeremy M. Hutson'!
1. Joint Quantum Centre (JQC) Durham-Newcastle, Department of Chemistry, Durham University
South Road, Durham DHI 3LE, UK

Polar molecules formed from ultracold atoms are opening up new possibilities for quantum-controlled chemistry
[1], precision measurement [2-4], quantum computation [5], quantum phase transitions [6] and quantum simulation
[7]1. Molecules are first formed by magnetoassociation, in which atom pairs are converted into weakly bound
molecules by ramping a magnetic field across a magnetically tunable Feshbach resonance. The resulting “Feshbach
molecules” are then transferred to the polar ground state by stimulated Raman adiabatic passage (STIRAP).

A major problem in this field is that the magnetoassociation step is possible only if there is a Feshbach res-
onance of suitable width at a magnetic field where there is a lucky combination of intraspecies and interspecies
scattering lengths. Ideally, all three scattering lengths have moderate positive values to allow cooling, condensate
formation and mixing of the two atomic clouds. This is the so-called one-field problem, because a single field must
be chosen to satisfy several different criteria, and such a field may not (often does not) exist.

Radiofrequency (RF) fields can be used to produce new Feshbach resonances that offer additional possibilities
for magnetoassociation. In particular, they may be used to produce resonances at magnetic fields where the scat-
tering lengths have desired properties. Formally similar resonances have been considered in homonuclear systems
[8-11], and molecules have been formed by direct RF association [12-13]. We propose that rf-induced resonances
may provide a solution to the one-field problem in heteronuclear systems.

We show that RF radiation may be used to create Feshbach resonances in ultra-cold gases of alkali-metal atoms
at desired magnetic fields that are convenient for atomic cooling and degeneracy. For the case of 3*K+'33Cs, where
there are no RF-free resonances in regions where Cs may be cooled to degeneracy, we show that a resonance may
be created near 21 G with 69.2 MHz RF radiation. This resonance is almost lossless with circularly polarized RF,
and the molecules created are long-lived even with plane-polarized RF.
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Inelastic losses in radiofrequency-dressed traps for ultracold atoms

Daniel J. Owens*! and Jeremy M. Hutson'!
1. Joint Quantum Centre (JQC) Durham-Newcastle, Department of Chemistry, Durham University
South Road, Durham DH1 3LE, UK

Radiofrequency-dressed traps [1-2] have been widely used [3] to confine ultracold atoms in complex geome-
tries, including shells [4] and rings [S]. These geometries are valuable in many fields including atom interferometry
[6] and the study of low-dimensional quantum systems [7]. The atoms are trapped using a combination of mag-
netic and radiofrequency (RF) fields, and are confined in an adiabatic potential obtained by diagonalizing a simple
Hamiltonian in a basis set of rf-dressed atomic states.

Most experimental work with RF-dressed traps to date has used 3’Rb atoms. However, there is considerable
interest in extending this to other atomic species. We use coupled-channel calculations to explore the rates of RF-
induced inelastic collisions theoretically. We calculate the rates of losses due to RF-induced inelastic collisions for
ultracold alkali-metal atoms in RF-dressed traps. By contrast to spin-relaxation collisions, RF-induced inelastic
collisions are not suppressed by centrifugal barriers in the outgoing channel. We compare the rates of RF-induced
collisions with those of spin-relaxation collisions. We find that 8’Rb is a special case, where RF-induced losses
are slow compared to spin-relaxation losses. For most other alkali-metal pairs, RF-induced losses are expected to
be much faster and may dominate.
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Superstatistical energy distributions of an ion interacting with a neutral
buffer gas

L Rouse*!, S. Willitsch!,
1. Department of Physical Chemistry, University of Basel, 4056 Basel, Switzerland

An ion held in a radiofrequency (RF) trap interacting with an ultracold buffer gas allows for the study of
two- and many-body physics in a regime of intermediate interaction strengths, notably including collisions and
chemical reactions at very low energy [1]. The cross-section for these processes in this regime typically exhibits
a complex dependency on the collision energy, requiring a thorough characterisation of the energy of the ion to
make comparisons between theoretical and experimental results. This is complicated by the fact that during elastic
ion-atom collisions energy is transferred between the thermal (secular) motion of the ion and the RF field, leading
to multiplicative fluctuations of the ion’s secular energy [2,3]. The resulting secular energy distribution exhibits
a power-law tail and has frequently been described using Tsallis statistics, but thus far this has been a purely
empirical choice [2,4].

Recently, we have used the formalism of superstatistics to show that a simplified model of the collision process
leads to Tsallis statistics for the secular energy of the ion [5,6]. Through numerical simulations we have confirmed
that the model correctly predicts the power-law exponent as a function of the ion-atom mass ratio and the trap
parameters, paving the way for experimental control of the energy distribution. Furthermore, it is possible to map
a superstatistical system onto a canonical ensemble at a fixed temperature, and hence our method provides a general
framework to calculate the statistical mechanics and thermodynamic functions of an ion interacting with a buffer

gas [7].
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Fig. 1: a) Energy distribution of an ion in a radiofrequency ion trap interacting with a buffer gas from simulations
(points) and the predicted distribution (solid lines) for Mathieu parameters ¢ = 0.1 (blue) and ¢ = 0.5 (red) at
a mass ratio m,/m; = 0.25. b) The power-law exponent ny over a range of mass ratios for Mathieu parameters
g =0.1 (blue) and g = 0.5 (red) found from simulations and compared to the predicted values. The green dashed
line indicates the approximate exponent for ¢ < 0.4 from [3].

We present an overview of the model and a comparison of the predicted power-law exponent to the results of
numerical simulations, confirming the ability to fine-tune the energy distribution of the ion by altering experimental
parameters. We also discuss the extensions to the model necessary to take into account an inhomogenous buffer gas
and the effects of excess ion micromotion induced by stray electric fields to provide a comprehensive description
of the dynamics of an ion in a hybrid ion-atom system [4,8].
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An Optical Quasicrystal for Ultracold Atoms

Matteo Sbroscia*!, Konrad Viebahn!, Edward Carter!, and Ulrich Schneider!
1. Cavendish Laboratory, AMOP group, J. J. Thomson Avenue, Cambridge CB3 OHE, UK

Ultracold atoms in optical lattices are a powerful tool to investigate many-body physics of interacting particles in
periodic potentials. The main objective of our experiment is to extend this level of control to quasiperiodic poten-
tials, by realising an optical quasicrystal. Quasicrystals are long-range ordered structures that display rotational
symmetries forbidden for periodic crystals, resulting in a potential landscape described by an aperiodic arrange-
ment of sites with more than one unit cell, similar to the well-known Penrose tiling. They were first observed in
the 1980s by Dan Shechtman using diffraction experiments, where quasicrystals would still display sharp Bragg
peaks, because of their long-range order, though in dense sets, tapering off into the continuum expected for an
amorphous solid. This places them in an interesting middle ground between periodic and disordered systems and
highlights their potential for novel many-body physics. For example, we expect novel transport phenomena, likely
related to many-body localisation, as well as an intriguing link to higher-dimensional physics: a 2D quasicrystal
can be derived from a periodic 4D “parent” crystal using the cut-and-project method, inheriting the edge states and
topological properties of the parent. These systems might furthermore contain interesting novel phases at strong
interactions. Our apparatus is almost completed; we have obtained a 8’Rb BEC at the end of April, and will likely
start lattice experiment in the Summer.
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Molecular beam brightening by shock-wave suppression

Yair Segev*, N. Bibelnik, N. Akerman, Y. Shagam, A. Luski, M. Karpov, J. Narevicius and E. Narevicius'
1. Department of Chemical Physics, Weizmann Institute of Science, Rehovot 7610001, Israel.

Supersonic beams are a prevalent source of cold atoms and molecules used in a wide variety of experiments. The
triumph of this method emanates from the high densities produced in relation to other methods; however, beam
densities have long been limited by interference with shock waves reflected from collimating surfaces. We show
experimentally that this shock interaction can be reduced or even eliminated by cryocooling the interacting surface.
An increase of nearly an order of magnitude in beam density was measured at the lowest surface temperature,
with no further fundamental limitation reached. Visualization of the shock waves and reproduction with dilute
gas simulations indicate that the suppression of the shock structure is caused by lowering the momentum flux of
reflected particles. We observe that the scaling of beam density with source pressure is recovered, paving the way
to order-of-magnitude brighter, cold molecular beams [1].

Fig. 1: Shock wave interference in a room-temperature skimmer, visualized using plasma discharge.
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Many-body localization due to random interactions

Piotr Sierant *!, Dominique Delande’, Jakub Zakrzewski'
1. Marian Smoluchowski Institute of Physics Lojasiewicza 11, 30-348, Cracow, Poland
2. Mark Kac Complex Systems Research Center, Cracow, Poland
3. Laboratoire Kastler Brossel, UPMC-Sorbonne Universités, CNRS, ENS-PSL Research University,
Collége de France; 4 Place Jussieu, 75005 Paris, France

Many-body localized (MBL) systems, i.e. systems that do not thermally equilibrate under their own dynamics
but rather evolve in such a way that the memory about local features of the initial state is preserved, have recently
received a lot of attention. MBL has been observed in a system of interacting fermions in one-dimensional quasi-
random optical lattice [1]. We inquire whether a system, which posesses a fully delocalized eigenstates in absence
of interactions can exhibit MBL.

A system of ultracold bosons in one-dimensional optical lattice with disordered on—site interparticle interac-
tions is numerically investigated. Examination of level spacing distributions at various interaction strength ampli-
tudes U (Fig. 1.) reveals a transition from statistics for Gaussian Orthogonal Ensemble of matrices characteristic
for ergodic system to Poissonian statistics for large U which is a feature of localized system. Time evolution of
initially prepared density—wave states explicitly shows that the system is non—ergodic: imbalance between occupa-
tions of even and odd sites of the lattice acquires a non—zero stationary value (Fig. 2.) in contrast to thermalizing
systems for which one expects total decay of the initial density profile.

The two properties allow us to conclude that MBL occurs in the system as one increases the interactions [2].
The observed localization is an inherent effect of the interactions and thus a genuine many-body effect. Further
calculations provide information about effects of Griffiths regions on MBL transition and mobility edge in the
system.
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Fig. 1: Level spacing distributions during the transition between ergodic and many—body localized regimes. Lim-
iting distributions are displayed in the inset, whereas the crossover region for intermediate values of interactions
strength amplitude is shown in the main part of the figure.
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Fig. 2: Stationary value of difference between populations of even and odd lattice sites obtained during time
evolution of various initial density wave states. Ergodicity breaking for different initial states at different U suggests
presence of mobility edge in the system.
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Observation of Fano-Feshbach resonances in ultracold gas of thulium

Vladislav Tsyganok*'2, E.T. Davletov'2, I.S. Cojocaru'>> and A.V. Akimov'>*
1. Russian Quantum Center,
Business center “Ural”, 100A Novaya str., Skolkovo, Moscow, 143025, Russia
2. Moscow Institute of Physics and Technology,
Institutskii per. 9, Dolgoprudny, Moscow region, 141700, Russia
3. Texas AM University,

4242 TAMU, College Station, Texas, 77843, USA
4. PN Lebedev Institute RAS,

Leninsky prospekt 53, Moscow, 119991, Russia

Fano-Feshbach resonances play extremely important role in controlling interaction between particles in ultracold
quantum gasses and quantum simulators. These resonances provide a way to vary interaction strength between
atoms in the cloud by changing scattering length of elastic collisions in wide range using magnetic field. While in
alkaline atoms these resonances could only be observed in relatively high magnetic fields, in rare earth elements
because of high orbital moment in the ground state one could expect number of low-field Fano-Feshbach at low
(few Gauss) field. Indeed, such low field resonances been already observed in dysprosium and erbium [1], [2].

In this contribution, we report first observation of low-magnetic field Fano-Feshbach resonances in ultracold
thulium (see Figure 1). Been on the resonance atoms experience strong modification of the scattering length,
which also lead to increased rate of 3-body inelastic collisions and therefore enhanced loss of atoms from the
optical dipole trap.
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Fig. 1: Magnetic field depended losses were observed and clearly demonstrate number of low field Fano-
Fieshbach resonances.

In our experiments, atoms were prepared in narrow transition magneto-optical trap (MOT) [3]. A cooling
process consists of three stages: the first-stage cooling at a broad transition at wavelength 410.6 nm and natural
linewidth 10 MHz. The second-stage cooling at weak transition at wavelength 530.7 nm and natural linewidth 350
kHz. This procedure allows us to obtain 107 atoms with a temperature about 18 uK in a MOT.

After that atoms were trapped into optical dipol trap (ODT) that is formed by two laser beam at wavelength 532
nm with a power up to 4 W focused into MOT region. To increase the efficiency of the overload into ODT we use
oscillations of the horizontal beam which leads to increase the capture area. The oscillation frequency of 40 MHz
is much higher than the characteristic frequencies of oscillations of atoms in a dipole trap. This allows us to avoid
heating in ODT because atoms see only the time-averaged potential of the shaking beam. Thus, by controlling the
intensity and the waist of the horizontal beam of optical dipol trap, we realized evaporative cooling. It allows us to
cool the cloud to the temperature around 3 uK.

After preparing atoms in ODT we switch on a homogeneous magnetic field for 300 ms and then measure number
of atoms stayed in the trap.
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A new design of a high-flux Source of cold strontium atoms

Dongyang Xu*, Rowan Moore, Christopher Foot
1. Department of Physics, University of Oxford
Parks Road, Oxford OX1 3PU, UK

Strontium is an alkaline earth metal with two electrons in the outer shell giving it significantly different prop-
erties from other alkali metals. Key features relevant to quantum technology are i) the existence of very narrow
transitions that are used for optical clocks (alkalis only have narrow microwave transitions, e.g. the hyperfine
splitting of Cs), ii) two-stage laser cooling on strong then weak transitions gives very low temperatures quickly,
and iii) some isotopes of strontium have a low sensitivity to inter-atomic collisions and magnetic fields which is
a big advantage for clocks and interferometers. Typical apparatus for laser cooling of strontium is 50 to 100cm
long with multiple stages: atomic oven, transverse collimation, slowing as the atoms pass along a tube through a
magnetic solenoid, deflection (to avoid line of sight to the oven) and finally collection in a magneto- optical trap
(MQT). Our proposed design is 15-25 cm long, which is design of a compact source of cold strontium atoms using
a two-dimensional magneto-optical trap with a ‘push’ laser beam (a 2D+ MOT). We have designed and machined
highly-efficient but small strontium oven, which can heat up to 700°C.
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Collisions in ultracold polar bosonic RbCs molecules
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Experiments using ultracold molecules are a growing area of research, opening up a wide range of new and
interesting research directions within the fields of ultracold chemistry, precision measurement, quantum simula-
tion and quantum computation [1]. Heteronuclear molecules, such as RbCs, exhibit permanent electric dipole
moments, providing tunable long-range anisotropic dipole-dipole interactions. Ultracold molecules also exhibit a
rich internal structure of rotational and vibrational energy levels. This provides a vast array of energy levels to
explore, with much scope for state manipulation and potential for applications such as long-term qubit storage
[2]1[3][4] and the creation of pseudospins to simulate quantum magnetism [5][6]. The field of ultracold molecules
is still in its experimental infancy, with only a small number of groups able to produce trapped samples of ultracold
heteronuclear molecules in their rovibronic ground state [7][8][9][10][11].

At the Joint Quantum Centre in the Department of Physics, Durham University we have developed an apparatus
capable of making samples of up to 4000 ultracold RbCs molecules in their rovibronic ground state [12]. We
cool a mixture of Rb and Cs atoms, use Feshbach association to create RbCs molecules [13], and stimulated
Raman adiabatic passage (STIRAP) to drive the molecules into their rovibronic ground state with > 90 % efficiency
[9][12]. We have demonstrated the use of microwave fields to control the rotational and hyperfine state, fully
characterising the complex hyperfine structure in the process [14].

Although much progress has been made in the control and understanding of ultracold molecules, there are still
many questions to be addressed, particularly in the realm of ultracold collisions. RbCs molecules are considered
nonreactive due to the endothermic nature of the two-body process [15]. However, two molecules may stick
together to form a long-lived four-body complex, these ‘sticky collisions’ may lead to trap loss if a third molecule
collides with this complex during its lifetime [16]. We are working to understand and control the collision and
loss mechanisms of RbCs molecules in optical lattice and dipole traps, including atom-molecule collisions and
molecule-molecule collisions in a range of hyperfine and rotational states. We present our recent progress and
findings.
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Ultracold polar molecules offer a wide range of exciting research directions owing to their long-range anisotropic
dipole-dipole interactions. In particular, ultracold heteronuclear molecules possess the long-range interactions
needed to engineer an important class of problems relevant to condensed-matter physics [1] [2], with proposed
applications spanning the fields of ultracold chemistry and precision measurement [3]. Additionally, the internal
degrees of freedom of molecules can be used to encode quantum information and present new possibilities to
engineer interparticle interactions when coupled to external electric and microwave fields [4].

We have developed an apparatus for producing ultracold mixtures of K and Cs, with the aim of producing
trapped samples of ultracold fermionic KCs molecules in their rovibronic ground state. We have chosen to work
with these atoms as KCs molecules are one of only a few bi-alkali molecules that are stable against reactive
collisions of the form 2AB — A, + B, and 2AB — A;B + B [5]. Furthermore, Cs possesses a very rich spectrum
of intraspecies Feshbach resonances allowing precise control of the intraspecies interactions, which is important
for producing a miscible quantum-degenerate mixture.

We are working towards measuring the spectrum of interspecies Feshbach resonances for all K isotopes, similar
to work in [6], and towards creating trapped samples of weakly bound “°KCs Feshbach molecules. We present our
recent research and findings.
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Laser Cooling of YbF Molecules for Measuring the Electron’s Electric
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At the Centre for Cold Matter, we measure the electron’s electric dipole moment (€EDM) by observing the electric-
field induced spin precession of YbF molecules [1]. Theories that extend the Standard Model generally contain
additional sources of CP violation and predict an eEDM that is large enough to measure by today’s experiments.
Indeed, recent measurements have already ruled out some such theories [1-3].

Laser cooling of a beam of diatomic molecules was first demonstrated in 2010 [4], and this new field promises
a number of applications including cold chemistry, quantum simulations and quantum information, and precision
measurements. A laser-cooled beam of YbF could increase the experiment’s sensitivity by two orders of magnitude
[5]. We recently observed 1D transverse laser cooling of our YbF cryogenic buffer gas beam, implementing the
cooling scheme described in Ref. [6]. We observed evidence of both Doppler and Sisyphus cooling.
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Fig. 1: A sample transverse position distribution of the molecular beam indicating evidence of Sisyphus cooling

(blue curve) and heating (red curve). The signal at each point is divided by the signal measured when the cooling
light is blocked.
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Precise determination of dispersion and absorption properties of medium, notably on far wings of atomic
resonance remains a challenge. We report on direct retrieval of the group refractive index in the spectral region of
~ 30 GHz covering hyperfine structure of Rb D, line, exploiting reflection spectrum from the optical cell where
rubidium atoms are buffered by a high-density cesium vapor [1].

In our experiment we use a vapor cell with non-parallel windows, which does not exhibit interference effects
associated with multiply reflected light from cell’s boundaries outside the resonance. Nevertheless, in the vicinity
of resonance line the vapor cell behaves as a low-finesse Fabry—Pérot cavity. We attribute this behavior to fiber-type
radiation channeling built up because of buffer gas-imprisonment of resonant atoms inside the laser beam. Group
refractive index across the studied spectral region was determined from the frequency positions of interference
oscillations of the reflected beam intensity.

The experimental results were compared with theoretical calculations based on the model presented in [2]. In
this theory we consider one-dimensional problem with parallel boundaries, considering multiple reflection regime.
The obtained results are fully consistent with experimental reflection spectra taken at different temperature condi-
tions. Fig.1 presents the example of experimentally determined and calculated dispersion curves of group refractive
index for the case of rubidium vapor density Ng, = 2.41x10'3 cm™ and cesium vapor density N¢y = 9.27x 101
cm ™3,
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Fig. 1: Dependence of group refractive index on frequency retrieved from experimental reflection spectra (dots)
and calculated from theory (solid lines) in the region of D, line of residual Rb. The zero detuning frequency is set
to the Fg=2 — F,=1 hyperfine transition of $7Rb.

The presented technique can be used for dispersion measurements in dense buffered gases, quantitative studies
of transition from dipole-dipole binary to multiparticle collisional regime, as well as for realization of optical
effects in coherently driven hot atomic gases [3].
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Two-dimensional Exciton Spectrum in GaAs Quantum Well
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The main aspects of our report are devoted to the investigation of the proper-
ties of energy spectrum of such low-dimensional systems as a two-dimensional
(2D) exciton in GaAs quantum well and a 2D hydrogen atom. From the phys-
ical point of view our results are interesting since they present for the first time
the calculations of the nonlinear dependence of the energy spectrum of a two-
dimensional hydrogen atom and of an exciton on the tilt angle ¢ of the magnetic
field B = Bsin(a)i + Bcos(a)k in a wide range of the magnetic field strength

B. The influence of the magnetic field tilt on the spectrum of the investigated

systems is illustrated on the Fig. 1. In fact, this allows to regulate (substan-
tially change) the energy spectrum of 2D Hydrogen and 2D exciton by varying
the tilt angle. In this case, the Hamiltonian of the 2D hydrogen atom includes
only the Coulomb interaction and interaction with the magnetic field, in contrast
to problems with additional confinement in quantum dots in the works of other
authors.

Our interesting result is that the dependence of the energy of the excited states
of the 2D hydrogen atom and 2D exciton on the tilt angle & of the magnetic field
is nonlinear and does not repeat the seemingly trivial cosine dependence. More-
over, at o = 90° when the magnetic field lies in the atomic plane, the quadratic
over magnetic field strength term of the Hamiltonian along the X axis disappears
and potential does not lead to the formation of bound states in the positive region
of the spectrum (interaction potential edge along Xaxis substantially weakens).
Thus, at o« = 90° energy levels of excited states, rising with an increase in the
magnetic field strength, do not exist at a certain critical (for them) value of the
magnetic field.

We also found fascinating an accompanying effect of a quantum chaos initiation
(turn on/turn off) by magnetic field tilt angle changing. The dynamics of the
calculated electronic densities of the first three excited states of 2D Hydrogen
atom on the magnetic field tilt angle is illustrative.

From the technical point of view, to discretize the Hamiltonian matrix, we used
the wave function expansion, based on the discrete variable method,seven-point
finite-difference approximation, whereas to solve the eigenvalue problem —
the shifted inverse iteration method. In each iteration, the matrix equation was
solved by matrix modification of the sweep algorithm. The details of the numer-
ical algorithm used are given in our paper [1]. It was successfully verified for
the 2D hydrogen atom in a magnetic field perpendicular to the atomic plane [1]
and our results are in good agreement with the results of other authors [2-3].
The authors acknowledge the support by the Russian Foundation for Basic Re-
search, Grant No. 16- 32-00865.
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Fig. 1: The calculated spectra
at different strengths of the mag-
netic field: perpendicular to the
atomic plane (a), tilted to an
angle o = 9° with respect to
the normal to the atomic plane
(b). Ground state is indicated by
green color. The tilting of the
magnetic field leads to the split-
ting of the excited states of the
considered systems.
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Atomic vapours are an experimentally simple system in which to study a wide variety of nonlinear phenomena.
In particular, we investigate a resonantly enhanced four wave mixing (FWM) process within rubidium vapour,
which allows for efficient frequency up-conversion of near-infrared light (780 and 776 nm) to blue light (420 nm)
[1-4]. We have recently studied the effect of adding feedback to this already surprisingly rich system, showing that
even a low finesse cavity both enhances the output power and dramatically narrows the linewidth of the generated
light [5]. In addition, we investigate the transverse phase coherence of this process and the role of phase matching
when shaped pump light, in particular light carrying orbital angular momentum (OAM), is used to pump the
system.

Fig. 1 (a) compares the single pass and cavity-enhanced 420 nm output power as a function of pump laser
detuning. Despite the low finesse of the cavity (12.8) the output power is dramatically increased when the blue
light, which has a frequency that scans with the pump laser, is resonant with the cavity. The linewidth of the
generated light was measured via a beat note with a separate 420 nm laser (Fig. 1 (b)). For a single pass the blue
light has a power broadened linewidth of around 33 MHz, but with the cavity this is narrowed to < 1MHz. The
cavity thus allows both high output power and narrow linewidth to be achieved concurrently, suggesting this light
source could have applications in ultracold atomic gases, for example in second-stage laser cooling of rubidium,
or for enhanced resolution imaging.
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Fig. 1: (a) Blue output power as a function of 776 nm pump detuning. (b) Beat note measurement of the linewidth
of the generated 420 nm light. Red curves are single pass FWM, blue curves are with the cavity. Offer ef al. 2016

[5]. (c) Intensity profile of shaped 420 nm light generated via single pass FWM (i) LG;=3 ,—o mode, (ii) LG;=3 =0
beam interfered with mirror image, (iii) HG;=3,,=3 mode and (iv) LG;=3 0 + LG;=2 —o superposition.

We also investigate, for single pass FWM, the effect of using shaped pump light on the phase and intensity
profile of the generated 420nm light. It has previously been shown that the transverse phase coherence of FWM
allows OAM to be transferred from the near-IR pump fields to the 420nm emission [6]. We explore the limits of
this process, and also investigate the effect of shaping both pump beams independently. Fig. 1 (c) shows a selection
of modes generated via appropriate shaping of one of the pump beams [7]. This process allows information transfer
from one end of the visible spectrum to the other, which could be of use for applications such as higher dimensional
quantum information processing.
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Invariance under the combined transformation of charge (C), parity (P), and time (T) reversal is believed to be
an exact symmetry of physics. The BASE collaboration at Mainz and CERN contributes to stringent tests of this
symmetry by comparing the fundamental properties of protons and antiprotons, such as charge-to-mass ratios [1]
and magnetic moments [2,3]. Recently we performed the most precise measurement of the antiproton magnetic
moment (5 in units of the nuclear magneton Ly with a relative uncertainty of 0.8 x 107 [3], an improvement by a
factor of six [4]. By utilizing the continuous Stern-Gerlach effect [5] we measured the ratio 5 /uUn = g/2 = v/ Ve
of the Larmor frequency vi, and the free cyclotron frequency v, of a single isolated antiproton stored in a cryogenic
Penning trap with a superimposed magnetic inhomogeneity.

The presence of this strong inhomogeneity causes line broadening and thus ultimately limits the fractional
precision achieved in such single trap experiments to the p.p.m. level [6]. To overcome this limitation the dou-
ble Penning-trap method is applied. Hereby, precise frequency measurements are performed in the precision trap
with a homogeneous magnetic field, whereas the spin state detection is carried out in a second spatially separated
analysis trap with the superimposed magnetic inhomogeneity. This technique has already been demonstrated with
protons with a measurement precision of 3.3 x 10~ [2]. However, it was limited by magnetic field imperfections
in the precision trap and saturation broadening of the g-factor resonance. With a considerably revised appara-
tus in Mainz we are currently conducting a measurement aiming at a tenfold improved fractional experimental
uncertainty.

Our next step is to apply the double trap method also to the antiproton to improve the fractional precision of
both g-factors to the 107!° level and beyond. This will provide one of the most stringent tests of CPT symmetry
in the baryon sector.
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Quantum-electrodynamical (QED) effects have to be taken into account if accurate positions of the spectral lines
are sought. QED effects shift the atomic spectral lines by an amount that is smaller only by the factor ZaIn(Zo)
than the leading order of relativistic and magnetic effects, where Z is the charge of the nucleus.

Calculation of these effects is usually complicated because they belong to class of problems involving more
than one significant scale (at least highly relativistic and non-relativistic regions). The Non-Relativistic Quantum
Electrodynamics (NRQED) [1] is one of the ways to overcome the difficulties. The method is based on integrating
out high energy degrees of freedom and constructing effective non-relativistic hamiltonian and corrections to this
hamiltonian. Recently proposed relativistic multipole expansion (RME) [2] of the self-energy effect suggests some
observations on the NRQED.

Firstly, nature of the series for the one-loop self-energy of an electron bound by the Coulomb field of the
nucleus is clarified. It is customary to write the ground state energy shift caused by self-energy effect in the limit
of infinitely massive nucleus in the form

AE =m— (Za)4F(Za) )

where F(Za) is a dimensionless function which can be written in the form of series in Za. In [3] we show that the
structure of the series is as follows

F(Za) =AnIn(Za) > + A +Aso(ZQ) + (Za)? [Ae2 In*(Zat) 2 + Ag1 In(Za) ™2 + Ago] + 2)
+(Za)® [In(Za) A7 +Aq] + (Za)* [In®(Za) 2Ags +1In*(Zar) Ao +In(Zat) *Agy +Aso| +
+(Za)® [In*(Zot) 2Agr +In(Zax) *Agy + Ago] +
Further, we show that for the coefficients Ag3, Agy and so on it holds
An 1 Aus_ 1o Aw 1 Aws 1
Asy 8 Asg 48 Ay 6 Agy 48
and so on. The origin of these terms is traced back to logarithmic divergence of the Dirac S-wave function at the

origin. These terms eventually lead to breakdown of NRQED approach.
Secondly, the leading order of RME yields the self-energy effect of the bound particle in the form [2]

3

my
AE = mW(Za) (m) F(Za), F = Fioy+ Fhign, 4
where e
Fine =Wl =e)pl). 10 =N [y [aw LB ®

Here, h, p and ey are non-relativistic hamilton operator, momentum operator and energy of the reference state y
with the principal quantum number N in the atomic units. Further, m and m, denote particle and reduced masses,
respectively, and Fj,,, is called here the extended Bethe logarithm (EBL). When expanded in series in Zo,, EBL
reduces at the leading order to ordinary Bethe logarithm. However, it is argued that it is both more accurate and
easier to calculate EBL than ordinary Bethe logarithm.

Finally, contribution of the combined self-energy vacuum polarization contribution to the Lamb shift in muonic
hydrogen for the 1s —4s and 2p — 4p states is calculated, see [3]. These results are more accurate than those
reported before [4]. For the contribution of the effect considered here to the Lamb shift in muonic hydrogen we
thus obtain

AE(2p)) — AE(2s) = —~2.706 x 107%ev.
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Electron collisions with selected hydrocarbons:
relation between total cross section and physical properties of molecule

Cz. Szmytkowski', S. Stefanowska*!, E. Ptasiniska-Denga', P. Mozejko'
1. Department of Atomic, Molecular and Optical Physics, Faculty of Applied Physics and Mathematics, Gdarisk University of Technology
ul. G. Narutowicza 11/12, 80-233 Gdarisk, Poland

Cross sections data concerning processes which occur during electron scattering from hydrocarbon molecules
are of great importance in many fields of science and technology. For example, they apply in radiotherapy [1]
and lithography technique FEBID [2]. Moreover, systematic studies of total cross section (TCS) for electron
scattering from molecules allow to notice regularities and relationships between shape and magnitude of TCS
energy dependence and some physical properties of target molecules. We have investigated several factors, which
can affect on TCS energy curve: methylation, bond multiplicity, different geometrical arrangement of atoms in a
molecule. Our research also confirms that simple additivity rule gives good agreement with experimental data in
defined energy range.

We studied how the substitution of one hydrogen in hydrocarbon molecule with methyl group influences on
TCS energy function, i.e. substitution effect. The research was carries out on alkynes [3], alkenes [4] and dienes
[5]. Results for alkenes are shown in Fig. 1. For all studied targets we observed similar regularities. We have
noticed that resonant structures appearing on TCS curve are shifted in energy and value of their amplitudes becomes
smaller with increasing number of methyl groups [4].

Isomeric effect was also studied for some selected hydrocarbons series, e.g. C4Hg (1,2-butadiene, 1,3-butadiene,
1-butyne, 2-butyne) [6] and CsHjy (1-pentene and 2-methyl-2-butene) [4]. Various geometric structures of iso-
meric molecules leads to changes in TCS energy dependence, due to different spatial charge distribution. Dif-
ferences in the shape of the TCS curves are most evident in low energies. For intermediate and higher collision
energy TCS curves for isomers practically overlap. This effect suggest, that simple additivity rule (TCS for a
given molecule can be obtained as a sum of TCSs for atoms or smaller molecular fragments) can give quite good
approximation of experimental data in this range of impact energies.
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Fig. 1: Experimental total cross section from: ethylene; propene; 2-methylpropene; 2-methyl-2-butene and 2,3-
dimethyl-2-butene [4].

Detailed discussion of above mentioned effects will be presented during the Conference.
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Spectroscopy of trapped *®Ba™ ions for atomic parity violation

E. A. Dijck*!, N. Valappol'!, A. Hofsteenge !, T. Meijknecht !, L. Willmann', K. Jungmann'
1. Van Swinderen Institute, FSE, University of Groningen, The Netherlands

Weak interactions manifest themselves in atomic spectra in electric dipole transition amplitudes and associated

light shifts between states of the same parity. A quantitative measurement of the magnitude of these Atomic Parity
Violation (APV) effects permits the extraction of sin?8y, where @y is the weak mixing angle (Weinberg angle).
This approach is complementary to the studies of weak interactions at high energies. The best measurement at the
lowest accessible momentum transfer was performed in atomic Cs with a precision of 1.3% in sin?@y [1]. Single
trapped heavy ions open the path to a new signature of APV by studying differential light shifts [2]. We investigate
laser cooled Ba™ and Ra™ ions which have been identified as excellent candidates for this approach because APV
effects scales with the atomic number as Z3. The experimental setup is also suited for an ion based atomic clock
promising a relative uncertainty in the range of 10~ '8[3].
Measurements on a single trapped '>*Ba™ ion for the detailed understanding of atomic structure to a percent level
are presented here. The lowest levels of Ba™ form a A-configuration. The two major laser cooling transitions
provide a coherent coupling between the 25, /2 and ’D; /2 levels leading to Raman resonances in the spectrum.
The one-photon and two-photon components of the line shape are extracted using an eight-level optical Bloch
model. This results in an absolute accuracy of the transition frequency of the 25, /2" ’p, /2 transition of 200 kHz
and for the 2D /2- ’p, /2 transition of 100 kHz which is an improvement by two orders of magnitude over previous
determinations[4]. The spectrum shows the 5d>D; /2= 6p>P, /2 transition of 138Bat ion in excellent agreement with
the calculations using the optical Bloch equations (Fig.(1a)). In order to extract matrix elements we determine the
lifetime of the 5d*Ds /2 state employing quantum jump spectroscopy [5]. (Fig.(1b)). The rather long lifetime makes
it sensitive to probe any effects that influence the long term performance of the experiment (i.e. several hours to
days). Furthermore, light shifts permit the mapping of weak interaction effects onto the energy splitting between
the magnetic sublevels (Fig.(1c)). They are well suited to determine the relevant matrix element in the Ba™ system.
The differential light shift of magnetic substates is proportional to square of the matrix element and the intensity
of the laser. All of these measurements are required for the execution of an APV measurement in a single trapped
ion.
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Fig. 1: Level scheme of Ba' with insets (a) Transition frequency measurement with Raman resonances (b) A
typical lifetime measurement (c) Light shift measurement, M is matrix element.
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Effect of confinement on the self-annihilation rate of positronium

A. R. Swann*, D. G. Green, G. F. Gribakin
School of Mathematics and Physics, Queen’s University Belfast, University Road, Belfast BT7 INN, UK

Positronium (Ps) is a hydrogen-like atom consisting of an electron and a positron. Free Ps annihilates into either
two or three y quanta with lifetimes 7 = 0.125 or 142 ns that are determined by QED and depend on its total spin
(S = 0 for para-Ps or § = 1 for ortho-Ps) and on the electron-positron contact density 1. Here we investigate how
Ps confinement (e.g., by pores in condensed-matter systems) affects its contact density and self-annihilation rate.

Measurement of Ps lifetime provides rigorous tests of QED (see, e.g., Ref. [1]). In condensed-matter physics it
is used to estimate pore sizes in nanoporous materials and study free volume in polymers; the underlying principle
is that the lifetime of long-lived ortho-Ps is reduced by pickoff annihilation of the positron with an electron in the
bulk [2]. Pore sizes are estimated using the Tao-Eldrup model and its extensions [3], which account for the pickoff
annihilation but neglect the effect of confinement on the self annihilation of Ps.

The self-annihilation rate depends on 1. For Ps in vacuum, 11 = 19 = 1/87 a.u. Ps confinement in pores tends
to compress it, increasing 1, while Ps interaction with the cavity walls polarizes it, reducing 7. In experiment, 1
is determined by magnetic quenching, lifetime analysis, or three-gamma spectroscopy. In molecular solids with
cavity radii R, < 1 nm one typically finds n < ng, though n > 19 have also been observed [4].

Several models exist to predict values of 1. Stepanov et al. [5] used a simple variational wave function for the
electron-positron pair in a spherical cavity, with constant electron and positron potentials outside the cavity [equal
to the negative of the electron (positron) work functions ¢, (¢,), and assuming ¢, = ¢.]. Marlotti Tanzi et al. [6]
considered the Ps centre-of-mass motion as free and constructed a crude internal wave function at the cavity wall.
Both works showed sizeable lowering of 1) for R. < 1 nm, but we believe these results are artefacts of the models.

Here we construct the Ps wave function in the cavity as an expansion ¥ =}, , Cyv ¥, l//:{ , where v, (l//,j ) are
the electron (positron) states [7], and model the electron- and positron-wall interactions by the potentials V, ,(r) =
— @ p/{1+exp[(Rc —r)/A]}. To compare with the results of Ref. [6] we use ¢, = —0.5 a.u., ¢, =0.1 a.u., R, =
10 a.u., and A = 1 a.u., so that the electron is repelled by the bulk, while the positron is attracted into it. The wave
function ¥(r,,r,) is obtained by diagonalization of the Hamiltonian matrix (which includes the electron-positron
Coulomb interaction). We calculate the annihilation density Pan(r) = [¥(r,r)|?, the Ps centre-of-mass density
Pem(r) = [[[¥(r,,1p)|*8[(re +1,)/2 —1]d’r,d’r, and the mean contact density (1) = [ Pann(r) d°r.
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Fig. 1: Comparsion of the Ps annihilation density in the cavity of R, = 10 a.u. with its centre-of-mass density.

We find that despite the attraction of the positron into the bulk, the overall effect of confinement on (n) is a
9% increase from its vacuum value, in contrast to the 15-20% reduction predicted by Ref. [6]. We also find that
Pann () = (1) Pem (1), Which implies that the internal Ps wave function is almost unaffected by its centre-of-mass
motion. The large reduction in (1) predicted by the model of Ref. [6] is due to their strict confinement of the
electron inside the cavity. Explanation of the experimental data where 11 < 7o thus requires further investigation.
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Many-body theory of positronium-atom scattering
and pickoff annihilation

D. G. Green, A. R. Swann*, G. F. Gribakin
School of Mathematics and Physics, Queen’s University Belfast, University Road, Belfast BT7 INN, UK

Following the success of many-body theory calculations of positron scattering and annihilation rates [1] and y-ray
spectra [2] for noble-gas atoms, we have now developed the many-body theory approach to describe the interaction
between an electron-positron pair (positronium, Ps) and many-electron atoms.

Recent experiments on Ps scattering on noble-gas atoms revealed some unexpected trends, e.g., that the scat-
tering cross section becomes very small at low Ps energies [3]. Overall, there is a large uncertainty in Ps-atom
scattering data. Theoretically, Ps collisions have been difficult to describe because of the composite nature of both
the target and projectile and a significant cancellation between the repulsive static Ps-atom interaction and van-
der-Waals-type attraction. An accurate calculation must account for virtual excitation of both objects during the
collision, which until now has only been achieved for simple targets, e.g., hydrogen and helium.

In our approach, we confine the Ps-atom system within a hard-wall spherical cavity [4] with the atom at the
centre. This allows an efficient discretization of the electron and positron continua. A B-spline basis is used to
solve the Dyson equations (Hy +X%)y® = e*y™ for the electron (—) and positron (+) in the field of the target
atom. Here, HOi is the Hamiltonian of the electron/positron in the static (Hartree-Fock) field of the atom and L7 is
the correlation potential. We calculate £~ in second order (which works well for the electrons [5]) and in £ also
add the electron-positron ladder series [1]. This yields the bases of electron/positron states y= with energies £*.

The Ps eigenstates ¥ =}, , Cuv Yy, l,(/:[ are found from HY = EW, where the total Hamiltonian includes the
electron and positron parts (H(;‘L +X*) and the electron-positron interaction V + 8V, V being the Coulomb inter-
action and 8V the second-order screening contribution due to polarization of the atomic electrons. The boundary
condition at the cavity wall enables the scattering phase shifts (and hence the cross section) to be found from the
energies E. Figure 1 shows the cross section for Ar in the frozen-target approximation (i.e., without £* and 8V)
and with full many-body treatment. The origin of the disagreement with experiment is unclear, as our calculations
are the most reliable to date and are expected to give the cross sections with <20% uncertainty.
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Fig. 1: Ps-Ar scattering cross section in the frozen-target approximation, using many-body theory, and from ex-
periment.

The Ps wave function is also used to investigate pickoff annihilation, where the positron from Ps annihilates
one of the atomic electrons. The pickoff annihilation rate A is usually expressed in terms of the dimensionless
quantity ' Zes defined by A = 47rdcn'Zegr, where ry is the classical electron radius, c is the speed of light, and 7 is
the gas density. Previous calculations of 1Z.s for noble gases [6] underestimated the experimental data [7] by as
much as a factor of 10. By accounting for many-body corrections to the annihilation vertex, we obtain values of
176 in exact agreement with experiment for He and Ne and within a factor of 2 for Ar, Kr, and Xe.
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Solution of Hartree-Fock Equations in the B-Spline Basis

David T. Waide*, D. G. Green, G. F. Gribakin
School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 INN, United Kingdom

The Hartree-Fock (HF) method provides a reliable and effective approach to the calculation of atomic structure.
This self-consistent-field approximation treats each electron as if it were moving in the average field of all the
electrons, providing a good compromise between treating the electron interaction exactly and ignoring it. The HF
results can be sufficient in simple problems, but the corresponding electronic states can also be used a basis for

higher-order calculations, e.g., using many-body theory.

The solutions to the HF equations may be represented in a B-spline basis, each solution a sum of piece-wise
polynomials. In this representation the nonlinear integro-differential HF equations are reduced to a computationally
simpler generalised eigenvalue problem, Hv = €Qv [1], where H and Q are the Hamiltonian and overlap matrices.

We solve the generalized eigenvalue equation itera-
tively for each value of angular momentum in the ground
state and the resultant eigenvectors are used to construct
the ground- and excited-state wavefunctions. The central
potential is spherically symmetric in the case of closed-
shell systems, whereas for open shells a spherically aver-
aged approximation is used. Convergence is improved by
first running the algorithm for the inner orbitals to self-
consistency, before successively including the outer ones.
Annealing the nuclear charge during iterations also speeds
convergence [2].

Figure 1 shows the ground state wavefunctions for
neutral Kr (Z=36), calculated using n = 100 splines of
order k = 9 with a box size R = 40 a.u. (Note that in-
ner wavefunctions display characteristic additional nodes
due to exchange interaction [3].) Table 1 shows the corre-
sponding orbital energies are compared against reference
HF data [4] and experiment [5]. Overall, we find that the
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Fig. 1: Ground state wavefunctions for Kr demonstrating addi-

tional nodes in inner shells due to exchange interaction.

method shows good numerically accuracy in addition to fast convergence.

The B-spline basis provides a particularly efficient representation for many-body theory calculations of atomic
processes, e.g., positron annihilation in atoms [6], where it yields a compact and effectively complete set of positron
and electron basis states covering both bound states and the positive-energy continuum. Our intention is to extend
the calculations of the ground- and excited-state wavefunctions to the relativistic (Dirac-Fock) case, before using
them in diagrammatic many-body theory calculations of positron interactions with heavy atoms Xe, Hg, Rn etc.

Table 1: Ground-state energies (in a.u.) for neutral Kr against reference Hartree-Fock and experimental values.

nl Present Ref. [4] Rel. Err.

Abs. Err. Expt. [2] Rel. Err.

E;or | —2752.054982444 —2752.054977350 1.85x 1077

Is —520.165468002 —520.165468000 3.73 x 10712
2s —69.903082341 —69.903082000 4.88 x 10~°
2p —63.009785490  —63.009785000 7.78 x 1077
3s —10.849466647  —10.849466000 5.96 x 108
3p —8.331501615 —8.331501000 7.38x 1078
3d —3.825234561 —3.825234000 1.47 x 1077
4s —1.152935491 —1.152935000 4.26 x 107
4p —0.524187023 —0.524187000 4.39x 1078

5.09 x 107°

1.94x 107° —526.507585 0.012
3.41x 1077 —70.668953 0.011
490x 1077 —62.152297 0.014
6.47x1077 —10.767552 0.008
6.15x 1077  —7.954391 0.045
561 x1077  —3.463624 0.095
491x 1077  —1.010974 0.123
230x 1078  —0.514476 0.019
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Radiative Lifetimes of HeLi™(b>X™")

Martina Zamecnikova*', P. Soldant!
1. Charles University, Faculty of Mathematics and Physics, Department of Chemical Physics and Optics,
Ke Karlovu 3, CZ-12116 Prague 2, Czech Republic

Helium-lithium molecular ion HeLi™ is believed to exist in the early Universe [1]. Its electronically excited
states take part in various processes, for example, radiative association [2], non-radiative processes [3], and disso-
ciative recombination [4]. It was also shown that the depopulation of the lowest asymptotically degenerate states of
HeLi* (13I1, ¢*£*) occurs mainly to the energetically lower excited states b~ and a2+ [5]. The study, however,
did not include spontaneous emission, which could change the abundancies of b3Xt and a3Z 7 states.

Our most recent study deals with the radiative lifetimes of HeLiT(b3Z1) [6]. The lifetimes have been calculated
quantum mechanically within the dipole approximation. The computational procedure for radiative lifetimes has
been adopted from [7], [8] and implemented in our in-house programme, and it includes both bound-bound and
bound-free processes.

The radiative lifetimes of ro-vibrational initial bound states with the rotational number J; equal to J; = 0,1,2
have been calculated [6]. The total radiative lifetimes 7,, j, of HeLiT(b3Z1) for the rotationless molecular ion
(J; = 0) are shown in Table 1 for several ro-vibrational states. The corresponding energy of the initial ro-vibrational
states E,, j,, radiative widths I',, ;. and their bound-bound FE,% and bound-free FEI‘:J,- contributions are given in
Table 1 as well. ' '

The shortest living ro-vibrational state of all the computed states is the lowest one with v;=0,J; =0; its lifetime
is 1.30x107%s.

Table 1: Total radiative lifetimes of several ro-vibrational states with J; = 0 of HeLi*(b3Z 1) are shown in seconds.
The radiative widths Iy, o, FE_‘_SO and F‘ZFO are in a.u. The energies of the initial ro-vibrational bound states E,, o are

given in cm™!. The results are in the form x(—y) = x x 1077,
Vi Ev,-,O 1—‘EB() FE{:O l—‘\/,'.,0 T;,0

-829.6309 1.86(-11) 2.90(-20) 1.86(-11) 1.30(-6)
746.7588  1.80(-11) 1.80(-18) 1.80(-11) 1.34(-6)
6685136 1.73(-11) 2.11(-17) 1.73(-11)  1.40(-6)
595.0019  1.65(-11) 127(-16) 1.65(-11) 1.46(-6)
4  -5263181 1.57(-11) 1.64(-15) 1.57(-11) 1.54(-6)
14 -102.1505 5.00(-12) 5.99(-13) 5.60(-12) 4.32(-6)
16 -65.64634 3.63(-12) 4.42(-13) 4.07(-12) 5.94(-6)
27 -1.047121  1.66(-13) 1.97(-14) 1.86(-13) 1.30(-4)
28 -0.509753 9.70(-14) 1.15(-14) 1.08(-13) 2.23(-4)
29  -0.211758 5.02(-14) 5.94(-15) 5.61(-14) 4.31(-4)
30 -0.068538 2.16(-14) 2.55(-15) 2.41(-14) 1.00(-3)
31 -0.014103 6.61(-15) 7.82(-16) 7.39(-15) 3.27(-3)
32 -0.000959 8.97(-16) 1.06(-16) 1.00(-15) 2.41(-2)

W N = O
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Spectroscopy of ultracold dipolar °Li**K molecules

Sambit B. Pal', Mark Lam', Anbang Yang', Andrew Laugharn', and Kai Dieckmann* 2

1. Centre for Quantum Technologies (CQT), 3 Science Drive 2, 117543 Singapore
2. Department of Physics, National University of Singapore, 2 Science Drive 3, 117542 Singapore

With the creation of dipolar molecules in their ro-vibrational ground state in several expariments, a long-standing
scientific goal has been achieved [1-6]. At high phase-space density, such molecules are promising tools for the
quantum simulation of a large class of many-body effects and for quantum bit manipulation based on the dipole-
dipole interaction. Ultracold heteronuclear dimers of °Li*°K in their deeply-bound ro-vibronic states possess a
large electric-dipole moment of 3.6debye, which makes them a suitable candidate for exhibiting strong effects
of the long-range and anisotropic nature of the dipole-dipole interaction. Starting from a sympathetically-cooled,
quantum-degenerate mixture of °Li and “°K, we create weakly-bound °Li*’K molecules via a magnetic-Feshbach
association at 215.6G. High-resolution laser spectroscopy of the electronically-excited (1)'E and (2)'TT poten-
tials of SLi**K Feshbach-molecules is performed to identify intermediate vibrational states suitable for coherent
Raman transfer to the electronic ground state. On the basis of the asymptotic bound state model [7] we discuss
the possibility how to address a sole singlet state of the excited state manifold for purpose of efficient transfer.
Subsequently, Autler-Townes spectroscopy is performed to investigate the deeply-bound ro-vibrational levels of
the electronic ground state of °Li*’K molecules. Here, we present an overview results of the single and two-photon
molecular spectroscopy.
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Stability of a frequency-comb-based transfer-lock using a passive
Fabry-Perot resonator

Sambit B. Pal', Mark Lam', and Kai Dieckmann*'-
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We demonstrate a transfer-lock laser frequency stabilization [1] that utilizes a frequency comb (FC) and a radio
frequency counter referenced to a GPS frequency standard to compensate for the frequency drifts of two lasers,
which are locked to a single passive FabryPerot resonator (FPR). The method requires only one optical phase lock
with the FC and allows transfer locking of lasers at wavelengths beyond the usable range of the FC. To attain a
large frequency tuning range for the lasers, we implement optical serrodyning. We further demonstrate an effcient
scheme to suppress residual amplitude modulation, thereby improving the stability of the Pound-Drever-Hall lock
used in this case. The absolute frequency stability was found to be better than 2 x 10~!3 on timescales up to
300s. Hence, together with the frequency stability on short timescales provided by the FPR, this scheme facilitates
coherent Raman spectroscopy as needed for an example for the production of ultracold dipolar heteronuclear
molecules.

References
[1] S. B. Pal, M. M. Lam, and K. Dieckmann, Optics Letters, 41, 23, 5527-5530 (2016).

*Corresponding author: phydk@nus.edu.sg

To the list of contents



Poster Session B (Wednesday 19:00) — Poster B43

Experimental characterisation of the double minimum 3'%" state in Rb,
up to the dissociation limit

W. Jastrzebski*!, P. Kowalczyk'?, J. Szczepkowski'
1. Institute of Physics, Polish Academy of Sciences, Al.Lotnikéw 32/46, 02-668 Warszawa, Poland
2. Institute of Experimental Physics, Faculty of Physics, University of Warsaw, ul. Pasteura 5, 02-093 Warszawa, Poland

Spectacular progress in experiments on ultracold diatomic alkali metal molecules has brought about particular
interest of the cold physics community in molecular states with broad potential wells, such as double minimum
and ’shelf” states. Such states can be effectively excited to the highest bound levels close to the dissociation limit in
photoassociation or magnetoassociation processes. They can be also conveniently used as the intermediate states
for resonantly enhanced multiphoton ionization of cold molecules. Finally, as they simultasneously display high
probability of transitions to low levels in the ground electronic state, they may enable transfer of cold molecules
to the absolute rovibrational ground state. It should be also noted that states with broad potential wells are well
suited for investigation of wave packet dynamics, because their closely spaced vibrational levels allow for creation
of packets with long spreading times.

In this contribution we present an experimental study of the 3'X," state of rubidium dimer, characterised by a
potential curve with two minima, resulting from avoided crossing with the higher lying 4!X," state [1]. The state
is observed through the 3'Z} « XIZ; transition recorded under rotational resolution using the highly sensitive
V-type optical-optical double resonance polarisation labelling spectroscopy technique [1]. Rb, molecules (natural
isotopic composition) are produced in a linear heat pipe oven in a presence of a few Torr of helium buffer gas.
The apparatus provided us with rotationally resolved molecular spectra with both resolution and accuracy of about
0.05 cm~!. In the investigated spectral range of 21700 - 23900 cm~! we identify more than 2000 molecular lines,
the frequencies of which are converterd to energies of the upper state levels using the precisely known ground state
level energies [2]. The highest observed rovibrational level, (v = 136, J = 86) is located ca. 2.5 cm~! below the
atomic asymptote. The data are used to construct the potential energy curve of the (3)!Z;" state with the pointwise
Inverted Perturbation Approach (IPA) method [3]. The resulting potential (Fig. 1) reproduces the observed energy
levels with a standard deviation of 0.07 cm ™! and is isotopically consistent with regard to the 3°Rb, and 3 Rb%’Rb
molecules.
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Fig. 1: The experimentally derived potential energy curve of the 3'XF state in Rb. The outer turning point for the
highest observed level is R, =~ 20.1 A.
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X-Ray Spectroscopy of the KLL-Dielectronic Recombination Transitions
with a Heidelberg Compact EBIT

P. Micke*'2, S. Bernitt'3, S. Kiihn !, A. Surzhykov?, T. Leopold?, S. A. King?, T. Pfeifer!,

P. O. Schmidt>*, J. R. Crespo Lépez-Urrutia'
1. Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69115 Heidelberg, Germany
2. Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
3. Institut fiir Optik und Quantenelektronik, Friedrich-Schiller-Universitiit Jena, 07737 Jena, Germany
4. Institut fiir Quantenoptik, Leibniz Universitit Hannover, Welfengarten 1, 30167 Hannover, Germany

Highly charged ions (HCIs) are of great spectroscopic interest as they are predominant in the visible universe.
However their production in the laboratory is demanding. Electron beam ion traps (EBITs) are devices dedicated
for that purpose. An electron beam is focused by a strong and inhomogeneous magnetic field in order to ionize
neutral atoms and breed high charge states efficiently. After production, HClIs are radially confined by the negative
space charge of the electron beam and axially by the electrostatic potential of the trap electrodes. Interaction of the
keV electron beam with the trapped ion cloud results in the emission of X-ray radiation.

To ease experimental access to HCIs with the largest possible solid angle for the observation of the ions, we
have developed a novel set of high performance room-temperature, compact EBITs [1]. The electron beam has a
tunable energy from < 0.1 keV up to 8 keV and a current of up to 80 mA. The beam is compressed by a 0.86 T
magnetic field at the trap center. The geometry offers an outstanding large angle of view of 58° along 16 mm for
each of four slits through the trap electrode. One of the EBITs, the PTB-EBIT which will later be operated at
the Physikalisch-Technische Bundesanstalt, features a retractable in-vacuum germanium X-ray detector. The Ge
crystal can be operated at a very close distance of only a few centimeters from the ion cloud.

We are currently carrying out accurate X-ray measurements covering KLL dielectronic resonances. In this
resonant process, a keV electron of the beam is captured in the L shell while the released energy is used to
excite a second bound electron from the K to the L shell. The excited state decays by emitting K, radiation.
The resonances appear at different electron beam energies for different charge states. The goal of this work is
to precisely determine the relative peak positions and to compare them with theoretical calculations in order to
benchmark atomic structure calculations and make comparisons of the relative resonance strengths.
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Fig. 1: X-ray spectra of highly charged Argon. The electron beam energy was tuned from 1.5 keV to 3.7 keV. The

inset shows the KLL dielectronic recombination, revealing He-like, Li-like, and Be-like Argon. Resonances of Ba
and W from the thermionic cathode are also visible.
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Single photon transient hot electron ionization of Cgg

K. Hansen* 1 V. Zhauner chyk?
1. Tianjin International Center of Nanoparticles and Nanosystems, Tianjin University, 92 Weijin Road, Nankai district, Tianjin 300072,
P.R.China
2. Department of Physics, University of Gothenburg, Seden

One photon molecular ionization is conventionally undesdtas emission of an electron in state-to-state pro-
cesses, involving only a few, well defined electronic staltésltiphoton ionization, on the other hand, may proceed
via several different mechanisms, such as above thresbwizhition, field ionization and thermionic emission. In
addition, electrons can be emitted in a quasi-thermal moadere the electronic degrees of freedom act as a ther-
mal subsystem which is heated by e.g. laser pulses whileiltinational motion remains cold for a good fraction
of a picosecond [1].

This mechanism has been shown to be responsible for theatiorizof a number of large polycyclic aromatic
hydrocarbons exposed to light with photon energy far belosvionization energy [2]. The ionization requires
a laser pulse of duration on the order of the electron-vibiatoupling time or shorter, to avoid the premature
dissipation of excitation energy into the vibrational nooti

We have recently shown thatsgalso ionizes with this mechanism after absorption afrgle photon [3].
The measurements were performed at the ELETTRA Synchrdafight Source in Trieste (Italy) with photons
of energies between 13.5 and 60 eV. The primary experimentaénce is a persistent and strong component of
low kinetic energy electrons in the photoelectron spedthe electron momenta are spherically distributed with no
remaining sign of the light polarization and can be descrilith a Boltzmann factor with a temperature of 1-2 eV,
or 1-210% K[4]. Additionally, the threshold and channel (viz. singled double g loss from Q) for subsequent
fragmentation of the produced cation agrees quantitgtiwith the previously measured thermal behavior. The
presence of this type of ionization for photon energies al8fveV which reach beyond the valence band requires
that the photon creates a particle-hole state with at leasparticles and two holes.
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EUV/SXR spectroscopy of Ge Laser-Produced Plasma

0. Maguire*!, D. Kos', E. Sokell'
1. Atomic, Molecular and Plasma (Spec) group, School of Physics, University College Dublin, Belfield Dublin 4 Ireland

Laser-Produced Plasmas (LPP) may be used to form EUV/SXR light sources with a high conversion efficiency.
The wavelength of the source for EUV lithography was chosen to be 13.5 nm due to the availability of MoSi
multilayer mirrors. MoSi multilayer mirrors have a high reflectivity of 72% at 13.5 ==2% nm into the bandwidth
of the mirrors [1]. Tin LPPs can be used as light sources for EUV lithography because of their high conversion
efficiency experimentally ~ 6% [2] and steady state models showing a possible conversion efficiency of ~ 9% [3].
4pbadr — 4p34dt!, 4d" — 4d"'5p and 4d" — 4d" 4 f transitions of Sn VII - Sn XIV each form an Unresolved
Transition Array (UTA). These UTAs all combine at 13.5 nm [4]. LPPs of Ge emit in this spectral region and could
be used as an EUV/SXR light source [5].

In this work the Hartree-Fock with Configuration-Interaction (HFCI) code of Cowan [6] was used to identify
previously unreported open 3d transitions of Ge VII - Ge X, and previously identified transitions of Ge VI and Ge
VII [7]. The spectra were recorded on an EUV Jenoptik spectrometer with a spectral range of 9.7 to 18 nm. The
spectrometer has been wavelength and intensity calibrated at BESSY II. The spectra of Ge plasmas were created
with 2 different lasers. A Q-switched Nd:YAG laser with a pulse energy of 978 6 mJ in 5.4 +0.3 ns, focused
using a 13 cm uncoated BK7 plano-convex lens and a TEA CO, laser, with a plasma shutter [8] to remove the 2
us N tail, leaving a 50 mJ in 50 ns laser pulse, focused using a 5 cm ZnSe lens. The spectrometer was at 45¢
to the incident laser beam focused normal to a planar target. The experimental rms error on the calibration using
known lines of oxygen is +0.0042 nm. The table below details some of the identified lines within the spectral
region. Line identification of Ge VII - Ge X 3p%3d" —3p>3d"*!, 3d" —3d"'4p, 3d" —3d"~'4f of an optically
thin Ge plasma will be presented. A comparison between the optically thick Nd:YAG and optically thin CO,
laser-produced plasmas will be given.

Table 0: Some previously identified and unidentified GeVI, GeVII and GeVIII lines.

Experiment Cowan Sugar[7] Transition

12.1436 12.1508 12.8309  Ge VI3p®3d’(*Ds)5) —3p°3d'°(*P; )
12.8426 12.8374 122638 Ge VI3p®3d®(*Ds)p) —3p°3d'0(*P3 )
14.0359 14.0405 14.0015  Ge VI3d’(*Ds ;) —3d®4 fl (*Ds)»)
14.1373 14.1253 14.0914  Ge VI3d®(*D3,) —3d®4f' (*Ds5)
14.1967 14.1946 14.0465  Ge VI13d°(*Ds)y) —3d%f' (*Fy5) (°P)
14.3156 14.3163 14.1561  Ge VI13d°(*Ds ;) —3d®4f" (2F7 12)('D)
17.1393 17.1464 17.1380  Ge VIL 3d%('Gg)p) —3d"4p' (" Fs ) (*D)
16.6463 16.6383 16.6609  Ge VI 3d®(*Py ) —3d74p' (*Dg 2 ) (*D)
17.2220 17.1981 172096 Ge VI 3d%(*Py ) —3d74p' (? P )(20)
12.4790 12.4849 Ge VIL 3d*(*Py ) —3d"4f" (3 P ) (4F)
11.4689 11.4872 Ge VI 3d3(3Fy ,) — 3d"4f' (3 D »)(?H)
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Intra-cavity high-order harmonic generation
for XUYV spectroscopy of highly charged ions

Janko Nauta*!, Andrii Borodin', Julian Stark', Peter Micke'-2, Lisa Schméger!-?, Maria Schwarz'>
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José R. Crespo Lépez-Urrutia!, Thomas Pfeifer!
1. Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2. Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany

Highly charged ions (HCI) with just a few tightly bound electrons offer many advantages over neutral and singly
charged atomic systems for probing fundamental physics. They have been recently proposed as future frequency
standards [1-4]. Their low polarizability decreases the sensitivity to external perturbations such as black body radi-
ation and laser-induced shifts, which opens possibilities for reaching relative accuracies in the range of 10717 [4].
Furthermore, specific HCI are extremely sensitive to possible variation of the fine-structure constant & [5].

In order to exploit these advantages of HCI, one needs to determine their transition energies with ultra-high
accuracy. Recent progress at the MPIK has enabled the transfer of HCI from an electron beam ion trap (EBIT),
where MK temperatures prevail, into a cryogenic linear Paul trap, where they are sympathetically cooled down to
the mK regime with Be™ ions [6]. This paves the way for the first high resolution laser spectroscopy of HCL

Since the electronic transitions in HCI are shifted to higher photon energies in comparison to neutral atoms,
this new project aims at performing spectroscopy in the extreme ultraviolet (XUV) region. To this end, we are
developing an XUV light source, using high-order harmonic generation to coherently transfer all modes of an
infrared frequency comb towards the XUV [7]. The resulting XUV comb will enable us to perform spectroscopy
on HCI at unprecedented accuracies.
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Fig. 1: Overview of the femtosecond enhancement cavity. Infrared (IR) pulses are coupled in through the in-
coupling mirror (IC) and circulate in the cavity composed of four other high-reflective (HR) mirrors. In one of
this mirrors, a shallow grating structure is etched. The inset shows high-order harmonic generation (HHG) inside
the tight focus of the cavity, created by the two curved mirrors in the middle (CHR). The high-order harmonics
(labeled XUV) propagate collinearly with the IR beam, and are coupled out of the cavity using the minus-first
order diffraction of the grating.

For reaching the laser-intensity required for HHG (~ 10'3 W/cm?) we use an enhancement cavity (shown in
Figure 1) to amplify the femtosecond pulses of a stabilized frequency comb with a repetition rate of 100 MHz. The
cavity is designed to have a very tight focus (wg = 15 um) and resides in an ultra-high vacuum chamber. At the
focus, a target gas is introduced and an XUV spectrum is generated, containing a copy of the IR frequency comb at
odd multiples of the original frequency. We use a shallow, 2000 lines/mm diffraction grating to separate the XUV
light from the IR light circulating in the cavity [8]. The different harmonic orders are spatially separated and only
the wavelength of interest will be guided to the cold and trapped HCI, of which finally absolute transition energies
can be determined.
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Ultracold Lithium for Sympathetic Cooling of Dipolar Molecules

S. Wright*, Thomas Wall, Michael Tarbutt
Blackett Laboratory, Imperial College, London, SW7 2BZ, UK

The ability to produce large ensembles (N ~ 10°) of ultracold dipolar molecules would be beneficial to many
precision measurement experiments, and presents exciting opportunities for quantum simulation and cold chem-
istry. A number of molecule traps suitable for cold molecules have been realized, most recently magneto-optical
trapping of the monofluoride radicals StF [1] and CaF [2].

A viable option for further cooling of molecules is sympathetic cooling with an ultracold atomic gas. We
present progress towards using an ultracold Lithium gas as a refrigerant for cold molecules in a microwave trap.
Currently we have samples of "Li at 50 uK and intend to use these to characterise our microwave trap.
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Rydberg spectroscopy of ytterbium
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1. Laboratoire Aimé Cotton, Bat. 505 Campus d’Orsay,
91405 Orsay, France

Rydberg atoms offers an ideal platform for the study of strongly interacting systems. However, usual techniques
for imaging or trapping atoms are unavailable in alkali Rydberg atoms. The aim of this experiment is to optically
manipulate atoms in Rydberg states using a divalent atom: ytterbium.

We present our results[1] of laser and microwave spectroscopy of highly excited Rydberg levels of Ytterbium.
We have improved the precision over previous absolute measurements[2] by two or more orders of magnitude,
now reaching around 10 MHz, which opens new perspectives on two-electron atoms. Our analysis based on
Multichannel Quantum Defect Theory (MQDT) demonstrates, as shown in figure 1 for the 'Sy series, a good
understanding of the interactions between the two electrons in such levels. In particular, we need for the first time
to include in the theory a channel with no bound state to account accurately for the level perturbations.

Once excited to the Rydberg state, the atom has still a valence electron to optically manipulate its external
degrees of freedom. In this purpose, we have recently performed ionic core spectroscopy, these results will also be

presented.
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Fig. 1: Result of the MQDT analysis for the 1Sy Rydberg serie presented in a Lu-Fano plot. (a) combines previous
data for low levels up to n=22 and our measurements from n=23 to n=80 of the 6sns 'Sy levels. (b) shows a zoom
on levels from n=15 to n=80 allowing to observe the precision improvement.
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Inverse crossover resonances applied to |71 Yb laser cooling
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2. LNE-SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris VI,
61 avenue de I’Observatoire, 75014 Paris, France

Explorations in degenerate Fermi gases [1-3], quantum many body simulations with lattices [4—6], and atomic
clocks [7-9] each make use of neutral ytterbium. A common approach to producing atomic cloud temperatures
at a few tens of micro-Kelvin is to employ two stages of laser cooling with 399 nm and 556 nm light, where
the latter exploits the (6s%) 'Sy — (6s6p) 3Py inter-combination line (I'/27= 184 kHz and corresponding Doppler
cooling limit of 4.4 uK). To generate frequency-stable 556 nm light, stabilization by locking to a high-Q optical
cavity is often employed is [10, 11]. Rather than take this approach, and despite the low scattering rate asso-
ciated with the intercombination line, we employ sub-Doppler spectroscopy upon a thermal Yb beam that leads
to a Zeeman slower and magneto-optical trap. In doing so, we have identified an inverted Lamb dip with the
'Sor=1/2 = *Pipr—32 and 'Sor_y /o — *Py pr_ 5 hyperfine transitions in 7' Yb. The enhancement in fluorescence
is found to be due to an inverted crossover resonance (ICR), where the principal lines involved in the crossover are
symmetrically separated Zeeman transitions. We use a four-level rate equation model to help validate the nature
of the resonance [12]. In the case of F' = 3/2 (upper state) the ICR can be used to frequency stabilize laser light
for cooling of '71'Yb. While that of the F/ = 1/2 ICR acts as a rather robust frequency reference with an overall
fractional frequency uncertainty in the low 10~'! range.

An example of the ICR is shown in Fig. 1(a) for the F' = 1/2 hyperfine line, a bias B-field of 0.10 mT and first
harmonic detection. The amplitude of the FM was 0.4 MHz and the intensity 53 I,,. The discriminator provides
a narrow-line feature for laser frequency stabilization. Fig. 1(b) shows that changing the instability of the laser
frequency does not influence the temperature of a cloud of !”'Yb atoms in at dual-wavelength magneto-optical
trap (over the range tested). Cycle-to-cycle temperature fluctuations exhibit a standard deviation of ~2uK.
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Fig. 1: (a) The ICR resonance for the 'So — 3P (F’ = 1/2) line with first harmonic signal detection. Overlaid is
a curve generated with a four-level rate equation model based on the experimental parameters. (b) '7'Yb cloud
temperature for a range of frequency instabilities (at T = 1s).

Similar inverted crossover resonances are expected to occur whenever the atom has a nuclear spin of 1/2 and
the transition has a sufficiently narrow natural linewidth; other examples include the intercombination lines in
199Hg (I'/27=1.3 MHz), !''Cd and ''3Cd (I'/27=65 kHz). In the case of '73Yb where I = 5/2 we see that the [CR
is extremely weak.
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Laser- induced fluorescence and optogalvanic spectroscopy used to find
Lande g; factors of La 1.
E. M. Sobolewski'>*, Laurentius Windholz?, Jerzy Kwela'!

1. Institute of Experimental Physics, Faculty of Mathematics, Physics and Informatics, University of Gdarisk, 80-308, Poland
2. Institute of Experimental Physics, Graz University of Technology, Petersgasse 16, A-8010 Graz, Austria

Landé- g; factors of 61 energy levels of La I, found from investigations of 66 spectral lines in the wavelength
range 562.959-+609.537 nm, were determined.

As a source of free La atoms a hollow cathode lamp with argon as a buffer gas was used. In order to investigate
the Zeeman effect, we placed a strong permanent magnet inside a container with liquid nitrogen, which was used
for cooling the hollow cathode lamp. In that way we obtained a field of about 800 G in the observation region.
The cooling helps to maintain the stability of the discharge and also reduces the Doppler width of the spectral lines
(down to some hundreds of MHz). The Zeeman effect studies were performed for two states of linear polarization
of the exciting laser light (produced by a half- wave plate and a Glan prism polarizer).

For the observation of the Zeeman hf structure we used the optogalvanic spectroscopy and the LIF technique.
Setups for both these measuring techniques were described in our papers [1, 2]. As an example the figure below
presents the spectra of the 595.275 nm line (7 and ¢ patterns).
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Fig. 1: Experimental and simulated Zeeman structures of 595.275 nm line (7 and o patterns).

Our experiments proved that optogalvanic spectroscopy and LIF method can be successfully used for measure-
ments of Lande g;- factors. An advantage of optogalvanic spectroscopy is the ability to observe the Zeeman effect
of very weak atomic lines unobservable by other spectroscopic methods. However, in the case of close lying neigh-
bouring lines the optogalvanic spectrum contains overlapping structures what can create problems in the analysis.
The LIF technique is free from this problem, but can be used only for relatively strong lines.

L. S. would like to thank University of Gdarsk for support by BMNiD grant - 2017.
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Lifetimes and Transition Probabilities for High-Lying Levels in
Astrophysically Interesting Atoms Using Multi-Photon Excitation
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3. Applied Mathematics and Material Science, Malmé University, 20506 Malmo, Sweden

In spectroscopy of stellar atmospheres the atomic transitions most often appear as absorption lines. To use these
lines for quantitative analysis of the population distribution and abundance determinations, reliable transition prob-
abilities or f-values must be available. A standard technique for this purpose is to combine measurements of the
lifetime of the upper level with experimentally determined branching fractions from an intensity calibrated source.
Since experimental studies are naturally limited in the number of levels that can be investigated, it is very fruitful
to use the experimental data to benchmark detailed and comprehensive theoretical calculations.

We will discuss the recent progress at the Lund Laser Centre, aiming to extend previous studies to more highly
excited levels and also to levels with the same parity as the ground configurations. The lifetime measurements
are performed using the Time-Resolved Laser-Induced Fluorescence (TR-LIF) technique, and the key element to
reach the new levels is by either two-photon excitation (from a single laser) or by two step excitations (from two
different lasers). Most of these experimental studies are combined with theoretical investigations by P. Palmeri and
P. Quinet from the theory group at the Université de Mons in Belgium.

Recent results using two-photon excitations in Cr II, Fe II, Ti II, Co II, Ni II and Y II can be found in [1-
6]. A current project is Sc II, where the experimental lifetime measurements are complemented by measured
branching fractions, from a Hollow Cathode using a Fourier Transform spectrometer, to obtain absolute transitions
probabilities. [7]
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Probing variations of the fundamental constants
with Cs clock referenced acetylene lines

Florin Lucian Constantin*!
1. Laboratoire PhLAM, CNRS UMR 8523, 59655 Villeneuve d’Ascq, France

Possible time- or potential gravitational-dependences of the fundamental constants allowed in theories beyond
the Standard Model [1], can be detected by precision measurements. The molecular spectra are principally sen-
sitive to the proton-to-electron mass ratio. The measurement of the frequency of a molecular clock against the
frequency of an atomic clock provided an efficient strategy to address the question of the stability of the funda-
mental constants. Previous approaches were based, for example, on ammonia inversion transitions detected in a
fountain [2], on rovibrational transitions of trapped molecular hydrogen ions [3] or of diatomic molecules in op-
tical traps [4] and on a two-photon rovibrational transition in a molecular beam [5] that constrained the variation
of me/m at 5.6x 10~ yr=!. This contribution proposes to exploit frequency splittings between near-resonant
rovibrational transitions of acetylene with enhanced sensitivity to a variation of m, / my [6].

The experimental setups developed in many laboratories (see for example [7]) are based on an extended cavity
laser diode with external electro-optic modulation that is locked with the Pound-Drever-Hall method to a Fabry-
Perot cavity filled with acetylene. The metrological performances are a short term (< 1 s) laser linewidth of ~ 50
kHz, a fractional stability of ~ 107! at 1 s and a reproducibility of ~ 1 kHz on a day-to-day timescale. Acetylene
transitions have been measured with an accuracy of ~ 1 kHz using frequency comb techniques. The proposed
approach is to count the optical beat at a microwave frequency X between two similar systems locked to adjacent
acetylene lines against the Cs clock frequency fcy. The Cs clock frequency depends as fcs ~ gcsa>®3m, /m »» Where
a is the fine structure constant and g¢; is the Cs g-factor. Small linear time variations of the fundamental constants
lead to a small linear time variation of the frequency ratio X/ f¢;. The contribution of the fractional time variation
of m,/m,, to the temporal drift of X / fc, can be discriminated by the sensitivity coefficient d(InX)/d(In(m./m,)).

The rovibrational energy levels of 12, H, are modelised with a Hamiltonian [8] that accounts for rotation, cen-
trifugal distortion, vibration, anharmonicity and different rovibrational interactions. The sensitivities to a variation
of m./ m,, of the rovibrational transitions of the vi+v3, respectively the vi+v;+v4+vs band are calculated (Fig. 1 a).
Near resonant transitions arise from the cancellation of the rotational intervals with frequency shifts associated to
the isotopic effect, the origins of the vibrational bands, the anharmonicity or the rovibrational interactions. The fre-
quency splittings between near resonant transitions have sensitivity coefficients up to the ==10° level (Fig. 1 b). The
systematic frequency shifts of the frequency splittings may be smaller than those of one transition. The systematic
effects are conservatively estimated at 96 Hz for actual experimental setups and may constrain a measurement of
the fractional variation of m,/m,, at the 10719 Jevel.
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Fig. 1: a. Dependence of the sensitivity of the vi+v3 and the vi+vo+v4+vs band transitions of 12C,H, on the
calculated rovibrational frequency and Fortrat diagram. b. Dependence of the sensitivity coefficient for selected
pairs of near resonant transitions on the rotational quantum number of the v;+v3 band transition.
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Multifrequency generation with an ac-biased photomixer

Florin Lucian Constantin*!
1. Laboratoire PhLAM, CNRS UMR 8523, 59655 Villeneuve d’Ascq, France

The generation of phase-coherent optical frequency combs with mode-locked lasers allowed many advances
in the fields of frequency metrology, precision measurements and sensing. THz frequency combs were generated
with the THz-TDS technique [1] and mode-locked THz quantum cascade lasers [2]. This contribution reports a
different approach based on electrical modulation. Early approaches on THz-wave modulation exploited external
devices [3]. The optoelectronic frequency down-conversion (photomixing) with two lasers and a dc-biased low-
temperature-grown (LTG) GaAs photoconductive antenna (photomixer) allowed broadband generation of THz-
waves [4]. Optical modulation of a photomixing signal was demonstrated by transferring high-speed modulation
from two telecom lasers to the THz domain [5]. The coupling of an alternative voltage on a LTG-GaAs photomixer
is exploited here for the modulation of a photomixing signal.

A photoconductive model based on one-dimensional carrier drift is presented. The carrier velocities [6] and the
carrier lifetimes [7] depend nonlinearly on the electric field in LTG-GaAs. They have time dependences oscillating
at harmonics of the modulation frequency upon application of an alternative electric field on the photomixer. The
current density has spectral components at the sum and the difference between the frequency of the optical beat
and a harmonic of the modulation frequency. Their phases and amplitudes are numerically calculated from an
expansion in power series of the amplitude of the alternative electric field. The signal in the microwave regime
at zero dc-bias field with radiofrequency modulation has spectral components with stable phases and supralinear
dependence of the amplitudes in function of the alternative electric field (Fig. 1.a).

The experimental setup, described in [8] (Fig. 1.b), is based on two extended cavity laser diodes at 820 nm
and a LTG-GaAs interdigitated photomixer with a self-complementary log-spiral antenna. The device is addressed
with a 50-ohm semirigid microwave line through a bias-T with a dc-voltage applied through a choke and a ca-
pacitively coupled low-frequency ac-voltage. The photomixing signal in the microwave regime is recorded with a
spectrum analyser. Multifrequency generation in the microwave regime is demonstrated by electrical modulation
of a photomixing signal (Fig. 1.c), with qualitative agreement between the model and the experimental results.
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Fig. 1: a.Alternative electric field dependences of the amplitudes and the phases of selected spectral components
of the current density. LTG-GaAs electrical conduction parameters from [6,7], photoconductive width 2 x 10 %m,
depth 2 x 10~%m, area 12 x 10~>m?. Optical beat at f = 1 GHz, modulation frequency f,, = | MHz, laser power
2x10 mW. Dependence on the electric field as E,>/? plotted as the green line b. Experimental setup. DL diode
lasers, RF synthesizer, SA spectrum analyzer. c. Modulation of a photomixing signal. Optical beat at 1178 MHz,
modulation frequency 2 MHz, optical power 2x20 mW. RBW 300 kHz, sweep time 4 ms. Spectral components
are calculated for a set of experimental parameters and plotted with bars.
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Long term comparison between Raman atom interferometry based
gravimeter and FGS absolute gravimeter

LingXiao Zhu', Anthony Rodgers', Victoria Smith?>, Graham Appleby?, Yu-Hung Lien*', Michael
Holynskif!, Kai Bongs'
1. Quantum Technology Hub for Sensors and Metrology and School of Physics and Astronomy, University of Birmingham, Edgbaston,
Birmingham, West Midlands, United Kingdoms
2. NERC Space Geodesy Facility, Herstmonceux Castle, East Sussex, United Kingdoms

The Raman atom interferometry (RAI) based gravity sensors are becoming more popular and attracting the at-
tentions for diverse field applications. Consequently we are developing a high precision RAI gravimeter as a
transportable reference platform in UK quantum technology hub. The gravimeter is based on a 8’Rb atomic foun-
tain cooled to a few uk via the moving molasses technique and employing the Raman pulses as atom optical
components. The practical interrogation time is 120 ms limited by seismic noise and the theoretical sensitivity
is estimated to be around 200 ng/+/Hz based on the current experimental parameters. In order to evaluate the
potential systematic biases, we are planning to move the apparatus to the UK space geodesy facility later this year.
We will proceeds a three months comparison between our transportable gravimeter and a cluster of de facto FG5
absolute gravimeters possessed by the facility. Some preliminary results would be presented in the conference.

The figure 1 shows the interferometric signals acquired with different interrogation times. Currently the S/N is
largely limited by the seismic noise of local lab environment and expects to be improved by moving to the more
quiet environment, e.g. the space geodesy facility.
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Fig. 1: The interferometric fringes are acquired by scanning the Raman frequency chirp rate with the interrogation
time 100 and 120 ms.
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Ultrafast diffraction with cold electrons from laser-cooled atoms

A. J. McCulloch*!, R. W. Speirs' D. Murphy' D. J. Thompson' J. Torrance' B. M. Sparkes' R. E.

Scholten!
1. School of Physics, The University of Melbourne
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The CAEIS cold-atom electron/ion source, based on photoionisation of laser-cooled atoms, has achieved compet-
itive nanoscale ion imaging [1] and offers unique properties for future application to ultrafast electron diffractive
imaging [2,3]. Electron bunches produced by these sources have intrinsically high transverse coherence due to
the very low source temperature, enabling single-shot high resolution diffraction [4]. Achieving practical imaging
will require application of a diverse range of atomic physics. For example, optical excitation and ionisation allow
generation of ultrafast bunches, but the bunch duration can vary by up to six orders of magnitude for relatively
small changes in laser wavelength that enhance or inhibit specific photoexcitation pathways and below-threshold
tunneling. Using streak methods, we have explored those pathways and demonstrated bunch durations of tens of
picoseconds [5]. We have also explored two avenues for increasing brightness: using stimulated Raman adiabatic
passage (STIRAP) [6] and selective field ionisation [7]. We are now developing a CAEIS with simultaneous ex-
traction of both electrons and ions to enable correlated electron-ion imaging, and production of heralded single
ions using Rydberg blockade in the photoexcitation and ionisation volume.
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Towards an optical thermometer based on molecular spectroscopy to
implement the new kelvin
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1. Université Paris 13, Sorbonne Paris Cité, Laboratoire de Physique des Lasers
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In 2018, the international System of Units (SI), including the kelvin, will be redefined by the International
Comity of Weight and Measurements. This reform aims at relating each unit to a fundamental constant instead of
relating them to materiel objects. Thereby, the temperature unit will be related to a fixed value of the Boltzmann
constant kp (instead of being related to the triple point of water). For the implementation of the new kelvin, several
different primary thermometry methods are currently being developed (acoustic gas thermometry, Johnson noise
thermometry, Doppler-broadening thermometry(DBT), etc...).

We proposed and previously used the spectroscopic method, based on the measurement of the Doppler broad-
ening, on ammonia ro-vibrational transitions at the triple point of water for the determination of the Boltzmann
constant [1][2]. Once the value of kp will be fixed in the new SI, the DBT will be used as a primary spectroscopic
method for thermodynamic temperature measurements.

In the frame of the Joint Research Project INK-2 of the European Metrology Programme for Innovation and
Research, we will develop, test and optimize DBT in the temperature range 300 - 430 K, in order to demonstrate
its potential and to study its limitations beyond the temperatuer of triple point of water. The measurement is based
on precise spectroscopy of an ammonia ro-vibrational transition in the mid-infrared range (~10 um). We present
our on-going work towards this objective. The existing set-up (used for the kp determination) is currently being
upgraded. The spectroscopic cell is be placed in a variable thermostat, the temperature stability and gradient is cur-
rently being characterized. The influence of the line-mixing will be investigated theoretically and experimentally.
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Fig. 1: Experimental Setup.
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Coherent and efficient microwave-to-optical conversion via six-wave
mixing in Rydberg atoms
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4. Department of Physics, National University of Sngapore, 117542, Sngapore

Demonstrating efficient interconversion of millimetre waves and optical fields for future quantum technologies
remains a challenge. Here we realize a coherent, broadband, microwave-to-optical converter and achieve an ef-
ficiency of more than 1% in conversion of a field of 84 GHz frequency into a field of 384 THz frequency. Our
approach is based on frequency mixing in a cloud of Rubidium atoms, where the microwave fields are coupled to
atomic transitions between Rydberg energy levels[1]. The strong coupling between the microwave field and these
transitions allows for free-space conversion, in contrast to other physical systems already demonstrated. Electro-
magnetically induced transparency is used in our schemein order to maximize the non-linearity responsiblefor the
process, and opensthe prospect for reaching much higher efficiencies. Eventually, if thistechnique were successful
in reaching near-unity conversion efficiency, the large number of available transitions in the microwave and THz
range would be very beneficial for applications.

Inthispresentation, | will describethe experimental setup that was used to obtain our results. | will also discuss
the strategies for improving this efficiency and the efforts currently deployed towards this goal.
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Probing superfluidity in a quasi two-dimensional Bose gas
through its local dynamics
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and H. Perrin'
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We report direct evidence of superfluidity in a quasi two-dimensional Bose gas by observing its dynamical response
to a collective excitation, the scissors mode[1]. The collective behaviour of the atomic cloud is identified by
applying principal component analysis to a series of in-situ absorption pictures[2]. Relying on a novel local average
analysis, we are able to probe inhomogeneous clouds and reveal their local dynamics[3]. We identify in this way the
superfluid and thermal phases inside the gas and locate the boundary at which the Berezinskii—Kosterlitz—Thouless
crossover occurs. This new analysis also allows to evidence the coupling of the two fluids which induces at finite
temperatures damping rates larger than the usual Landau damping.

Our measurement scheme relying on the weak global excitation of a gas close to equilibrium probed locally is
symmetric to the measurement of the critical velocity in an inhomogeneous quasi-2D Bose gas[4], where the effect
of a strong local perturbation is probed through a global observable, the total heat deposited over the whole cloud.
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Quantum chaos in ultracold collisions between Yb('Sy) and Yb(’P»)

Dermot G. Green*!?, Christophe L. Vaillant'>, Matthew D. Frye!, Masato Morita', Jeremy M. Hutson'!
1. Joint Quantum Centre (JQC) Durham-Newcastle, Department of Chemistry, Durham University, South Road, Durham DHI 3LE, United
Kingdom
2. School of Mathematics and Physics, Queen’s University Belfast, University Road, Belfast BT7 INN, United Kingdom
3. Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, UK

Signatures of quantum chaos have recently been observed in ultracold collisions of the complex atoms Er and
Dy in magnetic fields [1-3]. Such chaos may have very important consequences for ultracold physics: it is likely to
make it impossible to assign quantum numbers to resonances and near-threshold states, and may make it difficult
or impossible to determine interaction potentials by fitting to observed resonances. In addition, it may cause long-
lived 2-body collisions that result in fast 3-body loss [4]. It is thus important to understand the nature of chaos in
ultracold collisions, and determine when and why it occurs.

We calculate and analyse Feshbach resonance spectra for ultracold Yb('Sp) + Yb(P,) collisions as a function
of an interatomic potential scaling factor A and external magnetic field [5]. We find clear signatures of chaos
in this system which become stronger with increasing magnetic field, reaching a level that is similar to that ob-
served experimentally in Er and Dy (see Fig. 1). In addition, we show that the resonances in magnetic field in
the experimentally accessible range 400 to 2000 G are chaotically distributed, with strong level repulsion that is
characteristic of quantum chaos [5].
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Fig. 1: Statistical analysis of Feshbach resonance positions in ultracold Yb(!Sg) + Yb(*Py) collisions with respect
to potential scaling factor A. (a), (b) and (c) show the nearest-neighbour distributions P(s), which is the probability
density of two neighbouring levels having the spacing s (on a dimensionless scale in which the levels have unit
number density). The nearest-neighbour spacing distribution of a randomly distributed set of levels is of Poisson
type, while that of a chaotically distributed set is of Wigner-Dyson type. The Wigner-Dyson distribution exhibits
strong level repulsion, i.e., vanishingly small probabilities of finding levels that coincide. The Brody distribution
interpolates between Poisson and Wigner-Dyson ones, via a single parameter that takes values between zero (Pois-
son) and unity (Wigner-Dyson). Coupled-channel results (blue histograms); fitted Brody distributions (black lines,
with the corresponding Brody parameters stated); Poisson and Wigner-Dyson distributions (green and red dashed
lines, respectively). (d) shows the calculated Brody parameter as a function of magnetic field. Figure adapted from
that appearing in [5].

We have shown strong signatures of chaos in a remarkably simple system, which has strong anisotropy but
only 3 electronic curves correlating with the 3P, threshold. This is very many fewer electronic states than Er+Er
and Dy+Dy. The results demonstrate that a complex electronic structure is not a prerequisite for chaos in ultracold
collisions. This also suggests that chaos is likely to be widespread in ultracold collisions, which will have important
consequences for the study and understanding of ultracold species.
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Avoided crossings in near-threshold bound states of space-fixed dipoles.

John D. Reddel', Matthew D. Frye*!, Jeremy M. Hutson'!
1. Joint Quantum Centre (JQC) Durham-Newcastle, Department of Chemistry, Durham University, South Road, Durham DHI1 3LE, United
Kingdom

The Bohn-Cavagnero-Ticknor (BCT) model [1] is a useful simple model of dipole-dipole scattering. Here we
investigate near-threshold bound states of this model.

The BCT model is based on the approximation that the orientations of both dipoles are fixed in space and
parallel to each other. This approximation may be appropriate when a dipole is polarised by an external field and
the interaction potential is smaller compared to the energy which is polarising the dipole [1]. Therefore, this model
is expected to be useful for describing low-energy scattering and near-threshold bound states.

We have implemented the BCT model in the computer program BOUND [2], and used it to calculate bound
states using parameters which correspond to the dipoles of different physical systems, such as the weak magnetic
dipoles of Dy+Dy and the much stronger dipoles induced by an electric field in KCs+KCs. In the latter system,
it is possible to vary the effective dipole by varying the polarising electric field, which provides an experimental
mechanism for controlling the parameters of the model.

We investigate how the levels shift as we vary the parameters of the model, and we observe numerous avoided
crossings of a variety of strengths. In particular, we find states which approach threshold slowly as a function of
the effective dipole strength, which are crossed by numerous steeper states in a way which is similar to features
observed experimentally in near-threshold bound states of Dy+Dy [3].
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Imprinting Knotted Optical Vortices onto Atomic Bose-Einstein
Condensates

S. A. Gardiner*!, I. G. Hughes'!, F. Maucher*!
1. Joint Quantum Centre (JQC) Durham—Newcastle, Department of Physics, Durham University
South Road, Durham DHI 3LE, UK

Recently there has been a growing interest in the dynamics of knotted vortex lines in BECs, without necessarily
considering concrete experimental means to excite such matter waves in a controlled fashion.We have studied
the theoretical creation of knotted ultracold matter waves in Bose-Einstein condensates via coherent two-photon
Raman transitions with a A level configuration, and their subsequent dynamics [1]. We have done this by taking
advantage of the possibility to create knotted light fields (in the paraxial limit) through astute superpositions of
Laguerre—Gauss modes [2],[3], and by numerical modelling three-dimensional Gross—Pitaevskii equation. The
Raman transition allows an indirect transfer of atoms from the internal state |a) to the target state |b) via an excited
state |e), that would be otherwise dipole-forbidden, as shown in Fig. 1(a). This setup enables us to imprint three-
dimensional knotted vortex lines embedded in the probe field to the density in the target state. With this work
we believe we have presented a setup with physically realistic parameters to create such knotted vortex lines in
ultracold matter waves, although the subsequent dynamics can quickly become quite involved.

la) &

Fig. 1: (a) Schematic sketch of a Raman-type transition with A-configuration. The state |a) is off-resonantly
coupled to state |b) with two-photon detuning 8. The knotted light field & associated with Q,(r) off-resonantly
couples state |a) to |e) with detuning A. The final state |b) then reflects the involved structure of the light field &
associated with Q,(r). (b) depicts an isosurface of the intensity (purple) of the light-field & at a low isointensity
value and a slice showing the phase in the (x,y)-plane. In addition to the vortex lines in the centre of the beam, the
usual diffraction cones become visible. (c) Illustration of the situation at = 0, when the light field is imprinted,
before any subsequent dynamics in the atomic Bose—Einstein condensate take place. The isodensity of the cigar-
shaped wave function y, (yellow) is subject to the knotted light field (purple) from Fig. (b).
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Strong Coupling of a Cold Potassium Gas and a Ring Cavity

R. Culver®, A. Lampist, B. Megyerit, G. Harviet, Jon Goldwin*!
1. School of Physics & Astronomy, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK

Collective strong light-matter coupling was induced betwea cold potassium gas and a high-finesse ring cavity.
Potassium-39 atoms were pre-cooled in a two-dimensiongheta-optical trap, and continuously transferred to
a three-dimensional trap intersecting the cavity mode. it¢dsansmission spectra revealed the normal mode
splitting characteristic of strong coupling. By varyingthare cavity resonance frequency, the avoided crossing
of the normal modes was observed (see Fig. 1). This was usetd@schmark to characterise the strength of the
atom-light coupling.
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Fig. 1: Normal mode spectroscopy of a coupled atom-cavity system [1].

| will describe recent progress on the experiment and oumgpfar the near future. Sub-Doppler cooling
has reduced the temperature by an order of magnitude. Glyrves are working to extend the coherence time,
now limited by stray magnetic fields, to enable studies oftetenagnetically induced transparency (EIT). This
follows our previous work in a heated vapour cell, wherepstiispersion led to group indices approaching [2).
Combining EIT with the ring cavity experiment will set thege for more general control of gain and dispersion
in the strongly coupled system. Fundamental studies anlitappns in sensing and metrology will be described.
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Spin-orbit coupled interferometry with ring—trapped
Bose-Einstein condensates.

J.L.Helm*'2, T.P.Billam 3, A.Rakonjac 2, S.L. Cornish 2, S.A. Gardiner>
1. Dodd-Walls Centre for Photonic and Quantum Technologies, Department of Physics, University of Otago, Dunedin 9016, New Zealand
2. Joint Quantum Center (JQC) Durham-Newcastle, Department of Physics, Durham University, Durham DHI 3LE, United Kingdom
3. Joint Quantum Center (JQC) Durham-Newcastle, Department of Mathematics and Statistics, Newcastle University, Newcastle University,
Newcastle upon Tyne, NEI1 7RU, United Kingdom

We propose a method of atom-interferometry using a spinor Bose—FEinstein (BEC) and the well-established
experimental technique of time-varying magnetic fields as a coherent beam-splitter. Our protocol creates long-
lived superpositional counterflow states, which are of fundamental interest and can be made sensitive to both the
Sagnac effect and magnetic fields on the sub micro-Gauss scale. We split a ring-trapped condensate, initially in the
my = 0 hyperfine sub-level, into superpositions of both internal spin state and condensate superflow [1], which are
spin-orbit coupled. After interrogation a relative phase accumulation can be inferred from a population transfer to
the my = £1 states [2]. We present numerical and analytical treatments of our system [3].

Fig. 1: Numerically generated density vapour, column densities (top, front and side views), and phase plot for
(left panel) initial condition and (right panel) counterflow state. Note the opposite phase windings in the my = +1
components (depicted in the left and right columns of each panel respectively).
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KCs: refinement of interaction potential and prediction of Feshbach
resonances

C. Ruth Le Sueur*, Jeremy M. Hutson"
Joint Quantum Centre (JQC) Durham—Newcastle, Department of Chemistry, Durham University
South Road, Durham DH1 3LE, UK

Feshbach resonances have recently been observed in an ultracold 39K-133Cs mixture[1]. In that work we used the
positions of these resonances to refine the triplet interaction potential [2], [3] and thus to make improved predictions
of the positions and widths of all the Feshbach resonances (between 0 and 1000 G) that are due to s-wave or d-wave
states crossing the lowest asymptotic threshold, as well as a map of the bound states just under that threshold, for
all three isotopic combinations. The new triplet potential gives a triplet scattering length for **K!33Cs that is not as
close to the singlet scattering length, producing significantly broader resonances. This improves the prospects of
using the resonances to produce fermionic “’KCs molecules, and also makes them more suitable for precise tuning
of the interactions in a K-Cs Fermi-Bose mixture.
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Fig. 1: Bound states of 3KCs with Mz = 2 (blue), 3 (red) and 4 (black), together with the corresponding thresh-
olds, calculated using our refined potential [1]. The threshold crossings that produce observed crossings are shown
with filled circles and those so far unobserved with open circles.
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BOUND: a program for bound states of atomic and molecular pairs

C. Ruth Le Sueur*, Jeremy M. Hutson'
Joint Quantum Centre (JQC) Durham—Newcastle, Department of Chemistry, Durham University
South Road, Durham DHI 3LE, UK

BOUND is a program for locating bound states of a pair of weakly interacting atomic or molecular partners, in
external fields if desired. It can be used for many different interacting partners, including pairs of alkali-metal
atoms in magnetic and radiofrequency fields. Such calculations are of great importance in understanding Feshbach
resonances and in designing experiments for magnetoassociation to form ultracold molecules. Such molecules can
then be transferred to the absolute ground state by using STIRAP [1], [2], [3] at which point they are available for
further use as a collection of particles with long-range and tunable interactions.

BOUND uses the method of coupled channels, which handles the interatomic distance coordinate by direct
numerical integration and all the other coordinates using a basis set. The Schrodinger equation is recast in terms
of the log-derivative matrix, which allow stable propagation even in the presence of deeply closed channels.

Here we present the capabilities of BOUND (and the partner program FIELD) to find and characterise high-
lying bound states in the 3’RbCs system. This system is particularly challenging because it has a molecular state
lying about 0.11 MHz beneath the lowest hyperfine threshold (1 part in 10° of the well depth), with multiple
avoided crossings with other states (see figure 1). Mapping these states as a function of magnetic field and energy
is a task that BOUND performs well.
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Fig. 1: Weakly bound states of 8 RbCs shown relative to dissociation limit Rb|1, 1) +Cs|3,3) at the given magnetic
field value B. Panels a), b) and c¢) show close-ups of the areas boxed and labelled in the top panel.
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Theoretical Study on the Stability of a Vortex Ring in an
Axisymmetrically and Harmonically Trapped Dipolar Condensate
I-Kang Liu (Gary)*! and Shih-Chuan Gou'!

1. Department of Physics and Graduate Institute of Photonics,
National Changhua University of Education, Changhua 50058, Taiwan

We theoretically study the stability of a vortex ring in an axisymmetrically and harmonically trapped dipolar
condensate. Specifically, we focus on the case in which the dipoles are all aligned along the axial direction.
Assuming a condensate of large size, we approach the problem by taking into account the velocity formula derived
from the time-dependent Gross-Pitaevskii equation by the method of matched asymptotic expansion in the Thomas-
Fermi limit for the filament model of a circular vortex ring subject to bending-wave instability [1]. The stable
region (the shaded area in Fig. 1), where the vortex ring is robust against the linear instability of bending waves,
is determined for wide ranges of scaled dipole strength and aspect ratio of the trapping potential. To visualize the
locomotion and probe more into the dynamical aspect of the vortex ring traversing in a realistic dipolar BEC, we
numerically solve the time-dependent Gross-Pitaevskii equation related to the recently demonstrated dysprosium
BEC [2]. Furthermore, the quantum fluctuation in such dipolar BECs, which originates from the Lee-Huang-Yang
effect [3], can act to influence the stability of the vortex ring, and we also address this issue in this presentation.
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Fig. 1: The stability of a vortex ring in an axisymmetrically and harmonically trapped dipolar condensate in the
Thomas-Fermi approximation as a function of €., the scaled dipole strength, and A, = @, /@, , the aspect ratio of
the harmonic trap. The shaded area indicates the stable region of a circular vortex ring.
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Control of quantum dynamics on an atom chip

Cosimo Lovecchio*!, H.-V. Do!, F. S. Cataliotti ! 2
1. LENS and Dipartimento di Fisica ed Astronomia, Universita di Firenze, Via Nello Carrara 1, 50019 Sesto Fiorentino, Italy

2. Istituto Nazionale di Ottica INO-CNR, Largo Enrico Fermi 3, 50125 Firenze, Italy

We produce a Bose-Einstein condensate of 3’Rb with an Atom-Chip. The Atom-Chip is also equipped with RF
sources for coherent transfer of atoms between internal states in order to realize an atom interferometer [1]. We
demonstrate a novel scheme for the tomographic reconstruction of atomic states that combines the inherent stability
of the atom chip setup with the flexibility of optimization schemes [2]. This scheme allowed confirming of the
superb control on parameters allowed by the experimental set-up and put it to use on improved control algorithms
to realise arbitrary superposition states [3]. In the same set-up we can further control the available Hilbert space for
quantum evolution exploiting Quantum Zeno dynamics [4]. This can be used to create two separate subspaces in
the hyperfine ground states of 3’Rb. We choose the 4 logical input state of a 2 g-bit gate among the two subspaces.
With D-CRAB optimization [5] we design a control RF pulse to perform a phase gate. Since in the same system we
can make use of Raman and microwave transitions between the different hyperfine manifolds in order to perfom
single g-bit operations, our use of QZD allows the demonstration of a complete set of logical gates within a single
rubidium atom.

23 mm

Fig. 1: The atom chip on which condensation and manipulations are performed.

Finally we show a possible route for controlling the coupling to an environment by experimentally demonstrating
the stochastic Quantum Zeno effect; i.e. we prove an ergodicity relation between the survival probabilities of
different stochastic series that respectively correspond to time and ensemble averages [6]. These experiments
prove that Atom Chips can be ideal tools for the control of quantum dynamics opening a new way to realizing
novel quantum logical gates.
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Probing correlations of cold-atom systems
using multiple atomic impurities

M. Streif! 2, A. Buchleitner?, D. Jaksch'?, J. Mur-Petit*!
1. Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom
2. Physikalisches Institut, Albert-Ludwigs-Universitdit Freiburg, Hermann-Herder-Strafie 3, 79104 Freiburg, Germany
3. Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, 117543 Singapore

Experimental advances in the control and measurement of quantum systems are driving the development of
quantum technologies across multiple experimental platforms, from trapped ions and cold atoms, to superconduct-
ing circuits and nanomechanical setups [1]. Among the most promising practical applications of these devices
lies quantum-enhanced sensing, where individual or quantum-correlated particles are used to accurately measure
observables, from magnetic fields to gravity. Extending this paradigm, recent work has highlighted the potential
of single quantum systems to probe strongly-correlated quantum systems [2]. Yet it is clear that in general a single
qubit probe cannot suffice to exhaustively characterise a complex quantum system, since the probe’s diagnostic
horizon will generally be limited to a finite subset of the system’s Hilbert space.

In a first step to address this issue, we have considered probing a quantum with two impurity atoms separated
a distance Ac. We have found [3] that nonlocal density-density correlations of the gas,

) _ (P1O)P(AS)) — (p(0))(p(AC))
¢l P0)2 |

where p(x) is the density of the system at position x, can be measured in a nondestructive way by monitoring the
evolution of the two-probe reduced density matrix after a change of the probe-system interaction strength. Our
findings, illustrated in Fig. 1, are supported with analytic and numerical calculations for the Bose-Hubbard model,
from the weakly to the strongly interacting regimes, under conditions of temperature, density, and impurity-gas
interactions relevant to ongoing experiments in two-species cold-atom systems [4]-[5].
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Fig. 1: Two-point density-density correlation function g(z) (Ac) of the one-dimensional Bose-Hubbard model for
separation Ac = 0,1,2 (in units of the lattice constant) and different values of U /J, where U and J are the on-
site interaction energy and the hopping energy, respectively, of the Bose-Hubbard Hamiltonian. Empty symbols
stand for the theoretical predictions based on Bogoliubov theory for U /J < 0.4 with a thermal state with inverse
temperature § = 1000/J (shaded region), and on tensor network theory (TNT) calculations for U /J > 0.4. Symbols
X,+,* show the results of our measurement protocol, with the associated error bars for Nexp = 10* simulated
measurements. For clarity, we do not include error bars for the Ac = 2 calculations; they are similar to those for
Ac = 1. Reproduced from Ref. [3].
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Phase Profiles of Atomic Bose-Einstein Condensate Mixtures

K. L. Lee', I.-K. Liu!, N. Jorgensen?, L. Wacker?, M. G. Skou?, K. T. Skalmstang?, J. J. Arlt> and
Nick Proukakis*!

1. Joint Quantum Centre (JQC) Durham—Newcastle, School of Mathematics and Statistics, Newcastle University
Newcastle upon Tyne NEI 7RU, UK
2. Institut for Fysik og Astronomi, Aarhus Universitet, Ny Munkegade 120, 8000 Aarhus C, Denmark

We characterize the phase profiles of interacting atomic Bose-Einstein condensates, presenting the precise con-
ditions for phase mixing or separation. Considering equilibrium patterns, we demonstrate a new criterion for the
in-situ spatial distributions, which offers a significant improvement over the homogeneous condition typically used
to analyse experiments; using a state-of-the-art finite temperature kinetic model, recently extended by us to two-
component condensates [1]-[2], we establish the measurement of collective modes as a unique tool probing the
mixture (im)miscibility [3]. Investigating images after time-of-fight expansion, in a scheme which also accounts
for the thermal mean field, we show through a detailed theoretical-experimental comparison [4] that immiscibility
can actually emerge in expanded images of two initially spatially-separated condensates (see figure), as a result of
the effective mean-field potentials during expansion. We also briefly comment on the coupled condensate thermal-
ization dynamics [5] and the extent to which the coupled condensate formation dynamics can affect the observed
quasi-equilibrated profiles through the spontaneous emergence of composite structures during the phase transition
crossing [6].

We acknowledge financial support from the EPSRC and discussions with Tom Billam, Simon Cornish, Simon
Gardiner, Shih-Chuan Gou and Nick Parker.
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Fig. 1: Comparison of simulated in situ and expanded coupled condensate profiles (left two columns), and cor-
responding experimentally-measured ones (right column) for a harmonically-confined 3”Rb-3*K mixture, with a
large in situ phase separation. These images show clearly that the observation of characteristic structures after
time-of-flight imaging does not necessarily reflect the in situ physics.
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Decay of Josephson Superflow via Vortex-Ring Emission

K. Xhani', K. L. Lee!, L. Galantucci', C. F. Barenghi!, A. Trombettoni?, G. Valtolina®, F. Scazza’, A.

Amico?, C. Fort’, M. Zaccanti’, A. Burchianti’, G. Roati’, and Nick Proukakis*!
1. Joint Quantum Centre (JQC) Durham—Newcastle, School of Mathematics and Statistics, Newcastle University
Newcastle upon Tyne NEI 7RU, UK
2. CNR-IOM and SISSA, Italy
3. INO-CNR and LENS, Italy

Josephson oscillations in fermionic superfluids across the BEC-BCS crossover [1] have been recently experimen-
tally observed to decay through the emission of vortical excitations at the barrier connecting the two parts of the
superfluid in a double-well trap. By performing full 3D numerical simulations in the molecular BEC regime at
both zero and finite temperatures, we explicitly demonstrate the generated structures to be excited vortex rings,
and study their propagation, dynamical instability and subsequent decay (see figure below) [2], shedding more
light into this nonlinear process, the role of interactions of vortex rings with other rings and background sound,
and the effect of gradually removing the barrier (experimental step undertaken before time-of-flight imaging). By
self-consistently coupling the Gross-Pitaevskii equation to a quantum Boltzmann equation (“ZNG” model) [3] we
also discuss the role of finite temperature in damping both Josephson oscillations and macroscopic quantum self-

trapping.

We acknowledge financial support from the EPSRC.
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Fig. 1: Snapshots of the evolving condensate density, clearly highlighting the creation of a vortex ring in, and
subsequent emergence from, the barrier region, and subsequent decay, in the presence ofan underlying Josephson
current.
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Manipulating cold atoms with low frequency electromagnetic radiation.

G. A. Sinuco-Leon*!, B. M. Garraway !
1. Department of Physics and Astronomy, University of Sussex, Brighton, BN1 90H, UK

Low frequency electromagnetic radiation constitutes a superb tool for coherent control of the internal state of
a wide variety of quantum systems (e.g. NV centres, superconducting circuits and trapped atoms and ions). It
is usual to describe the dynamics of such systems neglecting their multilevel nature via perturbative expansions
and applying the rotating wave approximation (RWA). However, modern experimental implementations let us
explore the regime of strong matter-radiation coupling where all relevant energy scales can be of the same order of
magnitude, which renders inaccurate the standard simplifications. In this work, we present a study of the dynamics
of a multilevel quantum system coupled to strong fields in the context of ultracold alkali atoms under the influence
of multiple radio-frequency and microwave electromagnetic fields.

We describe the atomic dynamics corresponding to typical atom-chip configuration and highlight the range of
relevant energy scales achievable with state-of-the-art technology. We discuss novel effects associated with non-
equal energy spacing between internal states (corresponding to non-linear Zeeman shifts) and its utility to reduce
the sensitivity of atomic clock transitions via RF and MW dressing [1], and to implement addressed manipulation
of atomic qubits trapped in a lattice [2]. Following this, we consider qubits encoded by atomic RF dressed states
and evaluate beyond RWA effects on its transition frequency and coupling to microwave radiation. The relevance
of this work for applications in atomic interferometry [3] and quantum information processing are demonstrated
with concrete examples.
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Observation of attractive and repulsive polarons
in a Bose-Einstein condensate

N. B. Jorgensen', L. Wacker!, K. T. Skalmstang* !, M. M. Parish?, J. Levinsen”, R. S. Christensen',
G. M. Bruun!, J. J. Arlt!

1. Institut for Fysik og Astronomi, Aarhus Universitet 8000 Aarhus C, Denmark
2. School of Physics & Astronomy, Monash Unversity, Victoria 3800, Australia

The problem of an impurity particle moving through a bosonic medium plays a fundamental role in physics, ranging
from organic electronics to the Standard Model. However, despite intense theoretical investigation, the canonical
scenario of a mobile impurity immersed in a Bose-Einstein condensate (BEC) has not yet been realized. Here, we
use radio frequency spectroscopy of ultracold bosonic 3K atoms to experimentally demonstrate the existence of a
well-defined quasiparticle state of an impurity interacting with a BEC [1]. We measure the energy of the impurity
both for attractive and repulsive interactions, and find excellent agreement with theories that incorporate three-
body correlations. The spectral response consists of a well-defined quasiparticle peak at weak coupling, while
for increasing interaction strength, the spectrum is strongly broadened and becomes dominated by the many-body
continuum of excited states. Crucially, no significant effects of three-body decay are observed. Our results open up
exciting prospects for studying mobile impurities in a bosonic environment and strongly interacting Bose systems
in general.

1.5

-4 -2 0 2 4
1/kya 1/kna

Fig. 1: The spectral response of an impurity in a BEC as a function of detuning A and interaction strength 1/k,a.
Both experiment and theory show a clear shift in in spectral weight due to the interaction between the impurity and
the BEC
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Spatially distributed multipartite entanglement and
Einstein-Podolsky-Rosen steering of atomic clouds

Philipp Kunkel*!, Maximilian Priifer !, Daniel Linnemann !, Anika Frolian ', Helmut Strobel’!, Thomas

Gasenzer !, Martin Girttner ', and Markus K. Oberthaler '
1. Kirchhoff-Institut fiir Physik, Universitit Heidelberg,
Im Neuenheimer Feld 227, 69120 Heidelberg, Germany

A key resource for distributed quantum-enhanced protocols is entangled states between spatially separated modes.
Here, we use spin mixing in a tightly confined Bose-Einstein condensate of 8’Rb to generate a squeezed vacuum
state in a single spatial mode. We show experimentally that the corresponding local entanglement can be spatially
distributed by self-similar expansion of the atomic cloud in a waveguide potential. Spatially resolved spin read-out
is used to reveal Einstein-Podolsky-Rosen (EPR) steering between distinct parts of the expanded cloud. Building on
the ability to partition the system arbitrarily, we also show threeway steering. To quantify the connection between
the strength of EPR steering and genuine multipartite entanglement we construct a witness, which testifies up to
genuine five-partite entanglement.
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Non-adiabatic quantum phase transition in a trapped spinor condensate

Tomasz Swistocki*!, E. WitkowskaZ?, M. Matuszewski>
1. Faculty of Applied Informatics and Mathematics, Warsaw University of Life Sciences,
ul. Nowoursynowska 159, 02-786 Warsaw, Poland
2. Institute of Physics, PAS, Aleja Lotnikow 32/46, 02-668 Warsaw, Poland

We study the effect of an external harmonic trapping potential on an outcome of the non-adiabatic quantum phase
transition from an antiferromagnetic to a phase-separated state in a spin-1 atomic condensate. Previously, we
demonstrated that the dynamics of an untrapped system exhibits double universality with two different scaling laws
appearing due to conservation of magnetization [1]. We show that in the presence of a trap double universality
persists. However, the corresponding scaling exponents are strongly modified by transfer of local magnetization
across the system. The values of these exponents cannot be explained by the effect of causality alone, as in the
spinless case. We derive the appropriate scaling laws based on a slow diffusive-drift relaxation process in the local
density approximation [2].
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Synthetic clock transitions and Rashba spin-orbit coupling

Dimitris Trypogeorgos*', Ana Valdés-Curiel', Nathan Lundblad?, I. B. Spielman'
1. Joint Quantum Institute, University of Maryland and National Institute of Standards and Technology,
College Park, Maryland, 20742, USA
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Lewiston, Maine 04240, USA

Decoherence of a quantum system due to uncontrolled environmental fluctuations presents a fundamental ob-
stacle in quantum science. ‘Clock’ transitions that are insensitive to low frequency fluctuations are used to extend
the coherence time, however these may not always exist in a particular system. Here, we use dynamical decoupling
in a spin-1 Bose-Einstein condensate to create a trio of ‘dynamical’ clock transitions, with only quadratic sensitiv-
ity to magnetic field fluctuations, as with the naturally occurring clock transitions present near zero magnetic field.
Using a concatenated scheme, we also suppress the sensitivity to fluctuations in our control fields. The new field
insensitive states represent an ideal starting place for a new generation of experiments with artificial gauge fields
and spinor Bose-Einstein condensates.

The loss of coherence due to uncontrolled coupling to fluctuations of the surrounding environment, is the lim-
iting performance factor for quantum technologies. In select cases, ‘clock’ transitions exist that are first order
insensitive to the dominant noise sources, however, in most cases, such transitions are absent. This limitation can
be lifted using dynamical decoupling protocols, in which the system is continuously driven by an external field,
resulting in a dynamically protected ‘dressed’ system. A number of dynamical decoupling methods, pulsed or
continuous, have been shown to isolate a quantum system from the low frequency noise of its immediate envi-
ronment. Continuous dynamical decoupling (CDD) relies on the application of time-periodic, continuous control
fields, rather than a series of quantum-logic pulses. To date, CDD has been used to produce protected two level
systems in nitrogen-vacancy center experiments, NMR, and trapped ions. We implemented CDD in an atomic
Bose-Einstein condensate (BEC) producing a protected three level system, suitable for quantum simulation ex-
periments. Moreover, the energy differences of the dressed eigenstates are proportional to the amplitude of the
dressing field, and hence tunable, and the quantization axis can be arbitrarily rotated so that two separate quantum
systems can be strongly coupled.

These techniques adds no heating or loss mechanisms, yet within the protected subspace retains the full com-
plement of cold-atom coherent control tools such as optical lattices and Raman laser coupling, and permit new
first order transitions that are absent in the unprotected subspace [2]. For example, a fully connected geometry
is required for engineering exotic topological states such as topological insulators, the spin-Hall effect, and two-
dimensional Rashba spin-orbit coupling in ultracold atomic systems [3].
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Spatial entanglement patterns and Einstein-Podolsky-Rosen steering
in a Bose-Einstein condensate

T. Zibold*!, M. Fadel !, B. Décamps ', P. Treutlein!
1. Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland

We investigate the spatial entanglement in a spin squeezed Bose-Einstein condensate of rubidium atoms. We
experimentally prepare two-component Bose-Einstein condensates of several hundreds of atoms on an atom-chip
[1]. Using state-selective potentials to tune the collisional interactions we prepare spin squeezed atomic states
through one axis twisting [2]. By letting the atomic cloud expand and using high resolution absorption imaging
we are able to access the spatial spin distribution of the many-body state. The observed spin correlations between
different regions go beyond classical correlations and reveal spatial non-separability. Furthermore they allow for
Einstein-Podolsky-Rosen (EPR) steering of a sub-region of the atomic spin. By inferring measurement outcomes
of non-commuting observables in one region based on measurements in a separate region we are able to seemingly
beat the Heisenberg uncertainty relation, realizing the EPR paradox with an atomic system [3]. Our findings
of spatial entanglement in ultracold atomic clouds pave the way for future quantum enhanced measurements of
spatially varying observables such as electromagnetic fields.
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Study of ICD time evolution with
THz - field - driven XUYV streak camera

F. Karimi''> M.Pfau'> M. Ranke'-> S. Walther'? A. Dimitriou*!-?, U.Friihling' -2
1. Center for Ultrafast Imaging, Luruper Chaussee 149, 22761 Hamburg, Germany
2. Institut fiir Experimentalphysik, Universitit Hamburg, Luruper Chaussee 149,
22761 Hamburg, Germany

Interatomic Coulombic Decay (ICD), a non-local auto-ionization process, is an efficient decay channel used by
atoms in loosely bound van der Waals rare gas molecules and clusters [1]. The aim of this study is the investigation
of the ICD lifetime in Ne-Kr dimers formed in a co-expansion of a NeKr gas mixture under high pressure through
an aperture in vacuum with the use of THz-streaking [2], [3].

In order to ionize an inner valence electron of Ne and therefore initiate the ICD process we generate few fs
Ultrashort XUV pulses with High Harmonic Generation (HHG). The relaxation energy of Ne is transferred to the
neighbouring Kr atom in form of a virtual photon. The whole process leaves two ionized atoms in a dimer which
consequently undergoes a coulomb explosion.

The continuum electron wave packet will be probed with an intense THz field, which is superimposed with the
XUV pulses, and is created by optical rectification of NIR laser pulses on a LiNbO3 nonlinear crystal. Efficient
velocity matching of NIR and THz pulses is achieved by tilting the pulse front with the use of a diffraction grating
[4]. The temporal profile of this wave carries the desired temporal information about the underlying dynamics.
Our group has pioneered in adapting the THz- field streaking technique [5].

Within this project we have already built an experimental chamber to efficiently create van-der-Waals clusters.
Our set up also consists of an already operational XUV monochromator designed and constructed by our group
in order to choose the desired harmonic [6]. The whole set up is close to become fully operational for streaking
measurements and the most recent developments as well as the experimental set up and the techniques used for
this study will be presented in the conference.
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4d - 4f Photoabsorption in Laser-Produced Thulium Plasmas
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1. UCD School of Physics, University College Dublin
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2. School of Physical Sciences, Dublin City University,
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3. Department of Physics and Astronomy, Uppsala University,
751 05 Uppsala, Sweden

The dual laser plasma (DLP) technique [1] exploits the continuum emission from a laser produced plasma,
formed on a high-Z solid target to probe the ions present in a second plasma, formed on a target of the material of
interest. By varying the time delay between the formation of the plasma containing the ions to be observed and the
creation of the continuum, it is possible to probe successively lower stages of ionisation. Typically the absorbing
plasma is formed as a column in which the plasma electron temperature is below 5 eV and the time delays between
plasmas range from 25 ns to 1000 ns. The continuum is generated on a tungsten, samarium or hafnium target,
where individual line emission is not observed [2]. This is due to emission by extremely high numbers of weak
lines which is submerged in plasma continuum and bremsstrahlung radiation.

In this work, spectra revealing photoabsorption due to Tm, Tm™ and Tm>* ions have been observed in the
spectral region between 6 and 8 nm where 4d to 4f photoabsorption is the dominant process. These ions are of
particular interest as they have 4d'%4f'36s” ground states where n = 2, 1 and 0 in the case of Tm, Tm* and Tm>*,
respectively. Thus in each ion the 4d — 4f transitions are of the form 4d'%4f'3 - 4d%4f'% with the 6s electrons
effectively playing a spectator role where present. Only photoabsorption from the lower 2F7, term in neutral
thulium has been observed prior to this work[3] by Radtke, using a furnace as the source of thulium vapour and
synchrotron radiation as the probe.

Large resonances, peaking in the region around 7.1 nm are present at delays ranging from 25 to 1000 ns,
reflecting the similar photoabsorption processes that occur through each of the first three ion stages. For each
ion stage the absorption profile can be explained in terms of two spin-orbit components, fitted to combined Fano
profiles. Analysis was aided by the use of a Hartree Fock with configuration interaction atomic structure code [4].
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Photo-ionization in Presence of Circularly Polarized Fundamental and
Odd Order Harmonic Fields.

|.A.lvanov*1-3, Chang Hee Nam12, Kyung Taec Kim'12
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Strong field ionization process driven by a circularly pidled laser pulse and its second harmonic received
recently considerable attention in the literature [1-3]. n&tural generalization of this setup would be a field
configuration consisting of the circularly polarized fundantal field and its higher harmonics.

We present a study of the photo-electron spectra for thedbioin process driven by counter- and co-rotating
circularly polarized fundamental and odd order harmonic$ieGeneral features of the photo-electron spectrum
for the field configurations we consider can be inferred framdimple SFA picture of ionization, in which ion-
ization occurs at the timeg, of the peak field strength of the pulse, with the final electrelocity given by the
value of the vector potential at this moment of time. One casilg see that for the flat pulse envelope and the
counter-rotating geometry, the total electric field of thisp hasy+ 1 peak values of equal magnitude per each

optical cycle of the fundamental field at timgs= quTl (m=0,...,q) (hereT is an optical cycle), with vector

potential components:

E; C\ . _ E C
_w\/i (1—q) sinwtm , Ay(t) = o3 (1 q)coswtm. Q)

E . , -
HereC = E—q = 0.1, E; andE, are, respectively, the field strengths of the fundamentaltewmonic fields.

According to th%s simple picture, for the counter-rotatgepmetry the photo-electron spectra should form a regular
structure withg+ 1 lobes in the polarization plane of the pulse. For the casieeofo-rotating circularly polarized
fundamental field and itg-th harmonic the photo-electron spectra should exhibit@ctire withg— 1 lobes in
the polarization plane of the pulse.

A TDSE calculation, organized along the lines we descrilbed], confirms this picture as spectra shown in
Fig.1. demonstrate.

Ax(t) =

P, (a.u.)
P, (a.u.)

Fig. 1: lonization probability distribution in the polarizatiorigme for the counter-rotating fundamental and third
harmonic (left panel), and fundamental and fifth harmonic {rigdnel) fields. Pulse parameters: intensity and
frequency of the fundamental field dre= 101 W/cn?, w = 0.057 a.u. (wavelength of 790 nm). Intensities of the
third and fifth harmonics were #®wi/cn?.

Main difference with the SFA predictions is presence of i@ Energy structures (LES). Of all the field
configurations we considered, LES were present only for #s2 ©f ionization driven by the counter-rotating
fundamental field and its fifth harmonic. We tried to eluc&litis phenomenon, and found that Rydberg states
populated by a combined absorption of the photons from thddmental and harmonic fields are responsible for
its origin.
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Fano-CI method for decay widths of metastable excited states
of atomic and molecular systems
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Electron correlation is an essential driver of a variety of relaxation processes in metastable excited atomic and
molecular systems. These are phenomena which often lead to autoionization involving two-electron transitions,
such as Auger effect or inter-atomic Coulombic decay (ICD). Recently, even higher-order multi-electron decay
processes has come into focus since their significance increases in multiply excited systems produced, e.g., af-
ter irradiation by high-intensity free electron lasers [1]. Among fundamental characteristics of a metastable state
belongs decay width, directly related to its lifetime. Wide range of computational approaches can be chosen to
determine this quantity. Number of studies employ the golden rule formula for transition probabilities combined
with various many electron wave function models, usually specifically tailored to the particular problem. Alterna-
tively, decay widths can be computed using complex absorbing potential (CAP) in combination with various tools
of excited-state quantum chemistry, such as configuration interaction (CI), algebraic diagrammatic construction
(ADC) or equation-of-motion coupled-cluster methods.

The CAP-based methods represent possibly the most generic approach to study lifetimes of autoionizing states
and, furthermore, can build on the highly developed foundations of computational quantum chemistry if standard
square-integrable (.Z?) basis sets are used. Major disadvantage of the method is that only the total decay widths can
be determined, partial widths for individual channels are not accessible. Also, the approach is rather demanding
with respect to the quality of the basis set necessary for reliable representation of the CAP since it has to be
localized in a region sufficiently distant from the system.

Another class of .#? methods is based on the Fano theory of resonances, again in combination with CI or
ADC expansions for the description of the many-electron wave functions. These methods were established as very
accurate and possibly the most efficient tools for computation of intra- and inter-atomic decay widths and have
been utilized in several important studies of ICD [3]. Fano-ADC was applied successfully also to study collective
decay processes involving more than two electrons [4] or to large molecules with hundreds of decay channels [5].
In contrast to CAP, this class of methods can be used to calculate also the partial decay widths, even though the
use of square integrable still prohibit rigorous definition of the decay channels and the partial widths are therefore
only approximate. Furthermore, since only the coupling matrix elements between the discretized continuum and a
compact discrete state wave functions are needed, less diffuse basis sets are usually sufficient to obtain converged
results.

At the heart of the Fano theory is separation of the Hilbert space into background continuum subspace &2
and complementary subspace 2 containing the discrete states representing the resonances. Since the natural
distinction between the continuum and %> wave functions associated with the discrete states is lost when standard
Gaussian or other .#? one-particle basis set is employed, other criteria for the separation have to be devised.
Recently, universal procedure for the classification of individual many-electron configurations appearing in the CI
or ADC expansions has been developed [6]. However, it is restricted to configurations characterized by only a
single electron occupying virtual orbital and cannot be used, in the case of ADC for ionized systems, beyond the
second-order. The task becomes significantly more complicated when configurations with two or more electrons
in virtual orbitals are involved. Such configurations are found in higher-order ADC or CI expansions or already in
the second-order ADC scheme for polarization propagator needed to study decay of excited states of electronically
neutral systems. Therefore, universal Fano-ADC method for the latter is missing.

We will present generic Fano-CI method for electronically neutral systems in which the projectors on the &2
and 2 subspaces are constructed using separate CI calculation for singly-ionized decay channels. Unfortunately,
such a straightforward approach cannot be applied to the more accurate ADC schemes. However, the method can
be utilized in the future for testing different classification procedures generalizing the approach of Ref. [6].

The work was funded by the Czech Science Foundation under the project GACR 17-108668S.
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The ALPHA Experiment: Laser and Microwave Spectroscopy of
Antihydrogen Atoms

Daniel Maxwell*!, the ALPHA Collaboration
1. Swansea University, Singleton Park, Swansea, Wales, SA2 8PP, UK

In 2016, the ALPHA collaboration at CERN observed the first optical transition in antihydrogen atoms [1]. Along
with microwave transitions observed in 2012 [2], these measurements constitute milestone steps towards direct
spectroscopic comparisons between hydrogen and antihydrogen as a test of CPT (charge-parity-time) symmetry
[3]. The immediate goal of the ALPHA experiment is to improve the precision of these spectroscopic measure-
ments, with the ultimate aim of matching the levels of precision that have been achieved with hydrogen, where the
absolute frequency of the 1S-2S transition has been measured to 4 parts in 101 [4].

We will present the experimental apparatus and techniques that have made spectroscopy of antihydrogen pos-
sible. At the heart of the 1S-2S spectroscopic measurement is the optical enhancement cavity, inside the cryogenic
atom trap. New techniques in antihydrogen trapping developed in 2016 mean that we can now trap and perform
spectroscopy on ten’s of antihydrogen atoms simultaneously, compared to the 1-2 atoms previously demonstrated
[5].

We will also present developments towards increasing the antihydrogen trapping rate. The current trapping rate
of antihydrogen will eventually put restrictions on the precision that future experiments are likely to achieve. The
positron temperature is thought to play a vital role in both the rate of antihydrogen formation, and on the trapping
rate of antihydrogen [6],[7]. Currently, positron temperatures reach around 50 K. By lowering the positron temper-
ature, significantly more antihydrogen atoms should be trapped. We propose to sympathetically cool the positrons
using laser-cooled beryllium ions, Be™, a technique that has previously been demonstrated [8]. Simulations in
ALPHA have shown that the temperature of the positrons could potentially be reduced to less than 5K if cooling
is maintained during antihydrogen formation [9]. We have recently demonstrated a Beryllium ion source suitable
for operation under significant constraints imposed by the ALPHA apparatus, which is being installed before the
2017 antiproton run.
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Configuration Interaction Effects in Unresolved np®nd"*! -
np°’nd” 2+np°nd"nf' Transition Arrays; Contrasting Behaviour for n = 4
andn=35
Luning Liu*'2, Deirdre Kilbane’, Padraig Dunne’, John Sheil?, Xinbing Wang' and Gerry O’Sullivan’?

1. Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan 430074, China
2. School of Physics, University College Dublin, Belfield, Dublin 4, Ireland

The extreme ultraviolet (EUV) and soft x-ray (SXR) spectra of medium and high Z-ions are known to be dom-
inated by emission from unresolved transition arrays (UTAs), the most intense of which originate from An = 0,
4pSagN+l — 4p34dN+2 + 4p%4dN4f! transitions [1]. Indeed, their intensity is such, that sources based on such
emission are being developed for applications ranging from lithography to microscopy [2, 3]. Configuration in-
teraction (CI) effects can greatly influence the spectral profile and intensities of these UTAs [4 - 6]. Changing the
principle quantum number n, from 4 to 5, changes the origin of the UTA from An = 0, 4p%4dN+! —4p>4aN+2 +
4pS4dN4f! to An =0, Sp®5dN T — 5p35dN*2 + 5p054N5 f! transitions. This causes unexpected and significant
changes in the impact of configuration interaction from that observed in the heavily studied n = 4 —n = 4 arrays.
In this study, the properties of n =5 —n =5 arrays have been investigated theoretically in ions of elements from
Z =179 (Au) to Lr (Z = 103) with the aid of Hartree-Fock with configuration interaction (HFCI) calculations and
compared with their n = 4 —n = 4 counterparts. At the beginning of the sequence, 5f wavefunction contraction
effects are clearly evident. In addition to predicting the wavelengths and spectral details of the anticipated features,
the calculations show that the effects of configuration interaction are quite different for the two different families
of An = 0 transitions, a conclusion which is reinforced by comparison with experimental results.
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Variation of the fine-structure constant and the electron-proton mass ratio
in simple ions

Natalia S. Oreshkina*!, Stefano M. Cavaletto', Niklas Michel', Christoph H. Keitel', Zoltin Harman'
1. Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

Numerous few-electron atomic systems are considered, which can be effectively used for observing a potential
variation of the fine-structure constant ¢ and the electron-proton mass ratio n,/m,. We examine magnetic dipole
transitions between hyperfine-structure components in heavy highly charged H-like and Li-like ions with observ-
ably high sensitivity to a variation of & and m,/m,. The experimental spectra of the proposed systems consist
of only one, strong line, which simplifies significantly the data analysis and shortens the necessary measurement
time. Furthermore, we propose systems for an experimental observation of the variation of quark masses and
discuss the expected level of accuracy in assessing limitations on the variation of the quark masses. Finally, we
establish which constraints on the variation of the fundamental constants could be provided by measurements with
a hyperfine-structure highly-charged-ion clock and some reference clock, showing that the improvement of the
current limitations can be reached even for a conservative scenario.
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Fig. 1: The current limits for the variation of the fine-structure constant %‘” = —2.0(2.0) x 10717 /yr and electron-
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HFS clocks with insensitive atomic clocks on the level of 10717 /yr.

proton mass ratio =0.5(1.6) x 10716 /yr together with the new limitations based on the comparison of
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High-density effects on the atomic structure and inner-shell
transitions of astrophysical interest in oxygen ions
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3 Helmholtz Institut Jena, 07743 Jena, Germany
* Theoretisch Physikalisches Institut, Friedrich Schiller Universitit Jena, 07743 Jena, Germany
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X-ray emission lines from accreting black holes, most notably K-lines, have observed
widths and shifts which imply an origin very close to the compact object [1]. The
intensity of these lines can provide insight into the effects of special and general relativity
in the emitting region as well as insight into some properties of the compact object itself.
According to the magnetohydrodynamic simulations of accreting black holes (M = 10
M, accretion rate = 0.1) due to Schnittman et al. [2], the plasma conditions in such an
environment should be characterized by an electronic temperature, T, ranging from 10°
to 10" K and an electronic density, n., ranging from 10'® to 10*' cm™. This may affect the
atomic structure and processes corresponding to the ionic species present in the plasma.

In order to estimate the influence of plasma environment on the atomic parameters in oxygen
ions, a time averaged Debye-Hiickel potential for both the electron-nucleus and electron-electron
interactions has been considered within the framework of two independent atomic structure
computational approaches, namely the purely relativistic multiconfiguration Dirac-Fock (MCDF)
method [3,4] and the Breit-Pauli relativistic approximation, as implemented in the
AUTOSTRUCTURE code [5,6]. In the present work, new sets of results related to the plasma
environment effects on ionization potentials, K-thresholds, K-line transition energies and radiative
emission rates in all oxygen ions, from O I to O VII, are reported.
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Theoretical insight into the atomic structure of neutral

astatine, the rarest element on Earth
P. Quinet'” and G. Sicorello'

' Physique Atomique et Astrophysique, Université de Mons, B-7000 Mons, Belgium
2 IPNAS, Université de Li¢ge, B-4000 Liege, Belgium

In view of the high radioactivity of all its isotopes, astatine (Z = 85) is the rarest naturally
occurring element on the Earth's crust with an estimated total abundance of less than one gram at
any given time [1]. Because of its extreme rarity, the chemical and physical properties of
astatine are almost totally unknown. Many of these have only been estimated based on its
position in the periodic table, making of At the heaviest of halogens, i.e. the group of
elements including fluorine, chlorine, bromine and iodine. As regards its electronic
structure, the ground state of the astatine atom is 6p5 P, while the lowest excited
configurations are of the type 6p'nl (with nl = 7s, 7p, 6d, 5f, ...). Nevertheless, only two
excited levels (6p*7s *Psnsp) were clearly classified until now [2], although some
additional tentative identifications of higher-lying states were suggested from recent laser
spectroscopy experiments using the resonance ionization laser ion source (RILIS) of the
ISOLDE radioactive beam facility at CERN [3] or using the Isotope Separator and
Accelerator (ISAC) facility at TRIUMF [4]. As support to further experimental
investigations of astatine, it is however useful to know the atomic structure of this
element in the most complete possible way.

In the present work, different physical models based on the pseudo-relativistic
Hartree-Fock method including intravalence, core-valence and core-core electron
correlation [5-7] have been used for modeling the atomic structure and for computing
radiative parameters in neutral astatine. These calculations allowed us to provide for the
first time a reliable spectroscopic designation to some energy levels experimentally
observed [3,4] but not clearly classified in the 6p’, 6p*7s, 6p*7p, 6p*9p and 6p*10p
configurations. Moreover, a semi-empirical approach based on the quantum defect
formula has also been used for predicting level energies along the 6p*np and 6p*nd (n =8
— 50) Rydberg series. This new theoretical investigation is expected to provide a useful
support to future laser-spectroscopy experiments at ISOLDE and to check other
theoretical methods that will be used to model the atomic structure and radiative
processes in At L.
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High-precision relativistic calculations of isotope shifts

in neutral antimony
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The spectroscopic measurements of isotope shifts (IS) for any element are carried out to test the
atomic structures, to deduce the changes in the nuclear mean-square charge radius and to give
information on electron behaviour inside the nucleus. Antimony (Sb, Z= 51), has only two stable
isotopes, '*'Sb and '*Sb, with natural abundances of 57.21% and 42.79%, respectively. It also
has 36 known radioactive isotopes with mass numbers 4 ranging from 103 to 140 and with
corresponding half-lives spanning from 93 ms ("*’Sb) to 2.7586 years (‘*’Sb) [1]. By constrast,
the mean nuclear charge radius, <r*>'" is only known for the two stable isotopes, i.e. 4.6802 +
0.0026 fm for *'Sb and 4.6879 =+ 0.0025 fm for '*’Sb [2]. To our knowledge, there are only two
measurements of IS published in the literature and they concern exclusively the stable isotopes
[3.,4].

In the present study we have used a very extensive electron-correlation model based on the
fully-relativistic multiconfiguration Dirac—Hartree-Fock (MCDHF) method [5] to calculate the
IS electronic parameters, Kgzyus, Krsus and F, for 49 fine-structure levels belonging to the
configurations 5s°5p°, 5s%5p”6s, 5s°5p°6p and 5s*5p>7p in Sb I. These parameters can be used to
determine IS of the transitions involving these levels for any pair of Sb isotopes along with their
different NMS (Normal Mass Shift), SMS (Specific Mass Shift) and FS (Field Shift)
contributions and to deduce the corresponding changes in mean-square nuclear charge radius.
Our ab initio calculations agree very well with the recent measurements of Sobolewski et al [4]
and also show the importance of the relativistic effects on the different IS contributions
confirming the breakdown of the scaling law for the NMS [6,7].
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Electron-impact-induced long-chain modified
arylpiperazine molecule fragmentation

L. G. Romanova', V. S. Vukstich!, A. V. Snegursky*!, A. V. Papp', T. A. Snegurskaya’

1. Institute of Electron Physics, Ukrainian National Academy of Sciences, 21 Universitetska street, 88017 Uzhgorod, Ukraine
2. Uzhgorod National University, 3 Narodna square, 88000 Uzhgorod, Ukraine

An electron-molecule interaction is a fundamental and very important process involved in various fields, e.g. in
radiation biology. In this area, low-energy electrons represent the most predominant species formed during a very
short time after the deposition of high-energy ionizing quanta into a biological medium. The study of sustain-
ability of a potent ligand of 5 — HT14 and 5 — HT,4 receptors [1] is an important step to understand the degrada-
tion way of such molecules as a biosystem sub-units under the low-energy electron impact. In our investigation,
we studied interactions of low-energy electrons with a highly privileged 5 — HTj4 receptor pharmacophore-o-
methoxyphenylpiperazine 4,5- connected with four methylene group alkyl chain to amino acids (named by authors
as PZ-68 [1]) in order to probe the intrinsic properties of the molecule and trace its change(s) under the electron
impact. We have measured the mass-spectra of the PZ-68 (m/z=470 a.m.u.) molecule at the electron ionizing
energies of 70, 20 and 18 eV (the mass spectrum at 18 eV and the structure of PZ-68 are presented in Fig. 1). The
crossed-beam method with the mass separation of the collision products by means of a magnetic mass-spectrometer
was applied. The experimental technique used in this work was described in detail in [2]. All the mass-spectra
measured are characterized by a lack of selectivity and the absence of a peak corresponding to the parent molecular
ion. This testifies to the parent molecule instability at ionization. The lack of the distinct fragmentation channels
is due to the 8 heteroatoms located along the skeleton chain. The most specific direction of fragmentation of the
molecule is the *-break’, i.e. the homolitic splitting of the C — C or C — H bond being B-located with respect
to a heteroatom. Besides the *-break’, a considerable role is also played by the o-bond dissociation (with re-
spect to the charge ’localization’ site), in particular, at the chain branching sites. In the higher-mass region (i.e.
at m/z > 300 a.m.u.), no high-intensity and average-intensity peaks are observed. This indicates, probably, the
instability of not only the primary molecular ion, but of the large positively charged molecular fragments as well.
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Fig. 1: PZ-68 molecule structure and mass-spectrum measured at the 18 eV electron energy.
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Structure and relative stabilities of chlorobenzene dications and trications
produced by electron, proton and photon impact

Wania Wolffl, Benedikt Rudek?, Woon Yong Baek?, Felipe Fantuzzi’, Marco A. C. Nascimento®
1. Instituto de Fisica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ 21941-972, Brazil
2. Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
3. Departamento de Fisico-Quimica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ 21941-909, Brazil

Monochlorobenzene (CgHsCl) is proposed as a prototypical molecule for studying substituent effects on the
benzene ring, demonstrating the advantages of combining theoretical and experimental techniques to probe the
molecular structure and dynamic. A literature survey has shown limited insights on monosubstituted benzene
derivatives, especially on the formation of multiply-charged parent ions [1]. This report presents the structure and
relative stabilities of chlorobenzene dications and trications generated by the multiple ionization of CsHsCl induced
by electron, proton and photon impact. The most stable structure and low-lying isomers of multiply-charged parent
ions are analysed by Density Functional Theory calculations [2], which revealed unusual carbon-chlorine bonding
patterns. The results indicate that the great majority of the most stable ions is composed of a terminal C=CI double
bond in a formyl-like CHCI moiety (1%* and 2%*, Fig. 1a). An unprecedented nitrile-like C=ClI triple bond (3?* and
4%, Fig. 1b) is also found among the most stable isomers of C¢HsCl dication and trication. Experimentally, direct
evidence of the formation of stable doubly- and triply-charged molecular parent ions is observed by time-of-flight
mass spectroscopy. Mass spectra and ion yields give the measure of the dications and trications formation and
their stability against dissociation is analysed through the ratios of dications and trications to the molecular ion
(Fig. 1c). Both aspects were investigated using keV energetic photons around the chlorine K-edge, electrons with
energies from the double ionization threshold [3] to 2000 eV and low-energy protons in the 50-155 keV range.
From the chemist's point of view, the authors hope that the results presented herein will encourage experimentalists
to synthesize novel chlorine-containing species with unusual bonding pattern. Similarly, from the physicist’s point
of view it is expected that these results will enable investigation into the competition between direct double
ionization and auger emission channels in the formation of stable multiply-charged parent ions.
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Fig. 1 a) Lewis structures of the most stable CsHsCl dication and trication species at the PBEO/cc-pVTZ(-f) level of calculation. b)
Lewis structures of species containing a nitrile-like C=CI?* moiety. c) Ratio of doubly-charged to neutral parent molecular ion.
Closed square: proton impact; open square: electron impact as function of (equivalent) electron energy.
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Ionization and fragmentation of building blocks of the DNA
by electron, proton and nitrogen-ion impact
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DNA damage is considered to be the molecular origin of tumour creation and radiation-induced DNA damage
to be the basis for radiation cancer therapy. The ionization of molecular DNA building blocks by photons, ions
or most often by secondary electrons is the first step of direct DNA damage. The negatively charged molecule
may then rearrange its geometry or dissociated into fragments, with both processes possibly leading to DNA
strand breaks. The ionization cross section has been shown to be up to 20% higher for actual building blocks
compared to water which is commonly used in dosimetry and Monte Carlo track structure codes [1]. We thus
have previously investigated several interaction cross sections for tetrahydrofuran (THF) and pyrimidine, that are
chemical analogues to the sugar and base of the DNA, respectively. In particular, we reported ionization cross
sections of THF [2][3] and relative fragmentation cross sections of THF, pyrimidine and trimethylphosphate [4]
irradiated with protons of energies from 75 kev or 300 keV, respectively, up to several MeV.

In the present work, we extend our fragmentation measurements with heavy charged particles to proton energies
down to 20 keV to fully cover the Bragg peak region and singly-charged nitrogen ions with energies from 30 keV
to 155 keV. For comparison, fragmentation have also been measured for electron impact with energies ranging
from 10 eV to 2000 eV. The data has been corrected for mass-dependent detection efficiency and normalized on
to absolute scale. We present absolute partial dissociation cross sections (PDCS) and fragmentation matrices to
propose the underlying dissociation channels and ionized molecular orbitals as previously reported for a smaller
parameter set [S]. The relative fragmentation cross sections of THF depicted in Fig. 1 show a weak dependence on
the projectile velocity. For pyrimidine, however, we observed steadily stronger fragmentation for lower velocities.
Below an electron impact velocity of 2.3 vg,;, (70 €V electron energy), the fragment yield decreases and the parent
ion dominates as the appearance energies of the fragments lie between 10 eV and 20 eV.
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Fig. 1: Relative fragmentation cross sections for THF (C4H8O) for nitrogen-ion, proton and electron impact. The
four lines group fragments of a fixed number of oxygen and carbon atoms and varying number of hydrogen atoms,
namely the parent ion C4HnO (mass 71-73 amu), and the fragment ions C;H,0/C3H,, (37-45 amu), CH,0/C;H,
(26-31 amu), and H,0/CH,, (12-18 amu).
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Ion Desorption from Nitrile-bearing Astrophysical Ice Analogues
Studied by Electron and Heavy Ion Bombardment
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Nitriles (molecules bearing the CN functional group) represent a quite abundant class of molecules in the gas-phase
of a variety of astrophysical environments. The organic nitriles acetonitrile (CH3CN), propionitrile (CoHsCN),
acrylonitrile (Co,H3CN) and isobutyronitrile (i — C3H7CN) have been detected towards star-forming regions in the
interstellar medium (ISM), and some of them are also present in Solar System bodies, like the Titan’s atmosphere
and cometary coma. Despite their relevance, little is known about their formation and processing under astro-
physical conditions. In the ISM, these molecules are expected to condense onto the ice mantles of cold dust
grains, which are constantly bombarded by cosmic rays. At the Solar System, nitriles may be incorporated in
the ice matrix of cold objects, like comets and on Titan’s organic haze particles, being exposed to the solar wind
and to energetic charged particles trapped in planetary magnetospheres. The incidence of high-energy radiation
onto icy surfaces triggers a radiation induced surface chemistry, which constitutes an important route for leading
new neutral or ionized molecular species back to the gas phase in interstellar/circumstellar and planetary environ-
ments, enhancing the molecular complexity. In this work, we have studied the ion desorption of cations from pure
CH;CN, C,H5CN, CoH3CN and i — C3H7CN ices due to the impact of electrons and energetic heavy ions from the
252Cf fission, simulating the incidence of cosmic rays and/or solar wind particles onto icy surfaces. The desorbed
cations from each sample were identified by time-of-flight mass spectrometry (TOF-MS), by means of the Elec-
tron Stimulated Ion Desorption (ESID) and Plasma Desorption Mass Spectrometry (PDMS) techniques. Several
ionic species were identified, indicating strong fragmentation on surface. Proton-transfer processes are suggested
to play an important role in ion desorption, as evidenced by the abundant desorbed protonated parent molecules
CH;CNH™*,C,HsCNH™, CoH;CNH™ and i — C3H;CNH™ and ion clusters such as (CH3CN),H ™, (CoHsCN ), H ™,
(CoH3CN),H™ and (i — C3H;CN),H*. The energy dependence on the positive ion desorption yield indicates that
ion desorption is initiated by Coulomb explosion following Auger electronic decay [1]. Ion desorption induced
by electrons or heavy ions onto nitrile-bearing ices is suggested to constitute an important non-thermal route by
which new neutral or ionized molecular species may be delivered to the gas-phase, contributing to the production
of more complex molecules. The derived desorption yields per projectile impact may contribute to chemical evo-
lution models in different cold astrophysical objects, especially where the abundance of nitriles is expected to be
high.
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Population Transfer in five level atoms

E. Gazazyan*!
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Effective population transfer in multilevel atomic system to the target state still remains one of main problem
in atomic physics, specially for Rydberg state excitation. In addition to well-known method STIRAP [1] there are
other possibilities. In [2, 3], an alternative method of transferring the populations based on the intuitive sequence
of pulses has been experimentally demonstrated, in which the pump pulse is switched before the Stokes pulse.
In contrast to the STIRAP method, in which the transfer of populations is carried out through a dark state, in
an intuitive sequence of laser pulses the transfer of populations is done through the bight state. Such transfer
of atomic populations has been named by the authors of [2] as the b-STIRAP. The possibility of such a transfer
on a single atom has been predicted and theoretically analyzed in [4], and in the medium in [5] in details. In a
multi-level system, the possibility of an effective transfer of populations with the use of the STIRAP chain has
also been considered in [1]. In [6], the alternative schemes of population transfer in the five-level systems have
been proposed and their advantages in comparison with the STIRAP chain have been analyzed. Here we consider
another method of population transfer in the five-level atomic M-type system. The interaction Hamiltonian for this
system is given by
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Fig. 1: Total transfer of populations from state |1) to |5)

The full transfer of a populations is demonstrated in Fig.1, when the region of overlapping of two of the three
pulses is not vanishing, independently of the sequence of switching of internal adjacent transitions and the time
delay between these pulses. The possibility of transfer in a large region of two-photon detunings is demonstrated,
as well as the partial transfer of populations depending on the two-photon detuning at its values 6,7 >20.

This work was supported by the SCS MES of Armenia (15T-1C066 theme) and IRMAS project.
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g factor of lithium-like ions:
higher-order interelectronic-interaction effects
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Recent investigations of the g factor of highly charged ions have lead to the most precise up-to-date determination
of the electron mass [1]. They have also provided the stringent tests of the various bound-state QED effects in the
presence of magnetic field [2,3], including the relativistic nuclear recoil effect [4]. Moreover, it was proposed to
determine the fine structure constant from the g factors of light [5] and heavy [6] few-electron ions. Apart from the
corresponding high-precision measurements, these proposals demand significant improvement of the theoretical
accuracy. Presently, for low- and medium-Z lithiumlike ions it is limited by the interelectronic-interaction effects.
In this work, we improve the accuracy of this contribution by calculating the third- and higher-order terms in
1/Z in the Breit approximation within the recently developed perturbative approach. It is based on the recursive
formulation of the perturbation theory and provides an efficient access to the higher-order contributions. The
interelectronic-interaction contributions of the first and second orders are evaluated within the bound-state QED.
Application of this method to the binding energies of lithiumlike and boronlike systems has been presented in our
recent papers [7,8].

References

[1] S. Sturm et al., Nature 506 467 (2014).

[2] A. Wagner et al., Phys. Rev. Lett. 110, 033003 (2013).

[3] A. V. Volotka et al., Phys. Rev. Lett. 112, 253004 (2014).

[4] F. Kohler et al., Nature Communications 7, 10246 (2016).

[51 V. A. Yerokhin et al., Phys. Rev. Lett. 116, 100801 (2016).

[6] V. M. Shabaev et al., Phys. Rev. Lett. 96, 253002 (2006).

[7]1 D. A. Glazov et al., Nucl. Instr. Meth. Phys. Res. B, in press, DOI:10.1016/j.nimb.2017.04.089.
[8] A. V. Malyshev et al., Nucl. Instr. Meth. Phys. Res. B, in press.

*Corresponding author: d.glazov@spbu.ru

To the list of contents



Poster Session C (Thursday 16:30) — Poster C43

Cross-relaxation Studies with Optically Detected Magnetic Resonances
in Nitrogen — Vacancy Centres in Diamond in External Magnetic field
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1. Laser Centre, University of Latvia, 19 Raina boulevard,
Riga, LV-1586, Latvia

Electron as well as nuclear magnetic resonance methods are very powerful tool to characterise the electron and
nuclear structure of different materials. Recently it was demonstrated that the nitrogen - vacancy (NV) centres in
diamond crystals can be used as a very efficient probe to examine internal structure and point defects of diamond
crystals [1] [2]. Authors of those papers demonstrated all-optical approach employing the measurements of the
dependance of the quantum relaxation time 77 of electron spins in the ground state of NV centres on the magnetic
field strength, to study the electron spin structure and nuclear spin structure in the point defect formed by the
substitutional nitrogen N in a diamond crystal.

Recent developments in the magnetic field sensing with negatively charged nitrogen-vacancy centers in a di-
amond employ magnetic-field dependent features in the photoluminescence. These features can be studied in
presence of the microwave radiation or this radiation can be eliminated [3]. Some of these features are directly
related to the cross-ralaxation processes in the diamond crystals.

In present study we demonstrate the possibility to study the internal electronic and nuclear structure of diamond
crystals by means of optically detected magnetic resonance methods (ODMR).

We examine the contrast and line-width dependance of the optically detected magnetic resonance signals on the
magnetic field strength in two different regions of the magnetic field. One region is around 512 G strong magnetic
field. Another region is around 600 G strong magnetic field. In both regions in detected ODMR signals we observe
several cross relaxation transitions. These transitions occur when the energy splitting between NV centre ground
state electron spin component magnetic sublevels mg = 0 and mg = —1 coincide with some of the energy splitting
intervals in such point defects in diamond crystal as subsitutional nitrogen '*N or carbon 3C.

For the magnetic field strength around 512 G we study ODMR signals in two frequency regions. One region
is around 1440 MHz when the microwave radiation causes transitions between hyperfine components of the NV
centre ground state electron spin magnetic sublevels mg = 0 and mg = —1. These sublevels are directly involved
in the cross-relaxation processes with the substitutional nitrogen '“N [2].

We compare these signals with signals obtained in the frequency range of 4320 MHz. In this region microwave
radiation excites transitions between the hyperfine components of the NV centre ground state electron spin mag-
netic sublevels mg = 0 and mg = 1. For these transitions one of the magnetic sublevels of electron spin (mg = +1)
is not directly involved in the cross relaxation process with the substitutional nitrogen.

We compare the measured signals with the model simulations based on the hyperfine structure hamiltonian
analysis both for the substitutional nitrogen as well as for the NV centres.

All the studies are supported by the model of NV centre interaction with light in the presence of the magnetic
field and microwave radiation, based on our previous experience of similar studies in atomic systems [4].
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Optically Detected Magnetic Resonance Studies of
Level Anticrossing in Nitrogen — Vacancy Centres in Diamond Crystals
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Recent developments in the magnetic field sensing with negatively charged nitrogen-vacancy (NV) centers in
diamond employ magnetic-field dependent features in the photoluminescence. These features can be studied in
presence of the microwave radiation or this radiation can be eliminated [1].

One set of the resonant features in the photoluminescence dependance on the magnetic field strength in the
absence of microwave radiation in the NV centres appear at the magnetic field strength around 1024 G. At this
field NV centre electron spin S = 1 magnetic sublevels with quantum numbers mg = 0 and mg = —1 undergo level
crossing.

If studied in detail, due to hyperfine interaction of NV centre electron spin angular momentum states with the
nitrogen '*N nuclear spin / = 1 states, each electron spin component is split into three hyperfine components.
When external magnetic field is applied, some of these hyperfine state components are mixed together by the field
and as a result several of these hyperfine components in the magnetic field have real crossing, but several undergo
anticrossings. Besides in the vicinity of the magnetic field of 1024 G the wave functions of these states are strongly
mixed, that leads to a substantial alternation of magnetic dipole transition probabilities between these hyperfine
levels in the microwave field.

In the present study we examine the NV centre hyperfine level anticrossing in the vicinity of the magnetic
field of 1024 G experimentally and compare measured resonance signals with numerical calculations based on the
hyperfine structure hamiltonian analysis.

For experimental studies we employ optically detected magnetic resonance signal measurements in two differ-
ent microwave frequency ranges. When the microwave field frequency is in the range of 5.7 — 5.9 GHz and the
magnetic field is scanned around 1024 G, we study microwave radiation caused resonant depolarisation of the NV
centres in the ground state due to transitions between mixed hyperfine levels in the vicinity of anti-crossing point
and a distant spin state magnetic sublevel mg = +1 hyperfine components.

Dependence of the contrast of optically detected magnetic resonances and width of these resonances on the
strength of the magnetic field is measured. Measured signals are compared with a numerical model that accounts
for the hyperfine interaction of NV electronic angular momentum with the nitrogen nuclear spin and magnetic
field.

The influence of the cross relaxation between hyperfine components of the the NV centres and a nuclear spin
components of substitutional nitrogen '“N, which is a point defect in a diamond crystal but is not a part of the NV
centre, were examined in the optically detected magnetic resonance spectrum in the vicinity of 1024 G magnetic
field.

If the microwave field frequency is much lower, below 100 MHz, but strength of the external magnetic field still
is around 1024 G, we measure the NV centre angular momentum resonant depolarisation by the microwave radia-
tion causing transitions between hyperfine magnetic sub-levels in the vicinity of the anti-crossing point. Again, the
width and contrast of these signals as they depend on the external magnetic field, are examined. The experimental
results are compared with the numerical model.
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Shell Model Calculation of The Atomic
Scattering Factor in Electric Field
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The study of the effectiveness of the shell model calculations in specifying charge deformation of atoms and ions
are presented. This has been done by comparing quantum mechanical calculations of perturbed X-ray scattering
form factor of an atom/ion in an electric field with shell model predictions. In computing the shell scattering factors
it is assumed that only the outermost ns and np wave functions contribute [1 - 4]. The results are shown in Fig.1
for Ar and K, and the correspondence between the two models is remarkable. There is a good agreement between
the two models for Neon-like atoms/ions; Argon-like atoms/ions and Krypton-like atoms/ions.

The X-ray atomic scattering factor for an unperturbed atom with N electron is given by:

N N
fo= Z Yo exp(ixS-r;)Wodt = Z Y exp(iKrjcos ;) yodt
j=1 j=1

In the presence of an electric field F, the wave function is perturbed,
N
= fo+ifiF+O(F?) where ifiF =2F Y. / vi exp(iKS - ;) yidt
Jj=1
We use the Kirkwood - Pople-Schofield approach for the wave function
v=uyp |l +Zu(rj) where u(r) = F(ur+vr? +nr°) and the f; is given by
J
iftF =2F YY" wgexp(iKS-rj)(uri+ vr? +1nr}) cos 0, ypdt
ij

The optimal values of i, v and 1 are determined variationally and calculated from various moments of the unper-
turbed charge distribution using a single Slater determinant.
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Fig. 1: Comparison of the magnitude of the modified X-ray scattering factor per unit applied field with scattering
vector K (au™!) for the shell model calculation - - - - - and the quantum mechanical model for Ar and K+
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STIRAP-like quantum search
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The STImulated Raman Adiabatic Passage (STIRAP) protocol is a workhorse of atomic and molecular physics
[1][2][3]. This protocol allows efficient transfer between long lived ‘initial” and ‘target’ state via a highly excited
short lived intermediate state. This is achieved by first driving a transition between the target and intermediate
state and then adiabatically turning this driving off, while simultaneously turning up driving between the initial
and intermediate state. This is effectively a traditional adiabatic protocol, but run in reverse so that the first excited
state of the three state system is occupied rather than the ground state. Since this energy eigenstate has a node on
the intermediate state, decay is strongly suppressed.

We find that for the unstructured search problem, where one state is ‘marked’ by having a lower energy than all
of the others, properly constructed STIRAP inspired protocols can achieve the same quantum speedup as traditional
adiabatic protocols. The quickest any classical protocol can solve this problem scales as the number of states
N, while the best quantum protocols [4], which we show include our STIRAP inspired protocol, take a time
proportional to /N. Moreover, we find that the picture of how such protocols work is exactly analogous to how
STIRAP works, the system is initialized in an excited state and a protocol is run backward though an avoided level
crossing. Up until our work, the only two protocols based on continuously evolving systems which have been
shown to be able to obtain this speedup are traditionally formulated adiabatic protocols which keep the system
in its ground state by the adiabatic theorem of quantum mechanics and continuous time quantum walks which
are based on evolution with a fixed Hamiltonian. Our work adds a third protocol to this list. Fig. 1 depicts
the results of these three strategies for a time dependent ‘hypercube’ search Hamiltonian with N = 2" states,
H(%&)=—A(%) XL, 6] — B(%) |m)(m|, where the starting state is taken to be a uniform positive superposition of
all states.
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Fig. 1: Example of the three protocols for a N = 220 ~ 10° state system. A is the strength of the ‘search’ Hamilto-
nian which hops between states and B is the strength of the ‘marked’ state Hamiltonian which gives a single state
lower energy. A quantum walk is depicted in green, traditionally formulated adiabatic protocol in magenta, and
STIRAP inspired protocol in red. The time dependence of the Hamiltonians is depicted on the top row, and the
success probability P versus total runtime 7 is depicted on the bottom figure.

This project relates to other work we have done which demonstrates that there is actually a continuum of
protocols which exist between the two extremes of adiabatic protocols and STIRAP inspired reverse adiabatic
protocols and includes continuous time quantum walks as an intermediate point. I explain how this interpolation is
analogous to the timing of a laser pulse sequence in an atomic physics setting, where the pulse order and duration
determines the character of the protocol as ground state adiabatic, quantum walk like (Rabi flopping), or a STIRAP
like excited state adiabatic protocol.
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Adiabatic passage of lérster resonances for two-qubit gates and
generation of Bell states of Rb and Cs atoms
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Generation of entangled two-qubit states is required fddimg a universal quantum computer. High-fidelity
Bell states are of great interest in modern quantum physitistanglement of ultracold neutral atoms in two
spatially separated optical dipole traps is promising figplementation of quantum computing and quantum sim-
ulation and for investigation of Bell states of materialadig. We propose to entangle two atoms via long-range
Rydberg-Rydberg interaction. However, high-fidelity teyobit gates with Rydberg atoms have not been demon-
strated yet [1]. Alternatively to previous approachesghblaen Rydberg blockade, we consider Stark-tun@dter
resonances. The external electric field adjusts the Rydireeggy levels in such a way that the Rydberg sfidte
is located midway between two other Rydberg states of thesifgparity|r’) and|r”). Rydberg-Rydberg inter-
action leads to coherent exchange of the population of thective two-atom stategr) < |r'r”) [2]. In general,
the fidelity of this method is sensitive to fluctuations of thieeratomic distance which lead to fluctuations of the
interaction energy. To reduce this effect, we propose talosible adiabatic passage across the Stark tuteste
resonance, which results in the deterministic phase shifftsotwo-atom state [3].
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Fig. 1: (a) Scheme of CZ gate using adiabatic passage of Stark tuimsteFresonance; (b) Scheme of CZ gate
using adiabatic passage of Stark-tuned radiofrequersigtad Brster resonance; (c) The calculated dependence
of the infidelity of Bell states on interatomic distance foratsms.

Scheme of two-qubit CZ gate is shown in Fig. 1(a). Two trapakxins are excited into Rydberg states
The Forster resonance is passed two times in the time-depentbaiti@ field. After the end of the adiabatic
passage the system returns to the initial two-atom &teltevith a 77 phase shift. However, implementation of this
scheme requires well isolatedSter resonances for Rydberg states, which have sulahbaidng lifetimes. Such
resonances are difficult to find. More flexibility can be agbikif radiofrequency (rf)-assistedFster resonances
are used [4]. They are observed for Floquet sidebands winicmduced by external rf electric field. Scheme of
CZ gate based on double adiabatic passage of rf-assiéteteFresonances is shown in Fig. 1(b).

We have calculated the dependence of the infidelity of thédBates for Rb and Cs atoms on the interatomic
distance [see Fig. 1(c) for Cs]. We compare the fidelity of Bedl states, generated using rf-assisteéntsker
resonance80P, 80P) — |80S 81S) via double adiabatic passage or via single Rabi oscilldtietmeen collective
two-atom states. The reduced sensitivity of the fidelitylmihteratomic distance, when adiabatic passage is used,
confirms that the proposed method has advantages for gemep&high-fidelity Bell states of ultracold atoms.

This work was supported by the RFBR Grants No. 16-02-003831&~02-00987, the Russian Science Foun-
dation Grant No. 16-12-00028, and the Novosibirsk State/&fsity.
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Response of Electron Crystal to External Excitation. Modeling
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The Wigner crystal at the liquid helium surface is a spatially ordered state of a two-dimensional system of
classical particles with the Coulomb interaction.

When the crystal is exposed to an external electric field directed along the surface of the liquid (guiding field),
the layer conductivity varies nonmonotonically with the increasing field.

It is found [1] that the conductivity of a Wigner crystal changes drastically as the holding potential decreases.
The sharp changes in the conductivity may be accounted for by the disturbance of the crystalline order when the
holding field decreases and a solid disordered phase is formed. “Evaporation” of the electrons onto the higher-lying
surface levels was assumed as a possible mechanism in [2].

In this paper, we carry out some additional experimental studies of the conductivity of electron crystals as the
holding potential is reduced and, based on model calculations, we propose another possible explanation for the
observed conductivity behavior.

The above analysis confirms that the change in the impedance of the test cell when the holding potential is
reduced is not a consequence of changes in the resistance of the layer, as assumed previously [1], so there is no
justification for assuming that any kind of structural transitions take place in the electron crystal. The observed
behavior arises from features of capacitive measurements of the transport characteristics of two-dimensional elec-
tron systems. These features are related to the finite size of the measured sample and the nonzero dimensions of
the excitation electrode, which lead to a distinctive distribution of the excitation field in the cell. In some cases,
the combined current in the cell, which is detected by an external receiver electrode, can be extremely sensitive to
small variations in the experimental parameters.
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Theoretical study of Rydberg—EIT in thermal Rb atoms
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A key signature of electromagnetically induced transparency (EIT) is a sharp dip in absorption profile of an atomic
transition. Combination of the high signal contrast of EIT spectra and large polarizability of highly excited atomic
Rydberg states have enabled development of many novel techniques, including weak electromagnetic field mea-
surements [1] and Rydberg—Rydberg interaction probing [2].

A recent experimental study of Rydberg EIT in room temperature rubidium vapor [3] has shown that normal-
ized EIT peak height is initially enhanced with increasing probe laser intensity, reaches maximum and falls if the
probe intensity is further increased. Improvement of normalized EIT peak height by 2—4 times compared to the
weak probe field scenario is possible by optimal choice of probe laser intensity. At the expense of slight power
broadening of the EIT peak, increased probe laser intensity boosts measurement signal to noise ratio. Moreover,
experimental data demonstrate remarkable stability of the optimal probe laser intensity with respect to other ex-
perimental parameters - intensity of control laser radiation, laser polarizations and the selected Rydberg state. The
observed behavior renders thermal Rydberg EIT a good candidate for laser frequency locking in Rydberg—relevant
research. In contrast, in cold atoms increased probe intensity generally leads to worse EIT parameters [4]. The
present research aims to develop a theoretical model for room temperature Rydberg EIT and to provide physical
interpretation for the experimental observations reported in [3].

The observed EIT peak height enhancement is partially reproduced in a simple three level model system
(Fig. 1), where Doppler effect is accounted for via an additional decoherence rate. However, the simple model
fails to fully account for all the features of experimental data. In addition to the Doppler effect—induced decoher-
ence, transit relaxation [5] takes place due to thermal motion of atoms. The transit relaxation counteracts optical
pumping, and, for tightly focused EIT laser beams, it can lead to complete vanishing of the optical pumping.
Furthermore, Doppler broadening of the D, line in 87Rb at room temperature is comparable with hyperfine split-
ting of the 5P;; fine structure level, and additional excitation pathways to the selected Rydberg state must also
be accounted for. To properly describe EIT in thermal atomic systems, we have developed an elaborate model
accounting for Zeeman structure of multiple hyperfine energy levels involved in each step of laser excitation. Nu-
merical simulations suggest that transit relaxation—induced redistribution of ground state populations results in
additional enhancement of normalized EIT peak height.
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Fig. 1: (a) Three-level model system. Frequency of the strong control field is swept across transition resonance
between 5P;,F = 3 level and the selected long-lived Rydberg state. Frequency of the probe field is fixed to
transition resonance between ground level 58 ,F =2 and 5P ,F = 3. Nearby 5P;yF = 2 level is ignored
in the simple model. (b) EIT is observed as a narrow peak(s) in light transmission coefficient of the medium.
(c) Enhancement of normalized EIT peak height with increasing probe laser Rabi frequency (simulation results).
The maximum position is almost stationary for a wide range of control field Rabi frequencies.
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Analytical evaluation of non-adiabaticity and efficiency of STIRAP using
the saddle-point method
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Stimulated Rapid Adiabatic Passage (STIRAP) has become an important tool in a variety of applications be-
yond gas phase atomic and molecular physics physics [1]. In its simplest original configuration, STIRAP is used
to transfer population from an initial stable state W, to a final stable or quasi-stable (e.g., Rydberg) state W3 in a
three-state system with states arranged in a A- or a ladder-type scheme, whereby the intermediate state ¥, acts as
a “spectator” that is not populated during the transfer process. The highest transfer efficiency is achieved using
pulsed laser fields in a counterintuitive sequence, whereby the laser field coupling of states ¥, and W3 precedes
the field coupling of ¥; and W,. There is a certain overlap between both laser pulses, and the timing is chosen
such that adiabaticity is maintained throughout the population transfer process [2].

There are only two models of STIRAP with ideal ramp pulse shapes that allow for exact analytical description
of the population transfer dynamics [3]. In all other cases, including Gaussian laser pulses, the adiabaticity criterion
is found either by qualitative estimates or by numerical calculations [4]. Analytically, the effect of non-adiabaticity
on the STIRAP efficiency is usually assessed using the Dykhne-Davis-Pechukas (DDP) method [5] — a general-
ization of the Landau-Zener model [6] that is strictly valid only for two-level systems. However, this method fails
in finding the pre-exponential multipliers in quasi-classical asymptotes in the case of typical three-level STIRAP
schemes. The optimized version of STIRAP described in [7] requires very accurate estimates of those multipliers
in order to predict the fidelity and robustness of the STIRAP process against the variations of intensities and laser
field detunings.

In this presentation, we explore the approach described in [8] for integral representation of matrix elements
describing mixing between the adiabatic states. We choose a new basis of bright and dark states to determine
the accuracy range of the Sun-Metcalf approximation [8] for the case of exponential ramp pulses that can be
treated analytically [3]. We then employ the saddle-point method [9] to obtain an asymptotic analytical result, with
correct pre-exponential multipliers, for the efficiency of STIRAP upon coupling by two Gaussian laser pulses that
are assumed to be of equal durations and intensities. This analysis reveals occurrence of saddle points that the
DDP method fails to identify; those saddle points lead to the well-known oscillations of STIRAP efficiency [3].
The optimum STIRAP efficiency is achieved when the ratio between the FWHM durations A; of both Gaussian
laser pulses and the delay time 7 between them satisfy the condition (7/A;)?> = 1/(41n2). The obtained analytical
results are validated by comparing them with exactly solvable reference models for somewhat modified ramp
pulses [3] and with the results of numerical calculations for the case of Gaussian laser pulses.
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Toward optical detection of zero- and ultra-low field nuclear magnetic
resonance
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For several decades, nuclear magnetic resonance (NMR) conducted in ultra-low or truly-zero magnetic fields was
considered as an exotic incarnation of NMR. While problems with magnetic-field strength vs magnetic-field ho-
mogeneity, magnetic artefacts, necessity of cryogenic cooling of superconducting magnets, etc. are important
challenges for NMR, the improvement of signal-to-noise ratio and hence increase of spatio-temporal resolution of
the technique has been a main drive for development and application of yet stronger magnetic fields.

The need for operation at strong magnetic fields stems from two particular origins. The first is pumping. As
most of currently explored NMR applications uses thermal polarization of samples, the stronger field implies larger
polarization of the samples and hence larger NMR signals. Simultaneously, the strong field is also implied by a
traditionally used inductive detection scheme applied for observation of NMR signals; stronger magnetic fields
correspond to the faster spin precession and hence faster magnetic-flux changes. Thereby, stronger fields improve
sensitivity of NMR signal detection. Some of novel techniques of polarization improvement (hyperpolarization)
do not require strong magnetic field at the polarization level. This either excludes of at least alleviates necessity of
implementation of the strong magnetic field for spin polarization. Moreover, replacement of the pickup coil with a
nonconventional detection scheme, being more sensitive at slowly-varying magnetic fields (low Larmor frequency)
will address the challenge at the probing stage. These two fact, in conjunction with analysis of J spectra, enables
one to detect strong NMR signals even without any magnetic field and triggered changes in reception of zero- and
ultra-low-field (ZULF) NMR [1].

We are presenting our activities on development of a magnetometric scheme, enabling detection of NMR sig-
nals at ZULFs. The scheme is based on application of optical magnetometry [2], i.e., the technique, in which
detection of magnetic field is performed based on monitoring properties of light traversing media subject to the
external magnetic field. As the field may be induced by spin-polarized NMR samples, the technique enable detec-
tion of NMR signals. The detection of NMR signals is envisioned at the field between truly zero (spectroscopy)
up to 100 uT (imaging). A particular example of application of the magnetometer in detection of magnetization of
spin-exchange polarized xenon [3] will be given. The measurement will demonstrate the potential of ZULF NMR
for spectroscopy and imaging.
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