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Precision measurements on molecules
for tests of fundamental physics

Wim Ubachs!

! Department of Physics and Astronomy, LaserLaB, VU University, de Boelelaan 1081, 1081HV, Amsterdam, The Netherlands

Presenting Author: w.m.g.ubachs@vu.nl

Due to the increased precision in frequency measurements, the development of ultra-
stable lasers, extremely accurate atomic and molecular clocks, and techniques to produce
and control ultracold samples of molecules, spectroscopic methods are now being employed
to test our physical understanding of the universe as laid out in General Relativity and
the Standard Model. Molecules, and molecular spectroscopy, is currently shifting to the
forefront, because some phenomena and effects searched for are specifically enhanced in
some of the nearly infinite variety of molecular species. Molecules and molecular spec-
troscopy is a testground to effectively probe variation of the proton-electron mass ratio,
on a cosmological time scale; examples from optical spectroscopy and radio astronomy are
presented setting bounds on drifting constants. Highly accurate laboratory measurements
on the hydrogen molecule can be interpreted as test of QED in chemically bound systems,
as well as probes to detect fifth forces.
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FELIX Facility Nijmegen: molecular physics with intense
radiation from 0.2 to 100 THz

W.J. van der Zande'

! Radboud University Nijmegen, Institute for Molecules and Materials, FELIX Facility, Nijmegen, The Netherlands

Presenting Author: w.vanderzande@science.ru.nl

The FELIX facility Nijmegen is the result of two initiatives. An investment in semi-
large research infrastructures, complementing a High Field Magnet Laboratory (HFML)
with an intense THz light source and the move of staff and instrumentation of the successful
FELIX facility from a FOM-Institute elsewhere to the Radboud University Nijmegen. In
September 2011, the THz FEL, called FLARE, showed first lasing, in 2012, the first of
three Free Electron Lasers in the IR to FIR region moved to Nijmegen was commissioned.
While two remaining FEL beamlines are still constructed, user operation has resumed as
of July 2013, delivering photons from 200 GHz (1500 pm) to 80 THz (4 pm) in intense
picosecond pulses. In my talk, I will present the rational behind the funding and operation
of our FEL facility and their potential place in the field of atomic and molecular physics. I
will report on the operation of the THz FEL. The ambition of the FELIX facility is to use
the far infrared or THz part of the spectrum to unravel the dynamics of molecules at low
frequencies in which large parts of molecules exhibit coherent motion. A significant part of
the molecular research at our FELIX facility is aimed at determining molecular structures
of ions or molecules using so-called action spectroscopy. One of the ambitions is to use
these structural identifications to determine how nature has been able to develop molecular
machinery that under isothermal conditions can employ the metastability of ATP to build
new complex molecules and make molecular motors possible.
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Superposition, Entanglement, and Raising Schrodinger’s Cat
D.J. Wineland!

! National Institute of Standards and Technology, Boulder, Colorado

Presenting Author: david.wineland@nist.gov

Research on precise control of quantum systems occurs in many laboratories through-
out the world, for fundamental research, new measurement techniques, and more recently
for quantum information processing. I will briefly describe experiments on quantum state
manipulation of atomic ions at the National Institute of Standards and Technology (NIST),
which serve as examples of similar work being performed with many other atomic, molec-
ular, optical (AMO) and condensed matter systems around the world. This talk is in part
the “story” of my involvement that I presented at the 2012 Nobel Prize ceremonies.
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Juggling photons in a box to explore the quantum world
S. Haroche!
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L Collége de France, Paris, France

Presenting Author: Serge.Haroche@lkb.ens.fr

I will recall the history of the Cavity QED experiments at ENS and will briefly describe
the latest development of our work.
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Current status of source development for extreme ultraviolet
lithography (EUVL)
G. O’Sullivan®

LSchool of Physics, University College Dublin, Belfield, Dublin 4, Ireland

Presenting Author: gerry.osullivan@ucd.ie

Extreme ultraviolet lithography requires the development of highly efficient sources as
industry has placed a requirement for 250 W of EUV radiation emitted within a 2% band-
width at 13.5 nm for efficient matching to Mo/Si multilayer mirrors. Ideally, the emission
intensity at other wavelengths should be as low as possible to minimise the heat load on
the multilayer optics and debris should not be an issue. For the past two decades, research
has focussed on identifying the best target material and optimum plasma conditions. Ini-
tial research concentrated on laser produced or discharge plasmas of xenon as the 4d-5p
array of Xe XI emits at 13.5 nm but the maximum conversion efficiency (CE) obtained, for
laser pulse energy into in-band EUV emission, was only ~1% [1]. Switching to tin, where
4d-4f and Sn IX- Sn XIV overlap to yield an intense unresolved transition array (UTA) at
13.5 nm gave a CE of 2% with Nd:YAG laser produced plasmas of pure Sn, while if the
concentration was reduced to <5%, a CE of 3% was obtained as a result of the reduction
in plasma opacity at low Sn density [2, 3]. Since the plasma density scales as A2, where
Az is the laser wavelength, use of a CO2 rather than Nd:YAG laser greatly reduces opacity
and with slab targets of pure Sn, gives a CE of 2-5% [4].

Earlier work had shown that reheating of plasmas formed by a laser pre-pulse led to
a further increase in CE. As a result, modern sources for high volume manufacturing are
based on first vapourising Sn droplets of 30 pm diameter with a low energy Nd:YAG pre-
pulse and reheating the resulting lower density plasma with a CO2 pulse [5]. CEs up to 6%
have been demonstrated in the laboratory using this method while for industrial sources,
operating at 100 kHz, a CE of ~4% has been obtained giving 50 W of in-band EUV [6].
Research is still ongoing to further improve this figure largely centred on optimising laser
pulse profiles and duration. Recent results indicate that the maximum CE obtainable
should be of the order of ~9% under optimum irradiation conditions.

Acknowledgment: This work was supported by Science Foundation Ireland under
Principal Investigator research Grant No. 07/IN.1/I1771.
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Quantum Storage in Cold Atomic Ensembles
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Cold and ultra-cold atomic ensembles are promising resources for quantum informa-
tion (QI), since they allow generation and manipulation of quantum states of light. More
specifically, in this paper, we show the realization of quantum memory registers that are
essential devices for QI. Actually, a quantum optical memory, able to store quantum vari-
ables, must involve a direct and efficient coupling between light and matter, providing
reversible mapping of quantum photonic information into and out of the material system,
without reading the information.

Our quantum memory is based on an ensemble of three-level atoms in a Lambda config-
uration interacting with a signal field, which is the weak quantum light pulse to be stored,
and with an additional control field, generating Electromagnetically Induced Transparency
(EIT) for the signal field. When the control field is turned off, the quantum signal field
pulse is converted into ground state spin coherence. For read-out, the control field is turned
on again. Then the medium emits a weak pulse, similar to the original signal pulse. In
principle this protocol allows direct mapping of the quantum state of light into long lived
coherences in the atomic ground state of Caesium atoms without excess noise.

Cold atoms offer several advantages for quantum storage, in particular low decoherence
and consequently long storage times. Here Caesium atoms are trapped in a magneto-
optical trap (MOT) which is turned off during the memory operation period, in order for
the atomic ensemble to be used in a field-free environment. The optical depth in the MOT
can reach values of 40. Signal pulses containing 1/10 photon on the average have been
stored with an efficiency of 20%.This set-up has been used for efficient storage of single
photons carrying orbital angular momentum (OAM) [1]. Laguerre-Gauss LG+1 and LG-1
modes are imprinted on the signal pulse, using a spatial light modulator. After storage
in the cold atom memory, the retrieved modes are analyzed. Coherent superpositions of
LG modes, i.e. Hermite Gaussian modes were stored and retrieved [2]. A full memory
characterization (process tomography) over the whole Bloch sphere was performed and a
fidelity in the quantum domain was demonstrated.

Single photons carrying OAM are promising carriers for the implementation of qubits
and qudits since OAM constitutes a quantized and infinite space. Interfacing them with
quantum memories opens the way to their use in full-scale quantum networks.
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Cold Polyatomic Molecules: The New Frontier
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Polyatomic molecules with their many degrees of freedom and their permanent elec-
tric dipole moment offer new perspectives for the exploration of fundamental physics and
chemistry as well as for the implementation of novel ideas, e.g., in quantum information
science. Reaching such goals requires the development of generally applicable and suf-
ficiently simple molecular control techniques including slowing, trapping and cooling, as
well as accumulation. The talk will highlight some recent achievements in this direction
including the deceleration of molecules with a spinning centrifuge [1], their accumulation
and trapping in tailor-made electrostatic fields [2], and their cooling via a Sisyphus effect
which employs radio-frequency and microwave transitions between rotational states to de-
crease energy and spontaneous transitions between vibrational states to remove entropy
[3].
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Resolving and manipulating attosecond processes via strong-field
light-matter interactions
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The interaction of intense light with atoms or molecules can lead to the generation
of extreme ultraviolet (XUV) pulses and energetic electron pulses of attosecond (10-18)
duration. The advent of attosecond technology opens up new fields of time-resolved studies
in which transient electronic dynamics can be studied with a temporal resolution that
was previously unattainable. I will review the main challenges and goals in the field of
attosecond science. As an example, I will focus on recent experiments where the dynamics
of tunnel ionization, one of the most fundamental strong-field phenomena, were studied.
Specifically, we were able to measure the times when different electron trajectories exit
from under the tunneling barrier created by a laser field and the atomic binding potential.
In the following stage, subtle delays in ionization times from two orbitals in a molecular
system were resolved. These experiments provide an additional, important step towards
achieving the ability to resolve multielectron phenomena — a long-term goal of attosecond
studies.
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Ultrafast electronic dynamics initiated by attosecond and
intense XUV pulses
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The generation and characterization of trains and isolated attosecond (las = 107!® s)
pulses have been achieved thanks to the continuous development of ultrafast intense laser
sources over the last 20 years [1] and through theoretical advances in the description of
their interaction with atomic and molecular systems [2]. Attosecond pulses are the shortest
reproducible events produced so far and their duration is rapidly approaching the atomic
unit of time (1 a.u. = 24 as) [3, 4], which represents the natural timescale of the electronic
motion inside the atom in the Bohr model. In quantum mechanics, this timescale is
determined by the inverse of the spacing between energy levels and it ranges between a
few femtoseconds and tens of attoseconds for valence and core shell electrons. The first
applications of attosecond pulses were mainly focused on simple atoms or molecules to
validate new experimental approaches and to gain time-resolved information on processes
driven by electron-electron or electron-nuclear correlation. Experimental and theoretical
results on the ultrafast dynamics initiated by isolated attosecond pulses in small molecules
such as N2 will be presented. In these systems, several states of the neutral molecule
(autoionizing states) or of the molecular ion can be accessed due to the large bandwidth
of the attosecond pulses. The few-femtosecond and attosecond electron dynamics can be
probed and controlled using a synchronized infrared few-cycle pulse [5]. New directions for
the investigation of attosecond dynamics in more complex molecules will be discussed.
References
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Ultracold Rydberg Gases — Dipole Blockade, Interacting
Polaritons and Energy Transport
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Interfacing light and matter at the quantum level is at the heart of modern atomic and
optical physics and enables new quantum technologies involving the manipulation of single
photons and atoms. A prototypical atom-light interface is electromagnetically induced
transparency, in which quantum interference gives rise to hybrid states of photons and
atoms called dark-state polaritons.

Rydberg gases represent an ideal system to explore the interplay between coherent
light excitation and dipolar interatomic interactions [1,2]. We have observed individual
dark-state polaritons as they propagate through an ultracold atomic gas involving Ryd-
berg states [3]. To further explore the dynamics of the dark-state polaritons, we have
implemented a new all-optical method to in-situ image Rydberg atoms embedded in dense
atomic gases [4]. Using this novel technique we show single shot images of small numbers
of Rydberg atoms, allowing one to study the dynamics of strongly correlated many-body
states as well as transport phenomena in Rydberg aggregates. We observe the migration of
Rydberg electronic excitations, driven by quantum-state changing interactions similar to
Forster processes found in complex molecules and light-harvesting complexes. The many-
body dynamics of the energy transport can be influenced by an dissipative environment
consisting of atoms in different Rydberg states [5].

Acknowledgment: Work done in collaboration with Vladislav Gavryusev, Georg Giin-
ter, Stephan Helmrich, Christoph S. Hofmann, Martin Robert-de-Saint-Vincent, Hanna
Schempp, Shannon Whitlock (Physics Institute, University of Heidelberg), Martin Gart-
tner, Jorg Evers (MPI fiir Kernphysik, Heidelberg).

References

[1] M. Robert-de-Saint-Vincent et al., Phys. Rev. Lett. 110, 045004 (2013).
[2] H. Schempp et al., Phys. Rev. Lett. 112, 013002 (2014).

[3] C. S. Hofmann et al., Phys. Rev. Lett. 110, 203601 (2013).

[4] G. Ginter et al., Phys. Rev. Lett. 108, 013002 (2012).

[5]

3
4
5] G. Giinter et al., Science 342, 954 (2013).

Page 10: [IT-2]



BoOOK OF ABSTRACTS — EGAS J6th conference of the European Group of Atomic Systems

Quantum crystals of photons and atoms
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In this talk I will discuss several examples of selforganization of atoms inside a single-
mode resonator. When a laser transversally pumps the atom, photon scattering into the
resonator depends on the atoms density distribution within the cavity, and in turn deter-
mines the strength of the mechanical forces of light on the atoms, hence the atomic density.
The dynamics is thus nonlinear and can lead to ordered atomic structures when the laser
intensity exceeds a threshold determined, amongst other, by the rate of cavity losses. I
will first discuss the dynamics of selforganization in the semiclassical regime, in which the
atomic motion is cooled by the photon scattering processes which pump the cavity. I will
then consider the quantum regime, where the atoms are ultracold bosons. The atoms are
confined by an external optical lattice, whose period is incommensurate with the cavity
mode wave length, and are driven by a transverse laser, which is resonant with the cav-
ity mode. While for pointlike atoms photon scattering into the cavity is suppressed, for
sufficiently strong lasers quantum fluctuations can support the build-up of an intracavity
field, which in turn amplifies quantum fluctuations. In this parameter regime the atoms
form clusters which are phase locked, thereby maximizing the intracavity photon number.
I will argue that this system constitutes a novel setting where quantum fluctuations give
rise to effects usually associated with disorder.
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Spatially dependent EIT from structured light
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Recent years have seen vast progress in the generation and detection of structured light,
with potential applications for high capacity optical data storage and quantum technologies
in high dimensions. Interaction with atomic systems offers the possibility to process and
store the information contained in such light beams. We are investigating the transmission
of structured light through cold rubidium atoms trapped in our dark SPOT MOT [1].

Scattering and absorption of light by atoms is usually sensitive only to the intensity
profile of a light beam, essentially producing a “shadow” of the atoms in the light beam. By
simultaneously driving multiple atomic transitions it is possible to modify the absorption
profile of a signal laser due to the presence of a second control beam, an effect known as
EIT (electro-magnetically induced transparency). Here we report our first observations of
EIT with holographically shaped signal and probe light, rendering the atoms transparent
to light only at certain areas, see Fig. 1. Using liquid crystal devices with spatially varying
directionality, so-called gplates [2], we produce light modes that are entangled in their
polarisation and spatial phase profile, proportional to o, e 29? + g_e'?9? where ¢ denotes
the azimuthal angle of the light beam, o the polarisation and q the index of the gplate.
This allows us to drive a Raman transition between the mrp = £1 ground states which
satisfies EIT conditions only at discrete angles . The spatially varying atomic dark states
result in a self-modulation of the incident light beams, effectively converting optical phase
information into intensity information.

Potential extensions of this work include the generalisation to arbitrary phase struc-
tures, and the storage and read-out of spatial light from the atomic sample.

ﬁﬁ%-‘:::

Figure 1: Schematic of experiment: linearly polarised probe light is converted via a gplate into light entangled in polarisation
and phase structure before being transmitted through cold Rb atoms. The intensity profiles before and after interaction with
the atoms are shown as insets.
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Muonic atoms: from atomic to nuclear and particle physics
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Muonic atoms are atomic bound states of a negative muon and a nucleus. The muon,
which is the 200 times heavier cousin of the electron, orbits the nucleus with a 200 times
smaller Bohr radius. This enhances the sensitivity of the atomic energy levels to the
nucleus finite size tremendously.

By performing laser spectroscopy of the 25 — 2P transitions in muonic hydrogen we
have determined the proton root mean square charge radius r, = 0.84087(39) fm [1,2], 20
times more precisely than previously obtained. However, this value disagrees by 4 standard
deviations from the value extracted from “regular “ hydrogen spectroscopy and also by 6
standard deviations from electron-proton scattering data. The variance of the various
proton radius values has led to a very lively discussion [3] in various fields of physics:
particle and nuclear physics (proton structure, new physics, scattering analysis), in atomic
physics (hydrogen energy level theory, fundamental constants) and fundamental theories
(bound-state problems, QED), effective field theories). The origin of this discrepancy is not
yet known and the various (im)possibilities will be presented here.

An important piece of information regarding the “proton radius puzzle” is provided
by spectroscopy of muonic deuterium and muonic helium [4]. In December 2013 we have
succeeded for the first time to measure the 25 » — 2P, transition in the p*He™ ion at the
Paul Scherrer Institute (Switzerland). As next we will measure transitions also in p*He.
Here we present preliminary results of muonic deuterium and helium spectroscopy, which
beside helping to disentangle the origin of the observed “proton radius puzzle” also provide
values of the corresponding nuclear charge radii with relative accuracies of few 10~*. These
radii are interesting benchmarks for few-nucleon theories and can be combined with already
measured isotope shifts in He and H.
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We report on the observation of the Efimov state of Hez and show experimental images

the wavefunctions of Hes and Hes. The experiments are performed by coulomb explosion
imaging of mass selected He clusters using the COLTRIMS technique.
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Optomechanics at microwave frequencies: mechanical resonators
coupled to microwave cavities and superconducting qubits
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Micromechanical resonators affected by radiation pressure forces allow to address fun-
damental questions on quantum properties of mechanical objects, or, to explore quantum
limits in measurement and amplification. A new setup for the purpose is an on-chip
microwave cavity coupled to a mechanical resonator (Fig. 1a). Under blue sideband irra-
diation, we demonstrate the possibility of building a mechanical microwave amplifier [1],
with noise properties approaching the quantum regime. On the red sideband side, we show
how one can couple mechanical resonators via the cavity bus, while simultaneously cooling
the mechanical modes very close to the ground state of motion [2]. A recent development
in linear optomechanics is the coupling of graphene membranes to microwave-frequency
cavities. Here, we observe radiation pressure back-action on the motion of graphene.

One can add intriguing features to the

basic optomechanics setup by including a @ Vo ,
superconducting qubit made with Joseph- [ A %
son junctions. The nonlinearity of the ——7/7*F——————7" ©
two-level system allows for much more rich B T T - / w

phySiCS than is pOSSible with linear cavities. Figure 1: (a) A microwave resonator can be coupled capaci-
We have realized a Superconducting trans- tively to an arbitrary number of mechanical resonators. (b) Idea
mon qublt interacting with a micromechan- of introducin:q nonlinearity in optomechanics. Inside %‘he Favity
. o (blue) there is a quantum two-level system (green) which is me-
ical resonator [3]. We operate the qubit in chanically compliant (red).
the circuit cavity quantum electrodynamics
(circuit QED) architecture, where the qubit is coupled also to a microwave cavity. Hence,
the combined setup represents an artificial atom coupled to two different cavities (Fig. 1b).
We measure the phonon Stark shift, splitting of the qubit spectral line into motional side-
bands, and coherent sideband Rabi oscillations. Another motivation the tripartite system
owes from the challenges to increase the single-quantum coupling strength to exceed the
cavity dissipation rate. Motivated by this goal, we present a new design of the circuit op-
tomechanical experiment, where the on-chip microwave cavity includes a Josephson charge
qubit [4]. The cavity is coupled to a micromechanical resonator whose motion is visible
as charge, and hence affects the cavity frequency. This way we were able to boost the
coupling in the setup by six orders of magnitude up to the MHz regime.
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The use of a Surko-type buffer gas trap [1] has made it possible to turn ordinary neon-
moderated d.c. positron beams [2] into devices that can deliver pulses containing millions
of particles in a few ns burst [3]. These can be used to make a “gas” of positronium which,
despite its 142 ns annihilation lifetime, can be probed with pulsed lasers in much the same
way as any other atomic species [4]. The ability to create such a Ps gas makes feasible an
array of hitherto impractical or impossible experiments, such as the production of molecular
positronium [5]. In this talk I will discuss some experiments that can be carried out in
this way that are related to the production of long-lived Rydberg positronium states,
and their possible manipulation with inhomogeneous electric fields [6]. This work has
many possible applications, including precision spectroscopy, scattering and even matter-
antimatter gravity measurements [7].
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We present a theoretical study of the laser-alignment and mixed-field-orientation of
polar molecules. In these experiments, pendular states were created by means of linearly
polarized strong laser pulses combined with tilted weak electric fields. The time dependent
Schrodinger equation is solved into account the time profile of the experimental laser pulse
and the theoretical results compared to the experimental observations. For perpendicular
fields one obtains pure alignment, we demonstrate and analyze a strongly driven quantum
pendulum in the angular motion of state-selected and laser-aligned OCS molecules. For
tilted fields, we show that a fully adiabatic description of the process does not reproduce the
experimentally observed orientation, and that it is mandatory to perform a time-dependent
study taking into account the time profile of the laser pulse. Our results show that the
adiabaticity of the mixed-field orientation depends at weak ac fields on the energy splitting
of the states in a J-manifold, as well as on the formation of the quasi-degenerate doublets
at stronger ac fields. These pendular doublets result in the transfer of population from
a single occupied field-free rotational state into two strongly oriented and anti-oriented
pendular states, reducing the overall orientation. Hence, we demonstrate that under ns
laser pulses the weak dc field orientation is, in general, not adiabatic, so that a time-
dependent description of the orientation process becomes mandatory. A revised condition
for achieving adiabatic mixed-field orientation is provided.
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In this talk, I will discuss recent experimental results on helium buffer-gas cooling of the
rotational degrees of freedom of MgH™ molecular ions, which are trapped and sympathet-
ically crystallized in a linear radio-frequency quadrupole trap [1]. With helium collision
rates of only ~10 s7!, i.e. four to five orders of magnitude lower than in usual buffer gas
cooling settings, we have cooled a single molecular ion to an unprecedented measured low
rotational temperature of 7.579-2 K. In addition, by only varying the shape and/or the num-
ber of atomic and molecular ions in larger Coulomb crystals, we have tuned the effective
rotational temperature from ~7 K up to ~60 K by changing the micromotion energy. The
very low helium collision rate may potentially even allow for sympathetic sideband cooling
of single molecular ions, and eventually make quantum-logic spectroscopy of buffer gas
cooled molecular ions feasible. Furthermore, application of the presented cooling scheme
to complex molecular ions should have the potential of single or few-state manipulations
of individual molecules of biochemical interest. This latter perspective can hopefully be
exploited to disentangle various processes happening in complex molecules, like light har-
vesting complexes.
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In a spinor Bose gas, contact interactions can induce effective spin-spin interactions
[1]. In the case of sodium atoms (**Na, spin 1), these effective interactions are antiferro-
magnetic, which leads to a series of interesting phenomena. Here I will focus on recent
experimental investigations that we have performed at ENS on a sodium condensate in
the so-called Single Mode Approximation [2]: in this low temperature regime, all atoms
occupy the same orbital wave function and only the spin degree of freedom is relevant.
In the absence of external field, the exact ground state is expected to be the (massively
entangled) singlet state, with a zero total spin [3]. However one can also use an approxi-
mate symmetry-breaking approach, in which all atoms condense a single spin state .S, = 0
along an arbitrary z direction. I will discuss both approaches and connect them with the
notion of a fragmented condensate [4], i.e., a situation where several states of a many-body
system are simultaneously macroscopically populated [5].

This research has been performed in collaboration with Fabrice Gerbier, Tilman Zibold,
Luigi De Sarlo, Emmanuel Mimoun, David Jacob, Lingxuan Shao, Vincent Corre and
Camille Frapolli. It is supported by the ERC Synergy program (UQUAM project).
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Density functional theory (DFT), extremely successful in electronic structure calcula-
tions [1,2], has received relatively little attention for the study of ultracold atomic systems.
We show that a recently proposed DET methodology [3,4], aimed at the study of strongly-
correlated electronic systems, can be generalized for its application to their ultracold-gases
counterparts.
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Problems requiring an accurate knowledge of the electronic structure of small heavy-
element molecules can nowadays be addressed with uncompromising electron correlation
methods in the framework of the Dirac-Coulomb equation [1]. These methods owe their
rigor to the relativistic four-component all-electron approach and their efficiency to creator-
string driven algorithms. The first part of the presentation covers general principles of rel-
ativistic configuration interaction [2] and relativistic coupled cluster [3,4] and their current
domains of applicability. Among these are, despite the design based on molecular double
group symmetry, also purely atomic problems.

In the second part of the talk recent applications with an emphasis on research in fun-
damental physics will be discussed, in particular the search for the electric dipole moment
of the electron. The relativistic four-component configuration interaction approach has
been used to study P- and T-odd interaction constants in the HfF* molecular ion [5,6]
and the ThO molecule [7].  For ThO Q = 1 we obtain a value of E.g = 75.2 [%} with
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Figure 1: Model dependency of the electron EDM effective electric field in ThO.

an estimated error bar of 3% and 10% smaller than a previously reported result [J. Chem.
Phys., 139:221103, 2013]. The smaller effective electric field increases the previously de-
termined upper bound [Science, 343:269, 2014] on the electron electric dipole moment to
|de| < 9.7x107% e cm and thus mitigates constraints to possible extensions of the Standard
Model of particle physics.
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We study the crossover from few- to many-body physics by investigating an ultracold
atom system that consists of one single impurity atom and an increasing number of majority
atoms in a different spin state.

The experiments are performed with a system of fermionic °Li atoms in two different
spin states. Due to the elongated shape of our optical dipole trap the system is well de-
scribed by the one-dimensional framework. Starting from the two-particle system where
the single impurity atom interacts with only one majority atom, we measure the interac-
tion energy as a function of the number of majority atoms by means of radio-frequency
spectroscopy. In the two-particle case the experimentally determined interaction energies
are in good agreement with the analytical prediction from T. Busch et al. [1]. For systems
with more majority atoms, the interaction energy shows good agreement with numerical
few-body calculations. Already for more than three majority atoms, the normalized inter-
action energies converge quickly towards a many body-limit. This limit coincides with the
analytic prediction for an infinite number of majority atoms which we obtain by adapting
the homogeneous solution of J. McGuire [2] to a trapped system.
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Over the last twenty years, lasers have been offer great potentials for controlling the
rotational dynamics of molecules. The wealth of the information accessed and the number
of potential applications is far richer as a molecular ensemble looses its isotropic behavior.
Laser induced field-free molecular alignment is a representative example for the above [1].
In this case, the molecules are aligned along and perpendicular to the laser polarization
axis at well spaced fractions of the molecular rotational period even after the pulse has been
switched off. In the current work, we present an original way for enriching the aforemen-
tioned control of molecular rotation by orienting the angular momentum or equivalently
by inducing unidirectional molecular rotation. The investigation is conducted in Ny at
atmospheric pressure. The desired unidirectional rotation was embedded to the molec-
ular targets after they were irradiated with a pulse of rotating linear polarization. The
effect is quantified using the rotational Doppler effect [2]. In translational Doppler effect,
a photon with momentum p=h/A reflected by a moving object with momentum p=mu
is frequency shifted by Av=2u/A. The fact that electromagnetic waves posses also spin
angular momentum gives rise to the angular analog of the aforementioned effect. Thus,
when a circularly polarized photon with spin angular momentum 7/ interacts with a rotat-
ing body with angular velocity (2, its frequency is shifted by Aw=2(). The experimental
results are reproduced quite well by numerical simulations and comparison between the
different schemes proposed for inducing angular momentum orientation is discussed. The
dependence of the rotational frequency shift on different experimental parameters, such as
laser intensity, polarization state, and pulse duration is also presented and compared with
theoretical findings.
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The aim of our experiment is a new determination of the proton charge radius Rp from
high resolution spectroscopy on hydrogen. The proton is the simplest stable hadronic sys-
tem and a precise knowledge of its properties has fundamental interests. Today the proton
charge radius is determined by three different methods:

Low energy electron scattering. A thorough analysis of all the scattering data has been
made by I. Sick. The result is Rp = 0.895 (18) fm. A new determination has also been
done at Mainz university [1].

Hydrogen spectroscopy. Thanks to the optical frequency measurements and the Doppler
free techniques, the energy shift due to the finite size of the proton can be now observed
on the spectroscopy of hydrogen. The value of the proton radius extracted from the com-
parison between the experiment and the theory in hydrogen is Rp = 0.8760 (78) fm.
Spectroscopy of muonic hydrogen. The principle of the experiment is to measure the 2S
Lamb shift in muonic hydrogen (an atom formed with a proton and a muon, p-p). In July
2009, this experiment has been successful. The result is Rp = 0.8409 (4) fm [2]. The figure
below summarizes these different determinations of Rp.

The figure 1 shows clearly a discrepancy HID spectroscopy + QED
between the new value deduced from the
muonic hydrogen spectroscopy and the pre-
vious ones. We aim to contribute to the

——@—— 0.8760 (78) fm

@ P (2S;,(F=1)-2P,,(F=2)) + QED  0.8409 (4) fm

New electron-proton scattering ———@——0.879 (8) fm

"proton charge radius puzzle" by measur- electron-proton scatering Py —

ing the optical frequencies of two transitions | ——mm™mM™M ™M+
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in hydrogen, firstly the 1S-3S two photon Rp (fm)
transition and? Secondly, the 15-4S two phO— Figure 1: The different determinations of the proton charge

ton transition. We realized a new cw-laser radius.

source at 205 nm to perform the two-photon

spectroscopy of the 15-3S transition. Light at 894 nm from a titanium-saphir laser is mixed
with the fourth harmonic of a ND:YOy, laser in a BBO crystal (at 266 nm). We obtained
up to 15 mW of continuous narrow-band laser source a 205 nm [3]. We observed the 15-3S
transition and deduced its center frequency with an uncertainty 4 times better than previ-
ous results [4]. T will present this very preliminary result and the development of a liquid
nitrogen cooled hydrogen beam.
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The development of ultrashort light pulses in the attosecond range allows scientists to
explore the dynamics of electron correlation. The single ionization delay has been mea-
sured in various atoms using either the streaking technique or an interferometric technique
([1],[2]). Those studies triggered a lot of theoretical activities showing that the IR used to
probe the ionized electrons changes their phase and therefore add an additional delay [3].

XUy

energy (eV) _L1xe
Figure 1: Principle of the experiment.

Recently the first time-resolved measurement of double ionization was performed in
xenon using an interferometric technique combined with coincidence measurement (see
fig.1). We measured a delay between double and single ionization of 55 + 60 as [4] in
excellent agreement with our theoretical calculations. Those calculations aimed at under-
standing the influence of the IR-field in the case of double ionization in order to extract
the one-photon delay. Unfortunately the exact shape of the two electron wave packet in
the continuum is not known. In this work we report the calculation of the IR-induced de-
lay in double photo ionization using three different models for the wave function; the two
screened coulomb wave function, the Wentzel-Kramers—Brillouin (WKB) wave function
and the three coulomb wave function [5]:

U (r, ) = Fi(Zeps k) X Fi(Zegy, ka), (1)
UWEB(r) ry) = Pe i, (2)
\Ilzlc:]@(rhr?) = Fl(—l,kl) X Fl(—l,kg) X F1(+1,]€12). (3)

With ki, ks the wave vectors of the two electrons, Z.r; the effective screening between
the electrons, I} the coulomb wave function, P the amplitude probability and S the two-
electrons action. The results obtained for the three different models are compared and
discussed.
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Interatomic Coulombic Decay (ICD), a radiationless transition in weakly bonded systems,
such as solutes or van-der-Waals bound aggregates, is an effective source for electrons of low
kinetic energy. So far, the ICD processes could only be probed in ultra-high vacuum by using
electron and/or ion spectroscopy. Here we show that resonant ICD processes can also be
detected by measuring the subsequently emitted characteristic fluorescence radiation, which
makes their study in dense media possible.

ICD is an energy transfer mechanism that occurs inside a chemical environment between excited atoms
and their atomic neighbors [1]. As a result of the energy transfer, electrons of low kinetic energy are created
[2]. As these electrons are known to be genotoxic, it was suggested that ICD might contribute to radiation
damage [3] and could be employed in novel cancer treatment scenarios [4,5]. So far, the emitted charged
particles were used to detect ICD [2]. This is, however, not possible in dense — especially biological - media
[6]. Here we employ the detection of fluorescence light to verify the occurrence of ICD in a model system.
This novel approach is the only known method for tracing ICD in dense matter. Thus, it holds great promise
for exploring the role of this efficient energy transfer mechanism in biological systems.

The present experiments were performed for the prototype Ne-clusters, for
which it is known that resonant excitation of an inner valence electron triggers
ICD [7]. The process is sketched in Fig. 1. An incoming photon resonantly
excites an inner-valence (2s) electron of atom A (a). This electronic excitation
is known to relax via two competing pathways: (i) by autoionization of the
same atom A leading to the emission of fast electrons (kinetic energy between
23 and 27 eV); and, alternatively, (ii) via the resonant ICD which gives rise
to the emission of slow electrons (kinetic energy between 0 and 10 eV) from
Atom B (b). Both processes are ultrafast and completely suppress the resonant
fluorescence of the initially excited state. If the first pathway takes place, the
relaxation process ends. This is not the case in the second pathway which is
described in Fig. 1. Importantly, ICD becomes the dominant relaxation pathway
when the cluster size grows [8]. In ICD, a valence electron of atom A fills the
hole in the inner-valence shell. The energy gained is ultrafast transferred to pigure 1: Schematic of flu-
a valence electron of a neighboring atom B, leading to its release (b). As can orescence following ICD af-
be seen in Fig. 1, due to the presence of the excited electron, a part of the ter resonant excitation in Ne-
excess energy is still stored in atom A where one electron remains excited. This clusters.
excess energy is not sufficient to further ionize the system and is released by
the emission of a photon (c¢), which is used here to identify the preceding ICD.
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There is a growing technological need to fabricate compact optical clocks [1]. Inspired
by this need and the elimination of the Doppler broadening allowed by a sub-wavelength
confinement of the atomic motion in the r.f. domain [2], we have analyzed, with high
resolution laser spectroscopy, the optical spectrum of a gas confined in the sub-micron
interstitial regions of an opal .

An opal consists of a crystalline arrangement of glass nanospheres,
usually considered as a "soft preparation' for a photonic crystal. To
avoid destructive chemical interactions between the bulk opal and the
(heated) alkali-metal vapour; we have turned to a Langmuir-Blodgett (= - -_
(LB) preparation of a few layers opal [3,4] deposited on a window, R
around which the vapour cell is constructed (Fig. 1). In spite of the in- Figure 1: Schematic
creasing structural defects in the successive layers of a LB opal defects, of the reflection spec-
the essence of a deposited opal is a combination of a periodical layered oscopy on an opal (mag-

. nified in the caption)
structure -compact arrangement- with an empty gap between the flat jnfitrated by o cesium
window and the first layer of opals, promptly touching the window. vapour.

With such a cell technology, the presence of a specular reflection beam

is partly unexpected because the opal/window and opal/vacuum interfaces are strongly
non planar (at a microscopic/wavelength scale). We show that this gap is responsible of
this specular reflection and have a strong influence on it. The size of the "gap" region,
relatively to the wavelength, is an essential parameter.

On opals with 10 or 20 layers of 1 um spheres, sub-Doppler spectra are observed un-
der near normal incidence evoking thin cell spectroscopy, with vapour confined in the gap
region. The spectra are getting broader with the incidence angle. The original finding is
that for large incidence angles (6 = 40-50 degrees), there is a narrow sub-Doppler structure
superimposed to a broad spectrum [3,4]. The shape of this narrow structure, observed in
purely linear spectroscopy, quickly evolves with the incidence angle. Its contrast is the
highest for an incident beam TM-polarised. Recent experiments have confirmed these
findings with 400 nm and 750 nm spheres, or for A = 455 nm Cs line. Our results are in
agreement with a calculation taking into account the phase matching between the atomic
contributions located in various layers of interstices, and the geometry of the periodical
distribution of opals. From this, we deduce that the narrow structures observed for a large
range of oblique incidences are associated to a genuine 3-D confinement. Our results allow
envisioning very compact sub-Doppler references, applicable to weak (hardly saturable)
molecular lines with a probed volume conceptually as small as several spheres. The detec-
tion of scattered light may also provide lineshapes more uniform with the incidence.
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We have investigated the ultracold interspecies scattering properties of metastable
triplet He and Rb. We have performed state-of-the-art ab initio calculations of the relevant
interaction potential, from which the scattering lengths are obtained for all four isotope
combination [1]. Experimentally, we have studied thermalization of an ultracold mixture
in a quadrupole magnetic trap, containing 6x10° metastable triplet *He atoms in the
mg = 1 state and 3x10°® 3 Rb atoms in the F=2, mp=2 Zeeman substate, from which we
obtain tight bounds on the scattering length [2], in excellent agreement with the ab initio
calculation. Our combined theoretical and experimental work provides a necessary step
towards quantum degenerate He*4+Rb mixtures, which is interesting for few-body physics
that require a large mass ratio. More general, our work shows the possibility of quanti-
tative determination of scattering lengths for a system containing a heavy, many-electron
atom using ab initio calculations.
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Figure 1: Results of the ab initio calculation on the *S* potential of He* Rb. The inset shows the quartet scattering length

for *He* +37 Rb as function of the scaling parameter of the potential well depth )\, where the shaded area (bounded by the

blue dotted lines) represents the uncertainties in the long-range coefficients Cs and Cs. The dashed vertical lines and the
arrow represent the uncertainty in the ab initio potential.
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Using a blue-detuned laser, shaped into a Laguerre-Gaussian (LG) donut mode we
channel atoms exiting a 2-dimensional magneto-optical trap (2D-MOT) over a 30 cm
distance. Compared to a freely-propagating beam, the atomic flux (about 10%at/s) is
conserved whereas the divergence is reduced from 40 to 3 mrad. So, 30 cm far the 2D-
MOT exit, the atomic beam has a 1 mm diameter and the atomic density is increased by
a factor of 200 [1].

Such a LG-channeled-2D-MOT with a high density flux is a promising device to effi-
ciently load a 3D-MOT reducing the capture volume and thus the required dimensions of
the 3D-MOT trapping beams. The LG-channeled-2D-MOT is suitable for experiments on
chips or for collision experiments.

The LG-channeled-2D-MOT has been studied versus the order of the LG mode (from 2
to 10) and versus the laser-atom frequency detuning (from 2 to 120 GHz). A clever version
in which the LG mode frequency is locked to the repumping transition allows us to run
the setup with two lasers instead of three.
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We work with a novel multi-state cold-atom interferometer that is easy-to-use and
fully merged with an Atom-Chip. We do not rely on external variables i.e. on spatially
separated paths, but use internal atomic states. The multi-state functionality is achieved
by coherent manipulation of BECs in different Zeeman states of the same hyperfine level by
means of radio-frequency (RF) and static magnetic fields. The interferometric fringes are
sharpened due to the higher-harmonic phase contributions of the multiple energetically
Zeeman states. The complete coherence of the atom transfer between the condensates
guarantees the full fringe visibility. The increase in sensitivity is paid by a reduction in the
interferometer sensing range and an undesirable cross-sensitivity to magnetic fields. While
the former is an intrinsic property of multi-path interferometers, we suggest how the effects
of the latter can be reduced by using a differential measurement configuration. In addition,
our interferometer does not require neither alignment nor high resolution imaging [1].

Driving the complex dynamics of physical systems to perform a specific task is ex-
tremely useful but challenging in several fields of science, and especially for fragile quan-
tum mechanical systems. Even harder, and often unfeasible, is to invert the time arrow of
the dynamics, undoing some physical process. We theoretically and experimentally drive
forth and back through several paths in the five-level Hilbert space of a Rubidium atom
in the ground state (see Figure 1). We achieve such an objective applying optimal con-
trol strategies to a Bose-Einstein condensate on an Atom-chip via a frequency modulated
RF field. We apply also this technique to control the sensitivity of the multi state atom
interferometer.

We further prove that backward dynamical evolution does not correspond to simply
inverting the time arrow of the driving field neglecting the only-system part of the dy-
namics. Apart from the relevance for the foundations of quantum mechanics, these results
are important steps forward in the manipulation of quantum dynamics that is crucial for
several physical implementations and very promisingly powerful quantum technologies.

- mp = +2% .

Figure 1: A condensate of 3'Rb is created on an Atom-Chip in the |F =,mp = +2) state. The dynamics of the system is
driven by coupling the different spin orientations with a radio-frequency electromagnetic field
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Controlling individual neutral atoms in arrays of optical tweezers is a promising avenue
for quantum science and technology [1-2]. Using a spatial light modulator (SLM), we
demonstrate our ability to trap single atoms in arrays of up to 100 traps separated by
a few microns with controllable geometry. Using a two-photon excitation scheme, we
coherently excite systems of two or three atoms to Rydberg states. The interaction between
Rydberg atoms results in the observation of a characteristic Rydberg blockade effect. When
the single-atom Rabi frequency for excitation to the Rydberg state is comparable to the
interaction, we observe a partial Rydberg blockade where the populations vary in time with
different frequency components. Comparing the experimental measurements with a model
based on the optical Bloch equations, we are able to extract the van der Waals energy [3].
We measure the evolution of the C6 coefficient for different quantum numbers, distances
and angles between the atoms. Despite the anisotropy of the interaction measured between
two atoms in a D state, we are able to demonstrate a perfect blockade in arrays of three
atoms with linear and triangular configuration. This work extends the potentialities of our
system to 2D geometries, ideal for quantum simulation of frustrated quantum magnetism
with Rydberg atoms.
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Generating and detecting highly entangled macroscopic singlet states is of enormous
interest. Such states are the ground states of many fundamental spin models (e.g. the
anti-ferromagnetic Heisenberg model) [1], and may be useful for quantum information [2]
and quantum metrology [3] applications. An ideal singlet has total angular momentum
with zero mean and zero variance, a truly zero angular momentum. Approximate singlets
can be identified with a generalized spin squeezing inequality (SSI) for unpolarized states
[4], which show that total spin variance below a standard quantum limit (SQL) implies
entanglement among the spins. We generate approximate singlet states using the tools
of measurement-induced spin squeezing: quantum non-demolition measurement [5] and
coherent magnetic rotations [6]. By squeezing all three spin components, we approach
the zero of total spin. Using a cold rubidium atomic ensemble and near-resonant Faraday
rotation probing, we have observe up to 3 dB of squeezing relative to the SQL, and a
violation of the SSI by more than 5 standard deviations [7].
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Figure 1: From the initial spin distribution (blue data in figure (a)), we select data with |[F0 — (F(Y2/N,4 < C (orange
data in figure (a)), where C is a chosen cutoff parameter. We then analyze the second QND measurement F(3) of the selected
data (figure(b)) to detect spin squeezing and entanglement. We illustrate this with data from a sample with Na = 1.1 x 10°
atoms and C = 1. Azes in (a) & (b) have units of 10® spins. Solid blue circles (a) and (b) have a radius /CN4. In the
insets we plot a histogram of the first and second measurements. The selected data are plotted in orange, and the dashed
blue line in (b) indicates the cutoff. (c) Spin squeezing parameter £2 (orange diamonds) calculated from the second QND
measurement of the selected data as a function of the cutoff parameter C. For reference, the same parameter calculated
from the first QND measurement is also plotted (black circles). Inset: number of selected data points included as a function
of the cutoff parameter.
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Optomechanics has attracted a lot of interest recently due to the combined control of
light and mechanical modes. Spontaneous optomechnical self-organization was observed
in a variety of non-linear systems such as atomic ensembles in a cavity [1].

We are looking in a single mirror scheme where a single pump beam and a mirror placed
after the atomic cloud induce spontaneous self-organization observed on a plane transverse
to the beam propagation. Previous investigations that showed continuous symmetry break-
ing on both translation and rotation relied on spatial modulation on the internal states
of the atoms. Recently it was predicted that dipole forces alone could induce the same
kind of transverse self-organization based on the atomic density without intrinsic optical
non-linearities [2].

We report on the observation of spontaneous self-
structuring in cold atoms released from a magneto-
optical trap [3]. The trap was initially loaded with
6 x 10" atoms of 'Rb. The structures emerge in
blue-detuned pump light as hexagons (blue in the
Fig. 1, online) and in the atomic density as honey-
combs (red in the Fig. 1, online) - the atoms are
expelled from the intensity maximums. The set-
up relies on the conversion from phase to amplitude
modulation by diffraction (Talbot effect) and the
length-scale of these structures is continuously tuned
with the mirror distance. Two mechanisms come into
play in these experiments: the already known inter-
nal states non-linearity and the new optomechani-
cal nonlinearity. We identified regimes where each Figure 1: (Color online) Complementary honey-

. . . . comb self-structuring of the atomic density imaged
mechanism is dominant as well as the mixed case by o, ihe red-detuned probe beam (red) and hezagonal
comparing the structures in both the pump and in light patterns in the transmitted blue-detuned pump
a probe beam sent a few tens of microseconds after beam (blue).
pump extinction. In the optomechanical dominant
regime, we observed in the probe the dynamical growth and decay of atomic structures in
the order of magnitude comparable to the atomic motion at ultracold atoms temperatures.

We also present analysis on the structures contrast and wave-vector dependence on
detuning and intensity.
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We show that the phase of a Bose-Einstein condensate wave-function of ultra-cold
atoms in an optical lattice potential in two-dimensions can be detected [1]. The time-of-
flight images, obtained in a free expansion of initially trapped atoms, are related to the
initial distribution of atomic momenta but the information on the phase is lost. However,
the initial atomic cloud is bounded and this information, in addition to the time-of-flight
images, is sufficient in order to employ the phase retrieval algorithms. We analyze the
phase retrieval methods for model wave-functions in a case of a Bose-Einstein condensate
in a triangular optical lattice in the presence of artificial gauge fields.

In crystallography, electron mi-

croscopy and astronomical imaging, °.°., S N _
computationally retrieving the phase °o:o:o:oo el (d) probabilty density
of diffraction patterns is remarkably UL A AR

successful [2]. The examples range Z':":°:°:°:‘Z

from the biological cells imaging to RAX XL UL CAR

the evaluation of the aberrations ©200000000000 -
in the Hubble space telescope. In
the cold atoms problems, it is not

an external wave that diffracts on a Figure 1: Left panel shows domain structures formed by cold atoms

measured object and is Subsequently in the presence of a tmangular optwal. lattice with negat.we tunnel-
ing amplitudes. The domains are obtained from the retrieved wave-

deteCteda but the matter wave itself function corresponding to the time-of-flight image presented in the
is the object to be reconstructed. right panel [1].

References
[1] A. Kosior and K. Sacha, Phys. Rev. Lett. 112, 045302 (2014).

[2] S. Marchesini, Rev. Sci. Instrum. 78, 011301 (2007).

Page 34: [CT-12]



BoOOK OF ABSTRACTS — EGAS J6th conference of the European Group of Atomic Systems

Ultra-high flux atom-lasers
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We couple strongly the magnetic hyperfine states of the atoms using a strong rf-field
and use this to trap Bose-Einstein condensates in time-dependent adiabatic potentials
(TDAP). We manipulate these potentials such that a well collimated, extremely bright
atom laser emerges from a small spot just below the condensate.

Traditionally atom lasers are produced
by a weak rf-field or a weak Raman beam, .
which resonantly outcouples a small frac-
tion from within the BEC. The atoms then
traverse the BEC and accelerate downwards 1
under the influence of gravity. The maxi- : # :

mum flux achievable from a given conden- E E E y
sate increases with the strength of the cou-

pling field. At high field strengths, however,

it is fundamentally limited by the emer- 3

gence of bound states [1]. -';) S .

The flux of the TDAP atom laser does
not suffer from such limit& which allowed Figure 1: Images of atom-lasers c'zfter t-ime—of—‘ﬂight expansion.
a) Pure atom laser of 2ms duration with a divergence of only
us to demonstrate a record flux of 7.4 x 10mrad. b) Atom laser with a flux of up to 7.4 x 107 atoms/s.
]_O7 atoms/s, In therm of flux per trapped ¢) Atom beam combining atom laser and thermal emissionPlease
atom this is more than an order of mag note the different vertical scales in the three plots. Supplemen-
. . : tary material can be found here [2].
nitude larger than any other continuously
outcoupled atom laser achieved so far [1].

Furthermore, we produce the coldest thermal beam to date (200 nK). Finally, we ob-
serve, for the first time, an atom beam containing both an atom laser and a thermal atom
beam.

We acknowledge the financial support of the Future and Emerging Technologies (FET) programme within
the 7th Framework Programme for Research of the European Commission, under FET grant number: FP7-
ICT-601180 (MatterWave).
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Quantum magnetism with a Bose-Einstein Condensate
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Ultra-cold atomic gases are attracting considerable interest thanks to the many oppor-
tunities they provide to explore novel domains in quantum physics. Physicists from various
disciplines gather to explore problems at the interfaces of AMO physics with condensed
matter and statistical physics. Magnetic high-spin atoms such as chromium provide a
test-bed to study the effects of long-range interactions in quantum many-body problems
as well as the interplay between internal and external degrees of freedom. We report on
two series of experiments using a spin-3 chromium Bose-Einstein condensate. In a first
series, we demonstrate the stabilization of this quantum gas against dipolar relaxation loss
processes by transferring the BEC in a 3D optical lattice. We also demonstrate how dipo-
lar relaxation then acquires a resonant character as a function of the ambient magnetic
field [1]. In another series of experiments, we observe for the first time magnetic dipolar
interaction driven spin dynamics [2]. Starting from a Mott state, spin exchange oscillations
are observed on two distinct timescales. Rapid oscillations result from contact interactions
between atoms located in the same lattice sites. Slow oscillations result from dipolar in-
teractions between atoms sitting at different sites of the lattice. Our work pioneers the
experimental realization of quantum magnetism where dynamics is driven by long-range
spin-spin interactions between distant lattice sites.
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The coherent transmission of a wave, through absorbing medium, results of interference
between the incident field and the forward scattering field. This basic and well established
process was experimentally observed in the case of an electromagnetic wave transmitted
through a resonant atomic cold cloud [1]. Since the forward scattering field is build up
with the incident field, one may states that the amplitude of the former cannot be larger
than the latter. We recently demonstrate that this intuitive picture is incorrect [2]. This
result recasts our understanding of coherent wave transport in optically dense medium.

We will discuss in detail how the complex transmitted field can be reconstructed using
fast transient phenomena on Strontium intercombination line with cold atoms. An example
of such a reconstruction is given in Fig. 1. Moreover, if the probe laser is abruptly switched
off, we observe a coherent superflash of light at the output of the optically dense medium.
Its intensity can be up to four times the incoming probe intensity. This superflash allows
us to measure the coherence properties of the forward scattering field. We finally discuss
potential application of optically dense medium for phase discrimination and for narrow

pulse generation with high repetition rate.
50
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Figure 1: Reconstruction, as function of the probe fre-

quency detuning, of the transmitted field in a cold cloud with

an optical density of 19. The open circles are the data points
and the plain curve the theoretical prediction.
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The mass of the electron is a key parameter of the Standard Model of physics. Its value
is fundamental for the structure of matter on atomic and molecular scales; a high-precision
value is relevant for the most stringent tests of quantum electrodynamics [1,2,3].

Here we use an indirect method similar to [4,5] to determine the atomic mass of the
electron by measuring the spin-precession frequency of an electron bound to a carbon
nucleus in a 3.7 T magnetic field. The single hydrogen-like carbon ion has been trapped for
several months in a Penning trap apparatus. While probing the spin-precession frequency,
the magnetic field has been measured simultaneously with a novel phase-sensitive detection
technique, PnA (Pulse and Amplify) [6], working at ultra-low temperatures. The spin-state
is determined by applying the continuous Stern-Gerlach effect.

This approach requires the theoretical knowledge of the bound electron g-factor, which
has been calculated to a precision better than 10~'*. Combining this state-of-the-art QED
calculation and our measurement of the ratio of the electron spin-precession frequency to
the ion cyclotron frequency, we can derive the electron mass [7]. With a relative uncertainty
of 3-10~" we have improved the electron mass by a factor of 13 with respect to the present
CODATA value [8].

In this talk the measurement of the electron mass will be presented and the current
status of our BS-QED tests will be summarized.
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New technological developments allow to explore the quantum properties of very com-
plex systems, bringing the question of whether also macroscopic systems share such fea-
tures, within experimental reach. The interest in this question is increased by the fact
that, on the theory side, many suggest that the quantum superposition principle is not
exact, departures from it being the larger, the more macroscopic the system [1]. Testing
the superposition principle intrinsically also means to test suggested extensions of quantum
theory, so-called collapse models. We will report on three new proposals to experimen-
tally test the superposition principle with nanoparticle interferometry [2], optomechanical
devices [3] and by spectroscopic experiments in the frequency domain [4, 5. We will also
report on the status of optical levitation and cooling experiments with nanoparticles in
our labs, towards an Earth bound matter-wave interferometer to test the superposition
principle for a particle mass of one million amu (atomic mass unit).
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When resonant emitters, such as atoms, molecules, or quantum dots, with a transition
at a wavelength \ are confined inside a volume smaller than A3, they are coupled via strong
dipole-dipole interactions. In this regime, the response of the ensemble to near-resonant
light is collective and originates from the excitation of collective eigenstates of the system,
such as super- and sub- radiant modes [1,2]. Dipole-dipole interactions profoundly affect
the response of the system, as they modify the decay rate and shift the energy of each state
in a different way, leading, e.g., to the collective Lamb shift [3,4]. The collective scattering
of light can strongly differ from the case of an assembly of noninteracting emitters [5] and
has been predicted to be suppressed for a dense gas of cold two-level atoms [6].

Here, I will present the first observation of the collective suppression of light scattering
by a cold sample of ' Rb atoms with a size comparable to the wavelength of their optical
transition [7]. Starting from a single atom and gradually increasing the number of atoms
up to a few hundreds, we observe the emergence of a strong collective suppression of
light scattering due to the increasing dipole-dipole interactions. Consistently with this
suppression, we observe a broadening of the optical transition at A = 780 nm as well as a
small red shift. We find that our measurements are compatible with numerical simulations
of the response of the system in the low excitation limit, accounting for all the scattering
processes between atomic dipoles and the internal level structure of the atoms. Ongoing
investigations of the temporal response of the system, and comparisons to the case of
a single atom [8], should also provide insight into the interplay between dipole-dipole
interactions and collective scattering.
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questions the value of the photodetachment cross-section of H™
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A new method is described to measure photoexcitation cross-sections, relying on the
asymptotic behavior of the signal in the saturated regime, when excitation is provided
by a Gaussian laser beam. The method is implemented on a negative ion beam, with a
single-mode pulsed Nd:YAG laser, to measure the photodetachment cross-section of the
atomic anion H™, at the wavelength 1064 nm.

This is the first laser measurement of the photodetachment cross-section of H~. This
cross-section is of primary importance both as the photodetachment cross-section of the
most elementary negative ion and as a key parameter for the production of fast neutral H°
or DY atoms, for plasma heating in the ITER and DEMO projects, by photodetachment
from accelerated anions. A more classical numerical fitting method, including both the
linear and the saturated regime, confirms a 4.5(6) x 10"*'m? value, whereas most calcu-
lations performed for the last 50 years, including the most recent ones [1], have found
3.6 £ 1 x 1072! m?, in agreement with the older experiments [2,3]. Meanwhile, a few cal-
culations relying on the adiabatic approximation in hyperspherical coordinates happened
to find a 4.2 x 1072 m? value [4,5], which would be compatible with our measurement.

The present result could suggest to revisit ab initio calculations of the H™ system and
set more stringent constraints on the models used to represent H™ in atomic and molecular
processes.
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We report the first systematic measurement of the photon angular distribution in
the inter-shell dielectronic recombination (DR) and trielectronic recombination (TR) into
highly charged ions. Iron and krypton ions in the He-like through O-like charge states were
produced in an electron beam ion trap, and the electron-ion collision energy was scanned
over the K-shell recombination resonances. An excellent electron energy resolution of 6.5
eV FWHM at 5 keV for iron and 11.5 eV FWHM at 9 keV for krypton was achieved.

The X rays emitted in the decay of resonantly excited states were simultaneously
recorded by two germanium detectors which were mounted along and perpendicular to the
electron beam propagation directions. The intensities of K-shell X-ray transitions were
recorded as a function of electron beam energy. The measured photon emission asymme-
tries indicate the alignment of the corresponding excited states. Morever, the alignment
properties of the weaker processes such as TR were measured for the first time.
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Figure 1: Scheme of the experimental setup. Figure 2: X-ray intensity as a function of the electron

beam energy. The solid line shows the X-ray intensity
perpendicular to the electron beam propagation direction,
whereas the filled area indicates intensity along the electron
beam propagation direction. Vertical markers represent the
resonant recombination processes and corresponding initial
charge state of the ions.

The measured X-ray emission anisotropies probe the electron-electron interaction in
the strong field of the ion, e.g. they are highly sensitive to the Breit interaction. These re-
sults benchmark dedicated multiconfiguration Dirac-Fock electronic structure calculations
and can be applied for polarization diagnostics of hot astrophysical and laboratory fusion
plasmas.
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While the photoionization of atoms in the ground state has been intensively studied, less
is known concerning photoionization of excited states, particularly multiphoton ionization
[1,2,3]. We report here the results of an experimental and a theoretical study of the three-
photon ionization of the 1s2s3S°® and 1s2p3P° states of helium by a laser operating in the
green and red regions of the visible spectrum.

In the experiment, He™ ions are first formed in the 1s2s2p *P° state by collisions of fast
helium ions with cesium. A pulsed dye laser pumped by the second or third harmonics
of a Nd:YAG laser is then used to photodetach an electron, leaving an atom of helium in
either the 1s2p3P° or the 1s2s3S° state. These are subsequently ionized by the absorption
of three more photons. By tuning the wavelength of the laser, the ion yield from either
of the two excited states can be measured. In the work reported here, the wavelength is
varied within the 530-560 nm and 685-730 nm ranges in order to probe, respectively, the
152s3S¢ and 1s2p 3P° states. Dependence of the ionization on the photon flux and the laser
polarization is also studied by varying the laser peak intensity between 1.25 x 107 W cm ™2
and 3.6 x 10" Wcm™2 and by changing the polarization state from linear to circular.
The experimental results show two series of asymmetric peaks, associated to two-photon
resonances with ns and nd Rydberg states for He(1s2s3S°) and with np and nf Rydberg
states for He(1s2p3P°). For the latter, a series of peaks has tails towards higher photon
energies while the other has tails changing direction below 706.7 nm.

A model Hamiltonian [4] is built using matrix elements from DVR and QDT calcu-
lations and checked against a full, ab initio R-matrix Floquet calculation. The time-
dependent Schrodinger equation is numerically integrated to reproduce the experimental
spectra with different pulse peak intensities. The series of peaks are consistently repro-
duced over the large wavelength ranges considered, both in shape and position.

For the 1s2p®P° (M = 0) state, the 1s2p3P° and 1s3s3S¢ states are coupled by a
one-photon interaction, and hence are strongly mixed over a relatively wide range of laser
wavelengths. This dressing is absent in the case M; = +1. Ionization is shown to occur via
two resonantly enhanced multiphoton ionization (REMPI) schemes: a (1+1+1) scheme for
M;j, = 0, never encountered before in atomic multiphoton ionization, and a (2+1) scheme
for My = +1. He(1s2s3S°) exhibits a much simpler (2+1) REMPI behaviour as a function
of the laser wavelength and intensity. The laser polarization has also an important effect
on the ionization yield and highlights, as for the ionization of He(1s2p3P°), the influence
of the magnetic quantum number.
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The imbalance of matter and antimatter in the universe is one of the great mysteries
of modern physics. One test that might shed light on this puzzle is a measurement of how
antimatter acts in a gravitational field. We are building an experiment to test antimatter
gravity by measuring the free-fall of positronium [1]. Limited by annihilation, the ground
state of triplet Ps has a lifetime of 142 ns, allowing free-fall of only around 100 fm (if
g = g). However, Rydberg states have negligible annihilation rates, with lifetimes limited
only by radiative decay. In experimentally feasible conditions these could be on the or-
der of 10 ms, long enough to permit observable free-fall. Atoms in these highly excited
states can also possess extremely large electric dipole moments, allowing manipulation
with inhomogeneous electric fields [2].

Typical methods of Ps generation
produce very hot atoms (v/c ~ 1073), o ms  m e G  m ms  om
resulting in significant Doppler broad-
ening (e.g., ~ 0.5 THz for 1s-2p). Ef-
ficient production of Rydberg Ps has
been achieved with broad bandwidth
(85 GHz) lasers that give reasonable
overlap with these large Doppler pro-
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ﬁ].es [3]. HOWGVGI’, thls teChnique llm_ e Fx::gﬂgncyrclativcté?g?l?zation limit(dl%;)z();) !
its the resolution and prevents accurate Figure 1: Helium Rydberg spectrum of m = 2 states from n = 20 up
state selection at hlgher n. to the ionization limit, produced by non-resonant two-photon excita-

. . tion. Inset: The spectrum shown in detail for states with 54 < n < 76.
To overcome this we plan to imple-

ment non-resonant Doppler-free two-

photon excitation with much narrower bandwidth (3 GHz) pulsed dye lasers. This scheme
allows state-selectivity at high-n, opening up possibilities for transfer to higher angular
momentum states. As a demonstration of this scheme we have performed non-resonant
two-photon Rydberg excitation in a pulsed supersonic beam of helium. Using circularly
polarized light we have driven transitions from the 1s2s 23S; state to the 1snd Rydberg
states in the range from n = 20 up to n ~ 100, resolving states up to n = 76 (Fig. 1). We
shall describe the effects of a range of experimental parameters, including polarization, dc
electric fields and laser pulse energy. We discuss the application of this scheme to Ps and
present calculations of the two-photon transition rates to Ps Rydberg states. In addition
to the preparation of Rydberg Ps, non-resonant two-photon excitation schemes of this kind
also have applications in precision spectroscopy of molecules and tests of QED [4].
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The dominant process in low-energy ion-atom collisions is electron transfer. If a highly
charged projectile collides with a many-electron target, multiple capture is possible and
multiply excited projectile states can be formed. This gives rise to a complex de-excitation
cascade that involves both Auger and radiative transitions. Unless one would do a “com-
plete experiment” that measures all relevant photon and ion charge state coincidences (and
possibly Auger electrons as well) it is difficult to obtain complete information on such a
collision system from measurements alone. Similarly, the predictive power of theoretical
calculations is limited simply because a full first-principles calculation of the many-electron
dynamics is not feasible.

We have investigated quasi-symmetric collision
systems, such asl5 keV/q Ar!™ —Ar, collisions both
experimentally and theoretically. The experiments [, & Epemenaat |
make use of low- and high-resolution X-ray spec- A Multiple copture induded
troscopy and resolve the whole heliumlike Ar'®* Ly-
man series from n = 2 to n = 10 [1]. The theoret-
ical calculations are based on the assumption that
the collisional capture and the post-collisional Auger
and radiative decays can be viewed as being inde-
pendent. The capture calculations are carried out
on the level of the independent electron model using h of the inital level
the two-center basis generator method (TC-BGM) Figure 1: Euperimental and calculated X-ray in-

. . . . tensities for lsnp — 1s% transitions in Ar'St fol-
and including projectile states up to the 10th shell lowing electron capture in 15 keV/q ArS+ Ar col
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in the basis [2]. The cross sections obtained for shell- lisions (see text for details).
specific multiple capture are fed into an Auger decay
scheme [3].

Figure 1 shows our main result. For n > 7 multiple capture is negligible and both sets of
theoretical intensities coincide. They are at variance with the experimental data for n = 8
and n = 10, possibly because of the limited basis set used in the TC-BGM calculations.
For 2 < n < 7 the situation is quite different: Here, the theoretical results that include
the multiple capture contributions are in very good agreement with the experimental data,
while those which ignore them yield considerably lower intensities. This demonstrates
quite clearly that multiple capture processes play an important role in this type of collision
systems.
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We will report on the accurate measurement of the gravitational constant G with
an atomic sensor. The experiment is based on a light-pulse atom interferometry gravity
gradiometer detecting the gravitational field generated by a well characterized set of source
masses (fig. 1).

8"Rb atoms, trapped and cooled in a magneto-optical trap (MOT), are launched in
a vertical vacuum tube, producing an atomic fountain. Near the apogees of the atomic
trajectories, a measurement of their vertical acceleration is performed by a Raman inter-
ferometry scheme. External source masses are positioned in two different configurations
(Cy and C5) and the induced phase shift is measured as a function of masses positions.

After a preliminary measurement with ~ 0.1% precision [1], we recently operated sev-
eral upgrades to improve the sensitivity and the control on sources of systematic errors [2].
We achieve a short term sensitivity of 3 x 107° g/v/Hz to differential gravity acceleration,
limited by the quantum projection noise of the instrument. Active control of the most crit-
ical parameters allows to reach a resolution of 5 x 10~ g after 8000s on the measurement
of differential gravity acceleration. Fig. 1 shows the data used for the determination of G.
The modulation of the differential phase shift produced by the source mass is well visible
and can be resolved with a signal-to-noise ratio of 1000 after about one hour. The result-
ing value of the differential phase shift is 0.547870(63) rad from which, after evaluation of
systematic shifts and errors, we obtained the value of G = 6.67191(99) x 10~ "'m3kg~!s72.

This work was supported by INFN (MAGIA experiment)
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Figure 1: Left: scheme of the MAGIA experiment. Center: typical Lissajous figures obtained by plotting the output signal
of the upper atom interferometer vs the lower one for the two configurations of the source masses: Cy (red) and Co (blue).
Left: Results of the measurements to determine G. Each point is the difference of the phase angle recorded for the two
configurations of the source masses. The data acquisition for each point took about one hour. These data were recorded in
different days spanning over one week in July 2013. The error bars are given by the combined error on the ellipse angles.
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The wavefunction is the main entity used to describe microscopic properties of matter
in quantum mechanics. However, in general, its direct measurement is still an inaccessible
quest. Observing directly, in real-space, the square modulus of the wavefunction (proba-
bility density) is from this point of view the first step to a direct insight into this elusive

object.

In order to observe directly the square
modulus of an atomic wavefunction, it must
first be expanded to a macroscopic scale.
Photoionization in the presence of an elec-
tric field provides such a magnification, al-
lowing the wavefunction to propagate at
large distance, and ensuring at the same
time the boundedness along one coordinate.
Therefore, simply measuring the spatial dis-
tribution of the electron flux using a high-
resolution velocity map imaging spectrom-
eter may allow, under appropriate condi-
tions, to observe the square modulus of the
electron wavefunction as suggested in [1].
In addition, an atom in an external elec-
tric field possesses quasi-discrete Stark res-
onances in the continuum. Therefore, not
only the continuum wavefunction can be
observed, but the wavefunction of a quasi-
bound state bearing intrinsic properties of
the atom may be visualized.

By exciting simple atoms like lithium [2]
or hydrogen [3] in the presence of an electric

w
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Figure 1: (A) 2D and 3D representation of experimental im-

ages in one-photon ionization of lithium. F=1000 V/em: (1) be-

low, (2) on, and (8) above the (n1=6, m=1) resonance. (B® ra-

dial distribution: the image is larger on-resonance (black curve)
owing to tunnel ionization.

field, we obtained the first experimental wavefunction microscopy images where signatures
of quasi-bound states were evident. In this communication, we report such experiments
where the nodal structure of the atomic state is directly observed, exhibiting a clear con-
trast between continuum and resonance features.

References

[1] V.D. Kondratovitch and V.N. Ostrovsky, J. Phys. B 17, 1981 (1984), 17, 2011 (1984), 23, 21 (1990),

23, 3785 (1990).

[2] S. Cohen et al. Phys. Rev. Lett. 110, 183001 (2013).
[3] A.S. Stodolna et al. Phys. Rev. Lett. 110, 213001 (2013).

Page 47: [CT-25]



Booxk OoF ABSTRACTS — EGAS 46th conference of the European Group of Atomic Systems

Quantum interferometry in the time-domain
with massive particles

P. Geyer!, N. Dorre!, P. Haslinger!, J. Rodewald!, S. Nimmrichter!, and M. Arndt!

Y University of Vienna, Faculty of Physics, QuNaBioS & VCQ, Austria.

Presenting Author: philipp.geyer@univie.ac.at

Mater wave interferometry is a versatile tool for testing the foundations of quantum
physics as well as for precision measurements. We have recently developed a universal
Optical the TIme-domain MAter-wave (OTIMA) Talbot-Lau interferometer[l, 2]. It
is implemented using three pulsed standing light waves which act as absorptive gratings.
Particles traversing the grating antinodes can be selectively removed via ionization or frag-
mentation.

Three VUV excimer lasers emit light at 157.6 nm with a pulse length of about 6 ns.
A single mirror reflects all three laser beams to form three stable and mechanically cou-
pled standing light waves. In our recent experimental realization a pulsed molecular nozzle
source (Even Lavie valve) seeds organic molecules into an adiabatically expanding noble
gas jet to generate a spectrum of cold clusters which are subjected to the interferometer
pulses and detected in a time-of-flight mass spectrometer.

We have performed various experiments with organic clusters to demonstrate the ver-
satility and universal applicability of this new interferometer scheme. It is suitable for
nanoparticles that ionize or fragment (i.e. are susceptible to beam depletion) with one or
two 157 nm photons. Many types of clusters (metallic, organic, semiconducting), a large
range of complex molecules as well as many atomic species are candidates particles for
future experiments.

The use of pulsed optical gratings makes it a suitable instrument for high-mass particles
which aim at testing the linearity of quantum physics, as well as at probing novel decoher-
ence effects such as fragmentation decoherence or continuous spontaneous localization [5,6].

The instrument opens also new avenues to quantum-enhanced measurements using de-
flectometry, absorption or photodissociation spectroscopy.
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Zeeman deceleration is an experimental technique in which inhomogeneous, time-de-
pendent magnetic fields inside an array of solenoid coils are used to manipulate the velocity
of a supersonic beam [1, 2]. We have built and characterised a 12-stage Zeeman deceler-
ator for hydrogen atoms in Oxford. We will present experimental results illustrating that
the overall acceptance in a Zeeman decelerator can be significantly increased by applying
a low, anti-parallel magnetic field to one of the coils so as to form a temporally varying
quadrupole field which improves transverse particle confinement [3]. The results show ex-
cellent agreement with three-dimensional numerical particle trajectory simulations, and
they suggest the use of a modified coil configuration to improve transverse focusing during
the deceleration process.

We will also report on current work which is directed towards the magnetic deceleration
of metastable species using a pulsed electron gun system.
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Position fluctuations of the optics limit the sensitivity of ground-based gravitational
wave detectors based on optical interferometry at low frequencies (f < 10 Hz). They
prevent from investigating a large bandwith of various potential astrophysical sources. In
terrestrial experiments, these fluctuations are mainly due to seismic noise of the interfer-
ometer optics and to gravitational noise caused by fluctuations of the mass distribution in
the surrounding of the instrument.

In this presentation, we will describe a new type of instrument which strongly rejects
position fluctuations of the optics and can extend the sensitivity of ground-based grav-
itational wave detectors to the milli-Hertz range. Our proposition uses light-pulse atom
interferometry combined with optical interferometry. We will show how the instrument can
be used as a high sensitivity sensor of the local gravity and present its potential applications
in geophysics. Then, we will describe the measurement protocol to extract a gravitational
wave signal, with expected strain sensitivities lower than 1071 in the [0.01—1] Hz frequency
domain, at 100 s integration time.

The proposed instrument is under realization in the framework of the MIGA consortium
[1]. It will consist of 200 meter long optical cavities hosting three atom interferometer
inertial sensors, and will be set up in 2016 at the low noise underground laboratory LSBB
situated in France. We will present the status of its design and of the realizations of the
atom interferometers.
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Efimov physics in ultracold gases is described very well by universal scaling laws, based
on the scattering length. Another important parameter in this respect is the van der
Waals length, which was only recently found to define the binding energies of the Efimov
trimers. While the scattering length can be tuned magnetically via a Feshbach resonance,
the van der Waals length is constant and connected to the radial range of the potential.
However, experimental hints at non-universal behavior, when going away from resonance,
are quite badly understood. The next leading coefficient in the scattering phase shift, the
effective range parameter, gives an indication of this non-universality, but at the same
time it can also be strongly dependent on the magnetic field. An extreme case in the non-
universal regime is the zero-crossing of a Feshbach resonance. Here the scattering length
vanishes, while the effective range goes to infinity. Therefore both parameters cannot
directly describe three-body recombination at this point.

We investige both experimentally and theoretically three-body recombination, for two
different zero crossings in an ultracold gas of "Li. One zero crossing is associated to a
broad resonance, while the other one is connected to a narrow resonance. We see a clear
experimental difference for the two resonances, and we give an explanation for the behavior
in terms of a new theoretical effective length parameter. This parameter is described in
terms of the finite range of the two-body potential, given by the van der Waals length, and
by the width of the resonance.
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We observed the creation of helium anions upon electron impact on helium nano
droplets in three distinct resonances in the energy range of about 22 eV to 25 e€V. These
energies coincide very well with the resonances for the formation of negatively charged
HND reported by Henne and Toennies [1].

The observed resonances were explained by elastic scattering of an electron with a
helium atom, exciting the latter into its metastable 23S state and leaving behind an electron
bubble. However, it now seems more reasonable to explain this behaviour via formation
of He™, which is heliophilic and therefore readily stays inside the droplet.

Moreover, most parent anion formation processes of molecules embedded in HNDs show
a “repetition” of low energy resonances around 22 eV which were attributed to ionization
by aforementioned electron bubbles until now [2]. However, the new experimental data
suggests that this phenomenon can be explained via the formation of He™ and subsequent
ionization due to charge transfer.

We can prove the higher mobility of He™ compared to He; by doping the HND with
SFs. While the He, signal is only slightly affected, the He™ yield drops significantly. This
can be explained by the ability of He™ to reach the SFg molecule, which resides in the
center of the droplet, whereas He; is not mobile enough and moreover will stay at the
surface of the HND.

The formation process of He™, its properties and the consequences on the interpretation
of previous studies will be presented in this contribution.

Figure 1: Artists impression of the creation steps of the helium anion
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We present a comparison of three techniques of precise measurements of molecular spec-
tra. The first one is well established frequency-stabilized cavity ring-down spectroscopy
(FS-CRDS) [1-3]. The second method is an improved version of cavity mode-width spec-
troscopy (CMWS) [4,5]. The third method is based on the measurements of the cavity free
spectral range, which is perturbed by a presence of the molecular transition. The first two
techniques measure the absorption of the sample, while the third one its dispersion.

The measurement of a particular molecular transition with three independent tech-
niques may be used to estimate an upper limit of the systematic errors introduced by
these methods. Such comparison is of great importance for the line-shape analysis of ex-
perimental spectra, where one of the most challenging task is to distinguish the systematic
error coming from experimental imperfections from these caused by the wrong choice of
the line-shape model, see e.g. [6].

CRDS and CMWS techniques are complementary, in the sense that they achieve their
best precision in different pressure ranges. For low concentrations the best precision is
achieved with the CRDS technique, where the ring-down times are long and hence they
can be well determined. In the opposite case, where the absorption is high, the precision
of CMWS is enhanced [5]. The third method, based on the measurement of radio fre-
quency seems to be completely insensitive to nonlinearity in detection system of the cavity
transmission signal.

We tested these three methods on the CO rovibrational transitions from the (3 < 0)
band, which are located in the spectral region around 6201 cm™!.

The research is a part of the program of the National Laboratory FAMO in Torun,
Poland. The research is partially supported by the Foundation for Polish Science TEAM
and HOMING PLUS Projects co-financed by the EU European Regional Development
Fund, and is partially supported by the National Science Centre, Project No. DEC-
2011/01/B/ST2/00491. A. Cygan is partially supported by the Foundation for Polish
Science START Project.
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Heavy diatomic molecules can have hugely enhanced sensitivity for the study of fun-
damental symmetries and interactions, such as the search for an electron-EDM or parity
violation. We work on the development of methods to cool and trap selected molecules
suited for such precision measurements, since the ultimate sensitivity could be reached in
an experiment exploiting the long coherence time offered by cold, trapped molecules.

We present the first results on the deceleration of SrF molecules [1,3] in a traveling-
wave Stark decelerator (Figure 1). Traditional Stark decelerators suffer from overfocusing,
leading to losses. This makes it very inefficient to use such a device for the deceleration
of heavy diatomics, such as SrF. A long traveling-wave decelerator, which is inherently
stable, is therefore built in our lab. Using arbitrary waveform generators and high voltage
amplifiers we can create true 3D moving electric traps inside the decelerator, that can be
brought to a complete standstill in the laboratory [2]. After deceleration, we will laser cool
the molecules to prepare them for a parity violation measurement. We report the status
of the experiment and present our plans for cooling and precision spectroscopy using cold

and/or trapped molecules.
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Figure 1: a) A time-of-flight measurement (left) compared with trajectory simulations (right) showing the deceleration
of SrF molecules. b) Simulation results that illustrate the unavoidable decrease of acceptance with increasing deceleration
strength. The observed deceleration matches the design efficiency.
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An ion cloud confined in a linear RF-quadrupole trap is an example of a non-neutral
plasma, a plasma consisting of particles with a single sign of charge. Its thermal equilibrium
state has been widely studied by Dubin, O’Neil and co-workers in the context of large ion
clouds in Penning traps and extrapolated to ions in RF-quadrupole traps (for a complete
review, see [1]) and even to ions in multipole traps [2]. We are interested in the study
of the dynamics of large ion clouds, in particular of out-of-equilibrium issues. For that
purpose we have set-up a double linear RF-trap, being composed of three trapping zones
of different potential geometries along a common z-axis [3].

One of the important issues in this configuration is the transport of an ion cloud by the
translation of the trapping potential, with the objective of being as fast as possible without
loosing ions. Among others, the transport duration is a critical parameter in order to
increase the frequency stability of microwave ion clock like the NASA prototype dedicated
to Deep Space Navigation and soon to be tested in a flight demonstration mission [4]. In
our trap, the geometry induces a deformation of the trapping potential during translation,
which is responsible for heating of the center of mass motion as well as of motion in the
center of mass frame. Although the electric field along the ion path is not known precisely,
we will show that it is possible to transport an ensemble of several tens of thousands of
ions over distances of a few centimeters in times as short as 100 us, loosing only few %
of the ions. The observed dependence of the heating of the cloud with the duration of its
transport will also be presented and compared to molecular dynamics simulations [5].

Moreover, we are interested in
the phase transition that cold ions
encounter when they are laser-
cooled. The structural organiza-
tion of cold ions depends on their
density, temperature and storage
potential. We will show recent re-
sults about large ion crystals made
of calcium ions in quadrupole traps
and preliminary results concerning

Figure 1: Picture of a Coulomb crystal made of few thousands of calcium
cold ions in an octupole trap. If ions, laser cooled in a linear quadrupole trap

their density is high enough, cold
ions in a linear octupole trap are expected to organize in a hollow structure, formed of
concentric tubes [6].
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In order to improve the resolution of nano-fabrication using Focused Ion Beams (FIBs)
we are developing an ultra-cold ion source based on photo-ionization of a laser-intensified
atomic beam. Initial calculations have shown that an ion beam with a brightness of 107
A/m? sr eV and a longitudinal energy spread of less than 1 eV can be achieved at a
current up to 10 pA. Combined with high performance focusing optics, this would lead to
a nanometer-sized spot at which sample manipulation can be performed.

The starting point is a high-flux atom source which consists of a Knudsen cell connected
to a collimating tube. The brightness of the atomic beam is increased by laser cooling and
compression in the transverse direction by means of a magneto-optical compressor. The
resulting cold beam of atoms is photo-ionized inside an electric field to suppress disorder-
induced heating caused by the non-uniform Coulomb interactions between the ions. The
ion beam is then focussed to a nanometer-sized spot by means of a an electrostatic lens
column.

Numerical calculations have been performed on the magneto-optical compressor in
order to find an optimal set of parameters. These reveal that a length of only 60 mm is
sufficient for cooling and compressing the atomic beam to a brightness higher than 107
A/m? sr eV at an equivalent flux up to 1 nA. Furthermore, a model was set up to describe
the effect of both the disorder-induced heating of the ions and of the lens aberrations on
the final spot size. This was verified using particle tracking simulations incorporating a
realistic ionization and acceleration structure. It was shown that spot sizes smaller than 1
nm can be achieved at currents up to a few pA or 5 nm at currents up to 20 pA which is
better than the state of the art Liquid Metal Ion Source based FIBs.

We will report on simulations and on the experimental realization of the high-flux
Knudsen cell with collimation tube and the magneto-optical compressor.

Laser cooling Photo-
Knudsen cell Collimation & compression ionization Focussing

- | 1]

lon source =40 cm Lens column = 80 cm

Figure 1: Schematic drawing of the Atomic Beam Laser-cooled Ion Source.
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Ultra-cold negative ions could be used in a wide field of applications, since other nega-

tive ion species could be cooled sympathetically by loading them in the same trap [1]. To
date laser cooling of negative ions has never been demonstrated experimentally, because
most atomic negative ions are weakly bound systems without bound excited states. There
are few exceptions with opposite-parity excited states that allow electric dipole transitions
[2]. We want to demonstrate the first laser cooling of atomic anions. In order to iden-
tify suitable candidates we study them by high-resolution laser spectroscopy. Previously
the transition frequencies and transition cross-sections of various Os isotopes have been
determined [3]. The Einstein A coefficient of the relevant transition was found to be low
A~ 330 s~!'. In addition, the Landé ¢ factors of the ground and excited state as well as
the Zeeman splitting have been determined experimentally [4, 5].
Since it has been theoretically predicted that La~ is a promising candidate for laser cool-
ing [2, 6], we are now studying La~ by infrared laser photo-detachment spectroscopy. For
spectroscopy laser beam and ion beam are superimposed collinearly and the neutrals from
two-photon detachment are counted. In this report we will present first measurement
results (Fig. 1).

1.0F— , ' ‘ ' .

normalized counts [a.u.]

83.095 83.100 83.105 83.110 83.115
frequency [THz]

Figure 1: Neutralized La atom counts from two-photon detachment of a La~ beam vs. laser frequency. Preliminary data.
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In a collision between an ion (projectile) and an atom with two or more electrons
(target) one of atomic electrons can be captured into a bound state of the ion while
another electron be emitted. Such a process is called transfer ionization.

There are few basic mechanisms contributing to transfer ionization in fast collisions.
Depending on whether the electron-electron interaction (correlation) is crucial or not
these mechanisms can be subdivided into correlated and uncorrelated ones. The uncorre-
lated mechanisms include so called independent capture—ionization and capture-shake-off
whereas the correlated ones are electron-electron Thomas [1] and electron-electron Auger
[2-5].

A non-relativistic theory of transfer ionization in fast collisions (including both corre-
lated and uncorrelated channels) was presented in [2-4]. This theory can be applied when
the typical velocities of the electrons in their initial and final bound states are much less
than the collision velocity.

We present calculation of the double-differential cross section of the correlated transfer
ionization in relativistic collisions between bare nuclei and light atoms [5]. Nuclei with
the nuclear charge 30 < Z < 92 are considered. The calculation is performed within the
relativistic QED theory.

This process is profoundly influenced by the generalized Breit interaction already at
modest relativistic impact energies. This interaction qualitatively changes the shape of
the emission pattern and strongly increases the emission. These effects can be verified
experimentally by detecting high-energy electrons emitted in the laboratory frame under
large angles (~ 120° — 180°) with respect to the motion of the highly charged ion.
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Polarizability of single atoms has being a subject of investigation for a long period
of time. It determines interaction of atom with light which is used in optical lattice
trapping and optical lattice based atomic clocksl, van der Waals forces between atoms
and atom-walls interaction. Experimental measurements and theoretical calculations of
polarizability for few-electron elements reach as high as one percent discrepancy. Although
for more complicated many valence electron systems there’s almost no experimental data
nor theoretical predictions due to complexity of such a calculations.

We focus on polarizability calculations for ground and few excited states of lanthanides
and actinides. These elements are of the great experimental interest for ultraprecise atomic
clocks [1,2], searches for variation of fundamental constants and parity non-conservation
3], application in study of quantum gasses [4,5]. Calculations for atoms with opened f-shell
are very complicated and usually have poor accuracy. There is no published data for most
of actinides and lanthanides and the accuracy of unpublished results [6] is not determined.
We calculate scalar polarizabilities for ground and first few exited states as well as tensor
polarizabilities of ground states of opened f-shell elements.

The main consequence of our result is that scalar polarizabilities of different components
of the same multiplet does not depend on values of their total angular momentum. This
statement holds if electron shell occupation numbers don’t differ much. It means that
method works better for low lying levels, where the density of states is low enough as well
as configuration mixing. Another requirement is absence of close levels of opposite parity
that contribute to polarizability of one of the states of multiplet. This means that energy
intervals between different components of the same configuration should be smaller than
energy intervals between configuration and levels of opposite parity that contributes to its
polarizability.
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The concept of the electric dipole approximation (EDA) for the interaction of matter with electromag-
netic radiation is fundamental to all branches of spectroscopy and is described in nearly all textbooks on
quantum mechanics. The EDA assumes that the radiation field, i.e., the plane wave expanded in a Taylor
series as €T = 14k -r — 3(k-r)?+ -+, can be truncated to unity. In this situation, all higher order
multiplet interactions, like electric quadrupole, magnetic dipole, etc., are neglected. In the IR, optical, UV,
and VUV spectroscopies, the EDA is well justified for total cross sections by the following two realistic
assumptions: (i) photoelectron velocities are extremely small compared to the speed of light which makes
relativistic effects negligible, and (ii) the wavelength of the light is much larger than the orbitals from which
electrons are ejected, eliminating contributions of higher terms in the Taylor expansion.

In the X-ray photoelectron spectroscopy, many extensive theoretical and experimental studies of the
limits of the EDA have been reported (see, e.g., review [1]). In almost all studies, breakdowns of the EDA
are manifested as deviations from dipolar angular distributions of photoelectrons [1]. The latter are known
to be much more sensitive to the relative contributions from different photoelectron partial waves than the
total cross sections. Therefore, relatively moderate contributions of higher multiplet interactions, which
are nearly invisible in the total cross sections in soft X-ray range, become observable in the photoelectron
angular distribution parameters. In hard X-ray limit, the EDA breaks down essentially completely, and
nondipole contributions must also be visible in the total cross sections. Unfortunately, a low fluence of
synchrotron radiation makes the direct observation of these effects in hard X-ray region rather unlikely, since
photoionization cross sections usually decrease rapidly with the incident photon energy.

The situation becomes very promising by the advent of X-ray free electron lasers (XFELs). Nowadays,
XFELSs produce hard X-rays up to about 20 keV with peak brightness nearly ten orders of magnitude higher
than the conventional synchrotron sources. XFELs enable single-shot femtosecond diffractive imaging [2]
with the main application to biologically relevant molecules, which consist mainly of low and intermediate
7 elements. What can be expected as an outcome of such experiments? Obviously, photons of high energy
will mainly interact with deepest atomic shells, whose ionization potentials are below the photon energy.
These deep atomic shells (e.g., K- and L- shells of intermediate Z elements from third or fourth row) are
strongly localized compared to the ls-orbital of hydrogen. An important physical question immediately
arises, does the EDA breakdown vary for different low and intermediate Z elements? In particular, is the
error introduced to the total ionization cross section by the EDA dependent on the atomic structure and
charge, and for which elements this error can be neglected for a given hard X-ray photon energy?

Here, we investigate the breakdown of the EDA for K- and L- photoionization of H, He, Be, Ne, Ar,
and Kr atoms by hard X-ray radiation, which is within the reach of present or planned XFELs. Numerical
calculations [3], performed in the relativistic Pauli-Fock approximation, demonstrate that the computed rel-
ative contributions of the nondipole interactions to the cross sections grow as a function of the photoelectron
kinetic energy almost equally for the 1s and 2s shells of all considered atoms. The same holds for the 2p
shells of Ne, Ar, and Kr. We, thus, confirm analytical predictions of the Born approximation suggesting
that in the considered energy range the relative error introduced to the ionization cross section of low and
intermediate Z elements by the electric dipole approximation is almost independent of the spatial extent of
the absorbing atomic orbital.
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The diatomic alkali molecules are of serious interest for the cold matter physics. This
research is focused on developing a model for efficient transfer of 2*Na3’K molecules from
the Na(3s)+K(4s) asymptote to the lowest levels of the singlet ground state. The ex-
periment is done in an ultrasonic beam apparatus, using a A -scheme with fixed pump
and scanning dump laser. The signals are observed as dark lines on a constant fluores-
cence. The intermediate level is chosen to be strongly perturbed by the B'II - 23X states
mixing [1], helping to overcome the singlet-triplet transfer prohibition. In the beam NaK
is created in its singlet ground state and the transfer is driven to the triplet state, but
this scheme can work also in the reversed direction. Precise potential energy curves for
singlet and triplet ground state already exist from previous work of our group [2]. We
observe highly resolved hyperfine spectra of various rovibrational levels (from v=2 up to
the asymptote, for N=4,6,8) of the a*>¥" state with resolution better than 10MHz. Two
different theoretical models are used in parallel to describe the observations. The first one
is based on molecular parameters. The other uses potential curves, taking into account all
couplings as functions of the internuclear distance and calculating the energy levels for all
the quantum numbers in a coupled state model. With these results an efficient pathway
for the creation of cold NaK molecules is demonstrated.
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We consider a Dirac one-electron atom placed in a weak, static, uniform magnetic B
[or electric F field. We show that, to the first order in the strength of the perturbing field,
the only electric @™ [or magnetic M™)] multipole moment induced by the field in the
ground state of the atom is the quadrupole one. The coordinate-free form of these tensors
are respectively

3 1
QS} = (4meg) c a1 2 [Z(V#B + Bv,) — 5(1/” . B)I} (1)
and
(1) 3 1
MY = (dreo) ¢ aprnz [Z(UF +Fv) - (v F)I] , (2)
where Z is the unit dyad, v, is the unit vector parallel (when 1 = +1/2) or antiparallel
(when p = —1/2) to the field vector B, while v is the unit vector antiparallel to the

permanent magnetic dipole moment of the atom.

The coefficients aj1 g2 and app .o appearing above are the magnetic-dipole-to-
electric-quadrupole and the electric-dipole-to-magnetic-quadrupole cross-susceptibilities of
the atom, respectively. Using the Sturmian expansion of the generalized Dirac-Coulomb
Green function [1], we derive closed-form expressions for these two quantities. The results
are of the form

%F(271 +5)
Z4 7200 (2v)

LGSF(271 + 5) [(’Y
Z% 2400 (2y) &

QM15E2 = (11 +1)R —1] and agi—me = — -2)R —1], (3)

where we have defined

R:(’*/1+72)F(”y1+72+2)F(71+72+3)3F2 72—71—2,72—71—1,72—71.1 . (@)
N2y +5)(27v + 1) 2=+ 1 29 +1 ’
Here I'(2) is the Euler’s gamma function, v, = /k?> — (aZ)?, o denotes the Sommerfeld

fine structure constant, while 3£ is the generalized hypergeometric function.

In the nonrelativistic limit, a1 g2 tends to zero. This agrees with earlier calculations
[4-6] of that quantity, based on the Schrodinger or Pauli equation for the electron, which
predicted the quadratic dependence of the induced electric quadrupole moment on the
magnetic induction B.

The first of the authors very recently received a more general result for a1 g, which
describes this quantity for an arbitrary excited state of the atom. [7]
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Investigation of the cosmic microwave background (CMB) formation processes is one
of the most actual problem at present time. In view of detailed theoretical description of
the CMB we analyzed the response of the hydrogen atom to the external photon fields.
Field characteristics are defined via conditions corresponding to the recombination era
of universe. Approximation of three-level atom with the different schemes of levels (=-,
V- and A-scheme) was used to describe the "atom - fields" interaction. It is found that
the phenomena of the electromagnetically induced transparency (EIT) take place when
the CMB radiation is considered as a source of field. Modification of the optical depth
entering in the Sobolev escape probability is required

pij(1s) = pij (15 - (1 + f)) (1)

It is shown that the additional terms expressed by the function f contribute on the level
of 1% in resonance [1], [2].

The effects of influence of an external field on the hydrogen atom in astrophysics can be
addressed to investigation of the interstellar medium (ISM). In particular, modification of
the Sobolev escape probability Eq. (1) can be applied for the theoretical description of the
21 cm line profile in the ISM. As the another kind of phenomenon we have evaluated the
Bloch-Siegert shift for the different values of magnetic field’s strengths when the stars with
the strong surface magnetic fields are taken as a powerful pumping source of radiation.
It is found that the additional shift of resonant frequency should be taken into account
in the search for the time variation of the fundamental constants. The influence of the
electromagnetic field should be considered carefully in each special case for the frequency
determination [3].
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The recent adiabatic saddle point approach of Shearer and Monteith [1] is extended to
multiphoton detachment of negative ions with outer half-filled np® subshells. This theory
is applied to investigate strong field photodetachment dynamics of Si~ ions exposed to few-
cycle femtosecond laser pulses, without taking into account the rescattering mechanism.
The present theory can be modified to take into account the spatiotemporal intensity
distribution of the laser focus and saturation effects. To date, there are relatively few
studies on photodetachment cross sections for Si~ in the literature [3-5]. The aim of
the present work is to provide for the first time, detailed information on strong field

photodetachment dynamics of Si~ by mid-infrared femtosecond laser pulses.
This study focuses on numerical calculations for mid-infrared few cycle laser pulses
with wavelengths of 1340 nm and 1985 nm at intensities of 1.4 x 10> W/cm? and 3.5 x

10'2 W/em?. In this work as in [1] we assume an ir laser with frequency w, polarized along
the Z axis, whose time-dependent vector potential is given by,

A(t) = A(t)2 = Ao [sinQ (%) sin(wt + a)} 2. (1)

At higher intensities of order 10'* W/cm?, the present few-cycle regime fails and we need
to use an infinitely long flat pulse to describe the photodetachment process accurately.
This may be due to the fact that the Keldysh parameter has only a well defined meaning
in the long pulse limit [6]. In this case we consider the intensity of 7.6 x 10'* W/cm? and
take the laser field F(¢) to be defined as,

F(t) = F(t)z = [F coswt] 2. (2)

The calculations involve summation over channels with different values of m = 0,+£1
simulated separately and with the statistical averaging of channels associated with the
three final triplet atomic states, 3P, 3P, and 3Py of Si respectively.

Analysis of electron momentum distribution probability maps reveal a remarkably de-
tailed concentric-ring structure of above threshold detachment. This is attributed to elec-
tronic quantum wave-packet interference effects.

Above threshold detachment of photoangular distributions (PADs) as functions of laser
intensity and wavelength near channel closings are also investigated and found to be sen-
sitive to initial-state symmetry as in [1-2].

Additionally it is observed that the profile of the photoelectron emission spectra calcu-
lated within the current few-cycle laser pulse regime is strongly influenced by the carrier
envelop phase (CEP), thus indicating it is a powerful tool for extracting information about
the mechanism underlying photodetachment of Si~on a femtosecond time scale.
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For the Hy/Do-Ar systems, fundamental discrepancies between thermally averaged col-
lisional broadening obtained from experimentally determined law [1,2] and from ab initio
close-coupling (CC) calculations were reported [3-5]. For instance at room temperature
the broadening of the Q(1) line calculated from the experimental law was almost two times
larger than the theoretical one.

To resolve the problem of these huge
discrepancies we performed highly accurate

calculations of the Hy-Ar potential energy 80:

surface (PES) by employing the RCCSD(T) 7

method in combination with the large aug- m‘E’ 601~

cc-pCVQZ basis and the 332211 midbond o

basis set (in the calculations the stretch- s 40}

ing of the Hy bond was considered). How- T

ever, we found that the broadening of the E 20

Hy Q(1) line determined from the CC cal- Ol
culations based on the new PES is even 0 2 4 6 8 10
less consistent with the value from exper- Density (amagat)

imental law than the previous CC calcula- Figure 1: HWHM of the Hy Q(1) line as a function of density

tions based on less accurate, earlier PES [6] for mizture of <'5% H, qnd 95% Ar. Dots represent' e{c].)erimental
. . results [2], while the lines correspond to our ab initio calcula-

Next, we modified the line-shape model re- tions.

placing the phenomenological model of the

velocity-changing collisions by much more

physical ab initio billiard-ball model, for which it was already shown that it provides ap-

propriate description of the velocity-changing collisions for the Hy-Ar system [7]. We found

that this approach gives the Hy Q(1) line broadening, for the mixture of 5% of Hy and

95% of Ar, very close to experimental values, see Fig. 1. Our model not only properly

handles the dynamics of optically active molecules (in particular a strong competition be-

tween velocity-changing and phase/state-changing collisions), but also constitutes a first

step toward application of advanced ab initio line-shape models in ultra-accurate optical

metrology based on molecular spectroscopy.

References

[1] J. P. Berger et al. Phys. Rev. A 49, 3396-3406 (1994)

[2] F. Chaussard et al. J. Chem. Phys. 112, 158-166 (2000)

[3] L. Waldron, W.-K. Liu, J. Chin. Chem. Soc. 48, 439-448 (2001)

[4] L. Waldron, W.-K. Liu, R. J. Le Roy, J. Mol. Struct. 591, 245-253 (2002)

[5] H. Tran, F. Thibault, J.-M. Hartmann, J. Quant. Spectrosc. Radiat. Transfer 112, 1035-1042 (2011)

(6]

7]

C. Bissonnette et al. J. Chem. Phys. 105, 2639-2653 (1996)
P. Weisto et al., submitted to Phys. Chem. Chem. Phys. (2014)

Page 65: [P-7]



Booxk OoF ABSTRACTS — EGAS 46th conference of the European Group of Atomic Systems

Laser cooling of magnesium atoms with increased ultracold
fraction

A.E. Bonert!, D.V. Brazhnikov?, A.N. Goncharov®?3, A M. Shilov!?, A.V. Taichenachev!??, and
V.I. Yudin®??

Institute of Laser Physics SB RAS, Novosibirsk 630090, Russia
2 Nowvosibirsk State University, Novosibirsk 630090, Russia
3 Novosibirsk State Technical University, Novosibirsk 630073, Russia

Presenting Author: phd7@rambler.ru

At present, there are several atomic candidates for designing a new-generation optical-
lattice-based frequency standard: Yb, Sr, Hg, Ca and Mg. The problem of deep laser
cooling of large number of these atoms is very urgent and important for quantum metrol-
ogy and other interesting applications. Scientists have already reached success with the
first four elements (T~1 puK), but long time that problem has not been solved for mag-
nesium atoms [1,2]. Recently the group of experimentalists from Hunnover University [3]
has managed to cool >*Mg down to 5 pK, but only 5000 of ultracold atoms have been
accumulated in a dipole trap. It is about 0.05% from initial number of cold atoms in a
magneto-optical trap.

We present the theoretical analysis of sub-
Doppler laser cooling of **Mg atoms using dipole
transition 3°P,—3?D3 under two counterpropagat-
ing light waves with opposite circular polarizations
(1D 070~ configuration). For numerical calculations
the standard semi-classical approach based on the
Fokker-Planck equation for linear momentum distri-
bution of atoms is exploited. The distributions are
gained beyond the limits of slow atoms approxima- sl w1 v o ow v w4 s o4
tion and for arbitrary light field intensity. The ab- ¢ 2 | £ w0 @

. . X ntensity (mW/cm<)

sence of these limits allows us to determine the opti-

mal parameters of light field to maximize a fraction
of ultracold atoms (T~5-10 pK) in a whole atomic
cloud. In particular, at certain conditions the frac-
tion can reach the value of 50% (see Fig.1). In 3D case the profile at Fig.1 may quantita-
tively change, but we believe that existence of some optimum with the large percentage also
should present. So, solution of the existing problems in deep laser cooling of large number
of magnesium atoms has obvious prospects for atomic optics and quantum metrology.

The work was supported by the Russian Foundation for Basic Research (14-02-00806,
14-02-00712, 14-02-00939, 12-02-00403, 12-02-00454), by the Presidential Grants (MK-
4680.2014.2 and NSh-4096.2014.2), by the grant of Novosibirsk City Administration, by
the Russian Academy of Sciences and the Presidium of SB RAS, by the Russian Ministry
of Education and Science.

Fraction of Ultracold Atoms (%)

Figure 1: Fraction of ultracold atoms in a cold
atomic cloud, detuning equals to —2~.
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Investigation of the dielectronic recombination with H-like uranium within the frame-
work of QED is presented. We consider process where the initial state is presented by a
one-electron ion of uranium being in the ground state and by an incident electron. The
energy of the initial state is close to the energies of double-excited states ((2s,2s), (2s,2p),
(2p,2p)). The final state is given by a two-electron ion in one of the single-excited states
((1s,2s), (1s,2p)) and by emitted photon. The process of dielectronic recombination is
a resonant process. The resonances in the cross section correspond to the double excited
states. In the resonant area the dielectronic recombination gives the main contribution to
the cross section.

The calculation is performed with employment of the line-profile approach [1,2]. The
one-photon exchange correction for the low-lying states is taken into account in all or-
ders of the QED perturbation theory. The electron self-energy and vacuum polarization
corrections are considered in the first order of the perturbation theory.

We present results of the calculation of the total and differential cross section. The
polarization properties are also considered and the Stokes parameters are presented. The
contribution of the Breit interaction to the cross section and to the Stokes parameters is
investigated. The results are compared with available experimental and theoretical data.
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Radiationless decay of the photon-excited inner-shell atomic resonance is known as the
resonance Auger effect (RAE). The intensities of the spectral lines and the photoelectron
angular distribution (PAD) have been studied intensively for the rare-gas atoms (see, e.g.,
recent review [1]). Large differences between measured and calculated PAD parameters for
the high total angular momentum (J=5/2, 7,2) ionic states (in some cases even the sign
is opposite, see experimental dots for 5. in Fig. 1) have been observed [2,3]. However, the
reason of the discrepancy was not clearly understood before the present investigation.

The interaction between different decay channels of the 4d%p resonances in Xe was
investigated theoretically within the configuration interaction Pauli-Fock approximation
with core polarization (CIPFCP) [4]. The strong impact of the 4d?5s?5p56p-4d1?5s!5p36pef
decay channel on other decay channels was revealed. This influence is associated with the
resonance-like dependence of the HsbHp-4def decay amplitude on the energy of the ef-electron
and has the same origin as the well-known giant resonance in the 4d photoabsorption of
Xe, i.e. the potential barrier effect.

The interaction between the 4d'°5s'5p°6pef and 4d'°5s?5p?6peg decay channels de-
creases the bphp-4deg amplitude by a factor of about 3 (Fig. 2) and results in strong
changes of the photoionization cross section and (even in sign) polarization parameters
B, alignment Ay and orientation Oy of the Xe 5p*mp levels with large values of the total
angular momentum for which the 4d!'°5s25p*6peg channel is dominating. This conclusion
is confirmed by the good agreement between the measured [, Aoy and Op9 parameters
2,3] and those computed taking into account the interchannel interaction (Fig. 1)
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Figure 1: Computed and measured PAD pa- Figure 2: Auger amplitudes for the 5p5p-4deg
rameters for the (*D)6p 2F7/2 level. Dashed decay channel computed without (dashed line)
(without) and solid (with interchannel interac- and with (solid line) influence of the 5s5p-4def
tion) curves — present calculations. Vertical decay channel. Vertical line — position of the

lines — positions of the 4d(”5)/2”]73/2 resonances. 4dnp resonance in the respective continuum.
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The high resolution Ny 500 Auger spectrum of Xe [1] is a challenge example to check
the degree of ability of the theoretical approximations. There exists substantial difference
between theory and experiment even in the most sophisticated investigation of Kiviméaki
et al. [2] (see Fig. 1). In our recent work on the 4d’6p resonant Auger decay of Xe [3] we
revealed that the partial 5pbHp-4deg decay amplitude is strongly influenced by the 5s5p-4def
channel. This finding motivated us to revive the theoretical study of the normal N4 500
Auger decay in Xe.

We applied the configuration interaction Pauli-Fock approximation with core polariza-
tion (CIPFCP) [4]. The following many-electron effects appeared to be very important:
(i) inter-channel interaction of all final-state Auger channels; (ii) polarization of the core
by the outgoing electron; (iii) dipole polarization of the electron shells described by the
5pbp-5s(n/e)l excitations [5]; (iv) reduction of the effective Coulomb interaction via in-
clusion of highly-excited configurations [5]. Taking into account these effects, especially
the interaction between the 5s*5p?(!D)eg and 5s'5p°(1P)ef decay channels, reduced the
probability of the 5php-4deg Auger decay by more than an order of magnitude.

Computed widths of the Ny and Nj levels agree with the measured ones within 2%. The
shape of the computed Ny 500 Auger spectrum (Fig. 1) and the Auger-electron angular
distribution parameters are also in much better agreement with the measured values than
the previous theoretical data.
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Figure 1: Ezperimental ([2], middle panel) and theoretical (present cal-
culation - upper panel, [2] - lower panel) Nys500 spectra of Xe corre-
sponding to the exciting-photon energy of 95.1 V.
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The 4f and 5s X-ray photoelectron spectra (XPES) of the

iridium metal excited by monochromatized Al K, radiation were

e Tl Ir | measured using the X-ray photoelectron microprobe ESCALAB-
250. These spectra are presented in the upper panel of Fig. 1.
The integral intensity of the measured 5s spectrum amounts to

A 21.7% of the 4f spectrum intensity, whereas the estimate using
L ™ee” 1 the Hartree-Fock-Slater data of Yeh and Lindau [1] yields for this
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115 D Ej’;’;ﬁiﬁ‘;{ this ratio about 3% only.
“' SR _"_é:“‘ 1 In the present work we calculated the 4f and 5s XPES of Ir us-
© Gameeov " ing the configuration interaction Pauli-Fock approximation with
Figure 1: Photoelectron spec- core polarization (CIPFCP) [2]. The spectra were computed ap-
Z;ZZ; S‘;{ﬂ; fg;dsj:;ﬁ:lfj ;fa;z . plying the isolated-atom model. The 5s XPES was computed in
by 20 at the right side of the ver- the bs?5p®5d76s%(1Fy5) ground state, whereas in the calculation
tical dashed line. of the 4f XPES the 5d-shell was treated as a spherical one. The
most important many-electrons effects influencing the 5s-ep pho-
toemission were found to be: (i) dipole polarization of electron
shells (DPES), described by the 5p5p-5s5d, 4f5p-5s5d and 4f4f-5s5d excitations of the
55'5d” ionic state and contributing multiplet structure of the 55 XPES; (ii) intershell cor-
relations described by the interaction between the 5s-ep, 4f-e(d/g), and 5p-e(s/d) channels
and contributing about 3% to the 5s-ep photoionization cross section; (iii) double-electron
single-photon correlational transitions 4f5p-5def (¢ = 1,3,5,7) through the 4f35p55d7e’¢’
intermediate channels contributing satellites which have binding energies in the range of
110-140 eV and 16% of the 5s XPES intensity.

Computed 4f and 5s XPES are presented in the lower panel of Fig. 1. For better
clarity, the theoretical binding energies were decreased by 9 eV. The integral intensity
of the computed 5s XPES amounts to 3.4% only of the 4f XPES intensity. We suppose
that the 5s-photoionization is not a dominant process forming the spectrum in the 80-140
energy range. In order to reveal an additional mechanism of the photoemission in this
energy range, we calculated the shake excitation/ionization processes of the outer 5p-,
5d- and 6s- electrons accompanied by creation of the 4f vacancy. They were calculated
within the sudden approximation and are presented in the lower panel of Fig. 1 by dashed
curves. The integral intensity of the XPES in the 5s—energy range amounts to 18,6% of
the 4f-XPES intensity, which is close to the experimental value. However, the shape of the
theoretical spectrum differs from the experimental one. This discrepancy can be connected

with the limitations of the isolated-atom model.

Intensity |Kb/ev|
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Diffraction with atomic matter waves is a rich branch of atomic physics and quantum
optics. It has been investigated in the first time by Estermann and Stern [1] in which
helium atoms were reflected and diffracted from the surface of a LiF" crystal.

Recently, diffraction patterns have been observed experimentally for electron processes
in ion-atom collisions. For instance, Wang et al. [2] have observed oscillations in the
angular distribution of projectile for single electron-capture in He>* -He collisions at in-
termediate energies. These structures are attributed to Fraunhofer diffraction. At low
projectile energies, this phenomenon has already been observed by van der poel et al. [3]
for Li™ -Na single electron-capture collisions. However, to the best of our knowledge, this
phenomenon has not been identified and discussed theoretically before in connection with
double electron-capture in slow and intermediate He?t -He collisions.

In the conference, we shall investigate the
presence of the Fraunhofer diffraction pat-
terns in the resonant electron-capture process
in He?’™ -He collisions for energies ranging
from 10 to 75 keV/u (v=0.6-1.7 a.u). To
study this collision system, a semi-classical
close-coupling (SCCC) approach is used to
solve the time-dependent Schrodinger equation
where the electron-electron correlation is taken '
into account. Differential cross sections (DCS) b0
are calculated by using eikonal method [4,5] ""'\2\ /
in which the probability amphtudes from the Figure 1: (color online). Two-dimensional differential
SCCC calculations are augmented by a coulom-  cross sections in the transverse plane at the collision energy
bic phase. Our DCS will be discussed, where 25 keV/u g.u. for double electron-capture collision:

) ) ) He** +He(1s*) — He(1s%) + He*t
the observed diffraction patterns (Fig. 1) can
be interpreted as resulting from diffraction of
matter waves of projectile He?t by target He.

10
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The sensitivity of an atomic transition to variations in the fine structure constant,
a = e?/hc, scales proportionally to the ionisation energy. Therefore highly charged ions
can be much more sensitive probes of space-time a-variation than atoms or near-neutral
ions.

To be competitive with current limits on time-variation of « in the laboratory, optical
transitions should be used. To maximise sensitivity, the transition should be between or-
bitals with different principal quantum number and different angular momentum in highly
charged ions. Optical transitions such as this can occur in a limited subset of highly charged
ions when the orbitals involved are nearly degenerate [1,2]. We have identified several such
systems and shown that the transitions have a number of properties that could make them
suitable reference transitions for atomic clocks with high accuracy [3,4].

We present recent theoretical developments on the identification and characterisation
of the most promising systems for a highly charged ion clock. In addition, transitions
in Ir'"*, first proposed as a clock candidate in [2], are being studied using the Heidelberg
Electron Beam Ion Trap. We will report on the experimental progress and the implications
for a functional clock.
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We propose a new probe of the dependence of the fine-structure constant on a strong
gravitational field using sensitive transitions in the absorption spectra of white-dwarf stars
[1]. The sensitivity of an atomic transition to variations in the fine structure constant,
a = e%/hc, increases with the ionisation degree. In our study, we used around 100 far-UV
transitions in Fe v and Ni v observed in the white-dwarf star G191-B2B by the Hubble
Space Telescope Imaging Spectrograph.

These iron and nickel ions reside in the atmosphere of the white dwarf and the observed
features are formed in its outer layers, near the surface of white dwarf. Consequently,
the ions experience the strong downward surface gravity of the star, but are supported
against this by the transfer of momentum from high-energy photons, a process termed
“radiative levitation”. The dimensionless gravitational potential for these ions (relative to
the laboratory) is A¢ ~ 5 x 107°.

We obtained the limit on the change in « due to this gravitational field as Aa/a =
(4.2 4 1.6) x 107° and (—6.1 & 5.8) x 107° for Fe v and Ni V spectra, respectively. This
constrains theories where light scalar fields change parameters of the Standard Model (such
as ).

Finally, we also calculated isotope shifts for these transitions, which can be used to
constrain models of chemical evolution of our galaxy [2].
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In continuation of the previous work done at the Institute of Experimental Physics of
Graz University of Technology [1], we tried to confirm new even-parity energy levels of
atomic Lanthanum (La I) by at least one laser excitation in the near infrared wavelength
region at the Laser Spectroscopy Laboratory of Istanbul University. The levels were found
when performing laser-spectroscopic investigations in the yellow spectral range. Despite of
all efforts no further excitation of these levels - and thus no confirmation of their existence
- was possible in the visible range.

We performed laser-induced fluorescence spectroscopy, using a continuous wave tune-
able titan-sapphire laser (Coherent MBR-110 pumped by Coherent Verdi 18 W) as narrow-
band light source and a hollow cathode discharge lamp (described in ref. [2]) as source of
free La atoms. We investigated the hyperfine structure of seven La I lines in the wavelength
region of 750 nm to 865 nm (11560 cm ™! to 13330 ecm™!). Laser-induced fluorescence sig-
nals were filtered with a grating monochromator (McPherson 207) and detected with a
photomultiplier (Hamamatsu PM R928) for all current lines.

On the basis of yet not confirmed data of new levels, possible excitation transitions
within the range of our laser system as well as possible fluorescence wavelengths were
calculated (as decay lines from the new energy levels) using the classification program [3].
Then we tried to excite and detect the proposed transitions, but not all these trials were
successful. Finally seven spectral lines could be excited with the laser light and detected

by laser-induced fluorescence.

We succeeded in confirming five levels. The magnetic dipole hyperfine constant A
for the new levels could be obtained by fitting the recorded hyperfine patterns with the
computer program Fitter [4] (the quadrupole hyperfine constant B was assumed to be
zero, since the La nucleus has a very small electric quadrupole moment). The results
for energy, J value, parity and magnetic dipole hyperfine constant A agree well with the
preliminary values.

new even level
J energy (cm™') A (MHz)

3/2  25558.770 250 (5)
9/2  32448.352 360 (3)
9/2  43199.08 100 (2)
5/2  42041.20 58 (10)
3/2  42819.72 -32(2)

Table 1: New even energy levels of La I
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It is theoretically possible to produce any linear superposition of quantum states with
a well-defined phase and this possibility is widely used in matter wave interferometry.
However, the superposition of motional states of free propagating particles with different
kinetic energies has rarely been produced and detected, because there is no widely appli-
cable technique to produce such a superposition. We have used the matter-wave analogue
of the Kerr effect for light to modulate the phase of the waves propagating in the two arms
of an atom interferometer: time-dependent electric fields produce these phase modulations
thanks to the polarizability energy shift of the atom ground state. These phase modula-
tions are detected on the interferometer output signal as shown in Figure 1. A sinusoidal
electric field with a frequency of 21 Hz is applied and we can observe the first and second
harmonics (see Figures 1 and 2)

When we apply two modulations at the same frequency v, we detect a modulation
involving up to many harmonics of this frequency when the modulation phase amplitude
is large. When we apply modulations at two different frequencies 11 and v, the interfer-
ometer output signal present beats at the frequency v; — 5 and at its harmonics, even if
11 and vy are large with respect to the detector bandwidth and the dispersion of the atom
time-of-flight from the modulation region to the detector. All the experimental results
are in excellent agreement with theoretical expectations; in particular, the delay between
modulation and detection is well explained by the fact that the signal propagates with the
atom group velocity. Finally, we have used this technique to transmit signals, either digital
or analogic.

2 A o
S o o

w
a

signal (atoms/ms)
N N w
S o &
FFT amplitude
w >

N
N

.
_—_—

o
1 1

o

0 2’0 4’0 6’0 B’O 1(’)0 1&0 11'80 1(’50 1é0 260 0

time (ms) 0 10 20 30 40 50 60 70
frequency (Hz)

Figure 1: Signal of the atom interferometer as a function

of time. The count period is 1 ms. We apply a sinusoidal

electric field on one interferometer arm, which induces a

periodic phase shift. We can clearly distinguish the first and

second harmonics.

Figure 2: FFT amplitude of the interferometric signal. The
first and second harmonics are well resolved and a small
contribution of the third order can be recognized.
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We present measurements of the He-McKellar-Wilkens (HMW) and Aharonov-Casher
(AC) geometrical phases by atom interferometry. Our atom interferometer working with
"Li allows the spatial separation between the two interferometer arms of about 100 ym
[1]. We apply opposite electric fields, proportional to a voltage V, on the two arms and a
homogenous magnetic field, proportional to a current I. We prepare the “Li atoms in their
F =2, mp = £2 ground state sublevel by optical pumping. This preparation allows the
suppression of stray phases and the measurement of both the HMW and the AC phase
shift in one experiment. The HMW phase shift does not depend on the magnetic hyperfine
state, while the AC phase shift changes sign with my and we use these different behaviours
to separate both phases. We measured these phases for three different atom velocities v,,,
the results are in good agreement with the predicted values and are independent of v,
[2,3]. This independence is an important characteristic of a geometric phase. Fig. 1 and 2
summarize our results for the HMW and the AC phases, resp.
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Figure 1: Plot of the slope of the HMW phase
eamw/(V 1) (in units of 107% rad/VA) as a func-
tion of the mean atom velocity v,,. The experimental
results are compared to the theoretical value, repre-
sented with its error bar by the blue horizontal band.
The shaded areas represent what would be the phase if,
starting from its value at 1062 m/s, the HMW phase
was varying like 1/v® with « = 1 (green) or a = 2

(pink).
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Figure 2: Plot of the slope of the AC phase pac/(V)
as a function of the mean atom velocity vy,. The ex-
perimental results are compared to the theoretical val-
ues calculated with the assumption of a perfect optical
pumping, represented with its error bar by the blue
horizontal band, and to the corrected theoretical ones,
taking into account the limited optical pumping effi-
cacy.
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Atomic field bremsstrahlung is one of the dominant radiation processes in relativistic
collisions of electrons with atoms. It arises due to the decelerated motion of the electron
scattered in the Coulomb field of the atomic nucleus. The radiation, emitted in the form of
x-rays and gamma-rays, is strongly polarized. Polarization reveals details of the dynamics
of the scattering electron. Experiments at the electron energy of 100 keV have shown
that the x-ray polarization plane generally does not coincide with the reaction plane when
the incoming electrons are spin-polarized. The latter is defined by the incoming electron
and the emitted x-ray propagation directions. When the electron spin is confined to the
reaction plane, the plane of x-ray polarization tilts with respect to the reaction plane [1,2,3].
These observations point to the effect of the spin-orbit interaction in electron scattering

and bremsstrahlung.

The spin-effect, observed in previous experiments, was small,
causing a few degrees tilt of the polarization plane. On the other
hand, due to the relativistic nature of the spin-orbit interaction,
it is expected that this effect should be markedly increased at
higher energies [4,5]. We have studied bremsstrahlung produced
by polarized electrons with 2 MeV kinetic energy colliding with
a thin gold target. Gamma-ray linear polarization was measured
with the Compton polarimetry technique applied to a segmented
germanium detector, see Fig. 1. The Compton-recoiled electron iment.
and the scattered gamma-ray were detected in time-coincidence

Figure 1: Scheme of the exper-

in separate detector pixels. This allowed sampling of the complete azimuthal angular
distribution of the scattered gamma-rays and determination of the polarization angle.
Moreover, in the same experiment, we have developed the technique of ambient radiation

background suppression based on Compton imaging.

The experiment revealed a dramatically increased polarization correlation — for the
electron beams polarised along and opposite to their propagation directions, the measured
tilts of the gamma-ray polarization plane were 49 4+ 6 and 125 + 6 deg, respectively. These
results are in agreement with the full-order relativistic calculations. They demonstrate a
prominent role of the electron spin interactions in the process of bremsstrahlung as well as

Coulomb scattering.
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High resolution Zeeman spectra of the hyperfine structure of ionic spectral lines of the
142 isotope of neodymium were observed using a Collinear Ion Beam Laser Spectroscopy
technique (CLIBS). Nd ions with mass number 142 were selected by means of a separa-
tor magnet and accelerated to a kinetic energy of about 19 keV. The ion beam was then
overlapped with a counter-propagating laser beam, tuned and stabilized close to the in-
vestigated transition including the Doppler shift. In the interaction chamber the ions are
additionally accelerated with a scanning voltage in the range 0-3500 V (corresponding to a
wave number shift of 0.75 cm™1), allowing to perform Doppler tuning instead of changing
the frequency of the laser. The technique allows to achieve line widths of ca. 60 MHz and
to tone the Zeeman patterns with a step size of 5 MHz.

To produce a strong magnetic field perpendicular to the ion beam inside the interaction
chamber, and to avoid vacuum contaminations, we used strong permanent neodymium
magnets. The field strength was measured by a Hall-effect Gauss-meter and by the Zeeman
effect of the '**Ba(II) (5d ?D3/; - 6p *P3/2) transition at 585.368 nm, where the Lande-
factors g of the combining levels are known with very high precision. We produced a
magnetic field of 330 Gauss perpendicular to the ion beam, uniform through the entire
interaction region. Despite the fact that this field is perpendicular to the moving ions,
the deflection of the ions having high mass and high kinetic energy is minor, and has no
influence on the experiment.

For our investigations, we chose the Nd isotope 142 (I = 0) to avoid difficulties in
analysis due to hyperfine structure splitting. The analysis of the experimental spectra
of 12 Nd II transitions having wavelengths between 568.853 nm and 589.153 nm (in air)
allowed us to determine the Lande-factors for 21 energy levels. 8 of them belong to the
4f*5d configuration, 10 to 4f*6p and 3 to 4f35d?. Our results are compared with other
investigations, in which standard experimental techniques for Zeeman effect measurements
were used, having smaller resolution, but applying much higher magnetic field strengths.

"2Nd 11 5804.024, B=330G

TT- polarisation 3 - polarisation
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Figure 1: Zeeman splitting of the Nd II - line 5804.02 A
(transition between levels 6005.33 cm™" (a® Ko/o; g = 0.559) and 23230.0 cm™" (2% Kg/9; g = 0.785)).
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We report on a combination of optogalvanic spectroscopy, laser-induced fluorescence (LIF) spectroscopy,
emission spectroscopy using a grating monochromator, and Fourier-transform spectroscopy. The methods
were used to search for up to now unknown energy levels of neutral La. As source of free La atoms, we use
a hollow cathode lamp, for excitation the radiation of cw dye lasers operating with different dyes [1].
When exciting transitions to high-lying energy levels of the La atom by means of laser light, we noticed
that optogalvanic (OG) spectroscopy is very sensitive, and one can observe much more lines than one would
expect. For example, between 6808 and 6812 A there is 1 line listed in the MIT wavelength tables [2] , while
we could excite 12 lines.

Thus we decided to make a continous wavelength scan over a wide spectral region, using a cw dye laser,
operating with R6G. It was possible to scan the laser from 610 to 560 nm. Altogether, more than 1500
spectral lines were found, most of them showing a nicely resolved hyperfine (hf) structure pattern. For the
classification of these lines, we use a computer program "Elemente’ [3], which suggests transitions having the
right wave number (within a chosen interval) and which shows expected hf patterns, since the hf constants
of all known La levels meanwhile are determined. When no suggestion is given, we assume that a new,
up to now unknown level is involved. In such case, we set the laser wavelength to the highest peak of
the unclassified pattern and search for laser-induced fluorescence (LIF) lines. Here we have to distinguish
between some cases:

(1) We find no fluorescence line. This may be the case if the excited transition is the only one strong line, or
if the LIF lines are in the infrared or ultraviolet region outside our detection range. The excited transition
stays unclassified.

(2) We find some LIF lines which are in phase with the chopped exciting laser light. This phase gives us
the information that the emission of the LIF takes place from the upper level of the transitions. For finding
more exactly the fluorescence wavelengths, we perform the following procedure: The laser wavelength is
set to optimal excitation (with help of the OG signal). Then the monochromator dispersing the LIF light
is scanned and gives a signal when LIF light passes to the photomultiplier. A second chopper in front
of the monochromator entrance slit and a second Lock-In amplifier allows to record simultaneously the
emission spectrum of the hollow cathode lamp. The recorded spectrum is then compared with a high-
resolution Fourier-transform spectrum. In this way we can determine LIF wavelengths with an uncertainty
of less than 0.1 A, despite of the fact that the resolution of the monochromator is 0.5 A and the reading
of the monochromator scale is accurate to only +- 2 A. Using all available information (excitation and LIF
wavelengths, estimated J values and hf constants from a simulation of the observed hf pattern) it is in most
cases possible to find the data of the new level involved in the transition.

(3) We find some LIF lines which have opposite phase compared to the chopped exciting laser light. Such
lines are observed when the lower level of the laser excitation serves as the upper level of a strong transition
to a very low-lying La level. The energy of the new level can be found by adding the transition wave number
to the energy of the level marked by this LIF line.

(4) Sometimes we find a huge number of LIF lines (e.g. when exciting 6520.64 A, more than 200 LIF-lines).
In such cases we have to assume that the upper levels of the observed LIF transitions are populated by
collisional energy transfer. Then it may be very difficult to find out where the new level is located.

The experiments are performed to have reliable data for a semi-emiprical description of the wave functions
of La levels.
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Using a high-resolution Fourier transform spectrum [1], prominent but up to now not
classified spectral lines in the near infrared spectral region, which showed sufficiently re-
solved hyperfine (hf) patterns, were studied. If the hf pattern of the line under investigation
could be simulated reliably, we got from the hf structure the total angular momenta and
the hyperfine constants A of the involved levels (the quadrupole hyperfine constant B can
be assumed to be zero). Searching now in our database of Pr levels for levels having proper
J and A, we could identify one of the combining levels. The energy of the other one can
then be calculated using the center of gravity (cg) wave number of the line. A newly
found level must explain with high accuracy other spectral lines with respect to their cg
wavelength and to the hyperfine pattern. Sometimes also energies and A-values of known
levels were corrected (e.g. level 21424.11 em ™!, J=7/2, A=435 MHz, as given in ref. [2],
was changed to 21424.059 cm ™!, J=7/2, A=502(3) MHz). Some of the newly found levels
are listed in Table 1, together with the explained lines.

new odd level explained line lower even level

J  energy (em™') A (MHz) | wavelength (A) C Int J  energy (em™!) A (MHz) B (MHz)

9/2 21438.488 1040(5) 6789.618 nl 6 | 11/2 6714.184 474.692  -29.633
7813.607 12 | 9/2 8643.824 797(2) -
7928.395 nl 8 | 11/2 8829.063 769(1)  -30(20)
8214.829 nl 15 | 11/2 9268.726 977(1)  -24(20)
8498.565 nl 3 | 11/2 9675.029 683(1) -
9433.968 nl 5 | 11/2  10841.407 530(3) -
9490.053 nl 5 | 11/2  10904.034 301(1)  -20(10)
9749.525 11| 9/2 11184.396 692(1) 15(30)
9835.661 nl 18 | 7/2 11274.229 1286(1)  -10(20)

11/2  22077.806 1038(4) 5665.569 70 | 9/2 4432.225 923.2(4)  -22(7)
6919.618 14 | 13/2 7630.132 776.286  -43.592
7925.918 11 | 13/2 9464.440 1056(1)  -15(10)

5/2 24500.390 760(10) 5539.063 nl 41 | 5/2 6451.808 1189.6(6)  -5(5)
6855.784 nl 7 | 7/2 9918.190 1057.4(5)  22(6)
T777.498 nl 4 | 5/2 11646312 1317(10) -
8413.293 nl 4 | 7/2 12617.700 883(2) -
8790.599 5 | 5/2 13127.722 156(1) 0(10)
9711.652 nl 7 | 3/2 14206.294 184(2) -
9816.012 9 | 5/2 14315.745 1063(2) -

Table 1: New levels and classified lines. C comment: nl means the line is not contained in commonly used wavelengths
tables, e.g ref. [3].
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The aim of present work is to classify the spectral niobium lines in the near-infrared
region by means of hyperfine structure. The most extensive wavelength lists for niobium
[1] are limited to wavelengths below 1090 nm for Nb I and 700 nm Nb II. In the NIST
Atomic Spectra Database [2] only wavelengths below 890 nm are listed. The present work
extends the wavelength range to the near infrared up to 1700 nm.

Nb with the atomic number 41 has only one stable isotope, > Nb, which is characterized
by a nuclear spin quantum number of 7=9/2 [3]. In the present work, Nb spectrum
produced in hollow cathode discharge lamp has been recorded in the wavelength range
from 833 nm to 1700 nm (from 5900 cm™! to 12000 cm™!) using a high resolution Fourier
transform spectrometer (Bruker IFS 125HR) at the Laser Centre of the University of
Latvia. The hollow-cathode discharge was running in an argon atmosphere. Both Niobium
and Argon lines were observed in the spectrum.

In total 829 spectral lines were detected. Using the Classification Programme [4], which
contains a list of levels from [1,5-11], 103 lines could be classified as Nb I transitions and
only one line as Nb II transition. 43 of these Nb I transitions and the Nb II transition were
classified for the first time; 36 of the classified Nb I transitions and the Nb II transition
have not been listed in the literature before. Furthermore 347 lines are assigned as Ar I
lines and 234 as Ar II lines, of which 41 and 20, respectively, were assigned for the first
time. Remaining 144 spectral lines could not be classified, 10 of which could be assigned as
Nb lines, because of their hyperfine pattern. Seven of unclassified lines have been observed
also in the La-Ar-spectrum in [12] and therefore are very possibly Ar lines.
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The focus of present work is to extend the data of magnetic dipole hyperfine structure
constant A for energy levels of atomic vanadium up to 45000 cm™! of atomic vanadium.
Using the Fourier Transform spectrometer (Bruker IFS 125HR), which is located at the
Laser Centre of the University of Latvia, spectra of vanadium-argon plasma were recorded
in the spectral range from 12000 cm ™! to 30000 cm~! with resolution of 0.03 cm~!. The
vanadium plasma was produced in a hollow cathode discharge. The hollow cathode lamp
was cooled by liquid nitrogen in order to reduce the Doppler broadening.

For the purpose of the present study, transitions have been chosen, between such energy
levels, for which the constant A of one of them was unknown. The hyperfine structure
of 60 atomic vanadium lines lying in the spectral range from 14000 cm™! to 28000 cm™?
(360 nm to 706 nm) were analysed. The classification and the wavelength of the center
of gravity of the investigated lines were taken from [1]. The computer program Fitter [2]
was used to determine the magnetic dipole hyperfine structure constant A by fitting the
hyperfine structure of spectral lines with a Voigt profile function. For each line, the A
constant for one of the two involved levels was well-known from literature [3-9] and was
fixed during the fit.

We could newly determine the magnetic dipole hyperfine structure constant A for 18
energy levels of even parity belonging to the configurations 3d34s?, 3d*4s, 3d*4d, 3d34s4d
and 3d34s5s, as well as for 37 energy levels of odd parity belonging to the configurations
3d*4p and 3d34s4p. With our new results, the hyperfine structure constants for all expe-
rimantally known energy levels of both parities up to 45000 cm™! are now available for
atomic vanadium.
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The atomic transition probabilities and also oscillator strengths are very important
fundamental parameters in the fields of atomic spectroscopy, astronomy. In particular,
accurate oscillator strengths are necessary for the determination of the elemental abun-
dances in stars. Scandium (Sc) is apparently a much more abundant element in the sun
and certain stars than on earth. It is one of the elements with only one stable isotope.
This isotope has the mass number 45 and nuclear spin I = 7/2 [1].

The electric dipole transition probabilities and the oscillator strengths of neutral Scan-
dium have been calculated using the Cowan code [2] and the quantum defect orbital (QDO)
theory [3] for the wavelength region from 400 nm to 580 nm. The transition probability
and the oscillator strength results obtained in this work are mostly in agreement with the
data obtained from different theoretical methods given in the literature [4,5,6]. In this
study, 24 transition probabilities have been given for the first time.
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It is well known that the energy levels of atoms in external magnetic fields undergo
splitting into a large number of a Zeeman sublevels which are strongly frequency shifted.
Simultaneously, external magnetic fields cause changes in atomic transition probabilities.
There is a huge number of applications of magneto-optical processes in atomic vapor of
alkali metals [1,2]. An efficient “)\/2-method” (is the resonant wavelength of laser radia-
tion) based on nanometric-thin cell filled with Rb is implemented to study the splitting of
hyperfine transitions of ¥ Rb and 8"Rb D line in an external magnetic field in the range of
B =3 kG - 7 kG. It is experimentally demonstrated that from 38 (22) Zeeman transitions
allowed at low B-field in Rb (87Rb) spectra in the case of o polarized laser radiation,
only 12 (8) remain at B > 5 kG, caused by decoupling of the total electronic momentum
J and the nuclear spin momentum I (hyperfine Paschen-Back (HPB) regime) (Fig. 1a).
In particular, the A/2-method has allowed us to resolve 20 atomic transitions (which are
regrouped in two separate groups of 10 atomic transitions each) and to determine their
frequency positions, fixed (within each group) frequency slopes, as well as the probability
characteristics of the transitions (Fig. 1b). The experiment agrees well with the theory.
Possible applications are described.

Figure 1: a) Diagram of 8°Rb (left side) (I = 5/2), and 8" Rb (right side) (I = 3/2) Do line transitions for o™+

laser excitation in HPB regime. The selection rules: Amy = +1; Am; = 0. For 8 Rb there are 12 transitions

marked by the respective numbers 3 —6,8,9,12,13,15,16,17 and 19; for 8" Rb there are 8 transitions marked by

the respective numbers 1,2,7,10,11,14,18, and 20. b) Frequency positions of the Rb Do line atomic transitions

1 — 20 versus the magnetic field. Solid lines are the calculated curves and black squares are the experimental

results (with an error of 3%). At B > 4.5 kG the transitions are regrouped to form two groups of ten transitions
each.
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This work is devoted to investigation of the one aspect of the fundamental problem
of an interaction laser radiation with the matter. This problem is spatial localization of
atomic populations due to fields of few running waves.

We first propose in our work two - dimensional spatial localization of atomic population
in medium with tripod - like configuration of levels under influence of the field only of
running waves. Three running waves propagate in one plane with angles equals 120°
to each other and form the system of a standing waves in this plane. In the field of
thus standing waves one can localize atomic populations. Moreover, the degree of such a
localization may achieve a hundreds of the wavelength of the incident radiation.

We demonstrated that an excitation of the central transition of the tripod-like system
using a field of multidirectional linearly polarized running waves is the necessary condition
of the population dependence from spatial coordinates in the XY - plane. The two -
dimensional shapes that appear in this system can have very complicated structure such as
"double - craters". Besides, we have demonstrated the possibility to obtain the phenomenon
of coherent population trapping (CPT) that shows a good conformity of our method and
numerical calculations with existing theory.
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In the electrostatic or van der Waals (vdW) regime, the Casimir-Polder interaction is
usually described as the classical interaction between a fluctuating dipole and its image.
This shifts the atomic energy levels by —C3/2%, C3 being the vdW coefficient and z the
atom-surface distance. The above picture fails to account for thermal effects. Contrary
to the far field regime [1], near field thermal effects are intricately linked to the dielectric
properties of the surface. Dielectrics support evanescent surface modes whose density peaks
around the surface polariton resonance frequency. As a result the thermal excitation of
the surface modes creates intense nearly monochromatic electromagnetic fields [2] that
evanescently decay away from the surface of the dielectric.

Here we show that excited state atoms are sen-
sitive to the near field emission of hot surfaces.
By means of selective reflection spectroscopy we
probe Cs(7D3/5) atoms next to a sapphire surface
(~ 100nm) and measure the C3 (vdW) coefficient of
the atom-surface interaction [3]. Using a high tem-
perature all sapphire vapour cell, we explore temper-
atures ranging from 500K to 1000K. The evanes-
cent thermal fields at the sapphire surface resonance
at 121,um couple with the 7D3/2 — 5F5/2 virtual 200 400 600 800 1000
atomic transition at 10.8um. As a consequence the Temperature (K)
surface induced red shift of the 7-D3/2 level is in- Figure 1: The temperature dependence of the Cs
creased by a factor of 2. Our findings are summarised cocfficient. The grey shaded area represents the un-
in Fig.1 which shows the measured temperature de- certainty on the theoretical predictions.
pendence of the C coeflicient (red dots) as a function
of temperature along with the theoretical predictions (dashed line). A very good agreement
between theory and experiment is observed.

The influence of temperature reveals the QED nature of the van der Waals interaction
and may provide a way to control forces between neutral atoms and surfaces including
their complete cancellation or change of sign. This could have important implications on
fundamental measurements or technological applications, such as atom trapping close to
nanofibers [4] or atom chips. This work was partly supported by Capes-Cofecub Ph 740/12
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Molecular oxygen plays a fundamental role in the physics and chemistry of earth’s
atmosphere [1]. A detailed information about collisions between low-energy electrons and
oxygen molecules is required in studies of the physics of planetary atmosphere, gaseous
discharges, and both astrophysical and laboratory plasmas [2]. It is the electronic transition
from the X *% state of oxygen to the a 'A, and b 'S} states which give rise to the infrared
and red bands in the atmospheric spectrum. The long life time of the metastable state
(a 'A,) of oxygen, which make scattering from an excited molecular target state possible
3].

We have computed elastic differential, momentum-transfer, excitation, and ionization
cross sections for electron-impact on Os molecule, which are computed using the R-matrix
method [4-5]. The results of the static exchange, correlated one-state, 22-state close-
coupling approximation are presented. We have detected a stable anionic bound state
11, of Oy~, with a vertical electron affinity value of 0.389 eV for O, which is in good
agreement, with theoretical value 0.390 eV [6],and experimental value of 0.451 £+ 0.007 eV
[7]. We detected two shape resonances of ?II, symmetry in the excitation cross sections
of the 'A, and 'S} excited states and compared our results with [8]. The dissociative
nature of these resonances is explored by performing scattering calculations in which O-O
bond is stretched. The variation of position and width of these resonances as a function of
internuclear distance is in good agreement with previous results of [9]. These resonances
support dissociative attachment yielding O, O~ in dissociation of Oy. We have reasonable
agreement with the previous calculations [2] for vertical excitation energies. The ionization
cross sections are calculated in the binary-encounter Bethe model and compared with
previous results [10]. The results of DCSs, at 3, 5, 7 and 9 eV, are comparable to the results
of [11]. We have included up to g-partial wave (I = 4) in the scattering calculations. The
Born-correction for dipole-allowed transition (X *%; to B *¥;) [12] has been carried out
to account for the contribution of partial waves higher than g wave (I = 4). The scattering
length of Os molecule is calculated which is 1.989 ay.
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Any transmission line of some extent presents two key steps: propagation in a slow
media (respect to the vacuum) with reduction of the signal amplitude and a further prop-
agation in an amplifying media. The aim is to recover the delay induced by propagation
in matter.

Our idea is to combine, in a proof of principle experiment, the delay induced in a slow
light propagation with a subsequent “superluminal” propagation in an amplifying medium.
In addiction we show that this possibility can be optically controlled [1].

In recent years, research in controlling propagation dynamics of optical pulses has been
able to achieving extremely low group velocities (“slow-light”- regime) [2] or superluminal
group velocities (“fast-light”-regime) [3]. In the fast-light case, the pulse peak is in advance
in propagation respect to vacuum-case, in a way consistently with special relativity and
causality [4]. We showed theoretically [5] and experimentally [6,7] that is possible to
achieve an incoherent optical control of propagation dynamics of an optical pulse both in
slow-light case and in fast-light case for a pulse of 3 ns of time duration.

The experimental set-up consists in two cells filled with hot sodium vapor at low pres-
sure and two control pulses, resonant with different atomic transitions, in order to produce
a passive medium in the first cell and an active medium in the second one. In a subsequent
time, a probe pulse, with central wavelength tuned near resonance with an atomic transi-
tion, experiments an extra-delay in the first cell, because of normal dispersion properties
probed in the passive medium, and an advance in the second one, because of anomalous
dispersion zone in the active medium.

Results showed that the second fast-light stage can be controlled by the control pulse
to not only completely recover the previously induced delay in the first slow light stage,
but also produces an advance, respect vacuum propagation, equals to the case of the first
stage switched off.

In this way the previous history of the pulse propagation can be canceled in a timescale
of 1.0 ns.

Our experiment may also lead to interesting scenarios in optical signal transmission,
with adding to the necessary amplification stage an optical control upon the recover of the
propagation delay.
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Nitrous oxide molecule (N5O), considered a potent greenhouse gas, is an important
trace atmospheric constituent with high abundance. In higher altitudes, NoO plays a
crucial role in the chemistry of troposphere and stratosphere involving ultraviolet solar
photon absorption.Accurate knowledge of the spectroscopic parameters of NoO including
line intensities, foreign— broadening coefficients is needed for monitoring its abundance in
Earth’s atmosphere.The current study deals with precise measurements of absolute inten-
sities and collisional broadening coefficients in the 1 band of NoO molecule in the presence
of Ny, Oy and Ar as foreign gases. Moreover, collisional broadening coefficients of air may
also be derived from the Nyo— and Os-broadening contributions by considering an ideal
atmospheric composition. Studies are performed at room temperature for ten rotational
transitions accessible to our laser system near 4.5 um (i.e. 2186 — 2202 cm-1 spectral range)
using infrared absorption spectroscopy. To retrieve the spectroscopic parameters for each
individual transition, the measured absorption line shape was simulated using Voigt and
Galatry profiles. The obtained results were compared with previous experimental data
available in the literature. Our data agree well with existing values, the discrepancies
being less than 5 % for most of the probed transitions. The spectroscopic data are very
useful for the design of diagnostic sensor used to monitor the abundance of N5O in the
atmosphere.
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Muonium is the bound state of a positive muon and an electron. In the standard model
of particle physics, muonium is considered as the two-body system of structureless leptons.
At J-PARC (Japan Proton Accelerator Research Complex), we are going to perform a
precision measurement of muonium’s ground state hyperfine splitting (MuHFS). MuHFS
is the most precise probe for test of the bound state QED and determination of the ratio
of muon’s magnetic moment to proton’s one. The experimental methodology is microwave
spectroscopy of muonium. Figure 1 shows the conceptual overview of the experiment.
Spectroscopy of the energy states can be performed by measurement of positron asymmetry
from muonium decay. Precision of the latest experimental result [1] was mostly statistically
limited (more than 90% of total uncertainty). Hence, higher statistics is essential to the
higher precision of measurement. Our goal is more than 10 times accuracy with 200
times of statistics relative to the latest experiment. For improvement of precision, we
use the J-PARC’s highest intensity pulsed muon beam [2] and highly segmented positron
detector with SiPM (Silicon PhotoMultiplier) [3]. For further improvement, we reduce
systematic uncertainty by using a longer cavity, a high precision superconducting magnet,
and online/offline beam profile monitor. In this presentation, we discuss the experimental
overview and R&D status of each components.

Experimental Setup
Pulsed muon beam

L

Formation,
Muonium gg Transition,
and Deca)

Tuning Bar

——
| Kr Gas Chamber . 1. RF freq. scan

Experimental procedure gmm?. Positron asymmetry,
1.7 T SC Magnet 3. Resonance curve

Figure 1: Ezperimental Overview

References

[1] W. Liu et al. PRL. 82, 711 (1999).

[2] A. Toyoda et al. J.Phys.Conf.Ser. 408 (2013) 012073

[3] S. Kanda et al, KEK-MSL Progress Report 2012B0117 (2013)

Page 90: [P-32]



BoOOK OF ABSTRACTS — EGAS J6th conference of the European Group of Atomic Systems

Positron binding to polar molecules
G.F. Gribakin! and A.R. Swann'

LSchool of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, UK

Presenting Author: g.gribakin@qub.ac.uk

Before a positron annihilates with an electron in a polyatomic molecule, it usually
enters into a quasibound state [1]. A wealth of experimental data on positron-molecule
binding are now available. It shows that the binding energy ¢}, is strongly enhanced in
molecules with large permanent dipole moments [2]. However, there are few calculations of
positron binding, and due to the difficulty in treating the electronic states in the presence
of a positron, these calculations are not generally considered precise [3].

In this work we study positron-molecule binding theoretically using a simple model.
The molecule is modelled as an impenetrable sphere of radius ry with a static point dipole

D moment at its centre. Outside the sphere the positron experiences the point dipole’s
potential:

if r <y,
if >

Vi(r) = { D/ (1)

For this potential the radial Schrodinger equation can be solved analytically in terms
of Bessel functions, with the angular part diagonalized numerically. The application of
appropriate boundary conditions leads to a simple relationship between ¢}, and ry, and we
consider ry as a fitting parameter. Using existing experimental data on binding energies
leads to unphysically small values of ry for all of the molecules studied. This suggests that
electron-positron correlations neglected in (1) play a large role in determining the binding
energy. We account for these using the polarization potential —a/2r* (where « is the
molecular dipole polarizability) via perturbation theory; the first-order correction to the
binding energy is

Aey = [ o) (a/2r) d'r. e

where ) (r) is the ground-state positron wave function. This has enabled accurate pre-
dictions of €, to be made for a range of organic molecules and hydrogen cyanide, whose
binding energy cannot be measured experimentally but has been calculated with the dif-
fusion Monte Carlo (DMC) method [4].
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Figure 1: Comparison of predicted ey, obtained using D = 2.7 debye and ro = 0.58 a.u. for aldehydes and hydrogen cyanide
(circles) with experimental values for aldehydes and DMC for HCN (squares).
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Quantum Cascade Lasers (QCL), in particular room-temperature distributed-feedback
lasers, are becoming the usual sources for accessing the mid-IR molecular fingerprint spec-
tral region. For advanced applications in precision spectroscopy a great effort is aimed at
further improving their spectral purity performance. Indeed, although the intrinsic emis-
sion linewidth of a QCL can be as low as a few hundreds of hertz [1, 2], excess technical
noise, such as the pump current noise, broadens the QCL emission linewidth by several
orders of magnitude up to few megahertz for 1-ms observation times. For this reason, dif-
ferent electronic feedback techniques have been implemented to narrow the QCL linewidth
down to the 10-kHz level, such as locking to the side of a molecular line [3], to an optical
cavity [4], as well as phase locking QCLs to thulium frequency comb [5]. Even better re-
sults have been obtained using electronic feedback from a molecular sub-Doppler reference
6].

In this work, we demonstrate the kHz linewidth narrowing of a room-temperature
distributed feedback QCL, tunable in the range from 8.56 to 8.63 pm. In particular, the
QCL is frequency locked to a high-finesse V-shaped cavity by the optical feedback method
[7-11]. This simple and robust technique allows us to narrow the 1-ms QCL linewidth from
3 MHz down to ~2 kHz. A preliminary characterization of the frequency stability of the
QCL source, performed by using a properly developed mid-IR optical frequency comb [12],
demonstrated a relative frequency stability of 107'° for an integration time of 100 ms.

The proposed QCL source will be a powerful tool for high-resolution molecular spec-
troscopy and optical frequency standard in the mid-IR spectral region. In particular, the
QCL laser will be used for the absolute measurement of the line center frequency of a
two-photon transition in a molecular beam of CHFj3, allowing for a determination of the
possible variation of the electron to proton mass ratio at level of 10~ yr=1 [13].
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The scattering phase shift is a key characteristic of the colliding particles in quantum
scattering theory. It is widely used to determine the metastable states, the scattering
lengths as well as thermodynamic and transport properties of gases. The phase shift
is determined from the asymptotic form of the radial wavefunction ¢ (r) ~ Asin(kr +
m + wl/2), where k is the relative wave vector of the colliding particles and [ is the ro-
tational quantum number. We show that if the wavefunction is represented in the form
f(r)sin(kr) + g(r) cos(kr), where f(r) ~ fo+ fi/r + ... and g(r) =~ go + g1/ + ... when
r — oo, then the substitution of the radial variable r = —(1 + z)/x define the functions
f(r(z)) and g(r(x)) in the finite domain x € [—1, 0] by the coupled equations

2 2k I(1+1)  2uV(r(x))
" / / o
VTR PO (R VI T GCAE0)) B
T gt g2t x? hz a4
which could be efficiently solved of by

means of polynomial collocation method [1] A L S S
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Figure 1: Relative errors in phase shift obtained for Csy, CsHe

and Hey potentials (E=1000 cm™', 1=25) as function of the

number of grid points (N) used in the polynomial collocation
method.

dissociation limits of KCs, RbCs and KRb molecules.
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The g factor of hydrogen-like ions proved to be a sensitive tool for determination
of fundamental constants [1]. First ppb-precision measurement for lithium-like system
has been accomplished recently [2]. Experiments with heavy boron-like ions can provide
independent determination of the fine structure constant [3]. The ARTEMIS experiment
presently being performed at GSI aims at measurement of the Zeeman splitting in boron-
like argon [4]. Apart from the g factors of the ground and first excited states, it will be
sensitive to the non-linear effects in magnetic field.

We present the most recent theoretical results for the g factor of medium-Z lithium-like
and boron-like ions and for the contributions of second and third order in magnetic field
to the Zeeman splitting in boron-like ions. The g factor of lithium-like ions is improved by
the rigorous evaluation of the screened-QED and two-photon-exchange corrections. The g
factor of boron-like ions includes the first-order QED corrections, the one-photon exchange,
the higher-order correlation effects in the Breit approximation, and the recoil correction.
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A new method to optimize basis sets suitable for Rydberg states investigation has been
suggested and applied [1,2] to Gaussian basis of helium and beryllium atoms. It is based
on a variational optimization of the improved virtual orbitals [3], which lead to dominant
configurations in the CI excited states expansion and thus more properly describe excited
states than the standard Hartree-Fock orbitals.

We have also introduced the exponentially tempered Gaussian basis set scheme (ExTG)

10g10C = al0™™ +¢; k=0...(N—1) (1)

which naturally emerged after a series of improved virtual orbitals had consecutively been
optimized. Compared to the even tempered Gaussian scheme (ETG)

logioCr=ak+b; k=0...(N—1), (2)

the ExXTG basis increases density of diffuse Gaussians and achieves the same quality with
much smaller number of basis functions.

The calculated CI and EOM-CC excitation energies were compared to other basis
set results and to experiment. The helium basis set was also employed in a complex
scaled calculation of resonances with excellent results approaching quality of the Coulomb-
Sturmian basis set.
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Parity violation (PV) effects have so far never been observed in chiral molecules. Orig-
inating from the weak nuclear force, PV should lead to a frequency difference in the
rovibrational spectra of the two enantiomers of a chiral molecule. However the smallness
of the effect represents a very difficult experimental challenge. The measurement of PV
in molecules is interesting for a range of subjects across the board. It is a probe of the
weak interaction and would thus serve as a test of the standard model of physics. But it
has also been suggested to be connected to biomolecular homochirality, a strong quantity
imbalance observed on earth between left- and right-handed biomolecules. We have been
working towards measuring this difference using Ramsey interferometry in the mid-infrared
(at around 10 pm) using ultra-narrow line width CO, lasers referenced to atomic clocks
in Paris via an optical link. We expect to reach a fractional sensitivity of around 10~1°
(~ 10 mHz) on the frequency difference between enantiomers [1].

We present the results of preliminary
investigations conducted on methyltriox- wogm "G s

orhenium (MTO), an achiral test molecule , WW MVWWW N

whose chiral derivatives have recently been “w MW WWWW

demodulated signal

synthesized and are estimated to have a
~ 107 level PV effect [2]. We report on N e
the hlgh—I‘GS’OluthIl spectrqscopy of MTO Figure 1: Linear absorptz’on spectroscopy of a MTO-seeded su-
[3,4], both in a cell and in a SUPErsoniC personic jet, in the vicinity the R(20) COy laser line frequency
beam (Flg 1) This work has enabled us (0 MHz on the bottom awxis). Lower pink curve: translational
. . temperature > 5 K. Upper blue curve: translational temperature
to identify several key elements of the cur- ~1 K. The inset is a zoom on a single line.
rent experiment needing improvement prior
to making a PV measurement. The first is the lack of tunability of our CO, lasers. We
present our on-going work towards the replacement of the COy lasers with quantum cas-
cade lasers (QCLs) [5] the very latest mid-infrared laser technology which offer broad and
continuous tuning. Secondly, the current molecular beam source only yields a modest
flux for species such as MTO which are solid at room temperature. We plan to overcome
this by developing a buffer-gas-beam source and report on our latest efforts to implement
buffer-gas cooling on polyatomic species such as MTO.
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Atomic Parity Violation (APV) provides for determining electroweak parameters in the
Standard Model. In particular, the weak mixing angle (sin*0y ) can be determined from
single trapped Ra™ ion [1]. This experiment at the lowest accessible momentum transfer
provides for a sensitive test of the running of the electroweak mixing angle. The effects of
weak interactions can be measured in Ra™ by exploiting the properties of light shift in the
7529, /2 — 6d> Dy /2 transition. Light shifts permit the mapping of weak interaction effects
on the energy splitting of the magnetic sub-levels in the Ra™ ion.

A particular experimental requirement for an APV experiment is the localization of the
ion within a fraction of an optical wavelength in the presence of two light fields of known
frequency. Alkaline earth metal ions are very well suited for such experiments, because
atomic structure calculations are possible to the required sub-percent level of precision [2].
The contribution of the weak interactions grow significantly faster than the third power of
the atomic number Z. Therefore the heaviest alkaline earth element Radium (Z=88) has
been chosen for our experiment. In Ra™, the weak interaction contributions are about 50
times larger than in the so far best investigated atom, i.e. Cs. A 5-fold improvement in
the weak mixing angle appears possible within less than one week of measurement time.

High precision optical frequency metrology is possible with single trapped ions, which
is a key ingredient for the measurement. Several Radium isotopes for our experiment have
been produced at the TRIuP facility at KVI. In preparation of the parity experiment we
have already determined the hyperfine structure of the 6d>D; /2 states [3], the isotope shift
of the 6d?D; /2= Tp? P, /2 transition in the isotopes 209-214Ra ™ [4] as well as the lifetime of
the 6d°Ds /2 state. These measurements agree well with theory at a level of a few percent
[5,6].

We present here the status of the experiment, where the Ba™ ion serves as a precursor.
The lifetime of the 5d%Ds /2 state in a single trapped Ba™ ion has been precisely measured.
The determination of the light shift in the 5d* Dy, — 6525} )5 transition in this system is the
next step on the way towards single trapped Ra™ ion APV experiment. The preparation
of an offline ?2Ra source is in progress. The setup for a single Ra*t ion parity experiment
is also well suited for realizing a most stable optical clock.
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There is a longstanding 6.8 (3.0) MHz discrepancy between QED theory and the ex-
perimental value of the ionization energy of the 2 'P; state in helium. We present the first
measurement of the forbidden 887-nm 2 3S; - 2 'P; transition in a quantum degenerate
gas of *He* [1], using the experimental setup as used to measure the doubly forbidden
2 3S — 2 IS transition by van Rooij et al. [2]. The low temperature of the gas (~1
pK) allows us to observe the transition at its natural linewidth of 287 MHz and control
systematic frequency shifts with kHz accuracy.

From our measurements we obtain the transition frequency with a relative accuracy of
1.6 x 107 and determine the ionization energy of the 2 'P; state with 6.7 x 1071 relative
accuracy. Our result deviates > 30 from the currently most accurate QED theory for the 2
P, ionization energy [3]. Recent measurements of the 2 'Sy — 2 'P; [4] and 2 'P; — 3 1D,
[5] transition frequencies by Luo et al., which are performed in a RF discharge cell, allow
an independent determination of the 2 'P; ionization energy and agree with our work.
This discrepancy with theory is shown in Fig. 1 and indicates that a renewed effort on the
QED calculations is required.

Furthermore, as the transition is observed at its natural linewidth, our measurement
allows for the most accurate determination of the lifetime of the 2 'P; state to date.
The determined lifetime of 0.551 (0.004)tat (t8;853)syst ns is in agreement with theory and
previous determinations that are based on completely different techniques.

Luoetal. [4] —e—

Luo et al. [S] —e—

This work [1] +=——@&—

——@—— (QED theory [3]

05 00 05 10 15 20 25 30
2 'P, IE — 814 709 146.464 [MHz]

Figure 1: Comparison of our experimental determination of the 2 ' Py ionization energy [1] with other experiments by Luo

et al. [4=5] and QED theory by Yerokhin and Pachucki [3].
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Accurate fine-structure atomic data for the Fe-peak elements (Sc, Ti, V, Cr, Mn, Fe,
Co and Ni) are essential for interpreting astronomical spectra currently available. The
lowly-ionized spectra of several iron group elements have been observed in nebular and
stellar environments [1-2]. Yet, our present knowledge of their atomic structure is lagging
behind the avalanche of high-quality spectra arising from these ions.

We present our systematic approach for studying the electronic structures and radia-
tive rates of forbidden lines of doubly-ionized iron peak elements. The magnetic dipole
(M1) and electric quadrupole (E2) transition probabilities are computed using the pseudo-
relativistic Hartree-Fock (HFR) code of Cowan [3] and the central Thomas-Fermi-Dirac-
Amaldi potential approximation implemented in AUTOSTRUCTURE [4] using a new
method of optimization for the potential scaling parameters. The extensive sets of results
obtained using these two theoretical approaches are then compared to the rare experimental
and theoretical data available in the literature for these ions in order to assess the advan-
tages and shortcomings of each method and provide astrophysicists with a comprehensive
set of reliable radiative data.
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Emission spectroscopy in electron beam ion traps has been the main tool for precision studies of highly
charged ions (HCI), delivering essential data on their level structure and, in a few instances, also on the
related transition probabilities. Its essential limitation arises from the unavoidable compromise between
achievable resolution and signal strength in the observation of isotropically emitting sources. This shortcom-
ing is circumvented, much like in optical laser spectroscopy, by the recently introduced method of resonant
fluorescence spectroscopy of HCI at highly collimated X-ray sources, such as synchrotrons and free-electron
lasers. Here, the advantages of the large linear photon energy dispersion achievable with very large monochro-
mators, and the high spectral purity of the sources due to the use of insertion devices, allow one to reach
a resolution akin to the highest ones reported in emission spectroscopy works but with much shorter data
acquisition times.

Our experimental investigations on the oscillator strengths of the most intense L-shell transitions of
Fel'® at around 800eV [1] using the free-electron laser LCLS have led to a better understanding of a long-
standing astrophysical controversy. Furthermore, using highly monochromatized synchrotron radiation from
PETRA III we have also resonantly excited the ions Fel®24+ [2] and Kr3!* at photon energies around 6.6 keV
and 13.1keV, respectively, with substantially improved accuracy. These results strongly support state-of-
the-art QED calculations of two-electron systems [3], which had recently been contested [4]. Moreover, the
achieved resolution was sufficient for determining the natural line widths of several Ka? transitions in Fe ions
for the first time. Such X-ray lines are the underlying spectral constituents of the relativistically broadened
and shifted fluorescence features observed in active galactic nuclei with central massive black holes, and
in their jets. Modelling such astrophysical spectra, and those of future missions like Athena+, will require
improved and benchmarked atomic physics input data.

Further enhancements of our method will include the use of higher-resolving monochromators and free-
electron lasers seeding schemes, as well as the linkage of HCI transitions to Méfbauer nuclear transitions
and metrological wavelength standards. We are currently testing the long sought-after [5] sympathetic
cooling of HCI in our novel cryogenic Paul trap CryPTEx [6] using Be™ ion Coulomb crystals to lower the
ion temperature by a factor of more than one million. In combination with various improved fluorescence
detection schemes based on photon recoil [7], we expect further enhancements of the current experimental
capabilities. In this way, more stringent tests of the QED calculations in fundamental systems such as
hydrogenlike and heliumlike ions will become possible. In the long run, direct frequency determinations in
the X-ray region could provide new insights in the physics of those strong-field QED systems.
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We present a quantum mechanical method to study the effects of Correlation channels on Sequential
Double Ionisation (SDI) in strong elliptical fields. Recent experiments [1] have shown that the independent
electron approximation is not sufficient to explain the observed electron spectrum and release time of electrons
in SDI from laser fields with high intensities and close to circular ellipticities.

Classical methods [2, 3] to explain the different imprints of correlation effects, for example, oscillation in
ratio of yield for parallel to anti-parallel electrons, evolution of three to four band structure in the recoil ion
momentum distribution with laser intensity, and correlated angular distributions for the emitted electrons
have been developed but we present the first quantum mechanical treatment of the phenomenon.

Our method is based on the recently developed analytical R-matrix (ARM) method [4, 5], wherein we
partition the configuration space into a core dominated and laser field dominated region, and along with it use
the eikonal-Volkov approximated (EVA) [6] electron states to describe the wavefunction for the continuum
electrons, taking into account the long-range Coulomb potential effects from the residual ion. In order
to incorporate effects of ion transitions caused by correlation potential existing between the first ionising
electron and the residual ion being left behind, we use the method outlined in [7] to include multielectron
effects, thus going beyond the Single Active Electron (SAE) approximation for SDI. We also extend the
method to apply to effects of the correlation potetial on the quantum trajectories.

The correlation amplitude, which can be expressed as the ratio of the indirect-to-direct ionisation am-
plitude [7], is shown in Fig. 1. Since the ionisation to the ground of Ar** is many orders of magnitude more
likely from the 'S than ?Py, the correlated channel is the dominant pathway for SDI in Argon.
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Figure 1: Variation of correlation amplitude with ellipticity and field strength for laser induced coupling between 'S and
2P, /2 state of ArT | that contributes to correlated sequential ionisation pathway.
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Motivated by the recent achievement of single-site-resolved imaging and manipulation
of strongly correlated bosonic systems in an optical lattice [1,2], we illustrate our progress
to realize single-atom imaging for fermionic “°K. Detecting and manipulating strongly
correlated fermionic systems at the level of a single atom will further exploit the potential
of ultracold atoms as a quantum simulator for the Fermi-Hubbard model.

Atoms from a two-stage magneto-optical trap of ¥Rb and “°K are loaded into a mag-
netic trap, before evaporative cooling and transport in an optical trap delivers a quantum
degenerate gas to a 3-dimensional optical lattice. By selective removal of atoms from all
lattice planes but the one at the focal plane of a NA = 0.68 microscope objective, we will
resolve the distribution and evolution of atoms across individual sites of the 2D lattice us-
ing fluorescence imaging. We plan to use this novel detection method to characterize, e.g.,
temperature, spin-structure, or entropy distribution of quantum phases such as fermionic
Mott insulators, Band insulators, metallic phases or Néel antiferromagnets.
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The Lagrange-mesh method is an approximate variational calculation using a special
basis of N functions, called Lagrange functions, related to a set of N mesh points and
the Gauss quadrature associated with this mesh [1]. It combines the high accuracy of
a variational approximation and the simplicity of a calculation on a mesh [2,3]. The
Lagrange functions are infinitely differentiable functions that vanish at all points of this
mesh, except one. Used as a variational basis in a quantum-mechanical calculation, these
functions lead to a simple algebraic system when matrix elements are calculated with the
associated Gauss quadrature. The variational equations take the form of mesh equations
with a diagonal representation of the potential only depending on values of this potential
at the mesh points [1,3]. The most striking property of the Lagrange-mesh method is that,
in spite of its simplicity, the obtained energies and wave functions can be as accurate with
the Gauss quadrature approximation as in the original variational method with an exact
calculation of the matrix elements [2,3]. It has been applied to various problems in atomic
and nuclear physics.

For the exactly solvable Coulomb-Dirac problem describing hydrogenic atoms, numer-
ically exact energies and wave functions, i.e. exact up to rounding errors, are obtained for
any state and for any nuclear charge with very small numbers of mesh points [4]. Tests
with the Yukawa potential provide very accurate results with a number of mesh points
for which the computation seems instantaneous. The approximate wave functions provide
mean values of powers of the coordinate that are also extremely precise. These results can
be compared with very accurate benchmark calculations [5].

A more stringent test of wave functions is given by the calculation of polarizabilities.
For the non relativistic hydrogen atom, numerically exact polarizabilities can be found
with the Lagrange-mesh method for small numbers of mesh points [6]. Work is in progress
to extend this study to the relativistic case, for which very accurate values are available
for comparison [7]. In this case, exact static dipole polarizabilities are known only for
the ground state [8] and the 2s excited state of the hydrogen atom [8,9]. Our aim is to
calculate accurate numerical polarizabilities from the Dirac equation with the Lagrange-
mesh method. We will use the obtained energies and wave functions from Ref. [4] to study
multipolar polarizabilities of the ground state and some excited states in the hydrogenic
and Yukawa cases.
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We present results from a theoretical and experimental investigation of level-crossing
spectra of rubidium atoms at D9 excitation for crossings of levels whose projection mg of the
total angular momentum F on the quantization axis differ by one (Am = 1). The crossings
occur when the levels are shifted by the nonlinear Zeeman effect in an external magnetic
field B whose direction defines the quantization axis. When two levels with Am = 1 cross
they can be coherently excited by linearly polarized laser radiation whose polarization
vector E forms an angle of w/4 with respect to the magnetic field B. In this geometrical
configuration, we observe laser induced fluorescence (LIF) emitted in the direction that is
perpendicular to both E and B in order to observe the LIF signal as a function of magnetic
field. The level-crossings lead to the emission of partially circularly polarized fluorescence
light in the observation direction. The change in the detected circularly polarized LIF
implies that the aligned angular momentum state created by the exciting laser radiation
has been transformed into an oriented state under the influence of the external magnetic
field.

We have extended the theoretical model and improved the experiment in comparison
to previous studies [1], in particular so as to be able to study excitation at higher laser
power densities while observing the individual circularly polarized light components. The
theoretical model is based on the optical Bloch equations and takes into account all neigh-
bouring hyperfine levels, the splitting of magnetic sublevels in the external magnetic field,
and the Doppler effect [2]. The theoretical model is able to describe the experimentally
measured signals for magnetic fields up to 85 G and laser power densities of 6 mW /cm?.
We thank Latvian Council of Science project 119/2012 for financial support.
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The extremely thin cell (ETC) is characterized by walls that are separated by a dis-
tance that varies from few hundred nanometres to approximately 1 pgm [1]. Obtaining and
modelling theoretically magneto-optical signals in an ETC presents various challenges.
Previous attempts to model the experimental signals obtained good agreement between
experiment and theory for rather narrow magnetic field scans. However, satisfactory agree-
ment could not be achieved for larger magnetic field values [2]. In order to improve the
theoretical model, we have expanded it to account for effects associated with particles fly-
ing through the laser beam in a much more refined way. The laser beam profile was split
into multiple sections, each of which had its own characteristic laser beam intensity and
transit relaxation rate. This approach allowed us to treat the wings of the laser beam pro-
file, where the laser intensity is much lower than in the centre of the beam. Furthermore,
a new approach to atom-wall collisions was applied by averaging over different velocity
groups for the velocity in the direction perpendicular to the cell walls. To test the new fea-
tures of the theoretical model in detail we chose the Cs D1 line, for which magneto-optical
resonances have not been studied in an ETC, and which provides a simple system to test
the physical effects that take place in this type of cell.

Magneto-optical signals were observed in fluorescence from one side of the ETC. The
detector collected fluorescence light emitted in a direction that was nearly perpendicular
to the laser beam. Although the fluorescence signal is weak, it is easier to separate it from
the background, and its intensity is less subject to the interference effects that result from
the etalon formed by the ETC walls and that are pronounced in absorption signals. The
ETC was placed at the centre of a three-axis Helmholtz coil system. Two pairs of coils
were used to compensate the earth’s magnetic field, and the third coil was used to scan
the magnetic field from -55G to 55G. To achieve detectable signals, the ETC was placed
in small oven that was built in such a way that it practically produced no stray magnetic
fields. To gain insight into processes within the ETC and to test the model, we measured
the dependence of the signal on temperature, laser power, and cell thickness for different
transitions. The experimental results were compared to theoretical calculations.

This work was supported by Latvian Science Council grant 119/2012.
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Initially the spin Hamiltonian method [1,2] is applied for a system composed of a
single nitrogen-vacancy (NV) center in a diamond and several 3C' atoms at nearby lattice
sites. The NV centers have spin S = 1, whereas the *C atoms have spin S = 1/2. The
eigenvalues and eigenfunctions of the ground state of said system are calculated.

Then those eigenfunctions that could be related to a A scheme formed by a two-photon
resonance excited by a single microwave source are identified.

Afterwards we examine whether the two-photon resonance criterion remains valid as
the magnetic field value is changed by the interaction of *C' atoms located at more distant
lattice sites. If so, a stable dark state is identified. Finally we evaluate if the dark state’s
position with respect to the microwave frequency remains stable as the magnetic field is
changed. Thus we attempt to explain certain characteristics of the ODMR spectra obtained
from a 13C isotopically enriched diamond crystal.

This research is kindly supported by NATO Science for Peace project CBP.MD.SFPP.988309:
"Novel Magnetic Sensors and Techniques for Security Applications."
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High-precision measurements of the gyromagnetic factor (g-factor) of an electron bound
to a nucleus - a hydrogenlike ion - provide the opportunity to determine fundamental
constants [1] and to test the theory of quantum electrodynamics of bound systems (BS-
QED). The most stringent test of BS-QED in a strong electric field (=~ 2-107 V/m) has
been performed by measuring the g-factor of hydrogenlike silicon 28Si'** with a relative
uncertainty of 7- 107! [2]. The comparison of the measured g-factor of lithiumlike silicon,
28Gill+  with its theoretical prediction enabled the most stringent test of electron-electron
interaction [3].

To test BS-QED under even stronger conditions we are currently measuring bound elec-
tron g-factors with heavier nuclei. The comparison of the g-factors of lithiumlike “°Cal™*
and lithiumlike **Ca!™ will provide the first direct measurement of the isotopic effect. The
dominant contribution to the isotopic effect is the recoil correction [4].

To produce the different isotopes in a closed setup we use a miniature electron-beam-
ion-source with an enriched calcium-target. After the creation-process the single ion is
trapped for several months in a triple Penning trap apparatus. The g-factor is determined
by measuring the ratio between the spin-precession frequency of the bound electron to the
cyclotron frequency of the ion. The spin-state is determined by applying the continuous
Stern-Gerlach effect. The cyclotron frequency is measured with a novel phase-sensitive
detection technique, PnA (Pulse and Amplify) [5], working at ultra-low temperatures.

The experimental setup, the measurement principle, detection methods and the status
of the g-factor measurements of different calcium isotopes will be presented.
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In present time accuracy of spectroscopic measurements achieved fantastic accuracy 1 part in 10 to the
power 14. If these measurments are followed by theoretical calculations of similar accuracy we can test
quantum electrodynamics and part of the standard model responsible for parity violating weak forces by
comparing theory and experiment and set some of the basic physical constants like Rydberg constant, mass
and radius of nucleus, constant of fine structure etc. For achieving this kind of accuracy of calculations one
must take into account the so called radiation corrections and in particular the most important of them,
the self-energy of bound electron. Our method is based on one single assumption, namely that except for
the part of the time component of the electron four-momentum corresponding to the electron rest mass, the
exchange of four-momentum between the virtual electron and photon can be treated perturbatively. This
assumption holds very well, except for the electron virtual states with very high three-momentum. It can be
shown that for such virtual states one can always rearrange the pertinent expression in a way that allows the
electron to be treated as free. The fraction of the free-particle approximation contained in the relativistic
multipole expansion carried out to a given order can be precisely determined. By taking the method up to
the ninth order and estimating the remainder of the series, the result obtained for the ground state of the
hydrogen atom differs from the other result of comparable accuracy by 2 parts in 10°. This amounts to the
difference of 18 Hz for 2s — 1s transition in hydrogen. This is by four orders smaller than the uncertainty in
determination of the proton radius.

For years the self-energy for the atoms with low nuclear charges has been calculated via the series in
powers of Za
ma(Za)t

n3s3
The more recent methods used to calculate self-energy are based on the partial wave expansion. However,
for atoms with low nuclear charges this method converges very slowly. Nontheless, the most accurate results
obtained so far for the hydrogen atom were obtained in [1] by means of this expansion. In that paper several
millions of partial waves were considered. For each partial wave there is a three-dimensional integration to
be performed numerically

Our method is based on the assumption that the four-momentum of the bound electron in virtual states
is dominated by the four-momentum of the electron at rest:

1 1

- _ _ 2
k2 —2ke+ H —2k.(Il—¢) z— Hy— \H;' @

AE = F(Zo,n,l;). (1)

where ¢ is the four-momentum of electron at rest, k is the four-momentum of photon and II is the four-
momentum of virtual electron. Only few terms have to be taken in order to get the desired accuracy. The
only integrals to be performed numerically are one-dimensional integrals over the electron wave numbers of
the continuous part of the spectrum. Taking the method to the ninth order we obtain results

Term F(a,1,0)
Lead 10.315870916
Total | 10.316793675(50)
Other | 10.316793650(1)

Table 1: Lead order stands for the first two terms in the expansion. Total is the method taken to the ninth order. Other
stands for the result taken from [1].
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Quantum mechanical calculations of a modification of the X-ray scattering form factor
of an atom/ion in an electric field using a three parameter wave function have been per-
formed. These calculations are compared with the previous two parameter wave function
calculations. The X-ray atomic scattering factor for an unperturbed atom with N electron
is given by:

N N
fo =2 yexp(ixS - rj)odr = > g exp(ilr;cosb;)podr

Jj=1 Jj=1

In the presence of an electric field F, the wave function is perturbed,
N
f=fo+ifiF + O(F?) where ifyFF = 2F " /¢6 exp(iKS - r;)dr
j=1
We use the Kirkwood - Pople-Schofield approach for the wave function

where u(r) = F(ur 4+ vr? +nr?) and the f; is given by

¥ =1y [1 +2_u(ry)
ifill = ZFZ ng exp(iK S - 1) (ur; + vr? +nri) cos Opbodr

L

The optimal values of u, v and n are determined variationally and calculated from various
moments of the unperturbed charge distribution using a single Slater determinant.

Ne Na* Fe~

K @ 0 @ 0 @ 0
0.2 0.522 0.524 0.206 0.207 2.19 2.21
0.6 1.330 1.314 0.563 0.542 4.520 4.450
1.0 1.620 1.581 0.775 0.743 3.932 3.661
1.4 1.450 1.391 0.821 0.806 2.378 2.239
1.8 1.043 1.004 0.731 0.716 0.991 0.930
2.2 0.604 0.583 0.566 0.560 0.012 0.006
2.6 0.206 0.201 0.383 0.371
3.0 0.023 0.020 0.211 0.200

(a) Two parameter wave function

(b) Three parameter wave function

Table 1: The magnitude of the modified X-ray scattering factor per unit applied field
with scattering vector K in inverse atomic units.
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Alkali atoms have been extensively studied in the field of atomic spectroscopy. Here
we present spectroscopical data of a rubidium vapor immersed in a static magnetic field
generated by permanent magnets. This kind of investigations could in principle open
possibilities in high magnetic field metrology (greater than 100 G) with optical probes. This
challenge directly leads to the measurement of Landé g-factors for excited states of alkalis,
which are nowadays poorly known. Landé g-factor has a long history of improvement in
experimental determinations and theoretical calculations. For a free electron, while Dirac
equation predicts a value of g, = 2, quantum electrodynamics corrects this value reaching
a very good agreement between theory and experiments. In a bound state, such a s an
atom, we have to consider the Landé g; factor relative to the J total angular momentum.
Schroedinger level atomic physics predicts its value, a combination of the free-electron
value and the value associated to the orbital angular momentum. Deviations from that
prediction are produced by core-valence correlation, relativistic effects and bound-state
QED, these effects being of the order of 107> — 1076,
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A precise comparison of both hydrogen and its counterpart antihydrogen will provide
a sensitive test of the CPT symmetry. The ASACUSA collaboration has developed a cusp
trap system consisting of an antiproton trap, a positron source and trap, a cusp trap,
and a spectrometer line to measure the hyperfine transition frequency of ground-state
antihydrogen atoms at the CERN Antiproton Decelerator. In 2012, antihydrogen atoms
were synthesized by injecting an ultra-slow antiproton beam into a positron plasma in
the cusp trap. Figure 1 shows the electrical potential configuration on axis in the cusp
trap. To counteract the axial separation of antiprotons and positrons, and to prolong
the antihydrogen production period, an rf-assisted direct injection scheme was developed.
As a result, we succeeded in detecting an beam of antihydrogen 2.7m downstream of
the production region, where perturbing residual magnetic fields were small[1]. The next
step towards the precision spectroscopy is to prepare more intense and colder beam. One
possible improvement is to keep axial energy spread of antiprotons after the transportation
as small as possible. During the AD shutdown in 2013, we developed such a scheme using
protons. The axial energy spread of the proton beam was reduced by a factor of 6. The
development of the antihydrogen beam source for in-flight spectroscopy as well as the
optimization of extraction and transportation of antiprotons will be discussed.
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Figure 1: Illustration of the direct injection scheme, which is used to produce antihydrogen atoms.
A positron plasma is confined and compressed at the center of the nested well.
The potential is opened when antiprotons are injected into the positron plasma/1].

References
[1] N. Kuroda et al. Nature Communications 5:3089 (2014)

Page 111: [P-53]



Booxk OoF ABSTRACTS — EGAS 46th conference of the European Group of Atomic Systems

Calculations of the hyperfine constants of 3*Cl 3p*4s P and
3pidp ‘D
A. Touat!, M. Nemouchi!, T. Carette?, and M.R. Godefroid?

! Laboratoire d’Electronique Quantique, Faculté de Physique, Université des Sciences et Technologies Houari Boumediene,
Algiers, Algeria
2Service de Chimie Quantique et Photophysique, CP160/09, Université Libre de Bruwxelles, Brussels, Belgium

Presenting Author: atouat@usthb.dz

This work follows previous work on ab-initio calculations of hyperfine constants of some
atomic states of nitrogen [1,2], fluorine [3,4] and oxygen [4]. For all these elements and
also chlorine, hyperfine spectra was measured using saturation absorption spectroscopy
[5-8]. In general a good agreement between theoretical and experimental values of the
hyperfine constants were obtained. All calculations mentionned in [1-4] were performed
using ATSP-2K [9] and GRASP-2K [10] codes.

For the first time the hyperfine structures of 3°Cl 3p*4s 4P1/273/275/2 and 3p*4p 4D1/273/275/2’7/2
are investigated theoretically. We use Multiconfiguration HartreeFock (MCHF) method,
included in ATSP-2k code, comparing different correlation models. The influence of the
relativistic effects on the hyperfine structures is investigated by using the Breit-Pauli ap-
proximation, also included in the ATSP-2k code.

The preliminary results show that the valence-valence correlation is the dominant effect,
while the influence of relativistic effects on the hyperfine constants is negligible. These
conclusions are made by comparing our theoretical results with experimental values [§]
and between which there is a satisfactory agreement.
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In recent years there has been a growing interest in zinc as a replacement material
for toxic mercury in discharge lamps [1]. However, insufficient knowledge of both the Zn
properties and mechanisms of the collisional excitation of the atomic states of interest has
been a serious obstacle to improving the Zn bulb technology. Due to limited experimental
and theoretical data on electron scattering from zinc atoms, recently some attention has
been focused in this direction [2,3,4].

The electron-photon coincidence experiment in the coherence analysis version was used
to obtain the most detailed information about impact excitation of zinc atoms to 4'P;
state. The present work is a continuation of our research on electron impact excitation
of Zn atom [2,3] and a part of broader studies concerning the atoms with two valence
electrons outside relatively inert core like Ca [5], Cd [6,7] and He [8]. Geometry of the
experiment which was typical for the coherence analysis technique and the experimental
set-up and procedures were described in our earlier work [2].

Stokes and Electron Impact Coherence Parameters (EICPs) for electronic excitation
of 4P, state of zinc atoms has been measured for incident electron energy of 60 eV.
Examples of graphical representations of angular distributions of the electron charge cloud
of the excited 4Py state of Zn corresponding to the values of the EICPs for angles 10° and
20° are presented in Figure 1.

0 =20°
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Figure 1: Graphical representations of angular distribution of electron charge cloud corresponding to the measured EICPs
for Zn 4' Py excitation by 60 eV electrons for scattering angles 10 ° and 20 °.
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We report on experimental lifetimes for high-excitation 4d levels in Fell and oscillator
strengths for the 4p-4d decays from these levels. These transitions are of importance for
abundance studies and for non-LTE stellar atmosphere model. One step excitations can
reach odd parity levels in the Fell energy level system. However, for higher excitation even
parity levels, such as 4d or 5s, processes involving multiple photons must be used. We have
utilized two-photon excitation, where the upper level has same parity as the lower level
and the energy of the exciting laser tuned to half of the transition energy. The radiative
lifetimes are combined with relative intensities for the decay channels, as measured from
F'TS spectroscopy of a hollow cathode discharge lamp.

We discuss the technique, report on experimental values and comparisons with calcu-
lations, and applications to stellar spectroscopy.
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We report lifetime measurements of the 5 levels in the 3d*(a®D)5s €D term in Cr I at
an energy around 83000 cm ™! and log(gf) values for 38 transitions from the investigated
levels. The results are obtained using time-resolved laser-induced fluorescence on ions
from a laser-produced plasma. Since the levels have the same parity as the low-lying
states directly populated in the plasma, we used a two-photon excitation scheme. This
process is greatly facilitated by the presence of the 3d*(a®D)4p z°F levels at roughly half the
energy difference. The f-values are obtained by combining the experimental lifetimes with
branching fractions derived using relative intensities from a hollow cathode lamp recorded
with a Fourier Transform spectrometer.

We discuss the techniques, report on experimental values and comparisons with theo-
retical calculations.
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Studies of the Stark effect of noble gas atoms have been performed since the discovery
of this effect in 1913. Nevertheless, these investigations were restricted to relatively low
field strengths; thus, several effects, like levels-anticrossings, which appear in high electric
fields, remained unnoticed and undescribed. Theoretical description of the Stark effect in
high fields is very difficult and needs high computer power, since the electric field mixes
states with different parities and different principal quantum numbers. Thus, calculation
with huge energy matrices is necessary. Furthermore, many specific atomic date from
other experiments or calculations are needed. For many years systematic experimental
investigations of the Stark effect of the noble gases He, Ne, Ar, Kr and Xe have been
performed in Graz. However, because of difficulties with theoretical interpretation of the
spectra only a small part of the result has been published so far.

From the theoretical point of view the case of the lightest noble gas, He, is the most
convenient for description. The structure of He is relatively well know and for higher
atomic states the approximation of hydrogen - like wave function can be used.

In our earlier papers [1,2] we presented experimental and theoretical investigations of
shifts of lines from spectral series 2°P - n?Q (n = 3+10, Q =S, P, D, ...), 2!S - n!Q
mM=3+9Q=S,PD, ..)and2'P-nlQ(n=3+9 Q=S,P D, ..) in electric
fields up to 1600 kV/cm. The applied fields were high enough that patterns belonging to
neighboring principal quantum numbers overlapped each other - we observed interesting
levels - anticrossings effects. These effects are reflected in a variation of intensities of
the observed Stark lines. By matching various superpositions of the excited states in
the intensity calculations we can follow results of observation. We performed computer
simulations for the levels anticrossings regions between n = 6, 7 and n = 7, 8 in the second
triplet series (2P - n*Q, Q =S, P, D, ...).
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Figure 1: Intensities of four strongest Stark lines obtained in computer simulations for the anticrossing region n = 6, 7.
We considered excitation of parabolic triplet states: |6401), [6500), |7060) and |7051).

This work has been supported by the grant 008/2012/2013/2014 for Scientific and Technical Cooperation
between Poland and Austria.
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The quantum cascade lasers (QQCL) are popular sources for spectroscopy in the field of
mid-infrared because of the wide range of wavelengths they can cover (3 um < A < 24 pm)
[1]. Several examples of spectroscopic measurements with spectrometers based on QCL
have been reported [2].

We are currently developing a laser spectrometer based on a near-room-temperature
distributed feedback QCL which emits around 10 pm. The QCL source has been compared
to an ultra-stable CO5 laser.

We characterized the free-runinng QCL and demonstrated a frequency noise roughly
one order of magnitude lower than previously published characterizations of QCLs. A full
width at half maximum (FWHM) of 60 kHz for the beat signal beetween the free-running
QCL and a 1-kHz narrow CO, laser was observed for 1 ms of integration time.

We have also demonstrated a narrowing of the QCL by a coherent phase-lock to a
COg laser stabilized onto a saturated absorption line of OsO,4. The beat spectrum (see
Fig. 1) beetween phase-locked QCL and COy laser recorded with a radio-frequency (RF)
spectrum analyzer allowed us to estimate that more of 99% of the beat signal RF power
is concentrated in the laser carrier. This allows to conclude that the QCL reproduces
almost exactly the spectral characteristics of our ultra-stable CO4 laser (10-Hz line width,
accuracy of a few tens of hertz). This results in record QCL line width of the order of 10
Hz, 3 to 4 orders of magnitude lower than a free-running QCL, and a relative stability at
1 s of about 1 Hz.

The phase-locked QCL was then used to record spectra of ammonia (NH3) and methyl-
trioxorhenium (MTO) (see Fig. 2 ) to demonstrate its potential for two main projects of
our group: the determination of the Boltzmann constant, kg, by Doppler spectroscopy of
ammonia [3] and the first observation of parity violation in chiral molecules [4].
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Figure 1: Beat signal spectrum between the frequency-  Figure 2: Linear absorption spectra of NHs (red curve (a))
stabilized COy laser and the phase-locked QCL recorded with and MTO (blue curve (b))
a RF spectrum analyzer (30 kHz resolution band-width).
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The ability to prepare and observe arbitrary quantum superpositions is an important
step towards tailored chemistry. We explore the ability to use a tailored sequence of pulses
to prepare an arbitrary electron wave packet (EWP) in He I. To observe that the desired
wave packet was formed, we use a holographic technique, pioneered in [1,2]: a XUV pump
pulse (P;) is used to excite an ensemble of bound states simultaneously as a continuum
EWP is produced. By applying a VUV probe pulse (P3) at a later time, the excited
electrons can be ionized and interfere with the continuum wave packet. The tailoring is
achieved by adding an extra pulse (P) resonant with the 1s2p—1s3s transition of He I (see
figure 1). By tuning the intensity of this control pulse, we are able to shift the population
between the different states, later probed by Pj (see figure 2).

The calculations are done by solving the time-dependent Schrodinger equation in the
single active electron approximation, with a very fast, newly developed GPU code that
can process ~ 70 k grid points/ms.

Sty A~ T fs Figure 1: The pulse scheme: Py is a XUV pump pulse,
D with broad bandwidth, capable of exciting/ionizing the atom
Otz ~ 021 fs to many bound/continuum states. Py is a control pulse in
resonance with a bound transtition. Ps is a probe pulse, ion-

Py, XUV Pz, NIR Ps, VOV izing the remaining bound states into the continuum, where
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Figure 2: Amplitude of the different photoelectron peaks, corresponding to bound states of He I,

as a function of control pulse (Py) intensity. The peaks are those found in the By coefficient in the

Legendre decomposition of the angular photoelectron spectrum, corresponding to transitions driven
with an odd number of photons.
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As was showed in several papers, the anticrossing spectroscopy has been useful to
determine the states of He atoms excited by collisions with helium ion of intermediate
energy. In this case, the electric field of helium ion strongly affects the evolution of the
electron cloud of He atom at a longe distance. In contrast for He - He collision, the
interaction between colliding objects occurs for the closest approach. Hoever, also in this
case the excited helium atoms have a large electric dipole moments and the anticrossing
spectroscopy is appropriate to analyze such post-collisional states.

In this work, the first time, the anticrossing spectra of the helium line \(1s4l — 1s2p 3P)
= 447.2 nm were measured for 10 — 30 keV helium atom — helium atom collisions. The
post collisional He I states are superpositions of the zero-field eigenstates |1snl YL, Mp)
with different angular momenta. Therefore the transient atomic helium states can have
highly asymmetric charge distribution with large electric dipole moments. By measuring
the intensity I(F,) of spectral line at electric field F, applied to the collision volume the
charge distribution can be determined [1]. Due to singlet and triplet anticrossings of Stark
sublevels the characteristic anticrossing peaks appear giving especially detailed informa-
tion about the post-collisional states of the excited He atoms [2]. The theoretical intensity
functions were calculated taking into account cascade processes, the inhomogeneity of the
axial electric field in the collision volume and the density distribution of the target He
atoms [3]. Fitting the theoretical intensities to the measured ones, the post-collisional
states of He atoms were determined. Figure 1 shows measured anticrossing spectra.
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Figure 1: Anticrossing spectra Ipsz (F,) measured for transition (1s4l1 3D3F — 1s2p 3P) for He — He collisions at impact
energies of 10 keV (a), 15 keV (b), 20 keV (c), 24 keV (d), 26 keV (e),
and 30 keV (f).
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A transmission-line decelerator, based upon the continuous motion of a set of three-
dimensional electric traps above a planar array of surface-based electrodes, has been devel-
oped and demonstrated experimentally for the manipulation of samples in high Rydberg
states. This device is ideally suited for accelerating, decelerating and trapping helium
atoms initially travelling in fast (~1950 m/s) pulsed supersonic beams.

The decelerator design comprises an array of miniature metallic electrodes imprinted
on an insulating substrate. These electrodes are located between two ground planes and
therefore represent a segmented electrical transmission line. Deceleration is achieved by
applying a set of pre-programmed oscillating electrical potentials to this array of electrodes,
in a manner similar to that used in other chip-based Stark decelerators [1-3].

Our surface-based decelerator exploits the very large electric dipole moments, on the or-
der of 10000 D, associated with Rydberg states of high principal quantum number, and can
be readily combined with recently developed transmission-line guides [4] for comprehensive
control of the translational motion of Rydberg atoms and molecules close to surfaces.

In general, surface-based devices for manipulating the translational motion and internal
quantum states of Rydberg atoms and molecules have applications in hybrid approaches
to quantum information processing involving Rydberg atoms and microwave circuits [5],
in studies of Rydberg atom/molecule-surface interactions [6], and chemistry at low tem-
peratures [7].
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The Double ElectroStatic Ion Ring ExpEriment (DESIREE) is a new tool with the
primary goal of investigating interactions between internally cold anions and cations at
very low center-of-mass energies [1,2]. The storage rings are situated within a cooled
chamber (~11 K) which limits the amount of black-body radiation. This enables the
storage of loosely bound atomic and molecular ions — ions that would rapidly photo-detach
at ambient temperatures. The rings also have excellent vacuum conditions (10~'* mbar)
which means that beams can be stored for long periods of time before they are lost due to
collisions with the residual gas — 1/e lifetimes of more than 10° seconds have been measured
for several anions.

We are at present finalizing measurements of the lifetimes of the excited, metastable,
2p, /2 fine structure levels in the Te™, Se™, and S~ ions yielding preliminary results of
about half a second, a few seconds, and a few minutes respectively. These are the only
excited states for these ions and they decay to the ?Pj /2 ground states through magnetic
dipole (M1) transitions. Our results appears to be consistent with earlier measurements
and theory for Te™ [3,4] and Se™ [4], while no previous measurements of the S~ lifetime is
available. This demonstrates that the excellent ion storage conditions in DESIREE enables
lifetime studies in a new time domain presenting new challenges for theory.
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Figure 1: A schematic overview of the DESIREEFE ion optics [5]. The blue line represents the ion orbit. The measurements
were done by probing the stored ion beam with a short laser pulse at the straight section (SS) of the symmetric ring. This
neutralizes a minuscule fraction of the ions which could then be detected by the movable neutral detector (MD). By selecting
a laser frequency that would only neutralize ions in the metastable state, we could thus monitor the population of ions in
this state over time. This, together with measurements of the total ion beam lifetime, allows for the determination of the

lifetimes of the metastable states.
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Ultra-cold matter has a huge range of uses - from searches for new physics such as the
measurement of the electron electric dipole moment (EDM) or variation of fundamental
constants, to the exploration of exotic and degenerate phases of matter. Buffer gas cooling
is a general method for cooling molecules to the 1 Kelvin level, and can produce molecular
beams with speeds below 50m/s. Such beams are ideal for precision measurements where
long interaction times are needed, or for further cooling (using laser cooling methods, for
example).

We present a characterization of a buffer gas source of ytterbium monofluoride (YbF)
molecules. Our source produces 5 billion ground state YbF radicals per steradian per
pulse, with speeds in a range from 80 — 200 ms~! and translational and rotational temper-
atures of 4K. We consider how to load an optical molasses from this source, with the goal

of producing ultracold YbF molecules for a vastly improved measurement of the electron
EDM.
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We present a new generation of optomechanical device designed to reach the quantum ground state.
It combines the high reflectivity of a photonic crystal, with the high mechanical Q-factor and low mass of
a nanomembrane. Optomechanical coupling between a moving mirror and quantum fluctuations of light
first appeared in the context of interferometric gravitational-wave detection. Since then, several schemes
involving a cavity with a movable mirror subject to radiation pressure have been proposed to detect the
quantum position fluctuations of a mechanical resonator. The zero-point motion detection of an oscillator
requires high resonance frequencies (MHz to GHz) and low temperature (in the hundreds @K range) only
achievable by combining cryogenic and active cooling techniques such as laser cooling or cold damping, and
also a sufficient sensitivity to the displacement measurement (high finesse cavity).

R ARALAR: SAAARTA LAY |

Figure 1: Simulation of reflectivity for various geometrical parame- Figure 2: MEB view of a photonic crystal nano
ters of the crystal. membrane

Most of optomechanical devices are coated with dielectric multilayer and suffer from the low mechanical
Q-factor and large mass due to the coating. In this way photonic nanomembrane thanks to the high optical
reflectivity, low mass and perfect mechanical characteristics, seems to be a promising candidate for such
application. High reflectivity is insured by photonic crystal which is designed to have almost a total reflection
at normal incidence Fig. 1) and the absence of a coating makes possible to have a mass around 100 pg [1].
To build a cavity with such a small system (30x30 um?)(Fig. 2) we need a very small optical beam waist
(3 um) therefore we have developed small radius of curvature coupling mirrors integrated in 200 pm length
cavity. The sensitivity of this cavity is at 107'%m/H2'/? level that is theoretically sufficient to observe the
ground-state fluctuations. It has already allowed us to observe thermal noise.

We are currently developing a cold damping feedback loop in order to reduce the effective temperature
of the membrane. Any active cooling relies on a viscous damping force that reduces the Q-factor of the
resonator. It is then crucial to design a device with a very high initial Q-factor. Different geometries,
materials, and stress in the membrane have been tested and we have achieved structures with Q-factor of
20000 at room temperature and 65000 at 20 K. We are also developing an integrated excitation scheme
using capacitive coupling with the membrane. The small size of the nanomembrane give rise to a nonlinear
behavior, which is due to the emergence of constrains generated by the large amplitude of displacements.
We have observed both static nonlinear effect as bistability and dynamical effects such as phase conjugated
generation or as the coupling between different modes of the membrane, which could be used in metrology
to stabilize the oscillator frequency [2].

References
[1] T. Antoni, A. F. Kuhn, T. Briant, P.-F. Cohadon, A. Heidmann, R. Braive, A. Beveratos, I. Abram, L.
Le Gratiet, I. Sagnes, and I. Robert-Philip Opt. Lett. 36 3434 (2011)

[2] T. Antoni, K. Makles, R. Braive, T. Briant, P.-F. Cohadon, I. Sagnes, I. Robert-Philip and A.
Heidmann et al. EPL 100 68005 (2012)

Page 123: [P-65]



Booxk OoF ABSTRACTS — EGAS 46th conference of the European Group of Atomic Systems

Ultracold collisional processes in atomic traps
V.S. Melezhik'

! Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna, Moscow Region 141980, Russian
Federation

Presenting Author: melezhik@theor.jinr.ru

Impressive progress of the physics of ultracold quantum gases has stimulated the necessity of detailed
and comprehensive investigations of collisional processes in the confined geometry of atomic traps. Here the
free-space scattering theory is no longer valid and the development of the low-dimensional theory including
the influence of the confinement is needed. In our works we have developed a computational method [1-3]
for pair collisions in tight atomic waveguides and have found several novel effects in its application: the
confinement-induced resonances (CIRs) in multimode regimes including effects of transverse excitations and
deexcitations [2], the so-called dual CIR yielding a complete suppression of quantum scattering [1], and
resonant molecule formation with a transferred energy to center-of-mass excitation while forming molecules
[4]. Our calculations have also been used for planning and interpretation of the Innsbruck experiment on
investigation of CIRs in ultracold Cs gas [5].

In the past two years we develop a theoretical model for Fes-
hbach resonance shift and width induced by an atomic waveg-
uide [6]. The Feshbach resonances of different tensorial struc- 10 o
ture have been used for experimental creation of the CIRs o
[5], however the modeling of CIRs was limited by the single- e
channel s-wave potentials [7]. We have calculated the shifts P
and widths of s-, d- and g-wave magnetic Feshbach resonances
of Cs atoms in harmonic waveguides. In Figure the calculated
transmission coefficient T as a function of magnetic field B and
the waveguide frequency w; is given near the d-wave Feshbach
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of different tensorial structure. It holds in spite of the fact that Magnetic Field B (G)

this law was originally obtained in the framework of s-wave

single-channel pseudopotential [7].We have also found the lin-

ear dependence of the width of the resonance enhancement of the T-coefficient (at the point 47.95G in the
Figure) on the atomic momentum and quadratic dependence on the trap width a;. The found effect could
potentially be used experimentally.

Recently, we have predicted [8] the dipolar confinement-induced resonances (DCIRs) at ultracold dipolar
collisions in harmonic waveguides and quantitatively investigated the conditions for appearance of such
resonances. Our model opens novel possibilities, which we plan to discuss briefly, for quantitative studies
of anisotropic quantum scattering in the plane [9] and modeling quasi-2D scattering of polar molecules in
“pancake” traps.
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We investigate the tree-body recombination rates in a gas of ultracold “Li atoms in the
vicinity of scattering length’s zero-crossings, e.g. when a — 0. We show that although
the two-body scattering length a and, thus, the two-body collisional cross-section vanish,
the three-body recombination rates stay finite. Moreover, they can still be related to the
relevant two-body parameters, a and R., where R, is the effective range of the interaction
potential.

Recently it has been shown that the two-body physics plays a decisive role in the
universal few-body physics in ultracold gases, e. g. in the limit of a — oo [1 — 3]. Here
we study the questions of how far the importance of two-body physics extends and what
parameters govern the three-body processes in the opposite, non-universal limit, e.g. when
the scattering length vanishes? These questions, to some extent, were addressed in recent
theoretical studies in Refs. [4 — 6].

Assuming the dominance of the two-body physics in three-body processes, we start by
considering the effective range expansion of the scattering phase shift §(k) in its usual
form: kcot(6(k)) = —1/a + R.k*/2. However, when a — 0 the first term diverges
and to compensate this divergence the second term diverges as well (|R.| — o), which
makes the above expression inconvenient in this limit. A better form of the effective
range expansion can be obtained from the standard expression with a simple algebra:
—tan(d(k))/k = a + R.a’k?/2. We show that although neither a nor R, are good lengths
at zero-crossings, their combination in the form of the effective recombination length
L. = (—R.a?/2)'/? captures remarkably well the behaviour of the three-body recombi-
nation rates. No farther knowledge of the short-range two-body or three-body potentials
are needed for this purpose. Moreover, while two-body collisional cross-section becomes
energy dependent at zero-crossings, the tree-body recombination rate coefficient remains
energy independent. In addition we show that L. continues to be the dominate length in
the inelastic three-body processes for larger scattering lengths up to a region where the
universal three-body physics takes over and the leading length becomes a.

Having connected these new measurements with the previously reported results in the
universal limit (a — 00) [7] we can now predict the entire magnetic field dependence of the
three-body recombination rates. We thus can point out a non-trivial magnetic field value
at which they should vanish notifying a region where Bose-Einstein condensate’s lifetime
should be optimal.
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In the field of ultracold matter, dipolar quantum gases, which are composed of atoms
or molecules with an intrinsic permanent electric or magnetic dipole moment, have drawn
growing attention in the last few years. When they interact with each other or with an ex-
ternal electromagnetic field, such dipoles show an anisotropic behaviour, which means that
the energy of interaction significantly depends on the relative orientation of the dipoles
and the field polarization. In this respect, lanthanide atoms are of particular interest, since
they possess a strong permanent magnetic dipole moment (up to 10 Bohr magnetons for
dysprosium), which is due to their rich energy-level structure. The recent Bose-Einstein
condensations of dysprosium [1] and erbium [2] testify to this increasing interest in lan-
thanides.

When confined in a dipole trap, ultracold atoms are submitted to a potential whose
depth is proportional to the real part of their dynamic dipole polarizability. The atoms
also experience photon scattering whose rate is proportional to the imaginary part of
their dynamic dipole polarizability [3]. In this work we calculated the complex dynamic
dipole polarizability of ground-state erbium, using the sum-over-state formula inherent
to second-order perturbation theory. The summation is performed on transition energies
and transition dipole moments from ground-state erbium, which are computed using the
Racah-Slater least-square fitting procedure provided by the Cowan codes [4]. This allows
us to predict 9 unobserved odd-parity energy levels of total angular momentum J = 5, 6
and 7, in the range 25000-31000 cm ™! above the ground state.

Regarding the trapping potential, we find that ground-state erbium essentially behaves
like a spherically-symmetric atom, in spite of its large electronic angular momentum. We
also find a mostly isotropic van der Waals interaction between two ground-state erbium
atoms, characterized by a coefficient C° = 1760 a.u.. On the contrary, the photon-
scattering rate shows a pronounced anisotropy, since it strongly depends on the polarization
of the trapping light [5].
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We study the quantum scattering in two spatial dimensions (2D) [1]. Our computa-
tional scheme allows to quantitatively analyze the scattering parameters for the strong
anisotropy of the interaction potential. High efficiency of the method is demonstrated for
the 2D scattering on the cylindrical potential with the elliptical base and dipole-dipole
collisions in the plane. We reproduce the result for the 2D scattering of polarized dipoles
in binary collisions obtained recently by Ticknor [2] and explore the 2D collisions of unpo-
larized dipoles (see Figure 1). In Figure 2 the total cross section o presented as a function
of the angles a and B. The cross section was calculated for the case Dq = 10, where
D = md?*/(2h?) is the dipolar length and ¢ = v2mFE/h is the relative momentum. We
found progressive narrowing of the resonance area with a simultaneous decrease of the
amplitudes of the resonance oscillations with increasing angle § from 0 to 7 due to the
dominance of the repulsive feature of dipole-dipole potential for g — .

z
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Figure 1: Collision in the plane XY of two
arbitrarily oriented dipoles dy and dy Figure 2: The total cross sections o as a function of the
dipole tilt angle « = ~ and the rotational angle  (cross
sections are given in the units of ogc = éx/qu )
References

[1] E. A. Koval, O. A. Koval, V. S. Melezhik, arXiv:1403.4432 (submitted to Phys. Rev. A)
[2] C. Ticknor, Phys. Rev. A 84, 032702 (2011)

[3] V. S. Melezhik, J. Comput. Phys. 92, 67-81 (1991)

[4] D. S. Petrov and G. V. Shlyapnikov, Phys. Rev. A 64, 012706 (2001).

Page 127: [P-69]



Booxk OoF ABSTRACTS — EGAS 46th conference of the European Group of Atomic Systems

Control of few body resonant-transfer interactions in a cold

Rydberg gas
P. Cheinet!, R. Faoro!, B. Pelle!, E. Arimondo?, and P. Pillet!

I Laboratoire Aimé Cotton, CNRS, ENS-Cachan, Bat. 505 Université Paris Sud, 91405 Orsay, France
2INO-CNR, Universita di Pisa, Largo Pontecorvo 3, I-56127 Pisa, Italy

Presenting Author: patrick.cheinet@u-psud.fr

Observing the transition between 2-body and many-body physics in complex systems is
a challenge as it is difficult to isolate few-body interactions from many-body interactions.
Cold Rydberg atoms, which are known for their strong interaction properties [1], constitute
in this prospect an interesting system to study many-body physics.

Previously in Laboratoire Aimé Cotton, we have succeeded [2] to isolate a 4-body
interaction process appearing as a specific resonance of energy exchange between Rydberg
atoms. This process originated from the coincident recombination of two 2-body energy
exchange resonances [3] like the one in Eq. (1) called Forster resonance in analogy to
FRET in biomolecules. Such a coincidence prevents a priori to extend this process to
other systems, atoms or molecules. We have thus searched for more general processes.

2 X npgom <> ns+ (n+1)s (1)

We will present here a new resonant 3-body energy transfer process in cesium Rydberg
atoms. This process, presented in Eq. (2), is a revival of the known 2-body resonance
in Eq. (1) induced by a much smaller energy exchange of a third atom changing only its
magnetic sub-level.

3 X npgam <> ns + (n+ 1)s + npgom’ (2)

We have found that this exchange process is par-
ticularly strong and is present for any starting ps/
state in cesium. For instance Fig. (1) presents these
resonances from the 32p39my » state: the 2-body res-
onance of Eq. (1) is expected at a field of 6.89V /cm
and is used as field calibration. The 3-body process
of Eq. (2) is then well observed at the expected field
of 6.61V/cm with a large transfer to the s states.

Our observations are hkely to have implications Figure 1: Resonant exchanges from 32pzomy ;.
in various dom..ains, from quantum physics to biology ZZZG g'f;jy . ebiil’;“”iisoiiafbiiecid f;zci}ftgez/ o
and new materials: This new FRET process could be 6.61V/cm.
used to design a 3-Qbit quantum gate or to provide
an effective Quantum Non Demolition measurement of the entanglement between 2 atoms,
measuring the 3. FRET is also widely used in biology as an imaging tool [4] which
could be extended using additionnal molecules inducing 3-body FRET. Finally, 3-body
FRET could help improving new solar cell technology which already tries to mimic light-
harvesting.
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The rare gas clusters represent a typical example of van der Waals systems which
unusual properties have recently attracted a lot of attention of many researchers. In
fact, the development of the technology gives a possibility to study ultracold gases with
fully controlled interatomic interaction and to find some universal correlations between
observables [1]. To investigate Efimov phenomenon in three-atomic clusters it is necessary
to have a good knowledge of dimer systems [2]. The spectrum of van der Waals rare gas
dimers is considered in this presentation.

We calculated spectra and wave functions for pairs of atoms He, Ne, Ar, Kr, Xe and
Rn. Calculations were performed for all possible homogeneous and heterogeneous pairs
of rare gas atoms. The interatomic van der Waals potentials for the these pairs were
determined using the Tang-Toennies [3], Aziz [4] and Lennard-Jones [5] potential models. It
is necessary to point out that during purely theoretical ab initio computations of potential
curves, their authors, as a rule, do not go beyond the presentation of potential values in the
form of a table. Such numerical reports are often sufficient, because subsequent application
of various parameter-fitting procedures yields fairly simple expressions, but for few-body
calculations the analytic expression of potential is needed. The radial wave functions for
the ground states of Ne — Rn dimers for the Tang-Toennies potential [3] are presented in
the figure (Fig. 1).

2,0

Wave Function

054

0.0 . oo i T
2 3 4 5 3]

Figure 1: Radial wave functions of the ground states Ne — Rn dimers for TT potential [3].
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Numerical modeling of two-particle quantum systems in two-dimensional (2D) space is
presented. The dependence of two atoms energy spectrum F on the scattering length a
in the geometry of the confining trap was calculated. In the correspondent computational
scheme we use conventional methods for solving the eigenvalue and the scattering problems.
Agreement of numerical results with the analytical data, obtained in [1] with the zero-
range potential approximation of the interatomic interaction, is illustrated by Figure 1.
The calculated dependence of the energy levels of the two-particle system on the one-
dimensional optical trap potential parameter and the scattering length is presented on
Figure 2.
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Figure 2: The dependence of the bound state energies on

Figure 1: The dependence of the energy spectrum E of . . .
the frequency of the harmonic oscillator trap potential.

bound states calculated data and analytical data obtained by
the author in [1], on the values of the quantity 1/In(5))
at the frequency of the oscillator w = 1..
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We propose a new method to produce a continuous source of spin-polarized cold atoms [1] which are
all-optically guided after their extraction from a magneto-optical trap (MOT), as depicted in Fig. 1 (a). The
technique combines several physical effects and relies on light-shift engineering [Fig. 1 (b)], implemented
using two coaxially overlapped optical beams each one driving a given transition of a three-level atom in a
ladder configuration (=-system). In a well-chosen scenario, the light-shift creates a state-dependent potential
which implements the atom-diode [2] responsible for the continuous extraction of the atoms from a MOT
into an all-optical guide.

(a)

Potential in
F=2)
—_—
Transverse position

Figure 1: (a) Concept: a pipe-like potential is generated all-optically. It continuously extracts the atoms from a magneto-optical trap and

guide them. (b) Relevant atomic levels of 87 Rb versus the transverse direction. (c) Simulation of the propagation of an atom along the guide.

We performed a theoretical study by extending the Dalibard and Cohen-Tannoudji dressed-atom model
[3] to the case of a doubly-driven Z-system. We analysed and quantified the dipole forces and the various
sources of momentum diffusion in the resonant, non-perturbative, regime. In particular, from the Markovian
evolution of the internal state, we obtain a general formula for the diffusion coefficient associated with the
dipole force fluctuation.

We proposed and studied in detail the implementation of the method for ’Rb atoms. We show that,
using o *-polarized fields driving the transitions 5%S; /2 — 5?P3/5 and 5*P3/2 — 4?Dj5 at 780 nm and 1529 nm
respectively, a closed Z-system can be isolated within the complicated structure of 8"Rb. Moreover, with
this choice of transitions, the atoms will be optically pumped in a given Zeeman sub-state thus polarizing
the atomic sample.

The theoretical results have then been used in a numerical simulation of Langevin-like equations [Fig. 1 (¢)]
to estimate the performance of the system both in terms of loading and guiding. We show that a large frac-
tion of the atoms (~ 20%) is guided over at least 5 cm, the mean velocity at this distance being 3.9 m/s with
a dispersion of 2.1 m/s. This guided distance could deliver the atoms inside a magnetic shield that blocks
the continuously operated MOT magnetic field.

The proposed method thus creates a continuous source of guided spin-polarized cold atoms. Such a
source can be of particular interest for atom interferometry.
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The superfluid character in quantum fluids can arise from a variety of mechanisms. Fi-
nite size two-dimensional Bose gases present a subtle interplay between Bose-Einstein Con-
densation, driven by quantum statistics, and the interaction-driven Berezinskii-Kosterlitz-
Thouless phase transition, at which free vortices become suppressed and quasi-long range
order emerges [1].

Here, we present experimental results on an ensemble of K atoms in the degenerate
regime, confined in 2D by an optical potential. The respective roles of quantum statistics
and interactions are probed by tuning the strength of interactions through the use of
Feshbach resonances, and observing the evolution of the phase coherence in the sample.
The same system will allow future tests on the superfluid character of the system, for
example through the study of persistent currents in a 2D toroidal geometry [2].
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In Optical Lattice Clocks (OLCs), an ultrastable laser probes a high quality factor
atomic clock transition. The large number of neutral atoms addressed simultaneously
opens the way towards unprecedented statistical uncertainties: the fractional stability
could ultimately reach 10~!" at one second when the clocks are solely limited by the
atomic Quantum Projection Noise. Recently, a new generation of ultrastable lasers led to
demonstrated stabilities as low as a few 1071¢ at one second [1,2,3].

An alternative approach to improve the stability is to detect the atomic populations
in a non-destructive way, by measuring the phase shift induced by the atoms on a weak
off-resonant laser beam [4]. The recycling of the atoms reduces drastically the dead time
between each spectroscopy phase, and decreases significantly the sampling of the frequency
noise of the ultrastable clock laser. We will present our strategy to implement a cavity
based non-destructive detection: in our scheme, far detuned sidebands are resonantly cou-
pled to an optical resonator, they are phase shifted by the atoms before being compared
to the carrier reflected by the cavity and used as local oscillator.

We will compare this approach with the free space Mach-Zehnder interferometer ap-
proach we presented in [4]. We show how the signal-to-noise ratio is enhanced by the
cavity effect, possibly allowing to reach a detection resolution better than the Quantum
Projection Noise. Finally we discuss the implementation of this detection scheme in an
operational OLC, as well as the possible impact of this technique on the uncertainty budget.

The perspective of improved stabilities of OLCs must be compatible with demonstrated
uncertainty budgets. Therefore, to conclude, we’ll present the comparisons between two
independent OLCs at LNE-SYRTE and show that they are in agreement at a level sur-
passing the uncertainty on the current definition of the SI second [5]. It places them among
the main contenders on the path to a possible redefinition of the second.
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Ultracold atoms held in optical lattice potentials provide an almost ideal arena for the
study of coherent quantum phenomena. We describe here a method to generate synthetic
gauge potentials using the effect termed "coherent destruction of tunneling" to renormalise
the value of the intersite tunneling [1]. Inspired by the well-known split-operator scheme
used in quantum simulation, our approach uses two quickly alternating signals to engineer
the appropriate Aharonov-Bohm phases, and permits the simulation of a uniform tunable
magnetic field [2]. We explicitly demonstrate that our split-driving scheme reproduces
the behavior of a charged quantum particle in a magnetic field over the complete range
of field strengths, and produces the Hofstadter butterfly band-structure for the Floquet
quasienergies.

Quasienergy / J

|
0 T2 Tt 312 2n
Flux

Figure 1: Floquet quasienergies for the split-driven system, showing the formation of the Hofstadter butterfly structure.
Black (filled) circles show the bulk states, the red (unfilled) symbols the chiral transporting edge states.
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The stability of the current state of the art optical atomic clocks are limited due to frequency noise of
the interrogation oscillator caused by the Dick effect [1,2]. To improve future atomic clocks the frequency
stability of the interrogation oscillator will need to be better than 107'7 at 1s interrogation time [3-9].

Following [10-12], we investigate the possibility of exploiting collective effects to enhance the spectral
purity of the local oscillator by directly interrogating cold atoms placed in a low finesse cavity. Multiple
atoms strongly coupled to a single cavity mode may experience collective effects where the atomic sample
acquires a collective phase with the cavity mode. This effect significantly enhances the phase response of
this relatively simple system and offers a superior signal to noise ratio. Ultimately, this system may lead to
a shot noise limited laser linewidth in the microhertz range [11].

Our experimental set-up consists of a standard Magneto Optical Trap (MOT) with 5 x 108 8¥Sr atoms
placed inside a low finesse cavity (fig. 1). The cavity enhances atom-light interaction by a factor on the
order of the finesse (F =80) and direct spectroscopy on the weakly allowed intercombination line 'Sy — Py
(I'="7.6kHz) is performed. We lock the cavity to the probe laser ensuring a standing wave in the cavity at
all times. Using the so-called NICE-OHMS technique [13-15], we measure the phase response of the atoms
as we scan the frequency of our probe laser.

In order to push the current limitations further we are building a novel set-up in which a continuous jet
of atoms should allow us to recreate this effect and further minimize the Dick effect.

Wmog = FSR Mixer

]
NICE-OHMS Signal Absorption

Probe Laser Spectrum

Phase Responce
Transmission

Frequency Mirror Mirror

Detuning Detuning

Figure 1: A modulated laser beam interacts with cold 3% Sr-atoms and heterodyne detection is performed.
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Ultracold atomic Fermi gases can form a superfluid at sufficiently low temperatures,
with the atoms forming condensing bosonic pairs. Above the transition temperature, in the
pseudogap state, these pairs are still believed to exist but in an uncondensed state. These
ideas have been tested and experimentally verified using various spectroscopic methods,
particularly radio-frequency- (rf-), momentum resolved rf-, and Bragg spectroscopies.

While the experiments and the related physics are well understood, in order to fully ap-
preciate the role played by the pair formation, it is useful to have a contrasting theoretical
formulation based on Fermi liquid theory (FLT). Unfortunately, the simplest such the-
ory, which contains only Hartree-type energy shifts, provides qualitatively wrong results.
However, the theory can be extended by including perturbative corrections.

Here, I will present such a theory by extending perturbatively the Brueckner-Goldstone
theory used in Ref.[1] and using the theory for calculating spectroscopic signatures of dilute
Fermi gases. This theory will also connect with the diagrammatic scheme proposed in
Ref.[2] for spectroscopies in normal Fermi gases. The model can be used for studying
spectroscopies in the cases where no well-defined pairs exist, such as highly imbalanced
gases and high temperatures. In addition, it can be used as a comparison tool for the
spectra obtained from the BCS superfluid theory.
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We present an experimental set-up of two species Hg-Rb magneto-optical trap (MOT).
Rubidium atoms are very convenient for variety of experiments with ultracold samples
including BEC, magnetic Feshbach resonances, photoassociation and many more [1]. The
experimental methods for cooling and trapping Rb atoms are well developed and commonly
used in many laboratories. On the other hand Hg atoms have a rare combination of fea-
tures that makes them very interesting for cooling and trapping experiments: diversity of
bosonic and fermionic isotopes, no hyperfine or fine structure in ground state, meta-stable
states with extremely long life times, low Doppler and recoil temperatures. Moreover, due
to very high weight Hg atom is a very good candidate for experimental tests of fundamental
physics [2,3]. Because of small black body radiation shift and relatively high frequency of
the clock transition it is also attractive for optically based metrology of time [5]. Neverthe-
less, experiments with cold Hg atoms are challenging due to very inconvenient wavelength
(254 nm) of the cooling transition.

In bosons with the s? configuration the clock transition 'Sy —2 Py is strictly forbidden.
The commonly used method to overcome this problem is to induce a coupling with 3P,
state which is optically accessible. In the Hg-Rb MOT, the presence of cold Rb atoms can
be used to broaden the 1Sy —3 Py clock transition in Hg. It was recently demonstrated [4]
in an analogical SrRb system that the molecular states supported by the clock transition
are dipole allowed at short range. Therefore, also the shifts and widths of the atomic
transitions might be modified by a presence of the cold Rb atoms.

The preliminary studies of interactions in Hg MOT and between Hg and Rb MOTs
are presented. The particular attention is given to the measurements of the scattering
properties in various isotopes of the Hg atoms, such as thermalization rates, which provide
information about the interaction potential, essential to predict the collisional shift of the
Hg 1Sy — Py clock transition [5-7]. The information about the interaction potential can
also be obtained from loading curves of the MOT and from a photoassociation spectroscopy
close to the 'Sy —3 P, trapping transition. One of the goals of the presented experimental
set-up is controlled production of ultracold homo- and heteronuclear molecules by the light-
assisted photoassociation. We plan to take advantage of the Rb 55 — 7.5 two-photon line
at 760 nm as the photoassociation transition. The absolute frequency of this transition
was measured recently by our group with the highest accuracy [8].
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Laser cooled atomic samples have resulted in profound advances in frequency metrol-
ogy, however the technology is typically complex and bulky. Micro-fabricated diffractive
optical elements (DOEs) [1] can greatly facilitate the miniaturisation of magneto-optical
traps (MOTs) for use in ultra-cold atom technology (Fig. 1). Here we present our latest
results: precise optical characterisation of several new gratings, an investigation of phase-
space properties in the MOT, and a magnetic trap loaded from the grating-based optical
molasses.

Figure 1: A diffractive optical elements (DOE) can transform a single circularly-polarised input beam into all required
beams for an intensity-balanced magneto-optical trap [1]. This kind of chip was used to sub-Doppler cool atomic gases and
subsequently load them into a magnetic trap.
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We use magnetic levitation and a variable-separation dual optical plug to obtain clear
spatial interference between two BECs axially separated by up to 0.25 mm. Fringes are
observed using standard (i.e. non-tomographic) resonant absorption imaging [1]. The
‘magnifying’ effect of a weak inverted parabola potential on fringe separation is observed
and agrees well with theory. With 160 ms levitation we can observe single-shot interference
contrasts as high as 95% (see Figure 1 absorption image below), close to the theoretical
limit due to pixellation of the sinusoidal fringes on our CCD camera. Interference patterns
with fringe periods of 85 pum (individual de Broglie wavelengths of 170 pum) are possible
with 200 ms levitation. We are currently looking into other methods and geometries to
split the BEC, one of these methods is to RF dress [2] our standard loffe-Pritchard trap [3]
which would split the condensate radially [4]. Phase fluctuations are an inherent property
in highly elongated BECs at finite temperature [5] which can degrade interferometry. Our
long time-of-flight enables new levels of sensitivity to these fluctuations.

http://photonics.phys.strath.ac.uk.

Figure 1: High contrast (95%) interference fringes between two initially separated condensates
after 160 ms time-of-flight.
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Motivated by applications in quantum-enhanced metrology and quantum information
processing, we are building a cold atom experimental platform devoted to multi-particle
entanglement generation with a high finesse fiber optical cavity as key feature. In this
cavity, 5"Rb atoms resonant at 780nm, will be trapped at the antinodes of a 1560nm, i.e.
twice 780nm, standing wave, forming a 1D lattice of equally and strongly coupled single
atoms. In addition, a high numerical aperture lens will allow for single-site detection and
addressing as shown on figure 1, and Raman transitions will be driven by tranverse beams
thanks to the large optical access to the cavity.

Quantum-enhanced metrology schemes can be explored and caracterized in this setup,
in particular dissipative preparation of spin squeezed atomic ensembles [1].

This system can also realise an effective Dicke model, as proposed in [2], which exhibits a
quantum phase transition, already observed for large numbers of atoms [3][4]. With smaller
atom number (10 to 50 atoms) we will be able to use quantum tomography techniques [5]
to study the role of entanglement in the vicinity of the quantum phase transition as well
as its scaling laws.

ey W
000000000)

Figure 1: 1D lattice of 8 Rb single atoms in the fibered cavity with a high numerical aperture lens
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Nowadays, Magneto-Optical Traps (MOTs) are mainly used as a source of cold atoms,
for example, to study quantum phase transition, cold molecules or to build metrology
setups. However, recent studies have shown that studying the MOT can be very useful
because it is similar to plasma system [1,2]. MOT has the advantage of being a quite
simple setup with high level control compared to plasma one, so it can be used as a model
system.

We are interested in the dynamics of a cloud of cold atoms in a regime of stochastic
instabilites. This regime was previously studied in a retro-reflected configuration [2]. In
such a system, the mean variables are the number of trapped atoms and the position of the
cloud center of mass. The stochastic instabilities are characterized by a noise amplification
randomly in time. More precisely, the variable evolution presents a low noisy signal with
bursts of large fluctuations. Inside a burst, frequencies around 100 Hz are observed.

In the present work, we want to go further than the previous study which only consid-
ered the temporal dynamics. We add a fast video camera to the detection system. This
camera has a high sampling rate (> 1000 pictures/s) and is thus suitable for our observa-
tion. I will develop the method used to extract information from the huge amount of data
produced by the camera. We will show that only some spots inside the cloud are unstable
and not the whole cloud. The number of spots and their distribution vary in time due
to the stochastic origin of these instabilites. I will be able to model the atomic collective
motion responsible of the unstable behavior.
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We describe our progress towards the all optical formation of a spinor condensate of
Rb atoms in a quiet magnetic environment with residual fields < 10 pT. Under such an
environment the Zeeman energy is overshadowed by the weak magnetic dipole-dipole in-
teraction (MDDI) energy of Rb: the interplay between MDDI and spin dependent contact
interaction (SDCI) determines the ground state magnetization of the magnetic superfluid.
The long range nature of MDDI couples the external and internal degrees of freedom, mak-
ing the magnetization depends on the geometry of the confining trap. By changing the trap
shape it is possible to explore different phase transitions that appear in the absence or pres-
ence of magnetic fields and gradients, and effectively tune the MDDI as shown in Fig. 1 [1].
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Figure 1: Phase diagram of dipolar spin-1 ferromagnetic condensates in the cq/c1 —\ space where cq/cy is the ratio between
MDDI and SDCI strengths (about 0.1 for Rb) and X the trap aspect ratio.

We confine ®'Rb atoms in a dipole trap at 1560 nm formed by three crossing Gaussian
beams. This trap induces not only a trapping potential but also a large differential light-
shift between the ground state 525 /2 and the excited state 52P /2 (D2 line) due to strong
contributions to the polarizability of the excited state through the 5%P; /2 —4D3/9 59 tran-
sitions at 1529 nm. This light-shift is spatially dependent like the intensity distribution
of the Gaussian beams, we exploit this effect in the characterization of the trap geometry.
The magnetic field environment is actively controlled by compensating the fields measured
by fluxgate detectors (noise < 10 pT) around the vacuum chamber. By evaporating cooling
we will condense atoms occupying the F=1 ferromagnetic ground state and by changing
the relative powers and waists of the dipole beams we will change the trap geometry.
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We demonstrate modulation transfer from a pump to a probe beam via non-linear
processes in 8’Rb using both the 5S1/2-5P3/9 and 5S;/9-5P3/9-4D3/95/2 ladder transition
schemes. This technique, when used in spectroscopy, produces Sub-Doppler spectroscopic
lineshapes free of unwanted background offsets that typically shift the zero-crossing of the
signal. Modulation transfer spectroscopy (MTS) on the 5S;/,-5P3), transition displays
characteristics observed in similar setups [1]; we demonstrate for the first time modulation
transfer on the excited 5P3/,—4D transitions. These transitions are important since they
correspond to an absolute standard reference for C-band telecom wavelengths (1529 to 1565
nm). We obtain suitable MTS error signals for the 5S;/5-5P3/, and 5P3/,-4D transitions,
and confirm that the unique features of MTS are preserved even on the excited transitions.
The narrow dispersion signals allow us to frequency stabilize narrow-linewidth fiber lasers
at 1529 nm and 1560 nm (Fig. 1A).

Two-photon optical pumping on the ladder transition also allows us to measure the
decay rate of the 5P3,,—4D transitions. As shown in Fig. 1B, instead of monitoring atoms
excited (by laser L1) into the intermediate state 5P3/, with laser L2 (expected to be low for
a state with a large decay rate), the double-resonance optical pumping (DROP) mechanism
provides a loss channel for atoms resonant with the two-photon cycling transition, returning
them to a ground state not resonant with L1; an increase in transmission of L1 therefore
coincides with the double resonance transition, providing an improved SNR on sub-Doppler
spectrum for the 5P3/,—4D transitions. We report on our preliminary measurements and
expected uncertainty budget of the decay rates.
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Figure 1: (A) Schematic depicting the laser frequency stabilization approach in our experiment. (B) Atomic transitions
involved in MTS and DROP spectroscopy (see text).
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We investigate quantum tunneling phenomena for an optical lattice subjected to a
bichromatic ac force. We show that incommensurability of the frequencies leads to super
Bloch oscillation. We propose directed super Bloch oscillation for the quasi periodically
driven optical lattice. We study the dynamical localization and photon assisted tunneling
for a periodical and quasi-periodical ac force.
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A macroscopic occupation of the ground state and long-range correlations between
particles are the hallmarks of Bose-Einstein condensation in cold atomic gases. Similar
phenomena are also observed in systems of wave-like excitations (quasiparticles) such as
photons, excitons, and spin waves (magnons). Spin waves in cold gases are propagating
perturbations of spins, manifesting as travelling fluctuations of the macroscopic magneti-
zation. The propagation results from the cumulative effect of the identical spin rotation
(ISR) effect due to exchange interaction. In spin-polarized atomic hydrogen gas magnons
can be trapped and controlled by magnetic forces in a manner similar to ordinary atoms
with magnetic moments. We show that at high hydrogen gas densities the magnons ac-
cumulate in their ground state and exhibit long-term coherence, profoundly changing the
electron spin resonance spectra of the atomic hydrogen gas.

In our experiments the gas of atomic hydrogen is hydraulically compressed to high
densities of 5 - 10" cm™ at temperatures 0.2 - 0.6 K in a magnetic field of 4.6 T. We
observed a variety of spin wave modes caused by the ISR effect with strong dependence on
the spatial profile of the polarizing magnetic field. The ISR magnons of atomic hydrogen
are high field seeking excitations, and are trapped in regions of strong magnetic field [1].
We demonstrate confinement of magnons in two magnetic traps of distinct geometries,
toroidal and spherical, the latter combined with a linear magnetic field gradient. Above
a critical value of the hydrogen atom density a sharp and prominent peak emerged in the
CW ESR spectrum. We also recorded pulsed ESR spectra where the gas was probed with
a small tipping angle resonance excitation. In the resulting free induction decay signals a
similar feature was observed: a rapid decay and a subsequent refocusing of the transversal
magnetization into a slowly-decaying single-frequency tail. We interpret these effects as
signs of spontaneous coherence and argue for an explanation in terms of Bose-Einstein
condensation of magnons.
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The advent of Bose-Einstein condensation and the possibility of creating experimen-
tally ultracold quantum-degenerate atomic gases opened new and fascinating perspectives
for the study of weakly interacting quantum systems. In the case of ultracold bosonic
gases, the possibility of generating a mesoscopic quantum-coherent state is particularly
interesting. At very low — yet experimentally accessible — temperatures, such systems can
be described with very good accuracy by a nonlinear version of the Schrodinger equation,
namely the mean-field Gross-Pitaevskii equation, in which a nonlinear term accounts for
coherent particle-particle interactions. This means that such systems can in principle dis-
play “quasiclasssical” chaos, i.e., chaotic dynamics associated to exponential sensitivity
to initial conditions, which is forbidden by the usual (linear) Schrodinger equation. One
thus faces a paradox: The exact description of a boson gas corresponds to a (very com-
plex) many-body problem which can be reduced to a system of coupled linear equations,
and thus cannot display quasiclassical chaos! In going from the many-body formulation
to the mean-field approximation, quasiclassical behavior has emerged, i.e., symmetries of
the many body system have been broken. In the present work, we use a toy model con-
sisting of a Bose-Einstein condensate confined to three adjacent sites of a tilted lattice,
which constitutes a “minimal” system presenting quasiclassical chaos. We compare the
dynamics of such a system obtained by numerical integration of the many-body problem
with that observed by numerical integration of the Gross-Pitaevskii equation. This sheds
some light on the emergence of the nonlinearity, and hints for possible explanations of the
above-mentioned paradox.
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Figure 1: Variance of the wave packet position calculated according to various methods: Gross-Pitaevskii equation (left
column), Lanczos diagonalization (center column), and truncated Husimi representation (right column), and with different
number of particles, 30 (top row) and 400 (bottom row). The red areas correspond to quasiclassical chaos, easily spotted in

the Gross-Pitaevskii simulation, but clearly depending on the particle number for many-body approaches.
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Here we describe a technique for directly characterising an optical dipole trap called
light-shift tomography [1]. The intense trapping light induces a significant AC Stark shift on
the atoms, and if the trap wavelength is appropriately close to an excited state transition
this shift is much stronger for the excited state than the ground state. In our experiment
we use *'Rb and light at 1560 nm, which is close to the 5P3/5-4Dj /5 transition at 1529
nm. This proximity to an excited state transition strongly affects the polarisability of
the excited state, and so the Stark shift is about 42 times stronger on the 5P3/, excited
state than the 5S;/, ground state (Fig. 1). The differential light-shift means the resonance
frequency of the atom is dependent on its position in the laser beam. By probing at different
frequencies, one can ‘see’ atoms at different positions in the trap, and the probe detuning
can be used to infer the local trapping light intensity. A measurement of the position of
resonant atoms versus frequency effectively maps the isopotentials of the trap in-situ, from
which one can reconstruct the trap shape, width, and depth (Fig. 2). This method also
has the advantage of being able to measure non-harmonic potentials, unlike e.g. measuring
trap frequencies. Here we present an explanation of this effect, our results in using this
technique to make a 3D reconstruction of our trap, and point out some limitations and
sources of systematic error. Specifically we found two major problems: 1) it is difficult to
measure at the bottom of the trap due to the weak signal, and 2) as a result of the probe
beam being off-resonant for most of the atomic cloud, a spatially-dependent phase shift
leads to a lensing effect on the imaging beam which can distort measurements.
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Figure 1: Light-shift of a 8" Rb atom in a 1560
nm Gaussian laser beam. Figure 2: Reconstructed crossed-dipole trap from measured isopotentials.
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The Anderson localization is a phenomenon present in disordered systems, where par-
ticles eigenstates are exponentially localized and the transport vanishes [1]. Recently it is
widely studied in systems of cold atoms in optically generated potentials [2]. Fast peri-
odic modulation of parameters of such a system can lead to qualitatively new bahaviour
by creating new terms in time averaged Hamiltonian [3]. In disordered systems we can
using this method get various types of off-diagonal disorder. We examine effect of such
a new part of Hamiltonian on presence of localization, transition between localized and
delocalized states, localization length.
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In the presence of a disordered potential, the classical diffusive transport of a particle
can be inhibited by quantum interference between the various paths where the particle is
multiply scattered by disorder, a puzzling phenomenon known as Anderson localization [1].
The dimensionality of the system plays a major role, which can be understood qualitatively
from the scaling theory of localization [2,3]. In dimension d = 3, there is delocalized-
localized (or metal-insulator in solid state physics language) transition — known as the
Anderson transition — with a mobility edge FE,. separating localized motion at low energy
(strong disorder) from diffusive motion at high energy (low disorder). On the localized
side, the localization length £ diverges algebraically £(E) o« (E.— E)~", with v the critical
exponent of the transition. On the diffusive side, the diffusion constant vanishes like
D(F) x (E — E.)* with, according to the scaling theory, s = (d — 2)v [3, 4].

A key prediction of the scaling theory is that the critical exponents are universal, that
is do not depend on the microscopic details of the model used, such as the correlation func-
tions of the disorder, the dispersion relation of the particles, etc. Numerical experiments
on simple models [5, 6, 7] such as the tight-binding Anderson model, have confirmed this
universality, with a non-trivial value of the critical exponent around v = 1.57 for spinless
time-reversal invariant 3-dimensional (3D) systems [8]. However, there is a huge lack of
experimental results in this area.

We experimentally test the universality of the Anderson three dimensional metal-
insulator transition, using a quasiperiodic atomic kicked rotor [9]. Nine sets of parameters
controlling the microscopic details have been tested. Our observation indicates that the
transition is of second order, with a critical exponent independent of the microscopic de-
tails. We thus demonstrate that the value of the critical exponent is universal. the average
value 1.63 £ 0.05 agrees very well with the numerically predicted value v = 1.58 [10].

More recently, we have modified our experimental setup to increase significantly the
interaction time between cold atoms and the pulsed 1D optical lattice. It allows us to
apply 1000 optical pulses on the cold atomic sample (6-fold improvement on maximum
pulse number). One can thus extend soon our experimental study on Anderson model to
higher dimensions (d = 4).
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Dispersion forces, such as van-der-Waals forces between atoms or molecules, Casimir-
Polder forces between atoms and macroscopic bodies and Casimir forces between macro-
scopic objects, are all effective electromagnetic forces caused by ground-state fluctuations
of the quantised electromagnetic field [1]. Because of their short interaction range, dis-
persion forces can play a major role in situations where two (microscopic or macroscopic)
objects are brought close together. For example, in experiments with trapped ultracold
atoms the Casimir-Polder interaction can exceed the magnetic trapping force [2] and lead
to unwanted losses. In molecular interferometry, these Casimir-Polder interactions influ-
ence the intensity distribution in the measured interference pattern [3], as a phase shift
depending on the position of the molecule inside the grating is accumulated. Such interac-
tions have already led to estimates of bond lengths and binding energies in small van der
Waals clusters [4].

We investigate the possibility of reconstructing the Casimir-Polder potential between
an atom or molecule and a dielectric object tomographically from the interference data
obtained from atomic or molecular interferometry. We show that information about elec-
tromagnetic response properties of the atom/molecule such as transition dipole moments
or permanent dipole moments, can be reconstructed in this way. Our method is based on
the observation that the interference pattern obtained from varying incidence angles traces
different paths of the atom/molecule-surface interaction potential landscape.
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We designed, realized and operated a micro-fabricated ion surface trap [1] with Copper
electroplated electrodes on a silica substrate. We load the trap with single %¥Sr* ions
that are Doppler cooled by addressing the 5s 25, /2 — Op 2P /2 transition (v = 711 THz,
A = 422 nm) using two different strategies in order to avoid the accumulation of the
population into the metastable 4d 2D3/2 state during the cooling process (see figure 1).
In a first (quite usual) case we drive the 4d 2D3/2 — bp 2P1/2 275 THz transition with a
'repumping" laser . In a second case we drive both the 4d 2D3/2 — 5p 2P3/2 (299 THz) and
4d 2Dy /2 — dp 2p, /2 (290 THz) transitions in order to avoid coherent population trapping
phenomena that originate in the previous A scheme [2]. We characterize the heating-
rate of the trap by applying the Doppler re-cooling method that has been first developed
and applied in the case of ions that do not have metastable states [3]. We analyze and
compare the Doppler re-cooling experimental results obtained with the same trap and
under identical conditions but using these two different "repumping" strategies.

5P3/2 =~
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[
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Figure 1: Low energy levels scheme for Srt.
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Focused ion beams (FIBs) are indispensable tools in the semiconductor industry and materials science,
because they can create structures at the nanometer length scale without lithography. The current state of
the art FIB for milling purposes is the liquid metal ion source, which can reach a spot size of 5 nm with a
Ga™ ion beam containing 1 pA. Recently, ideas have come up to create a FIB based on photo-ionization of a
laser cooled and compressed atomic beam [1]. Here we present simulations and calculations on the formation
and focusing of an ion beam created from such a laser-intensified atomic beam of rubidium which originated
from a Knudsen cell.

In a FIB based on laser cooling, ions will be pro-
duced at random locations in the ionization region
after the magneto optical compressor. Therefore,
so-called disorder-induced heating will occur due to
the mutual Coulomb interaction between the ions at
random locations [2, 3]. This heating can be sup-
pressed by a sufficiently large electric field, which
lowers the ion density and creates a so called pencil
beam. However, due to the photo-ionization pro-
cess, the energy spread of the ions, and thus the
amount of chromatic aberration of the downstream
lens system, will be proportional to this electric field. 0.1
Therefore an optimum value of this electric field will 10'° 19219_1 107
exist, which leads to the smallest spot size. The b (m=s7)
process of disorder-induced heating was investigated Figure 1: The expected spot size (50% diameter) as a func-

. . . . . tion of the initial flux density ¢ and temperature T, which are
with particle tracing simulations. They were used to expected to be 5% 1019 m—2s—1 and 1 mK.
find a relation between the current and flux density
of the ion beam and the electric field needed to sup-
press disorder-induced heating. This relation was used as input for analytical calculations of the minimum
achievable spot size, which included the effects of the initial temperature and flux density achieved after the
magneto optical compressor and chromatic and spherical aberration of a realistic electrostatic lens system.
Figure shows the result of these calculations in terms of the spot size that can be reached with a 1 pA beam
as a function of the initial temperature and flux density of the atomic beam.

d, 50 (NM)

A very important part of the source discussed here is the Knudsen cell and especially the collimation
tube connected to it. From this collimation tube, a thermal atomic beam of Rubidium will effuse that is laser
cooled and compressed in the next stage. The properties of this atomic beam, such as the flux, transverse
velocity distribution and brightness will influence the performance of the rest of the setup. We will show
laser-induced fluorescence measurements of these properties and discuss their impact.
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Laser spectroscopy with highly charged ions (HCI) enables studies of QED, relativistic
and nuclear size effects which follow charge-dependent scaling laws. Narrow optical tran-
sitions found between fine structure levels in HCI are of great interest for investigations
of possible variations of the fine structure constant « [1] and for realisations of high ac-
curacy frequency standards. Optical clocks based on such transitions will benefit from a
low susceptibility to external fields which largely suppresses systematic shifts. Moreover,
strong relativistic effects enhance their sensitivity to possible « drifts. Electron beam ion
traps (EBIT) have recently enabled optical laser spectroscopy with trapped HCI [2, 3].
However, typical translational temperatures higher than 10° K of the HCI trapped in an
EBIT severely limit the achievable resolution. To overcome this, our cryogenic linear Paul
trap CryPTEx [4] will enable trapping and sympathetic cooling of a wide range of EBIT-
produced HCI by means of Be™ ions laser-cooled into Coulomb crystals. Achievable ion
temperatures on the order of mK will give access to the natural linewidth of forbidden
optical transitions in HCI on the order of tens of Hz. A recently commissioned decelera-
tion beamline with time-focusing properties for efficient ion extraction and injection feeds
CryPTEx with HCI extracted from an EBIT and Be™ Coulomb crystal studies (Fig. 1)
have been performed. The slowing down and capturing of HCIs (in particular Ar'3*) in
Be™ Coulomb crystals is the next step. Additionally, a narrow-linewdith laser system based
on a Ti:Sa laser is currently being developed, which will span most of the visible spectrum
for high precision laser spectroscopy of HCIs.

Figure 1: Small Bet Coulomb crystal obtained with azial and radial trap frequencies of 97 X 2w kHz and
365 x 2w kHz, respectively.
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A linear cryogenic Paul trap experiment (CryPTEx) has been set up in-line with an
electron beam ion trap (EBIT). CryPTEx will provide long storage times for highly charged
ions (HCIs) due to the extremely low background pressure within a 4K enclosure [1].
First experiments on the storage of HCIs in this trap are presently under way. Since
HCIs generally do not allow for direct laser cooling, as their optical transitions have low
transition rates, one needs to apply sympathetic cooling. The trapped HCIs will be coupled
by Coulomb-interaction to a low-temperature bath of laser-cooled ions what ultimately
should allow to resolve the natural linewidth of forbidden transitions. Our final goal is the
application of quantum logic spectroscopy [2], where a singly charged ion species (Be™) is
responsible for the sympathetic cooling and state detection of the HCI. For the purpose of
these high precision measurements, a second cryogenic Paul trap is currently being designed
at MPIK in collaboration with PTB. The design of this trap is based on CryPTEx, where
a cryogenic housing together with the ion injection capability have been realized. The
next generation design will focus on decoupling of the vibration and magnetic field noise
in order to obtain a noise-free environment as required for precision spectroscopy.
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Cold hydrogen molecular ions Hj or HD" allows for direct optical determination of
the proton to electron mass ratio m,/m. using high resolution laser spectroscopy. The
expected relative accuracy is limited by theoretical predictions at the 6x1071! level [1],
and will soon be improved by a factor of 4, challenging the present CODATA by one order
of magnitude as well as the bound-electron g-factor measurement method [2]. Some se-
lected rovibrational transitions have extremely high quality factors [3,4], making hydrogen
molecular ions extremely good candidates for m,/m. time variation analysis.

We first discuss the best Doppler-free transitions in Hy and HDT towards these metro-
logical goals (counter propagating two-photon transitions versus dipole allowed /quadrupole
transitions in the Lamb-Dicke regime), taking into account initial molecular state prepa-
ration, ion trapping and sympathetic cooling as well as transition detection.

We present the experimental set-up we are setting up in Paris, including a REMPI
state selected H3 ion source, a linear trap for light molecular ions sympathetic cooling by
laser cooled Be™ ions, as well as the laser sources.

Sympathetic cooling of light ions produced in an external source and injected in a linear
trap is an experimental issue that deserves intense numerical simulations to determine
optimal trapping and injection conditions. Beyond hydrogen molecular ions, they are
useful for highly charged ion or antimatter ion cooling [6,7]. We report on our recent
progress in implemented a highly efficient (4.5 TFlops) multi-GPU simulation code taking
into account the exact N-body dynamics in time dependant RF fields of the trap, and the
cooling laser interaction.
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Photons are bosons, but they don’t normally make Bose-Einstein condensates because
their number is not conserved in thermal equilibrium. However, light pumped into a fluores-
cent dye can exchange energy with the dye-solvent mixture, coming to thermal equilibrium
without destroying the photons. The electronic structure of the dye sets a minimum en-
ergy, preventing the photon from being destroyed altogether. Placing this system between
two curved, high-reflectivity mirrors, the light is confined for about a nanosecond, which is
much faster than the picosecond it takes for thermalisation. Therefore thermal equilibrium
can be achieved at room temperature with a photon number determined by the pumping
intensity. At a fixed temperature, and sufficient density, a Bose-Einstein condensate (BEC)
will form, as first achieved in 2010 [1].

Recently, we have demonstrated Bose-Einstein condensation in our lab: see Fig. 1. We
have confirmed the thermalisation of photons at room temperature, and have achieved
sufficient photon density to see the BEC phase transition. The project’s aims include mea-
suring the interaction strength, characterising the coherence properties of the condensate,
and fabricating mirror shapes which would allow observation of 1D gases of photons as
well as photon BECs with mesoscopic numbers.

100.0 xm 100.0 pm

Figure 1: Real-colour images of thermalised photons in our dye-filled microcavity. Left: just below threshold.
Right: just above threshold, showing macroscopic occupation of the lowest energy state.

The equation of motion which describes a photon BEC is very similar to the Gross-
Pitaevskii equation which is familiar from atomic BEC. However, the effects of continual
pumping and decay via cavity mirrors also appear, making the equation complex. The
parameters of this equation, especially the interactions, are not yet known. We have
analysed an experimental method for inferring the strength of interactions in photon BEC,
by observing these excitations using angle-resolved spectroscopy of the light that leaks
through the mirrors [2]. Even very weak interactions should be detectable this way.
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The heteronuclear KCs molecule belongs to the least known alkali diatomics. Till the
late 1990s the sole semi-empirical characteristics of KCs consisted in some ground state
spectroscopic constants estimated by interpolation from the corresponding experimental
values of Ky and Csy. Also among theoreticians, the interest in KCs was very limited.
The rapid development of cold physics in the past two decades brought heteronuclear
alkali diatomics, with KCs among them, into wider attention, particularly because of
their permanent electric dipole moments. New trends have inspired quantum chemistry
calculations first [1], followed by experiments employing modern spectroscopic methods
2,3]. To date, seven electronic states of KCs have been observed experimentally: the
ground state and six excited states extending up to about 18500 cm™' above the bottom
of the ground state potential energy curve.

In our work we investigate excited electronic states of KCs molecule, dissociating to the
K(4S) + Cs(5D) and K(3D) 4 Cs(6S) asymptotes, within the excitation energy range 18000
- 21000 cm™!. The molecular states of KCs should be described rather in Hund’s case (c)
than Hund’s case (a), what makes possible to observe transitions to nominally forbidden
states and therefore increases the number of observed states. In this contribution we
present first description of selected electronic states in the energy region mentioned above,
using the Dunham expansion. Results are compared with theoretical calculations [4].
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The 4'X* electronic state of "LiCs molecule was investigated experimentallly for the
first time. Two colour polarization labelling experiment (see e.g. [1]) measuring the 413"
< X!¥* band system under rotaional resolution furnished energies of about 400 rovibronic
levels in the 4'X T state with an accuracy better than 0.1 cm™'. The observed vibrational
progressions exhibited irregular intervals for two reasons. First, the potential curve of the
4'%+ state was expected to be of irregular shape because of an anticrossing with the lower
3!%* state. Second, numerous strong, local perturbations of 4'3* by the neighbouring
electronic states were evident. To aid the interpretation of the experiment, theoretical
calculations of adiabatic potentials for excited states of LiCs including 4' ¥+ were performed
with the MOLPRO program package [2]. They confirmed the assumption of unusual
shape of the 4'¥* state potential and also provided a good starting point for the inverted
perturbation approach (IPA) procedure [3], which allowed to construct the potential energy
curve of this state from the experimental observations. A full deperturbation treatment of
the 4137 state was not attempted, but a robust weighting scheme [4] was used to reduce
the influence of levels that cannot be properly represented by a single channel model.
Parameters derived in a fit of the potential curve include term energy 7,=18848.4 cm™!,
well depth D,=1931 cm~! and equilibrium distance R,=4.91 A.
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Porphyrins are macrocyclic compounds possessing by unique photophysical properties
and having the great potential for application in nanotechnology, biology and medicine.
Pheophorbide-a (Pheo-a) is well-known anionic porphyrin derivative which selectively ac-
cumulates in tumor cells. It has a high extinction coefficient in the red region of spec-
trum where the transparency of tissues to light increases considerably, that determines
widespread using of Pheo-a as a photosynthesizer for PDT of tumor. Novel conjugate
formed by pheophorbide-a with intercalative amino-phenazinium dye (Pheo-Pzn) was syn-
thesized. Its spectroscopic properties, as well as binding affinity to synthetic polynu-
cleotides of different secondary structure (double-stranded poly(A)-poly(U), poly(G)-poly(C)
and four-stranded poly(G)) were studied using absorption, polarized fluorescence and flu-
orescent titration techniques. Investigations were carried out in 2 mM Na™ cacodylate and
phosphate buffered solutions (pH6.9) containing 2 -10% of ethanol, 0.5 mM EDTA and 0.1
M NaCl. The measurements were performed in a wide range of molar polymer-to-dye ratios
(P/D) by registering the changes in the intensity and polarization degree of the pheophor-
bide fluorescence. Spectroscopic properties of the conjugate-polunucleotide complexes were
compared with those for free constituents. It was found that in aqueous solution formation
of internal heterodimer with stacking of the chromophores was occurred, manifesting itself
by strong fluorescence quenching (in tens of thousands times in comparison with ethanol
solution). External binding of Pheo-Pzn to poly(A)-poly(U) and poly(G)-poly(C) is ap-
parently realised without the dimer destruction: only insignificant rise of the emission was
registered along with increase of fluorescence polarisation degree up to 0.15. The binding to
four-stranded poly(G) differs substantially from that for double-stranded polynucleotides.
Substantial blue shift of absorption bands, 10 nm red shift of fluorescence band, 50-fold
rise of pheophorbide emission, and increase in its fluorescence polarization degree up to p
= 0.3 evidences the heterodimer disintegration and intercalation of pheophorbide moiety
into the intermolecular G-quadruplex. So the conjugate studied can be used as fluorescent
probe for recognition of G-quadruplex structure.
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We present high-resolution and high-sensitivity line-shape measurements of self- and
foreign-broadened P-branch transitions of the oxygen B band occurring near 689 nm.
Data were acquired using the optical frequency comb-assisted Pound-Drever-Hall-locked
frequency-stabilized cavity ring-down spectrometer (OFC-assisted PDH-locked FS-CRDS)
[1, 2]. In the line-shape analysis the line narrowing described by Dicke narrowing or the
speed dependence of collisional broadening were taken into account. The multispectrum
fitting technique was used to minimize correlation between line-shape parameters. The
relation between the parameters describing Dicke narrowing with the use of the soft- and
hard-collision models is discussed and verified experimentally in the self-broadened case
in the low pressure regime (below 5 kPa). We report line positions with uncertainties
of about 170 kHz, intensities and the collisional broadening coefficients with subpercent
uncertainties [3]. We compare these results to data available in the literature.

The research is part of the program of the National Laboratory FAMO in Torun,
Poland, and is supported by the Polish National Science Centre Projects no. DEC-
2011/01/B/ST2/00491 and UMO-2012/05/N/ST2/02717. The research is also supported
by the Foundation for Polish Science TEAM and HOMING PLUS Projects co-financed by
the EU European Regional Development Fund. A. Cygan is partially supported by the
Foundation for Polish Science START Project.
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In this paper, we focus on a correct

representation of electronic wavefunctions 06
of the laser-driven systems. Out of vari- 0.4
ous approaches developed for atoms and di- 02
atomics, making use of B-splines, numer- s

ical lattices, and basis sets, only the lat- & s

ter seem to be readily portable to other

molecules due to an anisotropy resulting

from the properties of the Coulomb poten- (a)
tial. With the help of the Wigner repre-

sentation, we will discuss numerical impli-

cations of a complex scaling transformation, ;
which is used in order to properly account 2,
for ionization as well as to keep a feasible N
size of the dressed-states basis set [1]. Then

we will demonstrate that Gaussian primi- i 5 o
tives that are optimized for a high accuracy (b) z/au

of Rydberg states, happen to be unexpec- Figure 1: Wigner distribution of the 5s state of hydrogen: (a)
tadly beneficial for a numerical precision of unscaled, (0) comptec scaled

complex scaling calculations [2]. Our con-

clusions will be demonstrated for example calculations of the field-free and driven helium
atom [3,4]. Finally, we will briefly discuss the intended application of the Gaussian basis
sets to other atoms and molecules.

0.5

‘ 0 ‘ aug-cc-pVhZ ‘ ExTG5G ‘
0 —2.903201 —2.903506
0.2 —2.903230 + 1074 —2.903505+2 x 1075

0.6 | —2.904047 + 7 x 1073i | —2.903509 + 7 x 1075

Table 1: Complex energies of the helium ground state obtain artifical non-zero imaginary parts

for mon-zero values of the complex scaling parameter 0 due to insufficient basis sets. The second

column shows results for a standard quantum chemistry basis set, while the third column for the
new optimized Gaussian basis set.
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It has been presented high-resolution emission spectra measurements of the so far non-
analysed in the ¥C!7O isotopologue, the Herzberg band system. The C' — A(0, 1), (0, 2),
and (0, 3) bands have been recorded in the 22 950 — 26 050 cm ™! region using high-accuracy
dispersive optical spectroscopy [1-3]. The *C170O molecules were formed and excited in a
stainless steel hollow-cathode lamp with two anodes. All 224 rovibrational spectra lines,
up to J = 30, were precisely measured with an estimated accuracy of about 0.0030 cm™!,
and rotationally analysed.

We are going to present the values of molecular parameters determined for the first
time in ¥C0: the merged rotational constants of the C'X (v = 0) Rydberg state and
the individual rotational constants of the AI(v = 3) state, the rotational and vibrational
equilibrium constants for the C'XT state, the band origins of the C' — A system, the
isotope shifts, and the AG?/2 vibrational quantum as well as the RKR turning points,
Franck - Condon factors, relative intensities, and r-centroids for the Herzberg band system
as well as the main, isotopically invariant parameters of the C'X* state in the CO molecule
within the Born-Oppenheimer approximation.

The combined analysis of now obtained Herzberg bands and earlier analyzed Angstrom
(B'S* — AMI) system [4, 5] yielded a precise relative characteristic of the C'XT (v = 0)
and B'Y*(v = 0,1) Rydberg states in the ¥C"O molecule, among others: V(%B, 1/8’13
vibrational quanta.

For the ATI(v = 3) state of 1¥C170, considerable irregularities of the rotational struc-
ture have been observed and analysed in detail. Simultaneously, the C'X (v = 0) state
was observed to be quite regular up to the observed J. level.

03 c's-A'm *c'0

WMMMMM

122 960 122975 122990 123 005 123020

m)
Figure 1: The emission spectrum of carbon monoxide showing the first observation and rotational interpretation of the
C — A(0,3) transition in the '3C 70O isotopologue, on an expanded scale. Peaks of the atomic Th calibration lines are
marked with broken lines.
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The mixed alkali-alkaline earth molecules have recently attracted the interest of the sci-
entific community due to possible applications in the field of cold and ultracold molecules,
in fundamental physics, quantum computing etc.. The combination of an alkali and an
alkaline earth atom leads to molecules which have permanent electric and as well magnetic
dipole moments and by this offer opportunities for manipulation of their states by external
fields. On the theoretical side, several ab intitio calculations [1-4] have been published
on atomic combinations like LiCa, LiSr, STRb by various groups, reflecting the increasing
interest [5,6] by experimentalists working with cold and ultracold alkali and/or alkaline
earth atoms. On the experimental side, not so much is known about molecular electronic
states. Up to now the ground state and two electronically excited states of LiCa [7-9] and
few states of Bali [10] have been characterized.

After the spectroscopic work on LiCa [8,9]
we have successfully recorded the near infrared
spectra of SrLi and CaK. The molecules were hermal emission of SiLi vapor laser
created in a heatpipe with the locations of the 1250 K withembedded
alkali and alkaline earth metals kept at differ- P84 Ré2
ent temperatures, this way accounting for the
different vapour pressures. The thermal emis-
sion was dispersed by a high resolution Fourier

for easier assignment: V=0-v'=0

transform spectrometer. The assignment of the P84
dense spectrum was made possible by shining a
beam of a diode laser into the sample tuned to o100 o200 os00 o400

Frequency [cm]

a molecular line.
This trick allowed to find and assign those __ ‘ o o

. . . . Figure 1: FEzample: part of the near infrared emission
transitions connected with the laser excitation. spectrum of SrLi with laser induced fluorescence for mark-
An example of the recorded spectrum for LiSr is ing related transitions.
shown in figure 1. The present report will focus
on the 22X+ - X2%* transition of SrLi. The IR spectrum of CaK looks very similar in the
overall appearance like LiSr, but its assignment is presently hindered by the lack of an
appropriate laser. First spectral structures, which are probably attributable to StRb were
also observed.
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A method of separation of overlapped spectra originating from different laser-excited
complexes in a supersonic expansion beam will be presented. The method, which general
idea is illustrated in Fig. 1, is used to analyze data recorded in the experiment using
a high temperature pulsed supersonic beam of diatomic complexes containing cadmium
i.e., Cdy and CdRg, where Rg=rare gas [1],[2]. The method is based on the observation
that lifetimes of different complexes in their excited electronic states differ. Therefore,
by applying the proper subtraction of spectra obtained for different time-gating windows,
one can obtain the spectrum in which admixture from unwanted molecule is considerably
reduced (for the time-gating window detection see [1]). As an example, the separation of
overlapped profiles recorded using the B31 <— X'0" and %0, < X 10; transitions in CdAr
and Cdg, respectively [3] will be presented.
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Figure 1: Illlustration of the spectra separation method using an example of overlapped Cdy and CdAr excitation

spectra. a) Blue (narrow) time-gating widow employed in the detection of Cdy using the b30} < X103' transition

with an unwanted admizture of CdAr; b) red (wide) time-gating widow employed in detection of CdAr excitation

spectrum using the B31 + X10F transition with an admizture of Cdy; c) excitation spectrum corresponding

to the red (wide) time-gating window; d)excitation spectrum corresponding to the blue (narrow) time-gating

window; e) result of subtraction of spectra presented in (c) and (d): resulting CdAr spectrum contains only
small admizture of Cdy; f) as in (e) but showing restoration of the Cdy spectrum.
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Ultracold polar molecules are of interest for a variety of applications [1], including
tests of fundamental physics, ultracold chemistry, and simulation of many-body quantum
systems. The laser cooling techniques that have been so successful in producing ultracold
atoms are difficult to apply to molecules. The extra vibrational and rotational degrees
of freedom make it difficult to find a closed system for optical cycling. Recently however,
laser cooling has been applied successfully to a few molecular species [2-5], and a magneto-
optical trap of SrF molecules has now been demonstrated [6]. We have investigated the BH
molecule as a candidate for laser cooling [7]. We have produced a molecular beam of BH and
have measured the branching ratios for the excited electronic state, A'II(v'=0), to decay to
the various vibrational states of the ground electronic state, X'¥. Our measured branching
ratios are shown in figure 1. We verify that the branching ratio for the spin-forbidden
transition to an intermediate triplet state is inconsequentially small. We measure the
frequency of the lowest rotational transition of the X state, and the hyperfine structure in
the relevant levels of both the X and A states, and determine the nuclear electric quadrupole
and magnetic dipole coupling constants. Our results show that, with a relatively simple
laser cooling scheme, a Zeeman slower and magneto-optical trap can be used to cool, slow
and trap BH molecules.

WUEEY

Figure 1: Vibrational branching ratios, Zyy,, for the A'Il — X%
transition in BH.
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Highly stable and spectral pure laser sources are crucial for a wide range of demanding

applications, including high-resolution spectroscopy, frequency metrology, and precision
tests of fundamental physics. We demonstrate Hz-level narrowing of a singly resonant
optical parametric oscillator (OPO), emitting in the frequency range between 2.7 and
4.2 pm [1-2], where intense ro-vibrational transitions of many molecules with a natural
linewidth as low as a few Hz are present.
In our experimental set-up a Nd:YAG laser, frequency narrowed at 1-Hz-linewidth (over
1 ms) against a stable ultra-low-expansion (ULE) Fabry-Pérot cavity, is amplified up to
10 W to pump the OPO. The OPO is based on a periodically poled MgO:LiNbOj3 crystal
placed in a bow-tie cavity resonant for the signal. The crystal has seven different poling
periods, allowing the continuous tuning of the idler frequency between 2.7 and 4.2 pm,
with about 1 Watt of emitted power. We exploit a transfer oscillator scheme [3], according
to which an optical frequency comb synthesizer acts as the transfer oscillator between a
highly stable pump laser mode and the resonating OPO signal mode: as a consequence,
the spectral features of the pump laser are transferred to the signal mode, independently
of technical fluctuations of the comb frequencies. In turn, the fluctuations of idler mode
frequency will be of the same order of the pump laser ones, as in a singly-resonant OPO
the idler linewidth is the sum of the two uncorrelated pump and signal linewidths. The
transfer oscillator is an amplified mode-locked Er:doped fibre laser, followed by a nonlinear
photonic fibre, generating an octave-spanning frequency comb, between 1-2 pm, of equally
spaced modes (repetition rate, f. ~ 250 MHz).

For the diagnostics of the residual frequency noise of the pump mode we used a ref-
erence Fabry-Pérot cavity, made by a couple of HR mirrors glued on an invar spacer,
kept under vacuum for environmental isolation. The invar cavity is loosely locked (10-Hz-
bandwidth) to the pump frequency by a Pound-Drever-Hall (PDH) scheme. Thus, for
spectral frequencies greater than the locking bandwidth, the power spectral density (PSD)
of the PDH signal gives the free-running relative frequency noise between the pump and
the invar cavity. For times shorter than 1 ms the integrated PSD gives a pump linewidth
around 1 Hz.

The signal residual frequency noise has been estimated in a similar way, using a second
reference invar cavity. In this case, for times shorter than 1 ms we estimated a signal
linewidth around 1 Hz, which summed to the 1 Hz pump linewidth, results in an idler
linewidth at the Hz-level.
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Due to their anisotropic long range interaction and many internal states, cold or ul-
tracold molecular ensembles offer manifold possibilities for studying many-body physics
and quantum information or quantum controlled collisions and chemistry. Therefore dur-
ing the past years a fast growing scientific community has focused on the development of
techniques for cooling molecular ensembles. However, especially for polyatomic molecules
a major issue is the control over the internal states, meaning the vibrational and rota-
tional states. A first step towards this end is to obtain the possibility for detecting the
rotational state. Up to now, many detection schemes like REMPI involve the excitation of
electronic states, which can lead to rapid fragmentation and predissociation. This results
in an enormous line broadening and thus a loss of state selectivity.

Here we present the current status of our experiment focusing on the addressing and
manipulation of rotational states for the sake of internal state detection. Our detection
method is based on the removal of selected states from a trapped ensemble. The trapping
time inside our microstructured electric trap on the order of 10 s [1] allows us to rely
on rather slow processes such as a spontaneous vibrational decay for state manipulation.
Vibrational and rotational transitions are driven with a single infrared laser and microwave
source. We show results for the polyatomic molecule CH3F, which we already used to
demonstrate Sisyphus cooling of the ensemble by more than one order of magnitude in
temperature with an increase of phase space density by a factor of 30 [2,3]. We have
developed methods for detecting the total angular momentum J and show possibilities for
the detection of K, the projection of J on the symmetry axis of the molecule, and M,
the projection on the electric field axis. The experimental limitations such as the spectral
resolution inside our electric trap are discussed as well as effects on the measurements due
to black body radiation. Our detection scheme is expected to work for a large variety of
molecular species.

Figure 1: A picture of our microstructured trap plates
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Using a linked-parameter technique of level-fitting calculations in a multiconfiguration
basis, a parametric analysis of fine structure (fs) for even-parity levels of V II, involving
six configurations, has been performed. This led us to exchange the assignments of two
triplets, 3d®(*F)4s ¢ *F and 3d* d 3F, reported in earlier analyses as being located at
30300 cm~! and 30600 cm™!, respectively. This is confirmed by experimental hyperfine
structure A constants, used as fingerprints. Moreover, the current singlet 3d?4s> 'Dy po-
sition is likely too high. The 3d34p, 3d35p and 3d?4s4p odd configurations of the V II
spectrum have been also reanalysed and three 3d?4s4p triplets are assigned higher energies
than previously proposed. We have determined the fine structure parameters, the largest
and next largest eigenvector percentages of levels, their calculated Landé gj-factors and
predicted positions for missing experimental levels up to 100000 cm~!. Furthermore for
the first time hyperfine structure (HFS) parametric treatment, involving levels has been
carried out. The deduced single-electron HFS parameter values are successfully checked
with those obtained by means of ab initio calculations.

Config. 3d?4s? 3d%4s 3d35s
Fit ab-initio Fit ab-initio Fit  ab-initio
Eav 43799(94) 43799 19730(30) 18489 84820(42) 78881
F2(3d,3d) 62037(199) 60288 54057(66) 54104 57330(90) 55519
F4(3d,3d) 38140(271) 37703 31693(236) 33596 34978(92) 34544
G2(3d,ns) 8144 (43) 8207 1339(35) 1523
(3a 200(17) 184 156(10) 157 171(10) 161
50(1) 50(1)
1] -130(19) —130(19)
T, 4 (11)
T2 -45 ( )
T3 -239(13)
Config. 3d* 3d34d 3d35d
Fit  ab-initio Fit  ab-initio Fit  ab-initio
E.v 18687(13) 17691 89766(32) 83105 103174(351) 100986
F2(3d,3d) 48480(56) 47503 56710(118) 55559 57837 (360) 55725
F4(3d,3d) 28317(72) 29249 33302(178) 34573 32727(330) 34682
(34 138(9) 131 166( ) 161 166( ) 161
a 50(1) T ()
B -130(19) -83(16)
T, -45(11)
F2(3d,4d) 4484(98) 5238 1910 (82) 1847
F%4(3d,4d) 2196(99) 2230 864(39) 826
G%(3d,4d) 1923(26) 2155 717 (10) 1247
G2(3d,4d) 1551(124) 1927 610(50) 922
G%(3d, 4d) 1900(86) 1449 758(34) 637

Table 1: Fine structure parameters for even-parity levels
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The aerosol and gases effects in the atmosphere play an important role on health, air
quality and climate, affecting both political decisions and economic activities around the
world [1]. Among the several approaches of studying the origin of these effects, compu-
tational modeling is of fundamental importance in providing insights on the elementary
chemical processes. Sea salts are the most important aerosol particles in the troposphere
(109T /year) [2]. Our theoretical work consists in modeling a (100) NaCl surface coated
with palmitic acid (PA) molecules at different PA coverages. Molecular dynamics simula-
tions were carried out with the GROMACS package[5], in the NPT ensemble at T= 235K.
We have tested several force fields [3-4] to describe the molecular interactions in the fatty
acid/salt crystal system. In this study, we focused on transition in molecular orientation
of the adsorbate as a function of PA coverage, on the effect of humidity, by adding water
molecules, on organization of the fatty acid at the salt surface, and especially on the oc-
currence of PA isolated islands.

Acknowledgments: this research has been supported by the CaPPA project (Chemical and Physical
Properties of the Atmosphere), funded by the French National Research Agency (ANR) through the PIA
(Programme d’Investissement d’Avenir) under contract ANR-10-LABX-005.
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Figure 1: Monolayer of palmitic acid adsorbed on (100) NaCl.
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Coupled-cluster (CC) methods are perhaps the most reliable wavefunction theory (WFT)-
based approach currently available for investigating the properties of molecules such as (but
not restricted to) electronic spectra. However, unlike density functional theory (DFT)-
based approaches such as TDDFT, their steep computational scaling poses rather severe
constraints on their application to relatively large systems, such as those one would wish
to investigate in most chemically interesting cases (e.g. species in solution, at interfaces or
trapped in solid matrices).

Since spectral properties of interest often arise from rather localized phenomena (e.g.
electronic transitions predominantly involving orbitals centered on one of a few chro-
mophores), the use of embedding approaches [1] such as frozen density embedding (FDE)
2] is particularly appealing, as it provides an efficient way to incorporate the effect of the
surroundings in the WF'T calculation.

In this contribution we discuss the formulation and implementation of CC-in-DFT
approaches within a framework based on response theory [3]|, which is general enough as
to allow any desired combination of methods (e.g. CC-in-CC [4]) and offers a (formal)
path to couple electronic excitations from different subsystems [5] akin to a purely DFT
formulation [6]. Furthermore, we discuss computational approximations that allow for
efficient CC-in-DFT calculations, and their connection to formulations which do not rely
on CC response theory [7].
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The aim of presented work is to establish a new set of thermodynamic constants for
plutonium oxides and hydroxydes in gas phase by accurate ab-initio methods. Theoretical
studies are driven by the importance of Pu compounds in nuclear science and industry
and by large discrepancies in experimental values of these constants [1]. Chemistry of
Pu is very complex [2] and its theoretical description requires the use of methods which
account for electron correlation and relativistic effects. This poster will show preliminary
values of enthalpies of reactions involving oxides and hydroxides of Pu, obtained with
relativistic Hamiltonians: Zeroth Order Regular Approximation (ZORA) and Douglas-
Kroll-Hess (DKH); various methods: based on density functional theory (DFT) and wave
function theories (WFT) which use the concept of complete active space (CAS); various
basis sets: all-electron (AE) and pseudopotentials (PP). In modelling of compounds in
condensed phase, additional difficulty arises from the need to describe its environment and
the compound-environment interactions. One possibility to deal with this problem is to
use the Frozen Density Embedding (FDE) scheme [3-4], in which the compound of interest
(e.g. Pu oxide) is described by accurate methods (WFT), while environment is modelled
by cheaper techniques (such as DFT). This poster will present basic concepts behind FDE.
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We present experimental data for the F*A-X*A transition frequencies and effective
Landé factors of the FeH molecule in the near-infrared, prompted by the interest in tran-
sition metal monohydrides arising from the identification of such molecules in the spectra
of cool stars and sunspots[1-4]. Iron hydride is good remote magnetic field probe due
to its strong Zeeman response[5] and its relatively high abundance in the cold stellar at-
mosphere layers. The complex electronic structure resulting from mixing between sextet
and quartet states makes theoretical work very difficult, so that accurate predictions of
spectral signatures is impossible. Whence the need for laboratory measurements. FeH
molecules are produced in a hollow cathode sputtering source in a Hy + Ar gas mixture
discharge. A tunable cw Ti:sapphire laser is used to excite the 0-0 band near 989 nm and
1-0 band near 890 nm of the F*A-X*A system in FeH and the laser-induced fluorescence
signal is recorded. A permanent magnet introduced into the source provides a homogenous
magnetic field where the laser and molecules interact. The magnetic field is calibrated to
0.5% accuracy from the Zeeman response of metasable Ar atomic lines. The measurements
without magnetic field allow us to refine wavenumbers for low J transitions predicted in the
FeH atlas[2]. We have also recorded Zeeman patterns extending the previous laboratory
investigations [6,7].
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We demonstrated a time modulated rf driven low temperature atmospheric pressure
plasma jet used for dental bleaching. Conventionally, hydrogen peroxide (Hs05) is most
commonly used for dental bleaching and has proven its efficiency over the years. However,
there exit some dangerous side-effect risks while the concentration of hydrogen peroxide
increases for the better bleaching efficiency. Otherwise, some other enhance methods using
thermal treatment to accelerate the bleaching process, without critical control of emitting
thermal energy and power, which might cause damage of tissues. In recently, the potential
of low temperature atmospheric pressure plasma has been valued for applications in bio-
medicine, includes the dental bleaching [1, 2], which greatly enhances safety and minimizes
risk of treatments. In this article, a time modulated rf driven low temperature atmospheric
pressure plasma jet was constructed for investigation of dental bleaching without hydrogen
peroxide. The dental bleaching results as well as the dental tissue damage were compared
with different plasma operating conditions and the characterization of plasma was carried
out by using a home-made impedance meter and a commercial OES system. Some other
critical experiment parameters such as treatment time and the gap between tooth and
plasma jet were also adjusted and analyzed according to experiment design. After plasma
treatment, the shade of teeth that stained by food coloring was change from B4 to B1 by
using the Vitapan Classical shade guides and the dental pulp tissue was not damaged.
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This investigation treats quantum mechanically the ion-atom collisions and computes
the transport coefficients, such as the coefficients of mobility and diffusion. For the case
of lithium, the calculations start by determining the gerade and ungerade potential curves
through which ionic lithium approaches ground lithium. Then, by considering the isotopic
effects and nuclear spins, the elastic and charge-transfer cross sections are calculated for
the case of 9Li™ and “Li* colliding with 5Li. Finally, the temperature-dependent diffusion
and mobility coefficients are analyzed, and the results are contrasted with those obtained
from literature.
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Solar observations in the Extreme Ultraviolet (EUV) strive for high cadences (high
exposure frequency) in order to capture the temporal variability of the conditions in the
solar environment. The ATA experiment onboard the Solar Dynamics Observatory (SDO)
spacecraft [1] achieves this by observations in seven channels, each of which based on
a multilayer mirror for light gathering and wavelength selection. The seven observation
channels target 6 bands (94, 131, 171, 193, 211, 355 A) with prominent iron lines and
the bright He II line at 304 A. In combination and supported by extensive modeling, the
observations permit the observer to establish the temperature in the solar coronal field
of view. The seven data channels have spectral band passes from 1 A to about 20 A. In
parallel, and in a 10 s cadence, a grating spectrograph monitors the EUV spectrum with
a band width of 1 A.

Our laboratory approach is complementary to this. An electron beam ion trap (EBIT)
offers the laboratory environment closest in density and working conditions to the solar
corona. Various elements of coronal interest (He, C, N, O, F, Ne, Mg, Si, S, Ar, Ca,
Fe, Ni) are introduced into EBIT and ionized and excited by an energetic electron beam.
The EUV spectra in the vicinity of the SDO/AIA observation channels are studied with
spectrographs of resolving powers 1100 to 3000 and at various electron beam energies.
We thus check the consistency and completeness of the spectral data that are used in the
collisional-radiative modeling necessary for the interpretation of the SDO/AIA raw data.

We mainly compare our observations with the NIST on-line data base [2] and with
the CHIANTT data base (v. 7.1) [3]; the latter compiles wavelength data and models
the relative line intensities. We note that the CHIANTI wavelengths are more consistent
with our observations. However, we also find a number of spectral lines that may have
been underappreciated in the spectral models. Of our work in progress, the results for the
vicinities of the 131 and 211 A AIA channels have been submitted for publication [4,5].

This work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344 and was
supported by the Solar and Heliospherical Physics Program of the National Aeronautics
and Space Administration under award NNH10AN31I. E.T. acknowledges support from
the German Research Association (DFG) (grants Tr171/18 and Tr171/19).
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In recent years, there has been a growing interest toward precise and accurate observa-
tions of spectral line shapes, for the purpose of either applications (atmospheric sounding,
isotope research, chemical analysis in the gas phase) or fundamental studies (molecular col-
lisions, fundamental metrology, tests of quantum mechanical calculations). An interesting
example is the recent implementations of Doppler broadening thermometry for the aims of
an optical determination of the Boltzmann constant. In this latter field, accuracies in the
107° range have been demonstrated [1, 2]. To this purpose, a careful error budget analysis
is required, but the bandwidth detection limit has not been considered in details, so far [3].

A theoretical model of the influence of the detection bandwidth properties on observed
line shapes will be described [4]. In case of a continuous evolution of the laser frequency,
the line shape can be set in a quasi-analytical form that easily highlights consequences on
the retrieval of the line center frequency and broadening parameter or on line asymmetry.
For the sake of completeness, these results have been extended via numerical simulations
to the case of a step-by-step frequency evolution.

This model has been accurately validated thanks to experiments performed with laser
spectrometers in Paris 13 and Naples 2 laboratories [4]. In order to get robust tests, quite
unusual bandwidth misadjustments were used. Resulting frequency shifts, extra broaden-
ings and line asymmetries were perfectly taken into account by the model, leading to line
parameters in very good agreement with those resulting from well-designed experiments.

Finally, the influence of detection bandwidth properties on frequency and Doppler width
measurements will be discussed in details, including a comparison of several filter designs
(1** and 2" orders). A particular emphasis will be given to the detection bandwidth
adjustments required for the 1075 precision that is targeted by the Boltzmann constant
experiments.
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Optical heterodyne conversion with two near-infrared lasers and a biased photomixer
has been used to generate broadband tunable THz-waves with high spectral performances.
Device design relies on a low-temperature-grown GaAs photoconductor with sub-picosecond
electron recombination time, high mobility and large breakdown field that is coupled with
interdigitated electrodes to a planar antenna. Electrical transport mechanisms lead to a
nonlinear current-voltage response of the device that is exploited here for broadband fre-
quency conversion. The device is electrically addressed with a bias-t and THz-waves are
focused to the antenna with a silicon lens. Rectification in the THz regime allows direct
detection with the photomixer. Spectral components of a THz-wave pulse-modulated at a
radiofrequency rate are detected by phase-coherent frequency conversion to dc by coupling
radiofrequency to the photomixer. Alternatively, heterodyne detection of a THz field is
performed by using the optical beat between the lasers as local oscillator. Spectral compo-
nents of a THz-wave pulse-modulated at a radiofrequency rate are detected individually by
down-conversion to the microwave domain with the heterodyne detection scheme. Thermal
noise of the photomixer operated at room temperature limits the detection sensitivity at
~0.3 nW/Hz!'/? for a device with 1.2 ps electron lifetime and 20 mW laser power. Pre-
cision spectroscopy is an important application of this approach where a THz-wave with
a great number of coherent modes addresses molecular energy levels. Detection with the
photomixer allows spectral resolution, identification and measurement of the amplitude or
probing the relative phase of the modes. A Doppler-limited spectroscopy setup is presented
as an example with scanning over ~150 MHz at video rate and a spectral resolution of ~1
MHz determined by optical beat linewidth.
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We present a novel approach to describe multi-electronic processes (electron trans-
fer, excitation and ionization) occurring in ion-atom and ion-molecule collisions in the
intermediate keV energy range. The treatment is based on the so called impact parame-
ter semiclassical approximation [1,2] in which the electronic time-dependent Schroédinger
equation is solved non perturbatively, taking into account all the electrons of the system
with static and dynamic correlations.

The equation is solved using a CI approach where the scattering wave function carries
all information about spatial symmetry and spin multiplicity for the total system and for
the isolated partners of the collision. For that purpose we use the permutation group
theory together with Young diagram formalism instead of a Slater determinant approach
3].

We apply this model to a genuine, benchmark, three-electron system, H* - Li, for
which we present results for exchange processes from valence and inner-shell compared
with experimental results [4] when available. In the conference we shall give a peculiar
insight on new features brought by this full multi-electronic treatment compared to the
quasi one-electron model commonly used. We shall focus our attention on the couplings
between valence and inner shell processes that can lead to two types of inner-shell capture
mechanisms : direct or two-steps. Differences will be highlighted by the analysis of the
inner-electron density temporal profile, as shown in the figure below.

E=4keV/amu E=7TkeV/amu

Figure 1: Inner-electron density in the x,z plane calculated for two different collision energies at four different times. The
spatial grid interval is 2 a.u. The color palette extends over 4 orders of magnitude.
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Collimated intense supersonic beams of atoms, molecules, and clusters constitute an
ideal target for many collision investigations in which the kinematics have to be well defined.
Reliable predictions of cluster size distribution [1, 2], clustering rate and absolute atomic
densities [3] remain still debated and require to be quantitatively determined. Combining
three different experimental approaches, we achieve a good understanding of the temporal
evolution of a pulsed rare gas supersonic jet. More precisely we discriminate between the
temporal contribution of the atomic density and the cluster one within the same bunch.
Looking at the X-ray emission resulting from inner-shell vacancy production [4], we exploit
the fact that those experiments with the supersonic jet are: i) sensitive to all atoms,
aggregated or not when interacting with a well collimated beam of electrons, ii) only
sensitive to clusters with intense ultra-short laser pulses [5] and iii) mainly sensitive to
unclustered atoms with Highly Charged Ions [6]. Those three measurements, performed
under well-controlled conditions, are fully consistent with each other and give access, for the
first time, to the clustering rate in a rare gas supersonic jet. Further experiments, currently
under progress, should provide a full characterization of the aggregation depending upon
different parameters of the cluster jet.
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Figure 1: Time dependant X-ray signal
20 4 P for the interaction of argon cluster bunches

Sy & ' with electron (a - triangle), fs laser pulses
(a - square), with Highly Charged Ions (b).
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The probability of spontaneous radiation of a photon with the unit polarization vector e and the mo-
mentum k is written down through the so-called radiation amplitude

Vi =" e (x) dr, (1)

where j,; is the current density vector for the transition of a radiating system from the initial to final state
[1]. The cross section of photoeffect and the composite matrix elements for multiphoton transitions are also
expressed through Vy; (1). In the first nonvanishing order of long-wave approximation (ka << 1, where a is
the radius of the atomic system) V}; proves to be proportional to the electric dipole moment of transition
that corresponds to dipole approximation. In general case multipole expansion of the radiation amplitude
(1) is very useful, but the structure of the known expansion makes it difficult for applications.

In the present paper we derive the compact multipole expansion for the amplitude of spontaneous
radiation (1) using the mathematical technique of irreducible tensors [2]. The found multipole series gives
to the total amplitude V; the form of the sum of amplitudes

Vi =3 (V" + Vi), )
=1

where Vl(E) is the radiation amplitude of electric 2!-pole (EI) photon and Vl(M) is the radiatiion amplitude
of magnetic 2!-pole (M) photon. Here

VP = (D et o Yia (k). VO = (40 fet 9 Yilko)},) )

where Y}, (ko) is the spherical function, the unit vector kg = k/k, and all information about the radiating
system is contained in the coefficients of the series (2), which are the irreducible tensors determined by the
current density of transition,

NN . _ l
Ay = (=)' [{akn)Yim) @50}, dr. Do = ALY [ AT, (4)

where g;(x) = \/7/(22)J141/2(x) is the spherical Bessel function, n = r/r. The standard designations [2] for

the tensor and scalar products of two irreducible tensors are used in equations (3) and (4).
The angular momentum and parity selection rules keep only few terms in the series (2). In the long-wave

approximation A@n (4) has the order (ka)!, Al

Im
transition and Al(f; 2

proving to be proportional to magnetic 2'-pole moment of
, Dy, — to electric one. Correspondingly, Vl(E) in the series (2) becomes the amplitude
of dipole radiation, VQ(E) becomes the amplitude of quadrupole radiation, VI(M) becomes the amplitude of
magnetic dipole radiation and so on.

The derived multipole expansion can be used in theoretical studies of electromagnetic field — atomic
system interaction both in long-wave approximation and outside its framework.
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The ground state photoionization of an initial Ar IT ion containing 17 electrons can be described by the
following process (A benchmark for comparison can be obtained in the literature [1]);

hv+Ar 1T — Ar II1 4+ e™.

The ground state of Ar II has electronic configuration 1s?2s%2p®3s23p°(2P°) and the ion Ar IIT is left in a
possible excited final target state with an ejected electron in the continuum. To compute any relevant atomic
data, we implemented a fully relativistic Breit-Pauli R-matrix calculation [2, 3]. The R-matrix method [4, 5]
deals with the division of configuration space into an internal and external region by a sphere of fixed radius
re = 16.6 a.u. centered upon the nucleus of point mass. The photoionization cross sections o, are obtained
by matching the solutions at open and closed channel boundary conditions via the R-matrix at r, and are
defined in the following way,

Where a, is the bohr radius, « the fine structure constant, w the photon energy and g; the statistical weight
of the initial bound state. S is given as the generalized line-strength describing a transition between an initial
bound state to a final free state comprised of either the dipole length or velocity approximations. These
dipole approximations arise from the truncation of the wave function which results in minor discrepancies.
The final scattering state is represented by the wavefunction of the residual ion plus the ejected continuum
electron.

The present model has been established by implementing Hartree-Fock orbitals of 1s, 2s, 3s, 2p, 3p from
the tables of Clementi and Roetti [6]. In order to extend the model, the orbitals 3d, 4s, 4p, 4d were optimized
on the lowest lying energy levels observed by NIST ! with the aid of CIV3 [7], whilst maintaining a closed
15%2522p5 core. The addition of these optimized orbitals resulted in a total of 7 possible configurations and
64 LS7 target states. The possible 17-electron configurations are thus constructed from this orbital set. The
partial wave contribution included L=0 to L=10 for both even and odd parities and in the external region a
mesh of 80,000 energy points was chosen for the continuum electron to obtain convergence of the resonant
structures.

In consideration with the 2P° initial ground state, we are primarily concerned with the dipole matrices
describing the transitions of 2P° —2 8¢ 2 P¢? D¢ in compliance with the selection rules. With this informa-
tion we are able to obtain partial and total cross sections. Results will be presented at the conference for both
LS transitions and Jr fine-structure transitions. Also presented along with ground state photoionization

will be excited state photoionization cross-section results.
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The determination of elemental abundances and their patterns in stellar atmospheres
has recently challenged the accuracy of the oscillator strengths used in the stellar spectrum
modelling. Actually, recent studies [1-2] showed that an accuracy of the order of ~0.05 dex
in differential abundances (and therefore also in log gf) is needed to detect the effect of
planet formation in the stellar atmospheres. These effects are marked by a ~20% depletion
of refractory elements with respect to the volatile elements. Vanadium (Z = 23) is a
refractory elements that belongs to the iron group. Due to its complex electronic structure
related to an open 3d subshell and a relatively high cosmic abundance, many lines of V I
and V II are observed in solar and stellar spectra. The experimental oscillator strengths
are essential to achieve the level of accuracy currently needed in elemental abundance
determination. A reliable method for obtaining experimental oscillator strengths is through
the combination of measured radiative lifetimes with accurate branching fractions.

In this work, radiative lifetimes of 79 levels of V I and of 27 levels of V II have been
measured using time-resolved laser-induced fluorescence (TR-LIF) spectroscopy (see, e.g.
Ref. [3]) in laser-produced plasma. The lifetime values range between 3.2 ns and 494 ns and
their uncertainties are within +10%. A good agreement was obtained with previous data.
In order to obtain the branching fractions, the Hartree-Fock atomic structure package of
R.D. Cowan [4] have been used in which a core-polarization potential and a correction
to the dipole transition operator have been incorporated giving rise to the HFR+CPOL
method [5]. The calculated branching fractions were then combined with the available
experimental lifetimes to determine semi-empirical oscillator strengths for E1 transitions
inVIand V IIL
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Recently observed similarities between the positroinum (Ps) scattering and the elec-
tron scattering from a number of atoms and molecules [1,2] suggest that both processes are
largely controlled by the same interactions. Plotted as a function of the projectile veloc-
ity, the total electron and Ps cross sections are close and even show similar resonance-like
features. In this work we calculate Ps scattering from Ar and Kr using the impulse approz-
imation (IA), which is applicable above the Ps ionization threshold because Ps is diffuse
and weakly-bound compared with noble-gas atoms. Our results lend theoretical support
to the similarity of electron-atom and Ps-atom scattering.

The main assumption of IA is that during the scattering event only one of the con-
stituent particles in Ps interacts with the target. The Ps-atom scattering amplitude is
hence the sum of two terms [3],

Jua(Ps,Pi) =2 [ g5 (@) (v7,vi)gula + Ap/2)d*a +2 [ gi () (v}, v))gala — Ap/2)d’
(1)

where Ap = py — p; is the change in the Ps momentum, a and b are the initial and
final internal states of Ps, g,(q) is the Ps internal wave function in momentum space, and
fE(V',v) are the positron-atom and electron-atom scattering amplitudes for the velocities
vi = pi/2 — Ap/2 +q, ij = pi/2 + Ap/2 £ q. The electron and positron scattering
amplitudes are derived from polarized-orbital calculations [4,5]. Our total Ps-Kr scattering
cross sections agree well with the measurements [1] above v = 0.5 a.u., although, in contrast

to observations, the calculated peak is very weak. Similar results have also been obtained
for Ar.
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Figure 1: e -Kr, et-Kr and Ps-Kr scattering cross sections. Dotted black line is the sum of elastic and ionization [3]
cross section; the line “Ps-Kr total” also contains contribution from excitation of the n = 2 levels of Ps. FExzperimental data
(squares) are from Ref. [1]. Data for e™-Kr and e*-Kr scattering are from [4,5]. Cross sections for e* at v > 1.3 a.u. were
obtained by extrapolation from [4].
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The proton collision with polycyclic aromatic hydrocarbons is important from astro-
physical as well as biological point of view [1]. Due to broader energy deposition in ion-
molecule collision, plasmon excitations are difficult to isolate from other physical processes.
The proton (50 keV to 240 keV) collision with gaseous naphthalene at Low Energy Ion Beam
Facility, [IUAC, New Delhi using an electron cyclotron resonance ion source was performed
in both electron emission (EE) and capture (EC) mode of detection. This study explores
isolation of EE and EC mode of collision dynamics on the basis of energetics involved in
respective modes by comparing the yields with photo dissociation curves. The independent
nature of ionization as well as evaporation cross sections in EE mode and fragmentation
yield in EC mode for all impact energy are attributed to the collective excitation and reso-
nant capture phenomenon respectively [2]. However the decreasing trend of fragmentation
yield as a function of impact energy in EE mode was reproduced (Fig. 1) with the help of
theoretical cross section obtained by our Monte Carlo simulation for electronic stopping
within Local density approximation [3].
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Figure 1: Fragmentation yield (obtained in EE mode) comparison with theoretical cross section (obtained from Monte
Carlo simulation) as a function of impact energy.
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Polycyclic aromatic hydrocarbons (PAHs) are efficient absorber of UV and fluoresce
in IR giving rise to unidentified interstellar bands (UIB) observed in stellar medium [1].
Hence to study the stability /energy dissipation mechanism of PAHs under harsh inter-
stellar environment and relate various excitation modes to the UIBs, the state selective
photoelectron spectrum (PES) measurements were done on pyrene and fluorene using syn-
chrotron radiation source facility at Elettra for 15 to 40 eV photon beam. The PES of a
molecule is typically associated with a broadening due to Franck-Condon (FC) overlap of
vibrational states. Using Hartree-Fock (HF) and Density functional technique (DFT), the
FC factor for vibrational progression in Dy<—Sy transition are calculated within harmonic
approximation which compares well with our experimental results. The C-C trans-annular
stretching in plane mode with ag symmetry is found to be the dominant mode of vibration
corresponding to ~ 1400 cm ™! band for all PAHs and is attributed to one of the prominent
feature observed in UIR bands of ISM [2]. Such calculations would be very useful in deter-
mining the IR florescence processes in ISM where UV photo ionization is a very common
process. The PES as a function of photon energy showed a sharp increase in inner valence
photoelectron cross section (binding energy 10-12 e€V) for around 16-25eV photon energy
due to plasmon excitation (Fig. 1). Outer valence Green’s function technique is used to
assign the symmetry and binding energy to molecular orbital [3].
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Figure 1: Pyrene (left) and fluorene (right) photoelectron spectra for different photon energy.
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With the advent of free electron lasers (FELs) generating intense short pulses of XUV
radiation, studies of sequential multiple ionization with analysis of the photoelectron an-
gular distributions (PADs) and angular correlations became feasible. Experimental results
as well as the corresponding theoretical predictions are limited so far to the case of linearly
polarized radiation. The present theoretical work, where the PADs and correlations are
considered for the sequential two-photon double ionization (2PDI) by circular polarized
radiation, is motivated by the recent start-up of FERMI in Trieste (Italy) providing in-
tense XUV pulses of variable polarization. The general statistical tensor approach within
the stepwise model of the process developed and applied in [1,2] to the linearly polar-
ized FEL is suitable for arbitrary polarization of the radiation. Similar to the previous
studies we concentrate on the double ionization of the outer np® shell of the noble gases,
Ne, Ar, Kr. In contrast to the case of linearly polarized radiation, the intermediate ionic
np° 2Py 5 32 states are oriented, not only aligned. The PAD for both, first- and second-step

photoelectrons (¢ = 1 and i = 2, respectively) are presented as the sum of the Legendre
polynomials

jgz = Z—; (1 + n§5 BY P, (cos 191)) : (1)
where ﬁg) are the asymmetry parameters, o; is the angle-integrated cross section and the
angle of the photoemission 1J; is counted from the direction of the FEL beam. Eq. (1) takes
into account the first-order nondipole corrections due to the interference between electric
dipole (E1) and electric quadrupole (E2) photoionization amplitudes. The influence of
the nondipole corrections, represented by terms with n=odd in Eq. (1), was found less

important than in the case of linearly polarized radiation [3].
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Figure 1: Asymmetry parameters in 2PDI of Ne, Ar and Kr for the np* 3P term of the residual ion.

Figure 1 shows, as example, the asymmetry parameters 3?) in sequential 2PDI into

the np? 3P term of the residual ion (ﬁg()2) is small and not shown). Results for other terms
of the residual ion, the angular correlation functions between the two photoelectrons and
the general discussion will be presented at the conference.
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Cavity assisted laser cooling has been successfully applied to single atoms[1], ions[2] and
atomic ensembles[3,4]. It is however, most indispensable for nanoparticles, where direct
laser cooling techniques are not applicable. We demonstrate far off-resonant cavity cooling
of a silicon particle with a reduction of the transverse kinetic energy by a factor of over 30
[5]. Laser induced acoustic desorption launches the nanoparticles beneath a high finesse
cavity in high vacuum environment. While the particles transit through the intense cavity
field the transverse velocity is reduced. By detecting the scattered light from the particle
we can trace its movement in real time. Advancing this technique is crucial to enable
quantum coherence experiments with nanoparticles.
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Much attention has been called to the Coulomb explosion of molecules in collisions with slow (velocities
of v < 1 atomic unit) highly charged ions. Recent progress of multiple coincidence techniques permits us to
measure the dissociating ion pair distribution produced in the collisions. Such findings are of great interest
from the viewpoint of multi-center multi-electron dynamics. In contrast with covalent molecules, however,
little effort has been devoted to rare gas dimers.

About ten years ago, we proposed a three-center Coulombic over-barrier model to describe sequential
multiple ionization of rare gas dimers [1]. In a recent work [2] we modified the model so as to incorporate the
effect of partial screening for non-active target atomic site (B or C) in respective steps of electron removal
during a collision. The measured result [3] of ion pair distribution up to four electron removal in Ar%* + Ar,
collisions was best reproduced with the model by taking a screening parameter of s = 0.4 (see figure 1).

In the present work, we further consider the screening effect for the projectile ion A%t so as to make a
consistent framework. The three charges in the three center Coulomb potential

)
&

= 80-
qa qB qc g
Ulr)=— — — =
( ) |T—RA| |’I’—RB| |7‘—Rc| Q
g 60
are effectively taken as S
=
g2 = ¢—(Qp+Qc)(1—3s) g 40.
g8 = QB + 17 g
e = (1-s)Qc o
|72]
o
5

for the active electron at site B, and
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Figure 1: Dependence of the ion pair (Q,Q’) forma-

tion cross sections on the parameter s for the colli-

sions of A%t 4 Ar,, where the screening effect is in-
troduced only in the target.

for the active electron at site C.

It was found that the projectile screening effect is noticeable in the population of highly charge-asymmetric
pairs such as (Q, Q') = (2,0) and (3,1). We have also analyzed the collisions of Xe?** 4 Ary and found that
the measured ion-pair distribution [4] could be reasonably reproduced with s ~ 0.6. The physical meaning
of this result is discussed.
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