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The singularities of light: intensity, phase, polarization
M. Berry1

1H H Wills Physics Laboratory, University of Bristol, UK
Presenting Author: asymptotico@bristol.ac.uk

Geometry dominates modern optics, in which we understand light through its singularities. These
are different at different levels of description. The coarsest level is geometrical optics, where the
singularities are caustics: focal lines and surfaces: the envelopes of ray families. These singularities
of bright light are classified by the mathematics of catastrophe theory. Wave optics smooths these
singularities and decorates them with rich and ubiquitous interference patterns. Wave optics also
introduces phase, which has its own singularities. These are optical vortices, a.k.a nodes or wavefront
dislocations. Geometrically these singularities of dark light are lines in space, or points in the plane.
They occur in all types of quantum or classical waves. Incorporating the vector nature of light leads
to polarization singularities, also geometrical, describing lines where the polarization is purely circular
or linear. As well as representing physics at each level, these optical and wave geometries illustrate
the idea of asymptotically emergent phenomena. The levels form a hierarchy, leading to predictions
of new phenomena at the quantum level.
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Microwave Spectroscopy probes
Dipole Blockade and van der Waals Forces

in a cold Rydberg Gas
R. Celestrino Teixeira1, C. Hermann-Avigliano1, T. L. Nguyen1, T. Cantat-Moltrecht1, I. Dotsenko1,

S. Gleyzes1, S. Haroche1, M. Brune1, and J. M. Raimond1

1Laboratoire Kastler Brossel, Collège de France, CNRS, ENS-PSL Research University, UPMC-Sorbonne
Universités

Presenting Author: jmr@lkb.ens.fr

Rydberg atoms undergo strong, long-range dipole-dipole interactions [1]. A dense, cold cloud of
Rydberg atoms is a complex many-body system, and could be used as a quantum simulator of less
controllable solid-states systems [2].

We study dipole-dipole interactions in a cold 87Rb atomic sample magnetically trapped on a
superconducting atom chip, evaporatively cooled close to he BEC transition [3]. Rydberg states laser-
excited in this sample are prone to large perturbations due to stray electric fields. The patch field
produced by unavoidable Rubidium adsorption on the chip is particularly annoying. We solved this
problem by coating the chip with a thick metallic Rubidium layer. In a dilute sample, we observed
coherence times in the millisecond range for the 60S to 61S microwave two-photon transition, a quite
encouraging result for the on-chip coherent manipulation of Rydberg atoms [4].

In a dense sample, microwave spectroscopy performed on the two-photon 60S to 57S transition
directly measures the interaction energy distribution of a single Rydberg atom with its neighbors and,
hence, provides information on spatial correlations between Rydberg atoms [5]. We studied the energy
distribution as a function of the detuning of the excitation laser. At resonance, we excite atoms at
large mutual distances, compatible with dipole blockade. For a blue laser detuning, we preferentially
excite atoms at short mutual distances, so that the interaction energy compensates for laser detuning.

The measured interaction energy spectrum varies with time, revealing directly the expansion of
the Rydberg cloud due to the strong repulsive dipole-dipole interaction. We observed that the “frozen
gas approximation” is valid only for very short times, in the µs range. The cloud ‘explosion” at high
densities proceeds in a hydrodynamic regime where many-body interactions play an essential role.
These results open promising perspectives for quantum simulation with Rydberg atom samples.
References
[1] M. Saffman, T.G. Walker and K. Molmer, Rev. Mod. Phys. 82, 2313 (2010)
[2] H. Weimer, M. Muller, I. Lesanovsky, P. Zoller and H.P. Buchler, Nat. Phys. 6, 382 (2010)
[3] C. Roux et al., EPL, 81 56004 (2008)
[4] C. Hermann-Avigliano et al. Phys. Rev. A 90, 040502 (2014)
[5] R. Celestrino Teixeira et al. Submitted, ArXiv 1502.04179
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Relaxation dynamics of isolated atoms and molecules in the tender x-ray
domain (1-12 keV)

M. Simon1

1LCPMR, CNRS and University Pierre and Marie CURIE, Paris, FRANCE
Presenting Author: marc.simon@upmc.fr

Understanding of the processes resulting from interaction between light and matter is of interest
in many diverse fields such as photochemistry, astrophysics, as well as in biology and medicine. The
lifetime of electronic states created by the absorption of a photon by an atom or a molecule determines
the time scale within which these processes will occur, and the resulting reactions. When tender X-rays
are absorbed, deep electron shells are excited. The significant time scale then becomes of the order of
a few femtoseconds. Photoionization of deep atomic core shell is followed by a number of relaxation
processes. The primary hole is unstable and the atom will relax mainly through the emission of Auger
electrons: an electron from a shallower shell fills the hole and another electron is emitted carrying the
excess energy. The atom is then ionized again by Auger decay. A cascade can develop when a series
of electrons "tumble" to fill the core holes created subsequently in different electron shells and several
Auger electrons are emitted one after the other. Thus, Auger relaxation is a dynamical process that
leads to the formation of multiply charged ionic species and involves many intermediate electronic
states.

I will describe two original experimental setup we use at the French synchrotron source SOLEIL :
CELIMENE has been designed to provide the full momentum vectors of coincident particles emitted
after deep core-level photoexcitation [1]. We have also developed a Photoemission setup, permanent
endstation of SOLEIL, unique for gases [2].

Photoexcitation of deep inner shells produce instable species in the femtosecond or subfemtosecond
time range. This provides useful internal clock to measure chemical bonds elongation dynamics [3].
Cascade Auger effect occur in the electronic relaxation process providing opportunities to study Post
Collision Interaction close to the ionization threshold [4]. Multiply charged ions created after the
cascade Auger effect were measured in coincidence with the photoelectron allowing to deduce the
delocalization dynamics of the initial deep inner shell in the CS2 molecule [5]. Several keV above
the ionization threshold, momentum conservation induces a strong recoil in the ion recently observed
through Auger Doppler [6]. I will show how High resolution spectroscopy of Double Core Hole states
have been characterized [7].
References
[1] C. Bomme et al. Rev. Sci. Instrum. 84 103104 (2013)
[2] D. Céolin et al. J. Electron Spectrosc. Relat. Phenom. 190 188 (2013)
[3] M. Simon et al. Phys. Rev. A 73 020706 (2006)
[4] R. Guillemin et al. Phys. Rev. Lett. 109 013001 (2012)
[5] R. Guillemin et al. Nature Communications 6 6166 (2015)
[6] M. Simon et al. Nature Communications 5 4069 (2014)
[7] R. Püttner et al. Phys. Rev. Lett. 114 093001 (2015)
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Search for New Physics with Atoms and Molecules
M. S. Safronova1,2

1Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA
2Joint Quantum Institute, NIST and the University of Maryland, College Park, Maryland 20899, USA

Presenting Author: msafrono@udel.edu

Recent advances in both experimental and theoretical atomic, molecular, and optical physics pro-
vide remarkable new opportunities for precision measurements and tests of fundamental physics,
including searches for permanent electric-dipole moments, parity violation studies, searches for varia-
tion of fundamental constants, gravity studies, tests of local Lorentz invariance, search for dark matter
and many others. I will give a brief introduction to this subject and review the role of theory. The
main part of the talk will focus on the search for the variation of the fine–structure constant α [1] and
tests of local Lorenz invariance [2], including recent highly-charged ion proposals.
References
[1] Highly-charged ions for atomic clocks, quantum information, and search for α-variation, M. S.
Safronova, V. A. Dzuba, V. V. Flambaum, U. I. Safronova, S. G. Porsev, and M. G. Kozlov, Phys.
Rev. Lett., 113, 030801 (2014).
[2] A Michelson-Morley Test of Lorentz Symmetry for Electrons, T. Pruttivarasin, M. Ramm, S. G.
Porsev, I. I. Tupitsyn, M. Safronova, M. A. Hohensee, and H. Haffner, Nature 517, 592 (2015).

17

mailto:msafrono@udel.edu


PL–5 Book of Abstracts — EGAS–47th conference of the European Group of Atomic Systems

Quantum Walks in Photonic Lattices
Y. Silberberg1

1Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot, Israel
Presenting Author: yaron.silberberg@weizmann.ac.il

Photonic lattices in the form of arrays of optical waveguides with nearest-neighbour evanescent
coupling offer a rich playground for the study of linear and nonlinear effect in periodic media. Such
lattices have been used by my group and others for more than a decade to study some of the most basic
phenomena of wave propagation in periodic and quasi-periodic structures, from Bloch Oscillations to
Anderson Localization. While most work with such lattices have studied wave propagation using co-
herent laser light, we have shown that they could also serve as an excellent decoherence-free platform
for the study of quantum dynamics, and in particular of quantum walks [1]. Random quantum walk is
the process describing the motion of a quantum particle that hops randomly, yet coherently, from site
to site on a lattice. We have extended this concept to more complex random walks of several particles
[2-4], and have shown that such walks by indistinguishable particles lead to new and surprising effects
on the quantum correlations of the copropagating walkers in periodic lattices. Even more surprises are
found when the quantum walkers move in a disordered lattice where the particles are also constrained
via Anderson localization [5-7]. I will present recent experiments on such systems, and review the
effects of interactions on such correlations [8].

References
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[2] Y. Bromberg, Y. Lahini, R. Morandotti and Y. Silberberg, Phys. Rev. Lett. 102, 253904 (2009)
[3] Y. Bromberg, Y. Lahini, Y. Silberberg, Phys. Rev. Lett. 105 263604 (2010)
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[5] Y. Lahini et al. Phys. Rev. Lett. 100 013906 (2008)
[6] M. Segev, Y. Silberberg and D.N. Christodoulides Nature Photonics 7 197 (2013)
[7] Y. Lahini, Y. Bromberg, D.N. Christodoulides and Y. Silberberg, Phys. Rev. Lett. 105, 163905
(2010).
[8] Y. Lahini et al. Phys. Rev. A 86 011603 (2012)
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The Fascination of Lanthanides as Ultracold Quantum Matter
F. Ferlaino1

1Institut für Experimentalphysik, University of Innsbruck and Institut für Quantenoptik und
Quanteninformation (IQOQI), Austria

Presenting Author: Francesca.Ferlaino@uibk.ac.at

Ultracold atomic quantum gases have exceptional properties and offer an ideal test-bed to elucidate
intriguing phenomena of modern quantum physics. The great appeal of such systems stems from the
possibility to control almost on demand the interaction between the particles. This interaction is
commonly isotropic and short-ranged. However, recent studies have demonstrated the power of a
novel class of exotic atomic elements belonging to the lanthanides family for quantum-matter physics.
Lanthanides, such as Er (erbium) that is here discussed, have more complex and rich interaction
than the commonly-used alkali atoms, opening new research scenarios for scattering and many-body
quantum physics.

Because of their large magnetic moment, the fundamental interaction between the atoms has a non-
isotropic nature and a long-range character. In addition, in their ground-state the atoms experience a
highly non isotropic orbital distribution of electrons around the atom’s nucleus. This orbital anisotropy
is reflected in the appearance of anisotropic van der Waal contributions to the molecular potentials.
Due to these characteristics, we observe a number of novel fascinating effects from the distortion of
the Fermi surface in a gas of fermions near zero temperature, to the appearance of a correlated net of
Feshbach resonances in the atomic scattering.
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Spectroscopy of Cold Molecular Ions
S. Schlemmer1, O. Asvany1, S. Brünken1, and P. Jusko1

1I. Physikalisches Institut, Universität zu Köln, Zülpicher Strasse 77, 50937 Köln, Germany
Presenting Author: schlemmer@ph1.uni-koeln.de

Ions play an important role in many interesting environments like planetary atmospheres or the
interstellar medium. These molecules are the messengers of the physical (pressure, number density)
and chemical conditions. Therefore their spectra and chemical reactivity have to be known in the
laboratory to interpret the data from remote sensing observations. Ion trapping is used in our labo-
ratory to investigate both aspects of molecular physics. Over many years the method of laser induced
reactions (LIR) has been used to study the spectra and state specific processes of molecular ions at
low temperatures. The main advantages of this technique are: mass selection of the primary ion,
low temperature trapping, and most importantly an unprecedented sensitivity as only a few hundred
ions per wavelength step are needed to, e.g., record a spectrum. Moreover, the method only needs a
single photon compared to other, more popular trap based spectroscopy methods like infrared multiple
photon dissociation (IRMPD).

Recently our group pushed the limits of ro-vibrational spectroscopy of CH2D+ and CD2H+ [1]
to predict rotational spectra in the THz regime helping to identify this molecule in astrophysical
observations. Employing a frequency comb in combination with cw-OPOs, transition frequencies of
ro-vibrational lines of CH+

5 have determined with sub-MHz resolution [2]. This can be considered a
breakthrough since it paves the road to pinpoint combination differences (CDs) of complex spectra
where thousands of lines lead to an enormous number of CDs [3]. Within the last year pure rotational
transitions of several molecular ions have been detected by using the state-dependent association rate
of these ions with He at 4 K. This is another significant advancement since this approach allows to
record THz spectra of virtually any ion. Very recently such laboratory spectra led to the identification
of l-C3H+ in space [4]. Also IR-THz two photon double resonance spectroscopy has been used to record
the J=1-0 rotational transition of OH− [5].
References
[1] S. Gärtner, J. Krieg, A. Klemann, O. Asvany, S. Brünken, S. Schlemmer, J. Phys. Chem. A, 117
(2013) 9975–9984.
[2] O. Asvany, J. Krieg, and S. Schlemmer, Review of Scientific Instruments, 83 (2012), 076102.
[3] O. Asvany, K.M.T. Yamada, S. Brünken, A. Potapov, S. Schlemmer, Science 347 (2015)
1346-1349.
[4] S. Brünken, L. Kluge, A. Stoffels, O. Asvany, and S. Schlemmer, Astrophysical Journal 783
(2014) L4.
[5] P. Jusko, O. Asvany, A.-C. Wallerstein, S. Brünken, S. Schlemmer, Phys.Rev.Lett. 112 (2014)
253005.
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Fundamental symmetries and the Dark Sector
D. Budker1

1Helmholtz-Institute Mainz and University of California, Berkeley
Presenting Author: dbudker@gmail.com

“Fundamental symmetry” refers to invariance of the laws of Nature, including the values of fun-
damental constants, with respect to a continuous or discrete transformation such as translation in
space or time, rotation, spatial (P), time (T), or charge (C) reversal, combinations of these, or per-
mutation of identical quantum particles. All discrete symmetries except for the combined CPT and
the permutation symmetry are experimentally known to be violated by the weak interactions; intense
searches are conducted for possible small violations of the still-standing discrete as well as the con-
tinuous symmetries, which may result from exotic beyond-the-standard-model interactions. In this
talk, I will describe some of the recent fundamental-symmetry tests involving our research group (for
up-to-date bibliography see http://budker.berkeley.edu/PubList.html), including measuring the
effect of the gravitation-field gradient on the value of the fine-structure “constant,” and searching for
transient and oscillating effects on atomic magnetometers and clocks. The apparent time-dependent
symmetry violations may, in fact, be manifestations of feeble interactions with the particles and fields
that are possible constituents of dark matter and dark energy, the Dark Sector.
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Precision measurements in gravitational physics with cold atom
interferometry

G. M. Tino1

1Dipartimento di Fisica e Astronomia and LENS - Università di Firenze, INFN - Sezione di Firenze, Via
Sansone 1, 50019 Sesto Fiorentino, Italy

Presenting Author: guglielmo.tino@fi.infn.it

I will describe experiments we are conducting for precision tests of gravitational physics using cold
atom interferometry. In particular, I will report on the measurement of the Newtonian gravitational
constant [1] and of the gravity-field curvature [2] with a Rb Raman interferometer, and on experiments
based on Bloch oscillations of Sr atoms in optical lattices for gravity measurements at small spatial
scales [3] and for testing the Einstein equivalence principle [4]. Future prospects for experiments in
space will be also discussed [5].

References
[1] G. Rosi, F. Sorrentino, L. Cacciapuoti, M. Prevedelli, G. M. Tino, Precision Measurement of the
Newtonian Gravitational Constant Using Cold Atoms, Nature 510, 518 (2014).
[2] G. Rosi, L. Cacciapuoti, F. Sorrentino, M. Menchetti, M. Prevedelli, G. M. Tino, Measurement of
the gravity-field curvature by atom interferometry, Phys. Rev. Lett. 114, 013001 (2015).
[3] F. Sorrentino, A. Alberti, G. Ferrari, V. V. Ivanov, N. Poli, M. Schioppo, G. M. Tino, Quantum
sensor for atom-surface interactions below 10µm, Phys. Rev. A 79, 013409 (2009).
[4] M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G. M. Tino, Test of Einstein
Equivalence Principle for 0-Spin and Half-Integer-Spin Atoms: Search for Spin-Gravity Coupling
Effects, Phys. Rev. Lett. 113, 023005 (2014).
[5] G. M. Tino et al., Precision Gravity Tests with Atom Interferometry in Space, Nuclear Physics B
(Proc. Suppl.) 243–244, 203 (2013).
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Using atoms and molecules to search for variation of fundamental
constants

M. G. Kozlov1,2

1Petersburg Nuclear Physics Institute, Gatchina, Russia
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Presenting Author: mgk@mf1309.spb.edu

Frequencies of atomic and molecular transitions depend on the values of the fine structure constant
α = e2

~c and electron to proton mass ratio µ = me

mp
. High precision spectroscopy for narrow optical

transitions in atoms and molecules put very stringent limits on the time variation of α and µ on the
time scale of few years. Astrophysical high redshift observations constrain space-time variations on
the cosmological scale on the order of 10 billion years.

In the talk I will discuss several examples of the transitions with high sensitivity to the fundamental
constants in molecules and in highly charged ions. In particular, I will focus on the transitions between
quasi degenerate levels. Quasi degeneracy can be caused either by some approximate symmetry, or by
the accidental cancellation between different contributions to the energy of the atomic system. The
latter case is particularly important for the laboratory experiments, where the absolute sensitivity
to the variation of the fundamental constants is as important as the relative sensitivity. For the
astrophysical observations, where the lines are Doppler broadened, the relative sensitivity plays the
main role [1].

Molecular physics gives us many examples of the quasi degeneracy of both types, which leads to
the high relative sensitivity of the molecular microwave transitions to the variation of the fundamental
constants. Such transitions are particularly interesting to the astrophysics. Recently it was pointed out
that one can observe very narrow optical transitions in the highly charged ions [2]. These transitions
appear when there is level crossing between different atomic shells in the isoelectronic sequences of
ions. On the energy scale typical to ions such crossings can be considered as an accidental degeneracy.
Corresponding optical transitions can be used as very sensitive probes to the variation of the fine
structure constant α in the laboratory tests [2,3].
References
[1] M. G. Kozlov & S. A. Levshakov Annalen der Physik 525, 452-471 (2013)
[2] J. C. Berengut, V. A. Dzuba, and V. V. Flambaum, Phys. Rev. Lett. 105, 120801 (2010)
[3] M. S. Safronova et al. Phys. Rev. Lett. 113, 030801 (2014)
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Asymptotic physics with subradiant
and superradiant states of ultracold molecules

R. Moszynski1, W. Skomorowski1,2, B. H. McGuyer3, and T. Zelevinsky3

1Department of Chemistry, University of Warsaw, Poland
2Institute of Physics, University of Kassel, Germany

3Department of Physics, Columbia University, New York, USA
Presenting Author: robert.moszynski@tiger.chem.uw.edu.pl

We present a combined theoretical and experimental study of weakly bound rovibrational levels
of ultracold strontium molecules near the atomic intercombination line. Some physical properties of
these levels, such as the lifetimes or Zeeman shifts, are fully determined by the internal symmetries of
the wave functions. For instance, the symmetry of the electronic wave function specifies if the excited
state has a superradiant or subradiant character.
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Figure 1: Optical transitions to superradiant
and aubradiant molecular states of Sr2
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Figure 2: Natural linewidths of weakly bound sub-
radiant and superradiant molecular states of Sr2

We precisely characterize [1] the subradiant states of the Sr2 molecule, and show how their prop-
erties are strongly affected by the nonadiabatic and relativistic effects. In particular, we show that
the observed finite lifetimes of the subradiant states are limited by the gyroscopic predissociation due
to the nonadiabatic Coriolis coupling in the short range of the interatomic potential. We quantita-
tively describe and compare strongly forbidden magnetic-dipole and electric-quadrupole transitions to
subradiant excited states proving their unusual asymptotic behavior and relativistic nature.

We also demonstrate how the nonadiabatic mixing between the excited interaction potentials leads
to anomalously large linear, quadratic, and higher Zeeman shifts of weakly bound Sr2 molecules [2,3].
All these phenomena are illustrated with the results from high-precision measurements and state-of-
the-art ab initio calculations.
References
[1] B. H. McGuyer et al. Nature Physics 11 32 (2015)
[2] B. H. McGuyer et al. Phys. Rev. Lett. 111 243003 (2013)
[3] B. H. McGuyer et al. arXiv:1503.05946
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Observation of forbidden infrared spectra in Coulomb-crystallized
molecular ions: Towards precision measurements on single molecules

M. Germann1, G. Hegi1, K. Najafian1, X. Tong1, and S. Willitsch1

1Department of Chemistry, University of Basel, Switzerland
Presenting Author: stefan.willitsch@unibas.ch

The recent progress in the preparation of neutral molecules and ions at temperatures close to the
absolute zero point has paved the way for a range of new research directions in atomic, molecular and
chemical physics. Ensembles of cold, spatially localized ions in traps, often referred to as Coulomb
crystals, are particularly attractive systems in this context in which it is possible to observe, manipulate
and control single isolated particles under precisely controlled conditions [1].

The long storage times (exceeding tens of minutes) of Coulomb-crystallized ions in the minimally
perturbed environment of an ion trap enable to perform highly sensitive spectroscopic experiments and
study molecular spectra which have not been accessible before. Here, we present recent results on the
- to our knowledge first - observation of the electric-dipole forbidden infrared spectrum of a molecular
ion. Specifically, we studied hyperfine components of rotational lines in the infrared fundamental
excitation of N+

2 in a Coulomb crystal [2]. These extremely weak and therefore narrow transitions, the
line strength of which is about ten orders of magnitude smaller than the one of typical dipole-allowed
infrared lines, form an ideal basis for precision-spectroscopic measurements. Applications include the
development of precise clocks and tests of fundamental concepts such as a possible time variation of
fundamental physical constants [3,4]. In the talk, we will discuss new developments in the study of
forbidden spectra of molecular ions and present an outlook towards realizing precision-spectroscopic
measurements on single isolated molecules [5].
References
[1] S. Willitsch, Int. Rev. Phys. Chem. 31, 175 (2012)
[2] M. Germann, X. Tong, S. Willitsch, Nature Phys. 10, 820 (2014)
[3] S. Schiller, D. Bakalov, and V. I. Korobov, Phys. Rev. Lett. 113, 023004 (2014)
[4] M. Kajita et al., Phys. Rev. A 89, 032509 (2014)
[5] J. Mur-Petit et al., Phys. Rev. A 85, 022308 (2012)
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Decoherence-Assisted Spectroscopy:
Demonstrated with a Single Mg+ Ion

G. Clos1, M. Enderlein1, U. Warring1, T. Schaetz1, and D. Leibfried2
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We describe a spectroscopy method that takes advantage of decoherence, typically thought of as
detrimental when controlling quantum systems. The occurrence of a single excitation event is detected
by enhancing its impact via a complete loss of coherence of a superposition of two ground states [1].
Thereby, transitions of a single isolated atom nearly at rest are recorded efficiently with high signal-
to-noise ratios. The Spectra display symmetric line shapes without stray-light background from spec-
troscopy probes. We demonstrated this method on a 25Mg ion to measure one-, two-, and three-photon
transition frequencies from the 3S ground state to the 3P, 3D, and 4P excited states, respectively.
In combination with an additional logic ion [2], and incorporating the motional degrees of freedom,
our method may also be applicable to species without cooling and detection transitions as well as
molecular ions.

Please note that also other techniques based on the detection of momentum kicks altering the
occupation of motional states from few absorbed photons have been developed recently [3–4].
References
[1] G. Clos et al. Phys. Rev. Lett. 112 113003 (2014)
[2] D.J. Wineland Rev. Mod. Phys. 85, 1103 (2013)
[3] Y. Wan et al. Nat. Commun. 5 4096 (2014)
[4] C. Hempel et al. Nat. Phot. 7 630 (2013)
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The connection between thermodynamics and information theory, expressed by Landauer’s prin-
ciple, is a milestone of the physics of the last century. According to this principle, the erasure of
information stored in a system requires an amount of work proportional to the entropy of the sys-
tem. The natural framework to discuss thermodynamics at the quantum level is the theory of open
quantum systems. A number of recent results have shown that memory effects arising from strong
system-environment correlations may lead to information back-flow, hence prolonging the life of quan-
tum properties. Open systems exhibiting such behaviour are known as non-Markovian. The relation
between non-Markovianity and quantum thermodynamics has been until now largely unexplored. Here
we establish this missing link by means of Landauer’s principle. We show that memory effects control
the amount of work that one can extract from an open quantum system. Hence, the work extraction
can be optimised via reservoir engineering techniques.
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Atom in front of a hot surface: Temperature-dependence of the
Casimir-Polder interaction and thermal energy transfer
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I. Maurin1, M. Ducloy1, and D. Bloch1
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2also at Universidade Federal de Paraiba, João Pessoa, Brazil
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Presenting Author: daniel.bloch@univ-paris13.fr

The temperature dependence of the Casimir-Polder (CP) atom-surface interaction addresses fun-
damental issues for understanding vacuum and thermal fluctuations. Recently, we have shown that
the CP interaction can be strongly modified by the temperature effects [1]. In our regime of short
distances (∼ 100nm, i.e. electrostatic limit), the atom becomes a probe, with a high-frequency
selectivity, of the near-field thermal emission, which strongly differs from the long-distance (material-
independent) blackbody emission. The observed increase of the interaction with temperature (fig. 1),
by up to 50%, relies on the coupling between atomic virtual transitions — located in the thermal
infrared range — and thermally excited surface-polariton modes. The experiments were performed
on Cs(7D3/2), through a selective reflection spectroscopy technique on a vapour at the interface of a
hot superpolished sapphire window. The measurements rely on an elaborate fitting of the data to a
catalogue of universal lineshapes.

7D3/2 → 5F5/2 7P1/2 → 6D3/2

(a) (b)

Figure 1: (a) the sapphire surface resonance around 12µm, and (b) the temperature dependence of the
CP interaction for Cs(7D3/2) (see [1]), mostly related to the 10.8µm coupling [see (a)].

We are now extending these experiments to Cs(7P1/2) and Cs(7P3/2), at the same interface (su-
perpolished sapphire). For Cs(7P1/2), the dominant coupling (to 6D3/2) at 12.15µm falls in a strong
coincidence with the sapphire surface resonance (fig.1a), yielding the reverse effect of the resonant
repulsion previously observed on Cs(6D3/2) at a sapphire interface [2]. Conversely, the couplings
from Cs(7P3/2), at 14− 15µm, are far away from this sapphire resonance, and major differences are
predicted for the temperature dependence. At stake is the possibility of an original and precise way
to probe surface resonances, predicted to soften and shift with temperature, which are commonly
extrapolated from broadband data on the entire spectrum (e.g. through Kramers-Kronig relation).
The thermal emission of sapphire may also induce a transfer Cs(7P1/2) → 6D3/2, involving a real
transition where the thermal energy is selectively absorbed by the neighbouring atom. A refined
analysis of the spectrum on the 459nm line may be able to provide an evidence of the corresponding
temperature-modification of the atomic lifetime of Cs(7P1/2).

One of us (J.C.A.C.) thanks the “Ciencîas sem fronteiras” programme. The France-Brazil coop-
eration is supported by CAPES-COFECUB programme Ph 740-12.
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One of the fundamental properties of the proton/antiproton is the spin magnetic moment µp/µp̄.
In case of the proton the most precise value of µp was based on spectroscopy of atomic hydrogen
conducted in 1972. Significant theoretical bound-state corrections had to be applied to indirectly
determine µp with a relative precision of 9 ppb [1]. Very recently, we improved this value by a factor
of 2.5 by directly measuring µp using a single proton in a Penning trap [2]. In case of the antiproton
µp̄ is known with a relative precision at the ppm level [3]. By applying our methods to µp̄, we aim
at a thousandfold improvement in precision of its value. To this end, we were setting up the BASE
(Baryon Antibaryon Symmetry Experiment) experiment at the antiproton decelerator of CERN [4],
to eventually provide a stringent test of CPT-invariance with baryons.

In a Penning trap the measurement of µp/µp̄ is based on the determination of two frequencies of
a single proton/antiproton, the Larmor and the cyclotron frequency. Based on a statistical detection
of spin transitions we measured the Larmor frequency of a single proton for the first time [5], which
resulted in a direct determination of µp with a fractional precision at the ppm level [6]. The precision
was improved significantly by using a double Penning-trap technique. This required the detection
of single spin flips, which was achieved with an improved apparatus and by using Bayesian data
analysis [7]. Our developments ultimately culminated in the most precise and first direct high-precision
measurement of µp with a fractional accuracy of 3.3 ppb.

For BASE a significantly improved setup using a state-of-the-art trapping system has been devel-
oped. We successfully commissioned our four-Penning trap system with antiprotons provided by the
antiproton decelerator of CERN. Within our first experiments we were able to demonstrate cyclotron
frequency measurements with fractional precisions at the level of 70 ppt. The achieved precision
will enable us to perform the aimed antiproton magnetic moment measurement. Moreover, an im-
provement in precision of the proton-to-antiproton charge-to-mass ratio is in reach. A detailed status
update will be presented.
References
[1] S.G. Karshenboim, V.G. Ivanov Phys. Lett. B 566, 27 (2003)
[2] A. Mooser et al. Nature 509, 59 (2014)
[3] J. DiSciacca et al. Phys. Ref. Lett. 110, 130801 (2013)
[4] C. Smorra et al. Hyperfine Interact. 228, 31 (2014)
[5] S. Ulmer et al. Phys. Ref. Lett. 106, 253001 (2011)
[6] C.C. Rodegheri et al. New J. Phys. 14, 063011 (2012)
[7] A. Mooser et al. Phys. Ref. Lett. 110, 140405 (2013)
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Intra-cavity photodetachment microscopy
and the electron affinity of germanium
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Photodetachment microscopy is performed inside an optical cavity, on an ion beam and with an
optical mode narrow enough not to blur out the output electron interferogram. This setting is used for
an updated measurement of the electron affinity of germanium. Amplification of the photodetachment
probability obtained in an optical cavity also opens the way to photodetachment microscopy with a
p electron wave, even though photodetachment cross-sections are reduced considerably in this case,
when compared to s-wave detachment, by the centrifugal barrier.

A linear optical cavity is set across a beam of Ge− ions, itself produced by a cesium sputtering
ion source. The optical cavity is injected with a single mode ring Ti:Sa laser, the wavenumber of
which can be set either above the highest 3P2 fine-structure excitation threshold, or just above the
3P1, intermediate fine-structure threshold of the 3P ground-term of Ge I. The freed photoelectron is
accelerated towards an imaging detector by a uniform electric field of about 350 Vm−1. When the
initial kinetic energy is of the order of 50 m−1, an electron interferogram can be observed, which
semi-classically corresponds to the existence of a pair of trajectories bound to every detection point.
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Figure 1: Intracavity-produced electron interferogram. In this example, photodetachment of Ge− at
wavenumber λ−1 = 1135 258.9(1) m−1, within an electric field of 357.6 Vm−1, produces an electron inter-
ferogram of apparent energy ε = 44.2(15) m−1. Persistence of a ring pattern, with fringes not much more

than 100µm wide, shows that the ion beam diameter has been reduced to smaller values.
Fitting these interferograms with the expected form of the uniform acceleration Green function,

one gets a measure of the electron’s initial kinetic energy. The precision of the method can be three
orders of magnitude larger than the precision of classical electron spectrometry. Provided that the
two photoelectron energies produced by the two opposite wave vectors contained in the optical cavity
are not too different, i.e. provided that the illumination angle remains close to 90 ◦, subtraction of the
mean photoelectron energy from the photon energy directly provides a high accuracy measurement of
the electron affinity.

A Doppler-free measurement of the photodetachment threshold can thus be produced, in an optical
cavity, even more directly than with the usual double spot photodetachment microscopy method [1],
at the only expense of a slight reduction of the contrast in the interferograms. The obtained value of
the electron affinity of germanium is 994 220.6 (10) m−1 or 1.232 6764 (12) eV, one order of magnitude
more precise and a little smaller than the last measured value 994 249 (12) m−1 or 1.232 712 (15) eV
[2].
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We, the ASACUSA collaboration, have developed a source of antihydrogen atoms at the CERN
Antiproton Decelerator in order to test CPT symmetry through in-flight ground-state hyperfine spec-
troscopy. The production of antihydrogen beams was already demonstrated in [1].

During a long shutdown of the CERN accelerators, we upgraded the trap system with a double-
cusp magnetic field. It improved the focusing power for the antiatomic beam and achieved a low leak
field at the position of the spectrometer line next to the double-cusp trap, which is required for the
planned high-precision spectroscopy.

Antihydrogen atoms were synthesized by injecting a slow antiproton cloud from an antiproton
accumulator into a positron plasma confined in the double-cusp trap.

Since the production rate strongly depends on the temperature of the positron plasma, it is manda-
tory to inject a cold antiproton cloud at slightly above the potential energy of the plasma in order to
suppress unnecessary heat up. We attempted to prepare a cold antiproton cloud in the accumulator
by improving the manipulation. And then, we transported it while keeping the energy spread as small
as possible by a modified magnetic transportation scheme at low kinetic energies. In 2014, we are
succeeded in transporting antiprotons with a lower energy of 50 eV compared to 150 eV in 2012 and
confirmed antihydrogen synthesis in the double-cusp trap. The current status will be discussed.
References
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High precision calculations for excited states of the hydrogen molecule
M. Zientkiewicz1, K. Pachucki1
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We performed high-precision nonrelativistic calculations for 12 excited states of the hydrogen
molecule. The explicitly correlated exponential wave functions were used, which, unlike popular
Gauss-type functions, do have correct asymptotic behavior in large and small interparticle distances,
which is crucial for further calculations of relativistic and QED corrections. Following the Born–
Oppenheimer approach, nuclei positions were treated as a fixed parameter R = rAB and varied from
0.1a0 to 20a0. For R up to about 9a0, the James–Coolidge basis set was used:

φn0...n4 = e−α(r1A+r1B)e−β(r2A+r2B)rn0
12 (r1A − r1B)n1(r2A − r2B)n2(r1A + r1B)n3(r2A + r2B)n4

where 1, 2 – electrons, A,B – nuclei. In this case, all necessary integrals have been derived in close
analytical form [1]. However, this basis set does not reproduce the dissociation limit correctly. Thus,
for large R values, the more general Kołos-Wolniewicz basis set was used:

φn0...n4 = e−y (r1A−r1B)−x (r2A−r2B)−u (r1A+r1B)−w (r2A+r2B)

× rn0
12 (r1A − r1B)n1(r2A − r2B)n2 (r1A + r1B)n3 (r2A + r2B)n4 r−n0−n1−n2−n3−n4−3

In this case, the integrals were calculated by Taylor expansion in R, which we found numerically stable
and efficient.

Our results have relative accuracy varying from about 10−10 to about 10−16, which exceeds the
best previous results of this kind [2,3] by several orders of magnitude. This opens a window for
high-precision theoretical predictions for excited states of molecular hydrogen.
References
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Probing ultra-fast nearfield dynamics of individual nano bowtie-antennas
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By illuminating nano antennas with light, and excite collective electron oscillations known as plas-
mons, light can be focused down to below the diffraction limit and be greatly enhanced. For many
applications of such antennas the near-field and its temporal aspects are relevant. The optical tech-
niques capable of characterizing the ultrafast optical far-field response from micro- and nanostructures
in time ([1],[2]) face the diffraction limit.

Photoemission electron microscopy (PEEM) combined with fs laser pulses and optical interferom-
etry has, however, been demonstrated as a powerful tool in probing laser induced near-field dynamics
with nanometer spatial resolution [3]. We apply the technique, using 6 fs, 800 nm central wavelength
pulses from a Ti:Sapph oscillator, to nano bowtie-antennas of gold. Varying the size of the antennas
during the fabrication process (Figures 1 a, b) allows for tuning their response to the excitation field
(Figure 1 c). Changes in their ultrafast response are recorded with the PEEM, laser and interferometer
as differences in the resulting near-field autocorrelation traces (Figure 1.d) from the different antenna
sizes. Combined with an accurate characterization of the incoming pulses, the results are compared
to Finite difference time domain numerical simulations.

Log10(Photoemission 

signal/arb.unit)
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Figure 1: a) A Scanning electron microscopy image of an array of bowtie antennas that vary in size.
One small (blue) and one large (red) bowtie are marked in the image. b) The dimensions of the bowties.
The small bowtie has the dimensions in the image scaled by a factor of 0.5 and the large one has the
dimensions scaled by 1.5. c) A laser PEEM image showing the photoemission spots resulting from field
enhancement at the gap of the antennas. d) The photoemission signals as a function of pulse delay (the

near-field autocorrelation traces) for the two antennas selected.
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High-order harmonic generation (HHG) is a process usually described by a three-step model in
which (i) an atom is ionized in a strong field which (ii) may accelerate the electron and force it back to
its parent ion where (iii) it might recombine [1]. The electrons follow two major classes of trajectories
in step (ii), termed the short and long trajectories, depending on the excursion time of the electron.

These three steps have been helpful to understand the basic principles of HHG, but the finer
details are not captured in this crude model. The emission of the radiation is strongly dependent
on the quantum paths of the electrons and each harmonic will have an intrinsic chirp, depending on
which trajectory (short/long) that it originates from [2]. By chirping the driving field, the intrinsic
chirp can be enhanced or cancelled leading to spectral broadening or narrowing, respectively. Since
the emitted radiation from the short and the long trajectories overlap spectrally and spatially in the
far-field, we can observe the interference between them [3] and control it by varying the chirp of the
driving field. This is an analogue of an interferometer in that we can control the chirp of the individual
“arms”, akin to how one controls the path length in a conventional interferometer.

Experimental data is compared to time-dependent Schrödinger equation calculations and a sim-
ple interference model based on Gaussian beams. The different interferences observed hint at the
possibility of reconstructing the temporal structure of the full attosecond pulse train.
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Figure 1: Spatial lineouts of the 17th harmonic of 1030 nm, for different pulse durations. A negative
sign of the duration corresponds to negative chirp (red edge first, blue edge last) and vice versa. To the
left, experimental data are shown, while to the right, the results from the simple Gaussian model are

shown.
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The two-photon detachment of O−
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The two-photon detachment of the O−(1s22s22p5 2Po) state has not been widely studied, and the
agreement between the few results available is not particularly good. The only existing experiment
gives a generalized cross section of 4.2×10−50 cm4 s at a wavelength of 1064 nm [1]. An early calculation
based on perturbation theory and a model potential [2] however yields, after interpolation, a value
of 1.8 × 10−49 cm4 s, more than four times larger. The results obtained using an adiabatic theory
[3] are almost an order of magnitude larger than the experimental value. Clearly there is room for
improvement. Here we report new experimental and theoretical results.

The two-photon detachment cross section has been measured with a 12 ns seeded Nd:YAG laser.
The effects of the interaction volume were disentangled by repeatedly sweeping the laser beam across
the ion beam [4]. The deconvolution of the detachment signal with the ion current density and
its inverse Abel transformation were performed with Gaussian basis functions, and provided the
instantaneous detachment probability under the assumption of a cylindrically symmetric laser beam.
The absolute cross section is then expressed in terms of easily measurable quantities such as the pulse
energy and the ion beam current.

Calculations were performed using the R-matrix Floquet (RMF) method. Wave functions for the
three 1s22s22p4 states of the residual Oxygen atom, together with three pseudo-states, were built from
Slater-type orbitals chosen to optimize the polarizability of the ground state [5]. The binding energy
of O− is -0.053800 Hartree, compared to the experimental value of -0.053695 Hartree. As the laser
field breaks the spherical symmetry of space, the generalized cross sections for O−(|ML| = 0, 1) are
computed separately and subsequently averaged.

The results, in excellent mutual agreement, are presented in Fig. 1, together with previous exper-
imental and theoretical data [1, 2].
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Characterizing an ultra-high sensitivity atom interferometry gravimeter
Z.-K. Hu1, M.-K. Zhou1, L.-L. Chen1, X.-C. Duan1, and Q. Luo1
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Precisely measuring gravity acceleration g is of great interest for both fundamental research and
practical applications. Instruments used to measure the absolute value of g have been highly developed
during the last decades. In the recent development of gravimetry, cold-atom interferometry gravime-
ters play a crucial role for their high sensitivity and advantage of performing long time measurements.
For high-precision gravity measurements and gravitational experiments, a cold-atom interferometry
gravimeter with the aimed resolution of sub-micro Gal is being built in our cave laboratory. An
atomic fountain based absolute gravimeter with a sensitivity of 4.2 µGal/

√
Hz is demonstrated after

dramatically suppression of the vibration noise. The main noise sources are analyzed, and a sensitivity
calibration experiment is performed. The accuracy of this sub-micro Gal atom gravimeter depends
on the analyzing of systematic errors. The systematic errors induced by some physical effects, such as
the alignment of the Raman laser, the light shift, the gravity gradient and so on, have been measured
with modulation experiments.
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High repetition rate pulse trains emitted by optically thick scattering
media
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The coherent transmission through a scattering medium results from the interference between the
incident field and the field scattered in the forward direction. In previous studies, it was shown that
a high intensity flash, the so-called superflash, can be emitted in the forward direction just after an
abrupt switch-off of a near resonant incident probe [1-2]. Similar flashes can also be generated by
abruptly changing the phase of the incident field. Since it is a cooperative effect, the duration of
the flash, in an optically thick medium, can much shorter than the lifetime of a single atom excited
state. More precisely, the flash decay time depends inversely on the optical thickness at resonance
and zero temperature. When a phase change of π is applied periodically, a train of flashes will be
emitted cooperatively with a repetition time that can be much shorter than the single atom excited
state lifetime.

Recently, we experimentally demonstrated this phenomenon, using the narrow intercombination
line of strontium [3]. An example of the pulse train generated in our experiment is shown in Fig. 1.
Surprisingly, it is possible to suppress single atom fluorescence and transfer almost all the power in
the incident probe to the pulse train. Remarkably, this is achievable while having a high intensity
contrast in the pulse.

In this talk, we will review the underlying mechanism of the (super)flash effect with a particular
emphasis on its temporal properties. Then, we will describe the experiment to observe the pulse
trains. We will discuss the performance and potential applications of this pulse generating method.
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Figure 1: An example of a pulse train generated in our experiment. The repetition time of
this pulse train is 0.12Γ−1, which is shorter than the lifetime of the transition, showing that

cooperative effect are at play.
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Heteronuclear Efimov scenario in an ultracold Bose-Fermi mixture of
133Cs and 6Li
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The Efimov scenario, where pairwise resonantly interacting particles form an infinite series of
bound three-body states with universal scale invariance, has been a prominent topic in fundamental
quantum physics for a long time. Presently the study of it mostly relies on the use of Feshbach
resonances that allows one to precisely tune the interparticle interaction strength and probe these
weakly bound trimers. An ultracold mixture of Cs and Li constitute a prototypical heteronuclear
system with large mass imbalance, for which the scaling constant is drastically reduced. This is
advantageous for the investigation of excited Efimov states under common experimental conditions.

Here we present the first observation of three consecutive Efimov resonances through measurements
of three-body loss coefficients near a broad Feshbach resonance [1] (Fig. 1, left). The previous analysis
of Feshbach resonances [2] is extended with radiofrequency association of LiCs Feshbach molecules
[3] to precisely map the applied magnetic field onto the scattering length (Fig. 1, right). We mea-
sure dimer binding energies close to Feshbach resonances and extract Li-Cs scattering properties from
them. The new parametrization allows us to quantitatively test few-body theories in the LiCsCs sys-
tem. The refined positions and scaling factors of the Efimov resonances demonstrate both, universal
behavior and non-universal deviations from the zero-range limit.

Figure 1: Left: LiCsCs three-body loss coefficient and fits (red lines) to the Efimov resonance positions.
The inset shows a zoom in to the region of the first excited Efimov resonance. Right: Measured binding
energies (blue crosses), molecular state energies from the coupled-channels model (blue line), and the
universal binding energy Eb = ~2/(2µa2) (red line) of LiCs Feshbach molecules near 843 G. The remaining
Cs atom number (green squares) [1] indicates the second excited Efimov resonance. The vertical dashed

line displays the determined Feshbach resonance pole position and its uncertainty.
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Towards a molecular MOT of YbF
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The magneto-optical trap has been a powerful tool for producing ultracold atoms for a huge variety
of applications. Magneto-optical trapping of molecules is new and is important for many applications
including precision measurement, quantum simulation, quantum information processing and ultracold
chemistry. Recently, such a molecular MOT has been demonstrated [1].

The molecular species, ytterbium fluoride (YbF) has been used to measure the electron’s electric
dipole moment (eEDM) [2]. Laser cooling of YbF is feasible by addressing the set of transitions
illustrated in Fig. 2 [3]. We are building an experiment where YbF molecules will be captured and
cooled to low temperatures in a MOT, and then launched into a fountain [4], as illustrated in Fig. 1.
This fountain apparatus will greatly lengthen the transit time of the molecules through the eEDM
experiment, which will allow us to make a new eEDM measurement with increased precision over the
best previous measurement [5].

We will present our scheme for the YbF MOT, our work towards building the laser system and
molecular source, and first results towards laser cooling of this molecule.

Figure 1: Schematic of the experimental design. YbF
molecules are produced in a thermal beam from a cryo-
genic buffer gas source; the molecules are cooled by colli-
sions with helium at 4 K. The YbF is deflected out of the
beam and is brought to rest in a MOT. Trapped molecules
are then launched upward to form a fountain in which the

eEDM is measured.

Figure 2: The molecular transitions we use
for laser cooling and the required wavelengths
of the cooling lasers. v′′ and v′ are the
vibrational quantum numbers of the ground
and excited states respectively. Franck-
Condon factors are given as percentages.
The linewidth of the v′ = 0 state is 5.7 MHz.
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Progress towards in-beam hyperfine spectroscopy of antihydrogen
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Antihydrogen is the simplest atom consisting purely of antimatter. Its matter counterpart, hydro-
gen, is one of the best studied atomic systems in physics. Thus comparing the spectra of hydrogen and
antihydrogen offers some of the most sensitive tests of matter-antimatter symmetry. The ASACUSA
collaboration is pursuing an experiment to measure the ground-state hyperfine splitting of antihydro-
gen in a polarized beam [1,2], a quantity which was measured in hydrogen in a beam to a relative
precision of 4× 10−8 [3] and in a maser to better than 10−12 [4,5].

After recently reporting the first observation of a beam of antihydrogen atoms 2.7 m downstream of
the formation region in a field-free environment [6], the atomic resonance beam apparatus to perform
a hyperfine measurement was completed. During the shutdown of CERN, a source of cold polarized
hydrogen atoms was built and experiments were performed to characterize the apparatus with a hydro-
gen beam of similar properties as compared to the expected antihydrogen beam. Hyperfine structure
spectra of hydrogen showing encouraging results for the achievable precision for a measurement with
antihydrogen will be reported.
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Phase transitions of sympathetic cooling of HCI ions
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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. When laser-cooled, the trapped ions form
ordered structures, called Coulomb crystals [1]. The morphology of these crystals depends on the ratio
of the axial and radial motional frequencies associated to the effective harmonic potentials that form
the RF linear trap. Particles of different charge-to-mass ratio, e/m can be trapped and allow to create
multi-species crystals. Coulomb crystals are ideal candidates for the study of structural transitions,
of particular interest is the second order phase transition associated to the morphological change from
one chain to a zig-zag [2].

At this 47th EGAS conference, we will present a numerical study, performed using molecular
dynamics simulations, concerning the phase transition of Highly Charged Ions (HCI) sympathetically
cooled by laser-cooled simple atomic ions in a multispecies crystal. Due to the different charge-to-mass
ratio, the HCI are located in the centre of the crystal. The screening introduced by the surrounding
ions is expected to modify the behaviour of the chain to zig-zag transitions. While the present study
is purely numerical, recent experimental work has demonstrated first evidence for the feasibility of
such systems [3].

Figure 1: Sympathetically cooled Ar13+ (5 ions) by laser cooled Be+ (256 ions). The HCI are in a zig-zag
structure while the Be ions form a 3D crystal around.
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Experiments with an ultracold molecular lattice clock: subradiance,
forbidden transitions, and E1 / M1 / E2 photodissociation
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When a molecule is subjected to laser light tuned above a dissociation threshold, the molecule
can break apart into fragments whose angular distribution depends critically on the character of the
particular channel by which dissociation occurs. When the initial state is well-defined, the angular
distributions of the photofragments at various frequencies above threshold can be fitted to determine
the shapes of the final molecular potentials involved as well as the relative strengths of the contributing
pathways.

We measure the photofragment distributions of photodissociated state-selected 88Sr2 molecules via
absorption imaging, with an imaging beam parallel to the probe axis. The molecules are produced
via photoassociation from 88Sr atoms cooled to a few µK, trapped in a 1D optical lattice, and probed
along the lattice axis. The resulting images show rings of atoms whose angular distributions encode
the strength and character of the participating dissociation pathways. We present measurements of
one- and two-photon photodissociation of either E1 or M1 / E2 character. The measurements of M1
/ E2 photodissociation are achieved by coherently populating a subradiant excited state for which E1
photodissociation to the ground state is forbidden, and can therefore only occur due to higher order
processes.

In addition to photodissociation experiments, we present recent work toward the realization of a
molecular clock, including: magnetic field-enabled control of highly forbidden (∆J = 2,3) transitions
between weakly bound rovibrational levels1; production and precision characterization of long-lived
“subradiant” states, so-called because quantum mechanical symmetries forbid E1 decay to the ground
state2; and a new method for characterizing the temperature of a cloud of particles confined to
a roughly harmonic trap by examining the lineshape produced by “carrier transitions”, i.e. those
transitions which preserve motional quantum number between initial and final state3.
References
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Storing keV negative ions for hours: Lifetime measurements in new time
domains
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We have measured the radiative lifetime of the 2Po1/2 level in S− using the cryogenic electrostatic
ion-storage ring DESIREE (Double ElectroStatic Ion Ring ExpEriment) [1–3]. The 2Po1/2 fine struc-
ture level is metastable and decays to the 2Po3/2 ground state through a slow magnetic dipole (M1)
transition. We utilized a laser probing technique photo-detaching small fractions of the ions in a stored
beam by a series of laser pulses. By using two different laser wavelengths we monitored the neutral
yield due to detachment of ions in the metastable state only and due to detachment of ions in both
the ground- and metastable states. The inverse of the longer (1/e)-lifetime when both states were
detached was taken as a measure of the residual-gas density. We repeated these steps at slightly ele-
vated ring temperatures of 15-17 K, which gave higher residual-gas densities than at 13 K. In Fig. (1)
we show the decay rates for different residual-gas densities. The intercept with the vertical axis in
Fig. (2) gives the inherent spontaneous lifetime of the 2Po1/2 level (τ=503±43 s) [3]. This is by far
the longest lifetime ever measured for a negatively charged ion. The difference from the theoretical
prediction 437 s is 1.3σ showing that the multi-configuration Dirac-Fock method applied in [4] may
be appropriate to describe the features of excited fine-structure levels in atomic anions at this level
of precision. The present results demonstrate the power of the new method and opens up for a broad
survey of lifetimes of excited states in atomic ions in the time range from some tens of milliseconds
to tens of minutes.
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Linear polarization of x-ray transitions due to dielectronic recombination
in highly charged ions
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We report the first measurement of linear polarization of x rays emitted in the process of dielec-
tronic recombination (DR) into highly charged xenon ions. We observed that the polarization of x
rays, following the dielectronic capture exciting the state [1s2s22p1/2]1, is highly sensitive to the Breit
interaction. The experimental results for this transition rule out by 5σ calculations not taking the
Breit interaction into account. The latter accounts for retardation and magnetic contributions to the
Coulomb repulsion between electrons. The ions in the He- though O-like charge states were produced
in an electron beam ion trap (EBIT). The electron-ion collision energy was tuned into the KLL DR
resonance, where an electron recombines into the L- shell and an electron from the ion is excited from
the K- to the L-shell. The polarization of x rays which were emitted perpendicular to the electron
beam propagation direction was analyzed using Compton polarimetry. For this the x rays were Comp-
ton scattered in a block of boron carbide. The scattered x rays were detected by an array of SiPIN
diodes which sampled the azimuthal angular scattering distribution. The Klein-Nishina formula was
fitted to the measured distribution having the degree of linear polarization as a free parameter. The
degree of polarization was extracted with the typical accuracy of below 10%, ranging between -43%
to 53%. This first measurement of the degree of polarization of DR transitions opens possibilities for
polarization diagnostics of hot plasmas. Such diagnostics will be sensitive to the directionality of the
electron-ion collisions and thus revealing the plasma anisotropies.

Figure 1: Scheme of the experiment:
x rays emitted by the xenon ions, that
are produced and trapped in the EBIT,
are scattered by a block of boron car-
bide. The azimuthal distribution of the
scattered x rays is measured by an array
of SiPIN diodes. A germanium detector

registered unscattered x rays.
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Pushing a Fermi superfluid through a thin optical barrier: from coherent
tunneling to phase slips
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We study, across the whole BEC-BCS crossover, the dynamics of a Fermi superfluid flowing in
the presence of a thin barrier (d∼5k−1

F ). For this purpose, we produce a two-component 6Li quantum
gas [1] in a double-well potential created by superimposing a repulsive optical barrier of micrometric
thickness on the harmonic optical trap. The dynamics is started by establishing an initial difference
in the number of particles between the two wells. We explore different regimes, from a BEC of
composite molecules to a BCS superfluid, by magnetically controlling the two-spin interaction by
means of a Fano-Feshbach resonance. By tuning the barrier height and the starting imbalance, we
observe either Josephson tunneling or dissipation via phase slips. In the former case, occurring for
small amplitude oscillations as the barrier height reaches or exceeds the chemical potential, we find
that the superfluid current exhibits a maximum at the unitarity, as a consequence of the interplay
between phonon excitations and pair-breaking [2–4]. The phase slip mechanism is instead observed for
larger starting imbalances and is associated to the superfluid flow dissipation caused by the formation
of topological defects [5]. In our geometry, we observe vortex rings detaching from the barrier and
penetrating the cloud; since the vortices take energy from the flow, the superfluid current drops. This
process is analog to the one observed in superfluid 4He forced through a constriction [6]. We found
that also the critical velocity for vortex nucleation is maximum on the crossover further confirming
the superfluidity robustness for resonant atomic interactions [7].
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Atom-Chip for Quantum Control
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We implemented a versatile set-up where bi-chromatic radiation in a Raman configuration can be
shined onto a Bose-Einstein condensate produced in an Atom-Chip. The Atom-Chip is also equipped
with RF sources for coherent transfer of atoms between internal states in order to realize an atom
interferometer capable of fully characterizing the atomic state. We demonstrated a completely new
scheme for the tomographic reconstruction of atomic states that combines the inherent stability of
the atom chip setup with the flexibility of optimization schemes. This scheme allowed confirming of
the superb control on parameters allowed by the experimental set-up and put it to use on improved
control algorithms to realise arbitrary superposition states. With our Atom-Chip, we were also able
to demonstrate, for the first time, Quantum Zeno dynamics.
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Creation of 87RbCs molecules in the rovibrational ground state
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Ultracold and quantum degenerate mixtures of two or more atomic species open up many new
research avenues, including the formation of ultracold heteronuclear ground-state molecules possessing
a permanent electric dipole moment [1]. The anisotropic, long range dipole-dipole interactions between
such molecules offer many potential applications, including novel schemes for quantum information
processing [2] and simulation [3]. Heteronuclear ground-state molecules have been created in KRb [4]
and, very recently, in RbCs [5]. Here we present our recent results including, the complete Feshbach
spectroscopy of an ultracold 85Rb-Cs mixture [6] and the formation of ultracold Cs2 and 87RbCs
Feshbach molecules [7,8]. Finally we show a simple design for a tuneable, narrow-linewidth, two-colour
laser system [9] and demonstrate transfer of the 87RbCs Feshbach molecules into the rovibrational
ground state via Stimulated Raman Adiabatic Passage (STIRAP) [10].

Figure 1: STIRAP transfer between the Feshbach and rovibrational ground states. Plotted is the number
of molecules remaining in the Feshbach state when both STIRAP lasers are switched off at various points
during the routine. From this, we measure a one-way efficiency of 50%. A model is shown based on
the measured Rabi frequencies (not including laser noise), with the Feshbach- and ground-state populations
shown in black solid and red dashed lines respectively. Left inset: The same STIRAP sequence as a function
of Stokes detuning. Right inset: The pump and Stokes beam powers during the STIRAP pulse sequence.
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Engineering spin Hamiltonians with 2D arrays of single Rydberg atoms
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Cold Rydberg atoms are a promising scalable platform for the quantum simulation of spin models
that describe a large variety of quantum many-body phenomena in condensed matter physics.

We will present the latest results of our experiment, where we exploit van der Waals [1] and
dipole-dipole interactions [2,3] between single Rydberg atoms in fully configurable 2D arrays to en-
gineer different type of spin Hamiltonians. As proof-of-principle experiments we study the coherent
dynamics of spin excitations in systems of three Rydberg atoms. We show that their dynamics are
accurately described by parameter-free theoretical models and we analyze the role of the small re-
maining experimental imperfections [1,3]. In larger arrays of a few tens of spins (Fig. 1), either
fully ordered or disordered, we measure the coherent evolution of the particles interacting under an
Ising-type Hamiltonian after a quantum quench.

Our results open exciting possibilities in quantum magnetism to study, for example, the role of
disorder and the emergence of geometry-induced frustration in such systems.

Figure 1: Fluorescence images of single atoms trapped in microtrap arrays with different geometries [4].
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Trapping ultracold argon atoms
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Thermalising collisions between molecules and laser cooled atoms are a promising general method
for dissipative cooling, but typical laser cooled species are reactive and cannot generally be utilised [1].
Trapped noble gas atoms in their ground state appear to be ideal candidates for the sympathetic cool-
ing as they are chemically inert and can be laser cooled to µK temperatures in an excited metastable
state.

We describe the dipole trapping of both metastable and ground state argon atoms for sympathetic
cooling. Metastable argon atoms are first Doppler-cooled down to ∼80 µK in a magneto-optical trap
(MOT) and are loaded into a dipole trap formed within the focus of an optical build-up cavity. The
optical cavity’s well depth could be rapidly modulated [2]: allowing efficient loading of the trap,
characterisation of trapped atom temperature, and reduction of intensity noise. Collisional properties
of the trapped metastable atoms were studied within the cavity and the Penning and associative losses
from the trap calculated.

Ground state noble gas atoms were also trapped for the first time by optically quenching metastable
atoms to the ground state and then trapping the atoms in the cavity field (shown in figure 1) [3].
Although the ground state atoms could not be directly probed, we detected them by observing the ad-
ditional collisional loss from co-trapped metastable argon atoms. This trap loss was used to determine
an ultra-cold elastic cross section between the ground and metastable states and was shown to lead
to type of sympathetic evaporation of the metastable atoms. Using a parametric loss spectroscopy we
also determined the polarisability of metastable argon at the trapping wavelength of 1064 nm.
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Figure 1: Schematic of the optical cavity. Metastable argon is first cooled in a MOT, and then quenched
down to the ground state. Both species can be trapped in the lattice formed within the optical build-up

cavity.
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Measurement of the coherent optical response of a cold atomic ensemble
in the presence of resonant dipole-dipole interactions
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When light scatters on an ensemble of randomly positioned particles, the scattered field has a
coherent component, corresponding to its average over many realizations of the random distribution
of particles, and an incoherent component, corresponding to the fluctuations of the field around the
configuration-averaged field. When the inter-particle distance becomes small in comparison to the
wavelength of light, resonant dipole-dipole interactions play an increasing role and modify the way
the light is scattered. Using a microscopic and dense atomic cloud, we have for instance recently
demonstrated that the incoherent response is no longer proportional to the number of atoms in the
presence of interactions, but is rather strongly suppressed. This can be interpreted using a microscopic
approach and solving for the time-evolution of the atomic dipoles driven by the external light field as
well as the fields scattered by the neighboring dipoles [1].

The near-resonance coherent optical response of cold atomic gases is also modified by dipole-dipole
interactions and has been at the focus of recent investigations by several groups, both experimen-
tally [2,3] and theoretically [4,5]. Partly to test the textbook theory of the local-field correction used
to describe the coherent optical response of dense atomic media : this theory explains the recently
measured cooperative Lamb-shift in hot vapour cells [6] but is predicted to break down when in-
homogeneous broadening is absent [5]. Also, one may expect that a dense atomic medium would
imprint a large phase shift on the coherently scattered field, a feature of great interest in the context
of cold-atom based quantum technologies. Recent experiments performed with single ions, atoms, and
molecules have demonstrated in a quite impressive way that single particles can imprint a phase of a
few degrees on a laser beam [7,8,9], thus making the observation of a large phase shift induced by a
many-body system much wanted.

Here I will present the first observation of a large phase shift (∼ 1 rad) imprinted on a laser beam
by a dense atomic cloud. This phase shift results from the interference of the incident laser field and
the field that is coherently scattered in the direction of propagation of the laser. We measure this
phase shift by directly recording the transmission signal on a photodiode in counting mode. In contrast
with previous experiments performed with dense atomic media, this large phase shift is associated to
a moderate extinction in our case, even at resonance. As in the incoherent case, the saturation of the
extinction is a signature of the collective behaviour of the atomic cloud, which has a transverse size
smaller than the wavelength of light. Also, the large phase shift is associated to a large group delay
(up to −10 ns), which we measure independently by measuring the time resolved coherent response
of the atomic cloud to a pulse of light. This corresponds to a very low and negative group velocity
(−300 m/s).
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The cooling of the centre-of-mass motion of a levitated macroscopic particle is seen as an impor-
tant step towards the creation of long-lived macroscopic quantum states and the study of quantum
mechanics and nonclassicality at large mass scales [1]. Levitation in vacuum minimizes coupling to
the environment, while the lack of clamping leads to extremely high mechanical quality factors of the
oscillating particle [2]. The ability to rapidly turn off the levitation coupled with cooling, offers the
prospect of interferometry in the absence of any perturbations other than gravity [3]. However, like
cold atoms trapped in vacuum, levitated nanoparticles are sensitive to parametric noise and internal
heating via even a small absorption of the levitating light field [4]. To date this has limited the lower
pressure at which particles can be stably trapped and cavity cooled. We overcome this problem by
levitating a naturally charged silica nanosphere in a hybrid electro-optical trap by combining a Paul
trap with an optical dipole trap formed from a single mode optical cavity (figure 1). We show that the
hybrid nature of the trap introduces an unexpected synergy where the Paul trap plays an important
role in the cavity cooling dynamics by introducing a cyclic displacement of the equilibrium point of
the mechanical oscillations in the optical field [5]. This eliminates the need for a second, dedicated
cooling optical mode of the cavity [6] and importantly allows us to cool the trapped particle in vacuum
to mK temperatures.

Paul trap

Optical Cavity

Figure 1: A schematic diagram of the hybrid trap consisting of a Paul trap and standing wave optical
cavity potential.
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quantum mechanics
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We demonstrate a matter-wave interferometer in the time domain (OTIMA) as a powerful tool
for testing the validity of quantum theory for increasingly heavy and large particles [1,2]. The in-
terferometer operates in the near-field regime and utilizes three pulsed standing laser wave gratings.
These imprint, on the one hand, a periodic phase pattern on to the traversing matter waves and, on
the other hand, the photo depletion probability is modulated periodically with the distance from the
reflecting mirror. Depending on the particle’s ionization or fragmentation cross section and optical
polarizability such gratings thus act as absorptive masks and phase gratings with an exceptionally
small grating period of less than 80nm [3,4]. The pulsed scheme of the experiment facilitates in-
terference measurements in the time domain which offers high count rate, visibility and measuring
precision [5]. Since the action of optical gratings is non-dispersive the experiment is well suited for
interference experiments on an increasingly large mass scale in the quest for novel decoherence effects
and objective collapse mechanisms such as continuous spontaneous localization [2]. Experiments with
various organic clusters and monomers have demonstrated the functionality of the interferometer and
serve as a motivation for investigating the wave-particle character of particles with masses up to 105

amu and beyond.
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Recent progress in technological developments allow to explore the quantum properties of very
complex systems, bringing the question of whether also macroscopic systems share such features,
within experimental reach. It seems feasible to generate for instance quantum superposition states
of particles of mass of one million amu (atomic mass unit) [1]. The interest in such experiments 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 [2].

We will report on new proposals to experimentally test the superposition principle with non-
interferometric methods. Testing the superposition principle intrinsically also means to test suggested
extensions of quantum theory, so-called collapse models. Such collapse models predict a heating effect,
which results in a random motion of any isolated particle in space. The heating can be monitored
using optomechanical systems even in the classical regime, if competing sources of heat can be reduced
sufficiently. We will emphasise levitated optomechanical systems and discuss the possibility to test the
heating effect by detecting the motion of the particle in space [4] as well as in the frequency domain
where heating is manifested as spectral broadening [5].

We will show quantitative calculations for experiments in both regimes and compare to the state-
of-the-art. We will also report on the status of our experiments on optical levitation and parametric
feedback cooling of the 3d motion of dielectric nanoparticles at high vacuum conditions of 10−6 mbar.
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Continuous Cold-atom Gyroscope
with 11 cm2 Sagnac Area at nrad/s Stability
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We report the latest results from our gyroscope based on interferometry with cold atoms. We
launch laser-cooled Cesium atoms in a fountain configuration and interrogate them in a Mach-Zehnder
like geometry using stimulated Raman transitions. According to the Sagnac effect, the sensitivity to
rotation is proportional to the physical area enclosed by the two arms of the interferometer. We
demonstrate an unprecedented interferometric area of 11 cm2, which is 30 times larger than ever
reported [1]. Using classical accelerometers, we are able to reject vibration noise by a factor 20 and
obtain a state-of-the-art sensitivity of 1.2 × 10−7 rad/s/

√
Hz at short term. We achieve a 2 nrad/s

sensitivity after about few hours of integration [1,2]. We also demonstrate the possibility to operate
our gyroscope without deadtime [3], which represents a big progress for continuous inertial sensing and
more generally for applications requiring high bandwidth atom interferometry such as gravitational
wave detection.
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Cesium atomic magnetometers in experiment searching for a neutron
electric dipole moment
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The existence of a non-zero neutron electric dipole moment (nEDM) violates both parity (P) and
time reversal (T) invariance and, through the conservation of the combined symmetry CPT, also
violates CP symmetry (C being the charge conjugation operator). The violation of CP symmetry
is one of the possible explanations why there is almost no antimatter in the Universe. The CP
violation mechanism is implemented in the Standard Model of particle physics, however it is not
sufficient to explain the matter - antimatter asymmetry. The theories beyond the Standard Model,
such as Supersymmetry, contain additional sources of CP violation and predict the nEDM in the
range 10−27 − 10−29e · cm [1], considerably larger that the value predicted by the Standard Model
(10−31e · cm [1]).

In the nEDM experiment at the Paul Scherrer Institute in Switzerland, the Ramsey technique of
(time-)separated oscillatory fields [2] is applied to the polarized neutrons exposed to magnetic B and
electric E fields oriented either parallel(+) or anti-parallel (-). Any non-zero difference in the neutron
precession frequency νL between the two field configurations will indicate the presence of a nEDM
(dn):

h

4E (ν+
L − ν−L ) = dn + µn

B+ −B−
2E , (1)

where µn is the magnetic moment of a neutron. The spatial and temporal magnetic field distribution
has to be precisely known in order to sufficiently suppress any systematic effects associated with field
changes. The array of sixteen Cesium magnetometers located around the neutron precession chamber
is measuring the stability of the magnetic field in time and its spatial distribution (Fig. 1). The
principle of magnetic field measurements is based on the optical detection of the Larmor precession
frequency of the polarized Cs atoms. The Cs atoms, confined in a paraffin coated glass cell of 30
mm diameter [3], are spin polarized by the resonant laser light by means of optical pumping. A weak
oscillating magnetic field (rf field) resonantly drives the spin precession at the Larmor frequency. The
magnetic field measurements are done in the fast(ms) high sensitivity phase-stabilized mode [4]. In
this contribution the current status of the nEDM experiment will be discussed, with a focus on the
Cs magnetometry aspects.

Figure 1: Left: Allan standard deviation versus averaging time measured for Cs magnetometer.
Right: Magnetic field map derived by multipole moment fit [5] to all Cs data.
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Faraday filtering in atomic vapours:
from Hamiltonian to application
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The interaction between atoms and light is of essential importance in many areas of physics, and a
quantitative understanding of this interaction is therefore beneficial for a variety of reasons, both from
the point of view of fundamental physics and for designing applications. We have developed a detailed
numerical model [1] of the electric susceptibility (ElecSus) for alkali-metal vapours that calculates
transition strengths and frequencies, and accounts for applied magnetic field, Doppler broadening and
several other experimental effects.

ElecSus can be used as a tool to fit experimental data [2] or predict novel effects, and has already
found use in designing an atomic optical isolator [3]. Here we explore one particular application of
ElecSus; Faraday filtering (often called FADOF filters). A Faraday filter is a high-contrast, ultra-
narrow bandpass filter that utilises the birefringent and dichroic properties of atomic media in an
applied magnetic field. The filter’s transmission profile is strongly dependent on the magnetic field
strength and the atomic number density. ElecSus has been used to optimise the performance of such
filters, and we see excellent agreement between the theoretical prediction and experimental data [4].

Finally, we explore a further application of Faraday filtering in the context of laser design. Fre-
quency selection is achieved by placing an atomic Faraday filter inside the external cavity of a diode
laser system. By carefully engineering the optimal conditions for Faraday filter performance, it is
possible to realise a single-mode, single-frequency laser which operates only at the cooling/repump
transition frequencies. We envisage that such a system can become a turn-key, maintenance-free laser
system for laser cooling experiments.
References
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Anharmonic magnetic response of magnetic nanoparticles detected by
atomic rf magnetometry
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Harmonically-excited magnetic nanoparticles (MNP) produce an anharmonic magnetic fieldBMNP (t),
consisting of fundamental (ωexc) and higher (nωexc) harmonics of the excitation field. We explore the
recording of these harmonics with a laser-pumped atomic rf magnetometer (ARFM), operated in two
different modes, and report on sensitivity, bandwidth, and constraints thereof.

In the first mode, the ARFM is operated as anMx-magnetometer [1] based on the optical detection
of magnetic resonance in a spin-polarized atomic Cs vapor in a paraffin-coated glass cell. The Cs vapor
is exposed to a DC magnetic field B0 which splits the Zeeman sublevels by ~ωL (Larmor frequency)
and to an rf-magnetic field which leads to a spin-depolarization when the rf frequency matches ωL. A
circularly-polarized laser beam resonant with the Cs D1(4→ 3) hyperfine transition pumps the atoms
into non-absorbing dark states. The rf-induced depolarization increases the absorption of the Cs vapor,
thereby changing the light transmission in a resonant manner. In this operation mode we tune B0
such that its Larmor frequency matches one of the harmonics nωexc of the BMNP (t) oscillation. The
amplitude of the corresponding resonance is a direct measure of the respective harmonic’s amplitude.
However, the magnetometer readout at higher harmonics is perturbed by multiphoton rf-transitions
induced by the excitation field. The corresponding signals cannot be distinguished from the MNP
signals proper. We have studied this multiphoton depolarization by supplying a purely harmonic
rf-field. The detected multiphoton amplitudes An (Fig. 1, left) increase with a An ∝ Bnωexc

power
law of the driving field amplitude [2,3], and the corresponding cross-sections (Fig. 1, center) obey the
anticipated σn ∝ ω−(n−1)

L law.
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Figure 1: Left and central graphs show the An ∝ Bnωexc
and σn ∝ ω−(n−1)

L dependencies of the multiphoton
process, respectively. The right graph shows the Fourier spectrum of a 157 Hz square-wave modulated B(t)

field measured by a self-oscillating magnetometer.
In order to avoid the multi-photon perturbations we deployed the ARFM in its self-oscillating

mode of operation [4]. We orient the magnetometer such that ~BMNP (t) has a large projection onto
~B0, which leads to a frequency modulation of the Larmor frequency. This translates into a transmitted
light intensity spectrum given by ωL ± nωexc . The bandwidth of self-oscillating magnetometers is
known to be limited only by the photodetection bandwidth. As anticipated, this mode of operation
allows an unperturbed detection of large number of harmonics as evidenced by our recording of a
square wave-modulated magnetic field (157 Hz) with a bandwidth exceeding 10 kHz.
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QED theory remains one of the most well-tested theories in physics to date. Both theorists and
experimentalists keep pushing the limits to which QED continues to accurately predict the electron
anomalous magnetic moment, the fine-structure constant α, and electronic energy levels in atoms and
ions. At the LaserLaB in Amsterdam we test QED by measuring (doubly) forbidden transitions in
helium. We are able to observe such weak transitions because we perform spectroscopy in ultracold
quantum degenerate metastable helium (T ≈ 1 µK) confined in an optical dipole trap. Apart from
the significantly reduced Doppler broadening in this system, the ultracold trapped gas can also be
very well characterized. This is essential for controlling the systematic effects typically limiting the
error budget in high-precision spectroscopy.

We have recently determined the ionization energy of the 2 1P1 state of 4He to 6.7 × 10−10

relative accuracy by directly measuring the forbidden 2 3S1 → 2 1P1 transition at 887 nm [1]. This
determination agrees with results obtained by a different group [2] but disagrees by over 3σ with the
most accurate QED calculations to date [3]. As the QED calculations agree with all other low-lying
electronic states in helium, these results indicate that there might be a particular issue with the
2 1P1 state. In addition to the determined ionization energy, the measured lineshape of the transition
provides the most accurate determination of the lifetime of the 2 1P1 state to date, which is in excellent
agreement with theory and other experiments.

Pushing towards even higher accuracy, measurements exceeding the accuracy of QED theory allow
extraction of the nuclear charge radius from the QED calculations. This has recently been used
in hydrogen and muonic hydrogen spectroscopy, where an over 7σ discrepancy was found in the
determined charge radius of the proton. This discrepancy is also known as the proton radius puzzle
[4]. Apart from ongoing work to perform similar measurements in muonic helium ions [5], our group
has previously measured the doubly forbidden 2 3S → 2 1S transition at 1557 nm (natural linewidth
2π × 8 Hz) to a few kHz precision in both 3He and 4He. The results were combined with QED
calculations to determine the 3He-4He nuclear charge radius difference with 1.1% accuracy [6]. A
similar recent determination based on the measurement of the 2 3S → 2 3P transition shows a
disagreement of 4σ with our result [7].

We are currently working on a new measurement of the 2 3S → 2 1S transition with sub-kHz
precision as this can shed more light on the 4σ discrepancy. Furthermore this will provide a more
accurate nuclear charge radius difference for comparison with the muonic helium ion measurements
of which the first results are expected soon. We have made several improvements on the previous
experiment. First the previously measured linewidth of the transition (∼ 100 kHz) is reduced by
improving the stability of the spectroscopy laser. Second the Zeeman shift is measured with better
precision than before or even eliminated using atoms in the MJ = 0 state. Third we implement a
magic wavelength optical dipole trap operating at 319.8 nm to significantly reduce the ac Stark shift
[8], and we are currently able to produce the required UV light at a CW power of 2 Watts which is
more than sufficient for our purposes.
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In highly charged ions (HCIs), the electronic wavefunction is much reduced in size. Subsequent ad-
vantages for precision spectroscopy are: higher sensitivity to electron-nucleus interactions and QED
terms in general, and an extremely suppressed sensitivity to external field perturbations. Further,
electric dipole forbidden optical transitions found near level crossings in HCIs are extremely sensi-
tive to possible drifts in the fine structure constant α [1]. Thus, cold, strongly localized HCIs are of
particular interest for bound-state QED studies (g-factor measurements), metrology (development of
novel optical clocks) and the search for α variation. We report on Coulomb crystallization of highly-
charged 40Ar13+ ions through sympathetic cooling with co-trapped, laser-cooled 9Be+ ions to final
translational temperatures of about 200 mK or less [2]. The Ar13+ ions are produced in, and ex-
tracted from an electron beam ion trap (EBIT). They are decelerated and precooled by means of two
serrated interlaced pulsed drift tubes before they are injected into the cryogenic Paul trap CryPTEx
[3]. Subsequently, they are forced to interact multiple times with a Coulomb crystal of laser-cooled
Be+ ions, thereby losing enough energy to end up implanted as dark structures of spherical shape in
the bright fluorescing Be+ crystal. The combination of an EBIT with a linear Paul trap operating at
~7 K facilitates not only the formation of mixed-species 3D Coulomb crystals, but also of 1D Coulomb
crystals down to a single HCI cooled by a single Be+ ion (Fig.1). This is a necessary step for future
quantum logic spectroscopy at a potential 10−19 level accuracy. Our preparation technique of cold
Ar13+ is readily applicable to a broad range of other highly charged elements and is thus a significant
step forward for precision spectroscopy of HCIs.

Figure 1: Left: A single Ar13+ ion sympathetically cooled by several Be+ ions. White scale bar
denotes 100 µm. Right: A single Ar13+ ion (position marked by cross) sympathetically cooled by a

single laser-cooled Be+ ion. White scale bar denotes 20 µm.
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We present the realization of radio-frequency-assisted Förster resonances in cold Rb Rydberg atoms
in a magneto-optical trap [1]. Förster resonances occur due to dipole-dipole interaction between
Rydberg atoms when the atoms are laser-excited to a level that lies midway between two other levels
of opposite parity. In the standard experiments, the resonant condition is realized by tuning the levels
by means of weak electric field.

In our experiments we excite cold Rb atoms to the initial 37P state. At dc electric field of 1.79
V/cm there is a single Förster resonance 37P+37P → 37S+38S and Rydberg atoms in the final state
37S are detected by means of selective field ionization technique. If we admix a radio-frequency electric
field to the dc field, it can induce additional Förster resonances. The rf photons compensate for the
energy defect of the Förster resonance and induce additional resonances, which correspond to the
induced absorption or emission of rf photons. If the rf amplitude is large enough, it can even induce
multiphoton transitions of high orders.

Not all levels can be used to realize Förster resonances by tuning dc electric field. An example
of such „inaccessible” Förster resonance is the 39P+39P → 39S+40S, for which the dc field alone
increases the energy detuning. However, our experience with the Förster resonance for the 37P state
suggests that the rf-field can induce transitions between collective states, so the Förster resonance
occurs irrespective of the possibility to tune it by the dc field alone. The dc field, however, should
be applied to increase its efficiency. We have obtained a Förster resonance at 39P+39P → 39S+40S
with rf-field at multiple frequencies. The position of the rf-assisted Förster resonance depends on the
rf-frequency, while its width and height depend on the number of atoms N.

These resonances correspond to single- and multiphoton rf-transitions between many-body col-
lective states of a Rydberg quasi-molecule or to intersections of the Floquet sidebands of Rydberg
levels appearing in the rf-field. We have shown that they can be induced both for the "accessible"
Förster resonances, which are tuned by the dc field, and for those which cannot be tuned and are
"inaccessible". The van der Waals interaction of almost arbitrary high Rydberg states can thus be
efficiently transformed to resonant dipole-dipole interaction using the rf-field with frequencies below 1
GHz. This strongly enhances the interaction strength and distance and can give rise to much stronger
dipole blockade effect, which is used in numerous applications of Rydberg atoms.

This work was supported by RFBR (Grant Nos. 13-02-00283 and 14-02-00680), the Russian
Academy of Sciences, and the Russian Quantum Center.
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Ultracold atomic gases are systems exhibiting various condensed matter phenomena. The ultracold
atoms are neutral, so under usual circumstance they do not exhibit important magnetic phenomena,
like the quantum Hall effect. Possible ways to create artificial magnetic field for ultracold atoms
include rotation of an atomic cloud, laser-assisted tunnelling, shaking of optical lattices [1]. Yet it is
difficult to reach considerable magnetic fluxes required for achieving the fractional Hall effect.

Here we theoretically analyse another way of creating a non-staggered magnetic flux for ultra-cold
atoms by using a periodic sequence of short laser pulses providing a multi-frequency perturbation. In
particular, we consider a possibility to create a square flux lattice for ultra-cold atom characterized
by two internal states. The energies of the two internal states have opposite gradients in one spatial
direction. Hamiltonian of such system reads,

H0 = p2

2mI + bxσz,

where b is coefficient of linear dependence of the spatial gradient and σz is the z-th Pauli matrix. The
driving consists of periodic in time pulses that couple the internal states and propagate in a direction
perpendicular to the energy gradient. Such pulses can be created using mult-frequency radiation:

V (t) = ~Ω|1〉〈2|
(

e−iky
∑
n

e−i2nγt + eiky
∑
n

e−i(2n+1)γt

)
+ H. c.

Here Ω is the coupling strength in frequency units, γ is the comb frequency and k is the wave-number.
The time-depent perturbation effectively creates a square optical lattice, described by the periodic
coupling Veff = σ · B, where B is a real three dimensional vector field and σ is a vector of Pauli
matrices. We show that this effective optical lattice produces a non-staggered magnetic flux [2],
described by a geometric vector potential, which contains Aharonov-Bohm type singularities. Finally
we explore topological properties of such a lattice.
References
[1] J. Dalibard et al. Rev. Mod. Phys. 83 1523–1543 (2011)
[2] G. Juzeliūnas, I. Spielman New J. Phys, 14, 123022 (2012)
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Dual-species BEC source: First step towards matter neutrality test with
atom interferometry

B. Décamps1, J. Alibert1, and A. Gauguet1

1LCAR UMR5589, Université Paul Sabatier, Toulouse
Presenting Author: decamps@univ.ups-tlse.fr

We are building a new atom interferometer[1] using Bose-Einstein Condensate for applications in
precision measurements. A first objective of the project is to create an atom interferometer based
on a new type of BEC source compatible with transportable applications. This source combines on
a chip[2], the magnetic trapping with microscopic wires and an optical dipole trap. It will also be
possible to condense the two isotopes of rubidium. Besides these technological developments, we plan
to apply this new atom interferometer to test the neutrality of atoms with a new method[3,4]. Since
the electrical neutrality of atoms is directly connected to elementary charges (electron and quark),
this measurement is of a great significance in fundamental theory of particles. The target sensitivity
of this experiment might improve the current laboratory limits by 3 orders of magnitude[5].
In this poster, I will present the technological choices implemented on this new experiment(Fig. 1).

Hybrid Atom Chip

Primary 

Interferometric region

2D MOT atomic source
Secondary 

Interferometric region

Feshbach Coils

Figure 1: Experimental setup featuring the dual species atomic source (2D MOT), the Hybrid Atom
chip allowing for fast evaporative cooling, the Feshbach Coils necessary for tunning the interactions in the
Rubidium 85 condensate and the interferometer regions where multi ~~k Bragg pulses will allows for large

spatial separations and long (∼ 15ms) interaction times.

References
[1] G.M. Tino, M.A. Kasevich, Atom Interferometry (IOS Press, 2014)
[2] J. Reichel and V. Vuletic, Atom Chips (Wiley, 2011)
[3] J. Vigué et al., Lecture note in Physics, vol. 570,p. 554-563 (2001).
[4] M. Kasevich et al., Phys. Rev. Lett., 100, 120407 (2008).
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Hybrid dynamics of an optical field and a Bose-Einstein condensation
G. Dong1

1State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai, China
Presenting Author: gj.dong@qq.com

Optical fields have played a critical role in manipulating ultracold atomic or molecular gases for
precision measurement and quantum emulation. However, in most of these researches, the local field
effect (or the feedback effect) of ultracold gases on the optical field propagation has been ignored.
However, our recent research [1,2,3] shows that including the feedback effect, the optical field propa-
gation and matter wave dynamics cannot be separated, i.e., we enter a regime that hybrid dynamics
of the optical field and the matter wave is dominant. Using our theory, we have successfully explained
asymmetric matter wave diffraction observed by Li et al. [4], and predicted polaritonic solitons in
a soft optical lattice. Most recently, we further have proposed magnetic local field effect [3] which
deals with the hybrid dynamics of a spinor gas and a microwave field, and predicted the generation
of monopole-like subwavelength microwave soliton and matter wave soliton which could be useful
for realizing atomic laser. Our theory of hybrid optical wave and matter wave could be further ex-
tended to study precision measurement, to study polariton in far-off resonant regime and to study the
subwavelength phenomena.
References
[1] Jiang Zhu, Guangjiong Dong, Mikhail N. Shneider, and Weiping Zhang, Phys. Rev. Lett. 106,
210403 (2011)
[2] Guangjiong Dong, Jiang Zhu, Weiping Zhang, and Boris A. Malomed, Phys. Rev. Lett. 110,
250401 (2013)
[3] Jieli Qin, Guangjiong Dong, Boris A. Malomed, http://arxiv.org/abs/1503.03101
[4] K. Li et al., Phys. Rev. Lett. 101, 250401 (2008)
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Borromean three-body FRET in frozen Rydberg gases
R. Faoro1,2, B. Pelle1, A. Zuliani1, P. Cheinet1, E. Arimondo2,3, and P. Pillet1

1Laboratoire Aimé Cotton, CNRS, Univ. Paris-Sud, ENS Cachan, Bât. 505, 91405 Orsay, France
2Università di Pisa, Largo Pontecorvo 3, I-56127 Pisa, Italy

3INO-CNR, Via G. Moruzzi 1, 56124 Pisa, Italy
Presenting Author: riccardo.faoro@u-psud.fr

Cold Rydberg atoms are a promising tool for studying few-body and many-body interaction be-
cause of their strong and long-range dipole-dipole interactions. Applying an external electric field, it
is possible to induce a huge dipole moment and then tune dipole-dipole interactions. A well known ex-
ample are Förster resonances [1] that consists in a transfer of energy between two different two-atoms
states analogous to FRET in biology [2].

We have observed 3-body Stark-tuned resonances in a cold Cs Rydberg gas for different principle
quantum number n. The two processes that we have studied can be described by the following
equations:

3× np↔ (n+ 1)s+ ns+ np′ (1)

3× np′ ↔ (n+ 1)s+ ns+ np (2)

where np and np′ differ respectively for mJ = 1/2 and mJ = 3/2. These new three-body FRET
resonances are a general process that can be observed for all kind of atoms that present a two-body
FRET resonance and with a total angular momentum J > 1/2.

They are by themselves the first observation of a Borromean interaction in Rydberg atoms [3].
Moreover a possible generalization to many-body Brunian interaction [4] could open the way to a new
investigation on the transition from few to many body physics.

Three-body FRET resonances could find several application in quantum optics and quantum com-
puting: they can be used to design a three-body Fredkin gate or for the realization of a 3-body
entangled state. They could also provide an effective Quantum Non Demolition measure of entangle-
ment between 2 atoms measuring the 3rd.
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Figure 1: Averaged transfer ratio from the initial np state (a) or np′ state (b) to ns + ns′ states for
n = 35 at different τdelay versus the electric field. The peaks labelled with (I) and (I’) correspond to 3-body
resonances described respectively by eq. (1) and eq. (2). The other two peaks (II) and (II’) correspond to

the well known to 2-body process respectively for np and np′.
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Interferometric laser cooling of atomic rubidium
A. Dunning1, R. Gregory2, J. Bateman2, M. Himsworth2, and T. Freegarde2

1UCLA Department of Physics & Astronomy, 475 Portola Plaza, Los Angeles, CA 90095, U.S.A.
2School of Physics & Astronomy, University of Southampton, Highfield, Southampton, SO17 1BJ, U.K.

Presenting Author: tim.freegarde@soton.ac.uk

We report the 1-D cooling of 85Rb atoms using a velocity-dependent optical force based upon
Ramsey matter-wave interferometry. The velocity-dependent interferometer phase, which stems from
the change in kinetic energy when a photon is absorbed, is that which in a differential configuration is
the basis for a range of atom interferometric accelerometers and gyroscopes [1, 2]. Here, as proposed by
Weitz and Hänsch [3], it provides a cooling effect within the atomic sample. In this first demonstration,
we omit the intervening compensation pulses of the original proposal.

Figure 1: Raman velocimetry measurements after N interferometric cooling cycles. Each point is the
average of 16 fluorescence measurements at probe detuning δ(probe)

L , and the lines for N = 0, 4, 8 and 12
cycles are numerical simulations for temperatures of 21 µK, 10 µK, 4.8 µK and 3.2 µK respectively. The

same 250 µK background is present in each case.

Using stimulated Raman transitions between ground hyperfine states, detuned by ∼10 GHz from
the 780 nm single-photon resonance, each cooling cycle comprises a pair of π/2 ‘beamsplitter’ pulses
separated by around 600 ns. The velocity distribution is then probed by weak Raman pulses of longer
duration, whose Raman detuning δ(probe)

L is scanned across the Doppler-sensitive hyperfine resonance.
As shown in Figure 1, 12 cycles of the interferometer sequence cool a freely-moving atom cloud, initially
prepared in a conventional magneto-optical trap, from 21 µK to 3 µK [4]. The accompanying shifts
of the velocity distributions in this first configuration could be eliminated by switching the directions
of the counter-propagating Raman beams after each cycle.

This pulsed analogue of continuous-wave Doppler cooling is effective at temperatures down to the
recoil limit; with augmentation pulses to increase the interferometer area [3, 5, 6] and using composite
pulse error-correction [7], it should cool more quickly than conventional methods, and suit species that
lack a closed radiative transition. By interleaving the beamsplitter and augmentation pulses, more
complex manipulations are conceivable, resembling the operations of a momentum-state quantum
computer [8].
References
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[2] T. L. Gustavson, P. Bouyer, M. A. Kasevich, Phys. Rev. Lett. 78, 2046 (1997)
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[4] A. Dunning et al., http://arxiv.org/abs/1408.6877, submitted for publication (2014)
[5] J. S. Bakis et al., Phys. Rev. A 53, 285 (1996)
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[7] A. Dunning et al., Phys. Rev. A 90, 033608 (2014)
[8] T. Freegarde, D. Segal, Phys. Rev. Lett. 91, 037904 (2003)
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Progress towards the realization of a quantum degenerate dipolar gas of
dysprosium atoms

L. Del Bino1,2, J. Catani1,2, A. Fioretti3, C. Gabbanini3, S. Gozzini3, M. Inguscio2,4, G. Modugno1,2, and
E. Lucioni1,2

1Istituto Nazionale di Ottica (INO) del CNR, UOS Sesto Fiorentino, 50019 Sesto Fiorentino, Italy
2LENS and Dip. di Fisica e Astronomia, Università di Firenze, 50019 Sesto Fiorentino, Italy

3Istituto Nazionale di Ottica (INO) del CNR, UOS Pisa, via Moruzzi 1, 56124, Pisa, Italy
4INRIM, 10135 Torino, Italy

Presenting Author: carlo.gabbanini@ino.it

Long-range interactions, such as Coulomb interaction between electrons and dipolar interaction
between magnetic spins, govern the behavior of many physical systems. A controlled experimental
environment to study quantum effects of long-range interactions is therefore of general interest. Quan-
tum gases with strong magnetic dipolar interactions offer the possibility to study paradigm systems
that can lead to better understand some physical mechanisms of real matter and possibly to engineer
new materials. Moreover, the ability to hold them in the ordered environment provided by an optical
lattice opens the way to studies of strongly-correlated systems in different dimensionalities.

We plan to realize a quantum gas of dysprosium atoms to perform quantum simulations of strongly-
correlated dipolar systems. Contrary to alkali atoms, usually employed in cold atoms experiments,
dysprosium has the largest magnetic dipole moment, 10 Bohr magnetons, among all elements. For this
reason, besides interacting via van der Waals interaction, which has substantially a contact nature, Dy
atoms also interact via dipole-dipole magnetic interaction, which is both long-range and anisotropic.
The combination of these two ingredients leads to the appearance of peculiar quantum phenomena so
far only barely explored [1]. Moreover, Dy isotopes, with both fermionic and bosonic nature, can be
brought to quantum degeneracy [2,3], allowing statistics-dependent studies.

The actual state of the experiment at INO will be described. An effusive beam of dysprosium
atoms has been slowed by a laser beam on the stronger blue resonance at 421 nm in a Zeeman slower.
The weaker resonance line at 626 nm will be used to implement a magneto-optical trap. Using laser
cooling on that narrow line transition, the trapped Dy atoms will be at a temperature low enough to
be efficiently loaded into a dipole trap and successively evaporated to degeneracy.
References
[1] C. Trefzger, C. Menotti, B. Capogrosso-Sansone, and M Lewenstein, J. Phys. B: At. Mol. Opt.
Phys. 44, 193001 (2011)
[2] Mingwu Lu, Nathaniel Q. Burdick, Seo Ho Youn, and Benjamin L. Lev, Phys. Rev. Lett. 107,
190401 (2011)
[3] Mingwu Lu, Nathaniel Q. Burdick, and Benjamin L. Lev, Phys. Rev. Lett. 108, 215301 (2012)
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Coherent light scattering from a disordered ensemble of cold atoms
A. S. Kuraptsev5, I. M. Sokolov1,2

5Intsitute of Physics, Nanotechnology and Telecommunications, Saint-Petersburg State Polytechnical
University, Saint-Petersburg, Russia

1Institute for Analytical Instrumentation, Saint-Petersburg, Russia
Presenting Author: aleksej-kurapcev@yandex.ru

Improvements in techniques for cooling atoms in atomic traps [1] make their use very promising
for practical applications in various areas of fundamental science and technology such as metrology,
the development of frequency standards, and quantum information problems [2–3]. The vast majority
of these applications presuppose usage of optical detection methods which are based on analysis of
radiation scattered from an atomic ensemble. Among these methods ones based on measurements of
coherent reflection have a range of advantages.

Coherent light reflection from an ensemble of cold atoms is possible only if the atomic density
is sufficiently big so that nλ3 ∼ 1 (n is the atomic density and λ is the resonant wavelength). In
this case atoms can not be considered as independent scatters of electromagnetic waves. Interatomic
dipole-dipole interaction significantly influences on the optical characteristics of a medium.

For theoretical description of light scattering from dense and cold atomic ensemble we use the
consequent quantum microscopic approach [4] in which the amplitude of scattered light is calculated
as sum of individual contributions from all the atoms. This approach is based on solution of non-
stationary Schrodinger equation for the wave function ψ of the joint system consisting of atoms and
electromagnetic field. The Hamiltonian of the system H can be presented as the sum of the Hamilto-
nians H0 of the free atoms and the free field, and the operator V of their interaction. We use dipole
approximation and seek the wave function ψ as an expansion in a set of eigenstates of H0.

Figure 1: Angle distribution of the scattered light power P (θsc). 1, 3 s- polarization; 2, 4 p- polarization;
1, 2 total; 3, 4 coherent component

Probe radiation is assumed to be weak coherent plane wave so that we can approximate its state
as a superposition of vacuum and a small admixture of one-photon state. It allows us to restrict the
total number of states of the joint system taken into account by the set of states with no more than
one photon, see [4] for detail. This set consists of a infinite number of states but we can pick out the
finite system of equations for the one-fold atomic excited states. Other states can be calculated via
one-fold atomic excited states. Thus, we obtain the wave function ψ which allows us to calculate any
characteristics of the scattered light and atomic ensemble.

The approach employed here allows us to consider atomic ensembles with different shapes and with
arbitrary atomic spatial distributions. In the present work we focus our attention on the coherent
reflection. For this purpose we consider model plane layer with uniform distribution of atomic density.
We analyze main regularities of the reflection, particularly angular distribution of reflected light,
the ratio between coherent and incoherent components of scattered light, the depth of subsurface
layer responsible for the coherent reflection, and the reflectivity for different angles of incidence and
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polarizations. Our analysis reveals a discrepancy between microscopic calculations and the Fresnel
equations. In our opinion, it can be explained by the fact that for resonant light the mean free path of
photon is comparable with the average interatomic distance. As example of our calculation in Fig. 1
we show angular distribution of light reflected from a plane surface of ensemble. Probe light is exactly
resonant to the transition of a free atom, the angle of incidence θ0 = 17.5◦. The maximum of all the
curves in Fig. 1 corresponds to the classical reflection angle as predicted by classical theory.
References
[1] H. G. Metcalf, P. van der Straten Laser Cooling and Trapping (Springer, New York, 1999)
[2] B. J. Bloom et al. Nature 506 71–75 (2014)
[3] D. Bouwmeester et al. The Physics of Quantum Information (Springer-Verlag, Berlin, 2001)
[4] I. M. Sokolov, D. V. Kupriyanov, M. D. Havey J. Exp. Theor. Phys. 112 246 (2011)
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Proposal for laser-cooling of rare-earth ions
M. Lepers1, O. Dulieu1, and J.-F. Wyart1,2
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Ultracold gases of rare-earth neutral atoms are nowadays very promising in the context of dipolar
scattering, many-body physics or metrology. In spite of their complex electronic structure, laser-
cooling of rare-earth atoms turns out to be remarkably simple. In the pioneering experiment on
erbium [1], McClelland and coworkers observed a strong cascade mechanism toward the ground state,
which even made repumping unnecessary. That work inspired various studies which led e.g. to the
Bose-Einstein condensation of dysprosium [2] and erbium [3].

Laser-cooling of trapped ions, which is today routinely achieved [4], has allowed for setting up
extremely accurate clocks, and for observing chemical reactions in the ultracold regime [5]. However
ion laser-cooling is limited to species with a closed electronic core and a single valence electron.
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Figure 1: Energy diagram of Er+. The inset shows the three odd-parity excited states E1, E2 and E3
with J = 15/2 which are the most suitable for laser-cooling.

In this work we address the feasibility of laser-cooling of open-4f -shell rare-earth ions, taking the
example of Er+, whose spectrum was interpreted in great details [6]. To that end, using a semi-
empirical approach based on the Cowan codes [7], we compute transition dipole moments between
the ground state “G” and excited states suitable for cooling (“E1,2,3”), but also with all states which
represent possible leaks from the cooling cycle (see “L” on Fig. 1). By solving rate equations based on
our computed Einstein coefficients, we demonstrate that laser-cooling of Er+ does require repumping,
and we identify a possible repumping scheme from the atomic state “L”. We also observe a cascade
dynamics, within a fraction of second, to the ground and first-excited states. This dynamics is found
insensitive to the inclusion of electric-quadrupole and magnetic-dipole transitions in our model. Our
results suggest that laser-cooling of Er+ is feasible, with two repumping lasers, and within a time scale
which is compatible with the stability of ion traps.
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Towards a BEC in a time-averaged
adiabatic potential ring waveguide

H. Mas1, S. Pandey1, V. Bolpasi1, K. Poulios1, and W. von Klitzing1

1Institute of Electronic Structure and Laser, Foundation for Research and Technology-Hellas, P.O. Box
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Presenting Author: hector.mas@iesl.forth.gr

Guided matter-wave experiments have become a testbed for fundamental quantum physics while
at the same time pushing the limits of interferometry through development of new quantum sensors for
precision measurements. For instance, confinement and coherent control of a Bose-Einstein condensate
(BEC) in a ring-shaped potential would pave the way to what will probably be the most sensitive
Sagnac-type interferometer to date.

A favorable route towards this goal are time-averaged adiabatic potentials (TAAP) [1], which allow
flexible and smooth shaping of the potential, including a ring, and promise coherent manipulation of
BEC.

Here we introduce a simple scheme for loading a sample of cold atoms onto the ring and present
preliminary results on the RF dressing required for the TAAP.

Figure 1: Exact calculation of the normalized coupling strength of a linear RF dressing field in the vertical
direction of a quadrupole trap.

References
[1] I. Lesanovsky, W. von Klitzing Phys. Rev. Lett. 99, 083001 (2007)

74

mailto:hector.mas@iesl.forth.gr


Book of Abstracts — EGAS–47th conference of the European Group of Atomic Systems P–11

Dense and cold atomic beam delivered by a 2DMOT repumped and
channelled by a Laguerre-Gaussian laser beam

J. Ruaudel1, C. Cabrera-Gutiérrez1, M. Jacquey1, B. Viaris de Lesegno1, and L. Pruvost1
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Nowadays, 2DMOTs are atomic sources currently used for trap loading, 3DMOTs for example.
Indeed, they deliver slow and cold atom beams: typically for rubidium, the transverse temperature
is 0.4 mK and the longitudinal velocity in the 10-50 m/s range. Nevertheless, the divergence of
the output beam being about 40 mrad leads to a rapid decrease of the atomic density as the beam
propagates. It is the reason why the 3DMOTs are installed close to the 2DMOT exit and require
cooling-laser beams with a large diameter and a large power. The divergence can be reduced with an
additional far-blue-detuned Laguerre-Gaussian (LG) mode set on the 2DMOT axis, which operates
as a 2D-dipole trap on exiting atoms [1].

In the present version the LG mode, frequency-locked to the 87Rb 5s1/2 F=1 → 5p3/2 F’=2
transition, is set along the main axis of a vapor-cell 2D-magneto-optical trap (2DMOT) and, realizes
both functions, namely repumping atoms inside the 2DMOT and channelling atoms exiting the cell.
It avoids any other repumping light. The output atomic beam properties (flux, density) depend on
the LG power (enough to repump and to channel) and order (large enough for minimize atom losses
due to residual heating), as shown in the figure. We show that with about 50-100 mW the density
gain exceeds 100. As preliminary result we will present a LG2DMOT-loaded 3DMOT realized with
millimeter-sized cooling laser beams.
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Figure 1: Density gain of the LG2DMOT observed at 300 mm, versus the LG power, for
orders equal to 4, 6 and 8.
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Spinor quantum gases with narrow-line control
M. Robert-de-Saint-Vincent1, E. Maréchal1, L. Vernac1, O. Gorceix1, and B. Laburthe-Tolra1
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Degenerate atomic gases provide a new realization of magnetic systems, which permit to revisit
questions encountered in condensed matter, while providing access to a new range of physical situa-
tions. Alkali-earth species combine the attractive properties of large-spin fermionic isotopes, and of
narrow spectroscopic lines commonly used in the context of metrology. Our project aims at taking
full advantage of the spectroscopic properties of Strontium 87 to study the many-body physics of a
10-component spinor fermionic gas in lattice geometry [1]. The 7 kHz wide 1S0 →3 P1 transition
will be used for site- and spin-selective state transfer and detection. The mHz wide "clock" transition
1S0 →3 P0 offers prospects for the optical control of interactions and for the preparation of metastable
magnetic impurities [2]. The optical frequency reference from the optical clocks at Observatoire de
Paris, disseminated to Laboratoire de Physique des Lasers through a fiberized link [3], will permit to
assess the frequency stability of the laser sources involved in narrow-line control of this many-body
system.
References
[1] A. Gorshkov et al. Nature Physics 6, 289-295 (2010)
[2] M. Foss-Feig, M. Hermele, and A. M. Rey, Physical Review A 81, 051603(R) (2010)
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Rotational State Cooling of Trapped Polyatomic Molecules
M. Zeppenfeld1, R. Glöckner1, A. Prehn1, M. Ibrügger1, and G. Rempe1
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Due to their rich internal structure and long-range dipole-dipole interactions, polar molecules
cooled to cold and ultracold temperatures promise fascinating applications ranging from cold chemistry
to quantum information processing. In addition to cooling of the motional degrees of freedom, a key
prerequisite for such applications is to gain and maintain control over the internal molecular states.

In this contribution, we present rotational state cooling of methyl fluoride (CH3F) molecules. By
exploiting a vibrational spontaneous decay, molecules in 16 M -sublevels of four rotational states are
optically pumped into a single M-sublevel. Combined with motional Sisyphus cooling [1,2], this results
in a cold (30mK) ensemble of trapped CH3F molecules with more than 70% of all molecules populating
a single rotational state. We expect our method to be applicable to a wide variety of molecule species,
thus opening a route for quantum controlled experiments with polyatomic molecules.
References
[1] M. Zeppenfeld et al. Phys. Rev. A 80 041401 (2009)
[2] M. Zeppenfeld et al. Nature 491 570–573 (2012)
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Atom chip based guided atom interferometer for rotation sensing
W. Yan1, S. Bade1, M.-A. Buchet1, A. Landragin1, and C. L. Garrido Alzar1

1SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ.
Paris 06, LNE, 61, avenue de l’Observatoire, 75014 Paris, France
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In this work, the physical aspects as well as the experimental progress towards the realization
of a rotation sensor using cold atoms magnetically guided on an atom chip are presented. The
design and derivation of the magnetic guiding potential, the expected sensitivity, and the study of a
highly efficient matter-wave beam splitter are in detail analyzed. This device is designed taking into
account the stringent requirements of inertial navigation. Besides the usual constraints imposed on the
physical dimensions and power consumption for the aforementioned application, we also investigate
here the on-chip incorporation of keys elements needed in the realization of a cold atom interferometer.
In particular, we discuss different strategies to overcome the fundamental limitations of guided [1]
and free falling atom interferometer inertial sensors [2]: wire roughness induced decoherence, cloud
fragmentation, interrogation time and quantum projection noise.

The working principle of this inertial sensor is based on a magnetic polarized cloud of cold 87Rb
atoms coherently split by a π/2 pulse that creates a superposition of two opposite wave-packet prop-
agation modes. Both wave-packets will be constrained to propagate along a circular guide of a few
millimeters diameter. At the output of the guide, the application of a second π/2 pulse produces an
interference signal sensitive to rotation via the Sagnac effect, measured as an atom number imbal-
ance. In Fig. 1 we show the expected sensitivity of the designed device for an interrogation time of
1s and different launching velocities. For a typical launching velocity obtained via a Bragg process
(v/vrecoil = 2), the required guide radius is 500µm and the reached sensitivity, when using ∼106, is
3×10−8 rad.s−1/

√
Hz or equivalently 6×10−3 deg/hr/

√
Hz). Such a sensitivity is already close to the

navigation grade bias stability requirement for a gyroscope which is on the order of 10−4 deg/hr.

Figure 1: Expected sensitivity at the projection noise limit for 104 (blue) and 106 (red) atoms.
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Description of the evolution of Rydberg systems and interaction of light
with multi-level atoms using Floquet technique

D. K. Efimov1, N. N. Bezuglov1, and G. Juzeliūnas2

1St. Petersburg State University, St.Petersburg, Russia
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The Floquet theory treats the first order linear differential equations systems having time-dependent
periodic coefficients. The Floquet’ main theorem outlines a canonical form for special fundamental
solutions of a specific linear system. It is a temporal analogue of the Bloch’s theorem which describes
solutions features for spatially periodic systems. The Floquet theorem indicates a canonical way to
construct solutions for the evolution of a particle in time-periodic potentials induced, for instance,
with monochromatic external electrical fields.

The essence of the Floquet technique is as follows. We extend the phase space for classical problems,
or the Hilbert space in the quantum case by introducing the new “phase” variable θ. Rewritten
in the new extended spaces, the Hamiltonian equation, or Schroedinger’s equation, becomes time-
independent, resulting in essential simplification of its solutions.

We consider two examples in the field of atomic physics, where the application of the technique
turns out to be constructive. The first one deals with the classical treatment of a hydrogen Rydberg
atom evolution under the influence of a monochromatic microwave field with the frequency ω [1]. The
electron’s motion under the Floquet representation is described in (2·3+2)-dimensional space with two
additional canonical “action-angle” types variables I, θ. The Floquet Hamiltonian imposes a trivial
solution θ = ωt for the angular variable. Correspondingly, there is one more non-trivial Hamiltonian
equation for I. Such an trick allows one to provide analysis of the time-dependent problem with the
use of methods which are valid only in steady-state cases.

The second example considers interaction of multilevel atoms with a set of n laser fields having
different frequencies. Here a standard application of the RWA is impossible, so one needs to use
a smarter technique [2]. We have constructed a new Hilbert space with extra n dimensions. The
modified Schroedinger’s equation in the new extended space becomes time-independent, a fact that
allows one to use conventional approximations valid only for time-independent problems.
References
[1] D. K. Efimov, N. N. Bezuglov, A. N. Klyucharev, Yu. N. Gnegin, K. Miculis, A. Ekers, Opt. and
Spectr. 117-1, 8 (2014)
[2] S. Guerin and H. R. Jauslin, Adv. Chem. Phys. 125, 147 (2003)
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Generation of Schrödinger cat states in a NMR quadrupolar system
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One of the most intriguing theoretical concepts between classical and quantum mechanics is the
Schrödinger cat state [1,2], which plays a distinguished role in quantum computation as a resource for
universal computation and a good control for quantum systems. Therefore, a challenging task is the
development of efficient strategies for achieving an experimental implementation of a Cat state. On
this behalf, experimental demonstrations of the efficiency of quantum protocols using trapped ions [3],
and also a pair of photons [4], allowed the recognition of their quantum advantages. Thus, the effort of
extending those systems for more qubits became a major issue for many experimentalists. Later, this
kind of state was implemented using six-atoms in a cavity at ultra cold temperatures [5], also, in the
light scenario, in which up to several dozens of photons were used [6,7], and also in superconducting
devices with the number equivalence of five photons [8].

The main strategy in those implementations was exploring the atom-field interaction [6,7] (except
in [8]), but that is not the only possible strategy. In the context of atomic physics there is a theoretical
proposal which explores the atom-atom interaction [9]. This strategy was developed using the total
angular momentum description Ĵ =

(
Ĵx, Ĵy, Ĵz

)
, the SU(2) algebra and the appropriate coupling

strength between particles of a two mode Bose-Einstein Condensate. From the point of view of
algebraic structures, the spin angular momentum description, Î =

(
Îx, Îy, Îz

)
, belongs and obeys the

SU(2) algebra, and this special characteristic allows us to transfer the knowledge developed for a many
body system into a spin system [10]. In this work, we will show how a nuclear spin system, I = 7/2,
achieves an analogous behaviour of a few ultra-cold atoms particles, N = 7, in a trap to generate a
Schrödinger cat state.
References
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effects, Progress in Optics XXXIV (ed. E. Wolf) 1–158 (Elsevier, Netherland - 1995).
[2] G. S. Agarwal, Quantum Optics (Cambridge, USA - 2013).
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[4] D. Bouwmeester et al., Experimental quantum teleportation, Nature 390, 575–579 (1997).
[5] D. Leibfried et al., Creation of a six-atom Schrödinger cat state, Nature 438, 639–642 (2005).
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decoherence, Nature 455, 510–514 (2008).
[7] B. Vlastakis et al., Deterministically encoding quantum information using 100-photon
Schrödinger cat states, Science 342, 607–610 (2013).
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Letters 459, 546–549 (2009).
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Pair creation and annihilation with atoms and channeling nuclei
N. A. Belov1, Z. Harman1
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We theoretically investigate different processes connected with pair production and annihilation
in atoms and highly charged ions. These fundamental features include nuclear excitation by resonant
positron annihilation (NERPA) and the electron-positron pair creation in heavy ion channeling.

In the annihilation of a positron with a bound atomic electron, the virtual photon created may
excite the atomic nucleus. We put forward this effect as a spectroscopic tool for an energy-selective
excitation of nuclear transitions [1]. This scheme can efficiently populate nuclear levels of arbitrary
multipolarities in the MeV regime, including giant resonances and monopole transitions. NERPA
constitutes a way to excite nuclei which is alternative to photo- and Coulomb excitation. It has
an attractive combination of advantages of both methods: the resonant character of the excitation
and a significant cross section regardless of the multipolarity. Furthermore, in certain cases, it has
higher cross sections than the conventionally used Coulomb excitation and it can even occur with high
probability when the latter is energetically forbidden. The resonant character of nuclear excitation
by positron annihilation opens a way to investigate the structure of broad nuclear resonances. For
instance, it allows to efficiently excite certain energy regions of a Giant Resonance (GR) in heavy
nuclei. For certain GR, our predicted NERPA resonance strengths are 8 orders of magnitude higher
than the largest NERPA resonance strengths investigated so far.

Figure 1: Lowest-order Feynman diagram for NERPA followed by γ-emission.

The time-reversed process, i.e. bound-free electron-positron pair production is a channel of
monochromatic positron creation in nucleus-nucleus collisions. We suggest an alternative way to in-
vestigate this phenomenon by channeling of accelerated ions through a crystal. This scheme increases
the pair production rate coherently and thus enhances the investigation of nuclear pair conversion
[2]. It also allows to depopulate nuclei in metastable states, and convert the nuclear energy stored to
electron-positron pairs. Pair creation by channeling ions can be also regarded as an extension of reso-
nant coherent excitation of highly charged ions to higher frequencies and higher ion velocities, which
has been investigated at the GSI before [3]. This novel channel of pair creation can be examined at
the upcoming FAIR facility (see e.g. [3] and references therein) in the near future.

Figure 2: Schematic view of electron-positron pair creation in heavy ion channeling.
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Analysis of the spatial dependence of laser-induced fluorescence for alkali
metal vapours in an intense laser beam

M. Auzinsh1, A. Berzins1, R. Ferber1, F. Gahbauer1, and U. Kalnins1

1Laser Centre, University of Latvia, Riga
Presenting Author: andris.berzins@lu.lv

Magneto-optical resonances in alkali vapours have been studied for a long time [1], but a long-
standing problem has been the difficulty in describing the resonance shapes in detail when high laser
powers are used. In this study we tried a new approach to solving this problem theoretically, and the
theoretical calculations were confirmed by experimental results.

The study consisted of two parts: - first, we described magneto-optical signals in alkali vapour
obtained with a single laser. For this part we used an advanced theoretical model, which was an
improved version of a model that had worked well for low laser powers [2] and had been used already
to describe magneto-optical effects gas cells that were only a few hundred nanometers thick [3]. In this
case, the shapes of magneto-optical resonances were determined by collisions with the cell walls and not
by the fly-trough relaxation, which is one of the most important factors that influence resonance shape
in ordinary cells. The additional feature that was added to the model described in [2] was dividing
the Gaussian profile of the laser beam into multiple regions and performing calculations for each of
them, taking into account the actual intensity in that region. Stationary solutions were obtained for
each region, but the regions were coupled by the exchange of atoms between them. Measurements
were done on the 87Rb D1 line.

For the second part, we described the population distribution and spatial intensity distribution by
scanning a spatially narrow, weak probe laser through a spatially broad, intense pump laser. In this
way, we could measure directly processes that took place at different parts of a Gaussian laser beam at
larger laser power densities. In Fig. 1 one can see 3D plots of the experimentally measured fluorescence
intensity (a) and the results of theoretical calculations (b) for the Cs D1 line. The intensity profiles
agree qualitatively.

We gratefully acknowledge support from Latvian National Research Programme (VPP) project
IMIS2.
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Figure 1: 3D plots of magneto-optical resonances: experimental measurements (a) and theoretical calcu-
lation (b) for Cs D1 line transition Fg=3 to Fe=4 for the probe beam and Fg=4 to Fe=4 for the pump

beam
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Designed of a pulsed negative ions source
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The Middleton sputter source is the most versatile source for production of beams of atomic
negative ions [1]. In this source Cs+ ions are created and accelerated towards a cathode holding a
sample containing the element to be produced. Atoms and small molecules are sputtered from the
sample with a substantial fraction being in the negative charge states. Cathodes of refractory metals
last for many hours producing stable negative ion beams. Non-conducting elements or metals with
low melting points are more difficult to produce. The lifetime of some cathodes are only a few hours,
and the reproducibility of the cathodes are low. This hampers experimental investigations of such
elements. However, in many experiments the negative ions are investigated with pulsed laser where
only a small fraction of the duty cycle is used. We have therefore investigated the possibility to pulse
the ion source in order to extend the lifetime of the cathode.

We have designed a system where we are able to pulse the ions source in order synchronize it with
a 10 Hz, 6 ns Nd:YAG laser. This was achieved by pulsing the high voltage between the ionizer,
where the Cs+ are produced, and the cathode. We choose to produce 500 µs long ion pulses.

Figure 1 (red rectangles) shows the number of neutral atoms produce from the beam of negative
ions. We observe an increased in the ion production over the first 150 µs, where after the production
is essentially constant. A laser pulse was intersecting the ion beam at t = 170 µs. The resulting
photodetachment signal is shown as the blue rectangle. This data clearly shows that we can produce
a pulsed ion beam which can be synchronized with the laser pulse.

As a final test, two identical aluminum cathodes were operated for 24 hours. One was continuously
operated whereas the other was run in pulsed mode with a 1% duty cycle. A deep hole was created
in the cathode run in the continuous mode, whereas the cathode operated in the pulsed mode looked
essentially unused. This was confirmed by their measured mass losses of ∆m1 = (9.0± 0.2) mg,
∆m2 = (0.2± 0.2) mg, respectively. This means that a single cathode operated in pulsed mode will
last for many hundreds of hours of operation.

Figure 1: Collisional detached negative ions (red), and photodetached negative ions (blue).
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Nonlinear Magneto-Optical Rotation in Rubidium Vapor Excited to 62P1/2
State
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Most commonly nonlinear magneto-optical rotation (NMOR) has been extensively studied at
strong D1 or D2 lines. In such systems, a good agreement between theoretical predictions and ex-
perimental observations has been demonstrated [1]. The wide range of successful applications of the
method results in a demand for its extension to different optical transitions.

We present research of NMOR under different physical conditions, i.e., we explore the effect in
rubidium atoms excited to higher-energy states (the 62P1/2 state). This results in more complex
repopulation of the ground-state levels. In addition to the direct repopulation of the ground state
hyperfine levels, these levels may be repopulated via several intermediate states (62S1/2, 42D3/2,
52P1/2 and 52P3/2) (Fig. 1)

52S1/2

62S1/2

62P3/262P1/2

52P3/2

42D5/2

42D3/2

ΓR

52P1/2

42
1.

6 
nm

Figure 1: Relevant energy levels and transitins of Rb atom excited by resonant radiation at 421.6 nm.

A specific goal of this research is a comparison of the experimental results of the, so-called, blue
NMOR, where excitation and probing at the 52S1/2 → 62P1/2 absorption line is performed using 421
nm light, with the results of theoretical calculations performed based on the model developed in Ref.
[2]. In the theoretical model, NMOR is described as a three-stage process, consisting of pumping,
evolution and probing of quantum states of atoms, constituting a medium interacting with light.

It is verified that the real (complex but closed) system can be adequately described with a single
relaxation parameter responsible for ground-state repopulation as it was assumed in the model.

The authors would like to thank Simon Rochester for his role in the development of the theoretical
model of NMOR. LB and MA acknowledge support from ERAF project
Nr. 2010/0242/2DP/2.1.1.1.0/10/APIA/VIAA/036, NATO Science for Peace and Security Pro-
gramme project SfP983932, and the Latvian Council of Science project 119/2012. SP acknowledges
support from the Polish Ministry of Science and Higher Education within the grant Iuventus Plus.
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Laser-gamma-nuclear spectroscopy of multicharged ions: “Shake-up” and
co-operative excitation effects, New data
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We study the class of problems which have been arisen and connected with modelling the coop-
erative laser-electron-nuclear phenomena such as the electron shell shake-up and NEET or NEEC
(nuclear excitation by electron transition or capture) effects in heavy neutral atomic/nuclear systems
[1-3]. Though the shake-up effects in the neutral atoms (molecules) are quite weak (because of the
weak coupling of the electron and nuclear degrees of freedom), the possibilities of their realization
significantly differ in a case of the multicharged ions and neutral atoms correspondingly.

We develop an advanced relativistic approach to calculation of the probabilities of the different
co-operative laser electron-gamma-nuclear processes in the multicharged ions (characteristics of the
electron satellites in gamma-spectra of nuclei of the multicharged ions and the resonant NEET (NEEC)
effects in heavy nuclei of multicharged ion). The theory is based on the relativistic energy approach (S-
matrix formalism of Gell-Mann and Low) and relativistic many-body perturbation theory [3,4]. Within
the energy approach, decay and excitation probability (of the electron shell shake-up process or etc)
is linked with the imaginary part of energy of the excited state for the “electron shell-nucleus-photon”
system. For radiative decays it is manifested as effect of retarding in interaction and self-action and
calculated within QED perturbation theory formalism. We present new data about intensities of the
electron satellites in gamma-spectra of nuclei in the neutral (low lying transitions) and the F-like, Ne-
like multicharged ions for isotopes 133Cs, 169Tm, 173Y b, which show existence of an new effect of the
giant increasing (up 3-4 orders) electron satellites intensities (electron shell shake-up probabilities)
under transition from the neutral atoms to the corresponding multicharged ions. We present the
similar relativistic energy approach to the NEET (NEEC) process in the heavy multicharged ions and
present new quantitative estimates of the corresponding NEET probabilities in the nuclei of 193Ir,
235U of the corresponding multicharged ions. The presented data demonstrate an effect of changing
the corresponding NEET probabilities under transition from the neutral atomic/nuclear systems to
the corresponding multicharged ions.
References
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Electron Spectroscopy of four-photon-ionized strontium in the 715-737 nm
wavelength range
S. Cohen1, A. Dimitriou1
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We report on electron energy analysis experiments aiming to elucidate the single and double
ionization pathways when ground state strontium atoms interact with dye laser pulses of ≈ 5 ns
duration and ≈ 4 × 1011 W/cm2 maximum intensity. Within the examined 715–737 nm wavelength
range there are the 4d5p 1P1 and (4d5p+5s5f) 1F3 three-photon resonant, four-photon ionized bound
states and the four-photon excited 5p2 1S0 highly correlated autoionizing state, located just above the
first ionization threshold. The recorded electron spectra (Fig.1) probe the accumulation of population
in the excited 4dj and 5pj Sr+ states. This observation signifies the absorption of at least two photons
above the first ionization threshold. However, the 4dj state is found to be much more heavily populated
that the 5pj one. This finding identifies the dominant pathway to double-ionization within the same
laser pulse, as stemming from multiphoton ionization out of the 4d3/2,5/2 levels of Sr+. Hence, this
question, which remained open in earlier work performed using the same excitation and ionization
scheme but based solely on the detection of ion and ionic-fluorescence yields [1] is here clarified. Finally,
the recording of photoelectron angular distributions from four- as well as higher-photon ionization for
selected laser wavelengths, revealed the dominant contributing partial waves at each ionization step.
These latter results are compared to those obtained by relevant earlier studies on magnesium atom
[2,3].

Figure 1: (a) Energy level diagram and single/double ionization pathways. (b) Electron spectra recorded
at selected wavelengths. The main graph refers to the 5s5f 1F3 resonance and it was obtained with a
resolution of ∆E ∼ 0.3 eV. The inset shows the corresponding electron spectrum at the 4d5p 1P1 resonance

(∆E ∼ 0.06 eV). Various single and double ionization channels are numbered in (a) and (b).
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Two-photon Stark Spectroscopy and Photoionization Microscopy on the
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Photoionization microscopy (PM) allows the visualization of the atomic wave function at a macro-
scopic scale. PM refers to photoionization of an atom in the presence of a uniform static electric field
and the subsequent magnified imaging of the liberated slow (∼meV) electrons on an MCP/phosphor-
screen detector. PM was initially tested in the heavy (Z=54) Xe atoms but the recorded images
revealed solely the continuous part of the electronic wave-function [1]. Recently, the wave-functions
of quasi-bound Stark states in the light Li [2], H [3] and He [4] atoms (Z=3,1 and 2, respectively)
were recorded and verified 30-year-old theoretical predictions [5]. Here we present two-photon Stark
spectra (Figs. 1(a) and 1(b-i)) of the magnesium atom (Z=12) near the saddle point energy and the
corresponding, preliminary, PM images (Fig. 1(c)). Stark spectra constitute a necessary first step
towards the identification of Stark resonances, as well as the accurate determination of the classical
saddle point energy (Esp=-2F1/2 atomic units, where F is the electric field strength). As it may be
seen in Figs. 1(b-i) and 1(b-ii), the rise of the Mg+ signal occurs slightly before the Esp value deter-
mined by a fit to the outer (so-called indirect [6]) radii of the recorded PM images. The radii-based
Esp determination leads to the knowledge of the field strength within 1%. These findings are to be
presented in detail in the conference.

Figure 1: (a) Excitation scheme.(b-i)Stark spectrum (F≈600 V/cm) near the saddle point Esp including
the zero field ionization threshold (E=0). Laser polarization parallel to the electric field. A Ne optogalvanic
line and etalon fringes provide wavelength calibration. (b-ii)Outer radii obtained from the recorded PM
images (circles) and the fitted classical curve (line). (c) PM image showing the direct and the, hardly

visible, indirect contributions (F≈430 V/cm and E/|Esp| ≈–0.2).
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We present our recent work on test of the universality of free fall (UFF) with atoms in different
spin orientations (Figure 1), namely, the 87Rb atoms in mF = +1 and mF = −1. A Mach-Zehnder-
type atom interferometer is exploited to sequentially measure the free fall accelerations of the atoms
in the two sublevels. The spin-orientation related Eötvös parameter ηs is obtained by comparing the
measured gravity accelerations, correspondingly, and the preliminary result is ηs = (−0.2±1.5)×10−5.
Since the atoms inmF = +1 andmF = −1 are highly sensitive to magnetic field inhomogeneity, which
mainly limits the precision of our UFF test, three steps are taken to alleviate the influence of the
magnetic field inhomogeneity. Firstly, a relative homogeneous magnetic field space is selected for the
interfering to take place, and an anti-Helmholtz coil is added to compensate the magnetic field gradient
in vertical direction, ulteriorly. Secondly, the direction of the effective Raman laser wave number keff
is reversed to make a differential measurement for each mF . The influence which is independent of
keff can be canceled. However, with the Raman lasers configured in +keff versus −keff , the directions
of the recoil velocities are opposite. This induces a tiny difference between the atoms’ trajectories,
and consequently causes a residual influence in the differential measurement result. The third step is
to correct this residuum using the common mode result for the two interfering configurations of keff .

Figure 1: Schematic of the spin orientations for 87Rb atoms in mF = +1 and mF = −1.
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High precision spectroscopy of single 138Ba+ ions
E. A. Dijck1, A. Mohanty1, N. Valappol1, O. Böll1, J. O. Grasdijk1, A. T. Grier1, S. Hoekstra1,
K. Jungmann1, M. Nuñez Portela1, C. J. G. Onderwater1, L. Willmann1, and H. W. Wilschut1

1Van Swinderen Institute, University of Groningen, The Netherlands
Presenting Author: e.a.dijck@rug.nl

We investigate single trapped, laser cooled Ba+ and Ra+ ions as ideal candidates for high precision
measurements of the weak mixing angle in atomic systems; furthermore, the same experimental setup
can be employed to build an atomic clock with a fractional frequency uncertainty of 10−18 [1]. For
these applications of high precision spectroscopy a good understanding of the optical line shapes
involved is indispensable.

We have studied the transition frequencies between low-lying energy levels in a single trapped
138Ba+ ion using laser spectroscopy [2]. The levels of this alkaline earth ion form a Λ-type system,
where two lasers are used for laser cooling and probing. A frequency comb that is referenced to a
GPS-disciplined Rb clock is used to control the laser frequencies. By extracting the one-photon and
two-photon components of the line shape using an eight-level optical Bloch model (see Fig. 1), we
achieved order 100 kHz accuracy for the frequencies of the transitions between the 6s 2S1/2, 6p 2P1/2
and 5d 2D3/2 levels. This forms an improvement in the absolute accuracy of more than two orders of
magnitude.

In addition, the lifetime of the metastable levels of these ions provides a probe of the atomic
structure and can also be used as a sensitive diagnostic for perturbations to the ion. We have used
quantum jump spectroscopy of a single trapped Ba+ ion to measure the lifetime of its 5d 2D5/2 level [3].
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Figure 1: Spectra of the 5d 2D3/2 – 6p 2P1/2 transition in a single 138Ba+ ion recorded for different laser
light intensities [2]. The dip in the spectra is caused by a two-photon effect when both lasers driving the ion
transitions are on resonance. The solid lines correspond to the results of fitting the optical Bloch model to

the data. The widths of the spectra display power broadening.
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High-resolution x-ray spectroscopy to probe quantum dynamics in
collisions of Ar17+,18+ ions with atoms and solids
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High-resolution x-ray spectroscopy has proved to be a very powerful tool to investigate quantum
dynamics in highly charged ions (HCI) collisions with matter of whatever nature, dilute or condensed.
In particular, the population of projectile HCIs’ excited states (in their quantum component n`jmj)
can be accurately determined and also tracked, for instance, during their transport in dense medium.
Those studies gave rise to many results over the past two-decades enabling the identification of the
different processes involved and highlighting specific effects that occur in dense targets compared
to dilute media. Of course, the situation very much depends upon the collision system and the
projectile velocity that define the collision regime. Here, we specifically put into perspective the
results obtained in the so-called low and high energy collision regimes, investigating either ion-atom
or ion-solid collisions [1].

Comparative studies of Arq+ np excited state populations are presented when Ar17+ or Ar18+collide
either with gaseous targets of N2, Ar, and CH4 or with carbon solid foils at different projectile energies,
13.6 MeV/u [2] or 7 keV/u [3]. As an example, Figure 1 exhibits high-resolution x-ray spectra obtained
with gaseous targets in the high (left) and low (right) collision regimes that reveal very different
interaction dynamics in the population of excited states by the single electron capture process. It
clearly illustrates the well-known 1/n3 law at high velocity, and the preferential population in high
n levels (n ≈ 8 − 9 here) at low velocity. In solid, same high resolution spectra have been recorded.
At high velocity, beside evidence for collective response of the target electrons produced by the wake
field induced by HCI passing through solid-bulk, damping due to (intra- and inter-shell) excitation
and ionization processes can be quantified. In the low velocity regime, spectra are characteristic of
the multistep collisions that lead to production of more dressed ions.

Figure 1: High-resolution x-ray spectra obtained at high collision velocity (left) and at low velocity (right)
with highly charged argon ions on N2. or Ar gaseous targets
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Spin polarization created in an alkali vapor by optical pumping represents—in general–a so-called
dark state, characterized by strongly reduced fluorescence emission. The polarization, stabilized by a
static magnetic field ~B0, can be destroyed by a transverse magnetic field oscillating at ωL∝B0, thus
leading to an increased fluorescence. We have developed a magnetic field imaging system based on
these properties [1]. A thin sheet of laser light tuned to the D1(4 − 3) transition prepares a 2D-
layer of spin-oriented atoms in a cubic Cs vapor cell containing Ar/Ne buffer gas (left graph). When
exposed to an inhomogeneous magnetic field, a frequency comb of weak oscillating magnetic fields
depolarizes the medium at specific spatial positions. The CCD recording of the fluorescence emitted
by the Cs layer shows the depolarized regions as bright lines that represent iso-B0 lines. The middle
and right graphs of the figure show an experimental recording of field lines from a quadrupole coil,
and the corresponding algebraic modeling. The spatial and magnetometric resolution obtained in a
magnetically unshielded environment are 1 mm and 2 nT, respectively. We currently implement the
method in a magnetic shield, anticipating a strongly increased performance.

Figure 1: Left: Principle of the experiment. Experimental recording (middle) and anticipated lines of
constant | ~B0| (right) produced by a quadrupole (anti-Hemholtz) coil. The elliptical lines (from inside to
outside) represent field values B0 of 19, 37.5, 56, 74.5, 93 µT.
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Relativistic two-photon decay rates of hydrogenic atoms with the
Lagrange-mesh method
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The simultaneous emission of two electric dipole photons is the dominant decay mechanism to the
ground state for the 2s1/2 state of hydrogen [1]. This transition is one of the most widely studied
atomic transitions in which selection rules forbid the emission of one electric dipole photon [2]. The
calculation of this second-order process involves an infinite number of intermediate states. However,
excellent results can be obtained with a finite number of pseudostates [1, 2, 3]. This calculation is
simplified by the Lagrange-mesh method.

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 [4]. It combines the high accuracy of a variational approximation and the
simplicity of a calculation on a mesh [5, 6]. 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 [4, 6].

For the exactly solvable Coulomb-Dirac problem describing hydrogenic atoms, numerically 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 [7]. Tests with the Yukawa potential also
provide very accurate results. The approximate wave functions provide multipole polarizabilities that
are also extremely precise [8].

In this work, we calculate accurate numerical two-photon decay rates from the Dirac equation with
the Lagrange-mesh method. We use the obtained energies and wave functions from Ref. [7] to study
the 2s1/2 − 1s1/2 transition in the hydrogenic and Yukawa cases. A test of the general requirement
of gauge invariance for the relativistic results is successfully performed, which emphasizes the high
accuracy of the numerical method for both types of potentials.

For a Coulomb potential, the results obtained for Z = 1 to 92 with the Lagrange-mesh method are
in excellent agreement with a benchmark calculation involving Bernstein polynomial (B-polynomial)
finite-basis sets [3]. For Yukawa potentials, we study the influence of the screening length on the 2s1/2
two-photon decay rate of a hydrogen atom embedded in a Debye plasma.
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Isotope shift parameters in Al I
for the 3p− 4s and 3p− 3d lines
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When the effects of the finite mass and the spatial charge distribution of the nucleus are taken
into account in a Hamiltonian describing an atomic system, the isotopes of an element have different
electronic energy levels [1]. The isotope shift (IS), which consists of the field shift and the mass shift,
plays a key role in extracting nuclear properties of an isotope such as its nuclear mean-square charge
radius 〈r2〉 [2]. For a given atomic transition k with frequency νk, it is assumed that the electronic
response of the atom to variations of the nuclear mass and charge distribution can be described by
only two parameters : the mass-shift parameter Mk and the field-shift parameter Fk, respectively [2].

Five transitions are of interest for laser spectroscopy experiments of neutral aluminium (Al I)
radioactive isotopes in order to determine their nuclear properties : 3s23p 2P o3/2 → 3s24s 2S1/2

(396.26 nm), 3s23p 2P o1/2 → 3s24s 2S1/2 (394.51 nm), 3s23p 2P o1/2 → 3s23d 2D3/2 (308.30 nm),
3s23p 2P o3/2 → 3s23d 2D3/2 (309.37 nm) and 3s23p 2P o3/2 → 3s23d 2D5/2 (309.36 nm).

We perform ab initio calculations of IS parameters using the multi-configuration Dirac-Hartree-
Fock (MCDHF) method implemented in the Ris3/Grasp2K [1,3] and Ratip packages [4]. Two
strategies are adopted. A first one consists in extracting the relevant parameters from the calculated
line shifts for given triads of isotopes. A second one is based on the estimation of the expectation values
of the one- and two-body recoil Hamiltonian for a given isotope, including the Shabaev relativistic
corrections [5], combined with the calculation of the theoretical total electron densities at the origin.
The results of the two approaches are compared. In both of them, different correlation models are
explored in a systematic way to determine a reliable computational strategy and estimate theoretical
error bars.
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We present an advanced combined relativistic operator perturbation theory (PT) and energy ap-
proach [1,2] and apply it to studying interaction dynamics of the finite Fermi systems (heavy atoms,
nuclei, molecules) with an intense external (DC electric and laser) field. The approach allows uniform,
consistent treating the strong field and quasistationary and collisional problems. It is based on the
Gell-Mann and Low adiabatic formalism and method of the relativistic Green’s function for the Dirac
equation with complex energy. The essence of the operator PT is the inclusion of the well-known
method of "distorted waves approximation" in the frame of the formally exact PT. Results of the
calculation for the multi-photon resonance and ionization profile in Na,Cs, Ba atoms are listed. We
have studied the cases of single-, multi-mode, coherent, stochastic laser pulse shape. An account for
stochastic fluctuations in a field effect is of a great importance.

New data on the DC, AC strong field Stark resonances, multi-photon and autoionization reso-
nances, ionization profiles for a few heavy atoms (Eu, Tm, Gd, U) are presented. It has been firstly
studied earlier discovered a giant broadening effect of the autoionization resonance width in a suffi-
ciently weak electric (laser) field for uranium It is declared that probably this effect is universal for
optics and spectroscopy of lanthanides and actinides and even superheavy elements.

The direct interaction of super intense laser fields in the optical frequency domain with nuclei is
studied within the operator PT and the relativistic mean-field (plus Dirac-Woods-Saxon) model [2].
The ac-Stark shifts of the same order as in typical quantum optical systems relative to the respective
transition frequencies are feasible with state-of-the-art or near-future laser field intensities. A nuclear
dynamic (AC) Stark shift of low-lying nuclear states due to off-resonant excitation by laser field
(I 1025-1035 W/cm2) is studied and is described within the operator PT and the relativistic mean-
field (RMF) model for the nucleus [2]. We present the results of AC Stark shifts of single proton states
in the nuclei 16O, 168Er and compared these data with known results by Keitel et al [3]. New data
are also listed for the 57Fe and 171Y b nuclei. Shifts of several keV are reached at intensities of roughly
1034 W/cm2 for 16O, 57Fe and 1032 W/cm2 for heavier nuclei. It is firstly presented a consistent
relativistic theory of multi-photon resonances in nuclei and first estimates of energies and widths for
such resonances are presented for 57Fe and 171Y b nuclei.
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A permanent electric dipole moment (EDM) implies breakdown of P (parity) and T (time reversal)
symmetries. Provided CTP holds, this implies CP violation. Observation of an EDM at present
and near future achievable experimental sensitivity would provide unambiguous evidence for physics
beyond the Standard Model. This could give a hint towards understanding the observed matter-
antimatter asymmetry in the universe. Experimental searches for atomic and particle EDMs have
ruled out more speculative models than other individual experimental approaches. We aim to improve
the current experimental limit on an EDM in 129Xe (|dXe| < 3×10−27 ecm [1]) by some 4 orders of
magnitude.

A sensitive experimental approach is a spin clock, in our case co-located spin polarized 3He and
129Xe. SQUID detectors are used to monitor the free spin precession. With a co-magnetometer the
spin precession can be exploited as an ultra-sensitive probe for nonmagnetic spin interactions [2]. A
possible Xenon EDM results in a contribution to the spin precession frequency of 4ν ∝ dXe ·E. The
magnetic dipole interaction drops out due to the use of 3He as a co-magnetometer [3,4].

The achievable spin coherence times and measurement sensitivity will provide for obtaining |dXe|
< 10−29 ecm in one day.

Figure 1: A sensitive 129Xe EDM search requires a magnetic field coil configuration to produce a field of
high homogeneity.
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The B-spline basis set was first introduced in 1946 [1] but has become ubiquitous in atomic
physics since the 1990s [2, 3]. B-spline functions are square-integrable piecewise polynomials defined
in a restricted domain (the cavity) over a set of non-decreasing points rj (the knot sequence). The
appropriate choice of knot sequence depends on the problem at hand. An exponential sequence, viz.,

rj = r0[exp(σj)− 1], (1)

where r0 and σ are constants, works well for describing electronic states of atoms and calculation
of many-body-theory diagrams [2, 4]. However, it is ill-suited for describing continuum states of an
electron (or positron) accurately.

We plan to use many-body theory to study Ps-atom interactions by calculating Ps states in the
spherical cavity with the atom at the centre. This requires an accurate description of both the atomic
bound states and the Ps continuum states. We also need to know the effect of the cavity wall on
Ps, i.e., its effective radius. Though for us the cavity is a computational tool, for experimentalists
it is a physical tool or even the object of study, e.g., where pore sizes are derived from Ps lifetime
spectroscopy (see, e.g., [5, 6]).

It is known that an equispaced (linear) knot sequence can be used to describe states of free Ps in
the cavity accurately [7]. Examining the atomic potential suggests that inside the atom an economical
quadratic grid should be appropriate [3]. Thus, we propose the following grid for studying Ps-atom
interactions:

rj = Aj2/(B + j), (2)

where A and B are constants. For j < B, the dominant nature of the sequence is quadratic, while for
j > B it is linear. The value of B is chosen so that the change of the dominant nature occurs at ∼1
a.u. We refer to this knot sequence as the quadratic-linear grid.

In the present work we used a set 40 B-splines of order 6. Table 1 compares the energies of
the ground-state orbitals of Ar using the exponential and quadratic-linear grids. The agreement is
excellent: at least 6 significant figures. Table 2 likewise compares several energies of free Ps in the
cavity. The agreement is at the level of 0.2% or better.

The next stage will be to use the quadratic-linear grid to build states of Ps in the field of the atom,
treating it as a static potential source. Then we will proceed to describe the system using accurate
many-body techniques.

Orbital Exponential Quadratic-linear
1s −118.6103533 −118.6103516
2s −12.3221526 −12.3221540
2p −9.5714664 −9.5714662
3s −1.2773533 −1.2773531
3p −0.5910179 −0.5910175

Table 1: Energies (in a.u.) of Ar orbitals using
exponential and quadratic-linear grids.

nl(N,L) Linear Quadratic-linear
1s(1, 0) −0.216100 −0.216121
1s(2, 0) −0.120167 −0.120246
2s(1, 0) 0.0239796 0.0239507
1s(3, 0) 0.0309400 0.0308777
2p(1, 1) 0.0768631 0.0768559

Table 2: Energies of Ps in a cavity of radius
10 a.u. Internal state: nl, external state: (N,L).
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An accurate free spin precession cesium magnetometer
Z. D. Grujić1, P. A. Koss2, and A. Weis1
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An ongoing search [1] for a permanent neutron electric dipole moment (nEDM) at the Paul Scherrer
Institute (Switzerland) calls for an utmost control of the applied ≈ 1 µT magnetic field B0. The nEDM
experiment consists in searching for a change of the spin precession frequency of ultracold neutrons
(UCN) induced by a static electric field applied either parallel or anti-parallel to the magnetic field.
The precession frequency is measured using Ramsey’s method of (time-)separated π/2-pulses with
a free spin precession time of ∼100 s. Within the multinational nEDM collaboration our team is
responsible for monitoring spatial and temporal variations of the magnetic field and its gradient
around the UCN precession chamber mounted inside of a 5 layer µ-metal shield. For this we currently
operate an array of 16 Cs magnetometers mounted both above the high-voltage electrode and below
the ground electrode used to apply the electric field to the neutrons. Although extremely sensitive
(≈ 10 fT/Hz1/2), the Mx-mode of operation of our magnetometers has an accuracy in the upper
pT range due to unavoidable phase setting errors in the deployed phase-feedback method of the Mx

method. While a high magnetometric sensitivity is key to achieving a high nEDM sensitivity, high
accuracy is a sine qua non prerequisite for inferring gradient values from the readings of distinct
sensors.

In view of improving the accuracy of Cs magnetometry we have investigated the free-spin-precession
(FSP) in antirelaxation-coated [2] vapor cells using an all-optical mode of operation. Atomic spin
orientation is produced by a circularly-polarized amplitude-modulated pump beam with ~k ⊥ ~B0
that is resonant with 4→3 transition of the Cs D1 line. After 20 ms of pumping with a large light
intensity, the FSP is recorded with a lower intensity probe beam for 80 ms, the pump-probe process
being repeated periodically. The recorded FSP data is bandpass filtered and the Larmor frequency is
extracted by fitting a decaying sine wave to the filtered data. The sine wave’s oscillation frequency
(Larmor frequency) ωL is a measure of the magnetic field’s modulus according to B0=ωL/γF , where
γF=3 is the gyromagnetic ratio of the Cs F=4 ground state that is known with an accuracy of 10−7.
We have experimentally optimized all parameters of the pump and read-out process and estimated a
sensitivity below 100 fT/

√
Hz in the (light) shotnoise limit. In small fields the accuracy should be on

par with the sensitivity. The quadratic Zeeman effect (QZE) resulting from the Breit-Rabi interaction
was expected to affect the accuracy at the level of a few pT in a 1 µT field when the readout laser beam
is not perpendicular to ~B0. We have measured the anticipated systematic shift δB=βQZEB

2
0 due to

the QZE, by comparing the FSP frequencies of two readout lasers, one perpendicular to and a second
propagating at an angle of 52◦ with respect to ~B0. To our surprise we found that the experimental
difference frequencies are rather described by δB=boffset + βQZEB

2
0 . While βQZE agrees well with

model calculations, the offset field boffset≈50 pT, derived from the B0→0 limit of (ω90◦

L − ω52◦

L )/γF
poses a serious problem. Experimental and theoretical efforts towards a better understanding of this
‘offset problem’ are in progress.

This work was supported by the grant 200020_140421/1 of the Swiss National Science Foundation.
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Double ionization of the hydrogen sulfide molecule by electron
impact:influence of the target orientation on the fivefold differential cross

sections
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A fivefold differential cross sections (5 DCSs) for electron-impact double ionization of hydrogen
sulfide molecule are calculated for high incident energy (1 keV) and for three particular target ori-
entations. The theoretical procedure is based on the first Born approximation (FBA) model using
a partial wave functions development [1, 2, 3]. In this approach, the incident (scattered) electron
is described by a plane wave, while a Coulomb wave function is used for modeling the two ejected
electrons. Furthermore, we identify clearly the signature of the usual mechanisms involved in the (e,
3e) reaction, namely, the shake-off and the two-step 1.
References
[1] C. Champion, D. Oubaziz, H. Aouchiche, Yu. V. Popov, C. Dal Cappello, Phys. Rev. A 81,
032704–1–032704–11 (2010)
[2] D. Oubaziz, H. Aouchiche, C. Champion, Phy. Rev. A 83, 012708–1–012708–10 (2011)
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Spectroscopic measurements of free particles by matter-wave
interferometry
J. Fiedler1, S. Scheel1
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Presenting Author: johannes.fiedler@uni-rostock.de

Matter-wave interference experiments with large particles have provided a wealth of insight into the
particle-wave duality that is at the heart of our physical understanding. Experiments with material
gratings [1,2,3] showed that the matter wave collects an additional phase shift caused by the Casimir–
Polder interaction between the particles and the grating surface [2,4]. Casimir–Polder forces are a
subclass of dispersion forces that are caused by the ground-state fluctuation of the electromagnetic
field, and whose strength is determined by the polarisability of the particles [5].

We present an experimental setup which uses the far-field interference of matter waves and which
has the surprising feature that a reconstrution of the Casimir–Polder potential can be done very
easily. With the knowledge of the used geometry that includes all scattering properties — geometric
shape and dielectric response — we present an algorithm for the determination of the polarisability
of the particle. The advantage of this setup is a spectroscopic measurement of the polarisability of
the particle in free space that covers the entire electromagnetic spectrum in one measurement.
References
[1] M. Arndt et al., Nature 401, 680 (1999).
[2] T. Juffmann et al., Nature Nanotechnology 7, 297 (2012).
[3] M. Sclafani et al., New Journal of Physics 15, 083004 (2013).
[4] S.Y. Buhmann et al., Phys. Rev. A 85, 042513 (2012).
[5] S. Scheel and S.Y. Buhmann, Acta Physica Slovaca 58, 675 (2008).
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Fast transport and accumulation of cold ion clouds in a multi-zone RF-trap
M. R. Kamsap1, C. Champenois1, J. Pedregosa-Gutierrez1, M. Houssin1, D. Guyomarc’h1, and M. Knoop1
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Transporting charged particles between multiple traps has become an important feature in quan-
tum information, high-precision spectroscopy, cold chemistry or frequency metrology experiments. In
this work, we study experimentally the transport and accumulation of a large ion sample in a multi-
zone trap. Our trapping device is composed of two quadrupole (first and second zone) and an octupole
(third zone) linear trap mounted inline.

Our transport protocol consists in the variation of the potential barrier between two trap zones
following a hyperbolic tangent gate [1]. The result shows that, for some well identified transport
parameters, the transport efficiency from the first to the second zone (distance 23 mm) is independent
of the ion number as long as this number is larger than 2000 ions and can reach 90% in such case.
For clouds smaller than 2000 the efficiency is higher and can reach 100% in 100µs [2] (see figure 1).

The number of leaving ions depends strongly on the duration of the transport protocol, alternating
between 0 and 100% several times before these oscillations are damped. This oscillation of the fraction
of leaving ions is not symmetric. Under certain experimental conditions, ions are transported from
the first to the second part, but do not return from the second zone for the same set parameters. This
asymmetry can be use used to accumulate ions in the second trap [3]. This technique allows to create
very large ion clouds in the trap by accummulation. As the transport efficiency to the octupole is low,
we use the described accumulation process to create a large ion sample in octupole trap.

In the ideal case, the cold ion cloud in a linear octupole trap organizes in a hollow structure,
formed of concentric tubes. However, in our octupole trap we observe some local harmonic potential
wells where the ions samples organize themselves into very prolate strings or zigzag structures and
to ellipse structures for large samples. This feature can be due to a defect in the geometry of the
RF-electrodes. We exploit this observed structures to verify the theoretical laws for string, zigzag or
ellipse structures.
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Figure 1: Ratio of the number of ions after shuttling back and forth from trapping zone 2 with two
identical transport protocols, versus the initial number of ions
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Precision calculation of the spectra of Mg-like ions
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Many calculations performed within the method which combines the configuration-interaction (CI)
with the many-body perturbation theory showed its advantage in comparison with other methods. In
this work the low-lying states of Mg-like ions (Mg I, Al II, Si III, P IV, S V, Cl VI) are calculated within
the CI method, the CI plus many-body perturbation theory (CI+MBPT) method, and the CI plus all-
order (CI+AO) method [1, 2]. The effect of the Breit corrections and QED-corrections are considered.
These corrections grow with the nuclear charge Z and improve agreement with experimental data [3]
for the most heavy ions, QED corrections being more important than Breit corrections.

The accuracy of each of these methods grows with the Z, while the difference between the results
of CI+MBPT and CI+AO methods decreases. The final precision of our calculation is about 0.1%.

In the Table 1 the energies of some low-lying states are presented.
Element State Energies (cm−1)

Exper. CI CI+MBPT CI+AO
Breit and QED
contribution

Mg I 1S0 182939 179554 182685 182875 14
3P0 21850 20919 21792 21851 7
3P1 21871 20939 21814 21872 7
3P2 21911 20980 21857 21916 7
1P1 35051 34471 35030 35052 7

Cl VI 1S0 1702996 1695325 1702847 1703001 187
3P0 98062 97047 98064 98115 91
3P1 98621 97624 98647 98701 91
3P2 99782 98813 99854 99916 91
1P1 148947 150326 149154 149102 94

Table 1: Examples of some calculated energies for atom Mg I and ion Cl VI.

References
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Radiative Lifetimes and Transition Probabilities in Rh I
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6 IPNAS, Université de Liège, B-4000 Liège, Belgium
Presenting Author: lars.engstrom@fysik.lth.se

Rhodium is one of the refractory elements observed in the solar photosphere and in meteorites
[1]. To determine abundances the intrinsic transition probability (A-value) or oscillator strength (f -
value) must be known for the observed lines. Radiative lifetimes of 17 high-lying excited states in
Rh I are measured using the Time-Resolved, Laser-Induced Fluorescence (TR-LIF) method. Out
of these lifetimes, 13 are new and the remaining four confirm previous TR-LIF measurements [2,3].
Furthermore, we report the first theoretical investigation of Rh I, where the radiative decay properties
of all experimentally known levels below 47000 cm-1 are calculated using a pseudo-relativistic Hartree-
Fock method including core polarization effects. The theoretical calculations are found to be in very
good agreement with the experimental results. A large set of new transition probabilities is presented
for lines of astrophysical interest in the spectral range 2200 – 10000 Å.

This work has received funding from LASERLAB-EUROPE (grant agreement no. 284464, EC’s
Seventh Framework Programme), the Swedish Research Council through the Linnaeus grant to the
Lund Laser Centre and a project grant 621-2011-4206, and the Knut and Alice Wallenberg Foundation.
P.P. and P.Q. are respectively Research Associate and Research Director of the Belgian National Fund
for Scientific Research F.R.S.-FNRS from which financial support is gratefully acknowledged.
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N. Schramm (Cambridge University Press, p. 23, 1981)
[2] M. Kwiatkowski et al. Astron. Astrophys. 112 337 (1982)
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Lifetimes and Transition Probabilities for High-Lying Levels in
Astrophysically Interesting Atoms Using Multi-Photon Excitation
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In spectroscopy of stellar atmospheres the atomic transitions most often appear as absorption lines.
To use these lines for quantitative analysis of the population distribution and abundance determina-
tions, reliable transition probabilities or f -values must be available. A standard technique for this
purpose is to combine measurements of the lifetime of the upper level with experimentally determined
branching fractions from an intensity calibrated source. Since experimental studies are naturally lim-
ited in the number of levels that can be investigated, it is very fruitful to use the experimental data
to benchmark detailed and comprehensive theoretical calculations.

We will discuss the recent progress at the Lund Laser Centre, aiming to extend previous studies to
more highly excited levels and also to levels with the same parity as the ground configurations. The
lifetime measurements are performed using the Time-Resolved Laser-Induced Fluorescence (TR-LIF)
technique, and the key element to reach the new levels is by either two-photon excitation (from a
single laser) or by two step excitations (from two different lasers). Recent results using two-photon
excitations in Cr II and Fe II can be found in [1,2]. Current projects involving two-step excitations (Ti
II, Ni II, Mn II and Co II) are performed in collaboration with K. Blogaev at the Bulgarian Academy
of Sciences and P. Palmeri and P. Quinet in the theory group at the Université de Mons in Belgium.
References
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effect
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The electromagnetically induced transparency (EIT) effect still attracts great interest, partly
through the development of chip-scale atomic clocks, such as micro-fabricated atomic clocks. Here we
present for the first time (to our knowledge) the influence of alignment on the EIT resonances.
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Figure 1: a) Λ-system of the 87Rb D1 line, powers Pc and Pp are 14 and 0.5 mW, respectively; b) the
configuration of B, k, Ep and Ec (B = 27 G); c) the upper and lower spectra show EIT-resonances for

NC and ARC, respectively.

In Fig. 1a the system of the 87Rb, D1 line is shown. The coupling laser frequency is in resonance
with the 1→ 1′ transition, while the probe laser frequency is scanned through the 2→ 1′ transition.
Two cells filled with Rb are used: an 8 mm-long cell having anti-relaxation coating (ARC) and a
nano-cell (NC) with thickness L = λ = 795 nm. An external magnetic B-field is directed along the
probe Ep field, while Ec is perpendicular to the B-field (see Fig. 1b). Due to the Zeeman optical
pumping (ZOP) effect the whole population of level Fg = 2 is concentrated in the sublevels mF = ±2,
i.e. alignment occurs [1]. In this case the population N(Fg = 2,mF = 2) > N(Fg = 1,mF = 0,±1)
and a strong absorption of the probe radiation νp occurs via a two-photon Raman-type process. ZOP
efficiency is proportional to Ωp/R, where Ωp is the probe Rabi-frequency and R is the relaxation time
(γR < 1 kHz for the ARC cell, and γR > 1 MHz for the NC). In Fig. 1c), the upper and lower spectra
show EIT-resonances for the cases of NC and ARC, respectively. We see that in the upper spectrum
the EIT-resonances show a reduction in the absorption (ZOP is absent due to the large value of γR),
while the resonances in the lower spectrum show an increase in absorption, that is why we call them
resonances inverted by alignment (RIA). A theoretical model explaining RIA formation is developed.
The results of other configurations of B, k, Ep and Ec are presented.

The research was conducted in the scope of the International Associated Laboratory IRMAS (CNRS-
France & SCS-Armenia), and was partially supported by a M-C Intern. Research Staff Exchange
Scheme Fellowship within the 7th Europ. Comm. Framework Prog. "Coherent optics sensors for
medical applications-COSMA" (grant No PIRSES-GA-2012-295264).
References
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interactions (Oxford: Oxford University Press) ISBN 978-0-19-956512-2 (2010).
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Study of atomic transitions of 39K isotope on D1 line
in strong magnetic fields
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The magnetic field required to decouple the electronic total angular momentum J and the nuclear
magnetic momentum I is given by B � B0 = Ahfs/µB ,where Ahfs is the ground-state hyperfine
coupling coefficient and µB is the Bohr magneton. For such strong magnetic fields when I and J are
decoupled (Hyperfine Paschen Back (HPB) regime) the eigenstates of the Hamiltonian are described
in the uncoupled basis of J and I projections (mJ ;mI).

Among all the alkali metals, 39K atom has the smallest value of the ground state hyperfine coupling
coefficient: Ahfs(39K) = 231~ MHz. Consequently, the magnetic field required to decouple total
electronic angular momentum J and nuclear spin momentum I (HPB regime) is B � B0(39K) = 160
G. Note that B0(85Rb) ' 0.7 kG and B0(87Rb) ' 2.4 kG. Thus, B0(39K) value is more than 4 times
smaller than that for 85Rb and 15 times smaller than that for 87Rb. This means that complete HPB
regime for 39K can be observed for much smaller external magnetic fields [1]. It is demonstrated that
the use of recently developed setup based on nano-cell filled with K metal (L = 770 nm) allows us to
study behavior of atomic transition of 39K atoms D1 line in a wide range of magnetic fields.
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Figure 1: (a) Transmission spectrum of 39K vapor contained in the nano-cell with L = 770 nm for
B = 230, 400, 572 and 917 G and σ+ excitation. (b) The diagram of the hyperfine structure of the D1 line

of the 39K HPB regime, the selection rules are ∆mJ = 1,∆mI = 0.

It is experimentally demonstrated that from 12 Zeeman transitions allowed at low B-field only 4
transitions remain in absorption spectra at B > 200 G (Fig. 1a). A complete HPB regime for relatively
low magnetic fields B ' 1.6 kG has been observed. The theoretical model very well describes the
experiment.

The research was conducted in the scope of the International Associated Laboratory IRMAS (CNRS-
France & SCS-Armenia).
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It is demonstrated that the use of the λ/2 method allows one to effectively investigate individual
atomic transitions of the D2 line of Rb in strong transverse magnetic fields (with laser radiation of
π-polarization) up to 7 kG. The method is based on strong narrowing of the absorption spectrum
(which provides sub-Doppler resolution) of a rubidium filled thin cell with the thickness L equal to
the half-wavelength (L = λ/2) of the laser radiation (λ = 780 nm) resonant with the D2 line. In
particular, the λ/2 method has allowed us to resolve completely 12 and 8 atomic transitions of the
85Rb and 87Rb, correspondingly. These 20 atomic transitions are contained within two groups of
ten atomic transitions each (see Fig.1). We have determined their frequency positions, fixed (within
each group) frequency slopes, the probability characteristics of the transitions, and other important
characteristics of the hyperfine structure of Rb in the hyperfine Paschen–Back regime (HPB), which
means that when a strong magnetic field is applied there is a decoupling of the total electronic angular
momentum J and nuclear momentum I [1]. The theoretical model very well describes the experiment.
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Figure 1: Diagram of the hyperfine structure of the D2 line of the 85Rb (a) and 87Rb (b) in the HPB
regime. The selection rules are ∆mJ = 0, ∆mI = 0. There are 12 and 8 transitions of the 85Rb and the

87Rb, correspondingly.

The research was conducted in the scope of the International Associated Laboratory IRMAS (CNRS-
France & SCS-Armenia).
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The Radioactive Francium Magneto - Optical Trap in Legnaro: search for
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There are Four facilities where an experiment on Francium either has being performed or is in
preparation. At ISOLDE (CERN) the magnetic dipole moments and changes in mean-square charge
radii of the neutron-rich 218m,219,229,231Fr isotopes were measured with the newly-installed Collinear
Resonance Ionization Spectroscopy (CRIS) beam line [1]. At RCNP/CYRIC in Sendai, Japan, an
experiment will search for Permanent Electric Dipole Moments of Francium Atom [2]. At TRIUMPH,
Canada, a collaboration has successfully trapped 207Fr, 209Fr and 221Fr, as a preparation of studies of
the weak interaction through measurements of atomic parity non-conservation [3].

At Legnaro National Laboratories of INFN, we have recently introduced a simple detection method
devoted to the measurement of hyperfine splittings of a series of Francium isotopes, again in the
framework of possible Atomic Parity Violation developments [4]. At the moment, we studied the
7P3/2 → 7D3/2,5/2 transitions for both 209,210Fr [5]. We will apply the same scheme, using different
laser sources, to magnetic dipole and electric quadrupole lines, in order to get useful information of
the nucleus structures and to progressively go towards the weakest intensities, interesting for APV.
At the same time we have successfully used Light Induced Atom Desorption in order to optimize the
trapping efficiency [6].
References
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Double impulse effects during a collision of ions and diatomic molecules
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In large angle scattering of ions (atoms) from diatomic molecules at hyperthermal incident energies
(1-100 eV), short range repulsive forces play dominant roles in the energy transfer from translational
to internal degrees of freedom. In such a collision, the hard-potential model [1-2] or the hard-shell
model [3] well describes the mechanism of the energy and angular momentum transfer. These models
assume that an impulse is exerted at a point on the hard-shell, which is given by the equipotential
surface at the collision energy. If the incident energy is almost exhausted by the first impulse, the
‘second impulse’ would be possible to occur during a single collision event [4]. In fact, Tanuma et al.
[5] reported a structure which cannot be explained by these models in the energy-loss spectrum of
Na+- N2. They presented a possibility of the ’double impulse’ effect through an analysis based on the
classical trajectory calculation.

In the present work, we investigate the double impulse effect within the framework of the hard-shell
model. We calculate systematically trajectories of ions scattered by molecules with varying projectile
mass and shell anisotropy at an incident energy of 1 a.u. The shape of the shell is assumed to be a
sum of monopole and quadrupole deformations as rs(γ) = r0(1 + β2P2(cos γ)). In Figure 1, we draw
trajectories of K+ scattered by N2 as an example. We take a fixed-in-space molecule before the first
impulse and switch the frame rotating with the molecular axis after the impulse. As shown in the
right panel of the figure, we see that a trajectory hits the shell again after the first impulse when the
anisotropy of the hard-shell is larger (β2 = 0.4) . Such an event is not observed in the left panel where
the anisotropy is smaller (β2 = 0.3). The double impulse effect is observed in the collision where the
ion is heavier than the molecule and the anisotropy of the interaction potential is strong.

Figure 1: Trajectories of K+ scattered from N2 by the hard-shell model. Solid lines and dashed curves
indicate the incident and the scattered orbits, respectively, in a molecular frame. In the left (right) panel,

β2, the anisotropy of the hard-shell is 0.3 (0.4).
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A compact 0.74T room temperature EBIT
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Research on moderately and highly charged ions (HCIs) is of great interest not only for atomic
physics but also fundamental studies. Electron beam ion traps (EBITs) have proven to be versatile
and indispensable tools for the production and study of such ions.

In an EBIT, an electron beam is compressed by a strong, inhomogeneous magnetic field to breed
the ions efficiently. Usually the field is generated by superconducting magnet coils. To ease operation
we introduce a novel magnetic design based on permanent magnets for a 0.74 tesla EBIT. It allows
operation at room temperature, resulting in a low-cost and low-maintenance apparatus. An open trap
design offers access to the trap center with a large solid angle.

Our EBIT is intended to serve as a reliable source for HCIs. Additionally a new off-axis gun is
under construction, which will enable the trap to be used for energy calibration at synchrotron and
free-electron laser light sources by means of spectroscopy on HCIs. The photon beam can pass through
the EBIT and is available for beamline users.

Currently, first experiments with a prototype are carried out regarding trapping and extraction of
HCIs.

Figure 1: A cross section of the EBIT showing vacuum chamber, magnetic system, and electrode config-
uration. The design gives a measured magnetic field of 0.74T at the trap center. Four ports for optical

access with an opening angle of 60 ◦ are available.
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H2O double ionization induced by electron impact
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Double ionization of water molecules remains, still today, rarely investigated on both the experi-
mental and the theoretical side. In this context, the present work reports on a quantum mechanical
approach providing a quantitative description of the electron-induced double ionization process on iso-
lated water molecules for impact energies ranging from the target ionization threshold up to about 10
keV. The cross section calculations are here performed within the first Born approximation framework
in which the initial state of the system includes a molecular ground-state wave function expressed as
a single-center linear combination of atomic orbitals [1] while the final state of the system is char-
acterized by two independent Coulomb wave functions used for describing the two ejected electrons
coupled by a Gamov factor used for modeling the electron-electron repulsion. In comparison with the
rare available experiments [2], the double vs single ionization cross section ratio shows an overall good
agreement. Besides, in absence of measurement of absolute total cross sections in water vapor, the
current theoretical predictions are compared with isoelectronic neon data. A very good agreement
is observed over the whole incident energy range investigated. Finally, we report an average energy
transfer of the double ionization process and clearly demonstrate the absolute necessity of considering
the double ionization process in particular in a radiobiological context.
References
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In this work, hyperfine constants are reported for 1s22s22p2 3P1,2 states of C i using multiconfig-
uration Hartree-Fock (MCHF) [1] and a (deconstrained) partitioned correlation function interaction
((D)PCFI) [2–3] method. Systematic calculations were performed with the principal quantum number
n = 4...8 and with orbital quantum numbers up to l = lmax. Configuration state functions (CSFs)
were constructed by allowing single- (S) and double- (D) substitutions from a multireference (MR) set.
Present calculations were performed with a MR set consisting of CSFs belonging to 11 configurations.

The PCFI [2–3] method was applied using three PCFs: 1) the first one, Λ1s−1s1s, targets SD
excitations from the core (1s) orbital; 2) a second one, Λ1s−nl, targets S excitations from the 1s core
shell and S excitation from the valence (nl) orbital; 3) a third one, Λnl−nlnl, targets SD excitations
from the valence (nl) orbitals (where n = 2, 3 and l = s, p, d). The wave-function for 1s22s22p2 3P
would be

|Ψ(1s22s22p2 3P )〉 = |Ψmr(3P )〉+ αcc |Λ1s−1s1s〉+ αcv |Λ1s−nl〉+ αvv |Λnl−nlnl〉. (1)

Also performed were calculations where the Λ1s−1s1s PCF was split into two subspaces (Λ1s−1s1s →
Λ1s + Λ1s1s). The Λ1s PCF focusing on the S excitations is dedicated to capture core-polarization
(CP) effects. The many-electron wave-function is then written as the MR function corrected by four
different PCFs.

From Table 1 it is seen that splitting of Λ1s−1s1s PCF in the two groups improves the hyperfine
structure results. The results are in better agreement with the experiment. Results are compared
with previous theoretical data and with experimental results. Calculations are in progress, additional
schemes of calculations (choosing different MR set, etc.) are tested to improve the results.

Method A (J=1) A (J=2) Reference
n 6 7 8 6 7 8

MCHF 3.017 2.461 2.339 147.831 147.842 148.365 this work
DPCFI −1.861 7.415 145.984 152.384 this work
CP-PCFI 3.559 4.229 4.083 148.444 148.958 148.900 this work
CP-DPCFI 1.962 3.917 2.665 147.608 149.440 148.079 this work
Unrestricted HF 13.7 160.6 [4]
MCHF 2.36 147.9 [5]
SD-MR-CI 2.28 148.1 [6]
MCHF 3.225 148.747 [7]
CI(CIV3) 7.63 152.0 [8]
Experiment 2.838(17) 149.055(10) [9]
Experiment 149.0(3) [10]

Table 1: Comparison of the magnetic dipole constants (in MHz) for the 1s22s22p2 3P1,2 states in C I.
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Stark splitting effects for Er3+ in Er2O3
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In the present work a fully ab-initio method was used to calculate Stark splitting effects of Er3+ in
Er2O3. Crystal field effects were included by treating external ions as point charges at fixed positions.
Charges and positions of the external ions are parameters (which depend on the compound) in the
calculations. The coordinates of the external ions were obtained by molecular statics calculations based
on density functional theories performed with the VASP code [1, 2]. Using first order perturbation
theory, splitting of the degenerate atomic energy levels in the crystal electric field (Stark effect) can
be calculated. To perform such calculations the GRASP2K [3] relativistic atomic structure program
was extended to include programs for calculating the crystal field operator matrix elements and
diagonalizing the full atomic Hamiltonian matrix [4].

Stark splitting of the ground state 4f11 4Io15/2 and the excited state 4f11 4F o9/2 of Er3+ in the Er2O3
crystal were computed from relativistic configuration interaction wave functions including Breit and
QED effects. Different strategies to include electron correlation effects were tested. Also the effects of
different number of neighbor ions (6 ions or 2 159 ions) and the influence of J-mixing were evaluated.
The results are summarized in Table 1. It is clear that number of neighbor ions has a big impact
and changes results dramatically. J-mixing influence to the Stark splitting is small. To calculate the
transitions of Stark levels between states of Er3+ different strategies to include crystal field should be
used.

MR S DHF SD DHF+5d DHF+5d+ 5f + 5g Exp.
6 ions 2 159 ions 6 ions 2 159 ions 6 ions 2 159 ions 6 ions 2 159 ions [5]

Stark levels of ground state [Xe]4f11 4Io15/2
0 0 0 0 0 0 0 0 0

31.27 28.33 30.01 26.01 31.44 28.28 34.94 31.66 38
84.18 73.71 79.65 69.28 84.38 73.59 93.95 81.37 75

145.14 117.88 134.66 108.10 145.53 117.89 163.87 132.49 88
214.52 158.34 189.92 143.22 215.99 159.30 248.19 177.06 159
330.37 166.00 290.98 153.56 331.76 166.60 381.11 191.40 265
498.38 308.03 448.09 285.23 499.91 308.16 567.84 344.24 490
578.06 325.09 513.81 299.64 580.46 325.80 664.05 365.82 505

Stark levels of excited state [Xe]4f11 4F o9/2
0 0 0 0 0 0 0 0 0

271.00 141.24 219.22 118.56 243.16 129.78 265.95 142.09 74
445.70 206.41 356.06 169.19 397.88 186.22 435.26 203.66 149
532.38 229.42 416.64 184.94 468.70 205.10 511.73 224.24 218
689.10 322.47 551.42 265.25 616.67 293.88 674.52 322.12 306

Table 1: Comparison of computed energy (Stark) levels (in cm−1) of Er3+ in Er2O3 without J-mixing
induced by the crystal field. MR S: configuration state functions (CSFs) generated by single excitations
from all core shells in to 5d shell. DHF SD: CSFs generated by single double (SD) excitations from all
shells in to 4f shell. DHF+5d: CSFs generated by selected SD excitations from all shells in to 4f and 5d
shells. DHF+5d + 5f + 5g: CSFs generated by selected SD excitations from all shells in to 4f , 5d, 5f ,

and 5g shells.
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Towards a High Sensitivity Atom Accelerometer for Exploring Physics
Beyond the Standard Model
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Theories of dark energy usually invoke a screening mechanism to explain why their scalar fields
do not produce observable long range fifth forces; a primary example of this mechanism is the so-
called chameleon field. However, it is now known, from [1,2], that individual atoms are not massive
enough and large enough to screen the chameleon field inside a large vacuum chamber under UHV.
We present the design for an atom interferometer experiment that will place strong new constraints
on the chameleon and other similar scalar fields [1].

Figure 1: Contour plot showing acceleration of rubidium atoms, normalized to the acceleration of free
fall on earth g, due to the chameleon force outside a sphere of radius RA = 1 cm and screening factor
λA = 3MAφbg

ρAR
2
A

. The L−M area above the heavy solid line will be excluded by a first atom interferometer
experiment measuring 106 g. With modest attention to systematic errors, this can move down to the heavy
dashed line. For Λ ≥ 10 meV, atom interferometry could sense chameleon physics up to the Planck mass
MP. We calculate that measurements on atoms and neutrons near surfaces, (a)-(e), already exclude the

top-left corner, as indicated by the light-weight lines.
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Reanalysis and semi-empirical predictions of the hyperfine structure of
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The hyperfine and Zeeman structures of 14 lines of 123Sb I covering the UV-NIR spectral range
have been examined. The Zeeman effect studies were performed for transverse direction of observation
and separated π(∆M = 0) and σ(∆M = ±1) components of lines. The complete set of fine structure
parameters of the two level parities are determined, discarding some levels, previously mentioned in
literature [1]. Furthermore we give those missing up to 70000 cm−1. New Landé-factors and hyperfine
structure (hfs) constants of 12 odd- and 6 even- parity levels of 123SbI were measured and the single-
electron hfs parameters, treated as free in the least squares fit to these measured hfs constant values
were extracted. We give the 3 main deduced values: a10

6s (5p26s)= 49.09 mK, a01
5p (5p26s) = 29.63

mK, a01
5p (5p3)= 27.63 mK Finally a complete list of the predicted hfs constant A of all studied system

levels was generated.

Figure 1: The recorded hyperfine structure of the 792.5 nm line of 123Sb I (a) and Zeeman patterns
π-view (b) and σ-view (c) at 1.50 kG magnetic field. The thin line represents the experimental trace and

the thick line shows the computer-generated contour.
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The Lamb shift in the light hydrogen-like atom yields one of the most stringent test of quantum
electrodynamics. It is customary to write the Lamb shift of general S-state in the form

∆En = n3∆En −∆E1

n3 + ∆E1

n3 , (1)

where n is the principal quantum number of the state under consideration. The first and the second
terms on the right-hand side are referred to as the state-dependent and the state-independent parts,
respectively. The state-dependent part of the S-states is nearly completely given by the self-energy
effect in one-loop approximation which is usually expressed in the form

∆En = α

π

(Zα)4

n3 F (n, lj , Zα), (2)

where l and j are the orbital and total angular quantum numbers of the state under consideration, Z
is the charge of the nucleus in units of elementary charge e, α = e2/(4π) is the fine structure constant.

It was suggested in [1,2] to calculate the dimensionless function F by means of relativistic gener-
alization of multipole expansion (RME)

F =
∞∑
v=1

Fv, (3)

where Fv are the "relativistic multipoles" (for formulas see Eq. (73) of [2]).
Here, we report the evaluation of the state-dependent part of the S-states and P1/2 states by means

of RME. We obtain the results for Z = 1− 50 and n = 2− 10.
The results for low Z are the most accurate results given so far in the literature. In the case of

hydrogen the uncertainty is significantly less than 1 Hz. Some of the results are presented in the
following table.

Term State Z = 1 Z = 2 Z = 3 Z = 4
Lead 2s− 1s 0.229991606931 0.230390709933 0.230936267290 0.231594004269
F3 0.000039870858 0.000154033610 0.000336061748 0.000581009986
F4 6.241492×10−8 4.634566×10−7 1.469760×10−6 3.298274×10−6

Total 0.2300315402(3) 0.230545207(2) 0.231273799(6) 0.23217831(1)
Lead 3s− 1s 0.288771400893 0.289100037681 0.289541947085 0.290067435815
F3 0.000048953133 0.000189443771 0.000413949977 0.000716666402
F4 7.723537×10−8 5.752828×10−7 1.829313×10−6 4.115199×10−6

Total 0.2888204313(3) 0.289290057(2) 0.289957726(8) 0.29078822(2)
Lead 4s− 1s 0.312542251722 0.312795865525 0.313129873756 0.313519935279
F3 0.000052358450 0.000202772029 0.000443363221 0.000768038994
F4 8.348329×10−8 6.226729×10−7 1.982136×10−6 4.463102×10−6

Total 0.3125946937(3) 0.312999260(3) 0.313575219(8) 0.31429244(2)

Table 1: Contribution of individual multipoles to the normalized difference of S-states for n = 2 − 4.
Lead stands for first two multipoles, F1 + F2.
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We are planning a measurement of the ground state hyperfine structure of muonium at J-PARC/MLF.
Muonium is a hydrogen-like bound state only consist of leptons, and its HFS is a good probe for test-
ing QED theory. Fundamental constants of muon such as mass and magnetic moment have been so
far determined by the muonium HFS experiment at LAMPF[1]. The high intensity beam (H-line)[2]
soon to be available at J-PARC allows one order of magnitude more accurate determination of those
constants, which also plays an important role in the new measurement of anomalous magnet moment
of muons. Muonium atoms are formed by electron capture reaction with Krypton gas and their spin
are flipped by microwave magnetic field (Figure. 1). Furthermore, we are planning a measuremt of its
HFS at zero-field as a trial of the setup end of this year. In this contribution, we present the progress
of preparations for this measurement.

superconducting magnet

cavity

gas chamber

muon

detector
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positron

Figure 1: Setup of this experiment
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Sensitivity of tunneling–rotational transitions
in ethylene glycol to the variation
of electron-to-proton mass ratio
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2Petersburg Nuclear Physics Institute, Gatchina, Russia

Presenting Author: anna.viatkine@gmail.com

The parameters of the Standard model considered unchanging over time and space are usually
called fundamental constants. But since their exact values cannot be calculated within the Standard
model, it is natural to question their invariability. Molecular spectra can be used to study variation
of electron-to-proton mass ratio µ.

Ethylene glycol OH−CH2−CH2−OH in its ground conformation g′Ga has tunneling transition
with the frequency about 7 GHz. This leads to a rather complicated tunneling-rotational spectrum.
Because tunneling and rotational energies have different dependence on µ, some transitions can be
highly sensitive to the possible µ variation.

Let ω be a present-day experimentally observed transition frequency and ω′ a frequency shifted
due to possible time (and space) change of µ. This shift ∆ω = ω − ω′ is linked to the change ∆µ
through dimensionless sensitivity coefficient Qµ:

∆ω
ω

= Qµ
∆µ
µ

(1)

We used relatively simple 14 parameter effective Hamiltonian and known experimental spectrum
from [1] to calculate Qµ’s of the tunneling-rotational transitions below 60 GHz, since low-frequency
lines are more likely to be highly sensitive to the µ shift. We found out that Qµ’s lie in the range from
-17 to +18. The big difference Q(max)

µ − Q(min)
µ ≈ 34 increases sensitivity of the future experiments

or observations to µ variation and allows effective control over systematic effects.
Ethylene glycol has been detected in the interstellar medium [2] and in the comet C/1995 O1

(Hale-Bopp) [3]. Observation of the spectrum from extragalactic sources can give us new information
about the time-drift of µ. Spectral lines from cold molecular clouds in the Milky Way can be very
narrow allowing for high precision spectroscopy. This may be used to study possible dependence of µ
on the local matter density, which is predicted by models with chameleon scalar fields.

Results of our work were published in [4].
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Nuclear polarizability effects in muonic deuterium
K. Pachucki1, A. Wienczek1
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The nuclear charge radius can be determined from spectroscopic measurements in muonic atoms,
provided the atomic structure is well known and the influence of nuclear excitation on atomic levels
is properly accounted for. The latter is problematic due to the difficulty in solving quantum chromo-
dynamics in low energy scale. We perform calculations in perturbative approach by the expansion in
ratio of the nuclear excitation energy over the muon mass. We pay special attention on the nuclear
mass dependence and separation of the so-called pure recoil corrections. We aimed to calculate the
nuclear effects as accurately as possible, in order to extract precise nuclear charge radii from the
muonic atom spectroscopy. Numerical results for muonic deuterium is obtained by using the AV18
potential with the help of a discrete variable representation method for solving the Schrodinger equa-
tion. The obtained result for the 2P-2S transition of 1.717(20) meV serves for determination of the
nuclear charge radius from the spectroscopic measurement in muonic deuterium.
References
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Spin Polarisation Exchange Scattering from Nickel and Iron
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It is well known that the structure information through the use of Spin Polarised Low Energy
Electron Diffraction (SPLEED) is highly sensitive to the interaction potential between the primary
electrons and the electrons of the target, especially to the exchange interaction. Since the electrons in
SPLEED penetrate the surface only a few lattice spacing, it is extremely sensitive to the spin structure
of a magnetic surface. The early study of Feder [1] on Fe(110) provides a strong indication in this
direction. The main objective of this work is to use the insights of our recent work [2,3] to study
the spin polarisation of the exchange-correlation potential. The differential cross sections for electron
scattering from atoms with net spin, namely nickel and iron, have been calculated together with
studying the energy/wave vector dependence of the exchange scattering from surfaces of nickel and
iron in glasses by calculating differential cross sections and the spin asymmetry using Dirac equation.
Comparison of predictions with observed spin dependent scattering intensities in amorphous magnetic
alloys will give insight into surface magnetisation in these systems[4].

References
[1] R. Feder , Solid State Comm. 31,821 (1979).
[2] S. Y. Yousif Al-Mulla, J. Phys. B:At. Mol. Opt. Phys. 37, 305 (2004).
[3] S. Y. Yousif Al-Mulla, Eur. Phys.J.D 42,11 (2007).
[4] D. T. Pierce et al , Phys. Rev.26, 2566(1982).

120

mailto:samir.al-mulla@hb.se


Book of Abstracts — EGAS–47th conference of the European Group of Atomic Systems P–55
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In the recent few decades there is a great interest in cooling and controlling of neutral molecules,
motivated by a wide range of possible applications. We are developing methods of deceleration, cooling
and trapping of certain diatomic molecules that are suitable for study of physics beyond the Standard
Model. Traditional Stark decelerator is inefficient for slowing down of heavy diatomic molecules due
to overfocusing. Therefore, we are building an inherently stable 4.5m long travelling-wave decelerator
[1] to decelerate strontium monofluoride molecules and bring them to a complete standstill. SrF is a
sensitive probe for search of parity violation and that is the motivation for our work.

Following the deceleration, we plan to laser cool molecules and transfer them to a deep optical
dipole trap. Laser cooling of SrF is possible due to highly diagonal Franck-Condon factors and a short
radiative lifetime, and optical trapping can be implemented in an optical cavity. A sample of ultracold
trapped molecules provides a large increase of the interaction time and is an ideal starting point for
high precision spectroscopy. We report the latest results [2] and the current status of our experiment
(Fig. 1).
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Figure 1: Time-of-flight measurements of guiding and deceleration of SrF molecules for different decel-
erator lengths. On the left side guiding and deceleration results with 2m decelerator. On the right side

guiding result with 4m decelerator. Deceleration with 4m decelerator is in progress.
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Optical frequency measurement of Rb 5S-5P transition with a frequency
comb
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Femtosecond optical frequency comb technology [1] allows to count optical frequencies against
radiofrequency clock. We used an erbium-fiber-based fs comb made by Menlo Systems to measure
frequency of optical transitions in rubidium atomic vapor against a commercial rubidium clock. The
Rb clock was continuously calibrated against GPS satellite time allowing to achieve 11 digits of
precision in absolute frequency determination.

We have set up an external cavity diode laser at 780 nm that excites D2 line in Rb vapor and
recorded saturation spectroscopy peaks from 85Rb and 87Rb isotopic hyperfine transitions. The Rb
optical cell was placed inside a magnetic shield to minimize Zeeman shift. Diode laser was scanned
across the Rb spectrum and its absolute optical frequency was measured precisely from a beatnote
with the optical frequency comb. For extraction of hyperfine transition frequencies it is important to
use multiple peak fit. Peak positions agree within 1 MHz with the literature [2].

Figure 1: Left: Experimental scheme. Right: Precision measurement of absolute frequencies of Rb
saturation peaks using optical frequency comb. Multiple peaks fitting using Lorentz functions is shown.
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The phenomenon of coherent population trapping (CPT), since its discovery in 1976 [1, 2], has
found many interesting applications in atom physics. Electromagnetically induced transparency (EIT)
is the spectroscopic manifestation of CPT. The width of the EIT resonance can be much less than
the natural linewidth, therefore such resonances are often called subnatural-width ones. The narrow
transparency window in the absorption signal, resulting from EIT, is also accompanied by very steep
refractive-index dispersion of the medium. These brilliant properties of EIT make it attractive for
applying in laser physics and laser spectroscopy, optical communications and quantum metrology
(miniature atomic clocks and magnetometers).

In 1997 subnatural-width resonance with opposite sign was obtained – electromagnetically induced
absorption (EIA) [3]. First that resonance was observed under a bichromatic laser field, composed of
two co-directional mutually coherent waves with opposite circular polarizations. Then the effect was
also studied with a single-frequency laser wave accompanied by a scanned dc magnetic field applied
along the wave vector (magneto-optical or, so-called, Hanle configuration) [4]. Since its discovery, the
scope of EIA applications happened to be rather small in comparison with the EIT resonances due to
some serious difficulties. Indeed, many methods suggested for observing EIA signals could not provide
narrow (< 1 kHz) and simultaneously high-contrast (> 20-30 %) subnatural-width resonances.

In papers [5, 6] we have proposed the “unconventional” scheme for observing EIA signals in Hanle
configuration. It implies using two counterpropagating light waves with the same frequency and
orthogonal linear polarizations (“probe” and “pump” beams). Here we further develop that method
for using as a simple magneto-optical switch for laser radiation. The key requirements of the modified
method consist in 1) using an open (non-cyclic) dipole transition, 2) a vapour cell filled with alkali
work atoms and buffer gas or a cell with anti-relaxation coating of the walls, 3) high concentration
of work atoms (e.g. F=1→F’=1 transition in D1 line of 87Rb with vapour density ∼5×1011 cm−3).
These conditions can provide the best contrast (close to 100 %) and narrow width (< 1 kHz) of the
resonance. The switch works as follows. Absorption of the probe beam is monitored as a function of
the dc magnetic field B, applied along the wave vectors. As the conditions are satisfied, the probe-
beam transmittance almost equals zero (<0.5 %) in the vicinity of B=0. Otherwise, when B 6=0, the
probe transmittance is very close to 100 %. At that, the magnetic field B can be as low as just several
mG for effective control of the probe transmittance. This implies a device that can be low-power and
compact, high-sensitive and easy to control.

The new scheme for observing magneto-optical EIA signals can be applied also in laser physics,
optical communications and magnetometry.

This work was partially supported by RFBR (15-02-08377, 15-32-20330, 14-02-00712, 14-02-00939,
14-02-00680, 13-02-00283), Ministry of Education and Science of Russian Federation (gov. order no.
2014/139, project no. 825), Presidium of the Siberian Branch of Russian Academy of Sciences and
by Russian Presidential Grants (MK-4680.2014.2 and NSh-4096.2014.2). M. Yu. Basalaev was also
supported by the Dynasty Foundation.
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High resolution spectroscopy of Cs atomic layers
of nanometric and micrometric thickness
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The miniaturization of practical devices based on alkali atomic vapor confined in optical cells is of
rising interest for development of photonic sensors. In this communication we present high resolution
laser spectroscopy of Cs vapor confined in a unique optical cell with nanometric thickness (NTC) [1],
where a strong spatial anisotropy is present for the time of interaction between the atoms and the
laser radiation.

Extremely narrow velocity selective optical pumping (VSOP) resonances (∼ 12 MHz) in the ab-
sorption and fluorescence profiles of the open optical transitions are demonstrated. The improved
experimental system as compared to the used in [2] made possible the registration of a resonance in
the fluorescence also of the closed transition.

A theoretical simulation is performed to analyze the physical processes behind the sub-doppler
width (SDW) resonance sign reversal for the closed atomic transitions. The model involves elastic
interactions between Cs atoms as well as elastic interaction of atom-cell windows, both resulting in
depolarization of the excited state, which can lead to the new experimental observations.

We show that a small increase in the NTC thickness (from L = λ to L = 6λ) allows reduction of
light intensity and atomic source temperature needed for the narrow resonance formation, as can be
seen in Fig.1.
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Figure 1: Transmission (a) and fluorescence (b) spectra at the Fg = 4 set of transitions,
observed in the NTC with L = 6λ. For higher atomic concentration a narrow dip in the

fluorescence occurs at the closed Fg = 4→ Fe = 5 transition.

This makes it advantageous to use the narrow dips in the fluorescence profiles as frequency refer-
ences for precise and significantly simplified stabilization of laser frequency, as well as for magnetome-
ters with nanometric local spatial resolution and tunable atomic frequency references [3,4].

This work was partially supported by a Marie Curie International Research Staff Exchange Scheme
Fellowship within the 7th European Community Framework Programme: “Coherent optics sensors for
medical applications-COSMA” (Grant Agreement No: PIRSES-GA-2012-295264) and in the scope of
the International Associated Laboratory IRMAS (CNRS-France & SCS-Armenia).
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Identifications of EUV transitions in promethium-like Pt, Ir, Os, and Re
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Recent proposals to use highly charged ions (HCI) in next generation frequency standards, and for
measurements of the variation of constants [1,2], has increased the need to understand the electronic
structure of these ions. Specifically HCI near level crossings are of high interest, because they feature
electric dipole transitions in the extreme ultra-violet (EUV) and optical regime, suitable for precision
laser spectroscopy.

The existence of strong 5s – 5p EUV transitions in promethium(Pm)-like systems, which are
near the 4f – 4s level crossing, was already predicted by Curtis and Ellis in 1980 [3]. Experimental
observation of these transitions was never definitively confirmed due to the complexity of the spectra
and deviations at the 1 %-level from atomic theory predictions.

We have experimentally investigated Pm-like Pt, Ir, Os, and Re ions to gain a better understanding
of the electronic structure of these HCI [4]. The ions were produced and stored in an electron beam ion
trap (EBIT) where the ions were excited through electron impact, the EUV fluorescence spectra were
obtained using a grazing incidence flat-field spectrometer. The near mono-energetic electron beam
of the EBIT ensured a well-defined charge state distribution, so that emission lines from different
charge states could be separated. The resulting spectra were compared to synthetic spectra which
were obtained using a collisional radiative model.

In this manner a number of characteristic transitions could be identified, and their wavelengths
could be determined at the 50 ppm level. Even some of the 5s – 5p transitions, which appeared very
weak in both observed and synthetic spectra, could be identified. Comparison to several state of
the art calculations still shows deviations of up to 1 %, signaling the need for alternative, or new
techniques in calculating the electronic structure of these complex HCI.
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Identifications of optical transitions in Ir17+ for investigations of variations
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Optical transitions in various highly charged ions (HCI) haven been proposed for the investigation
of a possible variation of fundamental constants, and for use in next generation frequency standards [1-
3]. The atypical abundance of optical transitions in these HCI is due to a near degeneracy of electronic
configurations near a level crossing. Enhanced relativistic effects make Nd-like Ir17+, which is near the
4f – 4s level crossing, highly sensitive to variations of the fine-structure constant α. Calculations for
the electronic structure of Ir17+ are difficult and not accurate enough for precision laser spectroscopy,
due to the complex correlations between the electrons in the open 4f -shell. To resolve this issue, we
measured a number of optical transitions in Ir17+ with a precision of up to 1 ppm [4].

The ions were produced and stored in an electron beam ion trap (EBIT), where the ions were
excited by electron impact. The subsequent emission light was observed using a Czerny-Turner type
spectrometer. The Zeeman splitting, caused by the 8.00 T field in the EBIT, could be resolved and
exploited to identify a number of magnetic dipole transitions. To further our understanding of Ir17+

we investigated Nd-like W14+, Re15+, Os16+, and Pt18+ in a similar manner. The identified transitions
followed the predicted dependence on the atomic numbers, thereby confirming our identifications. By
extrapolating the found scaling we were able to infer the wavelengths of proposed frequency standards
in Hf12+ and W14+ [3].

In the measured Ir17+ transitions a search for closed optical cycles (Ritz combinations) was made.
This resulted in two mutually exclusive candidates for the sought after transitions with highest sen-
sitivity to α-variation. Recently performed improved measurements of these lines should establish
which of the found cycles is correct, and thereby determine the energy splitting between the involved
configurations.
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The (2)1Π state in KCs: Fourier-transform spectroscopy and potential
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Spectroscopic information on the mixed excited states of heteronuclear alkali diatomics is of partic-
ular interest because of their application as an intermediate state for producing molecules in cold and
ultracold conditions, preferably in the lowest X1Σ+ rovibronic state. The ultracold KCs molecules
have not been produced yet, but optical schemes for its production are proposed in [1,2]. A different
scheme which involves photoassociation via the mixed (2)1Π and (2)3Π states was used in [3] for RbCs.
In present study we report on the first spectroscopic data and construction of the pointwise potential
energy curve (PEC) for the (2)1Π state of KCs [4].

Similar to our previous KCs experiments [5,6], we recorded the back-scattered laser induced flu-
orescence (LIF) by Fourier-transform spectrometer Bruker IFS-125HR at a resolution of 0.03 cm−1.
KCs molecules were produced in a linear heat-pipe, filled with 10g of K and 7g of Cs, at about 300
oC temperature. For excitation we used the laser diodes (658 nm and 685 nm) and a Coherent CR
699 ring dye laser (Rh6G and DCM dyes). A Hamamatsu R928 photomultiplier was employed as a
detector. The uncertainty of the line positions was estimated as 0.003 cm−1.

From 180 recorded LIF spectra we obtained 2121 term values of e and f parity rovibronic levels.
The assingment of quantum numbers v′′, J ′′ and J ′ for each LIF progression was based on the accurate
ground state PEC [7]. The data set included vibrational v′ ∈ [0, 28] and rotational J ′ ∈ [7, 274] levels.
The experimental uncertainty of the term energy was estimated as 0.01 cm−1. For systematically
over J ′ data within v′ ∈ [0, 10] it was possible to determine the Λ-doubling constant, or q-factor.
For v′ ∈ [0, 6] and J ′ > 50 the obtained q-factor values have not revealed significant perturbations.
Therefore we averaged these values to q̄ = (1.8± 0.1)× 10−6 cm−1, being in excellent agreement with
the q = 1.84× 10−6 cm−1 value calculated in [8].

The (2)1Π state PEC of KCs was constructed using the Inverted Perturbation Approach. The
empirical PEC consists of 29 grid points in the internuclear distance range from 3.6 to 8.6 Å and
describes the 67% of its well depth. The standard deviation (std) of the fit is 0.5 cm−1, while for
v′ ∈ [0, 7] the std is 0.008 cm−1. The presented PEC obtained in one-state model can be used as the
first step in further analysis of this state, which would require a more detailed spectroscopic informa-
tion also on perturbing (3)3Σ+ and (2)3Π states.

The support from the Latvian Science Council Grant No. 119/2012 as well as from Latvian Min-
istry of Education and Science Grant No. 11-13/IZM14-12 is gratefully acknowledged.
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Towards atomic anion laser cooling
G. Cerchiari1, E. Jordan1, and A. Kellerbauer1

1Max-Planck-Institut für Kernphysik, Heidelberg
Presenting Author: giovanni.cerchiari@mpi-hd.mpg.de

Laser cooling is an established technique used to create positive or neutral ensembles at sub-kelvin
temperatures. This result has not yet been achieved for negative ions. We conduct experiments on the
few atomic anions in which a strong electric-dipole transition has been predicted. Most atomic anions
show only few, if any, bound excited states, strongly reducing the number of species theoretically
suitable for laser cooling [1]. In addition to gathering information on these particular atomic species,
our research pursues an appealing technique to cool any negative-ion species by sympathetic cooling
in a shared trapping volume [2].

Starting from the preliminary results of other groups [3] we performed high-precision spectroscopic
studies on Os− and La− [4,5]. We measured the transitions frequencies with vastly improved precision
to address fundamental questions about hyperfine structure, cross-sections and the Zeeman effect, all
with a view to laser cooling an atomic species in a Penning or a Paul trap. Our results indicate La-
as a promising candidate.

Currently we are modifying our apparatus to attempt the laser cooling of an ensemble of La− ions
in a linear Paul trap. In this talk, the spectroscopy results will be presented and an outlook on the
cooling technique will be given.
References
[1] O’Malley S. M. and Beck D. R., Phys. Rev. A 81 032503 (2010)
[2] Kellerbauer A. and Walz J., New J. Phys. 8 45 (2006)
[3] Walter C. W. et al., Phys. Rev. Lett. 113 063001 (2014)
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The effect of the isomeric state 229mTh on the observed hyperfine
structure pattern

J. Dembczyński1, M. Elantkowska2, and J. Ruczkowski1

1Institute of Control and Information Engineering, Faculty of Electrical Engineering, Poznań University of
Technology, Piotrowo 3A, 60-965 Poznań, Poland

2Laboratory of Quantum Engineering and Metrology, Faculty of Technical Physics, Poznań University of
Technology, Piotrowo 3, 60-965 Poznań, Poland

Presenting Author: Jerzy.Dembczynski@put.poznan.pl

The study of the structure of 229Th isotope is interesting both from the point of view of nuclear
physics as well as its application to frequency standard, because the first excited isomeric state of the
229Th nucleus exhibits the lowest known nuclear excitation energy which is about 8 eV.

The verification of the existence and determination of the energy of a low lying isomeric state can
be easily done by a systematic study of the hyperfine structure for electronic levels of the 229Th atom
or ions by means of the LIF method in a Paul trap, in hollow cathode or on atomic beam.

The effects of the mixing of the wave functions for ground and isomeric nuclear states should be
observed in the hyperfine structure patterns of spectral lines.

As an example we present the simulation for the transition 34543.556 cm−1→ 17121.620 cm−1. The
values of the hyperfine constants were taken from the paper of Kälber et al. [1]. The corresponding
values for the isomeric state were calculated using the values of nuclear moments µ and Q equal
0.45 µN [2], 3.11 b [3] and -0.08 µN [4], 1.74 b [4], for the ground and the isomeric nuclear states
respectively. The same occupancy of the ground and isomeric states was assumed. The solid lines show
the intensities of the line components, for the ground nuclear state, for the transitions F ′ = 0→ F = 1
at the beginning to F ′ = 5 → F = 4 at the end of x-axis. For the isomeric state, the dashed lines
illustrate the line components for transitions F ′ = 0→ F = 1 and F ′ = 3→ F = 4, respectively.

Depending on the line width observed in the experiment, the existence of the isomeric state will
be revealed in the middle of the hyperfine structure pattern as broadening and distortion of the line
components or as additional line components. Therefore the hyperfine structure constants derived
from the observed spectral line shape will differ from those determined in the absence of nuclear
isomeric state admixture.

Figure 1: Simulation of the line structure for the transition
34543.556 cm−1 → 17121.620 cm−1.

This work was supported by Poznań University of Technology within the project 04/45/DSPB/0135
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Depletion spectroscopy and internal-state thermometry of
buffer-gas-cooled polar molecules

T. Gantner1, X. Wu1, S. Chervenkov1, M. Zeppenfeld1, and G. Rempe1

1Max-Planck-Institute of Quantum Optics, Hans-Kopfermann-Str. 1, 85748 Garching, Germany
Presenting Author: thomas.gantner@mpq.mpg.de

We present a general technique for probing the internal-state distribution of electrically guided
polar molecules [1]. Bright beams of buffer-gas cooled [2] molecules are guided by an electrostatic
quadrupole guide and brought to a region with homogenous electric field. Here, a radio frequency
field pumps molecules in a specific rotational state from guidable to non-guidable sublevels. Another
bent piece of a quadrupole guide through a differential pumping section ensures that only molecules
remaining in guidable states are detected by a quadrupole mass spectrometer. The population of the
different rotational states can be derived from the depletion signal. This enables us to estimate the
rotational temperature of the guided molecules.

Using this technique, we characterize our buffer-gas cell for different molecules, e.g. CH3F,
CF3CCH,... and for different regimes, effusive and hydrodynamic. As the scheme is extremly sim-
ple to implement in experiments using beams of guided molecules, we expect it to be well-suited for
characterization in future experiments, e.g., with a centrifuge decelerator [3].

Figure 1: RF spectroscopy setup

References
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The Rayleigh and Raman scattering of light on metastable levels of
diatomics: An advanced method and new data
A. Glushkov1, O. Khetselius1, A. Kvasikova1, and E. Ponomarenko1

1Odessa State University - OSENU, Odessa
Presenting Author: dirac13@mail.ru

Laser action on molecules leads to different non-linear processes, including multi-photon ioniza-
tion, excitation and dissociation, Raman scattering. The elementary two-photon processes are linear
coherent and combinational scattering. The intensities and polarization of lines in these spectra are
defined by polarizability and derivative on inter-nuclear distance. In this paper we study processes of
the Rayleigh and Raman vibration scattering of a light on metastable levels of molecules (H2, HD, D2,
Li2, Rb2, Cs2, Fr2). On the example of polarizability of metastable molecules it has been quantita-
tively studied an effect of nuclear motion in processes of the second order of the perturbation theory.
An advanced numerical method for construction of the Green’s functions for optical electrons and
electron wave functions is developed within the model potential approach in the spheroid coordinates
system that allows to take into account non-spherical character of molecular field. We have carried
out computing an electron transition moment dependence upon the internuclear distance, molecular
polarizability, its derivative on inter-nuclear distance, depolarization degree during the Rayleigh and
Raman light scattering on the frequencies of the Rb, Nd lasers. Analysis of results of the calculation
of a polarizability, its derivative on inter-nuclear distance, for example, for excited triple metastable
c3n, states of the H2, HD, D2 molecules on the frequencies of the Rb (1,78eV) and Nd (1,18eV) lasers
shows that the main contribution into polarization of the cited metastable molecules is provided by
changing the electron shell under action of the external electromagnetic field. An influence of the
nuclear motion effect has been also studied and found to be quite little. It is in a good agreement
with simplified models estimates [3]. Relativistic generalization of proposed approach is carried out on
the basis of many-body relativistic perturbation theory with account of the polarization and nuclear
motion effects and generalized dynamical nuclear model with using the optimized one-quasiparticle
representation [1,2].
References
[1] A. Glushkov O. Khetselius, S. Malinovskaya Frontiers in Quantum Systems in Chemistry and
Physics Ser.: Progress in Theoretical Chemistry and Physics, Eds. S. Wilson et al (Springer, Berlin,
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Absolute absorption and dispersion in dense alkali-metal thermal vapours
I. G. Hughes1, C. S. Adams1, E. Bimbard1, J. Keaveney1, D. J. Whiting1, M. A. Zentile1, A. Sargsyan2, and

D. Sarkisyan2

1Joint Quantum Centre Durham-Newcastle, Durham University Physics Department, Durham, UK
2Institute for Physical Research, National Academy of Sciences, Ashtarak-2 0203, Armenia

Presenting Author: i.g.hughes@durham.ac.uk

Many of the work-horse techniques of contemporary atomic physics experiments were first demon-
strated in hot vapours. These media are ideally suited for quantum-optics experiments as they combine
(I) a large resonant optical depth; (II) long coherence times; (III) well-understood atom-atom inter-
actions. These features aid with the simplicity of both the experimental set up and the theoretical
framework.

We have studied experimentally and theoretically the absorption and dispersion of alkali-metal
atomic vapours [1-3]. Our model includes the effects of dipole-dipole interactions [4] and calculates
the absolute susceptibility that enables quantitative predictions in the vicinity of the D lines. The
model was a crucial component in our experimental measurement of the cooperative Lamb shift [5],
the first measurement of this phenomenon, 40 years after its prediction. In a related experiment
we measured the refractive index of high-density Rb vapour in a gaseous atomic nanolayer, thereby
answering the question of what is the theoretical maximum refractive index of an atomic vapour [6].
We will present ideas and preliminary data of how to generate heralded single photons with a dense
thermal ensemble.
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Figure 1: Experimental absorption (upper) and fluorescence (lower) spectra with theoretical models (red)
taken on the Rb D2 line in cells differing in length by a factor of 106.
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Strontium optical lattice clocks
J. Lodewyck1, J.-L. Robyr1, S. Bilicki1, E. Bookjans1, and R. Le Targat1

1LNE-SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ.
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Presenting Author: jerome.lodewyck@obspm.fr

Thanks to their large quality factor and the large number of simultaneously interrogated atoms,
opti- cal lattice clocks beat frequency stability and accuracy records [1–3].

Here, we propose the demonstration of a set of two operational lattice clocks using strontium
atoms. They feature an uncertainty budget below 5 × 10−17, mainly limited by the black-body
radiation shift, and a frequency stability of 1.0× 10−15, after a 1 s integration time. The second clock
has been operated during a full week, as part of the EMRP-funded project “International Timescales
with Optical Clocks” (ITOC), with minimal human intervention. During this period, the clock, linked
to a fiber-based frequency comb, provided integration points every second with an uptime larger than
93%. These developments are essential steps towards international comparisons of optical clocks,
either by fiber links or via the PHARAO/ACES space clock project.

During this measurement campaign, the Sr clock has been compared to Cs and Rb microwave
fountains, providing frequency ratio measurements with a statistical resolution below 10−16, and an
improved overall uncertainty over our previous measurement [4]. Moreover, these ratio measurements
agree within the error bars with the results publish in [4], reinforcing our confidence in the repro-
ducibility of optical lattice clocks. Furthermore, these results bring improved constraints on a possible
drift of fundamental constants.

Finally, we take profit from the reliability of the clock to investigate a pending issue that could
have compromised the ultimate performances of OLCs. We propose a study of lattice induced effects
by comparing various laser sources for the optical lattice: Semi-conductor tapered amplifiers, slaves
lasers and a titanium-sapphire laser. We show that careful characterization of the light is necessary
to ensure ultimate accuracy.

The EMRP is jointly funded by the EMRP participating countries within EURAMET and the
European Union.
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Study of (3)1Π and (5)1Σ+ states of RbCs based on (3)1Π→ (A− b) and
(5)1Σ+ → (A− b) Fourier transform spectra analysis

K. Alps1, A. Kruzins1, O. Nikolayeva1, M. Tamanis1, R. Ferber1, A. V. Stolyarov2, and E. A. Pazyuk2
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Recently observation and analysis of laser induced fluorescence (LIF) spectra to the A1Σ+ and
b3Π states (A − b complex for short) from (3)1Π, (4)1Σ+ and (5)1Σ+ states in RbCs was reported
[1]. It was shown that high accuracy of the A − b complex description based on coupled-channels
deperturbation treatment achieved in [1], allowed us to use the latter as an alternative to the ground
state for the purpose to assign the observed (3)1Π → A − b and (5)1Σ+ → A − b transitions and
to determine the term values of the upper states with experimental accuracy 0.01 cm−1. We report
here of a continuation of the study of the (3)1Π and (5)1Σ+ states in RbCs. These states were first
observed by REMPI method and partly described in [2, 3]. The aim of the present work was to
obtain systematic term values data for the rovibronic levels and to construct the respective adiabatic
potential energy curves.

In the experiment RbCs molecules were produced in a linear heat pipe at 310 oC. The radiation
of a single mode laser (CR 699-21) with Rhodamine 6G dye excited transitions from the ground state
to the (3)1Π and (5)1Σ+ states. The LIF spectra to the A − b complex were recorded by Fourier
transform spectrometer (IFS 125-HR, Bruker) in the 6000-10000 cm−1 spectral range. Excitation
frequencies were selected within the range 16900 − 17700 cm−1 by monitoring the LIF signal in
the Preview Mode of the spectrometer. The recorded spectra contained also the (4)1Σ+ → A − b
transitions excited accidentally by the same laser frequency. These transitions could be used as a test
of assignment procedure, since the (4)1Σ+ state is very accurately described in [4]. The assignment of
the LIF progressions allowed us to determine the energy and the rotational quantum number J ′ of the
rovibronic levels of the (3)1Π and (5)1Σ+ states. Vibrational numbering v′ of these states was based
on the data from [2,3]. In several spectra rotational relaxation lines were observed around strong lines
of the main progression, thus increasing the amount of term values data. The obtained term values of
the (3)1Π and (5)1Σ+ states were included in the single potential fit using the Inverted Perturbation
Approach to construct the point wise potentials.

The support from the Latvian Science Council Grant No. 119/2012 is gratefully acknowledged by
Riga team and RFBR grant No. 13-03-00446-a by Moscow team.
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Fourier transform spectroscopy and deperturbation analysis of the
spin-orbit coupled A1Σ+ and b3Π states in RbCs

A. Kruzins1, K. Alps1, O. Docenko1, I. Klincare1, M. Tamanis1, R. Ferber1, E. A. Pazyuk2, and
A. V. Stolyarov2
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We present an extended study of the strongly spin-orbit coupled singlet A1Σ+ and triplet b3Π
states (A − b complex for short) of the RbCs molecule, which provide an efficient optical path to
transfer ultracold molecules to their rovibrational ground state, as demonstrated in [1]. Earlier several
Fourier-transform (FT) studies were performed to obtain the term values of the A−b complex in RbCs,
and to describe this complicated system by deperturbation model based on four A1Σ+ − b3ΠΩ=0,1,2
coupled-chanel (CC) approach [2,3]. However the achieved description of data have not reached the
experimental accuracy. The goal of the present work was to obtain systematic term values data
in the extended range of energy and quantum numbers of rovibronic levels, and to perform the CC
deperturbation analysis allowing to reproduce the data with experimental accuracy. In the experiment
the A − b → X and (4)1Σ+ → A − b laser induced fluorescence (LIF) FT spectra were recorded.
RbCs molecules were produced in a heat pipe at 310 oC. A number of diode lasers covering the
wavelenght range from 830 nm to 1050 nm were used to excite directly the A − b complex. In a
different scheme, a single mode dye laser (Coherent 699-21) was used to excite the (4)1Σ+ state
with subsequent observation of LIF signal to the A − b complex. The latter scheme allowed us to
observe "dark" levels of the triplet b3Π state far below the minimum of the singlet A state. Overall
8730 rovibronic term values of A1Σ+ and b3Π states of 85Rb133Cs and 87Rb133Cs isotopologues were
determined with an uncertainty of 0.01 cm−1 in the energy range [9012, 14087] covering rotational
quantum numbers J ∈ [6, 324].

An energy-based deperturbation analysis performed in the framework of the four A1Σ+−b3ΠΩ=0,1,2
coupled-channels approach reproduces 97% experimental term values of both isotopologues with a
standard deviation of 0.0036 cm−1. The reliability of the deperturbed mass-invariant potentials and
spin-orbit coupling functions of the interacting A1Σ+ and b3Π states is additionally proved by a good
reproduction of the A− b→ X and (4)1Σ+ → A− b relative intensity distributions.

The support from the Latvian Science Council Grant No. 119/2012 is gratefully acknowledged by
Riga team and RFBR grant No. 13-03-00446-a by Moscow team.
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Alkali atoms in a strong transverse magnetic field: “guiding” transitions
foretell behavior of all transitions of D1 line
A. Papoyan1, A. Sargsyan1, G. Hakhumyan1, and D. Sarkisyan1
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We report the existence of so-called “guiding” atomic transitions (GTs) in the system of transitions
between magnetic sublevels of the hyperfine structure of D1 lines of all alkali metal atoms in the case
of linear (π) polarization. They allow predicting the probabilities of all atomic transitions in their
group in strong transverse magnetic fields, as well as their frequency shifts with respect to magnetic
field. In the case of the D2 lines, GTs are absent. This effect was experimentally observed in rubidium
vapor with the use of a half-wavelength cell (λ/2-method) [1].

An experiment with a nanocell filled with Rb atomic vapor with a thickness of half the wavelength
L = λ/2 = 398 nm for ensuring a sub-Doppler spectral resolution has completely confirmed the
presence of guiding transitions shown in Fig.1. Two groups of six transitions for 85Rb and two groups
of four transitions for 87Rb have been detected in the transmission spectra in magnetic fields above 4
kG. A guiding transition has been identified in each of four groups. Four transitions forbidden at B =
0 have been detected too; also their probabilities approach the probabilities of the guiding transitions
with an increase in the magnetic field.

Figure 1: Diagram of the atomic transitions of D1 line in 85Rb (22 transitions) and in 87Rb (14 tran-
sitions) in magnetic field B << B0 (B0 = Ahfs/µB ∼= 0.7 and 2 kG for 85Rb and 87Rb, respectively) in
the case of π-polarized radiation (∆F = 0,±1, mF = 0, the dashed arrows indicate forbidden transitions).

Squares mark GTs.

The good agreement of the experimentally measured spectra with the theoretical predictions proves
that the λ/2-method makes it possible to quantitatively trace the behavior of each individual atomic
transition in the magnetic field. GTs exist for the D1 lines of all alkali metal atoms.
References
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Selective reflection from dense Rb2 molecular vapor
A. Papoyan1, S. Shmavonyan1, A. Khanbekyan1, A. Gogyan1, and M. Movsisyan1

1Institute for Physical Research, NAS of Armenia, Ashtarak-2, 0203, Armenia
Presenting Author: papoyan@ipr.sci.am

Selective reflection (SR) of light from an interface of a dielectric window and atomic vapor is
known as a powerful spectroscopic tool for numerous applications [1]. Extension of this technique to
molecular vapor is a challenge, mainly due to technical problems.

We report the first observation of SR from molecular vapor of Rb2 dimers formed in all-sapphire
sealed-off rubidium vapor cell at the temperature range of 455 − 515oC corresponding to number
density of Rb2 dimers 6.7×1015 − 2.6×1016 cm−3. The selective reflection signals were recorded on
various rovibronic components of 1(X)1Σ+

g − 1(A)1Σ+
u bound-bound electronic transition of Rb2 (left

graph in Fig.1) by scanning a diode laser frequency in a spectral range of 851 − 854 nm (11710 − 11750
cm−1). Mainly selective reflection spectra corresponding to groups of several rovibronic transitions
have been recorded, which is caused by high spectral density, large collisional broadening, and low
oscillator strength of individual rovibronic transitions.

Figure 1: Left: Rb2 potential curves for lower electronic states relevant for the present study. Vertical line
indicates molecular electronic interstate transition with 852 nm wavelength. Right: Rb2 selective reflection
(upper graph) and fluorescence (middle graph) spectra recorded at T = 461oC, NRb2 = 9.3×1015 cm−3;
transmission spectra (lower graph) recorded at T = 310oC, NRb2 = 7.0×1013 cm−3 (upper trace) and T =
400oC, NRb2 = 1.7×1015 cm−3 (lower trace). Colored noisy signal superimposed on measured SR spectrum

presents the SR spectrum derived from fluorescence by data processing (see text).

We have proved that the recorded signals shall be attributed to selective reflection by careful
alignment of the measurement setup, as well as by comparison of the experimentally recorded SR
spectrum with the modeled one derived from the simultaneously measured fluorescence spectrum
using Kramers-Kronig relation and Fresnel formula (right graph in Fig.1).
References
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Precision isotope shift measurements of calcium ions using photon recoil
spectroscopy
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Precision laser spectroscopy of trapped atoms is an important technique in fundamental physics. As
a powerful tool, the laser induced fluorescence spectroscopy technique has been widely used. However,
for non-closed broad transition, this technique is not well-suited. We present isotope shift measure-
ments of the 2D3/2− 2P1/2 and the 2S1/2− 2P1/2 transitions in calcium ions by extending the photon
recoil spectroscopy (PRS) technique to non-closed transition. In PRS, a spectroscopy ion is trapped
and sympathetically cooled to the motional ground state by a co-trapped logic ion [1]. Photon recoil
from absorption on the spectroscopy transition results in motional excitation, which is detected on
the cooling ion using quantum logic techniques. In this way, we are able to detect around 10 scattered
photons for the nearly-closed 2S1/2 − 2P1/2 transition of Ca+ [2]. To achieve single-photon efficiency
for the non-closed 2D3/2 − 2P1/2 transition, a new approach is employed, in which a single-photon
repumping event is efficiently translated into the motion of the two ion crystal by amplifying the recoil
from absorption of photons resonant with the 2S1/2− 2P1/2 transition. The residual motional ground
state population is then probed using a stimulated Raman adiabatic passage pulse driving a motional
sideband on the cooling ion. Using the two techniques, we performed the first high precision absolute
frequency measurement of the 2D3/2− 2P1/2 and the 2S1/2− 2P1/2 transitions for the isotopes 40Ca+,
42Ca+, 44Ca+, 48Ca+ with accuracy below 100 kHz [3]. Based on the precision isotope shift measure-
ment we performed a multidimensional King’s plot analysis and were able to significant improve the
uncertainty of changes in the mean square nuclear charge radii. Furthermore, we will present recent
measurement results of the 2S1/2 − 2P3/2 transition in calcium ions.
References
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Recently high resolution Fourier Transform (FT) spectroscopy and rigorous coupled-channel de-
perturbation analysis of the low-lying spin-orbit coupled A1Σ+ and b3Π states of KRb molecule have
been performed [1]. The resulting mass-invariant deperturbed molecular parameters represent the
termvalues of the A− b complex of the different KRb isotopologues within accuracy of the measure-
ments. A comparative study of the ab initio calculated A1Σ+ − X1Σ+ and b3Π − a3Σ+ transition
dipole moments demonstrate the remarkable agreement (with few percent) of the theoretical results
obtained by the different quantum chemistry methods [2]. The highly accurate empirical adiabatic
potential energy curves (PECs) for the ground singlet X1Σ+ and triplet a3Σ+ states of KRb up
to their common dissociation limit became available as well [3]. This provides confidence that the
energies and radiative properties of the KRb A − b complex could be simulated at a high (close to
experimental) level of accuracy in a wide range of the rovibronic excitation.

The goal of the present work is to perform a detailed theoretical analysis of the spectroscopic and
radiative properties of KRb in order to identify the reasonable candidates for the stimulated Raman
transitions between initial Feshbach resonance states (consist of the mutually mixed X1Σ+ and a3Σ+

levels due to hyperfine and magnetic external field perturbations), the spin-orbit coupled levels of
the A∼b complex and absolute ground X1Σ+ (v = 0,J = 0) state [4]. We have used the brand new
deperturbed molecular PECs, spin-orbit coupling functions and transition dipole moments to predict
the rovibronic energies and radiative lifetimes of the A− b complex along with transition probabilities
from the complex to weakly bound levels of the both X1Σ+ and a3Σ+ states near dissociation thresh-
old as well as absolute ground X-state. The calculated A− b→ X spontaneous emission coefficients
are in a good agreement with the relative intensity distributions measured for long laser-induced flu-
orescence progression on the well-bound levels of the X-state. The theoretical lifetime predicted for
the metastable b3Π(v = 0) state 33.8 µs is remarkably close to its experimental counterpart [5]. The
overall A− b↔ a transition probabilities are confirmed to be extremely weak due to the small b− a
transition moment [2,4]. At the same time the A − b ↔ X transition probabilities from the highest
vibrational levels of the X-state become comparable with the strength of the relevant transitions to
the lowest vX = 0 level of the ground X-state.

The support from the Latvian Science Council Grant No. 119/2012 as well as from Latvian Min-
istry of Education and Science Grant No. 11-13/IZM14-12 is gratefully acknowledged. Moscow team
thanks for the support by the RFBR grant No. 13-03-00446a.
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For several years the mixed A ∼ b levels provided convenient windows to study the triplet mani-
fold of excited states by perturbation-facilitated optical-optical double resonance transitions from the
ground state of singlet symmetry X1Σ+ [1]. In more recent times the attention has been drawn to the
fact that the same perturbation can facilitate transfer of ultracold molecules derived from Feshbach
resonances to the absolute ground state (i.e. vX = 0, JX = 0) by a stimulated Raman process [2].
This motivates recent experimental efforts to characterize the A ∼ b complex in heavy (Rb and Cs)
alkali atom molecules such as NaRb, NaCs, KCs, RbCs, Rb2 or Cs2.

The present analysis was undertaken to provide the rigorous coupled-channel (CC) deperturbation
treatment of about 780 rovibronic term values of the strongly spin-orbit (SO) coupled A1Σ+ and b3Π
states of the 7Li133Cs molecule recorded by polarization labelling spectroscopy technique. The explicit
A1Σ+ ∼ b3ΠΩ=0,1,2 coupled-channels treatment allowed us to reproduce 95% experimental term values
with a standard deviation of 0.05 cm−1 which is close to the accuracy of the present experiment. The
initial potential energy curves (PECs) of the mutually perturbed states and spin-orbit (SO) matrix
elements were ab initio evaluated in the basis of the spin-averaged wave functions. Both interacting
A1Σ+ and b3Π states are described by the analytical potentials defined by the "Expanded Morse
Oscillator" (EMO) form. The direct SO coupling between the b3Π0 sub-state and A1Σ+ state as well
as the spin-rotational mixing of different b3Π0,1,2 sub-states is explicitly taken into account using a
semi-empirical, "morphed" form of the ab initio SO matrix elements.

The developed CC deperturbation model allowed us to assign more lines in the recorded spectra
and to reproduce most of the experimental observations with an accuracy consistent with experimental
uncertainties, thus considerably surpassing the accuracy of the previous study [3]. Furthermore, the
achieved accuracy encouraged to imply the empirically refined PECs and SO functions as well as ab
initio A1Σ+ −X1Σ+ and b3Π− a3Σ+ transition moments to predict energy and radiative properties
of the A ∼ b complex of both 6,7LiCs isotoplogues. The information could be useful for perturbation-
facilitated double resonance experiments as well as to optimize formation and detection of ultracold
LiCs molecules in their absolute ground state [4].

Moscow team thanks for the support by the RFBR grant No. 13-03-00446a.
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In heavy heteronuclear alkali diatomic molecules containing Rb and Cs atoms the lowest excited
A1Σ+ and b3Π states (A − b complex for short) are strongly coupled by spin-orbit (SO) interaction.
An accurate description of such systems is a challenging task, which imposes a detailed experimental
study and elaboration of a powerful deperturbation procedure. Recently this problem was successfully
solved for NaRb [1], NaCs [2], KCs [3], RbCs [4] and Rb2 [5] molecules. In these studies the term
values of the A−b complex were determined from laser induced fluorescence (LIF) spectra recorded by
high resolution Fourier Transform (FT) spectrometer. The coupled-channel deperturbation analysis
allowed to reproduce the obtained data with experimental accuracy 0.01 cm−1.

The goal of the present work is to apply this approach for the KRb A−b complex. In the experiment
KRb molecules were produced in a linear stainless steel heat pipe. The laser beam was sent into the
heat pipe through a pierced mirror. The backwards LIF was collected by the same mirror and focused
on the input aperture of the FT spectrometer Bruker IFS-125HR and recorded with a resolution of
0.03-0.05 cm−1. We used a direct (A1Σ+− b3Π)← X1Σ+ excitation by diode lasers (980 - 1020 nm)
and by Ti:Sph laser (Coherent MBR-110) followed by observation of the (A1Σ+ − b3Π) → X1Σ+

LIF. Overall more than 300 LIF spectra were recorded and 900 KRb progressions for 39K85Rb and
39K87Rb isotopologues were analyzed yielding more than 4000 term values of the A − b complex,
including the data from collisional rotational energy transfer. The data field contains rovibronic levels
with rotational quantum numbers J ∈ [3, 279] in the energy range E ∈ [10927, 14250] cm−1.

A direct deperturbation treatment of the experimental rovibronic term values of both isotopo-
logues of the mutually perturbed A1Σ+ and b3Π states was accomplished in the framework of inverted
coupled-channel approach by means of the 4x4 Hamiltonian constructed in Hund’s (a) coupling case
basis functions. The Expanded Morse Oscillator model was used to describe potential energy curves
while for the SO coupling functions we adopted the "morphed" form of the relevant ab initio spin-orbit
matrix elements. As a result, 44 mass-invariant fitting parameters of the corresponding functions have
been required to reproduce 96% of experimental term values of the A − b complex with a standard
deviation of 0.004 cm−1. The energy-based deperturbation analysis was additionally confirmed by a
calculation of relative intensity distributions in the A− b→ X LIF progressions.

The support from the Latvian Science Council Grant No. 119/2012 as well as from Latvian Min-
istry of Education and Science Grant No. 11-13/IZM14-12 is gratefully acknowledged. Moscow team
thanks for the support by the RFBR grant No. 13-03-00446-a.
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In continuation of our work concerning fine structure levels of Praseodymium, we have found few
new levels of Pr-I. Recently we discovered 11 new levels and were able to classify 49 spectral lines
[1]. When investigating spectral lines of Pr in a Fourier transform spectrum of Pr [2] we found a
new line of Pr with wavelength 9857.664 Å. This spectral line is reported first time here. Though
the signal-to-noise ratio (SNR) of this line is not high, the hyperfine (hf) structure of the lines clearly
indicates that it could be a transition between levels of low angular momenta. The simulation of
this line tells us that it’s a Jo = 5/2 to Ju =5/2 transition. For the determination of the hyperfine
constants, the line was fitted with Jo = 5/2 to Ju = 5/2, and we got 824.76 MHz and 1062.38 MHz.
One of the known even lower levels of Pr, 14315.745 cm−1, was then assumed to be the lower level of
the transition, as it has Ju =5/2 and an hf constant 1063.3 MHz. The addition of the wave number
of the investigated spectral line to this level yields 24457.355 cm−1 (the energy of odd upper level
of the transition). Further investigations confirmed the existence of this new upper level since it is
classifying four more unclassified lines. These lines are presented in Table 1.

Wavelength Upper level with odd parity Lower level with even parity Remarks
Å Jo Energy/cm−1 Ao/MHz Ju Energy/cm−1 Au/MHz

5552.302 2.5 24457.355 820(5) 2.5 6451.808 1191 New line
8054.486 2.5 24457.355 820(5) 1.5 12051.488 1071 New line
8503.789 2.5 24457.355 820(5) 1.5 12701.121 833 New line
8823.988 2.5 24457.355 820(5) 2.5 13127.722 156 New line
9857.664 2.5 24457.355 820(5) 2.5 14135.745 1063 New line

Table 1: Spectral lines of Pr - I classified by new upper level 24457.355 cm−1.
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We report a system of two independent strontium optical lattice standards probed with a single
shared ultra-narrow laser [1,2]. The two optical frequency standards (Sr1 and Sr2) are based on the
1S0 – 3P0 transition in neutral strontium atoms. The Sr1 can operate with bosonic isotope 88Sr while
Sr2 can operate with either bosonic 88Sr or fermionic 87Sr isotope. Two clouds of atoms in Sr1 and Sr2
are independently probed by an ultra-stable laser with spectral width below 1 Hz. An Er:fiber optical
frequency comb, with one tooth phase-locked to the ultra-stable laser allows performing spectroscopic
measurements with accuracy of optical atomic clock. The absolute frequency of the clocks can be
calibrated by a long distance stabilized fiber optic link with the UTC(AOS) and UTC(PL) via the
OPTIME network [3].

As a demonstration of the accuracy of the system we plan to determine ratios of molecular oxygen
B-band transition frequencies to the strontium optical atomic clock frequency. This will be realized
by making optical heterodyne beat-notes of the clock laser and the CRDS spectrometer [4] probe
laser with the same optical frequency comb at wavelengths of 698 nm and 690 nm, respectively.
By referencing all measured frequencies to the same reference frequency, we will obtain frequency
ratios free from uncertainties of the reference frequency. Such a technique allows for determination of
frequency ratios with extreme accuracy and precision [5]. We also demonstrate the sub-Hz precision
of measurements of relative positions of the optical cavity modes using novel CMDS technique [6].

Figure 1: A simplified set-up of the measurement of ratios of molecular oxygen B-band transition fre-
quencies in reference to the strontium optical atomic clock frequency.
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X-Ray Absorption Spectroscopy (XAS) has become a routine technique at synchrotron radiation
sources where the bright, coherent, energy tunable and monochromatic X-ray beams permit to investi-
gate a variety of samples from different disciplines such as physics, chemistry, environmental sciences,
geology, cultural heritage, archeology and biomedicine. For external users, however, the access to such
advanced research facilities is not so easy and the available beam time is limited. In this context,
a laboratory-based setup offers the advantages of lower costs and better accessibility. Such a setup
based on a von Hamos curved crystal spectrometer [1] and a side-window X-ray tube was therefore
developed at the University of Fribourg for in-house XAS measurements.

In the present setup the focal line of the electron beam on the X-ray tube anode, the sample and
the center of the spectrometer crystal are aligned along the direction determined by the Bragg angle
corresponding to the measured absorption edge (see Fig. 1). To preserve the energy resolution of
the spectrometer, a narrow rectangular slit (width of 200 µm) is placed between the sample and the
crystal. The X-ray tube is operated at low voltages in order to reduce the scattering background and
the contributions from higher orders of diffraction.

Figure 1: Schematic drawing of the laboratory-based XAS setup. R stands for the crystal radius of
curvature and θ for the Bragg angle.

The K-edges of Ti, Fe, Cu and Ge and the L3-edges of Mo, Ag, Hf, Ta and Pt were measured. To
probe the sensitivity of the setup, the less pronounced L2- and L1-edges were also measured but only
for Mo and Ag. Precise edge energies could be determined and compared to existing experimental
and theoretical values. The effect of the sample thickness on the experimental edge energy was
carefully investigated. The L-edge energies corresponding to the first inflection point were found to be
systematically lower than the values commonly used as references, the deviations being particularly
pronounced for samples whose absorption edges are characterized by strong white lines.
References
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Steady decrease of the size of complementary metal-oxide-semiconductor devices entails the risk of
failure for their future integration due to variability, which threatens the operation of circuits because
of sample-to-sample fluctuations. The goal behind the project “Silicon at the Atomic and Molecular
scale (SiAM)” is to turn this apparent limitation into an advantage by dopant implementation in a
semiconductor host crystal, therefore bringing and consequently exploiting the benefits of the atomic
and quantum nature of the quantum dot created. The main idea is to use the very sharp, deep and
reproducible potential created by a dopant atom, resulting in a discrete level state system isolated
from the noise coming from the surroundings, which opens doors for new profound functionalities to
future information and communications technology systems.

In this study we present theoretical models developed to predict the overall current as a function
of control voltage for different sets of the underlying physical parameters which will be measured
experimentally within SiAM. The methods are based on solving the Master equation and illustrate
the operation of a pure adiabatic electron pump [1] and the simulation of the output signal in a model
with two atom impurities in series [2].

This work has been supported by European Commission through the Seventh Framework Programme
(FP7) within project SiAM no. 610637.
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The photodetachment cross section of H−: an animated-crossed-beam
measurement

M. Génévriez1, X. Urbain1

1Institute of Condensed Matter and Nanosciences, Université catholique de Louvain, Louvain-la-Neuve
B-1348, Belgium

Presenting Author: matthieu.genevriez@uclouvain.be

The photodetachment of the negative hydrogen ion H− has attracted numerous studies due to the
ion’s prototypical character and the importance of electron correlations in that weakly bound system.
It has become a commonly used benchmark from atomic theories and numerical methods, which have,
over the decades, reached an overall good agreement. On the experimental side fewer studies exist,
and only one [1] provides absolute cross sections at various photon energies. Recently, Vandrevraye
et al. [2] have carried out an absolute measurement at 1064 nm (1.1653 eV), presented in Fig. 1.

In order to measure an absolute photodetachment cross section, it is necessary to disentangle the
so-called volume effect. In our crossed beam setup, the finite size of the ion beam and of the laser
beam defines an effective interaction volume, within which both the ion and the photon flux vary.
The measured photodetachment signal is therefore an average over these local variations and the
cross section is, in general, retrieved by assuming a certain distribution for both beams.

The animated-crossed-beam method, originally developed for electron-ion collisions [3], eliminates
the need for the knowledge of the beams distributions. Instead of fully characterizing the interaction
volume, it aims at removing its influence on the measured signal by repeatedly sweeping the laser
beam across the ion beam, as realized by tilting a fused silica plate. After integration of the signal
along the laser’s vertical displacement, the cross section is expressed only in terms of easily measurable
quantities, e.g., the laser power and the ion beam current.

The photodetachment cross section obtained in the range from 700 nm to 1064 nm [4] is in excellent
agreement with previous experiments and compelling theoretical works, in particular the state-of-the-
art calculation of Venuti and Decleva [5] shown in Fig. 1. We also confirm the commonly admitted
value of 3.5× 10−21 m2 at 1064 nm (1.1653 eV).
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Figure 1: Photodetachment cross section of H− versus photon energy.
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Two-pathway coherent control of photoionization and photodissociation has attracted much atten-
tion during the past two decades, from both experiment and theory alike. In experiments with X-ray
free electron lasers (XFELs) a mixture of fundamental and higher harmonic frequencies is produced,
which may be used in a coherent control scheme.

We theoretically studied interference effects in two-pathway ionization by the fundamental (two-
photon ionization) and its second harmonic (one-photon ionization) when the two-photon channel
is affected by an intermediate atomic resonance. While interference between the amplitudes of one-
and two-photon ionization does not contribute to the total yield, an effect may appear in the photo-
electron angular distribution (PAD) [1-3]. As an indicator for the two-pathway coherence, we use the
asymmetry of the PAD with respect to the plane perpendicular to the electric field,

A(θ) = [W (θ)−W (π − θ)] / [W (θ) +W (π − θ)] . (1)

Here W (θ) is the intensity of the electron flux at an angle θ relative to the direction of the linear
polarization of the XFEL. The asymmetry (1) depends on the XFEL parameters: the photon energy,
the relative phase between the harmonics, their intensity, etc.

The process is exemplified by ionization from the hydrogen H(1s) state in the vicinity of the 1s-2p
transition. Figure 1 shows the photon-energy dependence of the asymmetry A(0) for different pulse
durations, at a fixed peak laser intensity of 1012 W/cm2 and the intensity of the second harmonic set
to 5% of the fundamental. Predictions for other XFEL parameters, new analytical results, and those
obtained by solving the time-dependent Schrödinger equation will be presented at the conference.

Figure 1: Asymmetry in the PAD for zero relative phase and time delay between the fundamental and
second harmonics; n indicates the number of optical cycles in the laser pulse with a sin2 envelope. The

above results were obtained by nonstationary perturbation theory.
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Photodissociation of molecular oxygen plays an important role in the photochemistry of the at-
mosphere and can be used for the initiation of combustion in different combustible mixtures due to
production of highly reactive atomic oxygen upon absorption of resonance laser radiation [1, 2]. For
the analysis and modeling of photochemical processes both in the atmosphere and in the combustible
mixtures it is needed to calculate the photodissociation rate with rather high accuracy upon the ex-
posure of the mixture to solar radiation or to resonance laser radiation at given wavelength. As is
known, O2 molecules strongly absorb the ultraviolet radiation in the Shumann-Runge and Hertzberg
systems.

In order to estimate the photodissociation rate it is necessary to reproduce the ultraviolet spectrum
of O2 molecules in different mixtures and at various values of temperature and pressure. This paper
does address the calculations of the spectrum of Shumann-Runge bands in air and in H2-O2(air)
mixture as well as the estimation of the photodissociation rate upon exposure of the mixture to ArF
laser radiation at 193.3 nm wavelength. The variation of the composition of H2-O2(air) mixture
with temperature T0 = 700 − 800 K and pressure P0 = 0.5 − 1 atm during the laser pulse duration
(τp = 40 ns) is also calculated. It should be emphasized that applied methodology for the calculation
of O2 spectrum in the Shumann-Runge bands allows us to reproduce with high accuracy the data on
spectrum of Shumann-Runge system in the atmosphere reported elsewhere [3]. As an example Figure
depicts the spectrum of O2 molecule in the range of wavelength numbers ν = 51500− 52000cm−1 for
the stoichiometric H2-air mixture at T0 = 800 K and P0 = 1 atm. On the basis of this methodology the
values of photodissociation rate were calculated in the different sections of ArF laser beam propagating
through the cell filled by the stoichiometric H2-air mixture. The composition of the mixture in these
sections was predicted by using the numerical simulation taking into account the detailed chemistry
in the H2-air system.

Figure 1: Absorption cross section of O2 molecule in the range of wavelength ν = 51500 − 52000cm−1

for the stoichiometric H2-air mixture at T0 = 800 K and P0 = 1 atm.

We acknowledge the support by the EU FP7 IRSES Project – NOCTURNAL ATMOSPHERE
References
[1] M. Lavid, Y. Nachshon, S. K. Gulati, J. G. Stevens Sci. Technol. V 96, 231-245 (1994)
[2] A. M. Starik, P. S. Kuleshov, N. S. Titova J. Phys. D 42, N 17, 175503 (2009)
[3] M. Nicolet, S. Cleslik, R. Kennes Planet. Space Sci. V 31, N 4, 427-458 (1989)

151

mailto:michulis@latnet.lv


P–84 Book of Abstracts — EGAS–47th conference of the European Group of Atomic Systems

Complete measurements of anisotropic x-ray emission following
recombination of highly charged ions
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J. R. Crespo López-Urrutia2, and S. Tashenov1
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3Friedrich-Schiller-Universität Jena, Fürstengraben 1, 07743 Jena, Germany
4Helmholtz-Institut, Helmholtzweg 4, 07743 Jena, Germany

Presenting Author: tashenov@physi.uni-heidelberg.de

X-ray emission asymmetries following the resonant recombination into highly charged ions were
studied using an electron beam ion trap (EBIT) of Max Planck Institute for Nuclear Physics in
Heidelberg. Iron and krypton ions in the He-like through O-like charge states were populated in
an EBIT and the K -shell dielectronic recombination (DR), trielectronic recombination (TR) and
quadroelectronic recombination (QR) resonances were systematically investigated. The x rays emitted
in the decays of resonantly excited states were observed by two germanium detectors aligned along
and perpendicular to the electron beam propagation direction and the corresponding intensities of the
K -shell x-ray transition were recorded as a function of the electron collision energy. The x-ray emission
asymmetries reveal the alignment of the intermediate excited states and, therefore, the polarization of
the emitted x rays. Except for a few transitions, the experimental results are in excellent agreement
with the theoretical calculations done with FAC and RATIP computer codes.

This measurement allows for a systematic modeling of the polarization of the prominent Kα radi-
ation emitted by hot anisotropic plasmas. Using the experimental data, we calculated the maximum
polarization of the Kα x rays emitted by an anisotropic plasma as a function of the plasma temper-
ature, see Figure 1. Unexpectedly, we found that the degree of x-ray polarization is dominated by
previously neglected trielectronic and quadroelectronic recombination transitions. This information
can be used for diagnostics of anisotropies in hot plasmas, in particular the experimental results should
play an important role in diagnostics of hot astrophysical plasmas of solar flares and active galactic
nuclei and laboratory fusion plasmas of tokamaks and stellarators.
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Figure 1: Maximum polarization of iron Kα x rays due to resonant recombination as a function of the
plasma temperature. Exotic trielectronic and quadroelectronic recombination transitions dominate polar-

ization in an intermediate range of plasma temperature.
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Nonlinear optics and dynamics of atoms, molecules in an electromagnetic
field and laser systems with elements of a chaos

V. Buyadzhi1, A. Glushkov1, G. Prepelitsa1, and V. Ternovsky1

1Odessa State University - OSENU, Odessa
Presenting Author: vbuyad@mail.ru, dirac13@mail.ru

The paper is devoted to carrying out fundamentally new approaches to the universal quantum-
dynamic and chaos-geometric modelling and analysis of the chaotic dynamics of nonlinear processes
in atomic and molecular systems in intense electromagnetic fields and quantum-generator and laser
systems and devices (including single-modal laser with an absorbing cell, a semiconductor laser cou-
pled with feedback with delay, the system of semiconductor quantum generators, combined through a
general cavity, fiber lasers). In order to make modelling chaotic dynamics it has been constructed im-
proved complex system (with chaos-geometric, neural-network, forecasting, etc. blocks) that includes
a set of new quantum-dynamic models and partially improved non-linear analysis methods includ-
ing correlation (dimension D) integral, fractal analysis, average mutual information, false nearest
neighbours, Lyapunov exponents (LE), Kolmogorov entropy (KE), power spectrum, surrogate data,
nonlinear prediction, predicted trajectories, neural network methods etc [1-3].

It is carried out modelling of chaotic dynamics of the Li, Rb Rydberg states in (n = 115,125; m
= 0) in a static magnetic field B = 4.5T and oscillating electric field with frequency f=102MHz ) and
shown that stochastic changing, fragmentation, extinction and again appearing of the peaks in power
spectrum is occurred. There are firstly obtained original data on the LE, correlation, embedding,
Kaplan-York D, KE and presented picture of the quantum fluctuations, stabilization, destabilization,
delocalization, fractal properties and conditions for the KAM theorem. It has been presented a new
approach to modelling the chaotic dynamics of diatomic molecules in intense electromagnetic field,
which is , firstly, based on the numerical solution of the time-dependent Schrödinger equation and
realistic model Simons-Parr-Finlan potential for diatomic molecules (quantum unit) and, secondly,
the universal chaos-geometric nonlinear analysis unit, which includes the application of methods of
correlational integral, LE and spectrum strength etc to analysing time series of populations, induced
polarization. There are determined quantitative parameters of the GeO molecule chaotic dynamics
in linear polarization filed (intensity of 25 GW/cm2), including, correlation D (2.73), embedding D,
Kaplan-York D (2.51), LE (the first two are positive, +, +), KE etc. It is numerically investigated
chaos dynamics generation in the erbium one-ring fibre laser (EDFL, 20.9mV strength, = 1550.190nm)
with the control parameters: the modulation frequency f and dc bias voltage of the electro-optical
modulator. It is shown that in depending upon f, V values there are realized 1-period (f = 75MHz, V
= 10V and f = 60MHz, V = 4V), 2-period (f = 68 MHz, V = 10V or f = 60MHz, V = 6V), chaotic (f =
64MHz, V = 10 V and f = 60MHz, V = 10V) regimes; there are calculated LE, correlation, embedding,
Kaplan-York dimensions, Kolmogorov entropy and theoretically shown that chaos in the erbium fiber
laser device is generated via intermittency by increasing the DC bias voltage and period-doubling
bifurcation by reducing the frequency modulation computers in the ful agreement with experiment
[4].
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Transient switching of the Kerr nonlinearity and effect of Doppler
broadening in a five- level Quantum system

H. R. Hamedi1, G. Juzeliūnas1

1Institute of Theoretical Physics and Astronomy, Vilnius University, A. Goštauto 12, Vilnius LT-01108,
Lithuania

Presenting Author: hamid.r.hamedi@gmail.com

The third order susceptibility [1] is investigated in a five-level quantum scheme in which four strong
laser components couple a pair of atomic internal states to another pair of states in all possible ways
to form a closed loop configuration of the atom-light interaction.

First, a comparison is made between the Kerr nonlinear indices for the five-, four- and three- level
systems. It is realized that the magnitude of the Kerr nonlinearity for the five- level system is larger
than that of the three- and four- level counterparts.

Subsequently, the temporal evolution of the Kerr nonlinearity and the required optical switching
time in the nonlinear regime is studied in this atomic system by using the density matrix equations
of motion. It is demonstrated that such a medium can be employed as an optical switch in which the
propagation of the laser pulse is controlled by another laser field. The results presented may be useful
for understanding the switching feature of the EIT-based slow light Kerr nonlinearity, and be helpful
for the realization of fast optical nonlinearities and optically controlled devices.

Finally, it is shown that effect of the Doppler broadening can lead to an enhanced Kerr nonlinearity
while maintaining linear and nonlinear absorption [2].
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BEC of photons in a dye-filled microcavity: inhomogeneities, coherence
and interactions

R. A. Nyman1, J. Marelic1
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Bose-Einstein condensation (BEC) is a universal phenomenon which occurs when a system of
identical bosons at thermal equilibrium occupy the ground state in enormous numbers. By optically
pumping a 1.5-micron long, dye-filled resonator, we can achieve both thermal equilibrium of photons
and a well-defined ground state. Thus, the first room temperature BEC was demonstrated [1]. We
have become only the second laboratory to create this quantum-fluid state of light.

There are many recent published theoretical models of photon BEC, some using rate equations,
other fully quantised matter-light interactions. Some of our steady-state observations, such as the
variation of critical pump power with pump spot size, contradict the predictions of these simple
models, giving a challenge to our theory collaborators [2]. We will also present some of the results of
a detailed comparison between our data and the model of Kirton and Keeling [3].

We have measurements of the first-order coherence, which show that the condensate has a longer
coherence time than the thermal cloud. Our interferometer is capable of measuring the transverse
coherence length, to give a full picture of g(1)(t − t′, r, r′). Dye-microcavity photons are thought to
have the weakest particle-particle interactions of any system exhibiting BEC, although the mechanism
and magnitude is currently undetermined. We have shown that even these interactions should be
detectable in the momentum-resolved spectrum [4], and have begun experiments.

Figure 1: Top: experimental setup for demonstrating Bose-Einstein condensation of photons. Lower
left: the intracavity spectrum, which is compatible with a Bose-Einstein distribution at room temperature,

showing macroscopic occupation of the ground state. Lower right: a real-colour image.
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Investigation of the H- (D-) loss from toluene’s isotopologues in the fs
timescale

Chr. Papadopoulou1, S. Kaziannis1, and C. Kosmidis1

1Department of Physics, University of Ioannina, GR 45110 Ioannina, Greece
Presenting Author: kkosmid@uoi.gr

The H-loss (or D-loss from the deuterated isotopologues) is the primary dissociation channel of
toluene (C6H5CH3). This dissociation channel is related to the radical [P-H] (P stands for the parent
molecule) photo-isomerization, i.e. the six-membered (benzyl) to a seven-membered (tropyl) ring iso-
merization. The dynamics of this channel is studied in the fs timescale using a pump/probe excitation
scheme in conjunction with a time-of-flight mass spectrometer. The 5th harmonic of a Ti:Sapphire
femtosecond laser (160 nm) is used as the pump beam and a part of the fundamental laser beam (800
nm) serves as the probe.

Three isotopologues of toluene have been studied (C6H5CH3, C6H5CD3, C6D5CD3). The depen-
dence of the H- and D-loss on the delay time between the pump and the probe beams is presented
for the first time. Furthermore, the influence of the isotopic effect versus that of the H-scrambling
(Fig. 1), which attracted the researchers’ interest in the past [1], is discussed.
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Figure 1: [H-loss]/[D-loss] channel ratio in the case of C6H5CD3.

Acknowledgement
We would like to thank Dr. E. M. Bennis for his contribution in the development of the experimental
setup.

This research has been co-financed by the European Union (European Social Fund – ESF) and
Greek national funds through the Operational Program "Education and Lifelong Learning" of the Na-
tional Strategic Reference Framework (NSRF) - Research Funding Program: THALES (ISEPUMA).
Investing in knowledge society through the European Social Fund.
References
[1] T. A. Field et al. Chem. Phys. 250, 81–110 (1999)

158

mailto:kkosmid@uoi.gr


Book of Abstracts — EGAS–47th conference of the European Group of Atomic Systems P–89

Applications of AMO Physics: Astrophysics, sensors, plasma
physics, ...

159



P–57 Book of Abstracts — EGAS–47th conference of the European Group of Atomic Systems

Investigation of Hg resonance 184.9 nm line in a capillary low-pressure
discharge
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In the last decade, growing interest has been directed to the capillary light sources. From a practical
point of view, this interest is stimulated by their potential applications in various microsystems and
portable devices, for instance, such light sources are used in portable LUMEX Mercury analyzer.

Most of the absorption spectrometers for Mercury determination in air are using spectral line of
Hg at 253.7 nm, however the sensitivity of analyzer could be improved by using spectral line of Hg at
184.9 nm.

Data about structure of this resonance line in dependence on the cold spot temperature can be
used not only for the lamp diagnostics but also for the validation of different type of calculations
and models, considering radiation trapping. The radiation trapping effect plays an important role
in light source devices using resonance radiation and it is important for the calculation of radiation
efficiency and luminous output. The sensitivity of atomic absorption spectrometer is dependent both
on intensity of emission source spectral line, as well as on profile of line, in particular self-absorption
is of interest.

One of the investigation directions was targeted towards finding the optimal temperature regime
for 184.9 nm light source. We produced a setup for thermostabilization of lamp “cold spot” and
performed intensity measurements of Mercury 184.9 nm spectral line in temperature range from -5 to
+40◦C for lamps with different fillings.

The results of this investigation allows us to conclude that it will be necessary to thermostabilize
the analyzer 184.9 nm light source at temperature at or below +15◦C, though the final decision will
be dependent on the overall thermal regime of the whole resulting device, when assembled.

Acknowledgement
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Next-Generation Ion-Atom Hybrid Traps
with Increased Control over Collision Energies
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Recent studies of chemical reactions at low collision energies using laser-cooled, co-trapped ions
and atoms in hybrid traps showed the ability of such systems to be used for investigation of the
quantum character of reactive collisions [1-4]. Details of the mechanism of chemical reactions and
the nature of molecular interaction potentials can be studied. But so far, insufficient control over the
collision energy magnitude and distribution impeded the study of effects with narrow dependencies
on collision energy, such as shape resonances [5]. Here, we present results from the extension of our
hybrid trap setup with increased control over the collision energies.

Our hybrid trap consists of a linear Paul trap for atomic and molecular ions overlapped with a
magneto-optical trap for neutral rubidium atoms. Initial experiments focused on interactions between
Ca+ + Rb [1,2] and Ba+ + Rb [3], in which both systems have been laser cooled. Recently, chemical
reactions of sympathetically cooled N+

2 molecular ions with Rb atoms have been studied as well [4].
In the original setup, changing the number of ions and shape of the ion crystal was the only

control over the energy of the ion-atom collisions. Heating of the ions due to micromotion lead
to large spreads of the collision energies averaging out the effect of narrow resonances. In a new
approach, we use a modified magneto-optical trap which allows the use of a dynamic atom cloud.
Radiation pressure differences in the cooling laser beams along one axis create atom clouds in off-
center positions. On-resonance push beams accelerate the atoms through the ion crystal after which
the atoms are recaptured in the opposite off-center position from where they are pushed back through
the crystal. By carefully tuning the cooling and push beam sequence and intensities we are able to
produce moving atom clouds with well-defined velocities in the lab frame. Using this approach with
ion strings on the rf null line of the ion trap, the collision energy resolution could be greatly improved.
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Imaging the magnetic field distributions of chains of magnetic particles
using nitrogen-vacancy centres in diamonds

A. Berzins1, S. Lourette2, J. Smits1, K. Erglis3, A. Jarmola1,2, F. Gahbauer1, M. Auzinsh1, D. Budker2,
A. Cebers3, and R. Ferber1

1Laser Centre, University of Latvia, Riga, Latvia
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3Laboratory of Magnetic Soft Matter, University of Latvia, Riga, Latvia
Presenting Author: andris.berzins@lu.lv

Nitrogen-vacancy (NV) centres in diamonds have proven to be very useful for measuring magnetic
fields [1]. The NV centre has a triplet ground state with a zero-field splitting between the ms = 0
and ms = ±1 ground-state sublevels of 2.87 GHz. Moreover, in the presence of a local magnetic field
the ms = ±1 energies components are shifted by 2.8 MHz/G. Due to a non-radiative decay path via
a singlet state that preferentially populates the ms = 0 ground-state sublevel, the NV centre can
be polarized optically, and the fluorescence from exciting ms = 0 sublevel is more intense than the
fluorescence from exciting the ms = ±1 sublevels. As a result, the polarization state can be inferred
from the fluorescence intensity. When a thin layer of NV centres is created close to the surface of
a diamond, magnetic field distributions at the position of the NV layer can be imaged [2,3]. We
have constructed a magnetic field microscope using a Leica DLM inverted microscope and are using
it to study magnetic field distributions from magnetic spheres made from different materials and of
different sizes. Chains of magnetic particles can be created by various methods. The simplest way
is to dry a suspension of ferromagnetic particles in the presence of a magnetic field (see Fig. 1).
We have also used strands of DNA to create flexible filaments of ferromagnetic particles coated with
streptovidin. Magnetic field images have been made by the method of optically detected magnetic
resonance (ODMR), in which the microwave frequency is scanned, and the fluorescence signal shows
a minimum when the frequency is in resonance with a ms = 0 −→ ms = ±1 transition. We report
on our experiments to image the magnetic field distributions from these particles and to use the
information to infer the magnetic properties of the particles.

Figure 1: Image of magnetic field distribution of chains of 4 µm diameter ferromagnetic particles dried
in the presence of a magnetic field. The color indicates the position of the ODMR peak for each pixel. A

shift of 2.8 MHz corresponds to a magnetic field of one Gauss.

This work has received support from ESF Project Nr. 2013/0028/1DP/1.1.1.2.0/13/APIA/VIAA/054.
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Hyperfine Structure, Lifetimes and Oscillator Strengths of V II
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In First part of this work we confirmed the well-founded basis of new experimental data for some
V II levels, recently published, through hyperfine structure constant values calculated for the first
time,. Furthermore a good agreement is observed between single-step excitation and laser induced
fluorescence V II radiative lifetimes found in literature data and our computed values recurring to
ab-initio method.

In this study we also examined electric dipole transitions. We transformed angular coefficients of
the transition matrix from SL coupling to intermediate one recurring to Racah algebra and using fine
structure eigenvector amplitudes, previously determined. Transition integrals, treated as free in the
least squares fit to experimental oscillator strength (gf) values [1–2] were then extracted; we give the
two main deduced values: < 3d34p|r1|3d34s >= −3.0346±0.0094 , < 3d34p|r1|3d4 >= 0.8278±0.0026
Finally, for a complete list of permitted transitions from depopulated odd-parity levels, gf values are
predicted in a wide wavelength range: 2110-96000 Å.
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Development of a Transportable Atom Gravimeter in HUST
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We are developing a transportable atom gravimeter (TAG) in HUST, which is based on the work of
our previous two laboratory-confined atom gravimeters. The vacuum system of our TAG is designed
for an atomic fountain configuration, and the corresponding volume is only 0.75 × 0.45 × 1.4 m3

including a two-dimensional magnetic-optical trap (2D-MOT) and an active vibration isolation. With
regard to the laser system, two external-cavity diode lasers (ECDLs) are utilized as seed lasers, and
two tapered amplifiers (TAs) are followed to provide required laser power. With the ECDLs and TAs
included, the whole optical system can be accommodated by a 1×0.7 m2 breadboard. We have finished
the construction of the optical system, and realized atoms loading as well as launching. And currently,
we are working on atoms preparation and interfering. The aimed measurement uncertainty of our TAG
is better than 5 µGal, and we expect to participate in the comparison of absolute gravimeters.

164

mailto:xuyaoyaoleo@hust.edu.cn


Book of Abstracts — EGAS–47th conference of the European Group of Atomic Systems P–94

Large-momentum-transfer Bragg interferometer with Strontium atoms
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We report on the first atom interferometer with alkaline-earth atoms based on large-momentum-
transfer (LMT) Bragg diffraction in a fountain. Alkaline-earth atoms have properties such as zero
total spin in the ground state, narrow optical transitions, and low scattering cross section at ultra-low
temperatures which promise unprecedented precision.

The atom we used for the interferometer is 88Sr. The LMT up to 40 ~k is realized with composite
pulses of two Bragg laser beams detuned about 8 GHz from the 1S0 −1 P1 transition of Strontium at
460.862nm (here k is the wave vector of the Bragg laser beams). Typical interferometers are formed
with two momentum states separated by 2 ~k to 6 ~k (1st to 3rd order Bragg diffraction). We have
studied the performance of a gravity acceleration measurement with this interferometer, which are
shown in Figure 1. A sensitivity of 4× 10−8g is achieved at 2000 s of averaging. The dominant noise
of the system now is the vibration on the retro-reflection mirror for Bragg beams.

This result opens the way to new experiments based on alkaline-earth atoms, for example the of
Einstein Equivalence Principle (EEP) test using two kind of atoms such as one alkali atoms and one
alkali-earth atoms[1,2], or a combination of a interferometer and Bloch oscillation in a optical lattice[3]
to make use of the advantage of low scattering rate for Strontium atoms.
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Figure 1: Allan deviation of the gravity acceleration measurement for a 1st order Bragg interferometer
with an interrogation time T = 30 ms (black straight line). Estimation of the residual acceleration noise
of the retro-reflection mirror (dashed red line), and of the optical phase noise of Bragg beams (dash blue

line).
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X-ray spectroscopy as a tool to enlighten the growth of Van der Waals
nanoparticles in a supersonic jet

L. Bernard Carlsson1, C. Prigent1, S. Cervera1, A. Lévy1, E. Lamour1, S. Macé1, J.-P. Rozet1, S. Steydli1,
M. Trassinelli1, and D. Vernhet1
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Paris, France

Presenting Author: dominique.vernhet@insp.jussieu.fr

Since many decades, studies of collision processes of electrons, photons and heavy particles inter-
acting with matter (from gaseous to solid) are an important tool in physics to understand the internal
structure of matter at atomic level (or at nanoscale) as well as at very short time scale (down to
fs). For example, recently, pump-probe experiments with IR and XFEL photons allowed probing the
morphological structure of an isolated Van der Waals cluster by time resolved imaging [1].

Taking advantage of x-ray spectroscopy, which acts also as a very short time probe, we have
investigated the µs temporal structure of the cluster condensation in high-density rare gas expansion
(supersonic beams). Briefly summarized, we have previously demonstrated that the x-ray emission
allows to determine: i) the absolute total atomic density when the cluster jet is submitted to keV
electron impact; ii) the relative cluster density profile when interacting with an intense IR femtosecond
laser pulse; iii) and finally the free atom density when irradiated by slow highly charged ions.
These first experiments led to the determination of a
high degree of condensation (close to 100 %) of the
clusters in the supersonic beam when using a skimmer
[2]. These results have also paved the way towards new
questions: what is the temporal evolution of the ther-
modynamic growing of clusters? What is the satura-
tion time, needed for having stationary flow conditions
in the beam?, etc. To obtain deeper information on the
growth of Van der Waals nanoparticles in a supersonic
jet, we are performing new experiments with our set-
up at the SIMPA facility (French acronym for “Highly
Charged Ion facility in Paris”) using Ne9+ of 90 keV on
argon.
Figure 1 shows a comparison of the temporal x-ray sig-
nal when the supersonic jet interacts with 10 keV elec-
trons and Ne9+ ions for a backing pressure of around 20
bar upstream a conical nozzle with a 300 µm aperture
diameter and using a skimmer of 500 µm. Clearly, the
x-ray signal starts before with HCIs compared to elec-
tron impact. It is a clear signature of the high sensitiv-
ity of HCIs to probe very low free atomic density when
the cluster begins growing, i.e. at a time scale that is
not reachable with “traditional” techniques (like opti-
cal measurements). More systematic measurements are
under progress and a complete set of results varying the
cluster size will be presented. They will provide new
insights on the thermodynamics of a supersonic beam
and on the cluster formation.

Figure 1: Preliminary results of temporal
clusters’ x-ray emission in case of b) 10 keV

electrons and c) 90 keV Ne9+ ions
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Vanadium Fine-Structure K-shell Electron Impact Ionization Cross
Sections for Fast-Electron Diagnostic in Laser-Solid Experiments
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The K-shell electron impact ionization (EII) cross section, along with the K-shell fluorescence yield,
is one of the key atomic parameters for fast-electron diagnostic in laser-solid experiments through the
K-shell emission cross section. In addition, in a campaign dedicated to the modeling of the K lines of
astrophysical interest [1], the K-shell fluorescence yields for the K-vacancy fine-structure atomic levels
of all the vanadium isonuclear ions have been calculated.

In this study, the K-shell EII cross sections connecting the ground and the metastable levels of
the parent vanadium ions to the daughter ions K-vacancy levels considered in Ref. [1] have been
determined. The relativistic distorted-wave (DW) approximation implemented in the FAC atomic
code has been used for the incident electron kinetic energies up to 20 times the K-shell threshold
energies. Moreover, the resulting DW cross sections have been extrapolated at higher energies using
the asymptotic behavior of the modified relativistic binary encounter Bethe model (MRBEB) of Guerra
et al. [2] with the density-effect correction proposed by Davies et al. [3].
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Semi-empirical studies of atomic transition probabilities, oscillator
strengths and radiative lifetimes in Hf II

S. Bouazza1, P. Quinet2,3, and P. Palmeri3

1LISM, E. A. 4695 Université de Reims-Champagne-Ardenne, UFR SEN, BP 1039, F-51687 Reims Cedex 2,
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2IPNAS, Université de Liège, B-4000 Liège, Belgium
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Presenting Author: patrick.palmeri@umons.ac.be

Over the past few years, laser induced fluorescence and Fourier Transform techniques have been
applied to measure radiative lifetimes and branching fractions in Hf II in order to derive oscillator
strengths and transition probabilities [1,2]. In the present work, we propose to compare for the first
time these experimental data to computed values obtained by two different semi-empirical approaches,
respectively based on a parametrization of the oscillator strengths [3] and on a pseudo-relativistic
Hartree-Fock model [4] including core-polarization effects [5]. The overall agreement between all sets
of data is found to be good. We furthermore give radial integrals of the main atomic transitions
in this study: < 5d6s6p|r1|5d26s > = 0.1504 (0.0064), < 6s26p|r1|5d6s2 > = 1.299 (0.012), <
5d26p|r1|5d26s > = -0.298 (0.013), < 5d26p|r1|5d3 > = 2.025 (0.027). Finally a new set of oscillator
strengths and transition probabilities is reported for many transitions in Hf II.
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