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1. Börsen (reception in the City Hall)

2. Chalmers GD foajén och Fysikgården

3. Chalmers Volvo foajén (Chalmers konferens)

4. Hotel Vasa

5. Lisebergsteatern (play, “Remembering Miss Meitner”)

6. Quality Hotel Panorama

7. Rica Hotel Göteborg No 25

8. Stenpiren (departure for boat trip)

9. Universeum (Conference dinner)

Conference map EGAS 2012

1. Börsen (reception in the City Hall)

2. Department of Physics

3. Chalmers Volvo foajén (Chalmers konferens)

4. Hotel Vasa

5. Lisebergsteatern (play, “Remembering Miss Meitner”)

6. Quality Hotel Panorama

7. Rica Hotel Göteborg No 25

8. Stenpiren (departure for boat trip)

9. Universeum (conference dinner)

Gothenburg City Map
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Practical Information

The Conference will be held at the Department of Physics, located at Chalmers Campus 
Johanneberg.

Find your way to Chalmers Campus Johanneberg
By tram or by bus: The following buses are operating Chalmers: 58, 16, 158 and 753. In 
addition, the trams 6, 7, 10 and 13 are operating Chalmers. 

By car: Follow signs to Sahlgrenska University Hospital, see map. 

By train: At Drottningtorget, outside the railway station in the city center, you can choose 
tram 7, direction Tynnered to Chalmers. 

By air: Airport bus from Landvetter Airport to Korsvägen in the city center. From 
Korsvägen tram 6, direction Länsmansgården or tram 8, direction Frölunda Torg, are 
operating Chalmers. 

Registration 
Conference Registration will take place at Department of Physics, see enclosed map on 
page XIV, no: 2. Opening hours:

•	 Monday July 9, 18.00-20.00

•	 Tuesday July 10, 08.00-16.00

•	 Wednesday July 11, 08.00-12.00

•	 Thursday July 12, 08.00-12.00

•	 Friday July 13, 08.00-13.00

Social program
Pre-reservations must be made for all social events. 

July 9, 18.00: Welcome Reception at the Department of Physics (University of 
Gothenburg). The evening before the conference begins you are welcome to the Welcome 
Reception at the Department of Physics. Participation is included in the congress fee. See 
enclosed map on page XIV, no: 2.
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July 10, 18.30: Reception at Börsen (The City Hall, Gustaf Adolfs Torg). Tuesday evening 
you are invited to a reception by the Lord Mayor in the meeting hall of the City Council. 
It is in the city centre close to the harbor (a 25 min walk from the Conference venue). 
This is the historic heart of Gothenburg, with the statue of Gustaf II Adolf (Gustavus 
Adolphus), the founder of Gothenburg in 1621. See enclosed map on page XIV, no: 1.

July 11, 13.30: Excursion. Chartered boat trip in the Archipelago of Gothenburg with the 
boat St Erik. The boat leaves from Stenpiren. A small bar will be open on the boat during 
the trip. See enclosed map on page XIV, no: 8.

July 11, 19.30: Play – “Remembering Miss Meitner” at Lisebergsteatern in the 
amusementpark Liseberg. Performed by actors from the Gothenburg City Theatre. 
Entrance to the right of the main entrance follow the signs. See enclosed map on page XIV, 
no: 5.

July 12, 19.00: Tour and Conference Dinner at Universeum. Conference dinner in the 
Aquarium Hall of Universeum, the largest science centre in Northern Europe. The dinner 
will start with a guided tour of the centre. The dinner is served at 20.30. See enclosed map 
on page XIV, no: 9.

General Information
Badge. For safety reasons we ask you to please wear your name badge during the 
conference and during the social events.

Internet. There is wireless access at the conference venue. Your username and password will 
be printed on your name badge.

Taxi. We recommend you to use the following taxi companies:

•	 Taxi Göteborg, +46 (0) 31 65 00 00

•	 Taxi Kurir, +46 (0) 31 27 27 27

•	 VIP Taxi, + 46 (0) 31 27 16 11

•	 Minitaxi, + 46 (0) 31 14 01 40
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Monday, July 9

18.00-21.00  Registration and Welcome Reception (Fysikgården)

20.00-  Meeting EGAS board (Lunch room level 8 “Forskarhuset fysik”)
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Tuesday, July 10

08.00-  Registration (Fysikgården)

08.30-08.45 Opening (GD)

08.45-10.15 Plenary session (GD), Chair: Hartmut Hotop

08.45-09.30  PL1: Ferenc Krausz – Attosecond Physics: The First Decade

09.30-10.15  PL2: Nora Berrah – Probing Matter from Within Using Ultra-Intense  
  and Ultra-Fast X-Rays from the LCLS Free Electron Laser

10.15-11.00 Coffee break

11.00-12.30 Parallel sessions:

  Session A (GD), Chair: Henri Bachau

11.00-11.30  PR1 (Selected as Hot Topic): Per Johnsson – Photoelectron Diffraction  
  Imaging of Molecular Dynamics

11.30-11.45  CT1: Hugo van der Hart – Multi-electron dynamics in time-dependent  
  R-matrix theory

11.45-12.00  CT2: Hannes Hultgren – Visualization of electronic motion in carbon  
  atoms

12.00-12.15  CT3: Diego Guénot – Photoionization time-delay measurements and  
  calculations in various gases 

12.15-12.30  CT4: Marcus Dahlström – Theory of attosecond delays in laser-assisted  
  photoionization: Including electron–hole interactions 

  Session B (Euler), Chair: Laurence Provust

11.00-11.30  PR2: Geneviève Tastevin – 50 Years of 3He Optical Pumping: “When  
  Only the Best Will Do”

11.30-11.45  CT5: Stanislav Tashenov – Spin dynamics of electrons in strong fields  
  studied via bremsstrahlung from a polarized electron beam

11.45-12.00  CT6: Wolfgang Ernst – Alkali atoms on superfluid helium droplets -  
  laser excitation of an exotic Rydberg complex 



XX EGAS 44

12.00-12.15  CT7: Christian Seiler – Decay of Rydberg hydrogen atoms and molecules  
  after Rydberg-Stark deceleration and off-axis trapping

12.15-12.30  CT8: Julian Berengut – Optical transitions in highly charged ions for  
  atomic clocks with enhanced sensitivity to variation of fundamental   
  constants

12.30-14.00 Lunch (Volvo foajén)

14.00-15.30 Plenary session (GD), Chair: Gleb Gribakin

14.00-14.45  PL3: Eleanor Campbell – Rydberg Fingerprint Spectroscopy: Probing  
  the Excited States and Ionisation Dynamics of Fullerenes 

14.45-15.30  PL4: Gerard Meijer – Taming Molecular Beams

15.30-17.30 Poster session and coffee

18.30-20.30 Reception at “Börsen”, (the City Hall)
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Wednesday, July 11

08.30-10.00 Plenary session (GD), Chair: Guglielmo Tino

08.30-09.15  PL5: Sandro Stringari – Dynamic Behavior of Ultra Cold Atomic   
  Gases

09.15-10.00  PL6: Rudolf Grimm – New Frontiers in Ultracold Quantum Gases 

10.00-10.45 Coffee break

10.45-12.00 Parallel sessions:

  Session A (GD), Chair: David Pegg

10.45-11.15  PR3: Alban Kellerbauer – Towards Laser Cooling of Atomic Anions

11.15-11.30  CT9: Rosa Glöckner  –  Sisyphus cooling of polyatomic molecules 

11.30-11.45  CT10: Marco Schioppo – A compact laser-cooling strontium source for a  
  transportable optical lattice clock

11.45-12.00  CT11: Jon Grumer – Theoretical and experimental studies of In I, Sn II,       
  Sb III, and Te IV atomic properties 

  Session B (Euler), Chair: Wim Vassen

10.45-11.15  PR4: Selim Jochim – Deterministic Few-Fermion Quantum Systems 

11.15-11.30  CT12: Juliette Billy – Confinement-induced collapse of a dipolar Bose- 
  Einstein condensate in an optical lattice

11.30-11.45  CT13: Olivier Gorceix – The anisotropic excitation spectrum of a dipolar  
  Bose-Einstein Condensate

11.45-12.00  CT14: Albert Benseny – Are relativistic corrections needed to describe the  
  adiabatic passage of matter waves? 

12.00-13.30 Lunch (Packed lunch)

13.30-16.30 Excursion (Chartered boat trip, leaves from “Stenpiren”)

19.30-20.30 Theatre play “Remembering Miss Meitner”  at Lisebergsteatern

20.30- Refreshments Lisebergsteatern
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Thursday, July 12

08.30-10.00 Plenary session (RunAn), Chair: Ann-Marie Mårtensson-Pendrill

08.30-09.15  PL7: Jonathan Tennyson – Molecular Line Lists for the Opacity of   
  Exoplanet and Other Atmospheres

09.15-10.00  PL8: Eric Mazur – Confessions of a Converted Lecturer

10.00-10.30 Coffee break

10.30-10.45 Group photo (outside coffee area)

10.45-12.00 Parallel sessions:

  Session A (GD), Chair: Eva Lindroth

10.45-11.15  PR5: Zheng-Tian Lu – Atom Trap, Krypton-81, and Global Groundwater

11.15-11.30  CT15: Yoshihiko Arita – Optical manipulation of microparticles in  
  vacuum

11.30-11.45  CT16: Jonas Rodewald – A universal matter-wave interferometer in the  
  time-domain

11.45-12.00  CT17: Geoffrey Duxbury – Renner-Teller coupling in H2S+: A   
  comparison of theory with optical spectra and recent PFI and MATI   
  experimental results 

  Session B (Euler), Chair: Jan-Erik Rubensson

10.45-11.15  PR6: Alexei Grum-Grzhimailo – Two- and Three-Photon Atomic Double  
  Ionization by Intense FEL Pulses

11.15-11.30  CT18: Gabriel Karras – Multi-electron dissociative ionization of clusters  
  under ps and fs laser irradiation: the case of alkyl-halide clusters

11.30-11.45  CT19: Erik Månsson – Photo-double ionization on the attosecond time  
  scale

11.45-12.00  CT20: Per Linusson – Double photoionization of Kr and Ar
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  Session C, “Symposium on Teaching Quantum Physics” (FB) Chair:  
  Lars Engström

10.45-11.15  PR7: Robert Marc Friedman – “Remembering Miss Meitner”: History,  
  Memory, and the Future of Physics

11.15-11.45  PR8: Reidun Renstrøm – Why Do Recognized Textbooks in Physics  
  Represent a Quasi-History of Planck’s, Einstein’s and Bohr’s Development of  
  Quantum Physics?

11.45-  Lab visits

12.00-12.30 General assembly (GD)

12.30-14.00 Lunch  (Volvo Foajé)

14.00-15.15 Parallel sessions:

  Session A (GD), Chair: Nikolay Kabachnik 

14.00-14.30  PR9: Michael Tarbutt – Is the Electron Round?

14.30-14.45  CT21: Gabrieli Rosi – The MAGIA experiment: status and prospects

14.45-15.00  CT22: Joseph Borbely – Frequency metrology in quantum degenerate  
  helium

 15.00-15.15  CT23: Pablo Cancio Pastor – Determination of nuclear parameters and  
  fundamental constants by frequency metrology in low-lying triplet states of  
  He 

  Session B (Euler), Chair: José Crespo

14.00-14.30  PR10: Hans Jakob Wörner – High-Harmonic Spectroscopy of Electronic  
  Dynamics in Molecules

14.30-14.45  CT24: Vasily Strelkov – Resonant high-order harmonic generation: beyond  
  the three-step model

14.45-15.00  CT25: Anthony Starace – Analytic Description of High-Order Harmonic  
  Generation by an Intense Few-Cycle Laser Pulse
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15.00-15.15  CT26: Francesca Shearer – Photodetachment dynamics of H- by few-cycle  
  laser pulses

  Session C, “Symposium on Teaching Quantum Physics” (FB)  
  Chair: Sven Mannervik

14.00-14.30  PR11: Eric Mazur – The Scientific Approach to Teaching: Research as a  
  Basis for Course Design

14.30-14.45  CT27: Gunnar Ohlén – Teaching Quantum Mechanics using Nanoscience

14.45-  Lab visits

15.15-17.30 Poster session and coffee

19.00-  Conference dinner (Universeum)

19.00-20.30   Tour at Science Centre and refreshments

20.30  Dinner served 
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Friday, July 13

08.30-09.15 Plenary session (GD), Chair: Frederic Merkt

  PL9:  Per Delsing – Is Vacuum Really Empty?

09.20-11.40 Parallel sessions:

  Session A (GD), Chair: Tilman Pfau

09.20-09.50  PR12: Ralf Röhlsberger – Electromagnetically Induced Transparency via  
  Cooperative Emission in a Cavity

09.50-10.05  CT28: Florin Constantin – Photomixing for Precision Measurements in  
  the Terahertz Regime

10.05-10.20  CT29: Daniel Sprecher – Schemes for high-precision measurements of the  
  ionization and dissociation energies of molecular hydrogen

10.20-10.55 Coffee

10.55-11.10  CT30: Natasa Vujicic – Polarization effects on multilevel rubidium atoms  
  induced by optical frequency comb 

11.10-11.25  CT31: Anastasios Dimitriou – Wavelength dependence of Photoelectron  
  Angular Distributions from four- and five-photon ionization of Mg in the  
  vicinity of the 4-photon excited 3p2 1S0 state 

11.25-11.40  CT32: Hicham Agueny – Interference effects for electron transfer in ion- 
  molecule keV.u-1 collisions

  Session B (Euler), Chair: Xavier Urbain

09.20-09.50  PR13 (Selected as Hot Topic): Andreas Mooser – Direct Observation of  
  Spin Flips with a Single Isolated Proton

09.50-10.05  CT33: Alex Gingell – Internal ground state preparation of molecular ions  
  in a cryogenically-cooled ion trap with a combination of rotational laser- 
  cooling and state-selective dissociation

10.05-10.20  CT34: Victor Flambaum – Chaos-induced enhancement of resonant  
  multi- electron recombination in highly charged ions: Statistical theory
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10.20-10.55 Coffee

10.55-11.10  CT35: Martino Trassinelli – Investigation of (quasi) symmetric slow  
  collisions between highly charged ions and free atoms

11.10-11.25  CT36: Adèle Hilico – A trapped atom interferometer for the measurement  
  of short range forces

11.25-11.40  CT37: Richard Thomas – DESIREE: a unique cryogenic electrostatic  
  storage ring 

  Session C, “Symposium on Teaching Quantum Physics” (FB) Chair:  
  Antoine Weis

09.20-09.50  PR14: Christine Lindstrøm – Exploring The Knowledge Structure of  
  Introductory Quantum Mechanics

09.50-10.20  PR15: Klaus Wendt – Particle Traps in Modern Physics Education

10.20-10.55 Coffee

  Chair: Anne-Sofie Mårtensson

10.55-11.25  PR16: Judy Hardy – Not What It Seems? Teaching and Learning   
  Introductory Quantum Physics

11.25-11.40  CT38: Ann-Marie Mårtensson-Pendrill – Drama as part of quantum  
  physics teaching 

11.45-12.30 Plenary session (GD), Chair: Peter Baker

  PL10:  Jeffrey Hangst – The ALPHA Experiment at CERN: Physics with  
  Trapped Antihydrogen

12.30-13.00 Closing
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The EPS poster prize will be awarded to the best 
student poster presented at the conference. The 

poster must be produced and presented by a student. 
The prize jury consists of members of the EGAS 
board. The winner of the prize, which consists of 

a diploma and €250, will be announced during the 
closing ceremony of the conference.





This book contains all abstracts accepted as of June 1, 2012. The abstracts
representing talks are identified by

PL for Plenary Lecture

PR for Progress Report

CT for Contributed Talk

each followed by contribution number.

Poster abstracts are sorted by category and alphabetically by the last name of the
author. Posters are indicated by PO followed by a contribution number. Odd
numbered posters are presented on Tuesday, whereas even numbered posters are
presented on Thursday.
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Semiempirical procedure of parametrization of the oscillator strengths
for electric dipole transitions . . . . . . . . . . . . . . . . . . . . . 134

PO–059 A. Drozdova
Study of the spin-orbit coupled A1Σ+

u ∼ b 3Πu states of the Rb2

dimer: laser spectroscopy and refined coupled-channel treatment . 135
PO–060 J. Ekman

Spectral properties of In II, Sn III, Sb IV, and Te V in the Cd-
sequence from large scale MCDHF and RCI calculations . . . . . . 136

PO–061 A. Er
New classifications of unclassified lines in Niobium Fourier trans-
form spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

PO–062 V.V. Flambaum
Astrophysical evidences for the variation of fundamental constants
and proposals of laboratory tests . . . . . . . . . . . . . . . . . . . 138

PO–063 V.V. Flambaum
Parity and time reversal violation in atoms and search for physics
beyond the Standard Model . . . . . . . . . . . . . . . . . . . . . . 139

PO–064 T. A. Florko
Theoretical determination of the transition energies and probabili-
ties in spectra of EuI and HgII . . . . . . . . . . . . . . . . . . . . 140

PO–065 P. G lowacki
Critical analysis of the methods of interpretation in the hyperfine
structure for the chromium atom . . . . . . . . . . . . . . . . . . . 141

PO–066 M. Godefroid
Relativistic effects on the hyperfine structures of 2p4(3P )3p 2Do,
4Do and 2P o in F I . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

PO–067 M. Godefroid
Isotope shift parameters, hyperfine interaction constants and Landé
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PL–001 Talk: Tuesday, 08:45, Auditorium Gustaf Dahlén Krausz

Attosecond physics: the first decade

F. Krausz1

1Max-Planck-Institut fr Quantenoptik, Garching, Germany, Ludwig-Maximilians-Universitt
Mnchen, Mnchen, Germany

Corresponding Author: krausz@lmu.de

Electron motion and light waves form the basis of life: the microscopic motion of electrons
creates light, which supplies our globe with life-giving energy from the sun; electrons transform
light into biological energy during photosynthesis and into biological signal endowing us with the
capability of seeing the world around us. Upon their motion inside and between atoms, electrons
emit light, carry and process information in biological systems and man-made devices; create,
destroy, or modify molecules, affecting thereby biological function. Consequently, they are key
players in physical, chemical, and life sciences; information, industrial, and medical technologies
likewise.

During the past ten years (2001-2011), advances in laser science opened to door to watching
and controlling these hitherto inaccessible dynamics: the motion of electrons at the atomic scale
and light wave oscillations (being mutually the cause of each other) evolving on attosecond time
scales.

Key tools include waveform-controlled few-cycle laser light and attosecond pulses of extreme
ultraviolet and soft-X-ray light. They provide a force capable of steering electrons inside and
between atoms and a probe for tracking their motion. Insight into and control over microscopic
electron motion are likely to be important for developing brilliant sources of X-rays, understand-
ing molecular processes relevant to the curing effects of drugs, the transport of bioinformation,
or the damage and repair mechanisms of DNA, at the most fundamental level, where the bor-
ders between physics, chemistry and biology disappear. Once implemented in condensed matter,
the new technology will be instrumental in advancing electronics and electron-based information
technologies to their ultimate speed: from microwave towards lightwave frequencies.
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Berrah Talk: Tuesday, 09:30, Auditorium Gustaf Dahlén PL–002

Probing Matter from Within using Ultra-Intense and
Ultra-Fast X-Rays from the LCLS Free Electron Laser

N. Berrah1

1Department of Physics, Western Michigan UniversityKalamazoo, USA

Corresponding Author: nora.berrah@wmich.edu

Short x-ray pulses from free electron lasers (FEL) open a new regime for all scientific research.
The first x-ray FEL, the Linac Coherent Light Source (LCLS) at the SLAC National Laboratory
on the Stanford campus, provides intense short pulses that allow the investigation of non-linear
and multi-photon processes, including multiple core-holes in atoms, molecules and clusters.

The response of molecular and cluster systems to the ultra-intense, femtosecond x-ray ra-
diation was investigated. Sequential multiphoton ionization, non-linear processes, frustrated
absorption [1] and double core hole production mechanisms [2,3] in molecules and clusters will
be presented.

This work was done in collaboration with L. Fang, T. Osipov, B. Murphy, M. Hoener, E.
Kukk, E. Kanter, S. T. Pratt, O. Kornilov, O. Gessner, M. Gueher, P. Bucksbaum, C. Buth, M.
Chen, F. Tarantelli, K. Ueda, R. Feifel, P. van der Meulen, P. Salen, H. Schmidt, R. Thomas,
M. Larsson, R. Richter, K. C. Prince, J. D. Bozek, C. Bostedt, S. Wada, M. Piancastelli, M.
Tashiro, and M. Ehara.

References
[1] M. Hoener et al., Phys. Rev. Lett. 104, 253002 (2010)
[2] L. Fang et al., Phys. Rev. Lett 105, 083005 (2010)
[3] N. Berrah et al., Proc. Natl. Acad. Sci. (PNAS), 108, issue 41, 16912 (2011).
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PL–003 Talk: Tuesday, 14:00, Auditorium Gustaf Dahlén Campbell

Rydberg Fingerprint Spectroscopy: Probing the Excited
States and Ionisation Dynamics of Fullerenes

E.E.B. Campbell1

1EaStCHEM, School of Chemistry. University of Edinburgh, Edinburgh EH9 3JJ, Scotland

Corresponding Author: eleanor.campbell@ed.ac.uk

The interaction of fullerene beams with intense laser pulses has been studied since the first
observation of fullerenes in time-of-flight mass spectrometry in the mid-eighties. Fullerenes are
interesting species to study since they are relatively large molecules but they are straightforward
to introduce into the gas phase and have the additional advantages of consisting of only one el-
ement (carbon) and having a high symmetry (Ih) that simplifies theoretical treatment. Because
of the relatively unusual relationship between C-C bond energy (high) and ionisation potential
(low), fullerenes have been shown to be good model systems for studying the competition between
different thermal decay mechanisms such as thermionic emission, radiative cooling and fragmen-
tation. In recent years, focus has been placed on studying photon-fullerene interactions leading
to electron emissions at timescales before full energy equilibration can take place. When ionising
with fs lasers, fullerenes, and other conjugated molecules, show well-resolved peak structure in
their photoelectron spectra that can be attributed to single photon ionisation of a large range of
excited states thus providing a fingerprint of the molecule [1]. The range of excited states that
is produced in the interaction with the fs laser pulses is independent of the laser wavelength.
For fullerenes, strong peaks are observed that are attributed to the excitation of SAMO states
(super-atom molecular orbitals), these are very simple hydrogenic-type orbitals that are centred
on the fullerene core rather than on the carbon atoms. They are a consequence of the hollow
nature of the molecule [2]. New studies that combine fs Rydberg fingerprint spectroscopy with
angular-resolved photoelectron spectra obtained using velocity map imaging and time-dependent
density functional theory [3] are shedding new light on the population of these states and the
reasons for their prominence in the photoelectron spectra. Techniques are also being developed
that can provide information on the timescale of electron emission [4] and a probe of the onset
and origin of thermal electron emission. In this talk an overview of the recent fullerene photoion-
isation studies and their relevance for understanding the ionisation dynamics and mechanisms of
large molecules will be given.

References
[1] C. Schick and P. Weber, J. Phys. Chem. A 105 (2001) 3735; M. Boyle et al., Phys. Rev.
Lett. 87 (2001) 273401
[2] M. Feng, J. Zhao, and H. Petek, Science 320 (2008) 359-362
[3] J. O. Johansson et al., Phys. Rev. Lett. 108 (2012) 173401
[4] J. O. Johansson et al., J. Chem. Phys. 136 (2012) 164301
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Taming molecular beams

G. Meijer1

1Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

Corresponding Author: meijer@fhi-berlin.mpg.de

Getting ever better control over gas-phase molecules is an important research theme and
drives progress in the field of molecular physics. The motion of polar molecules in a beam can be
manipulated with inhomogeneous electric and magnetic fields. Static fields can be used to deflect
or focus molecules, whereas time-varying fields can be used to decelerate or accelerate beams of
molecules to any desired velocity. I will give an overview of the fascinating new possibilities
that this molecular beam technology presently offers, ranging from novel scattering experiments
and lifetime measurements on trapped molecules to the preparation of pure samples of selected
structural isomers [1]. The miniaturization of electric field structures enables the manipulation
of polar molecules at close distance from a surface, and I will report on the progress in creating a
molecular laboratory on a chip [2]. Time permitting, I will also report on the recent experimental
realization of a microwave decelerator for neutral polar molecules, suitable to decelerate and focus
a beam of molecules in high-field-seeking states [3].

References
[1] S. Y. T. van de Meerakker, H. L. Bethlem, and G. Meijer, Nature Physics 4, 595–602 (2008)
[2] S. A. Meek, H. Conrad, and G. Meijer, Science 324, 1699–1702 (2009)
[3] S. Merz et al., arXiv:1204:4019
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Dynamic behavior of ultra cold atomic gases

S. Stringari1

1Department of Physics, University of Trento, Italy

Corresponding Author: stringar@science.unitn.it

I will present an overview of recent advances in the study of the collective dynamics in
harmonically trapped, ultra cold atomic gases. I will discuss in particular the behavior of the
collective oscillations of strongly interacting Fermi gases at both zero and finite temperature
and recent achievements on the center of mass oscillation in spin orbit coupled Bose-Einstein
condensates. Both theoretical and experimental results will be discussed.
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New frontiers in ultracold quantum gases

R. Grimm1

1Institut für Experimentalphysik, Universität Innsbruck, 6020 Innsbruck, Austria, and
Institute für Quantenoptik und Quanteninformation (IQOQI), Austrian Academy of Sciences,

6020 Innsbruck, Austria

Corresponding Author: rudolf.grimm@uibk.ac.at

Ultracold quantum gases at nanokelvin temperatures in the degenerate regime offer a rich
playground for studying the fundamental behavior of interacting quantum matter, based on
the exquisite control of experimental parameters and the possibility to tune the interparticle
interactions. The results show novel phenomena and challenge theoretical descriptions of many-
body quantum physics [1].

After introducing into the general ideas of the field, I will present examples from ongoing
experimental research in Innsbruck. First, as an example related to condensed-matter physics, I
will present the observation of quasiparticles in a degenerate Fermi gas, including the observations
of “repulsive polarons” [2]. Second, as an example connecting to nuclear physics, I will discuss
the observation of “Efimov states” [3]. Finally, as a most recent development, I will present the
Bose-Einstein condensation of a new atomic species, atomic erbium featuring strongly anisotropic,
dipolar interactions [4].
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[2] C. Kohstall et al., Nature 485, 615 (2012)
[3] F. Ferlaino and R. Grimm, Physics 3, 9 (2010)
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Molecular line lists for the opacity of exoplanets and other
atmospheres

Jonathan Tennyson1

1Department of Physics and Astronomy, University College London, London WC1E 6BT, UK

Corresponding Author: j.tennyson@ucl.ac.uk

At elevated temperatures the spectra of polyatomic molecules become extremely compli-
cated with millions, or even billions, of transitions potentially playing an important role. The
atmospheres of cool stars and ”hot Jupiter” extrasolar planets are rich with molecules in the
temperature range 1000 to 3000 K and their properties are strongly influenced by the infrared
and visible spectra of these molecules. Access to extensive lists of transitions is essential for in-
terpretting even the rather simple spectra that can be obtained from exoplanets [1]. So far there
are extensive, reliable lists of spectral lines for a number species including some stable diatomics,
water, ammonia. Data is almost completely lacking for many key species such as methane.

The ExoMol project [2] aims to construct line lists of molecular transitions suitable for spec-
troscopic and atmospheric modelling of cool stars and exoplanets [3]. As at elevated temperatures
it is necessary to consider huge numbers of lines even for a single species, direct determination of
these line lists by laboratory measurements is problematic. Line lists therefore are best computed
on the basis of robust theoretical models tested against available laboratory data rather than
constructed experimentally. Illustrative examples will be discussed along with their application
to a wide variety of astronomical and terestrial problems. The progress in generating the full set
of molecular data will be given.
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[1] G Tinetti et al., Nature, 448, 169-171 (2007).
[2] www.exomol.com
[3] J. Tennyson and S. N. Yurchenko, Mon. Not. R. astr. Soc. (in press); arXiv:1204.0124
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Confessions of a converted lecturer.

E. Mazur1

1Harvard University, 29 Oxford Street, 02138 Cambridge Massachusetts, USA

Corresponding Author: mazur@physics.harvard.edu

I thought I was a good teacher until I discovered my students were just memorizing infor-
mation rather than learning to understand the material. Who was to blame? The students?
The material? I will explain how I came to the agonizing conclusion that the culprit was neither
of these. It was my teaching that caused students to fail! I will show how I have adjusted my
approach to teaching and how it has improved my students’ performance significantly.
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Is Vacuum Really Empty?

P. Delsing1

1Chalmers University of Technology, Microtechnology and nanoscience, Kemivgen 9, 41296
Gteborg, Sweden

Corresponding Author: per.delsing@chalmers.se

We have recently been able to create light from vacuum using superconducting circuits. At
the heart of the experiment is one of the weirdest, and most important, tenets of quantum
mechanics: the principle that empty space is anything but empty. Quantum theory predicts that
a vacuum is actually a writhing foam of particles flitting in and out of existence, s o called virtual
particles. If a mirror is moved through the vacuum at a speed close to the speed of light, these
virtual particles can be forced into reality and in that way light can be created from vacuum.
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The ALPHA Experiment at CERN: Physics with Trapped
Antihydrogen

J. Hangst1

1Physics and Astronomy, Aarhus University, Ny Munkegade, DK-800, Aarhus, Denmark

Corresponding Author: Jeffrey.hangst@cern.ch

The ALPHA team can keep the antihydrogen atoms trapped for 1000 seconds. This is long
enough to begin to study them - and conduct the precision measurements necessary to investigate
a symmetry known as CPT. According to CPT symmetry a particle moving forward through
time in our universe should be indistinguishable from an antiparticle moving backwards through
time in a mirror universe, and it is thought to be perfectly respected by nature. CPT symmetry
requires that hydrogen and antihydrogen have identical spectra. ”Any hint of CPT symmetry
breaking would require a serious rethink of our understanding of nature. But half of the universe
has gone missing, so some kind of rethink is apparently on the agenda.”
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PR–001 Talk: Tuesday, 11:00, Auditorium Gustaf Dahlén Johnsson

Photoelectron diffraction imaging of molecular dynamics
P. Johnsson1, A. Rouzée2, A. Hundertmark2, L. Rading1, S. Düsterer3, F. Tavella3,

N. Stojanovic3, A. Al-Shemmary3, M. Gensch4, Ph. Wernet5, T. Leitner5, and
M. J. J. Vrakking2

1Lund University, P.O. Box 118, SE-22100 Lund, Sweden
2Max-Born-Institut, Max-Born Strasse 2A, D-12489 Berlin, Germany
3HASYLAB at DESY, Notkestrasse 85, D-22603 Hamburg, Germany

4Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstr. 400, D-01328 Dresden, Germany
5Helmholtz-Zentrum Berlin, Albert-Einstein-Strasse 15, D-12489 Berlin, Germany

Corresponding Author: per.johnsson@fysik.lth.se

We will report on experiments performed at FLASH, aiming to follow molecular dynamics in
time by studying photoelectrons emitted through single-photon ionization by the XUV/soft X-ray
FEL pulses. Our approach exploits the fact that electrons leaving the molecule may scatter off
one of the other nuclei, or interfere with electrons emitted from equivalent sites in the molecule [1].
These processes encode diffractive information in the photoelectron angular distribution that can
be used as a detailed probe of molecular structure when the photoelectron angular distribution
is measured in the molecular frame, i.e. in a coordinate system that is fixed with respect to
the molecular axis. We use laser-induced alignment to manipulate the angular distribution of
molecular samples in combination with the use of a velocity map imaging spectrometer [2], which
permits molecular frame measurements of kinetic and angular distributions of electrons or ions
with high count rates. In order to perform these experiments a pump-pump-probe arrangement
has been developed, where a first optical pump laser pulse is used to initiate the alignment
dynamics, a second pump laser pulse initiates dynamics in the molecules under investigation,
and the role of the probe laser is played by the FLASH FEL, at a variable time delay with
respect to the other two lasers. The first realization of field-free molecular alignment at FLASH,
making use of CO2 molecules [3], will be presented, as well as our attempts to observe time-
dependencies in the molecular frame photoelectron distribution of dissociating Br2 molecules [4]
(see Fig. 1), including the results from our latest beamtime in May 2011.

Figure 1: Br2+ ions resulting from dissociation of Br2 by 13 nm light from FLASH. Mo-
mentum distributions for ionization by (a), the FEL pulse alone, (b), the FEL pulse preceded
by a 400 nm dissociation pulse and (c), with an IR alignment pulse. Panel (d) shows the
kinetic energy distribution as a function of delay between the 400 nm dissociation pulse
and the FEL pulse. A sharp time-dependent contribution is observed due to an additional
kinetic energy from Coulomb repulsion being imparted to the dissociating atoms when they

are ionized at short inter-nuclear distances.
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50 years of 3He optical pumping: “When only the best will
do”

G. Tastevin
Laboratoire Kastler Brossel, ENS - CNRS - UPMC, 24 rue Lhomond, 75005 Paris, France

Corresponding Author: tastevin@lkb.ens.fr

In the early 1960’s two indirect optical pumping (OP) techniques for polarising the nuclear
spin of the 3He isotope have been proposed: spin-exchange (SE) with optically pumped alkali
atoms [1, 2] and metastability exchange (ME) with optically pumped metastable helium atoms
[3, 4, 5]. The efficiency of SEOP was poor but MEOP found immediate application for reactions
with particle beams, then opened the way to many novel studies involving the dilute and dense
fluid phases of 3He at low temperature. Hyperpolarised 3He gas has since been used in a variety
of resarch fields including nuclear and particle physics (polarised target for scattering experi-
ments, production of polarised 3He ions), tests of fundamental symmetries (spin-1/2 maser or
free-precession probe for precision magnetometry), neutron science (broadband spin polariser or
analyser), material science and biomedical MRI (exogeneous NMR tracer for relaxometry and
functional imaging).

Recent years have seen remarkable advances in the decades-long struggle to develop the two
OP techniques, driven by the demand and the success of 3He-based neutron spin filters and lung
MRI. Thanks to technical breakthroughs, better optical diagnostic tools, and improved physical
insight, very high productions rates (0.5 bar·L/h for SEOP and 1−5 bar·L/h for MEOP) and
nuclear polarisations (slightly below 70% for SEOP and 80% for MEOP) are now achieved under
optimal conditions. However these values are still below expectations and correspondingly many
efforts are underway to understand the origin of current limitations for both techniques.

The processes involved in OP, exchange, and relaxation will be reviewed. The outcomes and
puzzling results of various systematic experimental investigations carried out using the two OP
techniques will be briefly reported and discussed on the basis of the scrutinised rate equations
and angular momentum budgets (hybrid SEOP, impact of temperature, pressure-broadening
collisions, OP light, alkali density, or cell walls on polarisation loss and photon demand; plasma
conditions, photon efficiency, and laser-induced relaxation for MEOP operated at high laser
power, high magnetic field, or high gas pressure). Perspectives for further improvement of the
quantity and polarisation of 3He gas will be presented.
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Towards laser cooling of atomic anions

Alban Kellerbauer1

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

Corresponding Author: a.kellerbauer@cern.ch

Atomic anions are generally not amenable to optical spectroscopy because they are loosely
bound systems and rarely have bound excited states. Until now, there are only very few nega-
tive ions with strong bound–bound electronic transitions. [1,2]. These electric-dipole transitions
may provide unique insight into the structure of atomic anions. In addition, they may enable
the preparation of ultracold ensembles of negative ions. Currently available cooling techniques
for negatively charged particles allow cooling only to the temperature of the surrounding cryo-
genic environment, typically at 4 K if the apparatus itself is cooled with liquid helium. At
these temperatures, the achievable precision of spectroscopic measurements is often limited by
inhomogeneous broadening due to thermal motion.

Laser excitation of the electric-dipole transition in atomic anions could be used to laser-cool
them to microkelvin temperatures [3]. If demonstrated to be successful, the technique would allow
the cooling of any species of negatively charged particles – from subatomic particles to molecular
ions – to ultracold temperatures by sympathetic cooling. We have been investigating the bound–
bound electric-dipole transition in Os− by high-resolution laser spectroscopy to ascertain its
suitability for laser cooling [4–6]. The principle of the method, its potential applications, as well
as experimental results will be presented.

Figure 1: Partial energy level diagram of Os− in a magnetic field. The potential laser
cooling transition is indicated by a solid arrow, the decay to ‘dark’ states by dashed arrows.
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Deterministic few-fermion quantum systems

Gerhard Zürn1,2, Thomas Lompe1,2,3, Andre Wenz1,2, Martin Ries1,2,
Vincent Klinkhamer1,2, Andrea Bergschneider1,2, Simon Murmann1,2, and

Selim Jochim1,2,3

1Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Germany
2Max-Planck-Institut für Kernphysik, Heidelberg, Germany

3ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung,
Darmstadt, Germany

Corresponding Author: jochim@uni-heidelberg.de

Few-particle Fermi systems are the basic building blocks of all matter which have been
studied extensively in atomic, nuclear and condensed matter physics. In our experiments, we
have realized few-fermion systems consisting of 1-10 atoms in a tightly confining optical trap in
which the interaction and all quantum mechanical degrees of freedom can be controlled [1]. These
deterministic ensembles are ideally suited for the quantum simulation of few-body systems.

To establish an experimental toolbox we first studied the two-particle system. By comparing
a noninteracting spin polarized system with an interacting system containing two different spin
states we could demonstrate fermionization of the two distinguishable particles for diverging
repulsive coupling strength by showing that the square modulus of the wave function of the two
systems is the same in our quasi 1-D configuration [2].

We have extended our study to up to six particles with both attractive and repulsive in-
teractions. In the first case we observe a strong odd-even effect in the interaction energy and
correlated pair tunneling out of a tilted trap. For strong repulsive interactions we observe fer-
romagnetic correlations, when the repulsion between distinguishable particles becomes stronger
than the Fermi energy.
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Atom Trap, Krypton-81, and Global Groundwater

Z.T. Lu1

1Oak Ridge National Laboratory

Corresponding Author: liuy@ornl.gov

The long-lived noble-gas isotope 81Kr is the ideal tracer for old water and ice in the age range
of 105 106 years, a range beyond the reach of 14C. 81Kr-dating, a concept pursued in the past
four decades by numerous laboratories employing a variety of techniques, is now available for the
first time to the earth science community at large. This is made possible by the development of
an atom counter based on the Atom Trap Trace Analysis (ATTA) method, in which individual
atoms of the desired isotope are selectively captured and detected with a laser-based atom trap.
ATTA possesses superior selectivity, and is thus far used to analyze the environmental radioactive
isotopes 81Kr, 85Kr, and 39Ar. These three isotopes have extremely low isotopic abundances in
the range of 10−16 to 10−11, and cover a wide range of ages and applications. In collaboration
with earth scientists, we are dating groundwater and mapping its flow in some major aquifers
around the world.

This work is supported by DOE, Office of Nuclear Physics, under contract DE-AC02-06CH11357;
and by NSF, Division of Earth Sciences, under award EAR-0651161.
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Two- and Three-Photon Atomic Double Ionization by
Intense FEL Pulses

A. N. Grum-Grzhimailo1, E. V. Gryzlova1, S. Fritzsche2, and N. M. Kabachnik1,3

1Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119991
Moscow, Russian Federation

2GSI Helmholtzzentrum für Schwerionenforschung, D-64291 Darmstadt, Germany and
Department of Physics, University of Oulu, PO Box 3000, Fin-90014, Finland
3European XFEL GmbH, Albert-Einstein-Ring 19, D-22607 Hamburg, Germany

Corresponding Author: algrgr1492@yahoo.com

With the advent of Free-Electron Lasers (FELs) operating in the short-wavelength regime
and generating extremely intense femtosecond pulses, nonlinear processes in the XUV and X-
ray wavelength range are now accessible experimentally [1,2]. In this range, the energy of a
single photon is already enough to ionize the target. When the photon energy is higher than
the ionization threshold of the ion, it appears that sequential two-photon double ionization
(2PDI) dominates in which the first photon produces an ion which is subsequently ionized by
the second photon from the same pulse. For the photon energies between the atomic and ionic
ionization thresholds, the second-step ionization proceeds via two-photon absorption, leading to
three-photon double ionization (3PDI). In sequential 2PDI and 3PDI, the individual energy of
each of the two emitted electrons is fixed by energy conservation. Studies of 2PDI and 3PDI,
the simplest nonlinear reactions in the XUV, are at their beginning. They can provide a wealth
of new information on photoionization amplitudes, cross-sections and transition probabilities
in ions, allocate ionic autoionizing states, reveal dynamic correlations between two sequentially
emitted photoelectrons, etc. The talk overviews developments in this new field. The following
points are addressed: angular distributions and correlations of photoelectrons in sequential 2PDI
and 3PDI [3–6], effects of alignment and coherency of the intermediate ionic states [6], resonant
[7] and doubly resonant [8] sequential 3PDI. Theoretical predictions, based on statistical tensor
approach combined with multi-configurational Hartree-Fock and Dirac-Fock calculations, are
illustrated by first experimental data [1,7–9].

It is known that already at photon energies of a few hundreds eV, the photoelectron angular
distribution in atomic single-photon ionization can be affected significantly by interferences be-
tween the electric dipole (E1) and electric quadrupole (E2) photoionization amplitudes. Thus,
nondipole effects should show up also in the XUV/X-ray nonlinear atomic processes, first of all
presumably in the angular distributions of emitted electrons. The nondipole effects in nonlinear
photoprocesses in XUV is so far an opened field. First theoretical predictions will be presented
of nondipole effects in the 2PDI.

This research is partly supported by the Russian President grant MK-6509.2012.2
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Remembering Miss Meitner: History, Memory, and the
Future of Physics

R.M. Friedman1

1University of Oslo, Norway

Corresponding Author: robert.friedman@iakh.uio.no

As a historian of science who had dramatised his PhD thesis for television, I eagerly partic-
ipated in discussions on science related theatre prompted by the spectacular success of Michael
Frayn’s ’Copenhagen’. At two symposia on the relations between science, drama, and history
organised by the Niels Bohr Archive in Copenhagen, I asked, as others have asked: can drama
provide insight into the scientific enterprise? can theatre be used for exploring the history of
science? My reflections on juggling the demands of scholarship with those of art as well as my
tentative outlines for history of science based plays seemed safe enough in an academic audito-
rium, but subsequently I was invited to write one such play for theatrical production. In moving
from idea to script to performance, I gained further respect for the difficulties of harmonising
history and drama. To dramatise history of science is a risky endeavour, but one worth the effort
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Why do recognized textbooks in physics represent a
quasi-history of Planck’s, Einstein’s and Bohr’s

development of quantum physics?

R. Renström1

1Universitetet i Agder, F̊amyr̊asen 56, 4640 Sögne, Norway

Corresponding Author: reidun.renstrom@uia.no

In my unpublished thesis, ”The Development of Quantum Physics, in Historic Accounts,
Textbooks and Classrooms”, I investigated representations of the development of quantum
physics in well-established, recent textbooks which are widely used at universities today. The
conclusion of my investigation is that the myths identified by historians of science are still very
much alive in the textbooks. In my thesis I claim that the way these textbooks represent Bohr’s
development of a model of the atom and the theory of the hydrogen atom are indeed also a
quasi-history. The myths my thesis refer to are: In 1911 Rutherford proposed a planet model of
the atom that answered many questions, and was generally accepted by physicists. There was
however one big problem with the model; according to classical theory Rutherfords atom was
unstable and would collapse. One of many physicists losing sleep over this problem was Bohr,
who soon recognized that the emission line spectra indicate that atoms emit photons with specific
frequencies and energy. Therefore said Bohr, each atom must be able to exist with only certain
specific values of internal energy. The textbook story of the development of quantum physics is
framed historically but it seems no attempt has been made to convey history truthfully. The real
history is distorted in a systematic way to support the view that the main factors in the progress
of physics knowledge are always shocking contradictions between theoretical expectations on the
one hand, and observable facts or even common sense on the other. As a matter of fact, there
were no crises brought about by conflicts between classical theories and experimental results
that could motivate Planck in 1900, Einstein in 1905 or Bohr in 1913 to develop their quantum
theories. Quantum physics does not owe its origins to any failure in classical physics.
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Is the electron round?

J. J. Hudson1, D. M. Kara1, I. J. Smallman1, B. E. Sauer1, M. R. Tarbutt1, and
E. A. Hinds1

1Centre for Cold Matter, Blackett Laboratory, Imperial College London, Prince Consort Road,
London SW7 2AZ, UK.

Corresponding Author: m.tarbutt@imperial.ac.uk

The electric dipole moment (EDM, de) of the electron is a measure of the electron’s shape, a
non-zero value implying that the electron is not spherical. A non-zero EDM violates time-reversal
symmetry which, in most models of physics, is equivalent to the symmetry between matter and
antimatter (CP symmetry). The Standard Model of particle physics predicts a non-zero value
for the electron EDM, but one which is exceedingly small [1]. Extensions to the Standard Model,
such as supersymmetric extensions, predict that the EDM should be much larger [2] and within
the range of current experiments. This makes the search for the electron EDM a powerful way
to search for new physics and constrain the possible extensions. The size of the electron EDM is
also intimately related to the puzzling question of why the Universe contains so little antimatter
[3].

Certain heavy, polar molecules are exceptionally sensitive to the electron EDM. Exploiting
this sensitivity, we have made the most precise measurement to date of de by measuring how the
spin-precession rate of YbF molecules changes in an applied electric field. We obtain a result
consistent with zero and set an upper limit of |de| < 10.5 × 10−28 e cm at the 90% confidence
level [4]. This measurement of atto-electronvolt energy shifts in a molecule probes new physics
at the tera-electronvolt energy scale. Indeed, it is difficult to reconcile our result with the
popular idea that new supersymmetric particles may exist at masses of a few hundred GeV [1].
New measurements, with improved sensitivity, are now underway in our laboratory and future
improvements, including the use of a cryogenically-cooled source of YbF molecules and laser
cooling of the molecules, hold the promise of further very large improvements in sensitivity.

Yb target

Valve

Ablation laser beam

Skimmer rf in/out

rf out/in

Probe fluorescence

detector

Pump fluoresence

detector
E field plates

Figure 1: Schematic diagram of the experiment. The apparatus measures how the spin
precession rate of YbF molecules changes in an applied electric field, and this determines

the electron EDM.
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High-harmonic spectroscopy of electronic dynamics in
molecules
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Recent progress in applying high-harmonic generation (HHG) to study electronic structure
and dynamics in molecules will be presented. High-harmonic generation occurs when an intense
femtosecond laser pulse interacts with a molecule. An electron is removed through strong-field
ionization, accelerated by the laser field and allowed to recombine with the parent ion. The short
de-Broglie wavelength of the electron and the precise timing of the recollision process enable
the characterization of electronic structure and dynamics with atomic spatial resolution and
attosecond temporal resolution.

The sensitivity of the HHG process to electronic structure is now well established. We have
investigated the relative roles played by multielectron effects, the geometric and the electronic
structure in high-harmonic spectra of molecules. We study the isoelectronic molecules CO2 and
N2O that have a nearly identical overall length. In N2O we find a gradual decrease of ionization
from lower orbitals with increasing wavelength of the generating field, similar to previous obser-
vations in CO2. We then isolate purely structural signatures in the spectra of both molecules
and show that they reflect subtle differences in the electronic structure of the molecules.

Building on recent progress in field-free orientation of molecules, we study high-harmonic
generation from oriented OCS molecules. The broken inversion symmetry of the medium leads
to the generation of even harmonics. The analysis of these spectra and their comparison with ab
initio quantum scattering calculations enables the characterization of the non-centrosymmetric
electronic structure of OCS. We extend these measurements to small polyatomic molecules with
substituents of very different ionization potentials which are expected to give rise to charge
migration on the attosecond time scale.

The application of HHG to probing purely electronic dynamics in neutral molecules has
been long anticipated and studied theoretically, but it has never been observed experimentally.
We report the observation and characterization of an electronic wave packet in the neutral NO
molecule, generated by a femtosecond pump pulse and probed through polarization-sensitive
measurements of the emitted high harmonics.
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The scientific approach to teaching: Research as a basis for
course design.

E. Mazur1

1Harvard University, 29 Oxford Street, 02138 Cambridge Massachusetts, USA

Corresponding Author: mazur@physics.harvard.edu

Discussions of teaching – even some publications – abound with anecdotal evidence. Our
intuition often supplants a systematic, scientific approach to finding out what works and what
doesn’t work. Yet, research is increasingly demonstrating that our gut feelings about teaching
are often wrong. In this talk I will discuss some research my group has done on gender issues in
science courses and on the effectiveness of classroom demonstrations.

24

mailto:mazur@physics.harvard.edu


P
R
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Electromagnetically Induced Transparency via Cooperative
Emission in a Cavity

R. Röhlsberger1, H. C. Wille1, K. Schlage1, and B. Sahoo1

1Deutsches Elektronen Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

Corresponding Author: ralf.roehlsberger@desy.de

A planar cavity can be employed to prepare superradiant states of excited atoms that are
coupled to the standing wavefield in a cavity mode. This principle has been applied recently to
observe the collective Lamb shift LN in single-photon superradiance from resonant 57Fe nuclei
that have been excited by pulses of 14.4 keV synchrotron radiation [1]. The 57Fe atoms have
been embedded s a single 1 nm thick layer in the center of a cavity consisting of a carbon guiding
layer sandwiched between two Pt layers acting as mirrors [2], see Fig. 1a.

A qualitatively new situation is encountered when two resonant 57Fe layers instead of one
are placed in a cavity, as sketched in Fig. 1b. right. A pronounced dip in the cavity reflectivity
is observed when one of the 57Fe layers is located in a node, the other one in an antinode of
the standing wave in the cavity. We have shown that this is a signature of electromagnetically
induced transparency (EIT) [3]. Cooperative emission plays a crucial role for EIT in this system:
While the layer in the antinode exhibits strong superradiant enhancement of its decay width, the
layer located in the antinode remains subradiant and thus corresponds to the metastable state in
the three-level scheme of an EIT system, as illustrated in Fig. 1c. The radiation field in the cavity
mixes these two levels and the resulting quantum interference eventually leads to a pronounced
transparency at the resonance energy (∆ = 0) of the nuclei where the system is completely opaque
otherwise, see Fig. 1d, as demonstrated recently at the synchrotron radiation source PETRA III
at DESY [3] We expect that this technique, based on coherent light scattering, can be generally
applied to any ensembles of resonant emitters (atoms, ions, quantum dots) properly placed in
optical cavities.
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Figure 1: Cooperative emission from 57Fe nuclei in a cavity leads to EIT.
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Direct Observation of Spin Flips with a Single Isolated
Proton
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Applying the continuous Stern-Gerlach effect, spin flips with a single isolated proton were
observed for the first time. This is the most important step towards a high precision measurement
of the particle’s g-factor and a million-fold improved test of the matter-antimatter-symmetry.
A number of precision experiments measured the g-factor of the proton with various methods,
but up to now the g-factor has never been measured directly. The most precise value for the g-
factor results from measurements by Winkler et al. [1]. In this experiment the magnetic moment
of the proton bound in atomic hydrogen has been determined with a relative precision of 10−8

by spectroscopy of the Zeeman effect on the hyperfine splitting. The free proton g-factor has
been deduced from this measurement by subtracting theoretical bound state contributions. Our
experiment, in contrast, aims for the first direct measurement of the g-factor of a single isolated
proton stored in a Penning trap at a relative precision of 10−9 or better [2]. The measuring
process and the experimental setup can be applied for protons as well as for antiprotons, whose
g-factor is currently known to a relative precision of 10−3, only [3]. Thus an improvement of six
orders of magnitude is feasible. The measurement and comparison of the magnetic moment of
the proton and antiproton will provide a stringent experimental test of the CPT-theorem [4].
The single proton is stored in a double Penning trap setup. This allows for the spatial separated
measurement of the cyclotron frequency νc of the proton and the detection of its spin state for the
determination of the Larmor frequency νL. The g-factor can then be calculated as g = 2νL/νc.
The simultaneous measurement of these frequencies allow for a magnetic field independent mea-
surement of the g-factor. The cyclotron frequency is determined in a homogeneous magnetic field
in the so-called precision trap by measuring the three eigenmotions of the ion in the Penning
trap, demonstrated in [5], and applying the invariance theorem [6]. The Larmor frequency can
be determined from the proton spin flip resonance curve, obtained by scanning an external exci-
tation field over the Larmor frequency. To this end the spin state of the ion has to be detected.
This detection is based on a coupling of the particle’s magnetic moment µ to its axial oscillation
frequency νz. The coupling is achieved by an inhomogeneous magnetic field component B2, the
magnetic bottle, in the so-called analysis trap and results in an axial frequency shift according
to the spin orientation [7]. We recently demonstrated the first successful induction of spin flips
by measuring the Larmor resonance curve in the analysis trap [8].
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Exploring the knowledge structure of introductory quantum
mechanics
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Quantum Mechanics is a challenging and non-intuitive core area of physics. In my talk I will
present a successful teaching intervention that included the topics of Quantum Mechanics and
Mechanics in first year university physics. I will discuss a theoretical framework that focuses on
the knowledge taught: how it can shed light on the positive results of the teaching intervention,
how it can help us, as physics educators, increase our understanding of the content we teach,
and how we can make physics more accessible to and enjoyable for our students.

In 2007, a successful year-long teaching intervention in first year physics involving 698 stu-
dents was carried out at the University of Sydney, Australia. Students were randomly allocated
into two different tutorial groups: inquiry-based Workshop Tutorials, run since 1995, or the more
strongly scaffolding newly developed Map Meetings. The former consisted of 50 minutes of col-
laborative problem solving; in the latter, such collaborative work was reduced to 25 minutes,
sandwiched between a 15-minute summary lecture and a 10-minute concluding plenary session,
both led by the tutorial supervisor. The main result was that in the course for students without
any prior formal physics instruction, Map Meetings had 50% fewer students at risk of failing
compared to Workshop Tutorials [1].

The focus of Map Meetings was the Link Map, an A4-sheet with a non-linear summary of
the weekly topic, around which both the summary lecture and the problem sheet centred. The
Link Maps and summary lectures were overwhelmingly the focus of students positive feedback
on Map Meetings and were seen as the main reason for their success [2].

After the conclusion of the experiment, the collection of Link Maps were analysed to gain
insight into why they were so successful. Bloom’s taxonomy, Bernstein’s idea of knowledge
structures and some of Maton’s Legitimation Code Theory (the latter two both Sociologists of
Education) were particularly useful frameworks to understand how the physics topics had been
presented on the Link Maps and why this appeared to be particularly useful to the students.

Bernstein described hierarchical knowledge structures as ”a coherent, explicit and system-
atically principled structure, hierarchically organized [that] ... attempts to create very general
propositions and theories, which integrate knowledge at lower levels, and in this way shows
underlying uniformities across an expanding range of apparently different phenomena” [3]. He
frequently used physics as an example of a discipline with such a knowledge structure, but he
never provided any specific analyses of the subject.

The analyses I will present support the perception that physics is a hierarchical field. How-
ever, although the discipline itself is hierarchical, the subset of the discipline taught to students
is not always hierarchical. The reason for this is the limited amount of knowledge that students
can construct in a semester. This brings to the fore the importance of the teacher or lecturer in
sequencing and pacing the delivery of the material to facilitate cumulative knowledge-building
in a hierarchically structured discipline, such as physics.
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Particle Traps in Modern Physics Education
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Numerous techniques to trap and localise charged and neutral particles, i.e. ions and atoms,
have been developed and were permanently refined during the last 40 years. They can be re-
garded as essential basis for most of the developments and the tremendous progress observed in
visualizing, understanding and today even applying quantum physics effects. Charged particles
are most easily confined by overlaying ac and dc electric fields in ”Paul Traps” or in combined dc
electric and magnetic fields in ”Penning Traps”. Neutral particles can be cooled and decelerated
by laser light fields for final storage in ”Magneto-Optical Traps (MOTs)” or purely magnetic
dipole field traps. For the purpose of visualisation, education and exhibition all these techniques
can be demonstrated most impressively on macroscopic particles [1-3]. Some of them rely on
simple and low-cost experimental equipment, which can be constructed and applied in class room
[4].

Stimulating tutorials on various aspects of modern physics, including introductions to most
recent investigations in quantum optics, the physics of accelerator physics and storage rings or the
handling of antimatter (read also the best seller Illuminati by Dan Brown) can be based around
simple macro-particle traps for charged particles, similarly useful in scientific education and mo-
tivation for students in high school or university level. Investigation of the trapping behaviour
and orbiting motion of charged lycopodium seeds in a Paul trap (Fig.1) and their visualisation by
scattered light from simple laser pointers or via CCD-camera observation opens the way to and
enriches the presentation of state-of-the-art experiments involving quantum phenomena. These
include the principle of strong focussing, coupling of microscopic and macroscopic degrees of
freedom, entanglement, Bose-Einstein condensation as well as their applications, e.g. in ion trap
clocks, quantum information processing and quantum computers. Due to the simplicity of the
corresponding demonstration experiments this can even be presented as hands-on experiments
in school or university classes. Here we present educational versions of Paul Traps with different
longitudinal and circular geometries, which can both be constructed with low costs and commer-
cially available parts, as well as demonstration models of particle accelerators or the antimatter
trap from the permanent exhibition ”Univers de particules” at CERN [5].
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Not what it seems? Teaching and learning introductory
quantum physics.
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Quantum mechanics is widely regarded as one of the most challenging topics in the undergrad-
uate curriculum. It abounds with abstract and often counter-intuitive findings and paradoxes
and poses real conceptual challenges to students. Furthermore, as quantum mechanics is the
corner stone of modern physics it is crucial for students to understand the subject in order to
progress. In recent years there have been significant advances in understanding and addressing
the problems and misconceptions that face students when they first encounter quantum mechan-
ics. Much of this research has stemmed from the extensive literature on the enhancement of
conceptual understanding in classical mechanics teaching, which includes detailed studies into
the concepts students have most problems with, and how best to teach these. One way of discov-
ering common misconceptions is with the use of diagnostic tests, and a number of such tests are
now available to measure conceptual understanding in quantum mechanics. Similarly, a range of
instructional strategies and resources have been developed to encourage student interaction and
participation, especially in large early years classes.

Many of these have been adapted and adopted for use in introductory physics courses, in-
cluding quantum mechanics, at the University of Edinburgh. In this talk I will describe how
these, together with other instructional developments, have brought about a real change in the
way the students are challenged to engage with the material that they encounter in their studies.
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Multi-electron dynamics in time-dependent R-matrix theory
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Over the last 10 years, great progress has been made in developing laser systems capable
of generating pulses with sub-femtosecond duration [1,2]. This progress has enabled experiment
to observe atomic and molecular dynamics in the sub-femtosecond regime. Examples of this
dynamics include dynamics of shake-up states in Ne+ following high-frequency ionization of Ne
[3], and time delay between the emission of 2s and 2p electrons in Ne [4].

New theoretical techniques are needed to describe the response of matter to ultra-short
light pulses. The ultra-short duration of the light pulse leads to the requirement for solving
the time-dependent Schrödinger equation. The high photon energies associated with ultra-short
light pulses, on the other hand, allow multi-electron excitation and de-excitation during the
pulse. The accurate description of the atomic response must therefore be able to account for a
multi-electron response to the light pulse.

To accurately solve the time-dependent Schrödinger equation, with the inclusion of multi-
electron excitation, we have developed time-dependent R-matrix theory over the last few years
[5]. In this theory, the standard R-matrix approximation is maintained: close to the nucleus, in
the inner region, all interactions between all electrons are accounted for, whereas in the outer
electron, one electron is allowed to escape from the residual ion, and this electron only experiences
long-range interactions with the residual ion. Within each time-step tq → tq+1, we solve the
following equation:

(Hq+1/2 − E)Ψq+1 = −(Hq+1/2 +E)Ψq, (1)

where Hq+1/2 is the Hamiltonian at the mid-point of the time interval, Ψ is the wavefunction,
and E ≡ 2i/∆t is an imaginary energy related to the time-step. The calculation proceeds by
determining the R-matrix and an inhomogeneous T -vector at the inner-region boundary. These
are propagated through the outer region. At a sufficiently large distance, the wavefunction-vector
F can be set to 0. This vector is then propagated inwards to the inner-region boundary. Once
the R-matrix, T -vector and F -vector are obtained, the new wavefunction can be constructed.

As a demonstration of time-dependent R-matrix theory, we have investigated ultra-fast dy-
namics in the 2s2p2 configuration of C+ [6,7]. An initial short pulse excites this configuration
from the 2s22p ground state. A second delayed pulse then ionizes the system. By varying the
time delay between the pulses, we can then investigate the dynamics occurring within this con-
figuration. Small changes to the initial state cause significant difference to the dynamics. When
the initial state has magnetic quantum number M = 0, the dynamics in the 2s2p2 configuration
is spatial dynamics. On the other hand, when M = 1, spin dynamics occurs.
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Visualization of electronic motion in carbon atoms
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We present direct observations of electron dynamics in the ground state of an atom. An
electronic wave packet is created by coherently populating the three fine structure levels in the
ground state of carbon through a strong field photodetachment process of the negative carbon
ion. Subsequently, the wave packet is probed by strong field ionization using a femtosecond IR
laser pulse. The detached electrons are detected in an electron imaging spectrometer operated
in the velocity mapping regime[1]. Fig.1 A-C shows the energy and angular distribution of the
emitted electrons at three different pump-probe delay times. The laser polarization is vertical
in the images, and the distance from the centre represents the momentum of the electrons. The
probe step projects the atom’s electron density along the laser polarization directly on to our
detector, seen as vertically aligned jets. The yield of the most energetic electrons detected in
this experiment corresponds to the absorption of more than 40 photons. Fig.1 D shows the yield
of electrons detected within the white rectangles in Fig.1 A-C, as a function of the time delay
between the pump and the probe pulses. We interpret the strong modulation of high energy
electrons as a spatial rearrangement of the electron cloud in the atom. This is the first direct
visualization of a wave packet oscillation in the ground state of an atom.

Figure 1: A, B and C: Angular resolved electron spectra at delay times of 2000fs, 2300fs
and 2600fs with the probe laser vertically aligned. D: The integrated yield of high energy
electrons emitted along the laser polarization, plotted as a function of the delay time between

the pump and probe laser pulses.
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Photoionization time-delay measurements and calculations
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The development of ultrashort light pulses in the attosecond range allows scientists to tackle
temporal aspects of electron transitions in atoms, molecules and more complex systems. In this
work, we present experimental measurements and theoretical calculations of the photoemission
time delays [1] difference between the 3s and 3p shells in Argon [2] as well as between Argon and
other valence shells from noble gases (Krypton, Neon, Xenon). The experimental measurements
are performed using the RABITT technique (Reconstruction of Attosecond Bursts by Interference
of Two-photon Transition). An active stabilization between the two arms of the Mach-Zender
interferometer needed for the RABITT scans allow us to extract the relative photoemission time
delays between two gases by performing consecutive scans in the two gases. The measured
delays spans between 10 and 100 attosecond depending on the gas and the electron energy. The
theoretical approach includes intershell correlation effects between the valence and the inner
shells within the framework of the random phase approximation with exchange (RPAE).

Figure 1: Comparison between our theoretical calculations (dashed blue line, HF, red line,
RPAE) and experiments
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photoionization: Including electron–hole interactions
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We study the temporal aspects of laser-
assisted extreme ultraviolet (XUV) photoion-
ization using attosecond pulses of harmonic
radiation [1]. Our aim is to derive the gen-
eral form of the phase of the relevant tran-
sition amplitudes: (d), (a) and (e), corre-
sponding to the photon-processes sketched in
Fig. 1. Furthermore, we make the connec-
tion between these phases and the attosec-
ond time-delays that have been recently mea-
sured in experiments [2,3]. We find that the
overall phase contains two distinct types of
contributions: one is expressed in terms of
the phase-shifts of the photoelectron contin-
uum wavefunction while the other is linked to
continuum–continuum transitions induced by
the infrared (IR) laser probe. Going beyond
the single-active electron approximation, al-
lows for interesting electron–hole interactions,
where the photoelectron can induce transi-
tions in the remaining ion. We perform ab ini-
tio calculations and study electron–hole cor-
relation effects in attosecond photoionization
processes of noble-gas atoms, such as Neon
and Argon, using exterior-complex scaling
and many-body perturbation theory (RPA).

Figure 1: (d) Photoionization by an
attosecond pulse with XUV frequency, Ω.
Laser-assisted photoionization by absorption
(a) or emission (e) of an IR-probe photon, ω,
yields attosecond temporal information about

the single-photon ionization process.
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Spin dynamics of electrons in strong fields studied via
bremsstrahlung from a polarized electron beam
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Radiation spectra in relativistic electron-atom collisions are dominated by bremsstrahlung.
It is one of the fundamental ways the electromagnetic field interacts with matter: it occurs
for every charged particle moving through matter and most of its properties are understood
classically. For this reason bremsstrahlung can be used to study dynamics of colliding particles.
One takes a particular interest in the dynamics because of the strong electric fields experienced
by the electron in the scattering process. In these fields and in the regime of hard x-rays the
dynamics is dominated by effects which do not exist at low energies. Here the electron spin and
relativity play a key role.

Bremsstrahlung has long been considered to be sensitive to the spin of the electron. It was
predicted that linear polarization of the emitted photons should rotate out of the reaction plane
when spin-polarized electrons collide with heavy atoms [1-3]. However it was not until recently
that experiments in this direction became possible [4]. We have optimized the technique of photon
polarimetry by means of Compton and Rayleigh scattering, applied to a segmented germanium
detector, and significantly improved its efficiency and resolution. The angular resolution of
σ = 0.3◦ is an achievement of Compton polarimetry. With this accuracy we for the first time
became sensitive to these effects.

Linear polarization of hard x-rays emitted in the process of the atomic field electron
bremsstrahlung was measured with a polarized electron beam. The correlation between the
initial orientation of the electron spin and the angle of photon polarization was systematically
studied. The results are in a good agreement with the fully-relativistic calculations. They are
also explained classically and in a unique way manifest that due to the spin-orbital interaction
the electron scattering trajectory is not confined to a single scattering plane. Such an observation
is typically not possible in scattering experiments.

The developed photon polarimetry technique with a passive scatterer, due to its efficiency
and accuracy, allows for novel applications. Bremsstrahlung polarization correlations lead to a
new method of polarimetry of electron beams. Such a method is sensitive to all three components
of the electron spin, and it can be applied in a broad range of the electron beam energies from
≈100 keV up to a few 10 MeV.

In a similar way the experiment confirms the theoretical predictions for the polarization cor-
relations in radiative recombination. These correlations lead to the unique method of polarimetry
of heavy ion beams [5].

References
[1] H.K. Tseng and R.H. Pratt, Physical Review A 7, 1502 (1973)
[2] D.H. Jakubassa-Amundsen, Physical Review A 82, 042714 (2010)
[3] V.A. Yerokhin and A. Surzhykov, Physical Review A 82, 062702 (2010)
[4] S. Tashenov et al., Physical Review Letters 107, 173201 (2011)
[5] A. Surzhykov et al., Physical Review Letters 94, 203202 (2005).

36

mailto:tashenov@physi.uni-heidelberg.de


C
T

Ernst Talk: Tuesday, 11:45, Auditorium Euler CT–006

Alkali atoms on superfluid helium droplets - laser excitation
of an exotic Rydberg complex
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Superfluid helium droplets (HeN) have attracted strong interest as cold hosts for the in-
vestigation of weakly bound molecules. Whereas the host-dopant interaction is weak for neutral
atoms or molecules, ion impurities may be surrounded by frozen shells of polarized helium atoms.
An extreme example of the different behavior is given by alkali metal impurities that stay at the
surface of the droplet but immerse into the droplet as cations releasing a considerable amount
of binding energy [1]. In highly excited states near the ionization threshold of the alkali atom,
the transition from surface to interior location can be followed [2]. Here, nanodroplets of several
thousand helium atoms are doped with single rubidium (Rb) atoms. While on the droplet, the
Rb valence electron is excited in two steps through an intermediate state into nS, nP, nD, and nF
Rydberg states. Excited states are ionized by a third laser photon and the resulting Rb+-Hem
ions are monitored by a time-of-flight mass spectrometer. Complete excitation spectra from the
Rb 5D state manifold to the ionization threshold are presented for various droplet sizes. On-
droplet Rydberg excitations are resolved up to about n = 20. The energies are compared with
those of free Rb atom Rydberg states and quantum defects as well as the on-droplet ionization
threshold are derived. Both the ionization threshold and the quantum defects turn out to be
droplet size dependent [3]. Our findings support a qualitative picture in which the helium nan-
odroplet forms a dielectric around the Rb+ reducing the electric field and the interaction of the
outer electron with the Rb+ core orbitals, thus resulting in a lower ionization potential and a
smaller quantum defect. This research has been supported by the Austrian Science Fund (FWF)
under Grant FWF-E-P19759 and the EFRE Program of the European Union and the Region of
Styria.

Figure 1: Schematic of an alkali atom on a helium droplet excited into high-n states while
the ionic core submerges from the surface into the droplet.
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Decay Of Rydberg Hydrogen Atoms And Molecules After
Rydberg-Stark Deceleration And Off-Axis Trapping
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The development of methods to decelerate and manipulate the translational motion of Ryd-
berg atoms and molecules in the gas phase using static and time-varying inhomogeneous electric
fields [1] has led to the experimental realization of Rydberg atom optics elements including a
lens [2], a mirror [3] and two- and three-dimensional traps [4, 5]. These experiments make use
of the very large electric dipole moments associated with Rydberg Stark states. These methods
were also applied to Rydberg states of molecular hydrogen [6, 7]. Recently, we have also demon-
strated the deceleration of a seeded, pulsed, supersonic beam of hydrogen atoms with an initial
velocity of 600 m/s followed by a rapid, adiabatic 90◦ deflection and subsequent electrostatic
trapping within approximately 25µs using pulsed electric fields of a few kV/cm [8].

In experiments in which the Rydberg atoms and molecules are trapped, trap losses can arise
from transitions induced by blackbody radiation, from collisions between the trapped Rydberg
atoms or molecules and collisions with the background gas. In molecular Rydberg states, pre-
dissociation also contributes to the trap losses, and the ability to trap the Rydberg molecules
enables one to study slow predissociation over several milliseconds. We have shown that the
dominant trap loss mechanism in hydrogen atom trapping experiments is blackbody-radiation-
induced ionization at room temperature and at T ≈ 125 K [8]. To quantify trap loss processes
other than blackbody-radiation-induced transitions, an experimental setup which can be oper-
ated at 11 K has been developed. At these temperatures, the fluorescence lifetime of H Rydberg
atoms and the slow predissociation of H2 Rydberg molecules were experimentally determined.
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Optical transitions in highly charged ions for atomic clocks
with enhanced sensitivity to variation of fundamental

constants
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Optical transitions can occur in some highly charged ions when the ion stage and nuclear
charge are tuned such that orbitals with different principal quantum number and angular mo-
mentum are nearly degenerate. In such cases the transition energy may be within laser range
even though the ionisation energy is large (of order several hundred eV). We have identified
several such systems and shown that they have a number of properties that could make them
suitable for atomic clocks with high accuracy. Strong E1 transitions provide options for laser
cooling and trapping, while narrow transitions can be used for high-precision spectroscopy and
tests of fundamental physics. In particular we found transitions that would have the highest
sensitivity to variation of the fine-structure constant ever seen in atomic systems.
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Figure 1: Dirac-Fock ionisation energies of 5s
(solid) and 4f7/2 (dashed) levels for the Ag isoelec-
tronic sequence. At the crossing point it is possible to
find optical transitions between the levels where over
99% of the ionisation energy cancels and the differ-

ence is within the range of lasers (a few eV).
Inset— a typical example with no level crossing: 5s
and 5d5/2 levels in the same isoelectronic sequence.
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Sisyphus Cooling of Polyatomic Molecules
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Developing methods to prepare cold and ultracold molecular ensembles would enable funda-
mental studies, ranging from many-body physics and quantum information to quantum controlled
collisions and chemistry. However, a cooling mechanism for polyatomic molecules with the ca-
pability to cool to the ultracold regime has up to now seemed infeasible. Here we present the
first experimental realisation of opto-electrical cooling [1] using trapped CH3F [2]. In this gen-
eral Sisyphus-type cooling scheme the strong interaction of polar molecules with electric fields is
exploited to remove a large fraction of the kinetic energy in each step of the cooling cycle. For
dissipation, vibrational and rotational molecular states are driven using infrared and microwave
fields, with homogeneous electric fields in the trap allowing selective addressing of rotational
M-sublevels. We demonstrate the potential of the scheme by reducing the temperature by more
than a factor of 4, with the phase-space density increased by a factor of 7. With an improved
trap design we expect cooling to the µK regime.
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MW Horn
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QMS
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Figure 1: Experimental setup: a microstructured electric trap confines the molecules with
radiation fields for cooling applied as indicated.
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A compact laser-cooling strontium source for a
transportable optical lattice clock
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Here we report on the status of a compact system for the production of laser-cooled strontium
atomic samples. This system has been realized in the framework of the project “Space Optical
Clocks” (SOC) funded by the European Space Agency (ESA) [1] for developing demonstrators
of transportable lattice clocks for applications on earth and in space. Novel design solutions
allowed us to reduce size, weight and power consumption with respect to traditional apparatus
for laser cooling [2,3]. At the same time a high degree of operation reliability has been ensured
by a modular architecture. The main modules are: diode lasers, fiber distribution systems and
vacuum apparatus. The system routinely produces an atomic sample of about 1×106 88Sr atoms
at the µK temperature by means of a two-stages magneto optical trap operating on the 1S0−1P1

and 1S0 − 3P1 transition, respectively at 461 nm and 689 nm. The atomic sample is efficiently
loaded into a vertical optical lattice at the magic wavelength 813 nm for the strontium clock
transition 1S0 − 3P0 at 698 nm. By employing the compact strontium source and the stationary
clock laser at LENS [4] a preliminary spectroscopy of the clock transition was performed (see
Fig. 1). Within the project “Towards Neutral-atom Space Optical Clocks” funded by the EU
7th framework programme [5] the laser-cooling atomic source here presented will be integrated
with compact subsystems to realize a transportable strontium lattice clock.
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Figure 1: Left: the compact laser-cooling strontium source assembled on a breadboard
90 cm× 120 cm. Right: preliminary spectroscopy of the strontium clock transition 1S0−3P0.
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Theoretical and experimental studies of In I, Sn II, Sb III,
and Te IV atomic properties
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University, 205 06 Malmö, Sweden
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We use relativistic multiconfiguration Dirac-Hartree-Fock and configuration interaction cal-
culations to study 5s2nl and 5s5p2 configurations of In I, Sn II, Sb III, and Te IV [1]. Energies,
transition amplitudes, Landé gJ-factors, and hyperfine constants are calculated using a cor-
relation model that accounts for valence and core-valence correlation. Also spin- and orbital
polarization effects are accounted for by single excitations from all core-shells to an increasing
set of active orbitals. Transformed to the LSJ-coupling scheme, using the new features of the
GRASP2K program [2,3], the calculated wave functions shed light on the difficulties in labeling
some states due to the extensive 5s25d and 5s5p2 configuration interaction.

Our results are compared with experimental values and values from relativistic many-body
perturbation theory (RMBPT) and all-order single-double (SD) calculations [4,5]. The theoreti-
cal work is complemented with experiment, and new hyperfine interaction constants are derived
for several states in In I from high resolution Fourier Transform Spectra [6].
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Confinement-induced collapse of a dipolar Bose-Einstein
condensate in an optical lattice
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We experimentally investigate the instability and collapse dynamics of a dipolar Bose-
Einstein condensate (dBEC) in a 1D optical lattice. In contrast to the usual method relying
on a change in the contact interaction energy, the instability is here induced by a change in
the confining potential, while keeping the interaction strength constant. Only a dBEC offers
this possibility, since its stability threshold strongly depends on the lattice depth due to the
anisotropic character of the dipolar interaction [1]. The system considered here consists of a
52Cr BEC with reduced scattering length, initially confined in the trap created by a shallow
optical lattice superimposed to a crossed optical dipole trap. We show that such a system can
exhibit two types of collapse: the system can either be driven to instability in-trap by changing
the lattice depth only, the subsequent collapse dynamics showing in this case strong in-trap atom
losses. In contrast, in the extreme case where the trapping potential is completely switched off,
the dBEC may also become unstable and collapse in time-of-flight, which is also a unique feature
of dipolar systems.

References
[1] S. Müller et al., Phys. Rev. A 84, 053601 (2011)

43

mailto:j.billy@physik.uni-stuttgart.de


C
T

CT–013 Talk: Wednesday, 11:30, Auditorium Euler Gorceix

The anisotropic excitation spectrum of a dipolar
Bose-Einstein Condensate
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We use Raman-Bragg spectroscopy to measure the excitation spectrum of a trapped spin-
polarized degenerate quantum gas made of highly magnetic chromium atoms. Spectra are
recorded for orthogonal orientations of the spin (equivalently of the magnetic field) with respect
to the trap axes. Our outcomes for long-wavelength excitations demonstrate how the strong
long-range and anisotropic interaction between the magnetic dipoles of the atoms converts into
an anisotropy of the sound velocity inside the BEC. As we span the frequency domain from the
phonon range up to the single-particle limit, the excitation energy is clearly different for parallel
and perpendicular orientations of the excitation wave-vector with respect to the spin polarization
axis. In the phonon range, relative shifts in the excitation energy up to 0.15 were demonstrated
when flipping the spin polarization axis. Despite a lower relative impact, the anisotropy shows
up as well in the high-energy limit. The analysis of our data shows that the shifts induced by the
dipolar mean field are in good agreement with theoretical predictions throughout the whole spec-
trum. This work complements previously published studies of the collective excitations of the
chromium BEC when an analogous anisotropy was demonstrated by parametric excitation of the
low-energy modes of the system [1]. We provide an experimental demonstration of a new dipolar
effect in a dilute quantum fluid. We plan to use the Bragg spectroscopy scheme to deepen our un-
derstanding of the magnetization processes in the multicomponent spin-3 chromium condensate
with special interest for 2D and 1D systems [2,3].
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Are relativistic corrections needed to describe the adiabatic
passage of matter waves?
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The detailed analysis of quantum and relativistic phenomena that defy our ‘limited’ classical
intuition, such as the Einstein–Podolsky–Rosen or the twin paradoxes, has allowed physicists
to achieve a deeper understanding of quantum mechanics and relativity. In this work, we have
numerically investigated the coherent transport of a Bose–Einstein condensate (BEC) or a single
atom by means of the spatial adiabatic passage (SAP) technique [1,2], that exhibits a paradoxical
behaviour when the process is slowed down. This technique consists in transporting a BEC from
the left to the right trap of a triple-well potential, see Fig. 1(a), by modifying the time-dependent
heights of the barriers that define the three traps, in such a way that the state of the system
follows adiabatically an energy eigenstate of the system, the spatial dark state, from the left
to the right trap. Since the spatial dark state only populates the vibrational ground states of
the two extreme wells and presents at all times a node in the central region, the SAP technique
implies matter wave transport between two distant regions separated by a non-populated area,
see Fig. 1(b). Furthermore, by slowing down the process, the population in the central region
can be made arbitrarily small [2], and one could naively conclude that an instantaneous atomic
transport from the left to the right trap can appear in the limit of perfect adiabaticity.

Unraveling the time-dependent Gross–Pitaevskii or Schrödinger equations in terms of quan-
tum Bohmian trajectories [3], see Fig. 1(c), we show that as the process is slowed down, the
vanishing central region occupation leads to an increase of the Bohmian velocities in that region,
see Fig. 1(d). This growth has no apparent limit and would eventually imply trajectories faster
than the speed of light, even though the average velocities are extremely smaller. Since a cor-
rect relativistic treatment of Bohmian trajectories does not allow superluminal velocities [4], in
the regime of almost perfect adiabaticity, the non-relativistic TDSE does not correctly describe
the spatial adiabatic transport of cold atoms, and relativistic corrections should be taken into
account.
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Figure 1: (a) Initial proability density of the BEC and potential barriers defining the
triple-well potential. Time evolution of (b) the BEC probability density and (c) the Bohmian
trajectories associated to the evolution. (d) Linear growth of the mean Bohmian velocity at
the node with the total duration of the process, for different BEC interaction strengths.
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The generation and manipulation of measurable quantum entanglement is one of the grand
challenges of modern physics, and provides the basis of applications such as quantum computing,
quantum communications and high-precision spectroscopy [1]. Suitable systems include trapped
ions that are laser cooled to just a few microkelvin and atoms stored in extremely small cavities
[2]. Recently, international consensus shows the emergence of quantum state preparation using
macroscopic objects [3]. To reach this regime, the coupling between particles and their thermal
environments must be minimized. In this context, an optically trapped particle in vacuum is an
ideal system for investigating quantum effects in a mechanical system, due to its near-perfect
isolation from the thermal environment, and could even allow cooling the mechanical motion of a
trapped particle from room temperature down to the quantum ground state where its dynamics
are dominated by quantum mechanics [4]. Towards this goal, we develop a system to controllably
levitate and optically trap microparticles in both air and vacuum environments, and investigate
the intricate dynamics of such trapped microparticles when they are both optically trapped and
rotated. Previously, we presented a technique to measure the viscosity of sub-picoliter volumes
of gaseous medium using rotating microparticles [5]. The rotation of microparticles is achieved
by trapping a birefringent spherical vaterite crystal with a circularly polarized light. Transfer of
angular momentum from the circularly polarised beam to the particle results in a torque on the
trapped object. The transmitted light is analysed to determine the applied torque to the particle
and its rotation rate. We demonstrate controlled rotation of trapped microparticles with different
particle sizes and optical powers in vacuum and explore how the recorded viscosity varies as a
function of background pressure. Furthermore, we see evidence of coupling between the rotational
and translational degrees of freedom of the trapped object offering new perspectives on particle
dynamics.
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Figure 1: Rotation rate of an optically trapped birefringent microparticle (4.4µm in di-
ameter) in vacuum. Insets show the detector signal of a rotating particle and its power

spectrum showing a rotation rate of 1.2 kHz.
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A universal matter-wave interferometer in the time-domain
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We present a novel matter-wave interferometer of the Talbot Lau type which utilizes three
pulsed ionization gratings [1][2]. These optical structures are realized by standing laser waves in
which the photoionization probability depends periodically on the distance from the reflecting
mirror. In combination with an external field for ion removal such gratings act as pulsed absorp-
tive masks [3] and allow us to operate the interferometer in the time-domain [4]. This brings
a decisive gain in count rate, visibility and measuring precision. Since optical gratings interact
in a non-dispersive way with the passing particles, the experiment will be a powerful tool to
probe quantum theory on an increasingly large mass scale and to search for new decoherence
effects, such as continuous spontaneous localization [5][6]. We emphasize the universality of this
interferometer: the suitability of a nanoparticle for the experiment is merely limited by its single
photon ionization cross section at the lasers wavelength (λ = 157 nm). Possible candidates are
thus many metallic and organic molecular clusters as well as some atomic species.
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Most of the early studies of H2S+ focussed on the comparison between the medium resolution
photoelectron spectra of hydrogen sulphide [1],[2], and the high resolution emission spectrum of
the A2A1-X2B1transition of the ion [1],[3],[4]. After a gap of ten years, higher resolution valence
photoelectron spectra were published by Balzer et al.[5], which made use of the experimental
and theoretical work of the earlier studies, particularly [4], to assign the vibronic structure of the
photoelectron spectrum.

Recently, with the advent of improved photoelectron [5] and pulsed field ionisation spectrom-
eters [6], and also a mass-analysed threshold ionisation approach [7], there has been a renewal of
interest in the spectroscopy and dynamics of the formation and the fragmentation of the hydro-
gen sulphide ion. In their analysis of the pulsed field ionisation spectrum of H2S Hochlaf et al.
suggested that the band origin of the A2A1 state of H2S+ should be changed. By making use of
some unpublished emission spectra of H2S+ and D2S+ recorded by Maier, Kuhn and Klapstein
we have confirmed that the original band origins given in [1], [3] and [4] are correct. We also
noted that the numbering of the K-structure of the vibronic bands close to the barrier to linearity
is also in error, as may be seen from the spectra analysed in [4] and [5].

In this contribution we compare the results derived from these new experiments with the
analysis of the original emission spectra.The results are also compared with the predictions made
using the stretch-bender approach to the calculation of the effects on the Renner-Teller coupling
of large amplitude vibrational motion [8]. One of the most interesting results of this approach is
the comparison between the rotationally resolved spectra of the A2A1-X2B1 transition of H2S+

recorded by Han, Kang and Kim [7] and the emission spectra of Duxbury, Jungen and Rostas [3].
As Han et al. [7] followed the renumbering of Hochlaf et al. [6] we have reduced their values of
v2’ by 1. Their measured frequencies for K’=0 transitions of v2’=8 match those we we measured
for K’=0 transitions of v2’=7. Similarly those of K’=1 transitions of v2’=7 match those which
we recorded for v2’ =6. However the higher energy transitions recorded by Han et al. are absent
in our emission spectra. Our spectra break off once the predissociation is more rapid that the
emission probability, whereas in the MATI spectra of Han et al. these ro-vibronic spectra may
still be recorded as they do not depend upon the measurement of an emission spectrum.
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The Multi-electron dissociative ionization (MEDI) of alkyl-halide clusters induced by 35 ps
(at 266, 532 and 1064 nm) and 20 fs (at 400 and 800 nm) laser pulses is reported. In most
cases the MEDI of clusters, is observed at substantially lower laser intensities than those re-
ported for the monomer molecules, while the fragment ions are released with higher kinetic
energies Figure 1. For ps laser pulses, single cluster ionization is achieved through multi-photon
absorption process. At λ=266 nm the dominant dissociation mechanism found to be the AID
mechanism, while at 532 and 1064 nm clusters disintegrate due to Coulomb explosion process.
In the latter case the combined action of the laser and the internal electric field results to the
formation of multiply charged ions at laser intensities far below than those expected from the-
ory and with high kinetic energies.In the fs regime the MEDI of neutral clusters was confirmed
for both 400 and 800 nm. As it was expected multi-photon absorption processes found to be
favored for 400 nm while field ionization processes mediated the interaction at 800 nm. For λ
=800 nm field ionization processes resulted in the formation of ions from different fragmentation
channels, which also exhibited different angular distributions. Ions with high kinetic energies,
originating from the combined action of the laser and the internal electric field exhibit isotropic
angular distribution, while those originating from the screening of the internal electric field, due
to the collective oscillation of the electron cloud inside the cluster environment, found to possess
anisotropic angular distribution perpendicular to the laser polarization vector. On the contrary,
ions with low kinetic energies, originating from an electron impact ionization process, are ejected
anisotropically, with maximum of their distribution parallel to the laser polarization vector. The
comparative study between ps and fs laser pulses revealed that in both cases and for all wave-
lengths applied, single cluster ionization is achieved through multi-photon absorption process.
Furthermore, for fs laser irradiation the cluster geometry remains almost unchanged during the
interaction because of the ultra-short duration of the pulse. Due to this, the suppression of the
intracluster potential barriers are lower than in the case of ps laser pulses and so the appearance
of the same multiply charged fragments at laser intensities two orders of magnitude higher in the
case of fs laser pulses is conceivable. Also, the higher charge multiplicities that were recorded for
ps laser pulses are interpreted on the same grounds. Finally, it seems that the cluster density is a
critical parameter and responsible for the increase of the appearance intensity thresholds as the
molecular chain length increases when lighter halogen atoms are participating in the molecular
skeleton [1].

Figure 1: Comparative study of the interaction
ethyl-iodide and ethyl-chloride clusters in the ps

and fs time domain.
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Double ionization by absorption of a single photon represents one of the most fundamental
processes that can only be understood by considering Coulomb interaction between the elec-
trons. This has stimulated experimental development to characterize the electron pair as well as
theoretical work to understand the physical processes behind the emission of two electrons [1].

Recently, attosecond pump-probe experiments have gained access to single ionization dy-
namics at its natural time scale [2]. Here we present the first attosecond dynamics experiment
on double ionization of xenon with the electrons detected in coincidence. Access to electron
pair dynamics is important for the advance of nonlinear theories based on the time dependent
Schrödinger equation. Previous studies on double ionization of xenon have focused on the com-
plex one-photon double ionization dynamics [3] and the exploration of two-color two-photon
double ionization with a single harmonic [4]. The latter revealed that the sequential absorption
process dominates, suggesting that non-sequential absorption requires shorter light pulses.
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Figure 1: Electron energy sharing intensity (pair count rate), integrated across all delays.

In our experiment, we photo-double ionize xenon with attosecond pulse trains (APTs). An IR
pulse is used as a dressing field in the perturbative regime to manipulate the ionization dynamics.
Coincident electron detection distinguishes double from single ionization and provides access to
the dynamics of the correlated electron pair. Figure 1 shows the sharing of excess energy between
the electrons, which allows us to identify the electronic states involved. We study the intensity as
function of the delay between the APT and the IR pulse, for selections of kinetic energy sum and
energy sharing. We find that several regions show intensity oscillations on the attosecond time
scale, which can be attributed to non-sequential two-photon absorption. This opens up exciting
possibilities to investigate time-delays between different energy sharings, as an extension of what
was done for single ionization [2].
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The simultaneous emission of two electrons from a free atom by impact of a single photon,
called double photoionization (DPI), has attracted considerable attention during recent years. In
a one-particle picture such a process cannot occur at all. In order to describe it properly, electron-
electron interaction must be taken into account. The relevance of DPI to our understanding of
electron correlation has been an important factor in attracting the interest of researchers. Most
of the work on DPI, especially the theoretical, has been done on helium, for which the literature
is quite comprehensive. More complicated systems, however, are by far less explored [1, 2].

From an experimental point of view, the study of DPI has been greatly facilitated by several
different coincidence techniques developed over the last two decades. In our work presented
here, we have used the so-called Time-Of-Flight PhotoElectron-PhotoElectron (TOF-PEPECO)
COincidence technique based on a magnetic bottle, as originally introduced by Eland et al.[3],
for the study of DPI processes in krypton and argon.

We will present our recent results on core-valence (3d−14p−1) ionization of krypton, and
the creation of double core vacancies (2p−2) of argon upon single-photon absorption. The ex-
perimental results are compared with theory based on a new computational scheme within the
Multi-Configurational Dirac-Fock method.
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Figure 1: Experimental spectrum of the Ar 2p−2 doubly-core-ionized states created by
single-photon absorption.
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We will report on the status of the MAGIA experiment for the accurate measurement of
the gravitational constant G. The experiment is based on a light-pulse atom interferometry
gravity gradiometer detecting the gravitational field generated by a well characterized set of
source masses (fig. 1).

87Rb atoms, trapped and cooled in a magneto-optical trap (MOT), are launched upwards in
a vertical vacuum tube with a moving optical molasses scheme, producing an atomic fountain.
Near the apogees of the atomic trajectories, a measurement of their vertical acceleration is
performed by a Raman interferometry scheme. External source masses are positioned in two
different configurations (C1 and C2) and the induced phase shift is measured as a function of
masses positions.

Figure 1: Left: scheme of the MAGIA experiment. Right: (top) Modulation of the differen-
tial interferometric phase measured by the atomic gravity gradiometer when the distribution
of the source masses is alternated between configuration C1 (upper points) and C2 (lower

points); (down) resulting values of the angle of rotation.

Goal of the experiment is to measure G with 100 ppm accuracy. After a preliminary mea-
surement with ∼ 0.1% precision [1], we recently operated several upgrades to apparatus [2].
In particular, we improved the SNR and long term stability/reproducibility; we also improved
the control on sources of systematic error through a careful calibration of detection efficiencies,
atomic trajectories and source masses positions. Fig. 1 shows a typical long-run measurement
of the gravity gradient change.
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We have measured the absolute frequency of the 1557-nm doubly forbidden transition be-
tween the two metastable states of helium, 2 3S1 (lifetime 8000 s) and 2 1S0 (lifetime 20 ms),
with 1 kHz precision [1]. With an Einstein coefficient of 10−7 s−1 this is one of weakest optical
transitions ever measured. The measurement was performed in a Bose-Einstein condensate of
4He* as well as in a Degenerate Fermi Gas of 3He*, trapped in a crossed dipole trap (see Fig. 1).
From the isotope shift we deduced the nuclear charge radius difference between the α-particle
and the helion. Our value differs by 4σ with a very recent result obtained on the 2 3S - 2 3P
transition [2].

Figure 1: Experimental setup. A small fraction of the 1557-nm laser light is split off and
coupled via a fiber-optic link to be referenced to a fiber-based frequency comb. A heterodyne
signal is monitored on a fast photodiode (PD) to determine the absolute frequency of the
1557-nm laser. The remaining light is divided into the trap beam and the spectroscopy
beam. A crossed-beam dipole trap configuration is realized by focusing both the incident and
returning trap beam (with orthogonal linear polarizations) at the center of the magnetic trap
(represented by the green coils). The spectroscopy beam is frequency shifted by a 40-MHz
acousto-optical modulator (AOM), overlapped with the returning trap beam and absorbed by
a thermopile power meter (PM). A microchannel plate detector is positioned underneath the

trap for temperature and atom number determination (from Science).
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Spectacular progress of experimental techniques and ab initio quantum electrodynamics
(QED) calculations, achieved in the last decades, has made precision spectroscopy of light atoms
a unique tool for the determination of fundamental constants and properties of atomic nuclei. In
helium, recent optical frequency comb assisted metrology of optical transitions in both stable He
isotopes [1-3] has achieved a relative precision of about 10−11, and thus become sensitive to to
the uncertainties of the Rydberg constant and of the nuclear charge radius. While the present
theory is not accurate enough to provide the nuclear charge radii of 3He and 4He separately, it
can provide their difference δr2, as the isotope shift is considerably simpler to calculate than the
energy levels. Significant discrepancies in δr2 determined from 23S−21S [2] and 23S−23P [1,3,4]
isotope shift measurements, all performed consistently within the same theory [3,5], can prospect
possible additional effects beyond the standard QED as already discussed in the literature with
regard to the quoted discrepancy for the proton charge radius [6].

A recent determination of the fine structure constant [7], made by comparison of the theoret-
ical prediction and the experimental results for the 4He fine structure in 23P states, is another
example of improvement of fundamental physics knowledge from precise He spectroscopy. We
have recently improved the nonrelativistic QED calculation of the combined fine and hyperfine
structure of the 23P levels of 3He with the complete treatment of the mα6 corrections [5]. The
achieved uncertainty of such calculation take to a determination of α from 3He measurements
with an accuracy at least equal to that of other He isotope if the frequency of 23P hyperfine
transitions will be measured with a precision comparable to those of the 23P fine transitions in
4He.

Here we present a summary of our recent research focused on frequency metrology of low-
lying triplet levels of stable He isotopes and their fundamental physics implications. In addition,
a possible determination of the helion magnetic moment by using spectroscopic measurements
and QED calculations of the combined 23P fine and hyperfine structure is discussed.
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High harmonic generation (HHG) via interaction of intense laser radiation with matter pro-
vides a unique source of coherent collimated xuv femto- and attosecond pulses. Simple, but very
fruitful three-step model [1,2] of the HHG describes it as result of tunneling ionization, classical
free electronic motion in the laser field, and recombination accompanied by the XUV emission
upon the return to the parent ion. In this paper we consider two cases where the HHG study
assumes essential development of this model.

We present a four-step HHG model describing generation of the harmonic resonant with the
transition between the ground and an autoionizing state of the generating atom or ion [3]. The
first two steps are the same as in the three-step model, but instead of the last step (radiative
recombination from continuum to the ground state) the free electron is trapped by the parent
ion, so that the system (parent ion + electron) lands in the autoionizing state, and then it re-
laxes to the ground state emitting XUV. The results of the numerical and analytical calculations
based on this model are in good quantitative agreement with the experiments showing HHG
enhancement up to two orders of magnitude when the harmonic is resonant with the transi-
tion frequency (recent experimental results are presented in review [4] and references therein).
Moreover, our simulations predict the phase-locking of the resonantly-enhanced harmonics. This
allows production of an attosecond pulse train using such harmonics.

The second example deals with polarization properties of the HH generated from atoms and
molecules. The harmonics generated by atoms in elliptically-polarized laser field are elliptically
polarized, and the polarization ellipse of the harmonic is rotated by a certain angle with respect
to that of the fundamental. This rotation can be well described with the three-step model
considering a CLASSICAL electronic motion after the photoionization. The harmonic ellipticity
itself, however, can be hardly understood taking into account only classical motion properties.
We show [5] that this ellipticity originates from quantum-mechanical uncertainty of the electron
motion. The analytical theory is verified with the exact numerical TDSE solution. The results
reasonably agree with experimentally measured polarization properties of harmonics both in case
of atomic and molecular HHG. The outlook of this work is study of the polarization properties
of resonant HH.
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Based on a theoretical model for describing the interaction of an electron, weakly bound in
a short-range potential, with an intense, few-cycle laser pulse, we have derived detailed analytic
expressions for the spectral density of high-order harmonic generation (HHG) in terms of the key
parameters of the laser pulse, including the number, N , of optical cycles and the carrier-envelope
phase (CEP) [1]. In the tunneling approximation, closed-form formulas are obtained. These were
used in [2] to describe key features of HHG by both H and Xe atom targets in an intense, few-
cycle laser pulse. We provide here a complete analysis of the dependence of the HHG spectrum
on both N and the CEP φ of an N-cycle laser pulse. Most importantly, we show analytically
that the structure of the HHG spectrum stems from interference between electron wave packets
originating from electron ionization from neighboring half-cycles near the peak of the intensity
envelope of the few-cycle laser pulse. Such interference is shown to be very sensitive to the CEP.
The usual HHG spectrum for a monochromatic driving laser field (comprising harmonic peaks
at odd multiples of the carrier frequency and spaced by twice the carrier frequency) is shown
analytically to occur only in the limit of very large N , and begins to form, as N increases, in the
energy region beyond the HHG plateau cutoff, as shown in Fig. 1.
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Figure 1: Spectral density distribution ρ(EΩ, φ) vs. EΩ/Eω (Eω = ~ω) in the
plateau cutoff region for a Gaussian pulse with peak intensity I = 2×1014 W/cm2,
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Photodetachment dynamics of H− by few-cycle laser pulses
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The recent adiabatic saddle-point method of Shearer et al [1] is applied to study strong field
photodetachment of H− by few-cycle linearly polarized laser pulses, of frequencies near the two-
photon detachment threshold. In our work we assume an ir laser with frequency ω, polarized
along the ẑ axis, whose time-dependent vector potential is given by,

A(t) = A(t)ẑ = A0

[

sin2

(

ωt

2N

)

sin(ωt + α)

]

ẑ. (1)

Here N is the number of optical cycles in the pulse and α is the CEP. The peak value A0 of
the vector potential A(t) is related to the peak laser intensity I0 by A0 =

√

I0/Ia.u./ω = F0/ω
where Ia.u. = 3.515 × 1016 W/cm2 and F0 is the peak value of the electric field strength.

The behaviour of the saddle points in the complex time plane for a range of laser parameters
is explored. A detailed anaylsis of the influence of laser intensities (2 ×1011 - 6.5 × 1011 W/cm2),
mid-infrared laser wavelengths (1800 -2700 nm) and various carrier envelope phases on (i) photo
angular distributions (PADs), (ii) energy spectra and (iii) momentum distributions are presented.

Examination of the PADs reveal main lobes and jet-like structures. Bifurcation phenomena
in the PADs are also observed as the wavelengh and intensity increases. Our simulations show
that the (i) PADs and (ii) energy spectra are extremely sensitive to the CEP and thus measuring
such distributions provide a useful tool for determining this phase.

The symmetrical properties of the electron momentum distributions are also found to be
highly correlated with the CEP and this provides an additional robust method for measuring the
CEP of a laser pulse.

We also show that the momentum distributions contain signatures of the dominant frequency
modes operating at our chosen range of laser parameters in the mid -infrared region near the
two-photon threshold. The frequency modes arise from equation (1) above, which may be re-cast
in the form,

A(t) =
A0

4
(2 sin(ω1t+ α)− sin(ω2t+ α)− sin(ω3t + α)) , (2)

where ω1 = ω, ω2 = ω
(

1 + 1
N

)

and ω3 = ω
(

1− 1
N

)

. Our work indicates that the 2D momentum
distributions may serve as a useful probe in identifying all combinations of allowable frequency
components that lead to photodetachment near the two-photon threshold.

Our calculations further show that for a 3-cycle pulse inclusion of all 8 saddle points are
required in the evaluation of transition amplitude to yield an accurate description of the pho-
todetachment process. This is in contrast to recent results for a 5-cycle pulse [1].

Finally our calculations are compared with available S-matrix theory [2], the generalised
phased Bessel function treatment [3], Floquet calculations [4] and experimental data [5].
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Teaching Quantum Mechanics using Nanoscience
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At Lund Institute of Technology we give a course in quantum mechanics (QM) already in
the first year for the students of Engineering Physics. This course is given as a collaboration
between Mathematical Physics and Solid State Physics.

The aim is to introduce students to QM in an engineering context using examples from na-
noelectronics. Such systems can often be accurately modeled by piecewise constant potentials.
Using only elementary mathematics and these simple models we are able to discuss several inter-
esting physical phenomena such as transport theory, tunnel effect and bound states in quantum
billiards of different dimensions.

For the laboratory work we have developed a teaching strategy that involves the students
in the planning of the experiments. This is achieved by giving the students open questions that
they solve in group discussions prior to their experimental work.

Conclusions:
• By keeping mathematics simple - avoiding spherical coordinates - we can focus on the funda-
mental physical concepts of QM.
• By doing experiments with nanodevices the students can simultaneously study the systems
both experimentally and theoretically.
• The simplicity of these systems make it possible for the students to write their own computer
code, both to solve problems and to make more advanced simulations.
• Our experience is that the students learn concepts better by discussing open problems and
testing their ideas on real physical systems.
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Photomixing for Precision Measurements in the Terahertz
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The optical heterodyne conversion (photomixing) is a well-established technique for tera-
hertz continuous-wave generation and detection [1]. The standard photomixer design relies on a
LTG-GaAs epitaxial photoconductor coupled with a planar antenna which has a response time
in the sub-ps range. Two cw lasers emitting around 825 nm are detuned by a THz frequency
gap, spatially overlapped and modulate the conductance of the device. Upon the photomixer is
biased, the photocurrent oscillating at the difference-frequency drives the antenna that radiates
a monofrequency THz-wave which can be tuned over a broad frequency span. The frequency
stabilisation of the lasers against a passive frequency standard allowed the application of the
photomixing to the molecular spectroscopy [2].
This contribution points out the potentialities of the optical and electrical response of the pho-
tomixer for addressing its entire frequency bandwidth. The application to the ultrafast modula-
tion of the THz radiation is discussed. Laser modulation is provided by frequency shifting the
laser frequency with an acousto-optical modulator driven by a radiofrequency synthesizer with
modulation capabilities. Quadratic response of the photomixer to the optical fields allows trans-
ferring the modulation of the optical beat to the terahertz domain. Alternatively, direct-current
modulation of the photomixer emission is demonstrated by coupling microwaves to the antenna
through a transmission line. Conversely, THz-wave detection with the photomixer is demon-
strated by exploiting its intrinsic non-linear electrical response [3]. Rectification of the electric
field induced in the antenna by a THz beam from an independent source leads to a dc signal. In
addition, the mixing between the THz source and the optical beat allows implementing with the
photomixer a phase-coherent heterodyne detection scheme. This device offers new opportunities
for multi-frequency emission and detection in the THz regime.
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Schemes for high-precision measurements of the ionization
and dissociation energies of molecular hydrogen
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Molecular hydrogen is the most important system for testing quantum mechanics and quan-
tum electrodynamics in molecules. The comparison of experimental and theoretical values of
the dissociation energies of H2, HD, and D2 has a long history and led to a quantitative un-
derstanding of chemical binding. The most precise determination of the dissociation energies
was carried out recently by measuring three intervals independently: the 1sσX → 2sσEF in-
terval [1], the 2sσEF → np (n ≈ 60) interval [2-4], and the electron binding energy of the np
Rydberg states [3-6]. All values are in agreement with the results of the latest ab initio calcu-
lations [7,8] within the uncertainty limit of 30 MHz (0.001 cm−1). New measurements with an
improved accuracy will allow for a more stringent test of future ab initio calculations. We will
discuss several schemes of an experiment aiming at sub-MHz accuracy and present the results of
preliminary measurements.
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Polarization effects on multilevel rubidium atoms induced
by optical frequency comb
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The subject of this study are polarization effects induced by resonant interaction of rubidium
atoms with optical frequency comb. Such polarizations effects, induced by interaction of atoms
with optical frequency comb are, as far as we know, for the first time experimentally studied.
Ultrashort, mode-locked, phase-stabilized femtosecond (fs) laser with high repetition rates pro-
duces stabilized wide-bandwidth optical frequency comb (a spectrum consisting of a series of
evenly spaced sharp lines) [1]. In the previous papers [2,3,4] a modified direct frequency comb
spectroscopy (modified DFCS), which utilizes a fixed frequency comb spectrum and an additional
continuous-wave (cw) scanning probe laser, was presented. It was shown that resonant excitation
of room-temperature rubidium and cesium atoms by discrete frequency comb optical spectrum
results in the comblike velocity distribution of the excited-state hyperfine level populations and
velocity selective population transfer between the atomic ground-state hyperfine levels. Detailed
theoretical investigation of the fs pulse train interaction with multilevel atom was performed,
provided not only qualitative but also quantitative description of the interacting atom-laser sys-
tem, as was illustrated by the excellent agreement with the experimental results. The effect of
velocity selective optical pumping (VSOP), induced by frequency comb excitation, gave us novel
information about the frequency comb excitation in Doppler-broadened atomic systems.

Here, we present the experimental study of Zeeman components optical pumping effects,
induced by resonant interaction with circularly polarized fs laser pump laser in external static
magnetic field resulting in induced anisotropy of medium [5]. If such, optically prepared, medium
is examined by resonant linearly polarized cw probe laser at 795 nm, the effects of rotation of
polarization of probe beam can be observed. The phenomenon of polarization rotation of linearly
polarized cw probe optical field in room-temperature rubidium vapor have been investigated for
different polarizations of the fs pump laser (σ+ i σ−), in dependence on fs pump laser power
as well as on external magnetic field strength. Semi-classical model of probe beam propagation
through anisotropic medium [5,6] gives good description of system and is in accordance with
observed experimental results.
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Energy dependence of photoelectron angular distributions
from two-photon ionization of Strontium in the proximity of

the 5p2 1S0 doubly excited state
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Electron Energy Analysis and Photoelectron Angular Distributions (PADs) from multipho-
ton ionization of Alkalibe Earth atoms can reveal important information concerning the prop-
erties of doubly excited and highly correlated states lying above the first ionization threshold.
That was recentrly demonstrated for the case of two-photon excitation of the fairly well iso-
lated 3p2 1S0 state of Mg1, where experimental measurements confirm, to a large extend, earlier
theoretical results 2,3,4. The present study extends this investigation to the heavier and more
complex Sr atom and, particularly, to the energy range comprising the 5p2 1S0 doubly excited
state. (Fig. 1) (a) displays a simplified energy level diagram and the excitation scheme. Our
experimental apparatus is capable of detecting both positive ions and electrons1. The laser wave-
length dependence of Sr+, given in (Fig. 1) (b) , reveals several resonances. The broad one at ∼
367nm is due to the 5p2 1S0 state while the sharp ones are assigned to the nearby autoinizing
4d6d J = 0, 2 manifold5. Recorded PADs from two photon ionization are fitted to Eq. (1):

S(ω, θ) = β0 + β2P2(cosθ) + β4P4(cosθ), β0 = 1 (1)

which is appropriate for linearly polarized light and where P2k(cosθ), k = 1, 2 are the Legendre
polynomials. The laser wavelength dependence of the parameters β4 and β2 are given in (Fig. 1)
(c) and (d) respectively. The considerable variation of both parameters around the 5p2 1S0

resonance is evident. Also noticeable is the fact that on the 4d6d 1S0 resonance both parameters
are practically zero, the electron distribution is isotropic and above threshhold ionization (ATI)
is observed. These data, along with PAD recordings on ATI electron energy peaks, are to be
presented in the conference.

Acknowledgements: This research has been co-financed by the European Union
(European Social Fund ESF) and Greek national funds through the Operational Pro-
gram ”Education and Lifelong Learning” of the National Strategic Reference Framework
(NSRF) - Research Funding Program: Heracleitus II. Investing in knowledge society
through the European Social Fund.
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Interference effects for electron transfer in ion-molecule
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In recent years, Young-type interference effects have been observed experimentally and stud-
ied theoretically for capture and transfer-excitation in collisions between low-charge ion and
dihydrogen molecule. For instance, Schmidt et al. [1] have reported the direct experimental
evidence of two-center interferences for single capture electron in H2+-H2 collisions while same
phenomenon was observed by Misra et al. [2] for double capture in the same system. On the
other hand Støchkel et al. [3] demonstrated two-center interferences for transfer-excitation in
H+-H2 fast collisions. It is worth noting that these previous studies focuse in the high energy
range (0.3-1.3 MeV.u−1) and discuss differential cross sections as a function of the angle be-
tween the molecular axis and the projectile direction. No theoretical nor experimental studies of
interference effects have been performed at low and intermediate energies.

In the conference we shall present a study of such effects in H+-H+
2 collisions for energies

ranging from 0.25 to 100 keV.u−1 (v= 0.1 - 2 a.u.). The results stem from a semiclassical
close-coupling (SCCC) approach to solve the time-dependent Schrödinger equation. The differ-
ential cross sections were calculated by using the Eikonal method [4,5] in which the probability
amplitudes from the SCCC calculations were augmented by proper asymptotic Coulombic (in-
ternuclear and electron-nucleus) phases. From the differential cross sections for electron capture
interference effects will be discussed as functions of (i) the scattering angle (cf. Fig. 1) and (ii)
the angle θm between the molecular axis and the projectile velocity.

Figure 1: Differential cross sections (DCS)
of electron capture as a function of the scat-
tering angle in 25 keV.u−1 H+-H+

2 collisions.
The molecular target is aligned perpendicular to
the projectile velocity. Black line : DCS; red
line : same but with only internuclear Coulom-
bic phase ; blue line : DCS with only electron-
nucleus phase ; dashed line : DCS for H+-H col-
lisions.
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Internal ground state preparation of molecular ions in a
cryogenically-cooled ion trap with a combination of

rotational laser-cooling and state-selective dissociation
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Owing to their unique properties, cold molecular ions have great potential for a range of novel
scientific and technological innovations: ultra-precise spectroscopic measurements, new time and
frequency standards, ultra-sensitive mass spectrometers, precise control of chemical processes on
the quantum level with single-molecule sensitivity.

Working with MgH+ molecular ions in a linear Paul trap, we have routinely performed simul-
taneous cooling of both translational and rotational degrees of freedom (vibrational excitation
is frozen out at room temperature), via sympathetic-cooling mediated by co-trapped Doppler
laser-cooled Mg+ atomic ions [1] and blackbody-mediated laser-cooling, respectively [2]. Recent
experiments have demonstrated a rotational ground-state population of 36.7±1.2 %, equivalent
to that of a thermal distribution at about 20 K [1].

We present here extensions to this work that employ a new cryogenically-cooled ion trapping
environment at 4 K. Ions are completely shielded from room-temperature blackbody radiation
except over a solid angle of about 1 %, which corresponds to apertures present for ion imaging and
for admission of laser beams. Steady-state ground state population fractions approaching 70 %
can be routinely maintained in conjunction with the same continuous rotational laser-cooling as
applied in Ref. [1]. Furthermore, molecular ion ensembles with a rotational ground state fraction
approaching 95 % have been obtained through state-selective Resonance Enhanced Multi-photon
Dissociation (REMPD) of molecules in higher lying states. This latter ground state purification
technique can also be used in a probabilistic sense to prepare a single ion in the rovibrational
ground state with a similarly high degree of probability.

The presented rovibrational ground state preparation scheme should be generalizable to any
diatomic polar molecular ion, given appropriate mid-infrared laser sources for rotational cooling
and laser sources for state-selective dissociation.
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Chaos-induced enhancement of resonant multi- electron
recombination in highly charged ions: Statistical theory
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We developed a statistical theory for the resonant multi-electron recombination based on
properties of chaotic eigenstates. Level density of many-body states exponentially increases with
the number of excited electrons. When the residual electron-electron interaction exceeds the
interval between these levels, the eigenstates (called compound states or compound resonances
if these states are in continuum) become ”chaotic” superposition of a large number of Hartree-
Fock determinant basis states. This situation takes place in some rare-earth atoms and majority
of multiply-charged ions excited by the electron recombination. We developed a theory of the
resonant multi-electron recombination via di-electron doorway states leading to such compound
resonances [1,2].
The result gives the radiative capture
cross-section averaged over small en-
ergy interval containing several com-
pound resonances. The experiment does
not resolve particular compound reso-
nances (since the interval between them
≤ 1 meV), therefore, our theory cor-
rectly describe experimental data [3].
Recently the rate coefficient was mea-
sured for W20+ ion where it exceeds
the direct radiative recombination coef-
ficient by three order of magnitude [4].
We performed numerical calculations for
the electron recombination with tung-
sten ions Wq+, q = 17 − 24. We de-
rived the formula for the resonance cap-
ture cross-section
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Figure 1: Calculated rate coefficient for electron-
ion recombination of W20+ ion verses relative col-
lision energy. The dashed curve is the direct ra-

diative recombination rate coefficient.

σ̄cap =
π2

2k2

∑

abh,lj

Γspr |〈a, b|v̂|h, εclj〉 − 〈a, b|v̂|εclj, h〉|2
(εc − εa − εb + εh)2 + Γ2

spr/4
〈n̂hn̂c(1 − n̂a)(1 − n̂b)〉, (1)

where 〈a, b|v̂|h, εclj〉 and 〈a, b|v̂|εclj, h〉 are the Coulomb direct and exchange matrix elements,
respectively, Γspr ≈ 10 eV is the spreading width and na, nb, nh, nc are the orbital occupation
numbers in the initial state for the associated orbitals. The numerical results for the rate coeffi-
cients α = vσ̄cap presented by a solid line in Fig. (1) is three order of magnitude over the direct
radiative rate coefficient (the dashed line in the figure). Thus it is in good agreement with the
experiment [4].
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Investigation of (quasi) symmetric slow collisions between
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Collision between slow ions with atoms is one of the basic interactions involved in important
phenomena such as those from solar wind colliding with comets. These interactions have been
extensively investigated in laboratory environment in the past decades providing valuable infor-
mations for the interpretation of astronomical X-ray spectra [1]. Today, there is still a lack of
data for symmetric collisions, i.e. highly charged ions colliding on heavy targets, for which contri-
bution from multi-electron exchange processes is important. We present here a new experiment
on (quasi) symmetric collision between slow highly-charged ions, namely Ar17+ (v = 0.53 a.u.),
on gaseous Ar and N2 targets [2]. The investigation has been carried out using low- and high-
resolution X-ray spectroscopy. Thanks to an accurate efficiency calibration of our spectrometers
and the complete determination of the ion beam - gas jet target overlap, we extract absolute
X-ray emission cross sections. These values are in agreement with the unique previous values
from Tawara et al [3], with an improvement by a factor of two in the accuracy. Resolving the
whole He-like Ar16+ Lyman series from n = 2 to 10 with our crystal spectrometer (see Figure 1)
enables to determine precisely the distribution {Pn} of the electron capture probability and the
preferential npref level of the selective single-electron capture. Evaluation of cross sections for
this process as well as for the contribution of multiple-capture is carried out. Their sensitivity
to the ℓ-distribution of n levels populated by single-electron capture is clearly demonstrated,
providing a stringent benchmark for theories. In addition, the hardness ratio H, commonly used
to determine abundance of elements when interpreting astrophysical X-ray spectra, is extracted.
Due to the influence of the decay of the metastable 1s2s 3S1 state on this ratio, transposition of
H value from ’laboratory ion-collision’ towards interpretation of spectra from comets and solar
wind should be made with caution. For the first time, from the analysis of our high-resolution
spectra, such influence is studied.
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Figure 1: High resolution spectra of Ar16+ X-ray transitions observed with an argon target.
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A trapped atom interferometer for the measurement of
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I will present the status of an experiment, which aims at performing precise measurements
of the interaction forces between atoms and a macroscopic surface, for surface separations from
0.2 µ m to 10 µ m, where QED effects are predominant [1].

In our experimental apparatus, we realize a trapped atom interferometer in a vertical optical
lattice. More precisely, 87Rb atoms are trapped in a bichromatic optical trap. Shallow wells are
created by a standing wave of a blue detuned laser at 532 nm and the atoms are transversally
confined by a red detuned fiber laser at 1064 nm. Stimulated Raman transitions are used to
induce tunnelling into adjacent wells [2], allowing us to perform spectroscopy of Wannier-Stark
states [3] or to create thanks to a sequence of two such pulses a Ramsey-type interferometer (cf.
Figure 1).

Figure 1: Ramsey-Raman interferometer pattern. Sets of Ramsey fringes are obtained
in each of the Rabi pedestals that correspond to transitions between distinct neighbouring

Wannier-Stark states.

Currently, our experiment is performed far from the surface of interest, which is set by the
retroreflecting mirror of the standing wave. In that case, our interferometer is sensitive to differ-
ences in gravitational energies, allowing for the measurement of g with a relative sensitivity of
10−5 at 1 s. In this configuration we study the limitations to the sensibility in the measurement
and investigate systematic effects related to the trapping and Raman laser beams.

We gratefully acknowledge support by European Commission (iSense project, FET-Open
grant number: 250072), Ville de Paris (”Emergence(s)” program) and IFRAF.
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DESIREE: a unique cryogenic electrostatic storage ring
facility for merged ion-beams studies
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I will describe the design of a novel type of storage device currently under construction at
Stockholm University, Sweden (detailed here [1], and shown schematically in Fig. 1). This device
uses purely electrostatic focussing and deflection elements and allows ion beams of opposite charge
to be confined under extreme high vacuum and cryogenic conditions in separate “rings” and then
merged over a common straight section. The unique construction of this Double ElectroStatic
Ion Ring ExpEriment (DESIREE) apparatus allows for studies of interactions between cations
and anions at low and well-defined centre-of-mass energies down to 10 meV.

Figure 1: A schematic of DESIREE’s heart: the cooled rings and merging
region

The technical advantages of using purely electrostatic over magnetic elements are many,
but the most relevant are: electrostatic elements are more compact and easier to construct;
remanent fields, hysteresis and eddy-currents, highly problematic in magnetic devices, are no
longer relevant, and for low energy ion beams (keV vs MeV) electrostatic elements are more
efficient to use. I will present the current state of the DESIREE facility, and highlight some of
the technical issues that have arisen during its development and construction.

Finally, the advantages of this design are a boon to fundamental experimental studies, not
only in atomic and molecular physics but also in the boundaries of these fields with chemistry
and biology, and I will discuss several examples of such potential research.
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Drama as part of quantum physics teaching
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Quantum physics teaching can let students encounter physicists as persons. Textbooks and
teachers can choose to mention the names of physicists involved and move on to definitions,
concepts and equations, followed by wave functions for potential steps and wells of different
heights and shapes. Students are expected to learn a set of unfamiliar rules for the mathematical
treatment - which has, indeed, been shown to be a powerful tool to describe Nature. The wave-
particle duality may be avoided completely or presented as the counter-intuitive rule of ”travel
as a wave, absorbed / emitted as a particle”.

However, when students struggle to make sense of the quantum mysteries told, it may help
them to discover that also the iconic physicists in the textbooks struggled with these ideas. A
teacher can stop for a while in the strange world of Schrödinger’s cat, rather than circumvent the
discussions of the implications of quantum physics. Role play can be one way to bring students
closer to physicists as persons. Some popular science books can be used as a rough manuscript
and students are required to read more about ”their” physicist’s life and work, as part of the
preparation. The ”Mad scientist dinner party” in ”Uncle Albert and the Quantum Quest” [1]
works very well. ”Alice in Quantumland” [2] has several chapters suitable for role play, including
”The Copenhagen school”, which is inhabited by creatures from HC Andersen’s fairy tales. In
this way, students learn not only about quantum physics, but also of the work of physicists and
some aspects of how physics develops, including the use of metaphors.

The physics of the 1900s also involve darker sides, with the Manhattan project and the
development of the atomic bomb, where many of the well-known names from the quantum
physics textbooks were active. Many archive documents from that time are now easily accessible
on the www, including Fermi’s description, in his own words, of how he dropped small pieces
of paper to estimate the power of the first nuclear explosion at Alamagordo. [3] I have found
that a simple role play of the events leading up to and following the Manhattan project gives a
chance for students to discuss and reflect on ethical dilemmas and the responsibility of physics
and physicist, feeling more comfortable discussing these difficult issues by doing it through the
voice of someone else. [4]
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Electron Spin Resonance and Molecular Motion of the
CH3ĊHCONH2.HCl Radical In Gamma Irradiated

L-Alanine Hydrochloride Compound

Ş. Osmanoğlu1, H. Başkan2, K. Sütçü2, Y. Dicle2, B. Zincircioğlu3, Y.E. Osmanoğlu3,
and N. Ipek4
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The aim of the study was to gain more insight into the mechanism of radical formation
in amino acid derivative L-alanine amide hydrochloride (LAAHCl). The identification, ori-
entation, and molecular motion of the free radicals produced by gamma irradiation of the
LAAHCl investigated. X-Band Electron Spin Resonance (ESR) spectroscopic measurements
at mainly room temperature were performed to obtain ESR spectra from the radicals produced
on LAAHCl upon gamma-ray irradiated. The long-lived free radicals observed in LAAHCl
compound is the type of CH3ĊHCONH2.HCl. The α and β proton coupling constants of
the radical were studied. Approximate equations are given which relate the observed α and β
proton coupling constants and spectroscopic splitting factors of the radical investigated. The
obtained results in this work are consistent with the literature data of the alanine radicals.

Key Words: EPR, Free Radical, amino acid derivatives, gamma irradiation.
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Influence of Ionizing Radiation Effect on 2-Thiouracil: an
EPR Study

Ş. Osmanoğlu1, H. Başkan2, K. Sütçü2, Y. Dicle2, B. Zincircioğlu3, Y.E. Osmanoğlu3,
and N. Ipek4
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In this study we aimed to carried out the gamma radiation-induced effects on anticancer drug
2-Thiouracil by electron Paramagnetic Resonance Study. The behaviours of free radical signals
are investigated at room temperature. For first peak of 2TU corresponding +1/2→ −1/2 tran-
sition was analyzed from the recorded EPR spectra, in terms of line width ( H ), g factor, peak
to peak signal intensity (I) and the distance between first and second peak hyperfine interac-
tion constant (a). Numerical simulation of the evolution of the EPR signal versus dose was
performed using exponential function. Estimation of the irradiation dose is possible using ex-
ponential function. The stability of free radicals produced upon irradiation was studied over a
period of 12 months. These radicals could be detected even after a period of more than 12 months.

Key Words: Epr, Ionizing Radiation, anticancer drug.
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Mass and field isotope shift parameters for the 2s − 2p
resonance doublet of lithium-like ions
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Dielectronic recombination measurements have been proven to be a sensitive tool for deduc-
ing changes in the nuclear mean-square charge radii of highly-charged lithium-like neodymium [1].
To make use of this method for other elements and isotopes, mass and field isotope shift calcula-
tions are required in order to derive information about the nuclear charge distributions. In this
work [2], we estimate and discuss the relativistic mass and field isotope shift factors for the two
2s 2S1/2−2p 2P o

1/2,3/2
transitions along the lithium isoelectronic sequence. Using the GRASP2K

package [3,4] based on the multi-configuration Dirac-Fock method, the electron correlation and
the Breit interaction are taken systematically into account in all the calculations.

Adopting the calculated electronic parameters of isotope shifts, we qualitatively analyze the
competition between the mass and field shift contributions for the 2s − 2p resonance doublet
along the isoelectronic sequence, with the assistance of some empirical relations between Z and
the nuclear properties. It is found that the mass shifts and the field shifts possess similar orders
of magnitude in the Z < 40 range, so that one should consider both of them for a relevant
analysis of isotope shifts, especially for extracting the nuclear mean-square charge radii. The
field shift contribution grows rapidly towards the high-Z region and becomes quickly dominant.

Quantitative discussions are also made for the 2s 2S1/2 − 2p 2P o
1/2,3/2

line isotope shifts in

the case of 150,142Nd57+ for which experimental values are available. The present results show
that the higher-order nuclear moments often neglected in the calculation of the field shift should
be considered for very highly charged ions in order to extract the δ〈r2〉 values from experiments.
The consistency between GRASP2K and MCDF-gme [5] results will be illustrated.

References
[1] C. Brandau et al., Phys. Rev. Lett. 100, 073201 (2008).
[2] J. G. Li et al., Phys. Rev. A to be submitted.
[3] P. Jönsson, X. He, C. Froese Fischer, I. P. Grant, Comput. Phys. Comm. 177, 597 (2007).
[4] E. Gaidamauskas et al., J. Phys. B: At. Mol. Opt. Phys. 44 175003 (2011).
[5] P. Indelicato and J.-P. Desclaux, http://dirac.spectro.jussieu.fr/mcdf

76

mailto:mrgodef@ulb.ac.be


P
O

Kabachnik Poster: Thursday, 15:15 PO–004

Effect of partial coherence of the FEL pulses in two-colour
multiple ionization of atoms
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The free-electron laser (FEL) provides extremely bright ultraviolet (XUV) and x-ray radia-
tion by means of self-amplified spontaneous emission (SASE) process. The process of FEL pulse
generation has stochastic nature which is reflected in a complicated temporal structure of the
pulse. It consists of several or many spikes, each of them is coherent but the phase relation be-
tween them is fully statistical [1]. Thus the total pulse has only partial longitudinal (temporal)
coherence. The coherence properties of the FEL pulses are characterized by the coherence time
which is proportional to the average duration of the spikes. Partial temporal coherence of the
FEL pulses can substantially influence the results of investigations of short-pulse interaction with
any target. In this report we theoretically study the effect of partial coherence on two-colour
(XUV+IR) multiple ionization of atoms. It is well known [2] that when the photoionization of an
atom by XUV or x-ray photon occurs in the strong field of an IR optical laser, the photoelectron
spectrum contains, beside the usual photoline, some additional lines, the so-called sidebands,
with the energy separation between them equal to the IR photon energy. The number and in-
tensity of the sidebands depend on the parameters of the laser field, as well as on the durations
of both the XUV and the IR pulses [3]. Our calculations show that partial coherence of the
XUV pulses leads to the broadening of the sidebands and of the main photoline. If the coher-
ence time of the FEL pulse is short this broadening can become larger than the energy interval
between the sidebands, so that they cannot be resolved even with very good energy resolution
of a spectrometer.
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Angle-resolved photoelectron spectra from two-color
XUV+IR photoionization at FLASH
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With the advent of free-electron lasers (FELs) in the extreme ultraviolet (XUV) and x-
ray regions, and of new XUV sources based on high-order harmonic generation (HHG), the
experiments with synchronized XUV and infrared (IR) pulses from powerful lasers have received
a special attention. Studies of the two-color XUV+IR photoionization can provide fundamental
information on the properties of the continuum spectrum of atoms and molecules and on the
so-called free-free transitions [1]. In the limiting case when the XUV pulse duration is longer
than the period of the IR laser field, specific structures at the wings of a photoline, the so-called
sidebands, appear. The sidebands consist of a regular sequence of lines with the interval between
lines equal to the laser photon energy.

We will present the results from an experiment performed at FLASH in May 2011, where
a velocity map imaging spectrometer (VMIS) was used to measure the full energy and angu-
lar distribution of photoelectrons emitted through ionization of rare gases using a two-color
XUV+IR field. Sidebands up to high orders (∼ 10) were observed (see Fig. 1), and their an-
gular distributions were studied as a function of IR intensity, revealing a strong modulation of
the photoelectron yield as a function of angle, as previously predicted theoretically [2] and also
observed experimentally for Auger electrons [3].

Figure 1: Theoretical (top) and experimental (bottom) angularly-resolved photoelectron
spectrum from Neon using a two-color XUV+IR field for an IR intensity of 3 ·1012 W/cm2.
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Resonant inelastic X-ray scattering (RIXS) reflects fine details in electronic structure and
dynamics. The process is site specific on the atomic length scale (sub-nanometer) and time
specific on the timescale for nuclear and electronic rearrangements (femto- to attoseconds). Con-
sequently, RIXS spectroscopy has a tremendous potential in atomic and molecular, chemical and
condensed matter physics. RIXS techniques have, however, suffered from the lack of adequate
radiation sources. In practice this has limited the spectral quality and only a fraction of the
inherent advantages have been exploited.

Here RIXS spectra of free molecules (O2 and CO2) with an energy resolution (E/∆E ≈
10000) that allows for separation of individual vibrational excitations [1] are presented. This
opens a wealth of new possibilities, provides detailed information about ultrafast dynamics, and
facilitates accurate mapping of the final state potential surfaces. We observe spatial quantum
beats in the dissociating oxygen molecule [2], establish a new selection rule due to internal spin
coupling, and demonstrate hole-electron parity swap during the scattering process [3].

The measurements were made with the SAXES spectrometer [4] at the ADRESS beamline [5]
at the Swiss Light Source of the Paul Scherrer Institut, using a gas/liquid cell with an ultrathin
membrane. The data is discussed in terms of ab-initio multimode scattering calculations.
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Fragmentation of NH3 investigated using a
multi-coincidence ion momentum imaging spectrometer
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Resonant core-level excitation allows site-selective (and element-specific) excitation of atoms,
molecules and clusters. Investigation of core level excitation processes and characterisation of the
electronic structure and nuclear dynamics of core-excited states have been topics of considerable
interest during the last two decades and have led to the observation of interesting phenomena
such as ultra-fast molecular dissociation [1]. Tunable synchrotron radiation sources have proven
invaluable tools in such experiments since they provide radiation of a suitable wavelength to
promote the core electron to a higher lying molecular orbital.

In recent years a high resolution multicoincidence momentum imaging ToF mass spectrome-
ter has been developed at Lund University [2] and optimised for use with synchrotron radiation
sources. The experimental set-up complete with an 80mm position sensitive detector (Roentdek
DLD) provides a kinematically complete description of charged fragments trajectories following
a multi-body breakup. The PEPIPICO (PhotoElectron-PhotoIon-PhotoIon COincidence) tech-
nique employed in the photoexcitation experiments uses the detection of an electron to define
the start of a fragmentation process and the time of flight of all ions arriving at the ion detector
within a maximum time ’window’ are subsequently recorded. With this experimental setup it
is therefore not only possible to determine the fragmentation channels in a decay process, but
also to investigate the molecular geometry of the core-excited state, as well as to determine the
fragment ion linear momenta and the Kinetic Energy Released (KER) in the process.

Here we report PEPIPICO results recorded in order to investigate the fragmentation dy-
namics of gaseous NH3 molecules following photo-excitation at photon energies ranging from
400eV - 405eV. Resonant core-excitation of NH3 in this energy region results in electronic transi-
tions from the N1s to 4a1, 2e, 5a1, 6a1 and 3e molecular states and subsequent de-excitation of
these intermediates via Auger decay and dissociation. The experiment was performed at the soft
X-ray undulator beamline I 411 at Max-lab, Sweden. The dominant fragment channels observed
were H+/NH+

2 , H+/NH+ and H+/N+. A weak H+
2 /NH+ channel was also observed following

photoexcitation at some photon energies. Assuming that the rotational period of the molecule is
longer than the lifetime of the core-excited state, the angular distribution of the ejected fragments
allows us to deduce the alignment of the molecule in the intermediate core-excited state (before
Auger decay). Furthermore, since the probability of a transition between states depends on the
alignment of the molecular symmetry axis relative to the polarisation vector of the radiation, we
can also determine if molecular alignment was conserved for each transition. As well as investi-
gating the effect of a particular transition on the geometry of the NH3 molecule, we also examine
the effect of detuning the photon energy to values slightly below or above the resonance energy
for a particular transition.
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A generalized relative complexity: application to atomic
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The search of an appropriate measure of relative complexity among density functions is af-
forded. In doing so, the main properties required for complexity functionals of a given distribution
[1], as well as those for discrimination measures among two [2–3] or more [4–5] distributions are
considered. A proposal for a generalized relative complexity is provided, enclosing a pioneering
definition [6] as a limiting case. A theoretical analysis of the generalized measure for arbitrary
distributions is carried out. The applications regard the electron charge densities of neutral
atoms, and the results are interpreted on the basis of the main physical properties of the systems
considered.
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Figure 1: (q,t)-relative complexities among the electron charge density of Boron (nuclear
charge Z′ = 5) and those of all neutral atoms with Z = 1− 103.
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Primary and secondary kinetic isotope effects on the gas
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The kinetic isotope effect (KIE) is the effect of the isotopic substitution on the rate con-
stant of the reaction and it represents a powereful technique for the probing of the reaction
mechanisms. In previous works [1, 2, 3] the hydrogen and the OH abstraction paths of the gas
phase reaction of the hydrogen peroxide with the H and Cl atoms have been studied. The aim
of this work is to study the effect of the primary and secondary isotopic substitutions on the
rate constant of the title reactions by studying their effects on the activation energy and on the
tunneling contribution.The rate constants were evaluated upon each isotopic substitution over
the temperature range from 200 to 2000 K using the ab initio-TST model, by means of the
Polyrate 8.0 program.Both H and OH abstraction paths have been considered for the reaction
of the hydrogen peroxide with the H atom. However, we limited our study to the H abstraction
path for the reaction of the hydrogen peroxide with the Cl atom.
The obtained results show that all the primary H/D substitutions for the different studied reac-
tions produce a normal KIE except that corresponding to the H abstraction path of the H2O2+D
reaction for which the KIE seems to be negligible 0.91 ≤ KIE ≤ 1.01 (Fig. 1).However, the pri-
mary 16O/18O and the secondary isotopic substitutions have no effect on the rate constant.

Figure 1: Plot of the TST/ZCT KIE as a function of temperature for the primary substi-
tution corresponding to the H abstraction path of the H2O2 +D reaction.
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Electron-Impact study of AlO using the R-matrix method
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A comprehensive study of electron-impact on open shell AlO molecule at low energy (less
than 10eV ) by using the R-matrix method [1] has been done. In the R-matrix theory the con-
figuration space of the scattering system is divided into an inner and an outer region. Both the
regions are treated differently in accordance with the different interactions in each region. In the
inner region we use a trial wavefunction where we include all excited states upto 10eV .
The calculation are carried out in two models namely Static Exchange (SE) and many state close
coupled (CI) approximation. In the SE calculation no correlation are included except exchange
while in the CI calculation polarization and exchange correlation are added due to inclusion
of excited states. In the CI calculation we include all single and double excitations. Elastic
(integrated and differential), momentum-transfer, excitation and ionization cross sections are
calculated. The target states are represented by including correlations via a configuration inter-
action (CI) technique.
Resonance analysis is carried out to assign the resonance parameters and the parentage by feed-
ing the eigenphase sums to the Breit Wigner profile. The basis set used is 6311G∗ to represent
the atomic orbitals by GTO basis set. The continuum electron is also represented by GTO’s and
are place at the center of mass of the molecule. We include partial wave upto g wave beyond
which Born closure method is employed to obtain cross section.
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Electron excitation of the 1s2sns(nd) LiI** states
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According to review [1] there are large information about autoionizing states (AIS) of lithium
atom, both doublet and quartet. These AIS results from two-electron excitations – one 1s2-
core electron and valent electron. Transitions between AIS within quartet and doublet systems
separately are known to give many weak spectral lines, mainly founded from beam-foil studies
[1]. Three of them (at 371.4, 293.4, and 233.7 nm) were observed when studying Li+ spectrum,
but they were not assigned [2]. Early in [3] using crossed electron and atomic beam techniques
the excitation function (EF) of the 293.4 nm line (the 1s2s2p 4Po – 1s2s3s 4S transition) was
measured for the first time. Here we present the EF remeasured for this line and describe the
results of our attempt to study the EFs for other quartet lines at electron-atom collision.

The experimental setup was in general the same as that used in [3]. In contrast to [3] its
data acquisition system was automated using a computer. Due to this we could study a very
weak quartet LiI** lines.

Figure 1: Excitation functions for LiI** quartet line at 293.4 nm.

Fig. 1 shows the EF for strongest quartet line at 293.4 nm obtained. Its comparison with
earlier data [3] (see in Fig. 1) demonstrates their clear similarity.

The excitation thresholds of Li** quartet lines exceed 60 eV [1]. It makes easy to recognize
them in spectrum. In the spectra obtained at electron energies of 70-100 eV three lines relating
to Li** quartet system were noticeable. These were the lines at 217.3, 204.0, and 233.7 nm. The
first is second member of the 1s2s2p – 1s2sns series (with n=4), whereas the line at 293.4 nm is
its first member. The rest both belong to the 1s2s2p – 1s2snd series (n=4,3).

These lines were of little intensity comparatively with the line at 293.4 nm and it made
difficulties for measuring their EF. In addition the 233.7 nm line lyes near to the 233.3 and 234.0
nm lines that belong to principal series LiI. We carried out rough evaluative EF measurements
for abovementioned lines. As a whole the EFs obtained were found similar to the EF for the
293.4 nm line despite the fact that initial levels of the lines differ in orbital moment values.
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Excitation cross sections in the collision of protons with He
atoms at intermediate and high energies under a three body

formalism
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In this work, we have devised a three-body model to calculate the cross sections for the
excitation of helium atom by energetic protons. This four-body problem is simplified into a
three-body one to implement the Faddeev type formalism, where an electron of helium atom
is assumed to be inactive [1]. The ground state, 1 1S, or the excited states, 2 1S and 2 1P
, wave function of the active electron is deduced from similar hydrogenic wave functions. In
this three-body model, the Faddeev-Watson-Lovelace formalism for excitation channel is used
to calculate the transition amplitude [2]. The first order electronic and nuclear interaction is
assumed in the collision and the differential cross sections are calculated for 50 KeV up to 1 MeV
interaction energies. The results are compared with that of the theoretical and experimental
works in the literature [3]. This formalism is advantageous as different terms of the reaction
amplitude correspond to the details of the reaction.
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Potential scattering devised to calculate the capture cross
sections for the collision of proton with methane
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In this work, the FWL formalism is extended to the collision of singly charged ion with
molecules (methane) [1]. The scattering amplitude and the cross sections are determined by the
asymptotic behavior of the stationary scattering wave function [2]. This formalism is advan-
tageous as different terms of the reaction amplitude correspond to the details of the reaction.
The calculated capture differential cross sections are compared with the available data in the
literature [3] and shown in figure (1).

Figure 1
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proton hydrogen scattering under a Faddeev formalism

M. Sadeghi1, F. Shojaei-Akbarabad2, R. Fathi2, and M. A. Bolorizadeh3,4

1Phys. Dept. University of Hormozgan, Bandar Abbas, Iran.
2Phys. Dept., Shahid Bahonar University, Kerman, Iran.

3Phys. and Photoincs Dept., Kerman Graduate University of Technology, Kerman, Mahan,
Iran.

4Institute of Photonics, Int. Center for Science, High Technology & the Environmental
Sciences, Kerman, Iran.

Corresponding Author: mabolori@uk.ac.ir

The Faddeev-Watson-Lovelace formalism is a fully quantum mechanical three-body method
to study the charge transfer channel in proton-hydrogen scattering [1]. This formalism is advan-
tageous as different terms of the reaction amplitude correspond to the details of the reaction.
The scattering amplitude for the capture channel in the proton-hydrogen collision at high impact
energies are written as [2]:

AFWL = Ae + An (1)

where Ae and An stands for electron and nucleus interaction amplitudes, respectively. We have
developed a mathematical tool to calculate the corresponding integrals employing the Daubechies
scalet basis [3]. The results for the cross sections as calculated by:

(

dσ

dΩ

)

lab

= (2π)4M2
T

kf

ki
|AFWL|2 (2)

is shown in figure (1), where the results are compared with the exact approximated solutions.
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Hyperfine structure of laser–dressed atomic states
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Applying a narrow linewidth coherent laser field close to a resonance of a transition in an
atomic system results in effect similar to the DC Stark effect. Splitting of initially degenerate
levels caused by high frequency fields is called Autler–Townes effect. It has a potential as a tool
for achieving quantum state control by using the nonresonant dynamic Stark effect [1] and the
selective population of dressed states [2].

Autler–Townes effect is usually described in the dressed state picture, where external field in-
duces mixing between two initially degenerate quantum states. Various types of interactions may
complicate the simple two-state picture of the Autler–Townes effect. One of them is interaction
between the electronic cloud and the nucelus, which leads to ocurrance of hyperfine structure.
Due to complexity of mathematical description of such systems effects of hyperfine interactions
in Autler–Townes spectra have been studied in particular atomic systems only [3]. The usual
approach to address this complexity is numerical simulation of a particular atomic or molecular
system. Previous numerical simulations [4] have shown lifting of degeneracies over projections of
the total atomic angular momentum F ,therefore suggesting novel methods to selectively address
hyperfine components of excited atomic and molecular states.

The aim of our work is to develop a general analytical model for the energy spectra of
hyperfine splittings of Autler-Towns multplet components in the limit when the electric dipole
coupling with the laser field is much stronger that hyperfine interactions in the system. We
consider cases of either linear of circluar polarization of the stationary monochromatic laser
field. Influence of the hyperfine interactions is evaluated by the means of first order perturbation
theory.

The energy shifts of the dressed states caused by the hyperfine interaction depend on the
hyperfine structure constants of both ground and excited atomic states. Mixing between dressed
states corresponding to different orientations of nuclear spin depends on polarization of the laser
field and quantum numbers of the atomic system. There is no mixing between the states if an
electronic transition involving change of total electronic angular momentum ∆J = ±1 is induced
by circularly polarized laser field. Mixing between certain states appers if either a transition
involving no change in total electronic angular momentum (∆J = 0) or linearly polarized laser
field is used.

Acknowledgments: This study was supported by grant no. 09.1567 of the Latvian Council
of Science and by European Social Fund project no.
2009/0223/1DP/1.1.1.2.0/09/APIA/V IAA/008.
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A UV frequency-quadrupled diode laser system for the
mercury co-magnetometer in the nEDM experiment
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In this contribution the implementation of a ‘no light-shift’ lock for a UV frequency-quadrupled
diode laser system based on the sub-Doppler DAVLL (dichroic atomic vapor laser lock) technique
will be presented. The laser system is part of a free induction decay magnetometer based on a
spin polarized ensemble of 199Hg atoms. The magnetometer is employed to extract and survey
the time stability (≈ 10−8 over 100 s) of the magnetic field (≈ 1µT) in the neutron electric dipole
moment (nEDM) experiment at the Paul Scherrer Institute, Switzerland (PSI). The nEDM ex-
periment employs Ramsey’s method of separated oscillatory fields to detect a shift of the Larmor
frequency of stored ultra-cold neutrons (UCN) in a parallel and an anti-parallel configuration
of magnetic and electric fields. The spin polarized ensemble of 199Hg atoms is added to the
UCN storage chamber and acts as a co-magnetometer. The free spin precession of the 199Hg
atoms after a π/2 flip is detected as amplitude modulation of a circularly polarized UV light
beam traversing the UCN/Hg storage volume in the spin precession plane. Off-resonant light (as
currently used from a 204Hg discharge lamp) can induce vector light shifts and induce systematic
frequency shifts correlated to necessary polarity reversals of the magnetic field. The Standard
Model (SM) of Particle Physics predicts a nEDM, breaking time reversal and parity symmetry,
several orders of magnitude below the current best experimental limit dn < 2.9× 10−26 ecm (90
% CL, [1]). However many extensions of the SM predict values for a nEDM on the level of the
current experimental sensitivities. Thus the search for a nEDM probes the parameter space of
the SM extensions. The experiment at the new UCN source at PSI aims at a factor five improved
sensitivity and will place a limit of dn < 5× 10−27 ecm at 95 % CL in case no nEDM is found.
In the next step the sensitivity will be improved by another order of magnitude, dn < 5× 10−28

ecm at 95 % CL in case no nEDM is found. This project is supported by the Swiss National
Science Foundation under contract number 200021 126562.
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Dark resonances for systems with large J studied in
potassium diatomic molecules
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We have studied experimentally as well as theoretically nonlinear magneto-optical resonances
in K2 molecules in the electronic ground state with large values of the angular momentum quan-
tum number J ∼100. At zero magnetic field, the absorption transitions are suppressed because of
population trapping in the ground state due to Zeeman coherences between magnetic sublevels of
this state along with depopulation pumping [1]. The destruction of such coherences in an external
magnetic field was used to study the resonances in this work. Well pronounced dark resonances
were observed (see, for example, Fig. 1) in the intensities of the linearly polarized components
of the laser-induced fluorescence (LIF) detected in the Hanle configuration. The intensities of
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Figure 1: Experimental (scattered dots) LIF intensities and versus magnetic field observed
in K2 dilute vapour for Q-type excitation. The solid lines are the result of simulations.

the LIF components were detected for different experimental parameters, such as laser power
density and vapor temperature, in order to compare them with numerical simulations that were
based on the optical Bloch equations for the density matrix[2]. We report good agreement of our
measurements with numerical simulations. Narrow dark resonances in perpendicular component
of the LIF intensity were detected and explained [3].

This work has been supported by the European Social Fund within the project Support
for Doctoral Studies at University of Latvia. Support from ERAF Grant No. 2010/0242/2DP
/2.1.1.1.0/10/ APIA/VIAA/036 is gratefully acknowledged.
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Statistical multimode resonant annihilation of positrons in
molecules
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It is well established now that large positron annihilation rates in polyatomic molecules result
from positron capture in vibrational Feshbach resonances [1]. The energies of the resonances εν
are related to the vibrational excitation energies ων and positron-molecule binding energy εb via
εν = ων − εb. For most molecules the resonances observed in the normalised annihilation rate
Zeff correspond to individual vibrational modes, which allows measurements of εb.

In this work we examine positron annihilation on molecules such as CBr4, in which the
positron binding energy is greater than all the vibrational fundamentals. In spite of the absence
of mode-based resonances, we observe strongly enhanced Zeff due to direct positron capture into
a dense quasicontinuous spectrum of multimode vibrational excitations, see Fig. 1 (left). The
corresponding annihilation rate is compared with the predictions of the statistical multimode
resonant annihilation (SMRA) model [2] for positron energy ε (in atomic units),

Z
(stat)
eff (ε) = πF

√

εb

ε

ρ(ε+ Ev + εb)

N(ε + Ev)
, (1)

where F ≈ 0.66, Ev is the thermal energy of the target molecule, ρ(ε + εb + Ev) is the energy

density of multimode vibrational states, and N(E) =
∫ E
0
ρ(E′)dE′ is the total number of open

inelastic escape channels. To achieve agreement with experiment the SMRA contribution needs to
be scaled down by an empirical factor η (possibly, to account for incomplete vibrational mixing).
For CHBr3 the SMRA contribution provides a background on which individual resonances of the
C-H bonds can be seen (Fig. 1 left). Turning to larger molecules, hexane (C6H14) and decane
(C10H22), we observe that the SMRA appears to be of ubiquitous nature (Fig. 1 right, η = 0.25),
underpinning the contribution of resonances at all positron energies [3].

The research at UCSD is supported by the U.S. NSF, Grant No. PHY 10-68023.

Figure 1: Left: measured Zeff for CBr4 and CHBr3 and theoretical fits of the data.
Right: measured Zeff (•) for hexane (a) and decane (a) and SMRA predictions.
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Modeling of coherent atomic excitation including energy
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The traditional approach for modeling of coherent atomic excitation is to use averaged laser
power in numerical calculations of laser induced fluorescence. At laser power below saturation
this model gives results which are in good agreement with experimental data, but, for laser power
that exceeds saturation, the traditional model begins to deviate from experimental data. This
can be explained with the “wings” of energy distribution within laser profile where laser power is
below saturation and continues to increase fluorescence after the average laser power has reached
saturation. Possible solutions to the problem are either introducing effective Rabi frequency[1]
or adding energy distribution within laser profile to the theoretical model.

In this study we expand the theoretical model based on Optical Bloch equations[2] to in-
corporate realistic (Gaussian) energy distribution within laser profile. To do this, we divide the
laser profile in multiple sectors, calculate the individual fluorescence intensities for each sector
and then calculate the average intensity over all sectors. Results obtained with this model are
then compared to results of the model with averaged laser power.
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Optical cesium magnetometers for high precision magnetic
field measurements
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The search for a nonzero neutron electric dipole moment (nEDM) is one of the very important
high precision experiments in low energy particle physics. Such an experiment using the vacuum
Ramsey method on stored ultracold neutrons has been constructed at the SUNS neutron source
at the Paul Scherrer Institut (PSI) in Villigen, Switzerland, and in mid-2012 it will start taking
data. To achieve its design sensitivity to nEDM’s of order 10−28 e · cm, the experiment requires
very precise control of a 1 µT magnetic field and its spatial and temporal gradients at levels equal
or better than 100 fT/

√
Hz in a volume of approximately 25 liters. For this purpose an array of a

state-of-the-art vacuum-compatible optically-pumped double-resonance Cs magnetometers have
been developed at Fribourg University and installed in the experiment at PSI. In a continuing
research effort, we are investigating performance improvements for the existing magnetometers
and developing new methods for precision magnetic field measurements.

A combination of the double-resonance (i.e., rf driven) Cs sensors with the free induction
decay magnetometry of polarized 3He nuclei is intended. Polarized 3He gas will be introduced
into dedicated large-volume glass cells surrounding the neutron precession chamber. The free
induction decay (FID) of the 3He nuclei is recorded by measuring the oscillation and decay
of the weak 3He-generated magnetic field using an array of Cs sensors. First measurements
under realistic conditions have been made, using an array of Cs magnetometers to both directly
measure the field and its gradients and to detect the 3He FID. This contribution outlines the Cs
magnetometry system and its operation in the current nEDM experiment at PSI, and gives an
overview of the results of the latest 3He-Cs magnetometry studies.

Figure 1: Free induction decay of 3He field measured by Cs sensor. Inset: blown-up view
of FID in region of 3000 to 3001 s.
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M. Auzinsh1, A. Berzins1, R. Ferber1, F. Gahbauer1, L. Kalvans1, and A. Mozers1
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The resonant magneto-optical properties of atoms have been studied extensively since the
historical paper by Wilhelm Hanle [1], for whom a whole class of coherent effects in atoms has
been named. A magneto-optical resonance that can be observed in the (resonant) laser induced
fluorescence as a function of an external magnetic field is a manifestation of the Hanle effect [2].
It is common to distinguish between the ground and excited state Hanle effects. The width of the
ground state Hanle resonance is several orders of magnitude less than that of the excited state
Hanle resonance, which corresponds to lower rates of relaxation in the ground state. Therefore,
the ground state resonances have been studied more extensively. Nevertheless, there are effects
in the excited state that reveal intriguing properties of the atomic systems. For example, the
recently reported sign change of the magneto-optical resonance with the increase of excitation
power density at Rb D2 excitation is caused by redistribution among the orthogonal components
of the fluorescent light [3]. At larger magnetic field values crossings of the magnetic sublevel’s
energies within the hyperfine structure of the excited state may occur raising the non-zero field
magneto-optical resonances [4].

Here we report an extensive exper-
imental and theoretical study of the
broad structure that accompanies the
narrow ground-state resonance (Fig. 1)
when Rubidium atoms are excited at
the D2 line in in the presence of an
external magnetic field. A theoreti-
cal model that is based on the opti-
cal Bloch equations and includes both
mixing of the atomic hyperfine states
in the magnetic field and averaging
over the Doppler profile is employed
to reveal details about how the broad
structure is formed. Three causes for
this structure can be identified: the
influence of different atomic velocity
groups, the shift in transition frequen-
cies caused by the magnetic field, and
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Figure 1: Intensity of laser induced fluorescence
versus magnetic field showing both a narrow and a

broad structure.

the change in transition probabilities caused by the magnetic field.
This study is supported by ERAF project No. 2010/0242/2DP/2.1.1.1.0/10/APIA/VIAA/

036.
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Radiative parameters for lowly charged tungsten ions of
interest in fusion plasma research
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Radiative decay rates have been obtained for allowed (E1) and forbidden (M1, E2) transitions
in Lu-like (W IV), Yb-like (W V) and Tm-like (W VI) tungsten . Our calculations, motivated
by strong interest for low-density plasmas and fusion research, illustrate in a convincing way
the importance of core-valence correlation effects which substantially increase the lifetimes and,
accordingly, decrease the transition probabilities of these heavy ions. Due to the lack of ex-
perimental data, the reliability of the theoretical A-values can only be tested by comparison
of numerical results obtained with independent methods such as the relativistic Hartree-Fock
(HFR) approach [1] including core-polarization corrections (HFR+CPOL) [2], multiconfigura-
tion Dirac-Fock (MCDF) method [3,4] and the Flexible Atomic Code (FAC) [5] well suited for
investigating the atomic structure of heavy ions.

From detailed comparisons between these different approaches, the accuracy of the computed
transition probabilities and oscillator strengths has been estimated. It has been shown that some
line strengths are particularly sensitive to level mixings which are expected to be better estimated
when using semi-empirical methods. The new set of radiative data reported in this work for
allowed and forbidden lines in W IV, W V and W VI should be useful for plasma diagnostics in
future fusion reactors where tungsten will be used as plasma facing material.
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Sensitivity optimization of an optically pumped
magnetometer with miniaturized Cs cell at earth’s magnetic

field strength
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The application of optically pumped magnetometers for geomagnetic measurements calls for
optimized sensor operation in the range of the earth’s magnetic field strength. To this end we
investigate the performance of a 2x2 array of miniaturized Cs vapour cells (V = 50mm3) sharing
a central Cs metal reservoir. The array is incorporated into a thick (d = 4mm) Si wafer and
additionally filled with a sufficient amount of nitrogen buffer gas [1]. The temperature of the
whole cell array is set conveniently by off-resonant heating laser radiation, fiber-coupled directly
on the Si wafer’s side walls.

Optimization of the shot-noise limited sensitivity by the variation of the magnetometer’s
operational parameters (like pump laser power and frequency, rf-field strength and cell temper-
ature) is carried out at B0 = 50µT. A light-narrowed (LN) mode [2] using detuned and very
intense pumping light is compared to the common Mx mode not only in terms of sensitivity (i.e.
magnetic resonance width and strength), but also with respect to challenges like the Zeeman
light shift and the magnetic field orientational dependence of the signal. Consequences for future
unshielded operation are discussed and possible sensor concepts are presented.

References
[1] S. Woetzel et al., Rev. Sci. Instrum. 82, 033111 (2011)
[2] T. Scholtes et al., Phys. Rev. A 84, 043416 (2011)

97

mailto:theo.scholtes@ipht-jena.de


P
O

PO–025 Poster: Tuesday, 15:30 Schultze

Atomic magnetometer pumped with intensity-modulated
light
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We present an all-optical chip-scale atomic magnetometer. It uses pump-light intensity mod-
ulation (IM) like the original Bell-Bloom (BB) magnetometer [1], combining pumping, phase
synchronization of the spins, and measurement in one laser beam. In contrast to the BB setup,
where only the secular change of the transmission was evaluated, we detect the resulting mod-
ulation of the transmitted light-signal phase-sensitive. Various pump-light modulation patterns
were tested, revealing rectangular modulation with 100% modulation depth and 50% duty cycle
as the best choice for high magnetic field resolution. Figure 1 shows the resulting signals.
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Figure 1: Dependence of the photocurrent I behind the cesium vapor cell on the modulation
frequency. The signal at the Larmor frequency fL = 17.7kHz clearly stands out.

In array setups, one single laser source can be used for multiple channels. As an example,
we show the noise-reduction by the subtraction of the signal of a reference magnetometer cell
from the measurement channel. In this way, the shot-noise limit of the magnetic field resolution
(220 fT√

Hz
in our 50 mm3 cesium cells) is approached for measurements even in the micro-tesla

field range. In the IM configuration, various errors which may occur in the common Mx method
(phase errors due to misalignment between pump-light and B1-field direction, crosstalk between
various channels in magnetometer arrays) are excluded per se.
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NICE-OHMS – A Spectroscopic Technique for Detection of
Molecular Species Down to the 10−12 cm−1 Range
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Noise-Immune Cavity-Enhanced Optical Heterodyne Molecular Spectrometry (NICE-OHMS)
is a technique for ultra-sensitive detection of molecules in gas phase that is based upon a combina-
tion of Frequency Modulated Spectroscopy (FMS), for reduction of noise, and Cavity Enhanced
Absorption Spectroscopy (CEAS), for prolongation of the interaction length. By matching the
modulation frequency to the free-spectral range (FSR) of the cavity, all components of the FM-
triplet will be transmitted through the cavity in an identical manner. This implies that technique
attains an immunity to laser frequency-to-amplitude noise conversion. The linewidth can be lim-
ited down to the mechanical stability of the cavity, whereas the transmitted intensity is stabilized
by the lifetime of the cavity. It can detect both absorption and dispersion signals and provide
Doppler-broadened as well as sub-Doppler signals. This implies that the technique can be re-
alized in a multitude of manners and acquire a detection sensitivity that has the potential to
supersede those of most other detection techniques.

The technique was first developed for high precision frequency standard applications at JILA
in Boulder CO in the mid-90tes, addressing narrow sub-Doppler signal of molecular overtone
transitions in the near-infrared. The first demonstration of Doppler-broadened NICE-OHMS for
gas detection was performed in 1999 by L. Gianfrani et al. who detected O2. In 2003 we initiated
a programme aimed at investigating the possibilities to simplifying the realization of NICE-

OHMS. The project has so far resulted in two
set-ups, one based upon an Er-doped fiber-laser
and one a narrow linewidth distributed feedback
(DFB) laser, both working in the 1.5 µm region,
with impressive detection powers.

Recently the fiber-laser based system was
subjected to four improvements. i) Optical com-
ponents have been placed at so called etalon im-
mune distances (EID), which correspond to dis-
tances at which the FM signals disappear [1, 2].
ii) The mechanical insulation of the set-up was
increased by the use of a two-layer air-suspended
optical table in a Lexan enclosure [2]. iii) Active
feedback of the electro optical modulator (EOM)
was used for minimization of the background sig-
nals (by regulation) [1, 3]. vi) The locking of the
laser to the cavity was improved by the use of an
acousto optic modulator (AOM). With these im-
provements implemented, the system is capable
of Doppler-broadened detection of C2H2 down
to an absorbance per unit length of 1.8× 10−12

cm−1 (over 10 s), a few times from the shot noise
level [2].
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Figure 1: Allan deviation of measured
Doppler-broadened NICE-OHMS signals for
the four improvements; I) Etalon immune
distances; II) Mechanical insulation of cav-
ity and EID; III) Active feedback to EOM
and EID; IV ) Improved cavity locking, me-

chanical insulation and EID.
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Electron–impact study of B2 molecule: R-matrix method
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The results of ab-initio scattering calculations for low-energy electron collisions with B2

molecule using the R-matrix method [1–2] have been presented. The differential and momentum-
transfer cross sections are calculated using the POLYDCS program of Sanna and Gainturco [3],
along with effective collision frequencies over a wide electron temperature range (300 - 30000
K) are computed at one-state close-coupling level. The ionization cross sections (Figure 1)
are calculated in the binary-encounter Bethe (BEB) model [4] in which Hartree-Fock molecular
orbitals at a self-consistent level are used to calculate kinetic and binding energies of the occupied
molecular orbitals (Table 1).

The molecule B2 is an open-shell system that has ground state X 3Σ−
g in the D∞h point

group which is reduced to the D2h point group when the symmetry is lowered. In this work 61-
state close-coupling calculations are performed to compute the integral cross sections (elastic and
excitations), and results are compared with previous work [5–7]. We investigated five resonances;
two core-excited resonances of 2Πu and 2Σ−

u symmetries, and three shape resonances of 2Πg,
4Πg and 4Σ−

g symmetries. The Born-correction for the allowed transition (X 3Σ−
g to A 3Πu) has

been carried out to account for the contribution of partial waves higher than g wave (l = 4) upto
which the R-matrix scattering calculations are carried. We have detected a stable anionic bound
state 2Πu of B2

− having configuration 1σg2 2σg2 1σu2 2σu2 1πu3. We have also evaluated
scattering length (6.8 a0) of B2 molecule at one state close-coupling level.

Molecular orbital |B| (eV) U (eV) N

1σg(1ag) 209.80 297.17 2
1σu(1b1u) 209.78 297.46 2
2σg(2ag) 19.07 28.92 2
2σu(2b1u) 10.09 26.95 2

1πu(1b2u/1b3u) 9.54 18.07 2

Table 1: B2 molecular orbital bind-
ing (|B|, in eV) and average kinetic
energies (U , in eV) for DZP basis
set at equilibrium geometry, N is oc-

cupation number. 10 100 1000
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Figure 1: Electron-impact BEB ionization cross
sections of the B2 molecule.
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Level-crossing spectroscopy of atomic rubidium at D2

excitation in the presence of a non zero magnetic field
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The four hyperfine levels of the alkali metal nP3/2 states are split into even more components
in the presence of an external magnetic field according to the nonlinear Zeeman effect. Conse-
quently, when a particular hyperfine component is excited by a laser, absorption and fluorescence
decrease for magnetic fields larger than a few Gauss, an effect known as the excited state Hanle
effect. Nevertheless, peaks in the absorption and fluorescence signals can be registered at certain
nonzero magnetic field values at which magnetic sublevels cross. At linearly polarized excitation,
when the polarization vector and magnetic field direction are mutually perpendicular (Hanle
geometry), such resonances can be observed at ∆m = 2 crossings. When the excitation and
observation geometry differs from the Hanle configuration, resonanse can be observed at ∆m =
1 crossings.
In this study we revisit earlier work on such resonances at D2 (5S1/2 - 5P3/2) excitation of
atomic Rubidium [1], aiming to describe a more accurate experiment with an expanded theoret-
ical description that is based on the optical Bloch equations and has proven to be a reliable tool
for describing zero-field resonances in alkali vapors [2]. The difference of two orthogonal, linearly
or circularly polarized fluorescence components is registered experimentally and described nu-
merically by the theoretical model.
The support from ERAF Project Nr. 2010/0242/2DP/2.1.1.1.0/10/APIA/VIAA/036 is grate-
fully acknowledged.
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Dicke Narrowing and Speed-dependent Effects in
Dispersion Mode of Detection – Theory and Experimental
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Line shapes of molecules in gas phase are often described by the Voigt line shape function,
which results from an assumption that the Doppler and pressure broadening are independent
processes. However, measured spectra often deviate from the Voigt line shape due to two mech-
anisms: Dicke narrowing, which results from velocity-changing collisions and leads to a narrower
Doppler distribution, and speed-dependent effects (SDEs), which originate from the velocity
dependence of the collision cross section.

During the years, both these effects have been extensively investigated, and are found to be
essential to perform accurate assessments of spectroscopic parameters or species concentrations.
However, according to the authors’ knowledge, all the demonstrations and investigations have
been based on absorption spectrometry. Their influences on dispersion line shapes have not
yet been generally known. The dispersion line shape is the basis for techniques relying on
interference between two or several modes of light, e.g., frequency modulation spectroscopy
(FMS), and thereby noise-immune cavity-enhanced optical heterodyne molecular spectroscopy
(NICE-OHMS) and Faraday modulation or rotation spectrometry (FAMOS or FRS).

Expressions for Dicke narrow-
ing [1] and SDEs [2] for the disper-
sion mode of detection are for the
first time proposed and verified by
the NICE-OHMS technique using
an isolated transition of C2H2 at
around 1.55 µm. We also pro-
vide, for the first time, a compar-
ison of the two phenomena in the
absorption and dispersion modes
of detection. It is shown that in
the tens of Torr region the Dicke
narrowing dispersive signal can be
described by the dispersive coun-
terparts to the conventional Gala-
try or Rautian absorption line
shape functions, and that for pres-
sures around and above 100 Torr
SDEs in dispersion can be repre-
sented by the dispersive counter-
part to the speed-dependent Voigt
(SDV) model for absorption spec-
trometry. This opens up for accu-
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Figure 1: Fits of the measured NICE-OHMS signals
based on various line shape functions (Voigt, Galatry,
Rautian, and SDV), and the corresponding residuals. Top

panels: 40 Torr, bottom panels: 160 Torr.

rate concentration assessments also in the pressure range where many techniques show their high-
est sensitivity. Spectroscopic parameters retrieved from the fits for the two modes of detection
are shown to agree.
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Analytical expressions for fast real-time fitting of
modulated dispersion line shapes
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Laser-based spectroscopic techniques are nowadays frequently used for quantitative concen-
tration measurements of various molecules in gas phase. The techniques are usually based on
the ability of an analyte to absorb light, which accurately can be related to its concentration.
By introducing a modulation, the influence of noise on the signals can be largely reduced, which
leads to higher signal-to-noise ratios and consequently lower detection limits. The signals ob-
tained by using a sinusoidal modulation together with phase-sensitive detection at a multiple
of the modulation frequency can be modelled by using a theoretical description of the signals
based on Fourier coefficients (Fc) [1]. This has proven to be a powerful tool for curve fitting
to collisionally broadened absorption signals from techniques such as Wavelength Modulation
Spectrometry (WMS), since it eliminates the need to numerically solve various integrals which
allows for greatly improved computational efficiency.

Recently, however, the use of the dispersion mode of detection has become increasingly
popular. Techniques such as Noise-Immune Cavity-Enhanced Optical Heterodyne Molecular
Spectrometry (NICE-OHMS) and Faraday Modulation Spectrometry (FAMOS) are two examples
of modulated techniques that rely on dispersion. In order to adopt the advantages of the Fc
approach also to dispersion techniques a Fc-based description of modulated dispersion line shapes
has been developed. By realizing that the expressions for the Fc for absorption and dispersion
line shapes originate from a common complex molecular polarizability it was possible to provide
an analytical expression for the Fc of also modulated dispersion line shape functions [2]. This
implies that curve fitting to modulated dispersion techniques, such as FAMOS, can be made as
swiftly as for absorption techniques, which enables fast and efficient real-time fitting.

However, the validity of the existing Fc description
is restricted to the collisionally broadened regime, i.e. to
gases under high pressure. It does not take into account
the Doppler broadening which dominates at low pressure.
This has so far limited the usefulness of the Fc curve fit-
ting procedure when high accuracy is required.

The conventional way to include the Doppler broad-
ening is by convoluting the Lorentzian profile with the
Maxwell-Boltzmann velocity distribution, which yields the
so called Voigt profile which can often be swiftly calcu-
lated by an FFT-algorithm. However, the use of modula-
tion and phase-sensitive detection introduces numerically
demanding integrals involving the Voigt profile that signif-
icantly increase the computational time. To avoid this, an
alternative means to calculate modulated Voigt functions
using a convolution of the Fc of modulated Lorentzian line
shapes and the Maxwell-Boltzmann distribution has been
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Figure 1: A comparison of mod-
ulated Voigt dispersion line shape
calculated by the conventional ap-

proach and the Fc approach.

developed. This provides an accurate representation (see Figure 1) of modulated Voigt line
shapes while reducing computational time by roughly two orders of magnitude as compared to
the conventional integral-based approach [3].
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Elastic scattering of electrons from Lithium and Potassium.
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Electron collision with atoms and ions is one of the fundamental processes in nature and has
attracted interest both experimentally and theoretically for a long time. The study of electron-
atom collisions has served as a testing ground for our theoretical understanding of the important
physical effects contributing to the behaviour of elementary quantum mechanical systems. In
this work, the process of electron scattering from lithium and potassium is studied theoretically
by calculating the differential cross sections for the elastic scattering of electrons from atoms at
both low and intermediate incident energies. Local density approximations to the exchange and
correlation potentials have been used in these calculations, and it is confirmed that Hara exchange
coupled with a Hedin-Lundqvist electron-gas-type correlation potential joined to an adiabatic
polarization potential gives good predictions for differential cross sections [1-4]. A comparison
of the calculated results with other experimental and theoretical data are presented. For atomic
scattering we consider two local-density approximations for the exchange-correlation potentials.
One is obtained by incorporating Hara exchange [5] and Hedin-Lundqvist [6] correlation potential
(HCC). In the second model we use Hara exchange and join the correlation potential of Hedin
and Lundqvist with a polarisation potential (HCP).
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Highly correlated multi-state and multi-reference ab initio

study of the potential energy surface for the N(2D) + CH4

reaction
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The study of the N(2D) + CH4 reaction is very important for various fields such as com-
bustion chemistry, atmospheric chemistry and the atmosphere of other planets. The presence
of nitriles in Titan’s atmosphere, which was demonstrated by the Cassini-Huygens mission, sug-
gests the existence of reactive mechanisms involving nitrogen in its activated forms [1-3]. The
exit channels of the N(2D) + CH4(1A1) reaction are now clearly defined and well characterized
by the work of Kurosaki et al. [4] and by a recent crossed molecular beams (CMB) study of
Balucani et al. [5]. But the mechanisms for this reaction have not been fully explored and
discrepancies remain among theorists and experimentalists.

Multi-reference single and double configuration interaction (MRCI) calculations including
Davidson (+Q) or Pople (+P) corrections have been conducted in present work for the reactants,
products and extrema of the doublet ground state potential energy surface involved in the N(2D)
+ CH4 reaction. Such highly correlated ab initio calculations are then compared with previous
PMP4, CCSD(T), W1 and DFT/B3LYP studies. Large relative differences are observed in
particular for the transition state in the entrance channel resolving the disagreement between
previous ab initio calculations. We confirm the existence of a small but positive potential barrier
in the entrance channel of the title reaction. The correlation is seen to change significantly
the energetic position of the two minima and five saddle points of this system together with
the dissociation channels but not their relative order. In addition, we studied and highlighted
the various reaction mechanisms to characterize and to understand all possible channels of the
CH4+N(2D) potential energy surface. The minimum energy pathway (MEP) were calculated by
the intrinsic reaction coordinate (IRC) theory for four transition states. TST (Transition State
Theory) of thermal rate constant and RRKM (Rice Ramsperger Kassel Marcus) calculations
were performed for comparison with experimental results [5,6]. RRKM calculations have been
carried out for values of the energy corresponding to the surface temperature of Titan (94 K),
to the stratospheric temperature of Titan (175 K), to the room temperature and to the collision
energies used in the CMB experiments [5]. Our results for the rate constants k (T) are very close
to experimental ones.
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Transition rates for states of the 2s22p5 and 2s2p6

configurations in fluorine-like ions between Si VI and
W LXVI
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E1, M1, E2 transition rates from relativistic configuration interaction calculations are re-
ported for the states of the (1s2)2s22p5 and 2s2p6 configurations in all fluorine-like ions between
Si VI and W LXVI. Valence, core-valence, and core-core correlation effects were accounted for
through single-double expansions to increasing sets of active orbitals.

The present transition rates are compared with rates from multiconfiguration Breit-Pauli
calculations by Froese Fischer and Tachiev [1], CIV3 calculations by Blackford and Hibbert [2]
and by MCDF calculations by Jonauskas et al. [3]. Starting with Si VI we see that the rates for
the E1 transitions differ from those by Froese Fischer and Tachiev by 1.7%. The agreement is
even better with the values by Blackford and Hibbert. For values for the M1 and E2 transitions
between the fine-structure levels of the 2s22p5 are almost identical to the ones by Froese Fischer
and Tachiev. Turning to Fe XVIII and the E1 transitions we again have a good agreement with
the values presented by Blackford and Hibbert. The agreement with the MCDF calculation is
less good and the difference reaches 7.5% for the 1/2− 1/2 transition. For the M1 and E2 tran-
sitions there is very good agreement with the values by Jonauskas et al. Overall, the agreement
between different theoretical approaches is very satisfactory.

States Type This work CIV3 MCHFBP MCDF
Upper Lower AB [2] [1] [3]

Si VI
2s2p6 2S1/2 2s22p5 2P o

3/2
E1 1.808e+10 1.797e+10 1.777e+10

2s2p6 2S1/2 2s22p5 2P o
1/2

E1 8.664e+09 8.600e+09 8.517e+09

2s22p5 2P o
1/2

2s22p5 2P o
3/2

M1 2.374e+00 2.376e+00

2s22p5 2P o
1/2

2s22p5 2P o
3/2

E2 1.536e−05 1.541e−05

Fe XVIII
2s2p6 2S1/2 2s22p5 2P o

3/2
E1 7.784e+10 7.740e+10 8.313e+10

2s2p6 2S1/2 2s22p5 2P o
1/2

E1 2.824e+10 2.744e+10 3.035e+10

2s22p5 2P o
1/2

2s22p5 2P o
3/2

M1 1.933e+04 1.905e+04

2s22p5 2P o
1/2

2s22p5 2P o
3/2

E2 1.939e+00 1.941e+00

Table 1: Comparison of transition rates in s−1
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Transport properties of Li(2s) and Li(2p) diffusing in groud
sodium
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In the present work, using the Chapman-Enskog method for dilute gases [1], we have cal-
culated the diffusion coefficients D of ground Li(2s) and excited Li(2p) lithium atoms in a very
weakly ionized buffer gas of ground sodium atoms in function of temperature T . The calculations
are carried out quantum mechanically. The study begins by the construction of the potential-
energy curves of the two possible molecular symmetries, namely, X1Σ+ and a1Σ+, through
which a Li(2s) approaches Na(3s), and the singlet states A and B and the triplet states b and
c through which Li(2p) interact with Na(3s). The data points upon which the construction is
made are smoothly connected to the long- and short-range forms. They are supposed to behave
analytically like 1/Rn and α exp(−βR), respectively. The spectroscopic data, Re and De, are
in accordance with what is available in literature [2 − 4]. The second virial coefficients with
quantum corrections are also calculated for several temperatures. Besides, we have investigated
the variation law with temperature T of the diffusion coefficients D. We have found that, for
temperatures ranging from 200K to 3000K, the results of D can be reproduced by simple formulas
of the form AT b exp (−c/T ) . Generally, the results of the transport properties with temperature
show an excellent agreement with the available data.
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Towards a quantum gas of polar YbCs molecules
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The formation and study of ultracold polar molecules leads to many fascinating areas of study,
including quantum computation and the behaviour of degenerate quantum gases of molecules.
This experiment aims to produce ground state YbCs molecules, using techniques such as magneto-
association across Feshbach resonances [1] and Stimulated Raman Adiabatic Passage (STIRAP)
[2]. The extra valence electron in ytterbium means that YbCs will have both electric and mag-
netic dipole moments in the ground state, unlike bi-alkali molecules which have just an electric
dipole moment. This additional degree of freedom in experiments makes it possible to explore
interesting phenomena such as spin dependent interactions in lattices [3,4]. We present progress
towards the development of the two-species apparatus, as well as some theoretical background
to the project.
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A Centrifuge Molecular Decelerator for Polar Molecules
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We present a novel and a versatile technique for deceleration of continuous beams of neutral
polar molecules, which employs the centrifugal potential in a rotating frame. The idea is to
inject and electrically guide [1] a beam of polar molecules from the periphery to the center of
a rotating disk along a spiral trajectory. Thus the molecules climb up the centrifugal potential
hill and get decelerated as they propagate. Since the rotational speed is tunable, the centrifuge
decelerator is well-suited for a large range of input velocities. Moreover, in combination with our
cryogenic source [2,3], internally cold molecules will be decelerated. For our design simulations
show that output beams of ammonia molecules with velocities below 20 m/s and with fluxes of
109 molecules/s are feasible. The outcoming quasi-continuous slow and dense molecular beams
provide an ideal source of cold and slow molecules for various experiments and applications, in
particular, for trapping and subsequent opto-electrical cooling [4].
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Complete ionisation of the neutral gas: why there are so
few detections of 21-cm hydrogen in high redshift radio

galaxies and quasars
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Cool neutral gas provides the raw material for all of the star formation in the Universe, and
yet, from a survey for this in the hosts of high redshift radio galaxies and quasars, we find a
complete dearth of atomic gas, as traced through the hydrogen 21c-m spin-flip transition [1]. This
runs contrary to the expectation that at these redshifts (look-back times & 11.5 Gyr) much of the
gas has yet to be consumed by star formation, meaning that we would expect its abundance to
be many times higher than in the present day Universe. Upon a thorough analysis of the optical
photometry, however, we find that all of our targets have ionising (i.e. at λ ≤ 912 Å) ultra-
violet continuum luminosities of L1216 & 1023 W Hz−1. We therefore attribute the deficit to
the traditional optical selection of targets biasing surveys towards the most ultra-violet luminous
objects in the Universe, where the intense radiation excites neutral gas to the point where it
cannot engage in star formation [2]. However, this hypothesis does not explain why there is a
critical luminosity, rather than a continuum where the detections gradually become fewer and
fewer as the harshness of the radiation increases.

We show that by placing a quasar within a galaxy of gas there is always an ultra-violet
luminosity above which all of the gas in the galaxy is excited, thus explaining the critical value
above which neutral gas cannot be detected in absorption. We also show that the observed
critical UV luminosity of L1216 ∼ 1023 W Hz−1 is just sufficient to ionise/excite all of the gas in
a large spiral galaxy, such as our own. This demonstrates that these galaxies are truly devoid of
star-forming material rather than this being at abundances below the sensitivity limits of current
radio telescopes.
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Formation of Feshbach resonance in laser radiation field in
case of two interconnected resonance phases.
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We consider collision of atoms with formation of the Feshbach resonance in the field of the
laser radiation, which couples two molecular levels with the interaction Ω and the molecular
level of the ground state with continuum with the interaction ΩE (see figure). In this case
two scattering channels are seen, and week coupling between those channels may lead to strong
mixing between them. On the other hand the one-photon transition from the upper level to other
continuum (inelastic channel) takes place, where the molecule decays under the action of laser
radiation with the interaction Ω′

E into two excited atoms, which fly away to infinity. We obtained
cross-sections for elastic and inelastic resonance scattering, and showed that they are determined
by two coupled (interconnected) phases of resonance scattering, which pass in respective limits
to the corresponding expressions reported in [1, 2]. Their dependence on intensity of the laser
radiation is studied, and plots of these cross-sections versus the center-of-mass energy of colliding
particles are given and analyzed. An expression for the scattering length in collision of two cold
atoms in the laser radiation field is obtained.

Figure 1: Diagram of formation of Feshbach
resonance in the field of laser radiation.
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Inelastic quantum diffraction of slowed atoms near a surface
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Van der Waals-Zeeman transitions are inelastic atom-surface processes caused by the quadrupo-
lar part of the van der Waals potential [cf. Eq. (1)] among magnetic sub-levels of metastable rare
gas atoms Ne*, Ar* and Kr* (3P2) [2] in the presence of a magnetic field.

VvdW = − 1
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ǫ − 1
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D2
z −
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3

)]
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We investigate theoretically and experimentally thoses processes using a Zeeman slower pro-
viding metastable argon atoms with various velocities ranging from 170 to 560 m/s. This leads
to measure with an accuracy of 20% the range of the interaction (3-12nm) [3-4], as well as the
effect of atom polarisation on the sharing out of the M states.

Figure 1: Inelastic spectrum obtained using the position-sensitive detector, for
non-polarised (3P2) metastable atoms at thermal velocity, i.e. v = 560 m/s for
Ar*. Dashed curve is the theoretical inelastic peaks calculated via coupled-equation

resolution.
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Characterization and dynamics of rubidium magneto-optical
trap induced by pushing beam
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Since its first experimental realization by Raab et al. [1] in 1987, magneto-optical trap
(MOT) has became the most reliable source of cold atoms. The properties of the trap can be
modeled by Doppler and sub-Doppler cooling mechanisms. By applying an external force onto
the atom cloud, we can observe the trap dynamics and conclude about the cooling processes and
the trap parameters [2].

We have worked on 87Rb MOT in standard six beams configuration. We have character-
ized the main parameters of our trap and have investigated how the number of trapped atoms
changes with the trapping beam intensity, detuning and magnetic field gradient of the trap. We
are studying time-dependent center of mass oscillation of rubidium cold cloud induced by on-
resonance pushing beam. This chopped pushing beam presents an external force which acts on
atoms translating the atom cloud along one horizontal direction. Induced trap oscillations are
monitored through changes in the probe beam absorption. By fitting the free oscillation signals
the values of damping coefficient and the spring constant can be determined and subsequently
the temperature of the cloud. Further investigations are based on parametric resonance of the
rubidium MOT.

References
[1] E. L. Raab, M. Pretniss, A. Cable, S. Chu and D. E. Pritchard, Phys. Rev. Lett. 59, 2631
(1987)
[2] X. Xu, T. H. Loftus, J. L. Hall, A. Gallagher and J. Ye, Phys. Rev. A 65, 041401 (2002)

115

mailto:gordanak@ifs.hr


P
O

PO–041 Poster: Tuesday, 15:30 Mansouri

1b2 study in (e,3e) oriented water molecule
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An isolated water molecule fixed in space is studied in the double ionization by 250 eV
electron impact. Calculations are made within a theoretical approach based on the first and the
second Born approximation. Electron angular distributions from the 1b2 state have been studied
for particular kinematical conditions where the ts2 mechanism is isolated and studied.

To describe the initial state of the molecule we use a single-center molecular wave function[1].
The final state wave function describing the two ejected electrons is the approximate BBK

wave function[2].
Whereas Champion et al. have found that the 6DCS were null when considering the

1b2molecular state [3] - what means that the SO and the TS1 mechanisms give no contribu-
tion for this particular target orientation - we here observe non negligible 6DCS (see Figure 1),
what reveals - for the first time - a “pure” contribution of the TS2 mechanism.
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Figure 1: 6fold differential cross sections for the double ionization the
second Born approximation of the water molecule (1b2), oriented in the
direction for and as a function of the ejected angles and relative to the

incident electron. The ejected energies are eV .
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Fourier transform spectroscopy, direct potential fit, and
radiative properties calculation on the shelf-like E(4)1Σ+
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We present results of high-resolution experimental study, direct potential fit and radiative
properties calculation on the RbCs E(4)1Σ+ state converging to Rb(52S) + Cs(52D) atomic
limit; such shelf-like states [1,2] are of particular interest for searching optical paths suitable for
STIRAP producing of stable ultracold polar molecules. The collisionally enhanced laser induced
fluorescence (LIF) spectra corresponding to both spin-allowed E(4)1Σ+ → X(1)1Σ+ and spin-
forbidden E(4)1Σ+ → a(1)3Σ+ transitions of RbCs were recorded in visible region by Fourier
Transform Spectrometer (Bruker IFS 125HR) with the instrumental resolution of 0.03 cm−1.
Overall about 2300 rovibronic term values of the E(4)1Σ+ state of 85,87RbCs isotopologues were
determined in the energy range [16750, 18170] cm−1 above the minimum of the ground X-state.
Experimental data field is limited by vibrational levels v′ ∈ [3, 88] with rotational quantum
numbers J ′ ∈ [2, 276]. The closed analytical form for potential energy curve (PEC) based on
Chebyshev polynomial expansion was implemented to a direct potential fit of the experimental
term values of the most abundant 85RbCs isotopologue. The mass-invariant properties of the em-
pirical PEC were tested by the prediction of rovibronic term values of the 87RbCs isotopologue.
The absorbtion and emission Einstein coefficients were predicted in a wide range of vibrational
v and rotational J quantum numbers for both singlet-singlet E − X and singlet-triplet E − a
rovibronic transitions along with radiative lifetimes of the upper E-state and branching ratios
of spontaneous emission into the low lying electronic states, including both bound-bound and
bound-continuum parts of the spectra. The required spin-allowed E1Σ+ − X;A;C1Σ+;B1Π
transition dipole moments were obtained in the framework of quasi-relativistic electronic struc-
ture calculations. The regular spin-orbit coupling effect with the nearest 3Π states is found to be
sufficient to induce the spin-forbidden E1Σ+ − a; c3Σ+; b3Π transitions by borrowing probabili-
ties of the relevant 3Π−3 Λ transitions. Reliability of the derived empirical E-state PEC and ab
initio E −X; a transition dipole moments is additionally confirmed by good agreement between
the calculated and experimental relative intensity distributions in the long E(v′) → X(v′′) and
E(v′)→ a(v′′) LIF progressions.

The Moscow team is grateful to the Russian Foundation for Basic Researches for support by
the grant 10-03-00195-a. The support from the Latvian Science Council grant 09.1567 is greatly
acknowledged by Riga team.
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Collisional quenching of Rydberg atomic states by the
ground-state alkaline-earth atoms
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The processes of quenching of Rydberg nl-states of atoms in slow collisions with alkaline-
earth atoms with small electron affinities have been studied. Particular attention is paid to
the analysis of the effects associated with the long-range part of interaction. We consider two
possible mechanisms of quenching. According to the first mechanism [1], the depopulation of
Rydberg states occurs through the formation of temporary weakly-bound negative ion and its
subsequent decay in the field of positive ion. The second mechanism corresponds to the scattering
of a quasifree electron of Rydberg atom on the perturbing particle. For the former mechanism
the calculations were done using the Landau-Zener approach combined with the decay model.
The important feature of the present calculations consists in the exact evaluation of the ionic-
covalent coupling. This allows us to describe correctly the effects of the long-range electron–
perturber interaction that are essential for the reactions involving highly polarizable targets.
The quenching cross sections associated with the mechanism of quasifree electron scattering on
a perturbing atom were determined on the basis of the theory of inelastic transitions between
the highly excited states [2,3] using the momentum space electron wave function and ab initio
data on the phase-shifts of electron–alkaline-earth atom scattering.

We have performed the calculations of the quenching cross sections in thermal collisions
of various higly-excited atoms with ground-state Ba, Sr and Ca atoms. The contributions of
the two mechanisms into the total quenching cross section have been evaluated in a wide range
of principal quantum number for different values of relative collision velocity. The results for
collisions of Rydberg neon atoms with Sr are plotted in Fig. 1.
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Figure 1: Quenching process cross sections for collision system Ne(nd) + Sr. Solid lines,
resonant mechanism; dashed lines, mechanism of quasifree electron-perturber scattering.
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Controlling large molecules at kHz repetition rates
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Our motivating goal is to study ultrafast chemical dynamics of large and complex molecules
directly in the molecular frame. It is accessed by using a combination of AC and DC electric
fields to strongly align and orient the molecules to a fixed laboratory frame [1]. In addition, the
selection of internal quantum states, comformers, or isomers of polar molecules is available using
inhomogeneous electric fields [2, 3]. Such experiments have, so far, typically been carried out
at relatively low repetition rates, limited primarily by the pulsing rate of high power Nd:YAG
lasers, and by the difficulties involved in producing cold supersonic beams of complex molecules
at such high rates [4, 5], resulting in long measurement times.

Our benchmark experiments will be presented in which we image the molecular frame at
1 kHz. We begin with a supersonic, cold beam of prototypical iodobenzene (C6H5I) molecules
from an Even-Lavie valve [4]. These molecules are quantum-state selected and, subsequently,
adiabatically laser aligned using a strongly chirped broadband pulse from a high power Ti:Sa laser
and mixed-field oriented with an additional weak DC electric field. The resulting strongly aligned
and oriented molecular samples are characterised by strong-field ionization using femtosecond
laser pulses and velocity-map imaging of the product ions to derive the angular distribution of
the molecules in the lab frame.

Such a system, showing large degrees of alignment even at the highest repetition rates, is
highly advantageous for investigating weakly interacting molecular processes that require good
statistics to avoid the signal being lost in the noise. Our immediate future prospects include
investigating of molecular-frame photoelectron angular distributions [6, 7] to reveal the dynamics
of molecular orbitals as the molecule undergoes conformational isomerization.
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Figure 1: Mixed field orientation at 1 kHz with angles of ±45◦ between the DC electric
field and the linearly polarised picosecond laser pulse.
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The revised deperturbation analysis of the A ∼ b complex of
the Cs2 dimmer based on Fourier transform measurements
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We accomplished the systematic high resolution Fourier transform measurements of the rovi-
bronic term values of cesium dimer belonging to the spin-orbit coupled singlet A1Σ+

u and triplet
b3Πu states. To perform unambiguous vibrational assignment of fully mixed states of the A ∼ b
complex the particular attention was paid to probe low-lying levels located in the vicinity of a
minimum of the singlet A-state. The Cs2 molecules were formed in a heatpipe oven contain-
ing admixture of Rb and Cs atoms at 550 K as well as in glass-cell containing only Cs metal
and buffer Ar gas. The collisionally enhanced laser induced A1Σ+

u ∼ b3Πu → X1Σ+
g fluores-

cence (LIF) spectra were excited by tunable diode lasers and recorded by Fourier transform
spectrometer (Bruker IFS 125HR operating with InGaAs detector) with the instrumental res-
olution of 0.03-0.05 cm−1. More than 1900 rovibronic term values of the Cs2 A ∼ b complex
were obtained in the energy range [9630, 12650] cm−1 above the minimum of the ground state.
The relative intensity distribution measured for the lowest vibrational levels of the singlet state
A(v′) ∼ b → X(v′′) confirms the breakdown of the 1D oscillation theorem for strongly coupled
diatomic states [1].

The present experimental data were then involved (simultaneously with the preceding ex-
perimental data available from the several sources [2]) in the rigorous 4 × 4 coupled-channel
deperturbation treatment based on Hund’s coupling case (a) basis set. Besides of the dominat-
ing spin-orbit coupling (SOC) effect between the crossing A and b states the elaborated model
also takes into account the weak regular perturbations by the remote electronic states. The
robust nonlinear weighting fitting procedure [3] was used to diminish the influence of incorrectly
assigned terms as well.

The resulting empirical diabatic potential energy curves and relevant SOC functions repro-
duce about 94% of the overall experimental term values with a standard deviation of 0.007 cm−1

which becomes close to the uncertainty of the experiment. The achieved accuracy of depertur-
bation parameters is sufficient to provide reliable predictions for optical pathways leading to the
efficient formation of ultracold molecules.

The Moscow team is grateful to the Russian Foundation for Basic Researches for support by
the grant 10-03-00195-a. The support from the Latvian Science Council grant 09.1567 is greatly
acknowledged by Riga team.
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Vibrational quantum defect coupled to improved
LeRoy-Bernstein formula for a precise analysis of

photoassociation spectroscopy
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Laser photoassociation (PA) of cold atoms creates excited, weakly-bound molecules, which
are key intermediates in the most of schemes that allow the formation of cold molecules in the
ground state.

For that reason the spectroscopy of these weakly bound molecules is one of the tools to know,
not only the energy position of the levels but also if it exists their mixings with neighboring levels.
Indeed, the mixings determine the wavefunction shapes, especially at short internuclear distance,
and thus the Franck-Condon factors required for molecule formation.

We show that, for an accurate analysis of the PA spectroscopy data, the LeRoy-Bernstein
formula has to be improved [1]. Furthermore we show that the use of vibrational quantum defects
and of Lu-Fano graphs provide efficient tools to determine and measure the couplings [2–4].
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On the energy difference between 1s22s22p 2P o and
1s22s2p2 4P terms in Boron
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In this work we present calculations of the energy separation between 1s22s22p 2P o and
1s22s2p2 4P terms using the multiconfiguration Hartree-Fock (MCHF) [1] and the Partitioned
Correlation Function Interaction (PCFI) [2] methods. Calculations are made in two different
ways: simultaneous and separate optimizations of the two terms. In both approaches, the config-
uration expansions are obtained by single and double (SD) excitations to orbital active sets with
principal quantum numbers n = 4 . . . 10 and angular symmetries s, p, d, f, g, h from all shells of
the multi-reference (MR) set.

In the PCFI approach, independent sets of correlation orbitals, embedded in the parti-
tioned correlation function (PCFs), are produced from separate MCHF calculations. These
non-orthogonal functions span configuration state function spaces that are coupled to each
other by solving the associated generalised eigenproblem. The Hamiltonian and overlap matrix
elements are evaluated using the biorthonormal orbital transformations and efficient counter-
transformations of the configuration interaction eigenvectors. Two sets of results are compared
in the Table 1, with the estimations of Edlén et al. [3] and Kramida and Ryabtsev [4]. As seen in
the table the energy convergence is definitely faster using the PCFI method than with the usual
MR-SD-MCHF approach.

MR-SD-MCHF MR-PCFI
n simult. opt. separ. opt. simult. opt. separ. opt.
4 28449.26 28296.53 28538.16 28457.67
5 28471.05 28394.99 28773.89 28765.42
6 28688.74 28643.74 28846.86 28847.01
7 28779.43 28761.27 28867.18 28866.65
8 28822.39 28818.40 28875.94 28875.63
9 28849.68 28845.24 28879.69
10 28862.23 28859.74

Edlén et al. [3] 28866 ± 15
KR [4] 28644.27

Table 1: Energy separation between 2P o and 4P terms in cm−1.
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Buffer gas cooling of YbF molecules
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Using a cryogenic buffer gas source, with both continuous and pulsed helium flow, we have
produced cold, slow beams of YbF molecules. The flux exceeds 1010 ground state molecules
per shot per steradian. The translational and rotational temperatures are 4 K and the center
of mass velocity can be tuned from 130m/s to 320m/s by exploiting different flow regimes. We
use absorption imaging of atoms and molecules inside the buffer gas cell to learn about the flow
dynamics and its impact on the extraction efficiency [1]. This new cold and intense beam of
YbF molecules will be used to increase the sensitivity of the next measurement of the electron’s
electric dipole moment [2]. Another route that we are currently pursuing is buffer gas cooling of
molecules and atoms directly in a permanent magnetic trap. For this purpose we have designed
a quadrupole trap using NdFeB magnets, which give a trap depth of 0.5 K for YbF molecules.
Inside this trap the molecules are created via laser ablation and are cooled with helium gas that
is pulsed into the trapping region through a solenoid valve. The cold tail of the Boltzmann
distribution is then trapped in the magnetic field minimum at the center of the trap. We will
present our recent results on the beam and the magnetic trap.
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Theoretical determination of the potassium far-wing
photo-absorption spectra
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This theoretical work reports full quantum-mechanical analysis of the potassium far-wing
photo-absorption spectra. The accuracy of adopted K2 potential-energy curves and transition
dipole moments is established by computing the vibration-rotation levels and the radiative life-
times of the excited molecular states. The pressure-broadening calculations revealed that the
photo-absorption spectra have, in the temperature range 850− 2000K, a satellite structure char-
acterized by the presence of three peaks around 718.7nm in the blue wings and 1048.1 and
1100.8nm in the red wings. This theoretical work could in particular point out the occurrence
in the blue wing of satellite originating from the bound-free B←X transition near 731.5nm. All
these results agree quite well with the experimentally measured values [1, 2]. The temperature
effect on the satellite and its amplitude has also been investigated and the results are compared
with recent experimental data [1].
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Cryogenic Paul trap for experiments on cold HCIs
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Highly charged ions (HCIs) are of particular interest for metrology and fundamental physics.
For example, the highest sensitivity for a changing fine structure constant ever predicted for an
atomic system is found in Ir17+ [1]. Optical clocks based on HCIs are impervious to detrimental
field shifts such as the blackbody Stark effect. Such high-accuracy studies laser spectroscopy of
HCIs [2] are possible only when HCIs are cooled down from the MK temperatures present in an
electron beam ion trap -where the HCIs are created and studied- to the mK range. These low
temperatures can be obtained by means of sympathetic cooling in a linear Paul trap. Storage
and cooling of HCIs requires ultra-high vacuum levels obtainable by cryogenic methods. We
have developed a linear Paul trap operating at 4 K with external ion injection capabilities [3] and
optical access ports for the laser light. Exposure to black body radiation (BBR) is minimized in
our design. Measurements with molecular ions (MgH+) were performed in Aarhus which exploit
in particular this low exposure to BBR [4]. An all-solid state laser system at 313 nm has been set
up for the Doppler laser cooling of Be+ ions that will serve as sympathetic coolants of HCIs [3].
A laser system with two SHG stages to provide laser light at 235 nm wavelength is being set up
for the loading of Be+ ions by means of photo-ionization. Ion optical elements for ion extraction
from the Heidelberg Hyper-EBIT into CryPTEx are currently being constructed.

Figure 1: A set-up for Cryogenic Paul Trap Experiments.
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Bose-Einstein condensation of 85Rb by direct evaporation in
an optical dipole trap
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We report a simple method for the creation of Bose-Einstein condensates of 85Rb by direct
evaporation in a crossed optical dipole trap [1]. The independent control of the trap frequencies
and magnetic bias field afforded by the trapping scheme permits full control of the trapped atomic
sample, enabling the collision parameters to be easily manipulated to achieve efficient evaporation
in the vicinity of the 155 G Feshbach resonance. We produce nearly pure condensates of up to
4× 104 atoms and demonstrate the tunable nature of the atomic interactions.

We describe a plan to transfer the condensate into an optical waveguide in order to produce
bright matter wave solitons [2-4]. These self-stabilizing wave packets are well localized due to
attractive atom-atom interactions and hence show great potential as surface probes for the study
of short-range atom-surface interactions [5]. Our apparatus includes a super-polished Dove prism
for use in such experiments. There is also much scope for the study of binary soliton collisions
and the scattering of solitons from barriers. We present these schemes utilizing bright matter
wave solitons with the aim of studying atom interferometry.
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Figure 1: (a) Experimental setup showing the arrangement of coils around the UHV cell
and the beam geometry used to create the crossed dipole trap. (b) Evaporation trajectory
to reach BEC. RF evaporation occurs in a magnetic quadrupole trap before the atoms are

loaded into an optical dipole trap for evaporation to degeneracy.
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Energy structure and transition rates in the Ne-like
sequence from relativistic CI calculations
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Atomic data are important in astrophysical applications and transition rates can be used in
the determination of element abundances and plasma diagnostics [1,2]. To provide for the exten-
sive data needs a number of general computer codes such as SUPERSTRUCTURE, CIV3, and
ATSP2K have been developed. As an alternative to these codes, which all rely on the Breit-Pauli
approximation, the fully relativistic GRASP2K code [3,4] can be used. GRASP2K is based on
the multiconfiguration Dirac-Hartree-Fock method and implements a bi-orthogonal transforma-
tion method that permits initial and final states in a transition array to be optimized separately,
which, in many cases, leads to more accurate values of the resulting rates [5]. The GRASP2K
package also contains modules to compute diagonal and off-diagonal hyperfine interaction con-
stants, isotope shifts, Landé gJ factors, and splittings of magnetic sub-state in intermediate and
strong magnetic fields. In this work, GRASP2K has been applied to provide highly accurate
spectroscopic data for ions in the Ne-like sequence between Mg III and Kr XXVII [6]. Valence,
core-valence, and core-core correlation effects were accounted for through SD-MR expansions to
increasing sets of active orbitals. In Mg III, Al IV, Si V, P VI, S VII, and Ar IX, for which
experimental energies are known to high accuracy, the mean error in the calculated energies is
only 0.011%. For ions with no available experimental energy levels the calculated values should
be most valuable in various applications. The high accuracy of the calculated energies makes it
possible, in some cases, to to point out experimental values that are in error. Babushkin (length)
and Coulomb (velocity) forms of transition rates are computed and agree to within a few percent
for the majority of the allowed transitions. Computed lifetimes for states belonging to the 2p33s
and 2p53d configurations are in good agreement with values from beam-foil measurements as
well as from accurate MCHF Breit-Pauli calculations.
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The results of a very large study of around 300 quasar absorption systems using data from
both the Keck telescope and the Very Large Telescope provide hints that there is a spatial
gradient in the variation of the fine structure constant, α = e2/~c [1, 2]. In one direction on
the sky α appears to have been smaller in the past, while in the other direction it appears to
have been larger. The data from both telescopes give the same direction and magnitude for the
α-gradient. A remarkable result such as this must be independently confirmed by complementary
searches.

We discuss how terrestrial measurements of time-variation of the fundamental constants in
the laboratory, meteorite data, and analysis of the Oklo nuclear reactor can be used to corroborate
the spatial variation observed by astronomers [3]. In particular we can expect the yearly variation
of α in laboratory measurements to be

α̇/α = 1.35× 10−18 cosψ yr−1

where ψ is the angle between the motion of the Sun and the dipole, approximately cosψ ∼ 0.07
according to the best-fit quasar data. This signal will be modulated by the annual motion of
the Earth around the Sun. The required accuracy is two orders of magnitude below current
atomic clock limits, but there are several proposals that could enable experiments to reach it.
These include nuclear clocks and transitions in highly-charged ions that would have the highest
sensitivity to variation of the fine-structure constant ever seen in atomic systems.
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The low-energy (7.6 eV) transition in Th-229 could provide a reference for an optical clock
of extremely high accuracy [1−3]. Nuclear clocks would be very sensitive probes of any potential
changes to the values of fundamental constants of nature [4, 5]. The 76 eV isomeric transition
of U-235 has some potential advantages over the Th-229 transition, not least that its properties
(energy, line width) are well known. With recent advances in high-UV frequency combs using
high-harmonic generation [6] the transition may come within laser range in the foreseeable fu-
ture. We present results of nuclear and atomic calculations that show a U-235 nuclear clock
would have comparable accuracy to the Th-229 clock, and an absolute sensitivity to variation of
fundamental constants that is larger than any other proposed laboratory reference standard.
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The reduction of group velocity is a process related to electromagnetically induced trans-
parency (EIT), when considering propogation effects of pulses [1]. In atomic vapor this process
typically is described using dispersion profiles for simplified three-level atomic system.

In this research theoretical model for group velocity reduction in atomic vapor, based on
optical Bloch equations, is developed. We use high intensity pump field, which interacts with
the system creating coherences between ground- and excited-state Zeeman sublevels.

Simultaneously to that interaction with weak probe field is considered to be present. Assum-
ing that the probe field does not change the density matrices, we obtain it’s susceptibility and
absorbtion as a function of frequency in the atomic medium polarized by the pump field. The
suceptibility and absorption are then used to calculate group velocity.
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Development of perturbed relativistic coupled-cluster
theory for the calculation of dipole polarizability of

closed-shell systems
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The coupled-cluster theory is one of the most reliable quantum many-body theory [1–3]. It
has been used with great success in atomic, nuclear, molecular and condensed matter physics
calculations[4–8]. In the present work, we have developed perturbed relativistic coupled-cluster
(PRCC) theory to incorporate the effect of external electric field as a perturbation in the atomic
many-body calculations. For this, the coupled-cluster equations for singles and doubles cluster
operators are derived and the contributing diagrams are examined. These diagrams are further
evaluated using the angular momentum algebra[9]. The PRCC operators, obtained by solving the
coupled non-linear coupled-cluster equations, are then used for the dipole polarizability calcula-
tion of closed-shell systems. In this poster, we will present results of electric dipole polarizability
for noble gas atoms Ne, Ar, Kr and Xe, using the PRCC theory.

References
[1] F. Coester, Nucl. Phys. 7, 421 (1958).
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We have performed relativistic many-body perturbation theory (RMBPT) calculations up to
second order to study the transition amplitudes, Einstein A coefficients, and oscillator strengths
for the spin-allowed electric-dipole transitions in the Be-like [1–4] and the Zn-like [5] ions. The
calculations start with a V N−2 Dirac-Fock potential and include correlation corrections sys-
tematically. Multiconfiguration reference states are employed to account for the valence-valence
correlations within the valence shell and perturbation theory is applied to systematically improve
upon the wave functions. The transition amplitudes obtained in different gauges are in excellent
agreement. The transition amplitudes from the RMBPT calculations agree well with experiment
for all ions except for the neutral Be and Zn atoms.
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Semiempirical procedure of parametrization of the oscillator
strengths for electric dipole transitions
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In this work, semiempirical procedure of parametrization of the oscillator strengths for elec-
tric dipole transitions, in the case of Ti II, is presented.

In order to parametrize the oscillator strength, the matrix of angular coefficients of the
possible transitions in multiconfiguration system were calculated. In the same configuration
system, the fine structure eigenvectors for both parities were obtained, using our semiempirical
method, which taken into account also the second order effects, resulting from the excitations
from electronic closed shells to open shells and from open shells to empty shell, described in [1].

The correctness of the fine structure wave functions was verified by the comparison of calcu-
lated and experimental hyperfine structure constants A, B, available in the literature [2,3].

The least square fit to experimental values for some transitions, published in the NIST
Atomic Spectra Database [4], allow to obtain the values of radial parameters and parametrize
the oscillator strengths.

This work was supported by The National Centre for Science under the project N N519 650740
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Study of the spin-orbit coupled A1Σ+
u ∼ b 3Πu states of the

Rb2 dimer: laser spectroscopy and refined coupled-channel
treatment
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Two excitation schemes, A1Σ+
u ∼ b 3Πu ← X1Σ+

g and (2) 1Πg ← A1Σ+
u ∼ b 3Πu ← X1Σ+

g ,
were used to extend the set of rovibrational energies of the A ∼ b complex used in [1], particularly
to probe energy levels lying 13000 - 16500 cm−1 above the minimum of the electronic ground
state. These data are required to give an accurate picture of the complex of spin-orbit coupled
states, A ∼ b, sharing the same dissociation limit, Rb(5s) + Rb(5p), which should be able to
provide predictions for optical mechanism leading to the formation of ultracold molecules.

Rubidium dimers were formed in a heatpipe oven around 500 K and excited with single-mode
emission from (a) Ti:sapphire laser(s) operating between 10600 and 11600 cm−1. Double reso-
nance excitation was detected as enhanced fluorescence at wavelengths > 1.1 micron. Promising
signals were then recorded between 6000 and 10000 cm−1 on an FT spectrometer (InGaAs de-
tector) at resolution of 0.04 - 0.08 cm−1, using optical filters to eliminate laser scatter, and to
attenuate strong A→ X emission.

We also included a few hundred energies of low vibrational levels obtained as Rb2 impurity
signals in spectra recorded (at University of Latvia) to investigate RbCs. A ∼ b→ X fluorescence
was excited by tunable diode laser, λ = 980 nm, and recorded on an FT spectrometer Bruker
IFS 125HR. The instrumental resolution was set at 0.03 cm−1.

Term energy data for the 85Rb2 and 85Rb87Rb isotopologues were then treated simultane-
ously in the framework of coupled-channel deperturbation model by means of the 4 × 4 Hamil-
tonian constructed in Hund’s coupling case (a) basis functions, taking into account spin-orbit
interaction between the A1Σ+

u and b3Πu(Ω=0,1,2) states. The initial potential energy curves
(PECs) and spin-orbit coupling (SOC) functions were extracted from quasi-relativistic ab initio
calculations using small (9-electrons) effective core pseudo-potential of Rb atom.

63 fitting parameters corresponding to the analytically represented diabatic PECs and SOC
functions were required to reproduce 4500 term values (representing 98% of all available data,
covering 93% of the A1Σ+

u potential energy well) of the A ∼ b complex in 85Rb2 and 85Rb87Rb
with a standard deviation of 0.005 cm−1 which is consistent with the uncertainty of the exper-
iment of 0.008 cm−1. The term values predicted by our model for rovibronic energies of the
87Rb2 isotopologue confirmed reliability of derived mass-invariant parameters.

The Moscow team is grateful to the Russian Foundation for Basic Researches for support
by the Grant 10-03-00195-a. The support from the Latvian Science Council Grant N 09.1567 is
greatly acknowledged by Riga’s team.
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Spectral properties of In II, Sn III, Sb IV, and Te V in the
Cd-sequence from large scale MCDHF and RCI calculations
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We report on extensive relativistic multiconfiguration Dirac-Hartree-Fock and relativistic
configuration interaction spectrum calculations for In II, Sn III, Sb IV, and Te V in the Cd-
sequence [1]. For each ion, energies, LS-composition, and Landé gJ-factors for up to 60 odd
and even parity states are computed along with lifetimes and E1 and M1 rates for transitions
between these states. Results for the 5s2 1S0 → 5s5p 3P o

0 hyperfine induced transition are also
presented. Valence and core-valence electron correlation effects are accounted for by explicit
configuration interaction. The calculated energies are based on expansions with several hundred
thousand configuration state functions (CSFs), and agree well with recent experiment [2,3], but
the labeling of some of the odd states are ambiguous due to close degeneracies between several
configurations. Calculated lifetimes of the excited states are in good agreement with values from
cascade corrected beam-foil measurements.
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Niobium, with atomic number 41, has one stable isotope 93Nb which is characterized by a
broad hyperfine structure caused by the nuclear spin I = 9/2 and by the large nuclear magnetic
dipole moment µI = 6.1705 (3)µN [1]. The comparatively small value of the nuclear electric
quadrupole moment Q = −0.36 (7) b [1] leads only to very weak deviations of the hyperfine
splitting from the interval rule, which is mostly not observable in FT spectra.

The niobium spectrum was produced with a hollow cathode discharge lamp, which was cooled
with liquid nitrogen. The discharge ran in an argon atmosphere at a pressure of around 1.7 mbar
and with a discharge current of about 110 mA. The spectrum was recorded in the wavelength
range from 330 nm to 1 000 nm using high-resolution Bruker IFS 125HR Fourier transform
(FT) spectrometer in the Laser Centre of the University of Latvia.

In previous studies [2, 3], we analysed the hyperfine structure of 275 lines of Niobium and
determined from these spectra new magnetic dipole hyperfine structure constants A for 67 energy
levels.

In this work, the remaining unclassified lines in the Fourier transform spectra are investigated.
Several lines of Nb I and Nb II, which were unclassified in reference [4], could be classified using
the classification programme [5]. All lines were fitted with a Voigt profile using the programme
Fitter [6]. As a result new magnetic dipole hyperfine structure constants A of Nb I could be
determined.

References
[1] C. M. Lederer, V. S. Shirley, Tables of Isotopes,7th edn. Wiley, New York (1978).
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I present a review of recent results on a search for space-time variation of the fundamental
constants. There are new results for the variation of the fine structure constantalpha, based on
the quasar absorption spectra data. These results indicatethe variation of alpha in space [1]. The
spatial variation can explain finetuning of the fundamental constants which allows humans (and
anylife) to appear. We appeared in the area of the Universe where the valuesof the fundamental
constants are consistent with our existence. There isan agreement between the results obtained
using different telescopes anddifferent redshifts. Also, now there are no contradictions between
theresults obtained by different groups. These astrophysical results may be used to predict the
variation effects for atomic clocks which are very small and require improvement of the sensitivity
by 1-2 orders of magnitude. This improvement may be achieved using 229Th nuclear clocks where
the effect of the variation is hugely enhanced [2]. There are also enhanced effects in ions, and
certain atomic and molecular transitions - see, e.g. [3-5] and review [6].
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Parity and time reversal violation in atoms and search for
physics beyond the Standard Model
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This review covers three different topics:
1. Measurements of Cs weak charge by C. Wieman group allowed to test the Standard Model
predictions. We performed calculations of parity violation in Cs (also for other atoms of experi-
mental interest like Tl, Fr, Ra+, Ba+) including all-orders summation of dominating diagrams
in many-body theory and strong Coulomb field radiative corrections. The theoretical error was
reduced two times. Conclusions for the Standard Model and possible ”new physics” will be dis-
cussed.
2. Atomic and molecular experiments can also be used to detect nuclear anapole moment -
magnetic multipole which violates fundamental symmetries: parity (P) and charge conjugation
(C).
3. Measurements of atomic electric dipole moments (EDM) present a possibility to search for
physics beyond the Standard model. We explain different mechanisms generating atomic EDM,
screening theorems for neutral atoms, ions and molecules, and present results of recent measure-
ments testing models of CP violation. New generation of experiments with enhanced effects will
put popular models (e.g. supersymmetry) to crucial test.
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The experimental and theoretical studying of the radiation transition characteristics of a
whole number of atomic systems is of a great importance and interest from the point of view
of as the quantum electronics and atomic physics as plasma physics and thermonuclear fission
science. It is also very important for search the optimal candidates and conditions for real-
ization of the X-ray lasing. We have carried out calculating energies and probabilities of the
radiative transitions for the comlex heavy single ionized atom of Hg and neutral Eu atom on
the basis of the combined energy approach [1] and relativistic many-body perturbation the-
ory [2]. In all calculations we used the optimized Dirac-Kohn-Sham potential with defining
its parameter within an initio QED procedure [1b]. The new data on the energies and prob-
abilities of the 5d107p(P1/2,P3/2)-5d106s(S1/2), 5d107p(P1/2,P3/2)-5d107s(S1/2) transitions
in the singly-ionized atom of Hg and 4f7(8S)6s(2)- 4f7(8S)6snp (n=6-8) transitions in spectrum
of neutral EuI are listed. For comparison we listed in this table the theoretical Hartree-Fock
(HF), Dirac-Fock (DF) and DF (with fitting to experimental transition energies) values [3] and
experimental data by Moore (NBS, Washington). Our approach provides physically reasonable
agreement with experiment and significantly more advantagable in comparison with standard
Dirac-Fock method and the Hartree-Fock approximation approach. It has been checked that
all results for oscillator strengths, obtained within our approach in different photon propaga-
tor gauges (Coulomb, Babushkon, Landau) are practically equal, that is provided bu using an
effective QED energy procedure [1b]. It has been confirmed a great role of the interelectron
correlation effects of the second and higher PT orders. Some mistakes have been found in data
on the table energies and radiation transition probabilities for neutral EuI.
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In this work, we analyse the experimental data, both own and available in the literature [1–3],
for the even configurations of chromium atom using the semi-empirical calculations.

We use the method of quantitative determination of two-body contributions to the fine and
the hyperfine structure, resulting from the excitations from electronic closed shells to open shells
and from open shells to empty shell, described in [4].

Hyperfine structure intervals for levels belongs to the configurations 3d44s2 and 3d54s of the
chromium atom were precisely measured with the use of the ABMR-LIRF method. Magnetic
dipole hyperfine interaction constants (A) and electric quadrupole (B) constants for the measured
electron levels have been determined with the accuracy of few kHz.

Application of the method of energy matrix diagonalization in the basis SLJF allows to
describe the observed hyperfine structure intervals with the use of the constants A, B and C
within the experimental accuracy. The corrected values of A and B were used to parametrization
of the hyperfine structure and to determine the value of the nuclear electric quadrupole moment.

This work was performed within the framework of the project DS 63-029/12.
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The evaluation of hyperfine interaction structures (hfs) for atomic states provides a good op-
portunity to study the interplay between the correlation and relativistic effects. For light atomic
systems, the relativistic effects are usually included with success in the Breit-Pauli approxima-
tion [1,2]. It is worthwhile to investigate if this method is consistent with the fully relativistic
approach.

In this work, the hyperfine interaction constants of the 2p4(3P )3p 2Do, 4Do and 2P o levels in
neutral fluorine are investigated theoretically. Large-scale calculations are carried out using the
atsp2k [3] and grasp2k [4] packages based on the multiconfiguration Hartree-Fock (MCHF) and
Dirac-Fock (MCDF) methods, respectively. In both non-relativistic and relativistic models, the
set of many-electron states selected to form the total wave function is constructed systematically
using the “single and double multireference” approach. In the framework of MCHF, the rela-
tivistic effects are taken into account, either in the Breit-Pauli (BP) approximation using the
MCHF orbitals or through relativistic configuration interaction (RCI) calculations, in which the
non-relativistic one-electron basis is converted to Dirac spinors using the Pauli approximation [2].

Preliminary results are presented in table 1. In the case of 2Do
5/2

, 4P o
3/2

and 4P o
5/2

, relativis-

tic effects play a significant role on the hyperfine structures. Furthermore, the good agreement
between the MCHF-BP, RCI and MCDF results illustrates that these three methods are valid to
capture relativistic effects in a system like F I. The remaining discrepancies between experiment
and theory arise from higher-order electron correlation and relativistic corrections.

Term AJ MCHF MCHF-BP RCI MCDF Exp [5]

2p4(3P )3p 2Do A3/2 1715 1768 1765 1789 1857(2.1)
A5/2 2040 1691 1679 1666 1746(1.5)

2p4(3P )3p 4Do

A1/2 2114 2100 2107 2060
A3/2 930 837 839 818
A5/2 1103 1095 1100 1111 1148(1)
A7/2 1561 1542 1540 1526 1564(1)

2p4(3P )3p 4P o
A1/2 -1682 -1620 -1620 -1606
A3/2 1374 1745 1735 1784
A5/2 788 1007 1004 1002

Table 1: Theoretical and experimental hyperfine interaction constants (in MHz).

References
[1] C. Froese Fischer and G. Tachiev, Atomic Data and Nuclear Data Tables 87, 1 (2004).
[2] T. Carette and M. R. Godefroid, Phys. Rev. A 83, 062505 (2011).
[3] C. F. Fischer et al., Comput. Phys. Comm. 176, 559 (2007).
[4] P. Jönsson et al., Comput. Phys. Comm. 177, 597 (2007).
[5] D. A. Tate and D. N. Aturaliye, Phys. Rev. A 56, 1844 (1997).

142

mailto:Michel.Godefroid@ulb.ac.be


P
O

Godefroid Poster: Tuesday, 15:30 PO–067

Isotope shift parameters, hyperfine interaction constants
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The mass shift parameters, the electron density at the origin, the hyperfine interaction
constants and the gJ Landé factors are computed along the beryllium, boron, carbon and nitrogen
isoelectronic sequences. The calculations on B- and C-like ions are based on the wave functions
described in [1-4]. The many-electron wave functions corresponding to the Be and N isoelectronic
sequences are obtained using the new version of the grasp2K multiconfiguration Dirac-Fock
package [5], following similar optimization strategies.

A new program [6], hereafter referred as ris and designed as a module of grasp2K, calculates
the mass shift parameters and the electron density at the origin within the relativistic framework.
For estimating the mass shift, ris considers the expectation value of the following operator [9]

HMS =
1

2M

N
∑

i,j

(

pi · pj −
αZ

ri

(

αi +
(αi · ri) ri

r2i

)

· pj

)

, (1)

that is more complete than the one calculated in sms92 [7]. The one-body part (i = j) of the
first term of equation (1) is responsible for the observed breakdown of the Dirac kinetic energy
operator often used to evaluate the isotope normal mass shift [8]. The second term of equation (1)
takes the nuclear recoil corrections into account at the (αZ) order [9]. The programs ris and
rhfs2 [5] allow the storage of the angular coefficients to reduce the cpu time when calculations
are performed along a given isoelectronic sequence.
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Variational methods are used for targeting specific correlation effects by tailoring the config-
uration space. Independent sets of correlation orbitals, embedded in partitioned correlation func-
tions (PCFs), are produced from multiconfiguration Hartree-Fock (MCHF) and Dirac-Hartree-
Fock (MCDHF) calculations [1,2]. These non-orthogonal functions span configuration state func-
tion (CSF) spaces that are coupled to each other by solving the associated generalized eigenvalue
problem. The Hamiltonian and overlap matrix elements are evaluated using the biorthonor-
mal orbital transformations and efficient counter-transformations of the configuration interac-
tion eigenvectors [3]. This method was successfully applied for describing the total energy of the
ground state of beryllium [4]. Using this approach, we demonstrated the fast energy convergence
in comparison with the conventional SD-MCHF method optimizing a single set of orthonormal
one-electron orbitals for the complete configuration space.

In the present work, we investigate the Partitioned Correlation Function Interaction (PCFI)
approach for the two lowest states of neutral lithium, i.e. 1s22s 2S and 1s22p 2P o. For both
states, we evaluate the total energy, as well as the expectation values of the specific mass shift
operator, the hyperfine structure parameters and the transition probabilities using different mod-
els for tailoring the configuration space. We quantify the “contraction effect” due to the use of
fixed PCF eigenvector compositions and illustrate the possibility of a progressive decontraction,
up to the non-orthogonal configuration interaction limit case.

Even if the lithium atom is a three electron system that can be described accurately by
a single orthonormal orbitals set, the PCFI method leads to an impressive improvement in the
convergence pattern of all the spectroscopic properties. As such, this system constitutes a perfect
benchmark for the PCFI method. For larger systems, it becomes hopeless to saturate a single
common set of orthonormal orbitals and the PCFI method is a promising approach for getting
high-quality correlated wave functions. The present study constitutes a major step in the current
developments of both atsp2k and grasp2k packages [1,2] that adopt the biorthonormal treatment
for estimating energies, isotope shifts, hyperfine structures and transition probabilities.
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Investigations on the KLi molecule have been impeded for a long time by difficulties in pro-
duction of molecular vapour of concentration sufficient for spectroscopic experiments. However,
since construction of the injection heat pipe ovens and dual temperature heat pipes [1], pretty
much information has been gathered on its low lying electronic states. The two lowest singlet
and triplet states, X1Σ+ and a3Σ+ were characterized with high accuracy in a series of studies
[2,3]. Several experiments were performed on the excited states accessible in one-photon tran-
sitions from the ground state, including the B(1)1Π, C1Σ+, D(2)1Π, 41Σ+, 41Π, 61Π and 71Π
states [4–9]. In the last decade the interest in KLi has been additionally stimulated by the cold
physics community. Although KLi is not particularly well suited for photoassociation from cold
atoms, its isotopic forms offer all possible boson/fermion pair combinations. Samples of ultra-
cold 40K6Li molecules were produced using Feshbach resonances [10] and, very recently, also by
photoassociation [11]. In view of the raising interest in KLi, it is rather surprising that the first
excited state of singlet symmetry, A1Σ+, has never been observed, particularly that it is involved
in a direct and supposedly strong transition from the molecular ground state. The reason for
this neglect may be that the A1Σ+ ← X1Σ+ band system is placed in a near infrared part of
the spectrum.

In this contribution the A1Σ+ ← X1Σ+ band system in the 39K7Li molecule is investigated
by the polarisation labelling spectroscopy technique. The excited state is characterised by a
set of Dunham coefficients describing rovibrational levels v = 0 − 34, J = 9 − 73 and the
corresponding potential energy curve is constructed with the Rydberg-Klein-Rees method. The
main equilibrium constants are Te = 12097.11(3) cm−1 (with respect to the minimum of the
electronic ground state), ωe = 137.0821(131) cm−1, Re = 3.9466(3) Å.
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In the early 1960s, Bell and Bloom [1,2] reported measurements in which magnetic resonance
in an atomic vapour exposed to a magnetic field was created by intensity-modulated light at
frequencies close to the Larmor frequency. They observed resonances in the time-averaged power
of a circularly [1] or linearly [2] polarized light beam traversing the vapour cell. In recent
times this idea has been refined and led to magnetometers using frequency [3,4] or amplitude
[5] modulated light together with phase-sensitive detection of the transmitted intensity or its
polarization.

Here we address magnetic resonance based on light amplitude-modulation (AM). We model
the AM-driven magnetic resonance by a two step model. In a first step, we solve the Bloch
equations that take optical pumping, precession and relaxation into account. In a second step
the absorption of the same (modulated) light field by the medium whose spin orientation is given
by the steady-state oscillations of the Bloch vector components, is evaluated. By applying this
procedure to each Fourier component of the incident light field, we obtain algebraic expressions
for the in-phase and quadrature components of the transmitted light power. The results are valid
for arbitrarily-shaped periodic modulation profiles and can be applied to ground state levels of
arbitrary angular momenta in the lowest order (quadratic) light power limit. The particular case
of a square wave modulation with an arbitrary duty cycle will be discussed in detail.

Experiments were done in an evacuated paraffin-coated glass cell containing room-temperature
Cs vapour excited by circularly-polarized laser light, frequency-locked to the 4→3 hyperfine com-
ponent of the D1 transition. The amplitude of a magnetic field, orthogonal to the laser beam,
is scanned while the modulation frequency is held constant. The photodiode signal is analyzed
by a lock-in amplifier at the fundamental and higher harmonics of the modulation frequency. At
each harmonic, multiple resonances are observed and their relative amplitudes and shapes are
compared to the theoretical model. Implications for the use of an array of such magnetometers
in the new generation neutron electric dipole moment experiment are discussed.
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This study is a continuation of our previous work on the 3d-shell transition metal Vana-
dium [1]. A systematic study of the Fourier Transform (FT) spectra of V shows that the hyperfine
structure of several high-lying energy levels of atomic V is not known up to now.

High-resolution FT Spectroscopy was applied at the Laser Centre of the University of Latvia
to record the spectra of a Vanadium hollow cathode discharge in the wavelength range from
360 nm to 660 nm. In the present work, particular focus is put on transitions including levels
of the configuration 3d44p. The search for such lines was done with a classification program [2],
confirming the classifications given in reference [3].

In the overview of the FT spectra, the corresponding spectral lines have low intensities.
Therefore, the optical bandpass interference filters have been inserted in the set-up of the FT
Spectrometer to increase the signal to noise ratio.

In total, 46 spectral lines have been investigated. Due to a Doppler limited experimental
method, most of these lines show totally unresolved or partially unresolved hyperfine structure.
We were able to determine the magnetic dipole hyperfine structure constants A for levels of the
configuration 3d44p only, because we used for our analysis the known A values of the levels of
even parity previously published in [4 - 9].

As a result, 23 new magnetic dipole hyperfine structure constants A are presented for the
high-lying multiplets 4P , 6F , 6D, 2G, 4I, 4H of the odd parity configuration 3d44p. In some
cases, more than one spectral line is available to determine the hyperfine structure constant A
for a level; thence using uncertainty as weight, the weighted mean value Amean is calculated.
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We have developed an experimental station at the gas-phase branch line at the 6.65 m normal
incidence beam line at I3, MAX-lab, Sweden. It is used to investigate free metal atoms and ions
in plasma phase, and their spectral properties. The sample ions are produced in a hollow cathode
discharge lamp, which is illuminated by the synchrotron radiation producing absorption when
in resonance with the atomic lines. The synchrotron light is scanned in energy building up an
absorption spectrum. From relative absorptions for transitions with commom levels transition
rates are derived. Contributions from intrinsic light of the discharge are minimized through
geometrical, spectral and temporal filters.

The projects major goal is to measure transition rates (or oscillator strengths) for specific
lines in the spectrum of ionized iron, Fe II lines, at vacuum UV wavelengths, 100-130 nm.
These transitions are important for many astrophysical applications, e.g. in objects where line
fluorescence is prominent, as well as stars observed in the ultraviolet FUSE and HST/STIS
region. Level mixing make several of these levels uncertain to calculate. In this wavelength
region many other iron-group element ions have important transitions, which will be measured
in future projects.

Iron lines are of great importance in analyses of stars, nebulae and the interstellar medium,
not only for abundance studies, but also for diagnostics of the plasma conditions and derivation
of physical properties such as temperature, electron density and radiation field.

We describe the experimental setup at the I3 beam line at MAX III, the reduction technique
and the early results from neutral iron, FeI.

Figure 1: FUSE spectrum showing narrow
iron absorption from interstellar clouds.

Figure 2: Absorption from iron atoms in
the discharge lamp.
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Penning-trap mass spectrometry has the prospect of complementing the determination of
the electron antineutrino’s mass by KATRIN [1], the Karlsruhe Tritium Neutrino Experiment.
KATRIN employs a retardation spectrometer for electrons to investigate the kinematics of the
beta-decay of tritium. A more accurate independent determination of the decay’s Q-value by
measuring the masses of 3H and its daughter 3He will help pin down the endpoint of the electron
spectrum, where a nonzero neutrino mass leaves its mark.

In a Penning trap, which consists of the superposition of a strong magnetic field and a
quadrupolar electrostatic potential, the mass of an ion is linked to a measurement of its mass-
dependent eigenfrequencies, from which the free-space cyclotron frequency can be recovered. A
specialized experiment is required in order to meet the challenges of a mass-ratio measurement
of 3H and 3He with a relative uncertainty of 10−11.

Originally developed at the University of Washington in Seattle, the UW-PTMS (University
of Washington Penning Trap Mass Spectrometer) was moved to the Max Planck Institute for Nu-
clear Physics in Heidelberg in 2008, where the experiment has been commissioned in a dedicated
laboratory. Special safety precautions had to be taken in order to obtain an official permission to
handle a gaseous tritium source. The lab features temperature stabilization and the extremely
stable superconducting magnet system rests on a vibrationally isolated platform. The helium
level and pressure inside the magnet’s bore are stabilized to limit magnetic field fluctuations
caused by the temperature-dependent magnetic susceptibility of the materials surrounding the
traps. Furthermore, a flux-gate magnetometer controls a Helmholtz coil used to compensate for
fluctuations of external magnetic fields.

In contrast to its single-trap closed-system predecessor, THe-Trap, formerly known as the
MPIK/UW-PTMS [2], combines two hyperbolical Penning traps with an external ion source,
yet retaining the possibility to load the traps by ionizing rest gas with electrons from a field
emission point inside the trap envelope. External ion loading is expected to reduce the number
of unwanted species trapped and to minimize the risk of contaminating the trap electrodes with
radioactive tritium. By swapping the ions-of-interest (3H, 3He) between the two traps without
having to reload the trap, the total measurement cycle will be shortened, thereby reducing the
influence of magnetic field drifts, while also allowing to accumulate more statistics within the
same amount of measurement time. However, the transfer between the two traps through small
holes in the endcaps in single-pass mode requires the use of a well-timed sequence of transfer
pulses on various electrodes that has yet to be demonstrated.

The non-destructive ion detection relies on the image currents the moving ions induce in the
trap electrodes. These currents in the femtoamp range cause a voltage drop across a tuned circuit.
This ion signal is subsequently amplified by a cryogenic differential amplifier and processed with
room-temperature electronics. The detection scheme is based on a triggered sweep technique
which monitors the ion’s response to an external drive. By sharing drive and signal lines for
both traps, a full replication of the whole drive and detection system for the additional trap
is avoided. A novel voltage source [3] based on a cascade of voltage-references replaces the
previously used Weston cells.

Details about the experimental setup and recent progress will be given.
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During the past two decades, the nuclear and atomic-optical experiments to detect parity
non-conservation (PNC) have progressed to the point where PNC amplitudes can be measured
with accuracy on the level of a few percents in certain heavy atoms and significantly worse in some
nuclei (Mossbauer spectroscopy). Nowadays the PNC in atoms has a potential to probe a new
physics beyond the standard model. In our paper we systematically apply the nuclear-relativistic
many-body perturbation theory formalism [1,2] to precise studying PNC effect in heavy atoms
with account for nuclear, correlation and QED corrections. There are determined the PNC
radiative amplitudes for a set of nuclei (atoms): 133Cs, 137Ba+ ,205T l, 173Y b with account of
exchange-correlation, Breit, weak e-e interactions, QED and nuclear (magnetic moment distri-
bution, finite size, neutron skin) corrections, nuclear-spin dependent corrections due to anapole
moment, Z-boson ((AnVe) current) exchange, hyperfine -Z exchange ((VnAe) current).The most
exciting result is the weak charge for 173Yb. Using the experimental value EPNC/β=39mV/cm
(Tsigutkin et al, 2009) and our calculated amplitude value (9.707 10−10 ea) one could find for
173Yb (Z=70, N=103) the weak charge value QW =-92.31 (the SM gives QW =-95.44). The
received data are compared with known earlier and recent results by Flambaun-Dzuba etal,
Johnson-Safronova et al, by Johnson-Sapirstein-Blundell et al (look [3,4] and refs. therein). The
role of the nuclear effects contribution, spatial distribution of magnetization in a nucleus and
non-accounted high order QED corrections and at last the dynamical enhancement of the weak
e-N, N-N interaction are analyzed. Some perspective lanthanides isotopes are proposed for future
studying.
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Laser electron-gamma-nuclear spectroscopy of heavy atoms
and NEET effect in heavy atomic/nuclear systems.
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In the resonant process of nuclear excitation by electron transition (NEET) or electron cap-
ture (NEEC) an electron is captured into a bound atomic shell with the simultaneous excitation
of the nucleus [1,2]. The excited nucleus can then decay radiatively or by internal conversion. In
the latter case, a resonant inelastic electron scattering on the nucleus occurs. Here we present
consistent, relativistic approach to calculation of the probabilities of the different cooperative
laser electron-gamma-nuclear processes in atoms, ions, nuclei and resonant NEET (NEEC) pro-
cesses in heavy nuclei, based on the relativistic optimized Dirac-FOck-Woods-Saxon formalism
and energy approach (S-matrix formalism of Gell-Mann and Low) [3]. Decay and excitation
probability is linked with the imaginary part of energy of the excited state for the electron shell-
nucleus-photon system. For radiate decays it is manifested as effect of retarding in interaction
and self-action and calculated within QED theory. We firstly present data about intensities of
the electron satellites in gamma-spectra of nuclei in the neutral (low lying transitions) and mul-
ticharged O-and F-like ions for isotopes 57Fe, 133Cs, 173Yb and discover an effect of the giant
increasing electron satellites intensities under transition from the neutral atoms to multicharged
ions. There are presented new data about NEET probabilities in the nuclei of 189Os, 197Au
(comparison with exp. data of Argonne Nat.Lab. and Japan synchrotron Centre) [2] and firstly
for nuclei of 235U, 268Mt.
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Rovibrational levels of hydrohelium cation
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Dissociation energies of bound rotvibrational states of hydrohelium cation (HeH+) in the
ground electronic state have been calculated by including nonadiabatic, relativistic, and quantum
electrodynamic effects.

The energy levels have been evaluated using an expansion of the energy in powers of the fine
structure constant, α

E = E(0) + α2E(2) + α3E(3) + α4E(4) + · · · .

The individual terms of this expansion have a clear physical interpretation: the first term repre-
sents the nonrelativistic energy, α2E(2) is the leading relativistic contribution, terms proportional
to α3 and α4 are the QED effects of the leading and higher order, respectively. The nonrelativis-
tic energy E(0) is composed of the adiabatic energy corrected for the presence of the nonadiabatic
effects. The nonadiabatic correction has been obtained by means of a recently developed per-
turbation theory [1], which introduces variable nuclear reduced masses and a radial correction
to the adiabatic potential energy curve. The α2 relativistic effects have been computed as an
expectation value of the Breit-Pauli Hamiltonian. Also the effect of the final size of the nuclear
charge has been taken into account. Rigorous evaluation of the Bethe logarithm and the Araki-
Sucher term enabled a complete treatment of the α3 and α3 logα QED effects [2]. In addition,
an approximate α4 QED correction, based on the so-called one-loop term, has been evaluated.
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Hyperfine-resolved polarizability measurement of the Cs
9s 2S1/2 state
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We report the first polarizability measurement of atomic cesium’s 9s 2S1/2 hyperfine states.

We use two single-mode external-cavity diode lasers: one locked to a 6s 2S1/2(F ′′)→6p 2P1/2(F ′)

transition and the second stepped across the 6p 2P1/2(F ′)→9s 2S1/2(F ) manifold. Two spectra
are generated concurrently. One is a laser-induced-fluorescence spectrum from a collimated
effusive beam in a region of uniform electric field (Fig. 1 upper panel). The electric field strengths
are calibrated by measuring the 6s 2S1/2→6p 2P1/2 polarizability and comparing it to a previous
high-precision measurement [1]. For frequency calibration, we also record an absorption spectrum
in a field-free vapor cell with the 6p 2P1/2→9s 2S1/2 laser phase modulated (Fig. 1 lower panel).
The modulation frequency is directly reference to a rubidium frequency standard and the resulting
modulation sidebands provide frequency markers.

The 9s 2S1/2 Stark shift measurements show the expected electric-field-squared dependence.

A total of 40 Stark shift measurements are used to compute the 9s 2S1/2 scalar polarizability
as 144660 ± 610 au and the magnetic dipole contact interaction as 630 ± 110 au. The scalar
polarizability does not agree with recent relativist all order calculations (153700 ± 1100 au [2]).
We are currently evaluating the accuracy of our apparatus by measuring the 8s 2S1/2 scalar
polarizability, which will be compared to previous measurements [3].
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Figure 1: Concurrent Cs 6p1/2→ 9s1/2(F = 4) spectra (circles) and
fitted Voigt profiles (lines). Upper panel: fluorescence from an effusive
beam at 2.55±0.02 kV/cm. Lower panel: absorption in a field-free vapor

cell with 110MHz phase modulation for frequency calibration.
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Polarisation labelling spectroscopy of the 21Π state of NaLi
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An interest in alkali dimers has increased considerably in recent years because of spectacular
progress in ultracold physics. Heteronuclear alkali molecules are of particular importance here
because their permanent electric dipole moments allow to manipulate them by external electric
fields. NaLi molecule is the lightest among these species.

The knowledge of electronic states of NaLi molecule has been recently extended to the 71Π
and 101Σ+ states [1,2]. However, one of the low excited states, 21Π, was still known only at
vibrational resolution [3]. The potential curve of this state was predicted theoretically to be
of rather unusual shape because of small potential barrier towards dissociation, arising from an
interplay between the repulsive van der Waals interaction and attractive exchange forces [4].

In the present experiment we employ the polarisation labelling spectroscopy method [5] to
investigate the 21Π ← X1Σ+ band system in NaLi under rotational resolution. We observe all
bound vibrational levels contained in the 21Π state potential, thus exploring the molecular state
up to the barrier. The potential energy curve is constructed from the experimental data, using
a fitting procedure (Inverted Perturbation Approach) developed in our group [6].
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Measurements of Stark Widths of Fe II lines by laser
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Stark broadening parameters are widely used for plasma physics and atomic structure studies.
Namely the emission observed from the Sun and hotter stars depends on the opacity produced
by ionized iron and some other elements [1]. Despite its relevance, the available experimental
and calculated data of Stark widths of ionized iron are scarce.

In the present work, we report new experimental Stark widths of Fe II lines including weak
and intense lines belonging to 24 multiplets. The measurements have been performed using
laser-induced plasmas as spectroscopic sources with two sets of Fe-Cu and Fe-Ni samples with
variable iron concentration (0.2-22 %). The detector is a photomultiplier tube, whose signal is
amplified and captured by a digital oscilloscope. A home-made program controls the movement
of the grating and the data acquisition [2]. From the stored signal the software averages out
nine acquisitions and obtains the spectra at selected time windows of the plasma evolution
ranging from 0.84 µs to 3.6 µs. As a consequence, the Stark widths have been determined at
electron densities in the range (1.6-7.4)×1017cm−3 corresponding to the selected intervals [3].
The electron density is determined from the Stark broadening of the Hα line. For this type of
plasma, the existence of optically thin conditions is specially relevant as self-absorption leads
to distorsion of the line profiles, which results in larger width (Fig. 1). The curve of growth
methodology [4] has been applied to avoid self absorption in the Stark width measurements.

For some of the measured lines, the selected iron concentration and the Stark widths obtained
are shown in Table 1.

Wavelength (Å) C (wt. %) w(Å)

2585.88 0.2 0.0411
2382.04 0.5 0.038
2444.52 1.5 0.046
2430.08 5.0 0.044
2469.52 10.0 0.046

Table 1: Stark width (FWHM)
normalized at the electron density
Ne=1017cm−3 of Fe II lines for a
temperature range 12900-15200 K. Figure 1: Normalized Stark widths of 2382.04

Å(solid squares) and 2585.88 Å(open circles) Fe
II lines as a function of the iron concentration in

the sample.
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Modification of Initially Forbidden Atomic Transitions of
Rb D2 line in Magnetic Field
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Atom located in a magnetic field undergoes shifts of the energy levels and changes in transi-
tion probabilities, therefore precise knowledge of these behaviors are very important. Recently it
was shown that spectrally narrow velocity-selective optical pumping (VSOP) resonances located
exactly at the positions of atomic transitions appear in the transmission spectrum of a one-
dimensional nanometric-thin cell (NTC) with the thickness of Rb atomic vapor column L = λ ,
where λ = 780 nm is the wavelength of the laser radiation resonant with D2 line. When the NTC
is placed in a magnetic field, the VSOPs are split into several components with the amplitudes
and frequency positions depending on the B-field, which makes it convenient to study separately
each individual atomic transition and thus this technique may be called λ-Zeeman technique
(λ-ZT) [1]. By the exploration of the λ-ZT we reveal for the first time a strong modification
of probability of the 87Rb D2 line Fg=1−→Fe=0, 1, 2, 3 atomic transitions, including initially
forbidden transition (1, mF = 0)−→(1, mF = 0)′ labeled 5 and transition (1, mF = -1)−→(3,
mF = -1)′ labeled 3 in the range of magnetic field 100 - 1100 G. For π-polarized exciting diode
laser radiation, transitions 5 and 3 at B >150 G are among the strongest in the transmission
spectra shown in Fig. 1. Also the frequency shifts of the individual hyperfine transitions vs
magnetic field are presented: particularly, transition labeled 8 has a unique behavior, since its
frequency remains practically unchanged in the range of 100 - 1100 G. The theory well describes
the experiment.

Figure 1: Transmission spectra (shown in the left side) from the Rb NTC L = 780 nm
for transitions Fg=1−→Fe=0, 1, 2, 3 vs magnetic field.VSOPs numbers denote the corre-
sponding transitions depicted in the right side. Initially forbidden transitions labeled 3 and
5 are among the strongest atomic transitions, when magnetic field is B >150 G. The lower
grey curve is the transmission spectrum from the reference Rb NTC L =λ . The spectra are
shifted vertically for convenience. Diagram of the 87Rb, D2 line (shown in the right side)

transitions for π-polarized excitation (mF = 0) is shown.

The research leading to these results has received funding from the European Union FP7/2007-
2013 under grant agreement no 205025 - IPERA. Research conducted in the scope of the Inter-
national Associated Laboratory IRMAS (CNRS-France & SCS-Armenia).

References
[1] A. Sargsyan, G. Hakhumyan, A. Papoyan, et al., Appl. Phys. Lett. 93, 021119 (2008).

156

mailto:rafayelm@gmail.com


P
O

Nikolayeva Poster: Tuesday, 15:30 PO–081

Fourier Transform Spectroscopy of B1Π State in RbCs
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The lowest 1Π state of the RbCs molecule, the B1Π state, was studied using a diode lasers
for inducing fluorescence that was resolved by a high resolution Fourier-transform spectrometer
(FTS) Bruker IFS - 125HR. RbCs molecules were produced in a linear heat-pipe filled with 10 g
of rubidium (natural isotope mixture) and 7 g of cesium at temperature about 280oC and were
excited in transition B(1)1Π(v′, J ′) ← X(v′′, J ′′ = J ′, J ′ ± 1). Back-scattered laser induced
fluorescence (LIF) was sent onto input aperture of FTS by a pierced mirror. Spectra were
recorded by FTS at resolution 0.03 cm−1. A diode laser with 705 nm or 730 nm laser diode
installed in a home-made external resonator was used for excitation. Laser frequency used in the
experiment varied from 13610 to 13860 cm−1 for 730 nm diode and from 14063 to 14223 cm−1

for 705 nm diode. As a detector mainly InGaAs photodiode operating at room temperature was
used (over 80% of recorded spectra), but in some cases it was replaced by silicon photodiode
operating at room temperature. The assignment of the LIF progressions in the B → X spectra
was straightforward from measured vibrational and rotational spacings exploiting to accurate
ground state potential [1]. The term values of the rovibronic levels of the B1Π state giving
rise to B → X LIF were obtained by adding the corresponding ground state level energy to
a transition wave number. The presence of argon buffer gas yielded rich rotational relaxation
spectra allowing to enlarge the data set for the B(1)1Π state, to obtain Λ-splitting and to reveal
numerous local perturbations. The uncertainty of measured lines position is 0.1 from spectrum
resolution, that is the 0.003 cm−1. Due to the Doppler profile of the absorption transition
uncertainty of upper state energy is 0.01 cm−1.

Data covering a large number of adjacent J ′ were obtained for v′ ∈ [0; 3]. Rotational constant
Bv′ has been calculated as dependent on J ′; Bv′ values falling out from the smooth behavior
indicated the presence of local perturbations. The respective levels were omitted from the fit.
Point-wise potential energy curve (PEC) and Dunham-type constants were obtained describing
non-perturbed or weakly perturbed f -levels up to v′ = 2 with standard deviation of 0.15 cm−1.
Such accuracy, being worse than experimental uncertainty indicates presence of strong perturba-
tions. For weakly perturbed levels with v′ = 0 and 1 included in the fit, the differences between
experimental term values and the ones calculated from the PEC do not exceed 0.03 cm−1.

The support from ESF grant Nr. 2009/0223/1DP/1.1.1.2.0/09/APIA/VIAA/008 is grate-
fully acknowledged.
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Semiempirical calculation of energies spectra configurations
2p3p4p CI, 3p4p5p SiI and PII, 4p5p6p GeI and

gyromagnetic ratios
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Fine structure parameters, energy of excitation of levels, expansion coefficient of wave in
the LS-coupling basis and gyromagnetic ratios are obtained by semiempirical method (with zero
differences between calculation and experiment). For a phosphorus ion and atom germanium
gyromagnetic ratios were calculated, which comparison with analogous experimental data.

Parameters of fine structure it is unknown sizes which in semiempirical calculation are de-
fined from the decision of system of the nonlinear equations which are received from analytical
reduction not diagonal hermitian matrixes of the operator of energy to a diagonal kind.

|ε| = U−1|E|U, (1)

where |ε|- a diagonal matrix (experimentally measured levels of thin structure), E - not
diagonal matrix of the energy operator, U-it factors of decomposition of wave functions of real
communication on wave functions of any vector type of communication

The system of the equations for numerical calculation of parameters of fine structure is re-
ceived on the basis of analytical reduction of not diagonal matrix of the operator of energy to a
diagonal kind and added by the equations normalization orthogonality of factors of communica-
tion.

The matrix of the energy operator was obtained by using formulas of the general form taken
from [1]. In a matrix of the operator of energy following interactions are considered: electrostatic,
backs - an orbit, backs-another’s an orbit, backs-backs, an orbit-orbit. Last three interactions are
small in comparison with two first, but give the contribution to energy of levels of thin structure,
providing zero are nonviscous. It is very important at theoretical research of considered systems
in external fields, in particular magnetic that gives the chance to receive gyromagnetic ratios on
splitting of levels in linear area of a magnetic field for atoms and ions at which g-factors aren’t
measured yet, for example for atom of carbon and the silicon considered in work.
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Calculations of energy levels of the beryllium atom
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Accurate results for nonrelativistic energy, relativistic, quantum electrodynamics and finite
nuclear mass corrections are obtained for the ground state 21S and the excited 21P state of the
beryllium atom. A basis set of correlated Gaussian functions is used, with exponents optimized
against nonrelativistic binding energies [1]. Obtained results for Bethe logarithms [2] demonstrate
the availability of high precision theoretical predictions for light four-electron atomic systems
within the NRQED theory [3], with expansion terms ordered in powers of the fine structure
constant α. Several results for the beryllium, including 21P−21S transition and ionization energy
will be presented, which are few order of magnitude more accurate than obtained previously [4,5].
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Hyperfine Paschen-Back regime study using Rb Nano-Thin
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The implementation of the so-called λ-Zeeman technique (λ-ZT) allows us to obtain Hyper-
fine Paschen-Back (HPB) regime of Rb atoms in a strong magnetic field in the range of 0.5-0.7T
[1]. λ-ZT is based on narrow velocity selective optical pumping (VSOP) resonances formation
in nanometric thin cell (NTC) transmission spectrum of thickness L = λ, where λ = 794 nm is
the resonant wavelength of Rb D1 line. The VSOP resonance is split into several components
in a magnetic field; their frequency positions and transition probabilities depends on B-field.
NTC allows to apply permanent magnets facilitating significantly the creation of strong mag-
netic field [2]. The magnetic field required to decouple the nuclear and electronic spins is given
by B >> Ahfs/µB (∼0.07 T) for 85Rb, where Ahfs is the ground-state hyperfine coupling
coefficient and µB is the Bohr magneton. For this case the eigenstates of the Hamiltonian are
described in a uncoupled basis of J and I projections (mJ ;mI ).In Fig. 1a, six transitions labeled
1−6, are shown in the case of σ+ polarized laser excitation for the HPB. The B-field dependence
of frequency shift is shown in Fig. 1b (solid lines: HPB theory; symbols: experiment). Rb NTC
could be implemented for mapping strongly inhomogeneous magnetic fields by local submicron
spatial resolution.

Figure 1: a)Diagram of the 85Rb (I = 5/2) transitions for σ+ laser excitation for the case
of HPB regime. b) Atomic transitions shift labeled 1 - 6 vs B field: solid lines- HPB theory,

symbols - experiment.

The research leading to these results has received funding from the FP7/2007-2013 under
grant agreement no 205025 - IPERA. Research conducted in the scope of the International
Associated Laboratory IRMAS (CNRS-France and SCS-Armenia).
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High interest to coherent population trapping (CPT) and the related electromagnetically
induced transparency (EIT) phenomena is caused by a number of important applications [1].
Recently, it was demonstrated that N-resonance is a promising alternative to CPT- and EIT-
resonances [2]. From the application point of view it is important to reduce the dimensions of a
cell where the N-resonance is formed, while keeping the resonance parameters good. To perform
the relevant study, we have designed a multi region (MR) high-temperature optical cell having
several regions with the following thicknesses L: 2 mm, 0.5 mm, and the region of 3-90 µm. The
MR cell was filled with Rb and Ne gas with 200 Torr pressure. For the EIT- and N- resonance
formation and comparison two diode lasers (forming the coupling νC and probe νP beams) with
λ ≈ 794 nm and 1 MHz line-width are used. The diagram in Fig. 1 a) shows the configuration of
νC and νP for N-resonance formation, while for the EIT-resonance formation one needs to switch
νC to νC2 = νC + 2∆HFS . Fig. 1 b) shows N-resonance for L = 500 µm (upper curve, contrast
20%, line-width 5 MHz) and L = 50 µm (middle curve contrast 4%, line-width 7 MHz). Disk sizes
indicate the corresponding atomic level population N3 and N2. Due to the inversion N2-N3 >0,
N-resonance is formed by two-photon absorption from Fg = 2 to Fg = 3. The lower grey curve
is the reference. The lasers powers PC and PP are 30 mW and 1 mW, correspondingly, the cell
temperature ∼ 100oC. N-resonance has better parameters for ∼ 1-cm long cell [2], meanwhile
for L reduced down to 3 µm, it is EIT that has better parameters and 40% EIT contrast for
L = 800 nm is demonstrated in [3]. The results on N-resonance splitting in external magnetic
field will be presented.

Figure 1: a) the configuration of νC and νP for N-resonance formation, b) upper and
middle curves show N-resonance for the thickness L = 500 and 50 µm, correspondingly

(N-resonance on D1 has dispersive profile [2]), the lower grey curve is the reference.

The research leading to these results has received funding from the European Union FP7/2007-
2013 under grant agreement no 205025 - IPERA. Research conducted in the scope of the Inter-
national Associated Laboratory IRMAS (CNRS-France & SCS-Armenia).
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Fourier transform spectroscopy of KCs and potential
construction of ground X1Σ+ and a3Σ+ states at large
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The KCs molecule is expected to be a promising candidate to produce the ultracold gas of
polar molecules, and accurate potentials of the ground and excited states would be prerequisites of
such experiments. Recent Fourier transform spectroscopy (FTS) of KCs exploiting (A(2)1Σ+ −
b(1)3Π) → X1Σ+ and B1Π → X1Σ+, a3Σ+ transitions yielded accurate empirical potential
energy curves (PECs) up to about 13 Å for the ground states X1Σ+ and a3Σ+ [1,2]. The
highest vibrational levels observed in [1,2] were v′′X = 97 and v′′a = 29 being about 7.5 and 2.8
cm−1 respectively below the atomic asymptotic limit K(4s)+Cs(6s).

We report an observation of the vibrational levels of the X1Σ+ and a3Σ+ states sub-
stantionally closer to the dissociation limit by laser induced fluorescence (LIF) spectra of the
(4)1Σ+ → X1Σ+ transition. (4)1Σ+ state is not of pure singlet character, thus otherwise spin
- forbidden transitions to a3Σ+ state can be observed along with transitions to X1Σ+ from the
same upper level. The highest levels were observed when v′ = 44 of the (4)1Σ+ state was excited.
Knowledge of accurate PEC of this electronic state [3] greatly facilitated the experiment.

The experiment has been performed by FTS of LIF using a Bruker IFS125HR spectrome-
ter with 0.03 cm−1 resolution. The KCs molecules were produced in a heat - pipe containing
K and Cs metals at 560K. A single mode ring dye laser Coherent 699-21 with Rhodamine 6G
dye was used for excitation, frequencies varied between 17750 cm−1 and 17820 cm−1. Different
combinations v′ = 44, J ′ ← v′′, J ′′ of excitation transitions were tried to ensure maximal exci-
tation selectivity. Furthermore, long acquisition time and narrow bandpass filter were applied
to improve signal-to-noise ratio. As a result the highest observed v′′X and v′′a are 102 and 32,
respectively being about 0.2 - 0.3 cm−1 below the dissociation limit.

Coupled - channels calculations were required for obtaining accurate experiment based de-
perturbed PECs up to 20 Å internuclear distances. Remarkable, that this type spectroscopy
has reached the asymptotic range where systematic strong hyperfine interaction between X1Σ+

and a3Σ+ states takes place (the gap of the last observed level to the dissociation energy is
comparable to the Cs hyperfine interaction). Thus the above mentioned vibrational quantum
numbers indicate only the main contribution of the radial wavefunction of the singlet or triplet
channel. Because of strong mixing the determination of counting the nodes could lead to a
different naming of the level by vibrational quantum numbers.

The support from ERAF grant 2010/0242/2DP/2.1.1.1.0/10/APIA/ VIAA/036008 is grate-
fully acknowledged by Riga team.
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Electron-impact excitation of the (4p54d5s)4PJ autoionizing
states in Rb atoms
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The quartet states from the p5sd and p5sp lowest configurations in Na, K, Rb and Cs atoms
form the main part of the autoionizing level manifold lying below the first excited ionic levels
and give the bulk of the autoionization contribution to the total single electron-impact ionization
of alkali atoms [1]. In the present work, we report the ejected-electron excitation functions for
the (4p54d5s)4PJ states of Rb atoms and their spectroscopic parameters calculated by using the
FAC code [2]. The apparatus and experimental procedure were described in detail elsewhere
[3]. Briefly, the ejected-electron excitation functions for each J-component were obtained by
measuring the normalized intensities of corresponding lines in ejected-electron spectra measured
at different incident electron energies. The data were obtained at an incident electron energy
resolution of 0.2 eV and an observation angle of 54.7◦.

Level Eexc σ|26.24eV Aa

4P1/2 16.647 4.78 9.10+08
4P3/2 16.768 9.35 6.00+07
4P5/2 16.961 12.83 1.92+09

Table 1: Calculated energies (Eexc, eV),
cross sections (σ, 10−18cm2) at 26.24 eV
impact energy and autoionization probabil-
ities (Aa, s−1) for the (4p54d5s)4PJ levels

in Rb atoms.
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Figure 1: Ejected-electron excitation func-
tions for the (4p54d5s)4PJ states in Rb atoms.

Figure 1 and Table 1 represent, respectively, the experimental ejected-electron excitation
functions and the calculated parameters for the (4p54d5s)4PJ states. As can be seen, all exci-
tation functions are similar in shape and characterized by the presence of two maxima of the
cross section at 18 eV and 27 eV. The first maximum is due to effective formation of the neg-
ative ions where is the second one reflects the spin-exchange character of electron transitions
2S1/2 −→4 PJ . At 26.24 eV impact energy, both experimental and calculated cross sections fit
well with the statistical ratio of 3:2:1.
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Pierrard, Rue d’Arlon 112, B-6760 Virton, Belgium

Corresponding Author: Xavier.Urbain@uclouvain.be

The c 3Π+
u state of molecular hydrogen is subject to rotational predissociation to the repulsive

b 3Σ+
u state, yielding a pair of ground state atoms. This process is hindered by the poor Franck-

Condon overlap with the vibrational continuum of the dissociative state, resulting in lifetimes of
the order of 10 to 100ns for the lower rotational levels of the c 3Π+

u vibrational ground state of
the D2 molecule, as predicted by Comtet and De Bruijn [1].

In order to restrict the population to a few rovibrational levels, a (3+1) REMPI scheme
involving the C 1Πu state is applied to create D+

2 ions in specified v+, N+ levels. These ions are
accelerated and formed into a 2 keV beam, that crosses at right angle an effusive potassium beam
emerging from a capillary array. The resonant capture of an electron from an alkali target allows
for an efficient population of the a 3Σ+ and c 3Πu states. The dissociation products fly apart
and strike a pair of position and time sensitive detectors operating in coincidence. This time
and position information univocally determines the total kinetic energy released in the process,
provided the location of the dissociation is known.

The predissociation lifetime causes the dissociation to occur further downstream, hence the
KER to be underestimated, producing a low-energy tail in the spectrum (Fig. 1). A full analysis
has been performed that incorporates both the exact energy and predissociation lifetimes of
specific rovibrational levels. Combined with the known selectivity of the REMPI process [2],
these spectra indicate a strong propensity for the charge transfer to populate the c 3Π+

u state
with J=N+ ± 1, pointing to the induced-dipole character of the charge transfer process [3].

Figure 1: Kinetic energy release spectrum for v+=0, N+=1 ions prepared by (3+1) REMPI
via a Q(1) transition to the C 1Πu state. The full line takes into account the v=0, J=2
predissociation lifetime of the c 3Π+

u state and the energy resolution (100 meV FWHM).
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New odd levels of Pr I
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The investigation of a high resolution Fourier transform (FT) spectrum [1] has been continued
in order to find new levels from unclassified lines of Pr. Some odd levels of Pr I have been
discovered in this study, most of them are low lying upper levels. One even lower levels has also
been discovered. The hyperfine (hf) structure patterns of the investigated unclassified lines were
fitted and information about lower and upper levels involved in the transition were extracted.
On the basis of this information the new levels are found. The confirmation of a new levels
is made by comparing predicted hf patterns with corresponding structures in the FT spectrum
with respect to wave number and shape.

The list of new levels discovered in this study are given in Table 1. The spectral line through
which the level was discovered, angular momentum, parity, and magnetic dipole constant are
also given along with the enegy of the new levels.

Tabel 1: List of new level of Pr I
Level Discoverd via New Level

Spectral line/Å Angular momentum Parity Energy/cm−1 Magnetic dipole hf constant
6564.640 2.5 e 11664.79 667
9081.700 3.5 o 19328.33 696
8090.893 7.5 o 24606.74 320
5604.709 5.5 o 22703.72 715
8112.152 5.5 o 29302.83 588
4863.589 7.5 o 30300.66 659
5264.440 3.5 o 32431.93 1103
7894.381 6.5 o 32582.51 637
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We present Penning trap experiments for precision spectroscopy of highly charged ions nearly
at rest. Both the SPECTRAP and the ARTEMIS experiments are designed for capture, con-
finement and cooling of low-energy highly charged ions as will be available in the framework of
the HITRAP project at GSI, Germany. Precision spectroscopy in the optical and microwave
domain allows studies of fine and hyperfine structure transitions in a wide range of few-electron
ions such as for example 208Pb81+ [1]. With a combination of laser and microwave spectroscopy,
magnetic moments of bound electrons can be determined with ppb accuracy or better [2]. At
the same time, the magnetic moments of the ionic nuclei can be measured with ppm accuracy
[2]. Since in few-electron ions diamagnetic shielding is negligible, such measurements allow a
model-free determination of nuclear magnetic moments. Precision spectroscopy furthermore al-
lows stingent tests of bound-state QED calculations of electrons in the extreme fields close to the
nucleus [3]. We present the status of the experiments and show first results of spectroscopy with
singly charged ions which have been captured, confined and laser-cooled close to the Doppler
limit where evidence for formation of ion crystals has been observed. We also give results of
spectroscopy with singly charged ions which have been driven to form a plasma by the ’rotat-
ing wall’ technique which will be applied to form dense targets of highly charged ions for laser
spectroscopy on a well-defined and cooled ensemble [4].
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Figure 1: Illustration of ARTEMIS and SPECTRAP experimental setups.
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A. Jarmola3, M. Tamanis3, and Gü. Başar4
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Vanadium with the atomic number of 23 has one stable isotope 51V and a long-living iso-
tope 50V, with abundance of 99.75% and 0.25%, respectively. The predominant stable iso-
tope 51V has nuclear spin I = 7/2 [1]. The atomic spectra of Vanadium is characterized by
the large hyperfine structure of the isotope 51V due to large nuclear magnetic dipole moment
µI(51V) = 5.1574 µN [2]. Although many experimental investigations of the hyperfine structure
of atomic Vanadium with different spectroscopic techniques have been done in the past (see [3]
and references cited therein) for many energetically higher lying levels the hyperfine structure is
still unknown.

Hyperfine structure investigations of iron-group elements, like Vanadium, are important for
the determination of physical parameters in astrophysics. The aim of this study is to determine
the magnetic dipole hyperfine structure constants A for energetically high-lying levels of the odd
parity configuration 3d34s4p.

A plasma containing Vanadium is produced in a hollow cathode discharge lamp which is
cooled with liquid nitrogen in order to reduce Doppler broadening. The spectra of atomic Vana-
dium were recorded using by a high-resolution Bruker IFS 125HR Fourier transform (FT) spec-
trometer (resolution of 0.025 cm−1) in the wavenumber interval from 15 000 to 28 500 cm−1

at the Laser Centre of the University of Latvia. In the experimental setup, optical bandpass
interference filters were inserted into the beam path between the hollow cathode discharge and
the FT spectrometer to reduce the background caused by the intensity noise.

In total, 43 spectral lines have been investigated. The classifications of these lines have been
done with a classification program [4], which confirms the classifications given in reference [5].
For all transitions, the A values of lower levels are well-known from the literature and have
been fixed during the fitting procedure. Magnetic dipole hyperfine structure constants A for the
upper levels are determined, 16 of which has been measured for the first time. The magnetic
dipole hyperfine constants A of the high-lying multiplets 6P , 4P , 4F and 4S of the odd parity
configuration 3d34s4p are described completely.
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The KCs and RbCs A ∼ b complex revisited by means of
extensive FT high resolution spectroscopy
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We present results of systematic high resolution Fourier transform study and direct deper-
turbation fit performed for the lowest excited A1Σ+ and b3Π states of KCs and RbCs molecules
converging to K(42S)+Cs(62P) and Rb(52S)+Cs(62P) dissociation limits, respectively. Such
strongly spin-orbit coupled singlet and triplet states are of continual interest for selecting opti-
mal optical paths for producing and monitoring cold polar diatomic molecules.

The collisionally enhanced laser induced fluorescence (LIF) spectra corresponding to the
A1Σ+ ∼ b3Π→ X1Σ+ and E1Σ+ → A1Σ+ ∼ b3Π transitions of both molecules were recorded
by Fourier Transform Spectrometer (Bruker IFS 125HR) with the instrumental resolution of 0.03-
0.05 cm−1. More than 4600 rovibronic term values assigned to the A ∼ b complex of 85RbCs
isotopologue were obtained in the energy range [10066, 12857] cm−1 above the minimum of the
ground state. The experimental data set of the KCs A ∼ b complex currently consists of 5900
term values which covers even wider energy interval [9190, 13560] cm−1.

Data of the both molecules were treated in the framework of the 4×4 coupled-channel deper-
turbation Hamiltonian constructed in Hund’s coupling case (a) basis functions. The elaborated
model takes into account explicitly: (1) direct spin-orbit coupling between A-state and b3ΠΩ=0

components of the b-state; (2) indirect spin-orbit-electronic-rotational interaction between the
A-state and b3ΠΩ=1 component; (3) spin-rotational interaction between the Ω = 0, 1, 2 compo-
nents of the triplet state. The required initial potential energy curves (PECs) and spin-orbit
coupling (SOC) functions were extracted from a large scale quasi-relativistic ab initio calcula-
tions. The resulting analytically defined empirical PECs and SOC functions reproduce about
96% of the experimental term values with a standard deviation of 0.005 cm−1 which is consistent
with 0.003-0.01 cm−1 of the uncertainty of the experiment upper limited by the Doppler effect.

The Moscow team is grateful to the Russian Foundation for Basic Researches for support by
the Grant 10-03-00195-a. The support from the Latvian Science Council grant 09.1567 is greatly
acknowledged by Riga team.
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Study of the properties of the nanoscale confined matter is of fundamental and practical im-
portance. From the fundamental viewpoint the role of quantum size confinement effects may lead
to crucial changing of such macrosopic properties as heat conductance, heat capacity, dielectric
permeability and others. Such properties can be used as underlying principle in construction of
different nanosocale devices. Therefore, investigation of quantum size and confinement effects
is of importance for newly emerging area, nanotechnologies. Especially size and shape induced
effects are important in this context. Form the viewpoint of quantum mechanics the quantum
confinement effects are caused by changing of the boundary conditions in the Schrodinger equa-
tion describing system under consideration. In most of the cases microscopic properties of the
bulk matter is described by the Schrodinger equation whose boundary conditions given at (posi-
tive or negative) infinity. Then macroscopic characteristics (e.g. heat capacity, heat and electric
conductance, dielectric permeability etc) are calculated by proper averaging over the large num-
ber of particles or subsystems. If a matter is confined, a subsystem or structural unit should be
treated by re-solving the Schrodinger equation with the boundary conditions describing size and
geometric shape of the confinement. Averaging should be done for such ”recalculated” character-
istics. In this work we demonstrated such a prescription for an ideal gas confined in a nanoscale
cavity. Namely, we calculated heat capacity of such system. Calculations are performed by con-
sidering gas molecules as the non-interacting harmonic oscillators using the prescription as that
in the Ref. [1]. Harmonic oscillators are treated as being confined in a box of size L and energy
levels of the oscillators are calculated by solving Schrodinger equation with the box boundary
conditions as it is done in the Refs. [2,3]. The results show that heat capacity of a confined gas
is much higher than that of bulk one. Also, jump-like decreasing of the heat capacity can be
observed by increasing of the box size.
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The interaction of localized surface plasmons (LSP) with molecules is an important issue
in organic and bio sciences [1]. In this work a comprehensive physical model describing this
interaction will be proposed. The LSPs are assumed to be generated from gold and silver nano-
particles and their interaction with non-absorbing molecules of sphere, bar, and cube shapes were
investigated for the first time. By analyzing a frequency shift noticed in the plasmonic resonance
frequencies, we report the dependencies of this frequency shift on the shape, size, and molecular
properties. The results of the modeling were compared with experimental works and very good
agreements were realized in that the model exactly predicts the range of the LSP resonance
frequencies together with the frequency shift interval.
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The invention of carbon nano tubes (CNT) has made them very attractive in science and
technology [1] due to their unique electrical, mechanical, chemical, and optical properties. One
of the most important issues in CNT studies is the understanding of the physics behind the
interaction of electromagnetic waves with CNTs and the extent of interaction. This work uses
the scattering theory of electromagnetic waves from infinite length cylinders [2] and its concise
and compact expression to report a physical model for the scattering of electromagnetic waves
from finite cylinders with different diameters and lengths in nanoscale regime. The results were
then applied to finite cylinders of CNTs to achieve more understanding of the mutual interaction
between the electromagnetic waves and these nanoscale materials. Finally coated CNTs with
different substances were brought into our consideration to analyze the effects of the coated
substances on the nature of interaction and scattering mechanisms.
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Collisions of highly charged ions with low-dimensional nanostrctures is of considerable fun-
damental and practical importance. From the fundamental viewpoint in such collisions one can
explore behavior of confined atomic electrons under the influence of strong external fields, while
practical aspect of the problem is related to that of constructing low-dimensional functional
materials and advanced devices with needed electronic, mechanical and thermal properties. In
addition, nanoparticles can be used for stripping of multi-electron, heavy ions which is important
for creation of highly charged ion beams in modern accelerators [1–3].

Unlike to the case of collisions with atomic targets, in collision of highly charged ions with
atomic systems, such as molecules and nanoparticles, the cross section depends on the collision
multiplicity and the displacement of atoms with respect of the direction of collision velocity. For
example in case of collisions of highly charged ion with a diatomic molecule the cross section for
projectile electron loss is highly sensitive to the direction of the molecular axis with respect to
the direction of projectile motion [3].

In this work we study inelastic transitions in the projectile electron states in the collision of
fast highly charged ions with carbon nanotubes. In particular, we calculate energy losses of the
fast Fe10+ - projectile in its collisions with C300 and C640 carbon nanotubes. In particular, we
have calculated energy loss of such ions as a function of the angle between the directions of atomic
displacements and projectile’s motion. We found that energy loss strongly depends on this angle
when the target atoms have regular (ordered) displacement, while for chaotic displacement of
the atoms with respect to projectile’s motion the cross section doesn’t depend on this angle.
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Nonlinear Dynamics of the Kicked Screened Atom
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Periodically driven dynamical systems is an important topic in nonlinear dynamics and quan-
tum chaos theory [1–3]. Microwave driven or delta-kicked atoms are of special importance among
such systems. Remarkable feature of periodically driven atom is so-called chaotic ionization that
occurs due to the diffusion of atomic electron over the orbits. Unlike multiphoton ionization?
Chaotic (or diffusive ionization) occurs during relatively long time-period. Underlying reason for
such ionization is chaotization of the electron motion caused by external driving force. Critical
value of the external field strength can be estimated from the resonance overlap criterion [3].
Classical and quantum dynamics of periodically driven atoms have been explored from the view-
point nonlinear dynamics and quantum chaos theory by many authors (see., e.g. [3].

In this work we study similar problem for the atom with screened nuclear (Coulomb) po-
tential. Classical equations of motion are solved numerically. Analysis of phase space portraits
is done and Lyapunov exponent is calculated for different values of the kicking parameter and
screening coefficient. The critical value of the external kicking strength at which chaotization will
occur is estimated using Chirkov’s resonance overlap criterion. In particular, it is found that for
smaller values of the screening coefficient the system is more stable than that for higher values.
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Spectroscopic analysis of the blue light emitted from
Middleton type Cesium sputter negative ion sources.
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Negative ions of atoms and molecules are widely used in both fundamental and applied
research. The possibility to provide intense beams of negative ions is especially important in
negative ion research [1], fusion development [2] and nuclear physics performed with tandem
accelerators [3]. A special case of the last is ultra rare isotope analysis by Accelerator Mass
Spectrometry (AMS) [4]. Sputter ion sources of the Middleton type [5] have since 1977 been the
main tool used to create stable, intense negative ion beams for injection into AMS machines.
However, the theory behind negative ion formation in Middleton type cesium sputter sources is
yet not fully agreed upon [6,7,8,9]. When this type of source is run under conditions that provide
medium to high output currents, a blue light can often be seen emanating from, or just in front
of the sputter target surface [10]. As a part of the work in trying to unravel the mechanisms of
hard sputtering in a cesium rich environment, we have resolved the spectrum of the blue light
emitted from three different cathodes; A carbon filled copper cathode, a pure aluminum cathode
and a pure copper cathode. All cathodes were analyzed under the same source conditions but
with different total current output. A fiber coupled spectrometer was used to detect light in the
wavelength region 200 to 1100 nm and the blue glowing region was observed from a distance of
3 meters through a view port with a straight line of sight onto the cathode. The spectra showed
clear differences depending on the cathode material. The emitted light from the carbon consists
almost entirely of lines from neutral cesium and no lines from ionized cesium. A weak, broad
feature was also seen between 470 and 510 nm. This feature was not seen in the two metallic
cathodes. Both displayed several lines originating from positively ionized cesium. For the copper
cathode the intensity of the spectrum was much smaller than for the other two cathodes. These
results may suggest different mechanisms of negative ion formation in the ion source depending on
the cathode material. As a side effect of the measurement it proved relatively easy to determine
the source temperature to 1185 ± 30 K from the black body radiation in the spectra. This was
verified by spectra from a temperature controlled combustion oven.
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Vibrationally resolved photoionization spectra of small
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We present our latest results in the theoretical study of the vibrationally resolved cross
sections for the photoionization of small molecules, such as BF3 or CF4, at both low and high
photoelectron energies.

We employ the B-spline static-exchange Density Functional Theory (DFT) method [1–3],
which makes use of the Kohn-Sham DFT to describe the molecular ionic states and the Garlekin
approach to evaluate the continuum electron wave function in the field of the corresponding
Kohn-Sham density. Results obtained using time-independent (TI) and time-dependent (TD)
DFT are compared. In the region of low energies, where features as shape resonances appear,
TD-DFT based methods are expected to be more accurate.

The nuclear motion is included by solving the nuclear Schrödinger equation in a basis set
of B-spline functions within a fixed box size [4]. To study valence shell photoionization, high
accuracy ab initio methods can be used to evaluate the potential energy curves that take into
account the symmetric stretching modes for the ground state of the neutral molecule and for
the first excited states of the cation. Convergence studies using Coupled Cluster and the multi-
reference methods CASPT2 and MRCI, based on the active space approximation, have been
performed. In the case of k-shell ionization, reliable Morse potential energy curves available in
the literature [5] are employed for the electronic states of the cation containing a hole in the core.

The vibrationally resolved photoionization cross section is then evaluated to first order per-
turbation theory within the Born-Oppenheimer approximation [6–8]. The advent of third gener-
ation synchrotron radiation sources, in combination with high energy-resolution detection tech-
niques allow us to compare our theoretical spectra with the experimental ones.
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Evolution of the accuracy of electron affinity measurements

C. Blondel1, C. Drag1, and M. Vandevraye1
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Two techniques are presently used to measure electron affinities, both relying on a measure-
ment of the photodetachment threshold of the negative ion species. One is the laser photodetach-
ment threshold (LPT) technique, which consists in monitoring the photodetachment signal as
the excitation wavenumber is scanned through the threshold. The other one is laser photodetach-
ment microscopy (LPM), which is an interferometric version of the older laser photodetachment
electron spectroscopy (LPES) technique.

Photodetachment microscopy has now produced electron affinity measurements for 13 years [1],
and set a new standard for the accuracy of electron affinity measurements. Uncertainties yet had
to be overcome, such as the possible offset due to the presence of a residual magnetic field, which
led to a progressive improvement in the accuracy of the measured electron affinities. The elec-
tron affinity of Sulfur was e.g. measured several times. The data themselves were revisited when
the robustness of the measurements with respect to magnetic perturbations could be recognized.
The last revision [2] produced the up-to-date value of 1 675 297.53(41) m−1 or 2.0771040(6) eV
for the electron affinity of 32S, which is the record in accuracy and even makes it possible to
investigate the isotope shift of the electron affinity of this element [3].

A more recent measurement was the electron affinity of the element just below Sulfur, Sele-
nium: 1 629 727.6(9) m−1, or 2.020 604 6(11) eV [4]. The accuracy, of the order of 1 µeV in both
cases, is to be compared to the typical accuracy of classical electron spectrometry techniques, of
the order of 1 meV.

Both LPT and LPM techniques, however, better apply when photodetachment releases an
electron into an s-wave. Today’s challenge is to apply photodetachment microscopy to the case
of p-wave photodetachment, which has much smaller cross-sections at low energies above the
detachment threshold. This would nevertheless produce a greater variety of electron interfer-
ograms, with an additional degree of freedom to be explored varying the polarization of the
laser. Possible solutions to enhance near-threshold photodetachment will be discussed at the
conference.
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Velocity-Map Imaging spectroscopy of negative ion
photodetachment
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Fixed and tunable photon sources have been utilized for photodetachment of fast-moving
anion beams and the resulting photoelectrons studied using the technique of Velocity-Map Imag-
ing (VMI) spectroscopy. Digital images produced by the VMI spectrometer have been used
to determine anion structure from photoelectron kinetic energy spectra. Photoelectron angular
distributions are measured simultaneously and give insight into the dynamics of the photon-ion
collision process as well. Results from investigations of a number of atomic and molecular anions
are presented.
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Wavelength dependence of Photoelectron Angular
Distributions from four- and five-photon ionization of Mg in

the vicinity of the 4-photon excited 3p2 1S0 state
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Electron Energy Analysis and Photoelectron Angular Distributions (PADs) from multipho-
ton ionization are valuable tools for the study of laser-coupled autoionizing states of Alkaline
Earth atoms, particularly when the highly correlated mp2 1S0 levels are involved. That was
recently demonstrated for the case of four-photon excitation of the 3p2 1S0 state of Mg1 with
linearly polarized light. The recorded four-photon PADs were fitted to an expression of the form
of Eq. (1):

S(ω, θ) =
N
∑

k=1

β
(N)
2k P2k(cosθ) (1)

(with N = 4 the number of absorbed photons), where P2k(cosθ) are the Legendre polynomials.
The energy variation of the fitted parameters showed a significant red-shift of the resonance
position, verifying earlier theoretical results as well as experimental ones2. The shift stems from
the laser-induced strong one-photon coupling of this state with a multitude of levels located near
the third (bound) and the fifth photon (autoionizing) - (Fig. 1) (a). Nevertheless, that earlier
study1 was carried out by employing such a laser intensity (< 2× 1011 W/cm2) that was unable
to saturate four-photon ionization2.The present work extends these measurements to a wider
wavelength range and with a laser intensity which is higher by about a factor of three. This
fact allowed for the recording of PADs from five-photon ionization (N = 5). The latter stems
from the first above-threshold-absorbed photon ((Fig. 1) (a)). As it is evident from ((Fig. 1)

(b)) the asymmetry parameters β
(5)
10 ≈ β

(5)
8 ≈ 0 over the whole studied energy range. Thus, out

of the J = 1o, 3o and 5o available continua, the J = 5o one is not excited3. Furthermore, the

considerable variation of β
(5)
6 implies the presence of a J = 3o resonance while, since the value of

β
(5)
2 is quite large over the whole energy range, the J = 1o continua are always excited. The four-

and five- photon data, along with their discussion with respect to the aforementioned coupling
are to be presented in the conference. Acknowledgements: This research has been co-financed by the European

Figure 1: (a) Energy level diagram of Mg and excitation scheme (b) Laser wavelength
dependence of five-photon asymmetry parameters extracted from the fits of the relevant

PADs.

Union (European Social Fund ESF) and Greek national funds through the Operational Program ”Education and
Lifelong Learning” of the National Strategic Reference Framework (NSRF) - Research Funding Program: Heracleitus
II. Investing in knowledge society through the European Social Fund.
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Renner-Teller Coupling In H2S
+: Partitioning The
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In the family of dihydride molecules such as NH2 or H2O+, which are derived from a 2Π
state of a linear molecule, the two potential energy curves for bending are degenerate when the
molecule is linear, and split into two well resolved components as the molecule bends. H2S+

behaves in the same way. The strong interaction between the two half states , the X 2B1 and A
2A1, occurs once the levels belonging to the X 2B1 state begin to interleave those of the A 2A1

state [1]. As the spin-orbit coupling in H2S+, ca. 400 cm−1, is much larger than in the water ion,
the resultant perturbations may become very large.This transition from small amplitude motion
in the lowest bending levels of the ground state to the large amplitude motion close to the barrier
tol inearity was first described in detail by Hougen, Bunker and Johns [2]. They demonstrated
that the vibration-rotation Hamiltonian required to be partitioned so that the A-axis rotation
is included in the vibrational problem, as when the molecule becomes linear it correlates with
the angular part of the two dimensional bending vibration. However, the end-over-end rotation
about the b- and c- axes may be modelled by a k-dependent rotational model as shown by Jungen
and Merer [3]. This partioning of the ro-vibronic Hamiltonian is included in the stretch-bender
approach.

The stretch-bender reference-frame for a symmetric triatomic molecule, [4] and [5] ,was
as chosen so that as the molecular bends the reference geometry follows the minimum in the
potential energy surface, thus minimising the size of the displacements required to reach the
instantaneous axis geometry. This allows the separation of large amplitude bending motion and
symmetric stretching. It has been used to calculate the effect of vibrational resonances such as
Fermi resonance, the effects of spin-orbit coupling, and of overall rotation. Its use allows the
block factorisation of the Renner-Teller interaction super matrix.

We wish to show the utility of this approach when two different approaches by Dixon and
Duxbury [6],and Jungen and Merer [3], are used to minimise the effects of the large amplitude
bending upon the Renner-Teller interaction in H2S+. The overall structure of the interaction
super-matrix is the same in either approach, although the wavefunctions used to construct the
super matrix are slightly different. The super-matrix may be set up for vibronic coupling only,
or including the effects of overall rotation. Use of the super-matrix approach allows the effects
of large amplitude motion on the rotational structure to be calculated, including the switchover
from bent to linear behaviour, and the effects of the large spin-orbit coupling of the sulphur, ca
400 cm−1,
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Strong-field photodetachment of C−
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We present results from experiments on strong-field photodetachment of C−
2 . A beam of

diatomic carbon anions is intersected by a pulsed infrared laser inside an electron imaging spec-
trometer operating in the velocity mapping regime [1]. The velocity and direction of electrons
emitted by strong-field detachment are detected. The momentum distribution of the electrons
are compared with simulations of the molecular strong-field approximation. This approxima-
tion exists in two versions, a dressed version where the laser field is taken into account for the
initial state of the ion, and an undressed version where the laser field is neglected [2]. Mea-
surements have been performed on laser wavelengths of 2055 and 1310 nm. Fig. 1 shows the
electron momentum distribution along the laser polarization at a wavelength of 2055 nm. The
simulations show that for the ground state of C−

2 there is little difference between the dressed
and undressed versions. Both versions of the theory succesfully predict that a maximum occurs
around a momentum of 0.4 atomic units.
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Figure 1: Measurement and simulations of momentum distribution of photoelectrons along
laser polarization axis for λ = 2055nm
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Non-dipole effects in (γ, 2e) processes caused by photon
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In dipole approximation, vector potential ~A(~r, t) is considered as independent on ~r at charac-
teristic atomic distances of interaction. However, for very high frequencies, the vector potential
may vary significantly over typical atomic distances. In these conditions, it is important to take
explicitly into account the dependence of ~A on the position vector ~r in its the simplest form
~A ∼ ~e[exp(i~k~r − iωt) + c.c.] with polarization ~e and photon momentum ~k, ~k ⊥ ~e .

We study the influence of the photon momentum ~k on triple differential cross section (TDCS)
of (γ, 2e) processes. Such effects were first considered by Amusia et al in [1] and recently were
found experimentally [2].
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Figure 1: Averaged TDCS (mb eV −1 sr−2) vs energy of one electron, back-to-back emis-
sion. The dashed line is the 3C correlated final-state wave function, and the solid line the

2C uncorrelated one.

These effects are very weak (Figure 1) because of small magnitude of photon momentum.
Thus they can be obtained only in special kinematic conditions such as back-to-back emission
with equal energy sharing, where the dipole approximation gives zero of TDCS.

Rather unexpectedly, absolute TDCS dependence on photon energy reaches its maximum at
low energies. But this effect appears only when we take account electron correlations in the final
state wave function. The dependence of maximum of TDCS for different light K-ions on their
charge of nucleus was also studied and corresponding electron energies were obtained [3].
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2D momentum distribution of electron in transfer ionization
of helium atom by fast proton
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The momentum distribution of the electron in the reaction p+He→H+He2++e is measured
for the projectile energy Ep = 300 keV and very small (fractions of mrad) hydrogen scattering
angle. Mainly, (kz , k⊥) plots are obtained in the scattering plain formed by the proton velocity
vector ~vp (z-axis) and the hydrogen velocity vector ~vH . Experimental results are presented in
Fig.1 (left panel).

Theoretical calculations were carried out within the plane wave first Born approximation
(PWFBA), which consists of three terms. Two of them correspond to the shake-off mechanism
of the electron emission, while the third one describes the sequential mechanism of the proton
interaction with both helium electrons [1]. The result close to the experimental one (see Fig.1,
right panel) is obtained only with well correlated trial helium wave function [2]. 1s2 wave function
gives quite different distribution.

Figure 1: (kz , k⊥) momentum distribution of the emitted electron. Left panel, experiment;
right panel, PWFBA theory with highly correlated wave function

The forward emitted electrons might be associated with a two step process, where two inde-
pendent interactions of the projectile with either electron leads to capture of one and ionization of
the second one (binary encounter, BE). The second mechanism contributing to transfer ionization
is single capture accompanied by a shake off (SO) of the second electron.
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Inner-shell photodetachment from O−
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Negative ions are of fundamental interest since they are found in a wide variety of physical
situations including terrestrial and stellar atmospheres and electrical discharges and plasmas.
The extra electron in a negative ion is bound predominantly by electron correlation effects and
therefore negative ions provide a fertile testing ground for state-of-the-art atomic physics cal-
culations regarding these multi-body interactions. We have used inner-shell photodetachment
of oxygen negative ions to investigate correlations in short-lived negative ion resonances. The
ground state configuration of O− is (1s22s22p5). Photoexciting an inner-shell electron to fill
the single vacancy in the 2p shell forms a strongly bound Feshbach resonance due to the extra
stability of the now full 2p6 shell [1].

The K-shell photodetachment spectrum of O− was measured using the merged ion-photon
beam photodetachment technique. O− ions were produced in a Cs sputtered negative ion source
(SNICS II) on a Movable Ion Photon Beamline while the photons were produced by the undu-
lator on the Advanced Light Source Beamline 8.0.1. Positive oxygen ions formed by multiple
detachment were detected as a function of photon energy. Photoexcitation of a 1s electron to fill
the 2p shell leads to a short-lived Feshbach resonance ∼3 eV below the 1s detachment threshold.
Energy calibration of the incoming photons, using an inline gas cell, leads to precise energy level
assignments for the observed states. The Feshbach resonance is observed near 525 eV in the O+,
O2+ and O3+ channels. Comparisons to inner-shell photoionization of O will be discussed for
both experiment [2] and theory [3].

This material is based in part on work supported by the National Science Foundation under
Grant Nos. 0757976 and 1068308, and by the US Department of Energy, Office of Science, Basic
Energy Sciences, Chemical, Geoscience, and Biological Divisions. The ALS is funded by the
DoE, Scientific User Facilities Division. D.H. acknowledges support from the Swedish Research
Council.
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Measuring positron-atom binding energies through
laser-assisted photorecombination
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In this work we propose and verify the feasibility of a new experiment aimed to measure
positron-atom binding energies. Positron binding to about ten atoms has been predicted in a
number of sophisticated calculations [1], and binding to many more atoms is expected [2]. None of
these predictions have been verified experimentally. This is in stark contrast to positron binding
to molecules, where binding energies Eb for about sixty species have been measured by observing
vibrational Feshbach resonances in the positron annihilation rate [3,4]. These measurements were
enabled by the development of pulsed positron beam from a buffer-gas positron accumulator. To
measure positron-atom binding, we propose to combine this set-up with a collinear laser beam
and a “hot cell” to provide sufficient density of atomic vapours (see Fig. 1) [5]. Laser pulses
will be used to stimulate positron-atom recombination (and hence, positron annihilation). The
condition for the photo-enhanced process is ~ω = ε + εb, where the incident positron energy ε
can be tuned to this resonance. The photorecombination cross section is estimated using the
zero-range potential model. Other parameters are taken from positron-molecule annihilation
experiments. The positron beam will be compressed radially using a rotating electric field.
The assumed laser parameters are based on a LaserVision optical parametric oscillator/amplifier
pumped by a Continuum Surelite EX Nd:YAG laser, capable of 12 mJ pulses at a 10 Hz rate for
photon energies in the range 0.35–0.8 eV. The signal expected for zinc atoms with a predicted
binding energy εb = 0.10 eV [1] and an estimated vapor pressure ∼ 3.5 × 10−5 torr at 235◦ C,
for ~ω = 0.35 eV, is 0.0016 s−1. Resolving the resonant enhancement with 10 points in energy
at 50 counts per point at the peak, the expected time for a spectrum will be ∼ 3.5 days.

Figure 1: Schematic diagram of the experimental arrangement
(top), and the corresponding electrical potential profile along the

magnetic axis (bottom).

The research at UCSD is supported by the U.S. NSF, Grant PHY1068023 and PHY1002435.
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Two- and Three-Photon Atomic Double Ionization by
Intense FEL Pulses
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With the advent of Free-Electron Lasers (FELs) operating in the short-wavelength regime
and generating extremely intense femtosecond pulses, nonlinear processes in the XUV and X-
ray wavelength range are now accessible experimentally [1,2]. In this range, the energy of a
single photon is already enough to ionize the target. When the photon energy is higher than
the ionization threshold of the ion, it appears that sequential two-photon double ionization
(2PDI) dominates in which the first photon produces an ion which is subsequently ionized by
the second photon from the same pulse. For the photon energies between the atomic and ionic
ionization thresholds, the second-step ionization proceeds via two-photon absorption, leading to
three-photon double ionization (3PDI). In sequential 2PDI and 3PDI, the individual energy of
each of the two emitted electrons is fixed by energy conservation. Studies of 2PDI and 3PDI,
the simplest nonlinear reactions in the XUV, are at their beginning. They can provide a wealth
of new information on photoionization amplitudes, cross-sections and transition probabilities
in ions, allocate ionic autoionizing states, reveal dynamic correlations between two sequentially
emitted photoelectrons, etc. The talk overviews developments in this new field. The following
points are addressed: angular distributions and correlations of photoelectrons in sequential 2PDI
and 3PDI [3–6], effects of alignment and coherency of the intermediate ionic states [6], resonant
[7] and doubly resonant [8] sequential 3PDI. Theoretical predictions, based on statistical tensor
approach combined with multi-configurational Hartree-Fock and Dirac-Fock calculations, are
illustrated by first experimental data [1,7–9].

It is known that already at photon energies of a few hundreds eV, the photoelectron angular
distribution in atomic single-photon ionization can be affected significantly by interferences be-
tween the electric dipole (E1) and electric quadrupole (E2) photoionization amplitudes. Thus,
nondipole effects should show up also in the XUV/X-ray nonlinear atomic processes, first of all
presumably in the angular distributions of emitted electrons. The nondipole effects in nonlinear
photoprocesses in XUV is so far an opened field. First theoretical predictions will be presented
of nondipole effects in the 2PDI.

This research is partly supported by the Russian President grant MK-6509.2012.2
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Levitation and manipulation of aerosol particles by
radiation pressure.
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In the seventies, Arthur Ashkin [1,2] showed that particles can be levitated using radiation
pressure. We have, using a similar technique, been able to levitate a single oil-drop for ap-
proximately 30 minutes. The drop was levitated just above the focus formed by a 30 mm lens
in a vertically oriented laser beam. It was allowed to fall down through the laserbeam and it
was trapped at the point where the radiation pressure balanced the gravitational force. This
required a laser power of approximately 900 mW. The goal of our experiment is to show that we
can measure the charge to mass ratio of the levitated oil drop. The levitation takes place inside
a cell, Fig1.An electric field is applied between two electrodes in the bottom and the top of the
cell. The charged drop is forced to oscillate by applying an AC electric field between the two
electrodes. The movement is visualized by imaging the drop on a screen placed 1 m away from
the cell, where the oscillations are magnified to an amplitude of a few millimetres. The intense
scattering from the drop produces an image that is easily observable by the bare eye.

Figure 1: A picture of one levitated particle. The power of the laser is 900 mW and the
wavelength is 532 nm.
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Suppression of endohedral cerium 4d → 4f resonance in
photoabsoption of Ce@C+

82
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We present the first theoretical investigation of the single-photoionization spectrum for
cerium in fullerene endohedron complex Ce@C+

82 (in practice, Ce3+@C2−
82 ). The fullerene cage

is modeled by a spherical jellium-shell [1,2]. With using multiconfiguration Dirac-Fock (MCDF)
approach [3,4] we calculate the oscillator strengths within the 4d resonance region (100-160 eV)
for phototransitions from the outermost shells of ion Ce3+ with and without account for in-
fluence of the potential generated by the fullerene cage. It is shown that integrated oscillator
strengths have the main contribution from the Ce3+: 4d → 4f resonance photoexcitations and
subsequent Auger decay which we consider within the two-step model. The photoabsorption is
strongly suppressed for a Ce3+@ ion embedded into a carbon cage C2−

82 compared with that for a
”free” Ce3+ ion. Our calculations demonstrate that the resonance f4d→4f oscillator strength are
changed (decrease) very slightly in the presence of the confining cage potential. On the contrary,
the Auger transition linewidths are changed strongly (increase) due to change of photoelectron
continuum wavefunctions behavior in scattering by the fullerene cage potential. We present the
photoionization cross sections (Lorenzial profiles) for Ce3+: 4d → 4f ”giant” resonance region
calculated with the cage potential taken into account and with no account for it. It is shown
that the main reason of changing in the resonance profile in the photoabsorption cross section
curve (decreasing of the maximum values) is the increasing in Auger transition linewidths due
to interaction of photoelectrons with cage electrons. The reduction of the integrated oscillator
strength is demonstrated. Our results are in fair agreement with the recent experiment by Müller
et al.[5].
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Photoionization from the deepest valence-band σ-shells of
fullerenes C60 and C20: δ-potential approach

G. Kashenock1,2, R. Pratt1

1Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260, USA
2St.Petersburg Polytechnical University, St.Petersburg 195251, Russia

Corresponding Author: galya.abroad@mail.ru

The nearly spherical cage form of carbon clusters such as fullerenes C60(Ih) and C20 (C2

or Ci point groups) in the first approximation might be considered as a spherical bubble.
Then the potential energy is modeled by a spherical delta-function (”Dirac bubble”) poten-
tial V (r) = −Aδ(r − R), where A is the strength parameter, R is the fullerene radius. The
quantum mechanical problem was considered by Blinder in 1979 [1]. Schrödinger equation are
solved by exploiting the isomorphisms with free-particle partial-wave Green function. The δ-
potential model was applied by Baltenkov [2] to description of an electron, bound or scattered,
in the field of neutral C60 molecules, namely, to study of the extra, outermost-shell electron
photodetachment from fullerene negative ion C−

60 . The goal of the present work is to investigate
the ionisation by high-energy photons from the inner shells (1s and 2p) of the valence band
(delocalized electrons) of the fullerenes C60 and C20 (the terminology usually used for modeling
the planar graphite surface is accepted here). The whole energy spectra of σ orbitals and the
behavior of valence shell wavefunctions within our model with the proper choice of the strength
parameter values A (for given values E1s=29.5 eV, R=6.66 au for C60 [3] and E1s = 27.9 eV ,
R = 3.86 au for C20 [4]) are in good agreement with the other theoretical results for C60 [3] and
C20 [4] systems.

Photoelectron (continuum) wave functions are specified in terms of phase shifts and normal-
izations. The dipole amplitudes are calculated numerically in the length gauge and analytically
(with using the derivative of delta-function, δ′, formalism) in the acceleration gauge. The res-
onance features in photoionization are investigated. We analyze phaseshifts behaviour for s−,
p−, d− partial waves which is of oscillation type. The energy dependence of the photoelectron
phaseshifts is given. The calculated partial and total photoionization cross sections reveal a
distinct ”serrated” structures over the wide range of photon energies (1-6 au). The analytical
expressions for l-partial l→ l ± 1 phototransition cross sections are also written out.

The high-energy cross section asymptotics is deduced (k is an electron momentum, ω is a
photon energy) - it is the inverse 5/2 power fall off in energy, modulated by oscillating trig
functions: σ ∼ ω−5/2 sin2(kR).

References
[1] B. M. Blinder, Chem. Phys. Lett. 64, 485 (1979)
[2] A. S. Baltenkov, Physics Letters A 254, 203-209 (1999)
[3] V. K. Ivanov, G. Yu. Kashenock, R. G. Polozkov, and A. V. Solovyov, JETP 96, 658 (2003)
[4] F. A. Gianturco, G. Yu. Kashenock, R. R. Lucchese, and N. Sanna, J. Chem. Phys. 116,
2811 (2002)

190

mailto:galya.abroad@mail.ru


P
O

Lindahl Poster: Tuesday, 15:30 PO–113

Resonances and thresholds in negative ion photodetachment
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Negative ions are of considerable interest in atomic physics since their properties are strongly
influenced by electron-electron correlation. Experimental investigations can therefore serve as
benchmarks for atomic many-body calculations. In this respect, two-electron processes in nega-
tive ions are of specific interest. Such processes include excitation and decay of doubly excited
states and photodetachment into excited states of the residual atom.

We have recently presented a method [1, 2] where partial photodetachment cross sections to
highly excited states in the residual atom can be measured. As discussed in [2], the possibility
of observing the same resonance structures in multiple channels is a major advantage in the
identification of the resonance parameters of the underlying doubly excited states.

Four partial cross sections for photodetachment of Cs− are shown in Fig. 1. It is apparent
from the data that the region contains many and partly overlapping resonances. Moreover,
Fig. 1d represents the second observation ever of the 6h state in Cs [3]. In order to extract
parameters for the overlapping resonances it is important to take the interference of the different
resonances into account. A model for such parameter extraction will be described.

The new detection method led to the first observation of a new threshold behavior. It was
recorded in the K− + ~ω → K(5g) + e− photodetachment channel and was attributed to the
large and negative polarizability of the residual K(5g) atom [1]. In Cs− the complex resonance
structure impede any detailed investigation of the non resonant cross sections. However, an
attempt to observe clean thresholds in Li− photodetachment is underway. The progress of these
experiments will be discussed together with possible implications of the data shown in Fig. 1.
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Figure 1: Partial photodetachment cross sections for Cs− into the Cs(10s), Cs(6f), Cs(6g)
and Cs(6h) channels in panels a, b, c and d, respectively. The vertical dashed lines mark

the energies of the 10s, 6f, 6g, 6h, 10p(J=1/2) and 10p(J=3/2) states.
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The second Born approximation for the ionization of atoms
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Recently, Dal Cappello et al.[1] have shown that the second Born approximation fails for
describing the ionization of atomic hydrogen by electrons when the energy of the ejected electrons
is not small (for instance: an ejected energy of 50 eV and an incident energy of 250 eV). In this
case the well-known BBK [2] model gives a good agreement with the experimental data [3].
Now, if we want to explain the ionization-excitation of helium by using the BBK model [4] the
agreement is not good while the second Born approximation works very well [5].
In order to find a model which is able to give a good agreement in these two kinds of experiments
we investigate the second Born approximation by including the BBK model. It means that the
final state (the scattered electron , the ejected electron and the nucleus) is described by the BBK
model and that the collision is a two-step process in any case.
We start to study the single ionization of atomic hydrogen in the plane of the collision and out
the plane. For describing the intermediate state (as required in the second Born approximation)
we use a basis including 32 discrete states and pseudo-states [1] and are able to reduce the 12-
dimensional integrals in a 5-dimensional integral by using the well-known method of Roy et al
[6] and that of Brauner et al [2] and a lot of derivations following the works of Hafid et al [7] and
those of Cheikh et al [8].

Results will be presented at the conference.
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Electron collisional spectroscopy of neutral atoms and
multicharged ions in plasma within combined energy and
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The problem of diagnostics for the collisionally pumped plasma and search of the optimal
plasma parameters of X-ray lasing are studied. Two principal theoretical problems must be
solved in order to develop a special code adequate to predict the plasma parameters needed to
generate a soft-X-ray or extreme UV amplified spontaneous emission: i). accurate calculation
of electron-collision excitation cross-sections, rate coefficients for elementary processes in the
plasma that are responsible for the formation of emission lines spectra; ii). kinetics calculation
to determine level populations, inversions, line intensities, gain coefficients at definite plasma
parameters We present the generalized energy approach, formally based on the relativistic many-
body perturbation theory (PT) [3] for the calculation of electron collision strengths and rate
coefficients in a multicharged ions (in a collisionally pumped plasma). An account for the plasma
medium influence us carried out within a Debae shielding approach. The aim is to study, in a
uniform manner, elementary processes responsible for emission-line formation in plasmas. The
electron collision excitation cross-sections and rate coefficients for some plasma Ne-and Ar-like
multicharged ions are calculated. To test the results of calculations we compare them with other
authors calculations and with available experimental data [1,3]. Besides, we are studying the
functions, which describe the population distribution within each Rydberg series dependent on
the Rydberg electron energy for ions investigated. These functions bear the plasma diagnostic
information. It is presented an electron collisional spectroscopy of neutral Ne atom too.
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Resonance states of atomic hydrogen in combined ac and dc
fields
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The influence of an external static dc field on atomic hydrogen in a monochromatic ac
field is theoretically investigated. It is shown that by varying the strength of the dc field, the
photoionization rate of decay is dramatically affected. An enhancement of the photoionization
rate results from the photoexcitation of the ground state of atomic hydrogen to one of the excited
Stark resonance states. A suppression of the photoionization rate arises because of the sum of the
contributions of the adjacent Stark resonances. The analysis was conducted using the complex
scaled Floquet method within basis of square integrable functions. Moreover our calculations
show that even when the ac field intensity is high, the second-order perturbation theory explains
quantitatively how the photoionization rate is enhanced or suppressed by the static field.
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Spectroscopic analysis of the blue light emitted from
Middleton type Cesium sputter negative ion sources.
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Negative ions of atoms and molecules are widely used in both fundamental and applied
research. The possibility to provide intense beams of negative ions is especially important in
negative ion research [1], fusion development [2] and nuclear physics performed with tandem
accelerators [3]. A special case of the last is ultra rare isotope analysis by Accelerator Mass
Spectrometry (AMS) [4]. Sputter ion sources of the Middleton type [5] have since 1977 been the
main tool used to create stable, intense negative ion beams for injection into AMS machines.
However, the theory behind negative ion formation in Middleton type cesium sputter sources
is yet not fully agreed upon [6,7,8,9]. When this type of source is run under conditions that
provide medium to high output currents, a blue light can often be seen emanating from, or
just in front of the sputter target surface [10]. As a part of the work in trying to unravel the
mechanisms of hard sputtering in a cesium rich environment, we have resolved the spectrum
of the blue light emitted from three different cathodes; A carbon filled copper cathode, a pure
aluminum cathode and a pure copper cathode. All cathodes was analyzed under the same source
conditions but with different total current output. A fiber coupled spectrometer was used to
detect light in the wavelength region 200 to 1100 nm and the blue glowing region was observed
from a distance of 3 meters through a view port with a straight line of sight onto the cathode.
The spectra showed clear differences depending on the cathode material. The emitted light from
the carbon consists almost entirely of lines from neutral cesium and no lines from ionized cesium.
A weak, broad feature was also seen between 470 and 510 nm. This feature was not seen in the
two metallic cathodes, which both also displayed several lines originating from positively ionized
cesium. For the copper cathode the intensity of the spectrum was much smaller than for the
other two cathodes. These results may suggest different mechanisms of negative ion formation
in the ion source depending on the cathode material. As a side effect of the measurement it
proved relatively easy to determine the source temperature to within ± 30◦ from the black body
radiation in the spectra. This was verified by spectra from a temperature controlled combustion
oven.
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Variation of photodissociation spectra of molecular anions
with storage time in an electrostatic storage ring
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Photodissociation of fluorescein and its 5-carboxyfluorescein analogue monoanions was stud-
ied using an electrostatic storage ring (Fig. 1). Ions were produced by an electrospray ion source
and stored in an ion trap. Ions were then injected into the ring after acceleration to 20 keV.
Stored ions were irradiated by an OPO laser (wavelength: 410 - 600 nm) and neutral products
were detected [1]. The storage time was variable up to the order of seconds.

The photodissociation neutral spectra as a function of time vary dependent on the storage
time as well as the laser wavelength. By comparing the wavelength spectra obtained herein with
absorption spectra reported recently [2,3], it was deduced that the spectra originated from var-
ious tautomers of fluorescein monoanions. Moreover, wavelength spectra vary during long-term
storage in the storage ring. Origin of this phenomenon seems to come from an interconversion
of tautomers. Further studies with quantum chemical calculations are now going on.

The same was also found for desodiated orange I monoanions, which consist of tautomers.

Figure 1: Experimental setup at KEK.
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Autoionizing states of Ca in the problem of ionization of
calcium atom by the electrons
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The method of interacting configurations in complex numbers representation (MICCNR)
has been developed in publications [1,2]. The first application for the problems of two-electron
system ionization by photons has been realized. Excitation and decay of autoionizing states,
which essentially contribute into ionization cross sections, were investigated.

In this abstract the possibility of using MICCNR for the investigation of autoionizing states of
calcium is under consideration. The problem of ionization of Ca atom by the photons (electrons)
is considered.

The results of our calculations, together with comparison of the energetic positions of some
lowest 1P states with the similar results of other authors [3-5], are presented in the table. Here
[3,5] are the experimental data and [4] is the theoretical calculation. We follow the classification
suggested in [4].

Configuration MICCNR, E [3], E [4], E [5], E
3d5p 6.601 6.59 6.604 6.58
3d6p 7.033 7.02 7.038 7.02
4p5s 7.159 7.13 7.166 7.12
3d5f 7.240 7.25 7.248 7.25
3d7p 7.397 7.39 7.342 7.41

Table 1: AIS of Ca atom in eV.
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Observation of bound-bound transitions in the negative ion
of lanthanum
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Negative ions provide challenging problems and critical test cases for atomic theory because
the added electron is bound to a neutral core, thus the influence of such effects as electron-electron
correlation and core polarization is greatly enhanced relative to neutral atoms and positive ions.
The short range attraction in negative ions leads to a shallow well that typically can support
only a single bound state electron configuration. The lanthanides are particularly interesting and
challenging because the large number of electrons and the presence of several open shells lead
to strong correlation effects. Theoretical calculations by O’Malley and Beck [1] have predicted
that the negative ion of lanthanum La− has multiple bound states of both even and odd parity
formed through attachment of either a 5d or 6p electron, respectively, to the neutral La atom
ground state ([Xe]5d6s2).

In the present study, La− has been investigated using tunable infrared laser photodetachment
spectroscopy. The relative signal of neutral atom production was measured with a crossed laser-
ion beam apparatus over the photon energy range 0.29–0.50 eV. The spectrum reveals a number
of sharp peaks that are interpreted as due to bound-bound electric-dipole transitions in La−,
observed here through a two-step process of excitation followed by photodetachment of the
upper state. The transitions responsible for four of the peaks are identified through comparison
to the theoretical calculations of energy levels and transition strengths [1,2]. The richness of the
observed bound state spectrum of La− is unprecedented for atomic negative ions.

This material is based on work supported by the National Science Foundation under Grant
Nos. 0757976 and 1068308.
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Spectral properties of fluorescence labels based on different
sizes nanodimension-size structures
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At the present time phosphors labels are commonly based at organic dyes and luminescent
microparticles doped with rare earths. However, they have some significant shortcomings: the
low quantum yield, the complex sources of radiation, fast fading and other.

The above-mentioned shortcomings are absent in semiconductor nanocrystals (quantum dots)
[1], which makes semiconductor phosphors optimal material for creating fluorescent labels.

The objective was to investigate luminescent properties of different concentrations of quan-
tum dots (QD) various sizes fluorescent QD-markers. To do this we have selected two QD
compositions with an average particle size: first composition has 2.5 nm QD particles, second
composition - 5 nm QD particles.

Figure 1: QD-markers fluorescence spectra’s: 7 markers with different concentrations of QDs.

In this work we have established that lager-size QD particles effectively quenched smaller-size
QDs fluorescence. When the concentration ratio of QD solutions with same values of extinction
coefficients exceeded 4:1 (solution with particles of 2.5 nm to a solution with particles of 5 nm)
fluorescence of 2.5 nm QD particles is completely extinguished. Thereby to create correctly
working fluorescent QD labels necessary use QDs with same-size particles or scattered in space
different-size particles.
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Harmonic generation on highly charged hydrogen-like ions
at the multiphoton resonant interaction with x-ray laser
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1Centre of Strong Fields Physics, Yerevan State University,
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The recent progress in x-ray free electron laser (FEL) technology [1] allows one to get co-
herent hard x-rays with peak brightness ten orders of magnitude exceeding ones in conventional
synchrotron sources. The interaction of such powerful x-ray radiation with atomic/ionic systems
has multiphoton character and opens up a wide research field where common atom-light interac-
tion effects can be extended to high-energy transitions. For this propose atoms or ions with large
enough nuclear charges are necessary, at which relativistic effects, particularly, the fine structure
of atoms/ions should be taken into account.

In Ref. [2], on the basis of analytical solution of the Dirac equation the resonant multipho-
ton excitation of highly charged hydrogenlike ions in a strong high-frequency laser field has been
investigated. Obtained results suggest that by the appropriate x-ray pulses when the rate of
concurrent process of ionization is small, one can achieve various superposition states by multi-
photon resonant transitions, which may lead to cooperative processes - such as superradiation,
free-induction decay, photon-echo and etc.

In the present paper coherent x-ray scattering by a highly charged hydrogenlike heavy ions
due to multiphoton resonant excitation is studied towards the harmonic generation implemen-
tation. The consideration is based on the Dirac equation, which allows to take into account the
fine structure of ionic levels. The spectrum corresponding to harmonics radiation at the bound-
bound transitions is investigated both analytically and numerically. To find out the radiation
spectrum numerically, the Fast Fourier Transform algorithm has been applied.

Calculations show that one can achieve a quite large conversion efficiency for moderately
large harmonics which is comparable to what one expects to achieve with resonant two-level
systems possessed by permanent dipole moments [3,4]. The considered mechanism may serve as
a promising scheme of superradiant source of coherent radiation with shorter wavelengths than
the applied x-ray FEL.

This work was supported by State Committee of Science (SCS) of the Republic of Armenia.
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All-Optical Toffoli gate in the solid
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A universal reversible logic Toffoli gate was first introduced in 1980year’s work [1].It has been
shown that any reversible processor can be constructing using only circuits of this gate. The
simplest three-bit Toffoli gate (CCNOT) has three inputs and three outputs. Two of the bits
are control bits that are unaffected by the action of the Toffoli gate. The third bit is a target
bit that is flipped in only cases when both control bits are set to 1.Due to its universality the
Toffoli gate is important, not only in the classical calculations of conventional Boolean functions,
but also in a quantum computer [3-4]. The quantum Toffoli gate recently has been successfully
implemented experimentally in the ion trap [4].

In this paper we demonstrate a simple realization of all optical Toffoli gate in a resonant
medium consisting of Λ-atoms. Proposed scheme based on the cyclic adiabatic population trans-
fer by STIRAP and b-STIRAP methods, which are well studied both theoretically and experi-
mentally, not only on individual atoms [5], but also in the medium [6]. As a solid state media can
be used crystal Pr3+:Y2SiO5, which has already been successfully used to construct a classical
adder in the experiment [7]. The proposed scheme does not require any improvement of this
experiment. It simply shows that one can construct all optical reversible processor in the same
way. Note that all-optical logic elements, such as implemented in this experiment and using
coherent resonant interaction of atoms with laser pulses, are a necessary intermediate step in
the transition from classical to quantum calculating. At the same time, in order to transition
directly from quantum logical schemes to classical, the last ones must contain only reversible
elements, like the Toffoli gate [2].
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Relativistic energy approach to atoms, ions and nuclei in a
super strong laser field
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A consistent relativistic energy approach [1-3] is applied to studying the interaction of the
atoms and ions of plasma with an super intense electromagnetic (laser) field. Method bases on
description of atom in a field by the k- photon emission and absorption lines. The lines are
described by the QED moments of different orders, which can be calculated with the use of the
Gell-Mann and Low S-matrix adiabatic formalism. In relativistic version the Gell-Mann and
Low formulae expresses an imaginary part of the energy shift ImE through the QED scattering
matrix, including interaction of atom with electromagnetic field and field of the photon vacuum.
We present QED S-matrix energy formalism for calculation of the spectral lines shape in dense
plasma. For any atomic level we calculate Im E as function of the laser pulse central frequency
and further the moments of lines. Numerical modelling carried out for H, Cs, Ar, Yb, Tm
atoms and H-, Li- and Ne-like ions. Especial interest attracts new relativistic treating of the
drastic broadening effect of widths for the autoionization resonances in lanthanides. The direct
interaction of super intense laser fields in the optical frequency domain with nuclei is studied
and the AC Stark effect for nuclei is described within the operator perturbation theory and
the relativistic mean-field model for the ground-state calculation of the nuclei 49Sc, 171Yb and
compared with other available data
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Manifestation of dark state formation in Na hyperfine level
system

D. Efimov1, N. N. Bezuglov1,2, J. Ulmanis2, M. Bruvelis2, K. Miculis2, T. Kirova2, and
A. Ekers2

1Faculty of Physics, St.Petersburg State University, 198904 St. Petersburg, Russia
2Laser Centre, University of Latvia, LV-1002 Riga,Latvia

Corresponding Author: teo@lu.lv

We demonstrate experimentally the onset of the dark state formation upon strong coupling
of atomic Na hyperfine energy levels. The 3S1/2, F

′′ = 1, 2 and the 3P1/2, F
′ = 1, 2 hyperfine

levels are coupled by a strong laser field S with Rabi frequency ΩS , leading to the formation of
laser-dressed states [1]. The dressed states are monitored by recording the excitation spectrum
upon scanning a weak probe field P across the 3P1/2, F = 1, 2→ 7D3/2 transition. The exper-
iment is performed in a supersonic atomic beam with counter-propagating S and P laser fields
while fluorescence from the 7D3/2 is registered by a photon counter. The excitation spectrum
of the 7D3/2 state exhibits an intense main peak with side peaks with much smaller intensities
(Fig. 1). The increase of ΩS leads to no change in the position of the main peak, while the
side peaks are shifted further apart. The results are confirmed by our theoretical model based
on solving the density matrix equations of motion and the numerical simulations show a good
agreement with the experimental data. These observations are explained in the dressed-states
picture of the three level system consisting of Na ground state hyperfine level F ′′ = 1 or F ′′ = 2
(depending on S-field detuning) with the F ′ = 1, 2 levels of 3P1/2 coupled by ΩS . Following the
reasoning of Fano [2], we show that such system exhibits a visible ”gray” state whose eigenvalue
is weakly affected by the magnitude of ΩS . This gray state evolves into a dark state at high ΩS .
We acknowledge support by the EU FP7 Centre of Excellence project FOTONIKA-LV and IRSES
Project COLIMA.
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Figure 1: Fluorescence from the 7D3/2 level as a function of the probe laser detuning
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First principle calculation on thermophysical and transport
properties of alkali-rare gas systems
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There has been a long standing interest in developing optically pumped alkali atom lasers.
Diode laser pumped alkali lasers (DPAL) hold considerable promise for efficient, scalable lasers
in the visible range for Rb [1] and Cs [2] atoms. Theoretical basis and performance modeling for
the DPAL systems apparently requires the extensive knowledge of thermophysical properties for
the alkali-rare gas systems.

We present the results of high-level electronic structure calculations of the potential energy
curves (PECs) for the ground state of van der Waals molecules MeRg (Me=Rb,Cs) as well as
their well-bound MeRg+ cations. The energies were calculated in a wide range of internuclear
distance using the coupled-cluster method with single, double and approximate triple excitations
CCSD(T), with the def2-A(T/Q)ZV-PP basis sets for both atoms augmented by the bound
functions centered on a middle of internuclear distance. The extrapolation to complete basis set
was performed and the full counterpoise correction technique was employed to remove basis set
superposition error.

The derived ab initio point-wise potentials have been approximated by the closed form
based on Chebyshev polynomial expansion, and then, the resulting analytical PECs were used to
estimate thermodynamic functions and transport properties of the Me-Rg pairs in the framework
of classical, quasi-classical and quantum statistical approaches. The present results are obtained
in a wide temperature range and compared systematically with available experimental data and
preceding calculations. The full form of the interacting-particle partition function (including
quasi-bound and continuum part of the spectra) is found to be essential to complete and correct
calculation of the bulk properties of the systems studied.

The work is supported by the Russian Foundation for Basic Research, through the grant
11-03-00307-a.
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Entanglement in Helium
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Quantum entanglement in systems consisting of N identical fermions has attracted consid-
erable attention in recent years [1-5]. Here we have computed the amount of entanglement
exhibited by the ground state and several singlet and triplet excited states of the helium atom
using high-quality, state-of-the- art wavefunctions of the Kinoshita type. We found that the
behaviour of the entanglement of the eigenstates of helium is consistent with that observed in
the case of previously studied exactly soluble two-electron systems such as the Moshinsky model,
the Crandall system and the Hooke atom. In particular, the amount of entanglement exhibited
by the eigenstates tends to increase with energy. The present calculations therefore provide fur-
ther evidence suggesting that this behaviour is universal in two-electron systems. It would be
interesting to extend this investigation to atoms with more than two electrons.

State Energy Entanglement
Singlet 1s -2.903724377 0.015914 ± 0.000044
Singlet 2s -2.145974046 0.48866 ± 0.00030
Singlet 3s -2.061271954 0.49857 ± 0.00097
Singlet 4s -2.033586653 0.49892 ± 0.00052
Singlet 5s -2.021176531 0.4993 ± 0.0019
Triplet 2s -2.175229378 0.47778 ± 0.00027
Triplet 3s -2.068689045 0.49342 ± 0.00045
Triplet 4s -2.036512038 0.49746 ± 0.00055
Triplet 5s -2.022618670 0.49955 ± 0.00098

Table 1: Entanglement and energies of helium
eigenstates. Entanglement is dimensionless and en-

ergy is given in hartrees.

Figure 1: Entanglement against
energy for both singlet and triplet

states of helium.
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An Ion Trap for Very Large Clouds
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The trapping of large ion clouds or crystals is gaining interest for various applications. Quan-
tum information processing and microwave metrology are only two of possible topics. Our group
is setting up an experiment destined to the investigation of the dynamics and thermodynamics
of trapped ions. In particular the use of very large ion clouds is a challenge allowing to reach
interesting regimes for the study of phase transition, crystallization behaviour and long-range
interactions. Our trapping device is composed of three zones aligned along a common z-axis. A
quadrupole and an octupole linear trap are mounted in-line, the quadrupole part being separated
in two zones by a center electrode. The geometry of trapping potentials has been optimized
numerically [1]. The traps have been dimensioned to allow for the confinement of an ion cloud
filling half the trap and reaching crystallization. The applied trapping voltages are of the order
of several MHz with amplitudes of a couple of hundred volts (in order to trap Ca+ ions). Ions
are created by photoionization from an atomic calcium beam crossing the first quadrupole zone.
Clouds larger than 106 ions have been trapped and crystallized in the quadrupole part. These ion
numbers correspond to a cloud size of ≈1/4 with respect to the trap radius(r0 = 4mm). Shuttling
of the ions between the different zones of the device is one of the challenges. In view of the large
number of parameters (voltage amplitudes, durations, switching functions and times), protocols
have to be optimized numerically. While different solutions for shuttling have been proposed for
quantum information processing, the present experiment has to take into ac- count additional
parameters, as for example the fact that the ion cloud is 3D, and the ratio of transport distance
to the number of DC electrodes which is several orders of magnitude larger than in microtraps.
Extended numerical simulations in 1D and 3D of such transports, together with experimental
evidence will be reported.
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Tóth Poster: Tuesday, 15:30 PO–129

(e, 2e) ionization of molecular hydrogen
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(e, 2e) studies for the ionization of atomic and molecular targets by electron projectiles have
attracted much interest in the recent years due mainly to the development of new experimental
techniques, which allowed for the detailed study of the ionization process. Such processes are
described in terms of the triple or fully differential cross section (TDCS), which provides the
angular distribution of the ejected electron of a given energy and for fixed momenta of the incident
and scattered particles. Studies concerning the ionization of molecules are less abundant than for
atomic targets due to the increased difficulties which arise when treating such complex structures.
Experimentally is very difficult for example to separate the contributions of the electronic states
with close energies, while for the theoretical treatement is challenging to take into account the
multi-center nature of the targets.

Both experimental and theoretical (e, 2e) studies have been performed in the last years for
a relatively wide range of targets, from smaller molecules like H2 [1-2] and N2 [3] to larger
targets such as C4H4N2 [4]. Previously we have calculated TDCSs for N2, CH4 and H2O.
These calculations were performed in the framework of the distorted-wave Born approximation
(DWBA).

In our present study we calculate TDCSs for the ionization of the hydrogen molecule by
electron impact for similar kinematical conditions as in case of the N2 and CH4 molecules. Our
results are compared with the experimental data and the theoretical calculations presented in
[1]. In this way a comparison of the TDCS for the different targets may be performed. Further,
we calculate the TDCS for the ionization of the H2 molecule as a function of the internuclear
distance. In this case we compare our results with the experimental measurements and the the-
oretical TDCSs presented in [2]. In both cases the cross sections are determined within our TS
(Total Screening) and TS* models. These models use distorted waves in order to describe the
incident, scattered and ejected particles, while for the initial state of the target Gaussian type
multi-center wavefunctions are employed. In the TS model we consider that the ejected electron
moves in the spherically averaged potential field of the nuclei and the residual electrons, while
the scattered electron experiences the effect of the spherically averaged nuclear potential and the
field created by all electrons of the target. In the TS* model both outgoing electrons move in
the same, spherically averaged field of the nuclei and the residual electrons.

This work was possible with the financial support of the Sectoral Operational Programme for
Human Resources Development 2007-2013, cofinanced by the European Social Fund, under the
project number POSDRU 89/1.5/S/60189 with the title ”Postdoctoral Programs for Sustainable
Development in a Knowledge Based Society” (I. Tóth) and of a grant of the Romanian National
Authority for Scientific Research, CNCS-UEFISCDI, project number PN-II-ID-PCE-2011-3-0192
(L. Nagy)
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High-fidelity quantum information processing by composite
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The technique of composite pulses developed originally in nuclear magnetic resonance and
optics is a powerful tool for quantum state manipulation. This technique replaces the single
pulse used traditionally for driving a two-state quantum transition by a sequence of pulses with
suitably chosen phases, which are used as a control tool for shaping the excitation profile in a
desired manner. This technique combines the accuracy of resonant excitation with a robustness
similar to adiabatic techniques. Composite pulses have therefore enjoyed increasing attention
in the field of quantum computation, wherein ultrahigh fidelity of gate operations is required.
We have developed a simple systematic approach, which allows the construction of composite
sequences of pulses with smooth shapes that can create ultrahigh-fidelity excitation profiles [1].
Our method uses the SU(2) representation of the propagator of the two-state system, instead
of the commonly used intuitive Bloch SO(3) rotations. We have designed arbitrarily accurate
broadband, narrowband, passband and fractional-pi composite pulses [1,2,3]. Composite se-
quences can reduce dramatically the addressing error in a lattice of closely spaced atoms or ions,
and at the same time greatly enhance the robustness of qubit manipulations [2]. One can thus
beat the diffraction limit, for only atoms situated in a small spatial region around the center
of the laser beam are excited. We have used composite sequences of chirped pulses to optimize
the technique of adiabatic passage between two quantum states: composite adiabatic passage
(CAP) [4], in which nonadiabatic losses can be canceled to any desired order. We have also used
composite pulses to design new, more efficient implementations of highly-conditional Cn-NOT
gates, such as the Toffoli C2-NOT gate [5]. Finally, we have designed composite pulses suitable
for manipulation of multistate systems [6], which allow to suppress unwanted transition channels
[7].
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Electromagnetically induced transparency due to Zeeman
coherence in buffer-gas cell - effects of laser radial profile

and intensity
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Electromagnetically induced transparency (EIT), a narrow resonance in a laser transmission
through coherent media, is essential for phenomena like slow and stored light, generation of
correlated photon pairs, frequency mixing, Kerr nonlinearities. For many applications EIT line
shape, amplitude and linewidths, are essential. In buffer gas cells optimum operating laser
intensity and cell temperature for maximum EIT contrast and minimum linewidth may vary
from cell to cell, depending on the cell geometry, type of buffer gas and its pressure.

We have investigated effects of laser intensity and cell temperature on Zeeman EIT for Rb
cell with diameter of 25 mm and 8 cm of length, filled with 30 Torr Ne, at temperatures from
60 to 82 0C. We observed narrow, sub kHz EIT resonances due to Zeeman coherence in Fg = 2
hyperfine level of 87Rb ground state using laser beams of different radial intensity distribution
and of different radius.

For Gaussian laser radial profile variation of laser radius affects primarily the EIT contrast.
Amplitudes for 6 mm and 1 mm beam diameter peak at laser intensity around 1.1 mW/cm2 and
3.2 mW/cm2 respectively and EIT contrast increased 2.2 folds for narrower laser beam. EIT
line shapes for 1 mm laser beam radius also have non-Lorentzian profile. The line narrowing at
the very center of the resonance is due to Ramsey effect occurring because coherently prepared
atoms diffusing out, and then back to the laser beam, spend comparable time in and out of the
laser beam [1].

At larger beam radius, for which the average diffusion time of an atom through the laser
beam is much longer then the coherence life time (estimated at about several ms) EIT linewidth
increases linearly with the laser intensity, throughout entire range covered in the experiment, from
0.01mW/cm2 to 12 mW/cm2. The slope of linear dependence of EIT linewidth is independent
on cell temperature, for wider laser beam diameter. For higher intensities (over 2 mW/cm2) line
contrast of the 6 mm laser beam increases several times when we block the central part of the
laser beam cross section (diameter of blocked beam is also 6 mm) in front of the detector. Since
the laser beam is well collimated, this eliminated contribution to observed EIT from the most
intense laser region, and thus we detected EIT due to photons in the weak intensity large area
laser wings.
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Quantum entanglement in exactly soluble atomic models:
the Moshinsky model with three electrons, and with two

electrons in a uniform magnetic field
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We investigate [1] the entanglement-related features of the eigenstates of two exactly soluble
atomic models: a one-dimensional three-electron Moshinsky model, and a three-dimensional two-
electron Moshinsky system in an external uniform magnetic field [2]. We analytically compute
the amount of entanglement exhibited by the wavefunctions corresponding to the ground, first
and second excited states of the three-electron model. We found that the amount of entanglement
of the system tends to increase with energy, and in the case of excited states we found a finite
amount of entanglement in the limit of vanishing interaction. We also analyze the entanglement
properties of the ground and first few excited states of the two-electron Moshinsky model in the
presence of a magnetic field. The dependence of the eigenstates entanglement on the energy,
as well as its behaviour in the regime of vanishing interaction, are similar to those observed
in the three-electron system. On the other hand, the entanglement exhibits a monotonically
decreasing behavior with the strength of the external magnetic field. For strong magnetic fields
the entanglement approaches a finite asymptotic value that depends on the interaction strength.
For both systems studied here we consider a perturbative approach in order to shed some light on
the entanglements dependence on energy and also to clarify the finite entanglement exhibited by
excited states in the limit of weak interactions [3]. As far as we know, this is the first work that
provides analytical and exact results for the entanglement properties of a three-electron model.

 0.1 1 10 100 1000

 0.01
 0.1

 1
 10

 100

 0

 0.2

 0.4

 0.6

 0.8

 1

E
n
ta

n
g
le

m
en

t

a)
Ground State

τ

σ

E
n
ta

n
g
le

m
en

t

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1

Figure 1: Entanglement of the ground state of the three-dimensional Moshinsky atom with
two interacting (τ) electrons and a magnetic field (σ).
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Undergraduate research: Laboratory experiments with
many variables
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The traditional approach to get experience in laboratory work in undergraduate education
has been to perform experiments for determination of some constants as the gravitational con-
stant, the refraction of index of the material in prism etc. The student has in most cases a
laboratory instruction to follow with tables to fill in the recorded data. This is quite different
from the problems the students will have to solve when they have finished the education.

The mission of the University is to provide opportunities for all students to be challenged and
motivated, so that after graduation, they will be successful in their future careers. The biggest
challenge is to prepare students for possible careers and/or further education, to make them see
a direct link between the science and technology and their potential careers. We want to teach so
that students think critically and provide them with the skills needed to see the many different
solutions to problems.

In mid-seventies some students in physical engineering at Chalmers University of Technology
went for a study trip to UK and visited Engineer M. J. Richards at Brunel University, who had
introduced a different kind of laboratory course. Such a course had also been introduced at
the Technical University at Trondheim Norway. Some students, teachers and an engineer from
Gothenburg also made a trip to Trondheim to get experience of the laboratory work. We intro-
duced this kind of experiments as the first introductory course in physics at Chalmers University
of Technology and Gothenburg University in 1977/78. The course has since that time been given
each year for many students.

The main goal of the experiments is to get a challenge to develop intellectual ability to
solve different kind of problems. The students will for example have access to solid cylinders
of different diameters and length, tubes of different inner and outer diameters and also length.
The cylinders and tubes are also made of different materials as steel, aluminum or brass. The
students have also access to an inclined plane, a clock and a ruler. The task for the student is to
do experiments and determine a functional relation, which describes how long time it takes for a
cylinder or tube to roll down on an inclined plane. The students have to find out which variables
are important, decide which experiments should be done, do a number of experiments and fill
in the data in tables, analyze the recorded data to find the final general functional relation. It
is recommended that the students before doing the measurements make a dimensional analysis.
The discussions, recorded data, tables, figures, analysis of the data should be recorded in a book.
A report is written of the experiment.
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In this study the quantum physics content in swedish high school has been analysed using an
Extended Cat Television Diagram, ECTD. In Teaching Physics with the Physics Suite Redish
uses a diagram to illustrate the large number of different representations physicists use to describe
events and processes in the real world. An extended version of this diagram, including both
theoretical and experimental aspects, is in this work used to analyse what could be the central
content in a physics course in e.g. high school.
In the picture below the experimental part of the diagram is shown. Experiments or observations
are made to study some specific aspect of the real world, and the result is expressed in at least
one of the representations to the right: spoken words, written words, equations, numbers, graphs,
diagrams/pictures or physical models. To be able to make an experiment, knowledge of how to
make measurements, how to use tools and how to vary parameters is necessary. Translation
between different representations is a knowledge in its own as shown by arrows.
ECTD has now been used to analyse what parts of quantum physics are included in the swedish
high school according to the curriculum, handbooks, textbooks and experienced teachers.

Figure 1: Extended Cat Television Diagram, ECTD

216

mailto:anne-sofie.martensson@hb.se


P
O

EGAS–44

Ultrafast processes

217



P
O

PO–135 Poster: Tuesday, 15:30 Arnold

Attoscience in Lund
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S. Ristinmaa Sörensen1, M. Gisselbrecht1, and A. L´Huillier1

1Department of Physics, Lund University, P.O. Box 118, 22100 Lund, Sweden
1Department of Optics and Quantum Electronics, University of Szeged, Dóm tér 9, 6720
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We report about a series of experiments which recently became possible after an improve-
ment of the kHz attosecond pump-probe beam line at the Lund High-Power Laser Facility. We
perform time-resolved interferometric attosecond pump-probe measurements, where XUV at-
tosecond pulse trains (APTs), used as pump, are generated via high-order harmonic generation
(HHG) by focusing intense ultrashort laser pulses into a dilute gas. The APTs are spatially
overlapped with ultrashort IR probe pulses in the sensitive region of a magnetic bottle electron
spectrometer (MBES) at variable attosecond to femtosecond delays. A needle valve provides
detection gas and photo-electron energy is recorded as function of time delay. We recently im-
proved the quality of our experimental configuration by actively stabilizing the arm length of
the Mach-Zehnder interferometer, used to experimentally realize attosecond pump-probe delays.
Experiments which require stable attosecond delay for long integration time, such as coincidence
detection of photo-electrons, as well as experiments which rely on being able to reproducibly
scan exactly the same delay range consecutively, benefit strongly from this improvement.

We were thus able to refine recent photo-ionization timing measurements of 3s and 3p va-
lence electrons in Ar, revealing information on the temporal aspects of many-electron dynamics
[1,2]. The principle of these experiments is based on the RABBIT method (Reconstruction of
attosecond bursts by ionization of two-photon transitions) [3]. If RABBIT scans are performed
using two different gases, the relative timing between the ionization processes can be extracted
on attosecond time scale. We present results for the relative timing of valence electron photo-
ionization for Kr, Ne, and Xe in reference to 3p photo-ionization in Ar.

The same kind of measurements allows to investigate the HHG process itself, which is a
complicated combination of the microscopic single-atom response to a strong driving field and
macroscopic phase-matching effects. By performing RABBIT scans we can quantify the relative
walk-off between the fundamental IR driving pulse and the resulting APTs at different generation
pressures.

We also investigated photo-double ionization in Xe by detecting pairs of photo-electrons
in coincidence. By relating to the single photo-ionization signal (attoclock), measured simul-
taneously, we can identify temporal behavior of the different processes involved, namely direct
non-sequential, indirect non-sequential, and indirect sequential photo-double ionization [4].

We conclude by describing the current laser sources and experimental setups used for at-
tosecond experiments at the Lund High-Power Laser Facility. Our kHz femtosecond laser chain
has recently been upgraded to deliver now sub-20 fs pulses with 5 mJ pulse energy. Its extraor-
dinary wavelength tunability (>60 nm) is a perfect tool to investigate resonant processes in the
XUV spectral region [5]. Finally, a novel OPCPA-based (Optical parametric chirped pulse am-
plification) laser, emitting pulses of <10 fs duration at >200 kHz repetition rate, enhances our
activity in coincidence detection techniques as well as surface science with attosecond temporal
resolution.
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Non-sequential double ionization (NSDI) of atoms is a classical example for multi-electron
dynamics in the presence of a strong laser field. In NSDI, the ionization of the second electron
is triggered by the laser driven recollision of the first electron with the atomic core. Though
NSDI has been extensively studied (for a recent review see Ref. [1] and references therein), the
mechanism underlying its dynamics is not yet fully understood. On the one hand, NSDI in
multi-cycle laser pulses usually involves multiple recollisions, which hamper the interpretation of
experimental results. On the other hand, the exact theoretical modeling of NSDI in the multi-
cycle regime remains a most difficult task, so that most of the predictions of the double ionization
dynamics are restricted to a single cycle of a laser pulse (see e.g. [2,3]). A direct experimental
test of these predictions, however, has been impeded so far by the lack of kinematically complete
experimental data obtained with ultrashort pulses and precise knowledge of the electric field. We
use a near-single-cycle laser pulse with appropriate carrier-envelope phase (CEP), to confine the
double ionization dynamics of argon to a single laser cycle. This allows us to study NSDI in a
clean experiment were the removal of the second electron is triggered by a single recollision event
[4]. The measured two-electron spectrum shown in Fig. ?? exhibits a cross shaped structure that
qualitatively differs from spectra recorded in all previous experiments using many-cycle pulses.
This suggests that the transition from the multi-cycle to the near-single-cycle regime substan-
tially modifies the dynamics of NSDI. With help of the CEP resolved two-electron momentum
spectra, the correlated emission of two electrons is traced on sub-femtosecond timescales. In
particular, we determine at which moment the second electron is released within the laser pulse.
Our experimental results, which are discussed in terms of a semi-classical model provide strong
constraints for the development of theories and lead us to revise common assumptions about the
mechanism that governs double ionization.
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Ionization of H by few-cycle XUV laser pulses: Spatial and
temporal interference effects

S. Borbély1, A. Tóth1, K. Tőkési2, and L. Nagy1
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The interaction between atomic systems and ultrashort laser pulses is an interesting field
of study with numerous applications. With the fast development of the laser technology the
generation of few-cycle laser pulses became possible [1]. During the interaction of such a few-cycle
laser pulse with an atomic system several competing processes occur leading to a complex pattern
in the momentum distribution of photoelectrons (see Figure ??). If the underlying processes are
understood in detail, valuable information regarding the structure and the temporal evolution of
the target atom can be extracted from these complex electron distributions.

We have studied the interaction of few-cycle XUV laser pulses with the H atom in the
tunneling and over-the-barrier ionization regime. We used the direct numerical solution of the
time-dependent Schrödinger equation and classical trajectory Monte Carlo (CTMC) simulations.
In our present case, the pattern shown on Figure ?? is formed as a result of temporal and spatial
interference between electron wave packets. During the temporal interference [2] electron wave
packets emitted at different time moments (i.e. at different parts of the laser pulse) add up to an
interference pattern built of concentric circles. Electrons originated from the same wave packet
may follow different paths in the presence of the combined electric field generated by the core’s
Coulomb potential and the laser pulse. During recombination the different electron paths may
interfere constructivelly or destructivelly depending on their relative phase [3]. This leads to
the radial interference pattern observed on Figure ??, which is the holographic mapping [3] of
the parent ion’s state. In the present work, we have investigated the interplay between these
interference mechanisms as a function of laser pulse parameters putting accent on the detailed
understanding of the underlying mechanisms.

Acknowledgements: The present work was supported by the Sectoral Operational Programme
for Human Resources Development 2007-2013, co-financed by the European Social Fund, under
the project numbers POSDRU 89/1.5/S/60189 and POSDRU/107/1.5/S/76841, by a grant of
the Romanian National Authority for Scientific Research, CNCS UEFISCDI, project number
PN-II-ID-PCE-2011-3-0192.
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Iterative solution of the time-dependent Schrödinger
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The interaction between atomic systems and external electromagnetic fields (i.e ultrashort
laser pulses) can be described most accurately by solving directly the time-dependent Schrödinger
equation (TDSE). Each implementation of the direct solution is compute intensive and requires
large amount of memory even in the framework of the single active electron approximation.

Recently, we have proposed [1] an approximate, much less compute intensive approach (mo-
mentum space strong field approximation - MSSFA) based on the first order iterative solution
of the time-dependent Schrödinger equation in momentum space. It was shown [1], that the
MSSFA model provides results with accuracy comparable to the direct solution of the TDSE in
the half-cycle regime, where the net momentum transfer between the electromagnetic field and
the electron is high. In contrast to this, in the multi-cycle regime the MSSFA model completely
fails [2] leading to erroneous electron dynamics due to the underestimation (considered only as
first order approximation) of the Coulomb interaction between the electron and the core.

To overcome this shortcomming (wrong electron dynamics), higher order iterations were
included in the MSSFA model util convergence was achieved. This new, iterative approach is
equivalent with the direct solution of the TDSE, and from this point on it will be called iTDSE
model. During the implementation of the iTDSE model the coupling coefficients were calculated
as integrals of highly oscilatory functions. These integrals were efficiently evaluated using Levin’s
[3] method leading to a fast numerical code.

In the present work the performance and accuracy of the iTDSE model is investigated, by
comparing it with the direct momentum space [4] and coordinate space (time-dependendent
close-coupling method) solution of the TDSE.

Acknowledgements: The present work was supported by the Sectoral Operational Programme
for Human Resources Development 2007-2013, co-financed by the European Social Fund, under
the project number POSDRU 89/1.5/S/60189, by a grant of the Romanian National Authority
for Scientific Research, CNCS UEFISCDI, project number PN-II-ID-PCE-2011-3-0192.
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Harmonic Generation in Time Dependent R-Matrix Theory
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In recent years, great advances have been made in the use of harmonic generation (HG)
as a measurement tool. It has facilitated a series of very sensitive measurements of electronic
dynamics in atoms and molecules [1, 2]. The sensitive nature of HG has made it increasingly
important to develop accurate methods of modeling the process. When used to study electronic
dynamics on ultrashort timescales it also becomes important to assess the influence of electron-
electron interactions on HG.

In studying HG, many methods use the single active elctron (SAE) model, a significant
simplification which enables efficient computation of harmonic spectra. The relationship between
atomic structure and HG can be approximated by the SAE to a good accuracy for many processes.
For instance, the Cooper minimum in Argon has been successfully described with various SAE
methods [3,4]. However, there are many processes which rely on the interaction of different
electrons, and hence cannot be described in a SAE framework [1,2,5].

We have developed time dependent R-matrix (TDRM) theory to model the interaction of
atoms with short, intense laser pulses, maintaining a full description of the multielectron dy-
namics involved [6,7]. We have extended TDRM to account for HG and have demonstrated how
multielectron dynamics can influence harmonic spectra in Argon. Interference between pathways
involving the excitation of a 3p electron into the continuum, and the excitation of a 3s electron to
an np state was demonstrated to significantly influence the fifth harmonic yield at wavelengths
between 200 and 240nm [5].

Although HG has been studied extensively over the past two decades, it is still an open
question whether it is the expectation value of the dipole operator, dipole velocity operator or
dipole acceleration operator that provides the best approximation to the HG yield. Recently it
has been suggested that there is a natural link between HG and the dipole velocity operator [8,
9]. However, it is important to ensure that the computational approach used to evaluate these
expectation values can actually do so accurately.

We have therefore extended the capability of the TDRM code to calculate harmonic spectra
using the dipole length, velocity and acceleration operators. By comparing spectra from each,
we can assess the reliability of the method and gain a greater understanding of the underlying
process.

We apply TDRM to the test case of HG in Helium using various laser pulse profiles. We
compare the results between each of the dipole length, velocity and acceleration operators, finding
excellent consistency between the three approaches well into the cutoff regime. By varying the
atomic basis, we assess the influence of atomic structure on the HG yields. Finally, we compare
our HG yields with those obtained from the HELIUM code [10] and again find excellent agreement
between the two methods.
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High Harmonic Generation at 200 kHz repetition rate
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To study movements of electrons on their natural timescale attosecond laser pulses are used.
These pulses are produced in a process termed ”High Harmonic Generation” (HHG) [1],[2] which
requires intensities on the order of 1014 W/cm2. These high intensities puts a limit on the
available repetition rates of the laser used for HHG experiments to a few kHz. Many experiments
however, would benefit from higher repetition rates in order to achieve a high signal-to-noise ratio
and avoid space charge effects [3]. Using tight focusing HHG at 100 kHz [4] and even 20 MHz
[5] have recently been obtained.

We demonstrate high harmonic generation in Argon at repetition rates up to 200 kHz using
a commercially available ”turn-key” amplified laser system from Light Conversion with a tunable
repetition rate. We use the system to investigate how the so-called ”long-” and ”short electron
trajectories” are influenced by the ellipticity of the driving laser field. HHG using nanostructures
[6] was also investigated in order to be able to increase the repetition rates even further in the
future. The gold nanostructures were designed to maximize the plasmonic field enhancement
between 170 nm sized bow tie elements spaced 30-60 nm apart.

In the near future a new CEP stabilized laser system with a central wavelength of 800 nm,
sub-10 fs pulse duration and 10 µJ pulse energy at 200 kHz repetition rate will be installed at
the Lund High-Power Laser Facility. Repetition rates up to 20 MHz will also be supported at
the cost of pulse energy and duration.

Figure 1: Harmonic spectrum on a phosphor screen.
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Role of magnetic field in strong-field atomic stabilization
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Theory of atomic photoionization in very intense high-frequency laser field predicts the effect
of stabilization, i.e., the saturation or even the decrease of ionization probability with increasing
laser intensity (see, e.g., reviews [1, 2]). Although the basic mechanisms and many aspects of
atomic stabilization have been rather well studied, some issues remain unresolved. One of them
concerns the role of the magnetic field of the laser pulse. On the one hand, both the classical
Monte Carlo simulations [3] and quantum-mechanical numerical experiments [4, 5] have indicated
that stabilization can be observed only in a certain range of pulse intensities. Too high intensity
leads to breakdown of stabilization, and the main reason is that the magnetic field pushes the
electron in the laser pulse propagation direction. On the other hand, in [6] using the strong-
field approximation (SFA) Reiss showed that stabilization can be observed at any level of pulse
intensity and relativistic effects (including the magnetic-field effects) only enhance stabilization.
As stated in [6], this interesting contradiction with results of [3–5] needs to be resolved. In this
paper, we present the results of classical and quantum-mechanical simulations, which shed light
on the above-mentioned contradiction.

Until recently, the computer capabilities did not allow extensive full-dimensionality numerical
studies of strong-field phenomena in atomic and molecular systems, even in the single-electron
approximation. That is why so far the numerical study of atomic stabilization beyond the
dipole approximation has been made only for linearly polarized laser field. In this case, the
2D calculations [4, 5] are believed to give quite plausible results. The use of modern computer
facilities makes possible the full-dimensional simulations, which allowed us to consider for the first
time the problem of atomic stabilization in arbitrarily polarized field, including the magnetic-field
effects, in full (3D) dimensionality. Moreover, it is very important that we were able to consider
the long-term evolution of electron wave function, which is not limited to the time interval of
about ten cycles of the laser field. Our study reveals two-stage electron wave-packet evolution
in a pulses of short-wavelength ultraintense field. We will demonstrate the role of magnetic field
of the laser pulse on each of these stages.
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Formation of extremely short pulses from resonant
radiation in hydrogen-like medium: three-level model

versus time-dependent Schrödinger equation
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In the last few years it was proposed to produce extremely short pulses from the resonant
radiation in hydrogen-like medium irradiated by far-off-resonant low-frequency laser field [1-3].
The approach is based on the time-dependent perturbation of atomic energies over the optical
cycle of the far-off-resonant laser field due to Stark effect and tunnel ionization from the excited
atomic states. The pulses are formed from the incident VUV or XUV radiation, resonant to
the quantum transition from the ground to the first excited states of hydrogen-like atoms, as a
result of propagation of radiation trough the medium and generation of spectral sidebands at
the combination frequencies of the resonant and far-off-resonant fields.

In this paper we compare the results obtained within the three-level model of hydrogen-like
medium, which takes into account only the resonant interaction of high-frequency radiation with
atoms, with the results obtained via numerical integration of the time-dependent Schrdinger
equation taking into account all the multiphoton processes in the system under consideration.
This allows us to verify that the three-level model is valid in the large area of the parameter
values as well as to determine the limitations of the three-level approximation. We show the
possibility to produce extremely short femto- and attosecond few-cycle pulses from the resonant
radiation for various intensities and frequencies of the resonant and far-off-resonant fields.
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Cooperative muon-gamma-nuclear spectroscopy of atomic
systems
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We have presented a generalized energy approach in the relativistic theory of discharge of
a metastable nucleus with emission of gamma quantum and further muon conversion, which
initiates this discharge. A negative muon captured by a metastable nucleus may accelerate the
discharge of the latter by many orders of magnitude [1]. For a certain relation between the
energy range of the nuclear and muonic levels a discharge may be followed by muon ejection and
muon participates in discharge of other nuclei. The decay probability is linked with imaginary
part of the ”nucleus core+ external nucleon+muon” system energy [1,2]. One should consider
3 channels: 1). radiative purely nuclear 2j-poled transition (probability P1; this value can be
calculated on the basis of known traditional formula); 2). Non-radiative decay, when a proton
transits into the ground state and muon leaves a nucleus with energy E = E(p−N1J1)−E(i),
where E(p − N1J1) is an energy of nuclear transition, E(i) is the bond energy of muon in 1s
state (P2); 3). A transition of proton to the ground state with muon excitation and emission
of gamma quantum with energy E(p-N1J1)-E(nl) (P3). Under condition E(p−N1J1) > E(i) a
probability definition reduces to calculation of probability of autoionization decay of 2-particle
system. The numerical calculation of the corresponding probabilities is carried out for the Sc, Cs,
Yb nuclei with using the Dirac-Woods-Saxon (DWS) and Dirac-Bloumkvist-Wahlborn models.
The probabilities for some transitions for Sc are as follows: P2=3.91015 1/s (p1/2-p3/2) and
P2=3.11012 1/s (p1/2-f7/2) (DWS model) [1]. The dipole transition 2p-1s occurs with P3=1.9
1013 1/s. The detailed scheme of the possible high-power monochromatic gamma radiation source
on the basis of examined processes is presented and its experimental realization is discussed.
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Resonant and non-resonant ionizations of xenon with 388
nm femtsosecond laser pulses
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We report the ionization of xenon with a femtosecond 388 nm (3.2 eV) laser pulse with
intensities below 38 TWcm−2. The angular distributions were measured with a velocity imaging
spectrometer.

We observe three ionization processes: resonant and non-resonant multi-photon ionization
and autoionization. The relative yield of the first two was evaluated from the deconvolution of
their angular distribution for the relevant electron energy, which includes the electron produc-
tion via the 3hν-6s(2P1/2 J=1) resonance. The non-resonant process gains in importance with

increasing laser intensity and reaches 50% at 30 TW/cm−2.

Figure 1: Polar plot of the angular distributions. The polarization is in the vertical direc-
tion. Frames (a)-(e) show the angular distributions for five different intensities: 2.1, 2.9,
5.3, 12 and 22 TWcm−2, respectively. The energy interval used is from 0.60 to 0.66 eV
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Enhanced High-Order Harmonic Generation using dual gas
targets
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High-order harmonic generation (HHG) in gases is nowadays well established and used for a
variety of applications, in particular for the generation of attosecond pulses which give access to
ultrafast phenomena in various fields of physics. This highly nonlinear light conversion process
suffers, however, from a relatively low conversion efficiency. Several techniques have been imple-
mented in order to enhance the efficiency, based on either improving phase matching or enhancing
the single atom response. In this work, we investigate the possibilities of using a dual gas target
in order to enhance the single atom response in the second target (generation cell) by driving
the HHG process with an intense laser field and a superimposed harmonic field, generated in the
first target (seeding cell). We demonstrate a significant enhancement of the harmonic signal (up
to an order of magnitude), if an argon cell is placed in front of our low pressure neon cell. A
similar effect has been observed earlier [1,2] involving an interpretation focusing on the role of
the high-order harmonic field for controlling the ionization process in the generation cell. Our
experimental results indicate that the enhancement happens due to low order harmonics which
are efficiently generated in the seeding cell.
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Figure 1: Principle of seeded high-order harmonic generation using dual gas targets.

This new HHG scheme has been implemented in our intense harmonics beamline which delivers
high order harmonics at a µJ pulse energy level.
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We present a detailed theoretical study of the photoionization of the helium atom subject
to a train of XUV attosecond pulses in conjunction with a strong near-IR probe pulse in the
energy region of the first excitation threshold of the He+ parent ion. This pump-probe scheme
extends the Rabitt technique (Reconstruction of Attosecond Beating by Interference of Two pho-
ton Transitions) [1] to the energy domain where resonances and inelastic thresholds appear. In
the usual application of the Rabitt method, one assumes slowly varying atomic transition matrix
elements to reconstruct, from the phaseshifts between consecutive sidebands in the photoelec-
tron spectrum, the profile of an XUV train [2]. Conversely, if the phase relation between the
harmonics in the XUV train is known, one can extract information on the intrinsic phases of
the atomic transition amplitudes. This latter approach has already been employed to highlight
the role of discrete intermediate states in the two-photon single ionization of helium [3]. Here,
we apply the same scheme at higher energies to illustrate the effect of autoionizing states and
threshold openings on continuum-continuum transitions.

To do so, we solve the time-dependent
Schrödinger equation in a close-coupling
B-spline basis with the Arnoldi propaga-
tor in a quantization box with a radius
of 1200 Bohr radii. At the end of each
simulation, the wave packet is projected
on a complete set of multi-channel scat-
tering states of the atom in order to ex-
tract channel-resolved, fully differential
photoelectron distributions [4].
In the photoelectron spectrum we ob-
serve characteristic sideband phaseshifts
associated to resonant and non-resonant
multi-photon transitions as a function of
the time delay between the XUV and the
IR pulses, and a corresponding modula-
tion of the Fano profiles (Fig. 1).
In addition, we observe shifts on res-
onance positions when the XUV pulse
train is close to the maximum of the IR
probe pulse. This effect is a signature of
the dressing of the atom due to the in-
teraction with the comparatively strong
IR probe pulse.

Figure 1: Detail of a sideband in the 2sǫs photo-
electron spectrum of helium close to the (3, 2)4 1S

doubly excited state [5].
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Theory of resonant high-order harmonic generation by
low-frequency laser field
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Properties of resonant high-order harmonics generated in intense laser field are actively stud-
ied both experimentally [1, 2] and theoretically [2, 3]. Very efficient generation of the harmonic
resonant with the transition from the bound to the autoionizing state of the generating particle
was demonstrated recently in the experiments using plasma plumes [1] and Xe jet [4].
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Figure 1: Squared absolute value and phase of the transition matrix element dres vs.
the harmonic number of 800 nm laser radiation. The values were calculated for the model

Sn+ ion.

In this paper we develop an analytical theory of the resonant HHG. We use the single-active
electron approximation, and the role of the other electrons is reproduced with a model poten-
tial of the parent ion. We use double-barrier structure with a gap between the barriers as an
approximation of this potential. The potential has one bound state and one quasi-stationary
state, which reproduce the ground and the autoionizing states of the real atom (or ion), respec-
tively. We derive analytically the wave function (both in the discrete and continuum spectrum)
in such potential. We find the matrix element of the dipole moment of the continuum - ground
state transition dres. The absolute value and the phase of this matrix element for tin ion are
shown in the figure. One can see that when the continuum state energy is close to that of the
quasi-stationary state, the absolute value of the matrix element has a maximum corresponding
to the strong enhancement of the harmonic generation efficiency; the phase of the matrix element
varies rapidly in the vicinity of the resonance. This phase describes the additional phase shift
of the harmonic close to the resonance. The rapid variation of the matrix element dres near the
resonance precludes the application of the stationary phase method used in the non-resonant
HHG theories, for instance, in Ref. [5]. Applying different approximate integration methods, we
find the time-dependent microscopic dipole moment.
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High harmonic generation (HHG) refers to the nonlinear optical process where intense laser
pulses interacts with an atomic or molecular system to generate high order odd harmonics of the
driving field frequency. Most commonly a target of dilute gas is used. In the temporal domain
the generation will appear as repeated bursts of broadband electromagnetic radiation separated
by half a period of the driving field. Under certain conditions these bursts can be compressed to
have time duration of only a few hundreds of attoseconds. The emission consists then of a train
of attosecond pulses (APT), separated by half a laser cycle. To be able to control this source of
coherent broadband radiation it is important to understand the response of the single atom or
molecule as well as the macroscopic propagation effects taking place as the harmonic fields are
generated, i.e. phase-matching effects.

In this work we studied the effect of the target gas pressure on the relative spectral phases
of the harmonic fields. The harmonic radiation was generated by focusing ultrashort laser pulses
of 1.5 mJ pulse energy and 35 fs (FWHM) duration in a pulsed Ar gas jet. Using a interfer-
ometric technique, RABBIT (Reconstruction of attosecond bursts by ionization of two-photon
transitions) [1], including a stabilized Mach-Zehnder interferometer, we observe how the phase
locking between the consecutive harmonics is affected by varying the generation conditions. The
long time stability of the interferometer also allow us to study how the generation conditions
affect the phase locking between the APT and the generating field [2], which in the temporal
domain corresponds to a relative time delay of the radiation bursts. Combined with computer
simulations, these results might give an insight in the complex macroscopic space-time evolution
of the HHG process.
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Figure 1: Relative group-delay of the harmonic fields as a function of the backing pressure
in the generation vacuum chamber.
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To study movements of electrons on their natural timescale attosecond laser pulses are used.
These pulses are produced in a process termed ”High Harmonic Generation” (HHG) [1],[2] which
requires intensities on the order of 1013 W/cm2. These high intensities puts a limit on the
available repetition rates of the laser used for HHG experiments to a few kHz. Many experiments
however, would benefit from higher repetition rates in order to achieve a high signal-to-noise ratio
and avoid space charge effects [3]. Using tight focusing HHG at 100 kHz [4] and even 1 MHz [5]
have recently been obtained.

We demonstrate high harmonic generation in Argon at repetition rates up to 200 kHz using
a commercially available ”turn-key” amplified laser system from Light Conversion with a tunable
repetition rate. We use the system to investigate how the so-called ”long-” and ”short electron
trajectories” are influenced by the ellipticity of the driving laser field. HHG using nanostructures
[6] was also investigated in order to be able to increase the repetition rates even further in the
future. The gold nanostructures were designed to maximize the plasmonic field enhancement
between 170 nm sized bow tie elements spaced 30-60 nm apart.

In the near future a new CEP stabilized laser system with a central wavelength of 800 nm,
sub-10 fs pulse duration and 10 µjoule pulse energy at 200 kHz repetition rate will be installed
at the Lund High-Power Laser Facility. Repetition rates up to 20 MHz will also be supported at
the cost of pulse energy and duration.

Figure 1: Harmonic spectrum on a phosphor screen.
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High-order harmonic pulses focused with soft x-ray optics can reach intensities as high as
1014 W/cm2. This leads to the possibility to study nonlinear processes in the soft X-ray region
where, to date, only a limited number of experiments have been completed using free electron
lasers and high-order harmonics [1-2]. We present a newly developed coherent source of intense
high-order harmonics applicable for those studies. The high harmonic beam is generated by
loosely focusing high energy Ti:Sapphire laser radiation into a gas cell filled with argon or neon.
The obtained energy per pulse was optimized by an automatic control of the multiple parameters
influencing the generation process. This optimization procedure allows us to obtain energies as
high as 1,15 µJ and 0.23 µJ in argon and neon gas respectively. The spectra of the high-order
harmonic beams generated in both gases are shown in Figure 1. The generated harmonic beams
present a high degree of spatial coherence as measured using a two slit experiment. Our plan
to reach a high focused intensity over a broad spectral range will be presented together with
possible applications, e.g towards seeding of free electron lasers.

Figure 1: Spectra of High-order harmonic from Ar (a) and Ne (b) gas corresponding
to total HH beam energies of up to 1 µJ and 0.2 µJ respectively. The pulse energy of
individual harmonics, shown as dots, was obtained by combining the energy measurements

with informations from a spectrometer calibrated for spectral response.

References
[1] K. Ishikawa, et al., Phys. Rev. A, 65 (2002).
[2] E. P. Benis, et al., Phys. Rev. A, 75 (2006).

233

mailto:Piotr.Rudawski@fysik.lth.se


P
O

PO–151 Poster: Tuesday, 15:30 Vindel-Zandbergen

Laser induced dynamics in the Shin-Metiu-Engel model:
controlling singlet-triplet transition with the non-resonant

Starck effect

P. Vindel-Zandbergen1, I.R. Sola1, M. Falge2, and V. Engel2

1Departamento de Quimica Fisica I. Universidad Computense de Madrid, 28040 Madrid,
Spain

2Institut für Physikalische Chemie. Universität Würzburg, Am Hubland, 97074 Würzburg,
Germany

Corresponding Author: p.vindel.zandbergen@gmail.com

The control of chemical reactions by means of ultrashort laser pulses is an area of great
interest. Over the past years significant developments have been made in using the quantum
properties of light and matter to control the dynamics of molecular processes [1]. Using the
properties of quantum interference we can achieve an unprecedent degree of control over the
dynamics from simple atomic systems to complex biological molecules [2].

As a first approximation, we can view the control as the quest of frequencies and inten-
sities of a laser pulse or a sequence of laser pulses that lead us to the desired products. For
this end, multiple control schemes have emerged in which the laser can ”drive” the system [3].
The non-resonant dynamic Stark effect (NRDSE) scheme is a simple but very general method
that uses non-resonant electromagnetic fields to induce large time-dependent Stark-shifts in the
energy levels. This scheme is used in many current experiments to hold and align molecules, to
shape potential energy surfaces, influencing the outcome of photodissociation reactions at conical
intersections [4]. As an interesting application of the NRDSE it is significant the optical control
of the singlet-triplet transition, where the scheme is used to efficiently couple or decouple an
intramolecular process that is not directly affected by the light [5]. In general, as the influence of
the laser pulse is to second-order of the field, one needs to use quite strong laser pulses. It is thus
important to evaluate the effect of multi-photon processes, and more importantly, the influence
of tunneling ionization, which is rarely negligible with the use of strong low-frequency pulses.

In the present work, the NRDSE scheme is implemented to control the singlet-triplet tran-
sitions in a simple but very general model. The Shin-Metiu-Engel Hamiltonian [6,7] models the
behavior of two electrons in an ion string with one moving ion, including spin exchange interac-
tions between the singlet and triplet states. In spite of the simplicity of forcing one-dimensional
(aligned) particle motion in screened Coulomb potentials, the model permits evaluating different
levels of approximations. We implement the NRDSE scheme to stop or force the singlet-triplet
transition working with very few potentials, with a large set of electronic potentials within
the Born-Oppenheimer approximation, and by a full 3D Quantum propagation, including non-
adiabatic couplings.
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Guénot, D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
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Tőkési, K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
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