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A Brief History of Elemental Carbon

R.F. Curl, jr.

University Professor Emeritus, Pitzer-Schlumberger Professor of Natural Sciences
Emeritus, Professor of Chemisty Emeritus, Departement of Chemistry, Rice University,

Houston, Texas, U.S.A., rfcurl@rice.edu

Carbon is the only element that humanity has routinely been in contact with in reasonably
pure form since the origin of the species. With this much experience with it, one might
think that the chemistry of pure carbon is completely understood and developed. Nothing
could be further from the real situation. Although many important advances have been
made recently, there is much that is not understood and probably much to be discovered
about the chemistry and uses of this extremely flexible element. This talk will be a rapid
survey of human experience with elemental carbon and the variety of forms it can take.
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Non-demolition photon counting and field quantum
state reconstruction in a cavity: a new way to look at

light

Serge Haroche

ENS and Collège de France, Paris

While usual photo-detection destroys light quanta, we have developed a quantum non-
demolition way to count photons trapped in a cavity without absorbing them, making
it possible to measure the same field repeatedly. We use as detectors atoms prepared in
Rydberg states which cross the cavity one at a time and behave as microscopic clocks
whose ticking rate is affected by light. By measuring the clocks’ delay, information is
extracted without energy absorption and the field progressively collapses into a well-
defined photon number state. Quantum jumps between decreasing photon numbers are
recorded as the cavity field subsequently relaxes towards vacuum. This new way to
look at light can also generate coherent superpositions of photonic states with different
phases called "Schrödinger cats". By exploiting information provided by sequences of
atoms crossing the cavity and interacting non-destructively with its field, we reconstruct
these Schrödinger cat states which are represented in phase space by Wigner functions
exhibiting striking non-classical features. We directly monitor in this way the process
of decoherence in experiments opening new avenues for the exploration of the boundary
between the quantum and classical worlds.
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Theory and Spectroscopy of Parity Violation in
Chiral Molecules

Martin Quack

ETH Zürich, Laboratorium für Physikalische Chemie, Wolfgang-Pauli-Str. 10,
CH-8093 Zürich,

web: www.ir.ethz.ch; email: Martin@Quack.ch

Parity violation plays a crucial role in the Standard Model of Particle Physics and ac-
cording to current understanding it has crucial connections to fundamental symmetry
violations in general and to such fundamental phenomena as the existence of mass of the
elementary particles (see [1,2]) and references cited therein). In chemistry, one important
consequence is a “parity violating energy difference”∆PV E of the ground state energies of
enantiomers of chiral molecules, corresponding to a non zero enthalpy of stereomutation
or enantiomerisation ∆RH0

0 = NA∆PV E, which would be exactly zero if perfect inversion
symmetry were true. An experiment to measure this very small energy difference in the
sub-femto-eV (or atto-eV) range, typically, has been proposed some time ago [3]. Recent
improved theory [4,5,6] predicts parity violating potentials to be larger by about two or-
ders of magnitude for the prototype compound H2O2 and related molecules, as compared
to older theories, and this large increase has been confirmed by subsequent independent
theoretical results in several groups. Thus the prospects for successful experiments look
brighter today than ever before [7].

In the lecture we will discuss the current status of the field and report in some detail on
the various spectroscopic approaches, which can be used, as well as the current challenges
of these experiments [7]. If time permits, even more fundamental symmetry violations
such as CP and CPT violation will be discussed [1,8].

References
[1] M. Quack, in “Modelling Molecular Structure and Reactivity in Biological Sys-

tems”, Proc. 7th WATOC Congress, Cape Town January 2005 (Eds.: K. J. Naidoo,
J. Brady, M. J. Field, J. Gao, M. Hann), Royal Society of Chemistry, Cambridge
(2006), ISBN 0-85404-668-2, pages 3 - 38

[2] M. Quack, Nova Acta Leopoldina 81, 137 (1999), (earlier version of [1], in German).
[3] M. Quack, Chem. Phys. Lett. 132, 147 (1986); M. Quack, Angew. Chem. Int. Ed.

(Engl.) 28, 571 (1989).
[4] A. Bakasov, T. K. Ha, M. Quack, in “Chemical Evolution, Physics of the Origin

and Evolution of Life ”, Proc. of the 4th Trieste Conference (1995) (Eds.: J. Chela-
Flores, F. Raulin), Kluwer Academic Publishers, Dordrecht (1996), ISBN 0-7923-
4111-2, pages 287-296.

[5] A. Bakasov, T. K. Ha, M. Quack, J. Chem. Phys. 109, 7263 (1998).
[6] R. Berger, M. Quack, J. Chem. Phys. 112, 3148 (2000).
[7] M. Quack, J. Stohner, M. Willeke, Annu. Rev. Phys. Chem. 59, 741 (2008).
[8] M. Quack, Paper at EGAS Conference 2 to 5 July (2008)

PL 2

3



Precision Experiments with Highly Charged Ions

H.-Jürgen Kluge for the HITRAP Collaboration

GSI/Darmstadt and University of Heidelberg, Germany

Highly-charged ions (HCI) confined in Penning traps and storage rings have been ap-
plied for high-precision experiments such as mass spectrometry or x-ray, laser and radio-
frequency spectroscopy. Storage and cooling of HCI in trapping devices are prerequisites
for such high-accuracy experiments in which even a single stored particle can be observed.
In the case of a radioactive ion, the fate of an individual ion, undergoing a nuclear decay,
can be studied in detail by observing the disappearance of the signal of the mother and
the appearance of that of the daughter isotope. Since the mass resolving power of mass
spectrometry using Penning traps or storage rings increases with the charge state, charge
breeding and the use of HCI is planned for quite a number of radioactive beam facilities.
Few-electron ions are simple systems which are calculable by theory with high accuracy.
In such systems, the electric field strength increases roughly with the third power of the
nuclear charge and reaches values much larger than presently achievable with the most
powerful short-pulse lasers. These HCI up to hydrogen-like U91+ are testing grounds for
QED in the little explored regime of extreme electromagnetic fields.
In order to increase the accuracy further for investigating simple systems, the Highly-
charged Ion TRAP (HITRAP) facility is presently being built up at GSI. Stable or ra-
dioactive HCI are produced by stripping relativistic ions in a target and injecting them
into the storage ring ESR at GSI. After electron cooling and deceleration to 4 MeV per
nucleon, these ions are ejected out of the storage ring, decelerated further in a linear
decelerator, and injected into a Penning trap where a temperature of 4 K is reached by
electron and resistive cooling. From here, the cooled HCI are transferred at low energies
to experimental setups. A large number of unique experiments with very heavy ions up
to hydrogen-like U91+ are being prepared by the international HITRAP Collaboration:

• Clean samples of stored and cooled HCI in a chosen specific charge state can be
investigated by observation of x-rays from a quasi point-like source.

• If the accuracy of QED calculations is improved, the fine structure constant α can
be determined with high accuracy measuring the g-factor of the bound electron.

• Mass measurements can be performed with extreme accuracy of better than 10−11

and with single-ion sensitivity by using stored HCI.

• A measurement and comparison of the nuclear g-factor of the bare nucleus with that
of the neutral atom allows one to check calculations of the diamagnetic correction
for the first time.

• The hyperfine structure of the ground state in hydrogen-like systems can be deter-
mined. Optical pumping of the M1 transition will result in electronic and nuclear
polarization enabling clean nuclear-decay experiments and, in this way, sensitive
tests of weak interaction.

• Recoil ion momentum spectroscopy, ion-surface interaction experiments, and hollow-
atom spectroscopy can be performed in a regime of extr. low energies using HCI.
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AtomChips:
Integrated circuits for matter waves

Jörg Schmiedmayer

Atominstitut der Österreichischen Universitäten, TU-Wien

AtomChips [1] aim at the miniaturization and integration of quantum optics and atomic
physics on to a single chip, analogous to electronic circuits. It combines the best of both
worlds: The perfected manipulation techniques from atomic physics with the capability
of nanofabrication. AtomChips promise to allow coherent manipulation of matter waves
on the quantum level by using high spatial resolution electro magnetic potentials from
structures on the atom chip or by employing adiabatic radio frequency (RF) or micro
wave (MW) potentials.
The talk will give an overview of the recent advances in the concepts, fabrication and
experimental realization of AtomChips by illustrating the many different tasks that can
be performed using ultra cold or Bose-Einstein condensed (BECs) atoms manipulated on
the chip. These range from measuring magnetic and electric fields with unprecedented
sensitivity by observing the density modulations in trapped highly elongated 1d BECs
[2], to fundamental studies of the universal properties in low dimensional systems like non
equilibrium dynamics and coherence decay [3] or signatures of thermal and quantum noise
[4] in one dimensional super fluids. The talk will give an overview of the recent advances
and experiments.
This work was supported by the European Union MC network AtomChips, integrated
project SCALA, the DIP the FWF and the Wittgenstein Prize.

[1] For an overview see: Microscopic atom optics: from wires to an atom chip. Folman,
R., Krger, P., Schmiedmayer, J., Denschlag, J. Henkel,C., Adv. At. Mol. Opt. Phys.
48, 263 (2002).
[2] St. Wildermuth et al. Nature 435, 440 (2005); S. Aigner et al. Science 319, 1226
(2008)
[3] Hofferberth et al. Nature 449, 324 (2007)
[4] Hofferberth et al. Nature Physics (2008), DOI:10.1038/nphys941; arXiv:0710.1575
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Optical Atomic Clocks at the Frontiers of Metrology

Fritz Riehle

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38 116 Braunschweig Germany

Several optical atomic clocks are now beginning to outperform the best caesium atomic
clocks that represent the realization of the definition of the unit of time in the International
Systems of Units (SI). Consequently, four optical frequency standards have recently been
selected and recommended as secondary representations of the second by the International
Committee of Weights and Measures. Among them are the 171Yb+ frequency standard at
688 THz which is based on an electric quadrupole transition of a single, laser-cooled ion
held in a rf Paul trap and the 87Sr standard at 429 THz based on a cloud of neutral atoms
in an optical lattice at the magic wavelength. Due to the large number of atoms that can
be interrogated in parallel, neutral atom optical frequency standards and clocks allow for
unprecedented high short-term stability as compared to single ion standards whereas up
to now single-ion standards seem to have the best prospects for fractional uncertainties
around 10−17 and below. In the talk the status of both standards at PTB and elsewhere
will be reviewed.

Apart from possible future realizations of the second those optical clocks clocks are used
to give upper limits for a possible drift of fundamental constants that is asked for by a
certain class of theories that aim to combine quantum theory and General Relativity.

The unprecedented high accuracies and stabilities of optical clocks require novel solu-
tions for meaningful comparisons of remote optical clocks. A particular interesting, novel
and challenging approach is to phase-coherently shift the frequency of a particular op-
tical atomic clock to the 1.54 µm band by means of a femtosecond comb, to transfer
this frequency over an existing commercial telecommunication network and to employ a
second frequency comb at the user end for comparison or calibration of the optical fre-
quency standard at this place. First experimental results and planned realizations will be
reported.

The remote comparison of optical clocks with fractional uncertainties around 10−18 is
extremely challenging. A frequency shift of this magnitude results e.g. from the Doppler
effect already by a relative motion of a few micrometers per day or by the gravitational
red shift due to a vertical height difference of 1 cm in the gravitational potential near
the surface of the Earth. It can be expected that frequency stabilized lasers of such high
accuracy apart from their use as precise clocks might be used as sensitive probes for their
relativistic environment and for other novel applications.
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Alkali Atoms, Dimers, Exciplexes and Clusters
in 4He Crystals

A. Weis, P. Moroshkin, V. Lebedev, and A. Hofer

Physics Department, University of Fribourg, Chemin du Musée 3, CH-1700 Fribourg

A closed-shell He atom and a single-electron alkali atom strongly repel each other be-
cause of the Pauli principle. As a consequence, an alkali atom immersed into condensed
(superfluid or solid) 4He forms a spherical bubble state, in which the alkali repels the He
quantum fluid/solid by imposing its own symmetry on the local He environment. For 15
years we have investigated such atomic bubbles in solid 4He using optical and magnetic
resonance spectroscopy.

In this talk I will first review our high resolution magnetic resonance studies performed on
solid He matrix-isolated alkali atoms in the radio-frequency and microwave domains with
special emphasis on their sensitive dependence on the crystalline structure (body-centered
cubic, bcc, versus hexagonally close-packed, hcp) of the helium matrix.

In recent years we have extended the purely atomic studies to larger bound complexes,
such as exciplexes, dimers and clusters. I will present some of our intriguing recent results:

• In their respective ground states, alkali and He atoms are the worst enemies in the
periodic table and strongly repel each other. Excited alkali atoms, however, attract
He atoms and form bound states (so-called exciplexes), in which up to 7 He atoms
can be attached to one alkali atom.

• Cs2 and Rb2 dimers in solid He can be excited via a large variety of absorption
bands, and the deexcitation proceeds either by photodissociation or by emission
of radiation. We made the strange observation that, irrespective of the excitation
band, dimer fluorescence is only emitted on the (1)3Πu → X 1Σg triplet-singlet
transition which is forbidden in the free dimer.

• When the first excited P1/2 state of an alkali atom is populated by direct atomic
excitation, it fluoresces at 879 nm (1.7% blueshifted from the free atomic transition
at 894 nm), a quantitatively well explained fact. However, when the same state is
populated by photodissociation of the dimer, the emission wavelength is 885 nm.
We attribute this effect to the formation of an entangled diatomic bubble state.

• The doped region of the He crystal has a bluish color that originates from Mie
scattering by alkali clusters, the size distribution of which can be inferred from the
extinction spectrum.

• When the doped He crystal is molten by lowering the He pressure, the doped
(column-shaped) region remains solid at pressures, where pure He is superfluid.
We present experimental support for our hypothesis that this new form of solid He
is an amorphous or crystalline ionic structure formed by snowballs (nanoscopic solid
He structures formed around positive ions) and electron bubbles.
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Generation of Short Wavelength Radiation via
Coherent Hyper Raman Superradiance

Marlan O. Scully

Texas AM University and Princeton University

We find that intense short pulses of XUV radiation can be produced by cooperative
spontaneous emission from visible or IR laser pulses driving atoms or ions. The process
depends on the generation and utilization of atomic coherence as is the case in lasing
without inversion. However, the radiation process is not stimulated emission, but is
rather cooperative spontaneous emission in the since of Dicke. More precisely, the many
atom mathematics of the problem is the same as that of coherent anti-Stokes Raman
scattering.
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Cold Atom Interferometry  
for Gravitational Experiments 

 

G. M. Tino 
Dipartimento di Fisica and LENS Laboratory - Università di Firenze 

   Istituto Nazionale di Fisica Nucleare, Sezione di Firenze 
   via Sansone 1, Polo Scientifico, I-50019 Sesto Fiorentino (Firenze), Italy 

E-mail: guglielmo.tino@fi.infn.it 

 

Experiments we are performing using atom interferometry to determine the 
gravitational constant G [1] and test the Newtonian gravitational law at micrometric 
distances [2] will be presented. Other experiments in progress, planned or being 
considered using atom interferometers in ground laboratories [3] and in space [4] will be 
also discussed.   
 
References 
1.  G. Lamporesi, A. Bertoldi, L. Cacciapuoti, M. Prevedelli, and G. M. Tino, Phys. Rev. Lett. 100, 050801, 

(2008). 
2.  G. Ferrari, N. Poli, F. Sorrentino, and G. M. Tino, Phys. Rev. Lett. 97, 060402, (2006). 
3.  M. de Angelis, A. Bertoldi, L. Cacciapuoti, A. Giorgini, G. Lamporesi, M. Prevedelli, G. Saccorotti, F. 

Sorrentino, G.M. Tino, to be published. 
4.  G. M. Tino, L. Cacciapuoti, K. Bongs, Ch. J. Bordé, P. Bouyer, H. Dittus, W. Ertmer, A. Görlitz,        

M. Inguscio, A. Landragin, P. Lemonde, C. Lammerzahl, A. Peters, E. Rasel, J. Reichel, C. Salomon,       
S. Schiller, W. Schleich, K. Sengstock, U. Sterr, M. Wilkens, Nuclear Physics B (PS) 166, 159, (2007). 
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Photodetachment microscopy in a magnetic field

C. Blondel, W. Chaibi, C. Delsart and C. Drag

Laboratoire Aimé-Cotton, Centre national de la recherche scientifique,
Univ. Paris-sud 11, bâtiment 505, F-91405 Orsay, France

Among some remarkable properties of charged-particle interferometry, one has known for
sixty years of the case where a perturbation can induce a shift of interference fringes even
though no physical field acts on the classical particle trajectories [1,2]. In such an extreme
case, of course, all trajectories remain unperturbed, and the fringes shift with respect to
a motionless envelope.

Less attention was paid to the other extreme situation, where a uniform, e.g. magnetic
field acts on all possible trajectories of the interferometer volume. In this case, the Lorentz
force is expected to bend all trajectories, while the added magnetic flux is expected to
change the interferometer phase. No doubt that, on a microscopic scale, the latter (phase
shift) is the quantum-mechanical explanation of the former (trajectory shift). Interferom-
eters, however, provide a situation where the added magnetic flux is no longer between
infinitesimally close trajectories, but between pairs of trajectories with a macroscopic sep-
aration. In the ordinary photodetachment microscopy situation [3], a µT is enough to
produce a 100 radian phase shift between trajectories of the most sensitive pairs, which
is definitely beyond the perturbative regime.

A review of past interference experiments shows that the identity of fringe and trajectory
shifts was actually seldom addressed. The well-known sensitivity of interferometers to
external perturbations can even be misinterpreted as an argument for a greater shift of
the interference fringes. On the other hand, analogy of the magnetic field action to the
effect of rotation of the whole apparatus can serve as an argument for the identity of
fringe and trajectory displacements. Rotation vs. magnetic field analogy is however only
a first-order approximation.

Photodetachment microscopy provides us with a remarkable situation where the electron
interference pattern has a clear-cut envelope. Experiments done with and without a mag-
netic field show a pattern shifted with no internal change, which demonstrates that all
trajectories and fringes undergo the same macroscopic displacement together [4]. This has
important consequences for the reliability of electron affinity measurements performed by
photodetachment microscopy. The property can actually be demonstrated by vector anal-
ysis. A non-zero second-order effect is expected however, which produces but a negligible
phase-shift in the present experimental situations.

References
[1] W. Ehrenberg and R.E. Siday, Proc. Phys. Soc. B 62, 8 (1949)
[2] Y. Aharonov and D. Bohm, Phys. Rev. 115, 485 (1959)
[3] C. Blondel, C. Delsart and F. Dulieu Phys. Rev. Lett. 77, 3755 (1996)
[4] W. Chaibi, C. Blondel, C. Delsart and C. Drag, Europhys. Lett. 82, 20005 (2008)
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Laser Induced – Tunneling, Electron Diffraction and
Molecular Orbital Imaging

Paul Corkum

University of Ottawa
National Research Council of Canada

Ottawa, Ontario, Canada

Multiphoton ionization in the tunneling limit is similar to tunneling in a scanning tunnel-
ing microscope. In both cases an electron wave packet tunnels from a bound (or valence)
state to the continuum. I will show that multiphoton ionization provides a route to extend
tunneling spectroscopy to the interior of transparent solids. Rotating the laser polariza-
tion is the analogue of scanning the STM tip - a means of measuring the crystal symmetry
of a solid [1].

In gas phase molecules the momentum spectrum of individual electrons can be measured.
I will show that, as we rotate the molecule with respect to the laser polarization, the
photoelectron spectrum samples a filter projection of the momentum wave function (the
molecular analogue to the band structure) of the ionizing orbital [2].

Some electrons created during multiphoton ionization re-collide with their parent ion. I
will show that they diffract, revealing the scattering potential of the ion - the molecular
structure [3]. The electron can also interfere with the initial orbital from which it sepa-
rated, creating attosecond XUV pulses or pulse trains. The amplitude and phase of the
radiation contains all information needed to re-construct the image of the orbital [4] (just
as a sheared optical interferometer can fully characterize an optical pulse).

Strong field methods provide an extensive range of new tools to apply to atomic, molecular
and solid-state problems.

[1] M. Gertsvolf, D. Grojo, D. Rayner and P. B. Corkum, unpublished results.

[2] A. Staudte, D. M. Villeneuve, M. Yu Ivanov and P. B. Corkum, unpublished results.

[3] M. Meckel, D. Comtois, D. Zeidler, D. M. Villeneuve, R. Dörner and P. B. Corkum,
unpublished results.

[4] J. Itatani et al, Nature 432, 867 (2004).
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Few-electron dynamics
in the interaction with strong fields

Armin Scrinzi

Vienna U. of Technology, Photonics Institute

Simple single active electron models have been highly successful in describing the inter-
action of strong laser fields with atoms and have inspired a large number of experiments.
Still, the validity and predictive power of these models for few-electron atoms and in
particular for molecules remains to be investigated. There are only few (semi-)analytical
models that include electron correlation. Alternatively, the numerical integration of the
time-dependent Schrödinger equation (TDSE) is a challenging task because of the expo-
nential growth of the problem size with the particle number, which has largely limited
computations to n = 2 active electrons.

In recent years, we have developed the MCTDHF (Multi-Configuration Time-Dependent
Hartree-Fock) method for the solution of the TDSE for atoms and molecules in IR laser
fields. The method scales like ∼ n

4 with the number of active electrons, as opposed to
the exponential scaling encountered in direct discretizations of the TDSE. Different from
time-dependent density-functional theory, which has an even more favorable n

2-scaling,
MCTDHF allows for the straight forward computation of two-electron observables and
for systematic convergence studies.

As examples, we show calculations of the strong field ionization of linear molecules with
up to 6 active electrons, electron-assisted laser ionization of an atom, high harmonic
generation on a diatomic 4-electron molecule, and the XUV-IR pump-probe ionization of
Helium. While for our parameters, the effects of electron correlation on ionization are
rather straight forward and can be incorporated into simple models, we find dramatic
qualitative modifications of the high harmonic spectrum by multi-electron effects. For
the pump-probe scenario, we find find significant crosstalk between the XUV pump and
the IR probe pulses.
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Molecular reaction dynamics at low energies

Roland Wester

Department of Physics, University of Freiburg, Hermann-Herder-Str. 3, 79104 Freiburg,

Germany

Low-energy collisions of small molecules represent model systems for complex quantum
reaction dynamics. The dynamics of negative ion reactions are particularly interesting,
being characterized by a corrugated potential energy landscape that originates in the
competition of long-range attractive and short-range repulsive forces. Scattering on such
multi-dimensional potentials only leads to reaction products if the different molecular
degrees of freedom are sufficiently coupled. This leads to unexpected dynamical features
in the scattering cross sections.

To study ion-molecule reaction dynamics, we have developed two complementary exper-
imental approaches. Using velocity map imaging in combination with crossed beams at
low energy, the differential scattering cross section of negative ion reactions is measured
at a controlled relative energy [1]. This setup has allowed us to image the nucleophilic
substitution reaction, a prototypical reaction in organic synthesis, and we have observed
several distinct reaction mechanisms as a function of collision energy [2]. Currently we
are preparing experiments to investigate the stereodynamics of reactions that take place
in a strong laser field.

Using a 22-pole ion trap, which allows for efficient buffer gas cooling of all degrees of
freedom of trapped molecular ions, we study reaction rates of negative ions at cryogenic
temperatures down to 8 Kelvin [3,4]. Due to the recent detection of negative ions in inter-
stellar molecular clouds, these measurements have become important for understanding
the interstellar abundance of anions. Absolute cross sections for anion photodetachment,
a significant destruction mechanism in photon dominated regions, are measured in our
22-pole trap with high systematic accuracy [5]. In addition, we have observed unexpected
temperature-dependences for a proton transfer reaction as well as for a ternary cluster
stabilization reaction at low temperatures [6,7]. In the future this work will be extended
to ultracold ion-atom interactions.

[1] J. Mikosch, U. Frühling, S. Trippel, D. Schwalm, M. Weidemüller, R. Wester, Phys.
Chem. Chem. Phys. 8, 2990 (2006)
[2] J. Mikosch S. Trippel, C. Eichhorn, R. Otto , U. Lourderaj, J. X. Zhang, W. L. Hase,
M. Weidemüller, R. Wester, Science 319, 183 (2008)
[3] J. Mikosch, U. Frühling, S. Trippel, D. Schwalm, M. Weidemüller, R. Wester, Phys.
Rev. Lett. 98, 223001 (2007)
[4] J. Mikosch et al., submitted
[5] S. Trippel, J. Mikosch, R. Berhane, R. Otto, M. Weidemüller, R. Wester, Phys. Rev.
Lett. 97, 193003 (2006)
[6] R. Otto et al., submitted
[7] J. Mikosch et al., submitted
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1, 2, 3 Photons for Trapped Ion Spectroscopy

C. Champenois, G. Hagel, M. Houssin, C. Zumsteg, F. Vedel, and M. Knoop

CNRS/Université de Provence, Centre de St.Jérôme, Case C21,
13397 Marseille Cedex 20, France

Rf trapped ions are versatile candidates for a large panel of applications ranging from
quantum information to the creation of cold molecules. Sample size can range from
a single to 106 ions, and the internal and external energy states of the atoms can be
controlled with high precision. In our experiment, we focus on di�erent protocols in
frequency metrology using rf trapped Ca+ ions.

A single Ca+ ion, cooled in a miniature radiofrequency trap and con�ned in the Lamb-
Dicke regime, is an almost perfectly isolated atomic system suited for long interroga-
tion times. The electric quadrupole transition between the ground 4S1/2 and the upper
metastable 3D5/2 state is a �rst choice for a frequency standard in the optical domain, its
natural linewidth below 200 mHz results in a quality factor ν/∆ν higher than 2×1015 [1].
Probing of the clock transition of a single ion is carried out using quantum jump statistics
which requires interrogation times of several seconds to avoid power broadening. Care
must be taken to eliminate residual e�ects which may perturb the one-photon interro-
gation. The line width of the probe laser (local oscillator) should reach the hertz level for
a duration at least as long as the interrogation time to take full advantage of the quality
factor of the clock transition.

Clock performances are limited by the signal to noise ratio which can be obtained on
a single ion. We propose a novel interrogation protocol allowing to separate the two-

photon two-color cooling laser and the �uorescence detection in two distinct wavelength
domains, which allows detection without background and thus high cycle times. An
additional advantage is the tuning of the limit temperature only by the variation of laser
detuning and power [2]. This protocol implying cooling on a dipole forbidden transition
has been demonstrated experimentally [3].

The interrogation of an ion cloud by a three-photon protocol can be made in a Doppler-
free con�guration of the laser beams [4]. A coherent superposition of the two metastable
states is obtained by a coherent population trapping protocol, providing a high-resolution
dark line in the THz domain. The referenced 1.8 THz signal can be propagated over long
distances, as the useful information is carried by three optical photons.

[1] C. Champenois et al., Phys. Lett. A 331/5, 298-311 (2004)

[2] C. Champenois et al., Phys. Rev. A 77, 033411 (2008)

[3] R. Hendricks et al., Phys. Rev. A 77, 021401(R) (2008)

[4] C. Champenois et al., Phys. Rev. Lett. 99, 013001 (2007)
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Non-linear Photoionization in the Soft X-ray Regime

Mathias Richter and Andrei A. Sorokin

Physikalisch-Technische Bundesanstalt, Berlin, Germany

The investigation of non-linear effects on photon-matter interaction like multi-photon ion-
ization was restricted, for many years, to optical wavelengths. This has changed with the
development of X-ray lasers like the Free-Electron LASer in Hamburg FLASH [1]. First
gas-phase studies performed at FLASH demonstrate that non-linear photoionization in
the spectral range of the classical photoelectric effect, i.e. at photon energies above atomic
ionization thresholds, differs in some respect from the behaviour in the optical regime [2-
4]. Here, we present results of ion Time-Of-Flight (TOF) spectroscopy on rare gases at
peak irradiance levels above 1013 W cm−2 up to 1016 W cm−2 and photon energies around
40 eV and 90 eV. Non-linearities due to space-charge effects, target depletion, and sequen-
tial and direct multi-photon ionization were observed. Our result of 21-fold ionization of
xenon seems to be even beyond a perturbative description [4]. The work is related to
the development of photon diagnostic tools that are based on gas-phase photoionization
but might be of significance for any experiment at current and future X-ray laser facilities.
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Multi-photon ionization and excitation oft the rare
gases by Free Electron Laser radiation

Uwe Becker

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany

Multi-photon processes in the vacuum ultraviolet and soft X-ray regions became experi-
mentally accessible only very recently when the Free Electron Laser FLASH at DESY in
Hamburg was put into operation. The high brilliance of its light pulses makes it possible
to study non-linear processes in the photoionization of atoms, molecules and clusters.
First priority in the study of these processes has the spectroscopy of atoms, in particular
rare gas atoms. The study of non-linear processes in theses atoms was due to their high
ionization thresholds with normal laser radiation not feasible; only the SASE-FEL with
its ultra-bright VUV radiation made this now possible.
Studying the intensity dependence proved the well-known relationship between the num-
ber of involved photons and the exponential behavior of photon intensity versus ionization
probability. More interesting was the relationship between simultaneous and sequential
double photo-ionization. Our preliminary data analysis points to a predominance of the
latter by two photons, if the necessary threshold energy for this process is exceeded. The
last in a way most interesting aspect in this regard is the angular distribution of the
corresponding photoelectrons.
Multi-photon processes are characterized by photoelectron angular distributions, which
reflect the number of photons involved in the ionization process. This general rule is
clearly exhibited in our angular distribution results. However, the different photolines
show very distinct differences in this respect, which needs further theoretical explanation.

PR 4

16



Ultracold deeply-bound Rb2 molecules

F. Lang1, K. Winkler1, C. Strauss1, R. Grimm1,2 & J. Hecker Denschlag1

1 Institut für Experimentalphysik und Quantenzentrum, Universität Innsbruck, A-6020
Innsbruck, Austria

2 Institut für Quantenoptik and Quantuminformation der sterreichischen Akademie der
Wissenschaften, A-6020 Innsbruck, Austria

The tremendous success of the field of ultracold atomic gases has triggered the quest for
ultracold molecular gases. The production of such molecular gases was hindered by the
absence of standard laser cooling techniques for molecules because of their richer internal
structure. Other pathways to cold and dense samples of molecules such as sympathetic
cooling or association of ultracold atoms are required. Association via Feshbach reso-
nances has already led to quantum degenerate or nearly quantum degenerate ultracold
molecular gases, but only in very weakly bound states with high vibrational quantum
numbers. Such molecules are in general unstable under collisions with each other.

We overcome this limitation by optically transferring weakly bound Rb2 Feshbach molecules
to the intrinsically more stable ro-vibrational ground state of the triplet potential. The
transfer is carried out in a single step using stimulated Raman adiabatic passage (STI-
RAP) with an efficiency of about 60%, which is only technically limited. Because we
begin with a nearly quantum degenerate gas of Feshbach molecules, we thus enter for the
first time the regime of an ultracold and dense ensemble of tightly bound molecules. The
molecules which are held in a 3D optically lattice exhibit a lifetime longer than 100 ms.

These results open the door for a new generation of experiments with tightly bound ultra-
cold molecules allowing for investigations of ultracold collisions and chemistry, production
of a molecular BEC, as well as molecular quantum optics.
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Manipulating cold molecular gases with intense
optical fields

P. F. Barker

Department of Physics and Astronomy, University College London

Over last few years we have been exploring the application of intense, far off-resonant,
optical fields for manipulating the centre-of-mass motion of molecular gases using large
optical potentials in the 100 K range. This unique means of control, which can be applied
to essentially any gas, has been used to decelerate molecular beams from supersonic speeds
to rest to creating cold stationary molecular ensembles. Using these tailored light fields we
have also focused molecular beams to micron dimensions and have even briefly trapped
room temperature gases. In this update I will review these experiments and describe
more recent work, which is studying the role of laser-induced molecular alignment on the
manipulation of molecules, and also the trapping and sympathetic cooling of molecules
with ultracold atoms.
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Resonant laser spectroscopy in the soft X-ray region

José R. Crespo López-Urrutia, S. W. Epp, and J. Ullrich

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

In vast regions of the universe highly charged ions (HCI) are the predominant form of
visible matter. They also appear in nuclear fusion devices as well as in high-temperature
laser produced plasmas. Yet, their electronic structure still remains a challenge for both
theory and experiment. As a result of the limitations of traditional spectroscopic methods
in the soft and hard x-ray regions, accuracy currently constrains our knowledge of quan-
tum electrodynamics (QED) in strong fields. The application of laser spectroscopy to such
studies, which in the visible and ultraviolet range has already led to the most comprehen-
sive verification of a physical theory, QED, in weak fields, being even capable of testing
the time drift of fundamental constants, was until now not possible due to the lack of
appropriate light sources. Extending such precision tests to strong fields beyond pertur-
bation theory has general implications for the formalism of other quantum field theories,
nuclear physics and parity-non-conservation studies. In our experiment [1], HCIs stored
in an electron beam ion trap(EBIT) were excited by tunable ultra-intense soft x-rays gen-
erated at the Free electron LASer in Hamburg (FLASH), the first free electron laser in
the world operating in that spectral range. With this setup, resonant laser excitation of
bound-bound electronic transitions, namely the 1s22s 2S1/2 to 1s22p 2P1/2,3/2 lines of the
Li-like Fe23+ ion at 48.6 and 65.5 eV and of the isoelectronic Cu26+, became possible in
an energy range hitherto unattainable with powerful lasers. This and more recent experi-
ments, yielding a relative statistical error of only 2 ppm corresponding to 0.1% of the QED
contributions, demonstrate immediate potential to push the current limits of precision by
up to three orders of magnitude. They allow for tests of the QED theory in a regime in
which standard perturbation methods fail, in the environment of the highest stationary
electromagnetic fields found in nature, in the vicinity of the nucleus. Future experiments
at upcoming x-ray free electron lasers (X-FEL) like the Stanford Linear Coherent Light
Source (LCLS) or the European X-FEL will pave the way into the hard x-ray region, at
energies appropriate for even deeper probing of strong field QED effects. Investigations of
the photoionization of HCI and precision determinations of the lifetimes of excited states
are possible with this EBIT method. It will also allow establishing atomic frequency
standards at these high photon energies by coupling laser emission by e.g. high-harmonic
generation directly to bound-bound transitions of – ideally – hydrogen-like ions, overcom-
ing the present uncertainties found in x-ray standards derived from solid-state samples.

[1] S.W. Epp, J. R. Crespo López-Urrutia, G. Brenner, V. Mäckel, P. H. Mokler, R.
Treusch, M. Kuhlmann, M. V. Yurkov, J. Feldhaus, J. R. Schneider, M. Wellhöfer, M.
Martins, W. Wurth, and J. Ullrich, Phys. Rev. Lett 98, 183001 (2007)

PR 7

19



Resonances in Rare Gas Atoms:

Many-Electron Theory and Experiment

V. L. Sukhorukov

Rostov State University of Transport Communications,
344038 Rostov-on-Don, Russia

E-mail: vls@rgups.ru

Excitation processes in the rare gas atoms Ne, Ar, Kr and Xe with energies between the
two lowest ionization thresholds mp5

3/2 and mp5
1/2(m = 2−5) are dominated by resonances

stemming from mp5
1/2n`′[K]J autoionizing Rydberg states (ARS). These states provide

very suitable objects for the investigation of many-electron effects, both outside the atomic
core, where the n`′- electron is localized, and inside the core, which is responsible for the
lifetime of the ARS. Starting with the pioneering work of Beutler [1] these resonances
have been intensively studied experimentally (see, e.g. [2–5]). The two main properties
of the resonances which are derived from experimental spectra are the quantum defect
µ`, which determines the resonance energy, and the autoionization width Γn, i.e. the
resonance lifetime τn = ~/Γn.

In this talk we focus on the influence of many-electron effects on the processes responsible
for the excitation and decay of the ARS. The lineshapes used for the evaluation of µ` and
Γn are strongly dependent on the level from which the ARS are excited. In order to gain
detailed insight into the dynamics for excitation and decay of the ARS, we applied the
configuration interaction Pauli-Fock approach including the effects of core polarization
(CIPFCP) [6,7]. Using the CIPFCP method, we calculated resonance parameters (µ`,
Γn) [4,8,9] and the absolute photoionization cross sections (including the lineshapes) [5,9–
11] for a broad range (`′ = 0 − 5) of the autoionizing resonances in the rare gas atoms
Ne-Xe. By comparing measured ARS lineshapes with the computed profiles and adopting
step-by-step inclusion of many electron effects in the calculations, the important types of
electron correlations are identified.

Support of this work by the Deutsche Forschungsgemeinschaft is gratefully acknowledged.
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Attosecond spectroscopy in atoms and solids

Reinhard Kienberger

Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Straße 1, D-85748 Garching

The generation of ever shorter pulses is a key to exploring the dynamic behavior of mat-
ter on ever shorter time scales. Over the past decade novel ultrafast optical technologies
have pushed the duration of laser pulses close to its natural limit, to the wave cycle,
which lasts somewhat longer than one femtosecond (1 fs = 10 15 s) in the visible spectral
range. Time-resolved measurements with these pulses are able to trace atomic motion
in molecules and related chemical processes. However, electronic dynamics inside atoms
often evolve on an attosecond (1 as = 10 18 s) timescale and require sub-femtosecond
pulses for capturing them. Atoms exposed to a few oscillation cycles of intense visible
or near-infrared light are able to emit a single electron and XUV photon wavepacket of
sub-femtosecond duration [1, 2]. Precise control of these sub-femtosecond wavepackets
have been achieved by full control of the electromagnetic field in few-cycle light pulses
[3]. These XUV pulses together with the few-cycle (few-femtosecond) laser pulses used for
their generation have opened the way to the development of a technique for attosecond
sampling of electrons ejected from atoms or molecules [4]. This is accomplished by probing
electron emission with the oscillating electric field of the few-cycle laser pulse following
excitation of the atom by the synchronized sub-femtosecond XUV pulse. Sampling the
emission of photo electrons in this manner allows time-resolved measurement of the XUV
pulse duration as well as of the laser field oscillations [5]. After the full characterization of
these tools, first experiments have been carried out to measure sub-femtosecond behavior
of matter. Recently, the dynamics of the photoionization process on solids has been stud-
ied [6]. Not only that attosecond metrology now enables clocking on surface dynamics,
but also the individual behaviour of electrons of di erent type (core electrons vs. con-
duction band electrons) can be resolved. Here, we measured a time delay of about 100
as on the emission of the aforemention two types of electrons. The information gained in
these experiments may have influence on the development of many modern technologies
including semiconductor and molecular electronics, optoelectronics, information process-
ing, photovoltaics, electronically stimulated chemistry on surfaces and interfaces, optical
nano-structuring, and interference e ects in spectroscopy.
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Above, Around, and Below Threshold Ionization
using Attosecond Pulses

Johan Mauritsson∗

Department of Physics, Lund University, P.O. Box 118, SE-221 00 Lund, Sweden

Attosecond pulses offer a new route to produce temporally localized electron wave packets
that can easily be tailored by altering the properties of the attosecond pulses. In this talk
we will present three different experiments where attosecond pulses are used to inject
electron wave packets into a continuum which is dressed by an infrared laser field. By
tuning the central frequency of the attosecond pulses and/or changing the target gas, the
initial energy of the wave packets is set to be either above, around, or below the ionization
potential.

To capture the motion of electron wave packets created above or around the ionization
potential we have developed a quantum stroboscope to record the electron momentum
distribution from a single ionization event. The quantum stroboscope is based on a
sequence of identical attosecond pulses that are used to release electrons into a strong
laser field exactly once per laser cycle. With this periodicity, the pulses create identical
electron wave packets that add up coherently, with the result that the properties of an
individual wave packet can be studied stroboscopically. We use this technique to study
the coherent electron scattering of electrons that are driven back to the ion by the laser
field [1].

For electron wave packets created below the ionization potential we find that the ionization
is greatly enhanced by the presence of the infrared laser field and that this enhancement
strongly depends on the timing between the attosecond pulses and the laser field. We
show that this effect can be attributed to interference between consecutive wave packets,
which indicates that the wave packets stay in the vicinity of the ion over an extended
time period [2].

Using instead isolated attosecond pulses generated from an ultrashort, carrier-envelope-
phase stabilized infrared laser with a time-dependent polarization [3] we show that it is
possible to also probe ultrafast bound electron dynamics. These attosecond pulses are
broad enough to excite coherently all the p-states in Helium and a fraction of the contin-
uum. The wave packets created in Helium, partly trapped in the atomic potential, are
probed by a 7 fs 750 nm infrared laser field, with an intensity of 3× 1012 W/cm2. Using
this method we can extract the amplitudes and the phase evolutions of the bound, excited
states.

∗ Part of the work was done in collaboration with LSU, AMOLF, MPQ and CUSBO.
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Few-body physics with ultracold Cs atoms and
molecules

F. Ferlaino, S. Knoop, M. Mark, M. Berninger, H. Schöbel, H. C. Nägerl, and R. Grimm

Institut fr Experimentalphysik, Innsbruck, Austria Institut fr Quantenoptik und
Quanteninformation, Innsbruck,Austria

Ultracold gases are versatile systems to study few-body physics because of full control
over the external and internal degrees of freedom. Scattering properties can be controlled
because of the magnetic tunability of the two-body scattering length in the proximity of a
Feshbach resonance and weakly bound dimers can be produced. Here we experimentally
study three- and four-body physics by investigating ultracold (30-250 nK) atom-dimer
and dimer-dimer collisions with Cs Feshbach molecules in various molecular states and Cs
atoms in different hyperfine states. Resonant enhancement of the atom-dimer relaxation
rate is observed in a system of three identical bosons and interpreted as being induced
by a trimer state, possibly an Efimov state. A strong magnetic field dependence of the
relaxation rate is also observed in a atom-dimer mixture made of non-identical bosons.
Dimer-dimer inelastic collisions have been studied in a pure, trapped sample of Feshbach
dimers in the quantum halo regime. We identify a pronounced loss minimum with varying
scattering length along with a further suppression of loss with decreasing temperature.
This observations provide insight into the physics of a few-body quantum system that
consists of four identical bosons at large values of the two-body scattering length.
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Weakly bound molecules : Analysis by the Lu-Fano method
coupled to the LeRoy-Bernstein model.

Haikel Jelassi, Bruno Viaris de Lesegno, Laurence Pruvost

Laboratoire Aimé Cotton, CNRS II, bat 505, campus d’Orsay

91405 Orsay, France

E-mail: laurence.pruvost@lac.u-psud.fr

We have performed experiments on photo-association spectroscopy of cold 87Rb atoms,
below the (5s1/2+5p1/2) dissociation limit. By applying the trap loss spectroscopy method
[1] we have measured the binding energies of the weakly bound molecules, associated to
the 0−g , 0

+
u and 1g symmetries.

Such weakly bound molecules are described by the dipole-dipole atom interaction which
varies, according to the molecular symmetry, either as 1/R3 or as 1/R6, where R is
the inter-nuclear distance. The eigen energies of the weakly bound molecules are then
very close to those obtained by the well-known Le Roy-Bernstein (LRB) model [2]. The
discrepancies to the LRB law are due to the short distance behavior of the molecular
potentials or to couplings between molecular potentials resulting from interactions, for
example spin-orbit or spin-spin interactions.

To analyze the data, we have adapted the Lu-Fano (LF) method - well-known for Rydberg
atoms - to the weakly bound molecules. Using the LRB law, a molecular quantum defect
is defined and deduced from the data. The LF graph - quantum defect versus the binding
energy - allows us to characterize the molecular potential and the couplings.

For the 0−g molecular levels, we observe a linear LF graph, which is the signature of the
short range behavior of the molecular potential. A model for the barrier allows us to
connect the slope to the barrier location [3]. The method has also been applied to 85Rb
and 133Cs [4].

For 0+u molecular levels, the LF graph exhibits sharp variations which indicate a coupling
with a neighboring molecular series. The coupling is due to the spin-orbit interaction
in the molecule. A two series model allows us to evaluate the coupling, to identify two
perturbing levels of the (5s1/2+5p3/2) 0

+
u series and to predict the energy position and the

width of its first pre-dissociated level. An experimental signal agrees with the prediction
[4]. The method has also been successfully applied to 133Cs.
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Calculations of static polarizabilities of alkali dimers
and alkali hydrides. Prospects for alignment of

ultracold molecules.

Mireille Aymar,+, Johannes Deiglmayr∗, and Olivier Dulieu +

+Laboratoire Aimé Cotton, CNRS and Univ Paris Sud, Bât. 505,91405 Orsay Cedex,
France

∗ Physikalisches Institut, Universität Freiburg, Hermann-Herder-Strasse 3, 79104
Freiburg, Germany.

The rapid development of experimental techniques to produce ultracold alkali molecules
opens the ways to manipulate them and to control their dynamics using external electric
fields. A prerequisite quantity for such studies is the knowledge of their static dipole
polarizabilities.

We computed the variations with internuclear distance and with vibrational index of the
static dipole polarizability components of all homonuclear alkali dimers including Fr2, and
of all heteronuclear alkali dimers involving Li to Cs, in their electronic ground state and
in their lowest triplet state and of alkali hydrides LiH to CsH in their ground state. We
use the same quantum chemistry approach than in our work on dipole moments [1] based
on pseudopotentials for atomic core representation, Gaussian basis sets, and effective
potentials for core polarization. Polarizabilities are extracted from electronic energies
using the finite-field method [2].

For the heaviest species Rb2, Cs2 and Fr2 and for all heteronuclear alkali dimers and for
CsH, such results are presented for the first time. The accuracy of our results on atomic
and molecular static dipole polarizabilities is discussed by comparing our values with the
few available experimental data and elaborate calculations. We found that for all alkali
pairs, the parallel and perpendicular components of the ground state polarizabilities at the
equilibrium distance Re scale as (Re)

3. Prospects for possible alignment and orientation
effects with these molecules in forthcoming experiments are discussed.

[1] M. Aymar and O. Dulieu, J. Chem. Phys 122, 204302(2005).

[2] J. Deiglmayr, M. Aymar, M. Weidemüller, R. Wester, and O. Dulieu, submitted to J.
Chem. Phys.
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Electrostatically extracted cold molecules from a
cryogenic buffer gas

Laurens D. van Buuren, Christian Sommer, Michael Motsch, Markus Schenk,
Pepijn W.H. Pinkse, and Gerhard Rempe

Max-Planck-Institut für Quantenoptik,
Hans-Kopfermann-Str. 1, 85748 Garching, Germany

Dense samples of cold polar molecules offer new perspectives in physics [1]. Studies of
cold collisions and chemical reactions as well as high precision measurements will benefit
from these samples. For this kind of studies there is still need for new sources which
deliver a high density and a high flux of cold molecules.

We present a source which delivers a continuous, high-density beam of slow and internally
cold polar molecules. In the source, warm molecules are injected into a cryogenic cell,
in which their external and internal degrees of freedom are cooled by collisions with a
helium buffer gas [2]. Cold molecules are extracted out of the cryogenic environment by
means of an electric quadrupole guide. Information on the state purity of the extracted
beam is obtained by laser depletion of H2CO within the guide [3]. In future, the beam
can be loaded into a large volume electrostatic trap (as previously shown [4]) to perform
for example collision experiments.
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Diode lasers are highly attractive for spectroscopic field applications where small sizes and
low power consumption are prerequisites. They are available as light sources from the blue
up to the mid infrared spectral range and are commonly used in sensor systems. However,
in the ultraviolet and visible spectral ranges, which are of special interest to fluorescence
and Raman spectroscopy, compact diode laser based devices with narrow spectral width
are not commercially available.

In this presentation, we will show how micro-system technology can overcome these pro-
blems with a small size high power external cavity diode laser (ECDL) emitting at 671 nm
with a small emission width suitable for Raman spectroscopy. All elements used in the-
se devices are mounted on micro optical benches with a dimension of only (13 x 4 x
1)mm3. For our experiments the subassemblies were mounted on conduction cooled packa-
ges (CCP) with footprints of only (25 x 25)mm2.

The ECDL system includes a broad area device as gain material, micro-optics for beam
shaping and a reflecting Bragg grating for wavelength stabilization. We present results for
devices with an output power of 200mW and a stable emission at 671 nm. The spectral
width of ∆λ = 80 pm (∆ν̃ ≈ 2 cm−1), which includes 95 % of intensity fits within the
required spectral width of ∆λ = 450 pm (∆ν̃ ≈ 10 cm−1) for Raman bands of most liquid
and solid samples.

This micro-system laser device is implemented into a specifically designed Raman sensor
for in-situ measurements of meat. Raman spectroscopy offers the advantages to measure
non invasive and through the packaging. The sensor exploits the fingerprinting charac-
teristics of Raman spectra for substance identification and to follow the physicochemical
and biochemical changes upon aging of meat products.

The Raman probe is characterized and first results of time-dependent Raman measu-
rements of porcine musculus longissimus dorsi aged for up to 4 weeks at 5 ◦C will be
presented. The usefulness of Raman spectroscopy will be discussed with a view of inte-
grating the sensor in a handheld laser scanner for food control.

This work was supported by the BMBF funded project „FreshScan“ 16SV2332.
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Beta-spectrometer experiments to constrain neutrino masses (such as KATRIN [1] and
the completed Mainz experiment [2]) have a long history, as do independent helium−3 and
tritium mass difference measurements like the most precise result from SMILETRAP [3].
The main goal of MPIK/UW-PTMS, the Max-Planck-Institute for Nuclear Physics / Uni-
versity of Washington Penning Trap Mass Spectrometer collaboration, is to use simulta-
neous axial-frequency-lock in two externally-loaded hyperbolic Penning traps to perform
single-ion cyclotron frequency measurements for a determination of the 3H to 3He mass
ratio with 10−11 uncertainty. Ideally their mass difference (which is easily calculated
from the mass ratio) will be found with an uncertainty much smaller than the tritium
β-spectrum endpoint can be determined by the KATRIN experiment. For KATRIN, the
uncertainty on the endpoint depends on absolute calibration of the spectrometer retard-
ing potential as well as several other factors. Because mechanisms causing systematic
uncertainty in beta-spectrometers generally effect both the fitted endpoint E0 and the
fitted electron neutrino mass mν , agreement between the spectrum endpoint and inde-
pendent mass difference measurements should reinforce confidence in the understanding
of KATRIN systematic uncertainties. Hopefully, in the future agreement at the ∼ 50 meV
level will be found, just as good agreement was found at the ∼ 2 eV level between earlier
3H to 3He mass difference measurements and beta-spectrometers of lower resolution than
KATRIN.
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In recent years there has been significant interest in studies on the development of neutral
atom traps and the applications thereof [1-4]. One novel approach to the development
of miniature atom traps involves the optical near-fields formed by laser diffraction on an
array of circular apertures in a thin screen [5]. This approach can be adapted in order
to fabricate an array of atom microtraps and, accordingly, produce a large number of
trapped atomic microensembles from a single initial atomic cloud or beam.

In this paper, we propose and analyze such near-field Fresnel-type atom microtraps with
a characteristic aperture size approximately equal to the optical wavelength incident on
the thin screen. Our analysis of the atom microtraps shows that, for a moderate laser
intensity of about 10 W/cm2, the traps can store atoms with a kinetic energy equivalent
to ∼ 100µK, and with estimated lifetimes of ∼ 1 second.

Our analysis for 85Rb and 133Cs atoms shows that the potential well depth of the micro-
traps is mainly determined by the intensity of the incident laser field and the detuning.
By varying these two parameters one can achieve robust control over the trap param-
eters. The incident laser intensity of 10 W/cm2 corresponds to about 0.5 µW of laser
power incident on each individual aperture. With such trap parameters one can perform
atom optics experiments by blending microfabrication technology with cold atoms for site
selective addressing of microtraps.
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[3] S. K. Sekatskii, B. Riedo, and G. Dietler, Opt. Comm. 195, 197 (2001)
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Rydberg atoms have played an important role in atomic physics and optical spectroscopy
since many years. Due to their long lifetime and the big dipole matrix element be-
tween neighbouring Rydberg levels they are an essential tool in microwave cavity-qed
experiments. Ultracold Rydberg gases are a promising candidate for realizing controlled
quantum gates in atomic ensembles. In most experiments Rydberg atoms are detected
destructively, where the optically excited atoms are first ionized followed by an electronic
detection of the ionization products. A Doppler-free purely optical detection was reported
in [1] in a room temperature cell and in [2] in an atomic beam apparatus using the tech-
nique of electromagnetically induced transparency. In all these experiments the Rydberg
atoms are excited with two lasers in a two-step ladder configuration.

Here we show that Doppler-free purely optical spectroscopy is also possible with a one
step excitation scheme involving a UV laser at 297 nm. We excite the 85Rb isotope from
the 5S1/2 ground state to the 63P3/2 state with a frequency doubled dye laser in a room
temperature gas cell without buffer gas. Rydberg transitions are detected by monitoring
the absorbtion of 780 nm laser light which is superimposed on the UV light and resonant
with one hyperfine component of the Rubidium D2 line. With these two lasers we realize a
V-scheme and utilize the quantum amplification effect due to the different natural lifetimes
of the upper levels of the two transitions: an excitation into the 63P level hinders many
absorbtion-emission cycles of the D2 transition and leads to a reduced absorption on that
line. We discuss the shape of the observed spectra in the context of electron shelving and
EIT experiments.

By applying a frequency modulation to the UV laser, we can obtain dispersive signals
which can be used to stabilize the laser to a specific Rydberg transition. By shifting
the frequency of the 780 nm laser to crossover resonances in the saturated absorbtion
spectrum of the D2 line, the stabilization point of the UV laser can be detuned from
the resonance by discrete values. Using this idea, we demonstrate the stability of the
frequency locking scheme with an atomic beam apparatus: if the detuned laser hits the
atomic beam under a small angle, only atoms of a certain velocity class will be transferred
to their upper level. We excite the atoms with pulses of 5 µsec duration and measure
their arrival times 10 cm behind the excitation region with field selective ionization. By
analyzing the time of flight spreading we can show that the long-term linewidth of the
laser is below 2 MHz in the UV, which corresponds to the specified short time stability
of the dye laser and the long term frequency drift can be effectively compensated.
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We construct approximate helium wavefunctions for ground and excited n1,3S states
through the angular correlated configuration interaction (ACCI) method proposed in [1].
The trial wavefunctions are given by

ΨC3−N =
∑

n1,n2,n3

ϕn1(r1)ϕn2(r2)χC3(n12, r12)
∑

ijk 6=1

cn1n2n12
ijk ri

1r
j
2r

k
12

where r1, r2, r12 are the interparticle coordinates. The products ϕn1(r1)ϕn2(r2)χC3(n12, r12)
(with (n1, n2, n12 integers) were proposed by Gasaneo and Ancarani in [2] as parameter-
free basis functions: ϕni

are l = 0 hydrogenic functions, and χC3 = 1F1(−n12, 2,−r12/n12)
is the angular correlation factor [2,3] which results from the analytic continuation of the
widely used double continuum three-body Coulomb (C3) wave function [4]. Each of these
product satisfies exactly all two-body Kato cusp conditions. Following the methodology
proposed in [1], we multiply each of them by a series which does not affect this property.
The trial wavefunction involves then N linear variational parameters cn1n2n12

ijk which are
obtained by solving a generalized eigenvalue problem. The n1,3S states obtained in this
way form an orthogonal set of wavefunctions.

Quite accurate energies values for both the ground and excited states can be obtained
with only a relatively low number of terms, as illustrated by the following table (the
construction includes the 1s1s, 1s2s and 1s3s multiple configurations and n12 up to 2).

N n1 n2 n12 −E11S −E23S −E21S −E33S
24 1,2 1,2 1,2 2.90329 2.1752 2.14587 2.05589
38 1,2,3 1,2,3 1,2 2.90335 2.17521 2.14594 2.06866
52 1,2,3,4 1,2,3,4 1,2 2.90339 2.17522 2.14594 2.06869

Exact[5] 2.90372 2.17523 2.14597 2.06869
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Modern technologies require knowledge of atomic structure of the most complex chemical
elements, actinides included. The accuracy of the results obtained depends on the degree
of accounting for correlation and relativistic effects. Many phenomena or properties, e.g.
effective magnetic moments of the Cm

+4 ions measured in several compounds [1], still
remain unexplained. In this report we present ab initio calculations of the lowest energy
terms and levels of Cm

+4 and Am
+3 ions in nonrelativistic approach.

For the calculation of energy spectra of Cm
+4 and Am

+3 ions we used multiconfigurational
Hartree-Fock and configuration interaction methods accounting for relativistic efects in
Breit-Pauli approach. Configuration state functions of the multiconfiguration expansion
additionally include single and double substitutions from the valence shell (VV correla-
tions). All calculations were performed with the MCHF atomic-structure package [2]. The
dependence of fine structure of the lowest term 7

F of Cm
+4 in Breit-Pauli approach on

correlation effects taken into consideration is presented in Table. The results obtained
demonstrate that core-valence and core-core correlations are essential for the Cm

+4 and
Am

+3 term energy, whereas their role in the case of fine structure is much less compared
to that of valence-valence correlations. Therefore the latters must be accounted for while
studying the fine structure of the ions. The calculated energy levels of the Cm

+4 are in
a good agreement with experimentally obtained values [3].

Table I. The lowest 7 energy levels of Cm
+4 in MCHF+BREIT (CI) approach with dif-

ferent degree of accounting for correlation effects.

States Energy Level (cm−1)
AS6 AS7 AS8 AS9 AS10 AS11 AS12

5f 6 7
F0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

7
F1 1788.0 2019.5 2105.6 2196.5 2225.6 2265. 4 2292.6

7
F2 4838.0 5464.5 5691.9 5935.8 6012.4 6118. 0 6182.9

7
F3 8188.9 9221.8 9566.6 9960.9 10079.6 10248. 2 10340.5

7
F4 11107.3 12422.6 12797.1 13284.9 13422.3 13628. 0 13728.3

7
F5 13656.3 15143.0 15492.3 16029.8 16171.7 16396. 2 16494.6

7
F6 16117.2 17681.3 17974.2 18527.4 18664.4 18894. 1 18983.6
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A non-zero permanent electric dipole moment (EDM) of atom, molecules or other com-
posite or elementary particle is one of possible manifestations of parity (P) and time
reversal (T) symmetry violations. During the last decade, several atoms were considered
as candidates for such experiments, and currently radium appears to be the most promis-
ing one. Experiments with radium are underway in Argonne National Laboratory and in
Kernfysisch Versneller Instituut. The multiconfiguration Dirac-Hartree-Fock theory has
been employed to calculate the electric dipole moment of the metastable 7s6d 3

D2 state
of radium. One of the most important parity and time reversal symmetry violating inter-
action in atoms is due to a possible Schiff moment between the electrons and the nucleus:

Ĥ
SM

= 4π
N∑

j=1

(S · ∇
j
) ρ (r

j
) . (1)

This interaction mixes parity of atomic states and also induces a static electric dipole
moment of the atom. For the calculations of the Schiff moment interaction and electric
dipole moment operators matrix elements we extended the GRASP2K relativistic atomic
structure package [1]. In the calculations valence and core-valence electron correlation
effects have been included in a converged series of multiconfiguration expansions. In this
contribution, we investigate the mixing of two atomic levels of opposite parity, 7s7p 3

P1

and 7s6d 3
D2, which are separated by a very small energy interval 5cm−1. The calculated

values of EDM are presented in the Table. Obtained results are in a good agreement with
other theories [2].

Table 1: EDM for different isotopes of Ra in the 3
D2 state induced by the Schiff moment.

223

88
Ra I = 3

2
F = 3

2

225

88
Ra I = 1

2
F = 3

2

MCDHF RHF+CI [2] MCDHF RHF+CI [2]

0.43 × 109
IS 0.30 × 109

IS 1.40 × 108
IS 0.94 × 108

IS
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The time dependent Dirac equation for a hydrogen-like system exposed to a short, intense
electromagnetic pulse is solved numerically by expanding the wave function in eigenstates
of the unperturbed Hamiltonian. These eigenstates are obtained by diagonalizing the
Dirac Hamiltonian on an exponential grid. As the field parameters (field strength and
frequency) increases, both magnetic and relativistic effects become important. Further-
more, for higher nuclear charges, relativistic effects are important even for relatively weak
fields. The need for a non-dipole and relativistic treatments is investigated by direct
comparison with the corresponding predictions of the Schrödinger equation in the dipole
approximation.

Although the fields considered are far below the threshold for pair-creation, negative
energy states may still play a role during the interaction. The possible influence of such
states is considered by propagating the wave function in field dressed states, which are
obtained by diagonalizing the full Hamiltonian. After each diagonalization the negative
energy states are removed from the basis.

In order to minimize the number of basis states needed, complex scaling has been applied.
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Experimental measurements of the spin-dependent contribution to the PNC 6s → 7s
transition in 133Cs led to a value of the cesium anapole moment that is accurate to about
14% [1]. The analysis of this experiment, which required a calculation of the nuclear spin-
dependent PNC amplitude, led to constraints on weak nucleon-nucleon coupling constants
that are inconsistent with constraints from deep inelastic scattering and other nuclear
experiments. New experiments (and associated theoretical analyses) are needed to resolve
the issue.

Comparing experimental weak charges of atoms QW , which depend on input from atomic
theory, with predictions from the standard model provide important constraints on pos-
sible extensions of the standard model. Indeed, a recent analysis [2] of parity-violating
electron-nucleus scattering measurements combined with atomic PNC measurements placed
tight constraints on the weak neutral-current lepton-quark interactions at low energy, im-
proving the lower bound on the scale of relevant new physics to ∼1 TeV.

We have calculated parity-nonconserving 7s − 6d amplitude E1PNC in Ra+, using rel-
ativistic high-precision all-order method where all single and double excitations of the
Dirac-Hartree-Fock wave function are included to all orders of perturbation theory. De-
tailed study of the uncertainty of the PNC amplitude is carried out; additional calculations
are performed to evaluate the effect of the triple excitations and to estimate some of the
missing correlation corrections. A systematic study of the parity-conserving atomic prop-
erties, including the calculation of the transition matrix elements, lifetimes, hyperfine
constants, as well as dipole and quadrupole ground state polarizabilities, is carried out.
The comparisons are made between the size of the correlation corrections in Ba+ and Ra+.
The results are compared with other theoretical calculations and available experimental
values.

References
[1] C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J. L. Roberts, C. E. Tanner, and
C. E. Wieman, Science 275, 1759 (1997).
[2] R. D. Young, R. D. Carlini, A. W. Thomas, and J. Roche, Phys. Rev. Lett. 99, 122003
(2007).

CP 13

35



Development of the CI + all-order method for
atomic calculations

Marianna Safronova1, M. G. Kozlov2, and W. R. Johnson3

1University of Delaware, Newark, Delaware, 19716 USA
2Petersburg Nuclear Physics Institute, Gatchina, 188300, Russia
3University of Notre Dame, Notre Dame, Indiana, 46556, USA

E-mail: msafrono@udel.edu

The development of the relativistic all-order method where all single and double excita-
tions of the Dirac-Hartree-Fock wave function are included to all orders of perturbation
theory led to accurate predictions for energies, transition amplitudes, hyperfine constants,
and other properties of monovalent atoms as well as the calculation of parity-violating
amplitudes in Cs and Fr [1]. The all-order method is designed to treat core-core and core-
valence correlations with high accuracy. Precision calculations for atoms with several
valence electrons require an accurate treatment of the very strong valence-valence corre-
lation; a perturbative approach leads to significant difficulties. In this work, we develop
a novel method for precision calculation of properties of atomic systems with more than
one valence electron. This method combines the all-order approach currently used in pre-
cision calculations of properties of monovalent atoms with the configuration interaction
(CI) approach.

The precision of the CI method is generally drastically limited for large systems by the
number of the configurations that can be included. As a result, core excitations are
neglected or only a small number of them are included, leading to a significant loss of
accuracy for heavy atoms. In the CI + all-order approach, core excitations are incorpo-
rated in the CI method by constructing an effective Hamiltonian using fully converged
all-order excitations coefficients. Therefore, the core-core and core-valence sectors of the
correlation corrections for systems with few valence electrons will be treated with the
same accuracy as in the all-order approach for the monovalent system. The CI method
will then be used to treat valence-valence correlations. This method is expected to yield
accurate wave functions for subsequent calculations of various atomic properties (such as
lifetimes, polarizabilities, hyperfine constants, parity-violating amplitudes, etc).

The preliminary results for Mg, Al, Sr, and Ba are presented.
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The basis functions proposed by Gasaneo and Ancarani in [1] are used to construct trial
wavefunctions for several two-electron systems. The focus here is on the study of the
following negatively charged hydrogenlike ions : 1H−, ∞H−; D−, T− and Mu−, the negative
positronium ion Ps−, and some exotic systems e−e−(nme)

+ in which one of the particles
is heavier than the other two. All these systems are similar to each other in the main
property of their spectra, i.e. they have only one bound (ground), singlet state with
angular momentum L = 0. The basis functions satisfy exactly all the two-body Kato
cusp conditions. Following the methodology proposed in [2], each term of the basis is
multiplied by a series which does not affect this property. In terms of the interparticle
coordinates rij (i 6= j), the trial wave functions, with N the number of (linear) variational
parameters, are constructed as

ΨC3−N =
∑

n1,n2,n3

ϕn1(µ13, r1)ϕn2(µ23, r2)χC3(n3, µ12, r12)
∑

ijk 6=1

cn1n2n12
ijk ri

1r
j
2r

k
12

where µij are the reduced masses, ϕni
are l = 0 hydrogenic functions of principal quantum

numbers ni, and χC3 = 1F1(−n3, 2,−2µ12r12/n3) with n3 a positive integer is the angular
correlation factor [1,3] which results from the analytic continuation of the widely used
double continuum three-body Coulomb (C3) wave function [4].

We also investigate systems of the form e−e−(nme)
+ where (nme)

+ refers to exotic par-
ticles with masses m3 equal n times the mass of the positron but with the charge of the
positron (+). Taking n from 1 to ∞ we have obtained approximate analytical expressions
for the energies and some mean radial quantities, as functions of the mass of the heaviest
particle m3.

Results of the mean energy and other radial quantities will be shown at the conference
for the ions 1H−, ∞H−; D−, T−, Mu− and the exotic systems e−e−(nme)

+.
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Laser separation and detecting the isotopes and
nuclear reaction products and relativistic calculating

the hyperfine structure parameters in the
heavy-elements
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Relativistic calculation of the spectra hyperfine structure parameters for heavy elements
is carried out. Calculation scheme is based on gauge-invariant QED perturbation theory
with using the optimized one-quasiparticle representation at first in the theory of the hy-
perfine structure for relativistic atomic systems [1,2]. Within the new method it is carried
out calculating the energies and constants of the hyperfine structure for valent states of
cesium 133Cs, Cs-like ion Ba, isotopes of 201Hg, 223Ra, 252Cf are defined. The con-
tribution due to inter electron correlations to the hyperfine structure constants is about
120-1200 MHz for different states, contribution due to the finite size of a nucleus and
radiative contribution is till 2 dozens MHz. Obtained data for hyperfine structure param-
eters are used in further in laser photoionization detecting the isotopes in a beam and the
buffer gas for systematic studying the short-lived isotopes and nuclear isomers. We pro-
pose a new approach to construction of the optimal schemes of the laser photoionization
method for further applying to problem of the nuclear reactions products detecting. It’s
studied the reaction of spontaneous 252Cf isotope fission on non-symmetric fragments,
one of that is the cesium nucleus. The corresponding experiment on detecting the reac-
tions products is as follows. The heavy fragment of the Cf nucleus fission created in the
ionized track 106 electrons which are collected on the collector during 2 mks. The collec-
tor is charged negatively 40mks later after nuclear decay and 10mks before the laser pulse
action. The photo electrons, arised due to the selective two-stepped photoionization are
drafted into the proportional counter for their detecting. Usually a resonant excitation of
Cs is realized by the dye laser pulse , the spectrum of which includes the wavelengths of
two transitions 6S1/2-7P3/2 (4555A) and 6S1/2-7P1/2 (4593A). This pulse also realizes
non-resonant photoionization of the Cs excited atoms. The disadvantages of the standard
scheme are connected with non-optimality of laser photoionization one, effects of impact
lines broadening due to the using the buffer gas, the isotopic shift and hyperfine struc-
ture masking etc. We proposed new laser photoionization scheme, which is based on a
selective resonance excitation of the Cs atoms by laser radiation into states near ioniza-
tion boundary and further autoionization decay of excited states under action of external
electric field [2]. The corresponding optimal parameters of laser and electric fields, atomic
transitions, states, decay parameters etc are presented.
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QED approach to the photon-plasmon transitions
and diagnostics of the space plasma turbulence
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Energy approach in QED theory [1-4] is developed and applied to modelling photon-
plasmon transitions with emission of photon and Langmuir quanta in space and astro-
physical plasma. It is well known that the positronium Ps is an exotic hydrogen isotope
with ground state binding energy of E = 6.8 eV. The hyperfine structure states of Ps
differ in spin S, life time t and mode of annihilation. The ortho-Ps atom has a metastable
state 2s1 and probability of two-photon radiation transition from this state into 1s1 state
0.0018s−1. In the space plasma there is the competition process of destruction of the
metastable level - the photon-plasmon transition 2s − 1s with emission of photon and
Langmuir quanta. We carried out calculation of the probability of the photon-plasmon
transition in the Ps. The approach represents the decay probability as an imaginary part
of energy shift dE, which is defined by S-scattering matrix. Standard S-matrix calcula-
tion with using an expression for tensor of dielectric permeability of the isotropic plasma
and dispersion relation- ships for transverse and Langmuir waves allows getting the cor-
responding probability P (ph − pl). Numerical value of P (ph − pl) is 5.2 · 106U(1/s),
where U is density of the Langmuir waves energy. Our value is correlated with others:
P (ph−pl) = 6 ·106U(1/s). Comparison of obtained probability with lifetime t (3 gamma)
allows getting the condition of predominance of photon- plasmon transition over three-
photon annihilation. The considered transition may control the population of 2s level and
search of the long-lived Ps state can be used for diagnostics of the plasma turbulence.
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QED theory of laser-atom and laser-nucleus

interaction
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QED theory is developed for studying interaction of atoms and nuclei with an intense
and superintense laser field. Method bases on a description of system in the field by the
k- photon emission and absorption lines. The lines are described by their QED moments
of different orders, which are calculated within Gell-Mann Low adiabatic formalism [1-
4]. The analogous S-matrix approach is developed for consistent description of the laser-
nucleus interaction. We have studied the cases of single-, multi-mode, coherent, stochastic
laser pulse shape. An account for stochastic fluctuations in a field effect is of a great im-
portance. Results of the calculation for the multi-photon resonance and ionization profile
in Na,Cs, Yb, Gd atoms are presented. It is also studied the phenomenon of the above
threshold ionization. Efficiency of method is demonstrated by QED perturbation theory
calculations for the two-photon ionization cross-sections for extended photon energy range
(including above-threshold ionization) in Mg. Comparison with the R-matrix calculation
of Luc-Koenig et al [3] is given. There is considered a phenomenon of the Rydberg stabi-
lization of the H atom in a strong laser field and estimated the rate of transition between
the stabilized Rydberg state (n=40,m=2; E 10(8)V/cm ) and ground state, when it’s
possible the radiation of photons with very high energy (short-wave laser amplification).
DC strong filed Stark effect for atoms, including atoms in plasma, Rydberg atoms and
confined systems is studied within new quantum approach, based on the operator PT [1].
The zeroth order Hamiltonian, possessing only stationary states, is determined only by its
spectrum without specifying its explicit form. We present here the calculation results of
the Stark resonances energies and widths for a number of atoms (H, Li, Tm,U etc.) and
for a whole number of low-lying and also Rydberg states. We discovered and analyzed
the weak field effect of drastic broadening of widths of the Letokhov-Ivanov re-orientation
decay autoionization resonances in Tm etc. Developed approach can be naturally applied
to studying the Stark effect in confined systems, including quantum wells, quantum dots
etc, where especially interesting effects may occur.
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Quantum dynamics of planar hydrogen atom in a
billiard with moving boundaries
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Particle motion in confined geometries is an important problem providing to explore
many features of classical nonlinear dynamics and quantum dynamics of classically non-
integrable systems. Due to recent progress in the physics of mesoscopic systems and
nanophysics this problem has become attractive from the practical viewpoint, too. Such
systems as quantum dots, trapped atoms, nanotubes are the realistic systems where con-
fined electron dynamics play important role. Usually in studying these systems the bound-
aries of confinement are considered as strictly fixed. However, in many practically impor-
tant situations the confinement boundaries are not strictly fixed and fluctuate in space,
oscillate or move in one direction.

In present work we study quantum dynamics of an electron in the Coulomb field whose
motion is confined by time-dependent billiard boundaries. Exploring of billiards with
moving walls require solution of the two-dimensional Schrödinger equation with time-
dependent boundary conditions. Here we solve the Schrödinger equation for Coulomb
potential with the boundary conditions given on circle with time-dependent radius. It
well known that in most of the realistic situations with atoms confined in various traps
the trap boundaries are not fixed but time-dependent. Solving the problem numerically
we obtain time-dependence of the electron energy and compute density of states. The
results obtained show that in the case of oscillating boundaries the energy of electron
grows in time. However, this growth is strongly suppressed upon reaching certain value.
This value depends on the frequency and amplitude of the billiard wall oscillations.
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Interchannel interaction in orientation and alignment
of Kr 4p4mp states in the excitation region

of 3d9np resonances
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In combined theoretical and experimental efforts we studied the interchannel interaction
influencing the population of Kr 4p4mp ionic states in the excitation energy region around
the 3d9np resonances by photon-induced Auger decay. This resonant Auger process was
shown to be treated as an interference of strong resonant and weak direct nonresonant
ionization channels [1]. This interference leads to the energy dependence of the orientation,
O10, and the alignment, A20, of the final ionic states and also of the angular distribution
of outgoing electrons and fluorescence photons. The above quantities are rather sensitive
to the interference mechanism, especially when studied in the wings of the resonances [2].

In the present work the theoretical treatment of the non-resonant pathway was extended
with respect to the monopole shake-process considered earlier. The non-monopole pro-
cesses including both intra- and intershell correlations were taken into account. The
main non-monopole contributions to the direct transition amplitude stem from the 4p5ε′`
(` = s, d) and 3d9ε′` (` = p, f) intermediate states.

Correlation effects modify the partial monopole shake-amplitudes for the outgoing waves
ε` differently and this effect changes the energy dependence of the O10 and A20 parame-
ters. The calculated data agree closely with the measured orientation parameter for the
4p4(1D)5p 2P3/2 final ionic state in the extended energy region between the 3d9

5/25p3/2

and 3d9
5/26p3/2 resonances. This result asks for new extended experimental data on the

angular distribution parameters for other final ionic states, too.

The quality of the wavefunctions used in the calculation was checked by comparing the
computed and recently measured [3] photoionization cross sections for different 4p4(L0S0)mp
satellites in the region of the 3d9np resonances. Good agreement between theory and ex-
periment was observed in all cases. The photoelectron angular distribution measured and
computed in [3] for the above satellites is also compared with the present calculations.
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Application of new quasirelativistic approach for
treatment of oxygen-like Iron and Nickel
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An urgent demand for high precision calculations of atomic characteristics of heavy atoms
and highly charged ions with complex electron configurations encourages the development
of new methods and computer codes. Possibilities of the new quasirelativistic approach
designed for ab initio calculations of spectral characteristics of highly charged ions and
heavy atoms are investigated and illustrated with an example of a study of spectral
characteristics of oxygen-like ions of Iron and Nickel. Within the quasirelativistic approach
the main relativistic effects are taken already into account when obtaining the radial
orbitals. The main distinctions between the approach under investigation and the well-
known computer code by R. D. Cowan based on the methods described in [1] are the
following: the quasirelativistic equations for the radial orbitals are newly formed in a
different shape [2,3], the finite size of the atomic nucleus is taken into account while
solving the equations [4], the definition of the radial integrals of the energy operator is
refined, the transformed radial orbitals are created for the description of virtual excitations
while performing the configuration interaction.

The calculations executed within the described approach were reduplicated by the ana-
logical calculations based on the usual non-relativistic radial orbitals. It allows one to
evaluate the advantages and the new possibilities appearing while using the quasirela-
tivistic radial orbitals against the conventional non-relativistic radial orbitals when the
correlation effects are taken into account in the same way performing the configuration
interaction on the basis of transformed radial orbitals.

The energy spectra, transition characteristics and lifetimes of Fe XIX and Ni XXI ions
calculated by two mentioned methods are calculated. The obtained results are compared
with the experimental data and with the theoretical calculations of other authors. From
the comparison it is obvious that the quasirelativistic approach enables us to obtain the
data of high precision and that the structure of the energy spectra calculated perfectly
coincides with the experimental spectra.
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Traditionally, investigations of isotope shift in atomic spectra have been carried out mainly
to determine the difference in the root-mean-square nuclear radii 〈r2〉. Recently new
applications emphasized the relevance of this effect. For instance, isotope shift calculations
in atoms and ions can be important for astrophysical search for possible α-variation,
where the isotope shift induces valuable systematic error. Moreover, investigations of this
effect could provide information about isotopic abundances in the early Universe, which
is tightly linked with the general evolution of the Universe. The study of isotope shifts in
highly charged ions has the potential advantage of an increased sensitivity to nuclear size
and relativistic effects due to the stronger overlap of the electronic wave function with
the nuclear matter and of the simpler electronic structure of few-electron ions as opposed
to their neutral atomic counterparts.

Nuclear recoil effect is the most difficult part of isotope shift to evaluate. In the present
paper, we perform accurate calculations of the nuclear recoil effect for ions along the
lithium isoelectronic sequence. The full relativistic theory of the nuclear recoil effect
can be formulated only in the framework of QED [1]. In order to evaluate the recoil
effect within the lowest-order relativistic approximation one can use the relativistic recoil
operator. Within this approximation the recoil correction is calculated with many-electron
wave functions in order to take into account the electron-correlation effect. The one- and
two-electron contributions to the recoil effect are evaluated to all orders in αZ. Comparing
the isotope shifts calculated with recent experimental data indicates very good prospect
for test of the relativistic theory of the recoil effect in middle-Z ions.

We present also the most accurate up-to-date theoretical values of the 2p1/2-2s and 2p3/2-
2s transition energies in middle-Z Li-like ions. All presently available contributions to
the transition energies are collected. Except for the one-electron two-loop corrections, all
other terms up to the two-photon level are treated within the framework of bound-state
QED to all orders in αZ. The interelectronic interaction beyond the two-photon level
is evaluated within the Breit approximation by means of the large-scale configuration-
interaction Dirac-Fock-Sturm method. We report accurate numerical values of the higher-
order interelectronic-interaction correction for Li-like ions up to uranium. The results
obtained for the transition energies are in good agreement with recently published exper-
imental data. In the case of lithiumlike scandium, they were reported in Ref. [2].
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Institute of Theoretical Physics and Astronomy of Vilnius University, A. Goštauto 12,
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For many-electron atoms and ions the ability to present a two-electron operator and its
matrix elements in an optimal form may be decisive for successful calculation solutions
of many theoretical spectroscopy problems. Here a two-particle operator is expressed in
second quantization representation (SQR). Special attention is paid to the approach when
the expressions for the operator considered are given in terms of submatrix elements of the
coupled two-electron wave function [1]. This gives more freedom in choosing a convenient
way for the calculations of matrix elements for open-shell atoms.

In a SQR two approaches were considered to express an arbitrary two-electron operator
in a coupled tensorial form for multi-shell atoms. The expressions of both topologically
different approaches are applicable to the study of the operators representing atomic in-
teractions as well as the operators describing some effective interactions appearing, for
instance, in an atomic many body perturbation theory (MBPT) or a coupled cluster
method.

The first approach is more suitable when one seeks effectively to calculate the matrix
elements of (one) particular operator because the internal ranks of operator are involved
in the calculation of many-electron angular part. The second approach is superior for
the problems where several operators with different tensorial structure are considered, for
example, the formation of energy matrix of atomic Hamiltonian in Breit-Pauli approxi-
mation. In this case, only the resulting ranks of operators enter in the expressions for the
submatrix elements of many-electron angular part and the computer codes used for such
calculations could be more efficient if they are based on the second approach.

The final result of the study is a large set of a two-particle operators acting in the space
of the states of one-, two-, three- and four-shells. The expressions can be used for both
nonrelativistic (LS coupling) and relativistic (jj coupling) approximations.
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On the basis of only classical assumptions, we have shown earlier [1, 2, 3] that an electron
and a proton interact by the binomial law

V = −e
2

r
+

Γ
r2

(1)

and have determined the value of the constant Γ as 6.10276 × 10−28 CGSE units.
Potential (1) has been verified by us in the analysis of both the Kepler task of a hydrogen

atom where the energy takes the form

E =
mṙ2

2
+

M2

2mr2
− e2

r
+

Γ
r2

(2)

and the Schrödinger equation

∆Ψ +
2m
h̄2

(
E +

e2

r
− Γ
r2

)
Ψ = 0 . (3)

We have also analyzed the scattering of an electron by a proton, as a special case of the
Kepler task. Below, we give the formula for the deflection angle ϕ0b as a function of the impact
parameter ρ:

ϕ0b =

√
Eρ2

Eρ2 + Γ
arccos

(1 +
4E(Eρ2 + Γ )

e4

)−1/2
 . (4)

The calculations have shown that the formula describing the scattering of electrons in the bi-
nomial potential well represents the process within the range of impact parameters down to
10−13cm for the energies of an electron from several eV up to hundreds of MeV . Further, on
the basis of potential (1), we have shown the basic opportunity for the solution of the classical
task concerning the movement of an electron in the field of a proton for a hydrogen atom. On
this way, we were succesful to clarify the nature of the Bohr postulates, the Planck constant,
and some other constants which were not treated earlier within the framework of classical me-
chanics. For the theory of Schrödinger, we have demonstrated, with the use of potential (1), the
opportunity to understand and to resolve a number of its internal contradictions. In particular,
it turns out to be possible to derive, for the first time, a wave package being stable in time in
the problem concerning a hydrogen atom and to explain the mechanism of birth of a quantum
in the classical interpretation.

Generally, potential (1) can be considered as a link between the classical and quantum
theories.
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The dynamics of meta-stable states described with a
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The laser development has given access to light pulses in the femto- and subfemtosecond
regime and thereby opened the possibility to follow electron dynamics directly in the time
domain. Of special interest is the dynamics of resonant states, and pioneering experi-
mental studies were made a few years ago on the Auger decay of inner-shell vacancies [1].
One widely spread theoretical technique, that successfully describes resonant states, is
that of complex scaling. With this method, the meta-stable states are obtained as unique
eigenstates to the field-free complex scaled Hamiltonian. The half-width and the energy
position of the meta-stable state is furthermore given directly from the imaginary and the
real part of the corresponding eigenvalue respectively. Compared to many other methods,
such as the stabilization method where the manifestation of a resonant state is seen as a
local accumulations of pseudo-continuum states, this property is highly attractive from a
numerical point of view. A second appealing property, due to complex scaling, is that the
continuum is adequately represented by a very modest number of eigenstates. A similar
accuracy cannot be achieved using a conventional pseudo continuum. Due to the reasons
mentioned above, the method of complex scaling is also interesting for truly dynamical
systems, for instance atoms exposed to short light pulses followed by the possible popu-
lation of a meta-stable state. However, the complex scaled Hamiltonian is non-Hermitian
and the extension to dynamical calculations is not straight forward. Here we therefore
address the question of to what extent this technique might be applied to solve the time-
dependent Schrodinger equation and to what extent resonant states contribute to the
overall dynamical behaviour of the system. We have tested our approach against conven-
tional methods for the case of hydrogen.
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The study of the structure and stability of Coulombic three-body systems [m1m2m3],
with arbitrary masses mi and charges zi (i = 1, 2, 3), has been the subject of many
investigations (see, e.g., the review [1]. Recently, we have proposed a pedagogical, simple
and parameter-free wavefunction for the ground state of two-electron atoms [2]. The
proposal was then generalized [3] to more general atomic three-body systems in which
one of the particles is positively charged (z3 > 0) and heavier than the other two which
are negatively charged (z1 < 0, z2 < 0).

Let νij = µijzizj where µij = mimj

mi+mj
(i 6= j = 1, 2, 3) are the reduced masses. In terms of

the interparticles coordinates r1 = r13, r2 = r23 and r12 (particle 3 is placed at the origin
of the coordinates), the proposed wavefunction reads

ΨGEN
ARG = NGEN

ARG eν13r1+ν23r2 (1 + ν12r12)
[
1 + c(r2

1 + r2
2)

]
,

where NGEN
ARG is the normalization constant and c is replaced by an analytical expression

in terms of (mi, zi) in order to minimize the mean energy of the ground state.

The wavefunction ΨGEN
ARG : (i) has the same form for all systems; (ii) is parameter–free;

(iii) is nodeless; (iv) satisfies, by construction, all two-particle cusp conditions [4]; and (v)
yields reasonable ground state energies for several systems including the prediction of a
bound state for H−, D−, T− and Mu−. A wavefunction with all these characteristics is
presently not available in the literature. The simplicity of ΨGEN

ARG is such that analytical
expressions for the ground state energy can be derived. Hence, we have a useful predictive
and simple analytical tool (which, to our knowledge, is not available in the literature) to
estimate the energy, and therefore to study the stability, of exotic Coulombic three–
body systems. In addition, our proposal is simple enough, but sufficiently accurate to be
used as a starting point in calculations of collision cross sections. Of course due to its
simplicity, energy values cannot compete with those obtained with advanced variational
wavefunctions which involve large number of basis functions. However, the latter (i) do
not have a predictive character since they have to be optimized each time for a given
three–body system.; (ii) in most cases, do not satisfy exactly Kato cusp conditions.

For illustration, results will be shown for the several three-body systems.
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Information on correlations can be gained from the theoretical study of the double ioniza-
tion of helium by electron impact ((e, 3e) experiments) [1]. Approximate wave functions
are always used in cross section calculations since no exact wave function is known for
either the scattering or the bound states. The resulting (e, 3e) cross sections obtained
with different theoretical description of the initial and final states are not in agreement
with each other. Moreover, when these are compared with absolute experimental data, a
rather confusing picture emerges; this is the subject of many recent studies (as discussed
and summarized in [2]). It has been mentioned throughout the literature (see, e.g., [3])
that a balanced description of the initial and final two-electron states may play a key role
in reproducing experimental (e, 3e) data. This issue is investigated here with a systematic
study of double ionization cross sections of helium, by both electron and photon impact.

For (e, 3e) processes, calculated differential cross sections can be compared with the high
energy absolute experimental data [4]. The two electrons ejected in the final channel
at equal energy (10 eV) are modeled here with the ”pure” C3 (or BBK) wave function
[5]. For the initial channel we consider different sets of double bound wave functions with
only angular correlation or with both angular and radial correlation. The comparison with
the measurements allows us to see which of them are balanced when describing (e, 3e)
processes. Moreover, the photon impact (γ, 2e) cross sections calculated in different gauges
and with the same set of initial and final channel wave functions, indicate whether the
wave functions are really ”balanced” or not.

Our study of the (γ, 2e) gauge discrepancies shows that the agreement with absolute
(e, 3e) experimental data at 10+10 eV ejected energy obtained with simple initial states
is fortuitous and can hardly be attributed to a balanced description with respect to the
final state. This result is further confirmed by an investigation of the ejected energy
dependence. Moreover, it seems that the approximate C3 wave function is not suitable
to describe sufficiently well the double continuum of two electrons ejected at 10 eV.
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A method based on the three-body formalism incorporated into the Born series have been developed to
calculate the excitation of hydrogen and helium atom by proton impact at medium and high energies. The
Faddeev type approaches to the scattering of charged particles are a rearrangement of Born series. How-
ever, the on shell transition matrix is not well defined by any method based on the Lippmann-Schwinger
integral equation. We have developed a method incorporating the FWL formalism in conjunction with
Born approximation to calculate the differential cross section for the excitation of hydrogen and helium
atom by protons of energy 50 keV to 500 keV. In the case of hydrogen atom, excitation to the final states
2s, 2p and 3s were included while for the case of atomic helium the calculations were performed for the
final states 21S and 23S.

The excitation of atomic hydrogen is a three body process. However, the excitation of helium is simplified
by an active model where the second electron is assumed frozen. The wave function for the final state
of helium is chosen from literature[1]. We have also deduced a simple method using a Slater type wave
function as:

ψ(r) = 0.854(1− 1.15r/2) exp(−1.15r) + 0.488 exp(−1.6875r). (1)

The differential cross sections
for the excitation of helium
and hydrogen atoms are plot-
ted in figures 1(a) and 1(b),
respectively. In the case of
helium atom, the calculations
were performed using two dif-
ferent wave functions for the
final state of the helium atom,
21S. One was the CHF wave
functions [1] and the other
one was the wave function
of equation 1. Figure 1(b)
shows the calculations for the
final state 2s and 2p of hy-
drogen. The results are com-
pared with the experimen-
tal work of Park and his co-
workers [2,3].
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Figure 1. The excitation cross section for (a) helium and (b) hy-
drogen atom by proton impact at 50keV. The experimental results
are from Park and co-workers.
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An increased interest to the studies of biomolecules by traditional methods of physics of
electron collisions is explained by the significance of these molecules in modern life. Here
we report on a study of the features of the process of ionization, including dissociative
ionization, of adenine molecules under electron impact, accompanied by the formation of
ionized products of reaction. The experimental setup, used for the investigation of partial
cross-sections of dissociative ionization of molecules by electron impact, is described in
detail in a number of our papers (See, e. g., [1]). The setup is constructed on the base
of a monopole mass spectrometer with an electron ionizer and a multichannel molecule
source of effusion type. The ionic products of dissociative ionization, separated by the
high-frequency field of the analyser, were detected by a channeltron. The scanning of
the ionizing electron energy and data acquisition were performed using a computer and
a specially developed software. The duration of one measurement cycle was chosen in
such a way that the number of pulses of the useful signal in the maximum of the energy
dependence curve should not be less than 104. In short, the measurement technique
was the following. At first the adenine molecule mass spectrum was measured at the
ionizing electron energy of 40 and 70 eV , then for each fragment the dissociative ionization
function was measured. The mass scale was calibrated using Ar, Kr and Xe, and a special
procedure of polynomial fitting of the threshold part of the ionization cross-section [2] was
used to determine the appearance potentials of various ion fragment groups. The fragment
appearance potentials were determined from the threshold dependences of the ion yield.
We also studied temperature dependences of intensities of the ion fragments of the initial
molecule in the temperature range 343−480 K. The measurement technique was reduced
to the measurement of mass spectra at various temperatures at Eion = 50 eV . From the
temperature dependences, the evolution of the fragment formation could be traced and the
effect of temperature on the dissociative ionization could be observed. We have measured
energy dependences of the total cross-section of the adenine molecule ionization as well as
the cross-sections of dissociative ionization of formation of the fragment ions. We have also
determined the appearance potentials for the fragment ions with m/e = 43, 54, 81, 108.

This work was supported in part by the CRDF Grant ]UKC − 2832− UZ − 06.
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and atomic helium at high energy 

 
S. Houamer1, Y. Popov2 , C. Champion3 and C. Dal Cappello3  

 

1 Laboratoire de Physique Quantique et Systèmes dynamiques,  Département de physique, 
Faculté des sciences, Université Ferhat Abbas, Sétif, 19000 ,  Algeria 

 
2Nuclear Physics Institute, Moscow state University, Moscow 119899, Russia 

 
3Laboratoire de Physique Moléculaire et des Collisions, Institut de Physique, 1 Boulevard 

Arago, 57078 Metz Cedex 3, France 
 

Charge transfer process in collision of protons with water molecule and helium is 

investigated at high energy using a first Born model in which different reaction mechanisms 

are considered. A sophisticated configuration interaction wave function  is used to describe 

helium atom while the projectile is described by a plane wave. 

The process is investigated for H20 molecule in the frozen core model where the target is 

described by a single center wave function  successfully used formerly in ionization 

process. The SDCS is calculated for both targets at high  impact energy . The 

TCS is than deduced by direct integration over solid angle in an energy range between 0.1 

and 3 MeV. The results are finally compared with experiments in order to  check the 

validity of the model. 
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Fig. 1 Absolute TCS for electron capture  in proton collision with H2O and He. 
Experimental data are taken from [1] for H2O and [2]  for He. 

 

It should be noted that for a water molecule three more integrations must be performed to 

average over the random orientation of the molecular target. 
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The present work is devoted to study of Ar(3p5 4p) states excitation in binary low-energy
Ar–Ar collisions. The purpose of this work is the research of mechanisms of atomic levels
excitation at collision energies that corresponds of the adiabatic approximation conditions.
The results of the experimental investigation of excitation cross sections of Ar I 4p′[1/2]1,
4p′[3/2]1, 4p′[3/2]2 and 4p[3/2]2 levels in the collision energy range from threshold up to
500 eV (centre of mass system) and degree of polarization for 4s[3/2]02 − 4p′[1/2]1 and
4s[3/2]02 − 4p[3/2]2 transitions in this energy range are represented.

The measurements of the cross sections at interaction of an atomic beam with a gas target
were carried out by optical methods on setup, controlled by computer. The measurement
procedure was described in detail in the work [1].

The obtained results demonstrate that the polarization degree of emission significantly
depends on collision energy – when the latter goes up, the former changes its sign. The fact
that the sign of the polarization degree changes, as well as does interaction energy, proves
that the mechanism of level population changes too [2]. For instance, since the angular
momentum of 4p′[1/2]1 excitation level is equal to 1, the positive polarization degree
shows that the magnetic sublevel σ0, that is zero momentum projection onto internuclear
axis of the Ar2 quasimolecule, is mostly populated. Negative polarization degree, in its
turn, means that there is a dense population at magnetic sublevels σ1, corresponding to
±1 projections. Therefore, according to the data obtained, if collision energy is higher
than 400 eV, the population at the mentioned above level is determined by Σg − Σ′

g

transactions. If collision energy is equal to or lower than 300 eV, level population is guided
by Σg−Πg transactions due to radial coupling of even terms of the Ar2 quasimolecule. It is
important to note that since output Σg terms of the Ar2 quasimolecule are actually double
excited terms, supposedly, the other interacting atom is excited too. This fact agrees with
Wigner’s law (system spin unchanged at collision) and with the research results described
in works [3, 4]. The diabatic molecular orbital diagram for homonuclear system [5] and
measurement results of the polarization of emission lead to the following conclusion: if
collision energy is less or equal to 300 eV, the population of 4p′[1/2]1 level is determined
by 4pσ − 4pπ transactions due to rotational coupling at small nuclear distances. In case
of higher energies, the population is governed by 5fσ − 5dσ transactions due to non-
adiabatic radial coupling.
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Low-energy electron scattering from calcium
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The B-spline R-matrix method (BSR) [1] is used to investigate the integrated cross sec-
tions (ICS) of elastic electron scattering from neutral calcium in the ultra-low energy
range from threshold to 0.5 eV. The close-coupling expansion includes 39 bound states of
neutral calcium, covering all states from the ground state to 4s8s 1S. The computational
model was described in detail in [2]. Briefly, we generate an accurate target description by
using multicon-figuration expansions, accounting for both valence and core-valence corre-
lations. Very importantly, we use term-dependent valence orbitals, which are optimized
individually for the various states of interest. We also account for relaxation of the core
orbitals, due to the deep penetration of the 3d orbital. As a result, we have a set of
normalized orthogonal one-electron orbitals for each state, but the orbitals from different
sets do not form an orthonormal basis.

In this work we are compared the total and partial electron-impact cross sections from
Ca in the ultra-low energy region, calculated in two different R-matrix approaches: the
present BSR method and R-matrix with pseudostates method (RMPS) [4]. As seen from
our calculations, basic difference between the cross sections in two R-matrix approaches
comes mainly from the dominated 2Po partial wave. In the same time, partial cross
sections for the 2Se and 2De partial waves in these two methods practically coincide.
In present work we also are compared the total BSR39 and RMPS cross sections with
experimental data of Romaniuk et al [3]. Overall, the agreement between both R-matrix
(BSR39 and RMPS) results and the experimental data [3] is satisfactory, although a few
discrepancies remain. We are compared 2Se, 2Po and 2De partial eigen-phases of electron-
impact scattering from Ca at low energies region between most recent calculations: BSR39
(the present calculation), RMPS [4] and method of static-exchange formalism [5]. Again,
the largest discrepancy between different method was found for 2Po partial wave.
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Charge transfer mechanisms during collision processes between ions and neutral atoms
or molecules have recently received renewed attention, due to their role in the analysis of
laboratory and astrophysical plasmas.

To understand the physical processes that underlie plasma transport in magnetically
confined plasmas, spectroscopic methods have turned out to be very effective. One of the
most powerful of these methods is based on the space and time resolved observation of
line emission from impurity ions. However, under real experimental conditions of fusion
plasmas, the impurity ions interact with the plasma background H/D which leads to a
change of the radial distribution of the impurity ions due to charge exchange processes [1].
As helium is of particular interest for magnetically confined fusion research (production
from recombining alpha particles, ash transport), we calculate the charge exchange cross
sections between He+ and the H/D background for numerous channels at low energies (as
the electron temperature of divertor plasmas is much below an atomic unit). This implies
computational difficulties as a fully quantum mechanical description is needed.

We have used a quasi-molecular approach of the ion-atom collision based on the use of
conventional quantum-chemistry ab initio methods to obtain the potential energy surfaces
as well as the radial and rotational coupling matrix elements of the quasi-molecule HeH+.
The main problem encountered in this part of our work is the large number of excited
molecular states that need to be taken into account, necessitating the introduction of a
new basis of molecular orbitals.

A wave packet method is used to treat the curve-crossing dynamics resulting from the
failure of the Born-Oppenheimer approximation. A Gaussian wave packet is prepared
in the entrance channel and propagated on the coupled effective channels. The collision
matrix elements are computed from an analysis of the flux in the asymptotic region
by using properties of absorbing potentials, giving access to the charge exchange cross-
sections [2]. We study different propagation methods, the influence of the rotational
couplings on the cross section as well as the problem of the origin-dependence of the
radial and rotational couplings.
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The study of electron impact ionization of atoms and molecules has been of interest, since the 
early days of atomic and molecular physics, since the kinematics of this process are easily 
controlled, and the electrons or ions resulting from the reaction can be observed with relative 
ease. Since the first coincident measurement of (e, 2e) process on atoms by Erhardt et al[1] and 
Amaldi et al[2] extensive theoretical and experimental investigations have been done to 
measure the TDCS. A number of different theories have been developed, ranging from first-
order Born calculations (and variations therein) which are successful at high incident energies 
and asymmetric geometries [3] to second and higher order Born calculations, which are 
successful at higher energies in more complex scattering geometries [4]. Variants on these 
models include distorted wave Born approximations (DWBAs) that have achieved success 
down to intermediate energies [58]. Recently U Hitawala et al [9] have calculated the (e, 2e) 
triple differential cross section for alkali atoms Na and K and alkali earth atoms Mg and Ca. 
We present in this communication the results of our calculation of triple differential cross 
section (TDCS) for inner-shell (e, 2e) processes on alkali Na and K and alkali earth Be, Mg 
and Ca atoms. We discuss the effects of incident electron energy, distortion, nuclear charge, 
polarization, post collisional interaction etc. for the alkali and alkali earth targets investigated
by us.  
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e-mail: sylas@mif.pg.gda.pl

The J-matrix method is an algebraic method in quantum scattering theory. It is based on
the fact that the radial kinetic energy operator is tridiagonal in some suitable bases. Non-
relativistic version of the method was introduced in 1974 by Heller and Yamani [1] and
developed by Yamani and Fishman a year after [2]. Relativistic version was introduced
in 1998 by P. Horodecki [3].

The main advantage of the method is that it allows to calculate phase shifts for many
projectile energies with relatively small computational time. Also, the non-relativistic
limit in relativistic calculations is properly achieved. This fact was expected, since the
basis sets used in relativistic calculations satisfied the so called kinetic balance condition.

Some preliminary applications of relativistic J-matrix method to scattering have been
performed for some square-type potentials [4], using the newly developed Fortran 95 code
JMATRIX [5]. These tests proved that the method correctly describes the scattering
process.

Since these times, the JMATRIX code has been greatly extended and thoroughly tested.
In the present work we applied the code (in both non-relativistic and relativistic ver-
sions) to calculate some scattering properties of electrons scattered from more complex
potentials, i.e. truncated Coulomb, Yukawa and Lenard-Jones potentials and more. In its
primary version, the JMATRIX program allowed for applying scattering potentials in an-
alytical forms only. Now the code has been extended, so it allows for applying scattering
potential given in any numerical form, i.e. taken from the GRASP92 code [6].

In conclusion, we present the calculated scattering phase shifts and cross sections for
many energies of the incident electrons, in cases of the analytical potentials mentioned
previously, as well as the numerical potentials of some small atoms. Also, we illustrate
the convergence process and describe some limitations of the method.
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Pair atomic collisions in restricted geometry principally differ from the conventional two-
body free-space scattering. The restricted geometry leads to quantization of the atomic
motion in the direction of confinement. Another nontrivial effect for two distinguishable
quantum particles in a transverse harmonic trap is the confinement induced nonsepara-
bility of the center-of-mass (CM) and the relative motions. These effects can have exper-
imental mesoscopic developments for ultracold atoms in optical traps and atomic chips.
However, only simple analytical estimates were performed for the special case when iden-
tical atoms occupy lowest quantum states of a confining trap. In this zero-energy limit
the total atom-atom reflection has been predicted for the case of confinement-induced res-
onance (CIR)[1]. The origin of the CIR is a virtual transition from the ground transverse
state of the confining potential to the closed excited state during the collision[2].

We have investigated what happens if the energy range of colliding atoms encompasses
several quantum states of the confining potential[3]. The developed method permits
to analyze the transverse excitations/deexcitains and optimal conditions for avoiding
decoherence-inducing mechanisms at atomic collisions in waveguides. Special attention
was paid to the analysis of the CIRs for nonzero collision energies in the multimode
regimes. We have suggested a nontrivial extension of the CIRs theory developed so far
only for the single-mode regime at zero-energy limit. We have also fully took into account
the coupling between the CM and the relative motions in case of distinguishable atoms[4].
Specifically we explore in detail the recently discovered[5] dual CIR which is based on a
destructive interference mechanism leading to complete transmission in the waveguide
although the corresponding scattering in free space-exhibits strong s and p wave scatter-
ing. Possible applications include, e.g., cold and ultracold atom-atom collisions in atomic
waveguides and electron-impurity scattering in quantum wires.
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Here we report on the results of experimental investigation of excitation of the 4d95s2 2D5/2 →
4d105p 2P3/2 transition in In2+ ion at electron-In+ ion collisions, which is two-electron
dipole forbidden in pure LS-coupling. The experiment was carried out by a photon VUV
spectroscopy method using a crossed electron and ion beam technique. The specific fea-
tures of the experimental technique for studying the processes occurring at the inelastic
slow-electron collisions with indium ions are described in detail in [1].

The energy dependence of the effective excitation cross section for the In2+ spectral line
(λ185.0 nm wavelength) was studied from the excitation threshold up to 100 eV according
to the following reaction scheme:

e + In+(4d105s2) 1So → In2+(4d95s2) 2D5/2 + 2e
↓

In2+(4d105p) 2P3/2 + hν (λ185.0 nm)

A distinct structure in the above energy dependence within the energy range from the
threshold (Eex = 33.18 eV ) of the 4d95s2 2D5/2 level up to 50 eV was observed. Since
indium ion is a multielectron atomic system with pronounced correlation and relativis-
tic effects, this leads to strong mixing of both the ionic levels and the corresponding
autoionizing states (AIS).

The observed structure in the energy range from the threshold up to 40 eV may be
assigned to the contribution of the highest 4d95s2(2D3/2)np, mf AIS as well as to that of
the cascade transitions from the 4d106s−, 4d105d− and 4d106p− levels, while the structure
in the energy range 40 − 45 eV — to those from the 4d95s5p− levels of In2+ ion [2,3]
and decay of the In+ ion autoionizing states converging to the In2+ states. A broad
maximum above 50 eV is observed, which, we believe, reflects the mechanism of the
direct d-ionization process in In+ ion.

The result obtained, besides the fundamental significance, is of applied importance, since
In+ ion is isoelectronic to Cd atom, and the transition in In2+ ion at λ185.0 nm is similar
to the well-known Cd+ 4d95s2 2D5/2 → 4d105p 2P3/2 laser transition at λ441.6 nm in the
He-Cd+ laser. As shown in [4], this radiative transition at λ185.0 nm is the best candidate
for lasing in vacuum ultraviolet range.

References
[1] A.Gomonai, E.Ovcharenko, A.Imre, Yu.Hutych, Nucl. Instr. and Meth. in Phys. Res.
B 233, 250-254 (2005).
[2] D.Kilbane, J-P.Mosnier, E.T.Kennedy, J.T.Costello, P. van Kampen, J. Phys. B: At.
Mol. Opt. Phys. 39, 773-782 (2006).
[3] K.S.Bhatia, J. Phys. B: Atom. Molec. Phys. 11, 2421-2434 (1978).
[4] R.A.Lacy, A.C.Nilsson, R.L.Byer, J. Opt. Soc. Am. B 6, 1209-1216 (1989).

CP 41

63



The electron affinity of Tungsten

A. O. Lindahl1, P. Andersson1, C. Diehl2, O. Forstner3, K. Wendt2, D. J. Pegg4 and
D. Hanstorp1

1Department of physics, University of Gothenburg, SE-412 96 Gothenburg, Sweden
2Institut für Physik, Johannes Gutenberg-Universität, Mainz, 55099 Mainz, Germany

3Institut für Isotopenforschung und Kernphysik, VERA-Laboratory, University of
Vienna, Kavalierstrakt A-1090 Wien

4Department of physics, University of Tennessee, Knoxville, Tennessee 37996, USA
E-mail: anton.lindahl@physics.gu.se

An improved value of the electron affinity of Tungsten will be presented. The threshold
for photodetachment of W− forming neutral W in the ground state was investigated by
measuring the total photodetachment cross section. The electron affinity was obtained
from a fit of the Wigner law in the threshold region.

The experiment showed a photodetachment signal below the threshold associated with
detachment from the ground state negative ions. This observation indicate the existence
of a previously unobserved bound excited state in W−.

The experiment was performed using the ion beam apparatus GUNILLA (Göteborg Uni-
versity Negative Ion Linear Laser Apparatus). This apparatus, which previously has been
used to investigate light negative ions, has been redesigned in order to obtain a higher
mass resolution and better transmission. The W− measurement is an example of the high
mass capabilities of the new apparatus. The ion optical design and performance of the
apparatus will be described in some detail.
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The observation of L-shell hypersatellites of molybdenum Lα1,2 (L3→M4,5) and Lβ1

(L2→M4) x-ray transitions excited in ion-atom collisions are reported. The high-resolution
measurements of x-ray satellites and hypersatellites emitted from multiply ionized molyb-
denum give access to study the fine details of a structure of multi-vacancy states in mid-Z
atoms. Such experiments are important for testing the atomic structure calculations, in
particular, the relativistic multi-configuration Dirac-Fock (MCDF) approach, including
the Breit and QED corrections. In this way the structure calculations can be tested for
excited atoms having up to several vacancies in inner shells.

The high-resolution measurements of Mo Lα1,2 and Lβ1 x-ray satellites excited by oxygen
and neon ions were performed at the Philips cyclotron in the Paul Scherrer Institute (PSI)
in Villigen, Switzerland, using O6+ and Ne6+ ions with energy 278.6 MeV and 177.9 MeV
respectively. The excited L-x-rays were measured with a high-resolution diffraction von
Hamos spectrometer [1] having an instrumental energy resolution of 0.6 eV for studied
x-rays. The absolute energy calibration of the spectrometer was about 0.3 eV [2].

In order to interpret the observed structure of Lα1,2 x-ray satellites and hypersatellites
and Lβ1 satellites in molybdenum the relativistic MCDF calculations [3] were performed
for multi-vacancy configurations (L−lM−mN−n) expected to be excited in collisions with
O and Ne ions. These included the x-ray diagram (L−1), satellite (L−1M−mN−n), hy-
persatellite (L−2) and hypersatellite satellite (L−2M−mN−n) transitions, with m and n
indicating a number of vacancies in the M - and N -shell in the initial state.

To our knowledge, this is the first experimental observation of a direct ion excitation of
the L-shell hypersatellites in molybdenum, which is, additionally, clearly interpreted by
a complex MCDF calculations performed revealing their internal structure corresponding
to the multi-vacancy (L−2N−nM−m) configurations.
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The B-spline R-matrix (BSR) method [1] is used to investigate electron-impact scattering
on neutral boron over an energy range from threshold to 60 eV. A multi-configuration
Hartree-Fock method with nonorthogonal orbitals is employed to generate an accurate rep-
resentation of the target wavefunctions. The present close-coupling expansion includes the
8 bound states of neutral boron derived from the 1s22s22p, 1s22s2p2, 1s22s23l (l = 0, 1, 2)
configurations, plus twenty pseudo-states. The primary difficulties in the target struc-
ture and coupling to the target continuum for B arise from the 2s2p2 configuration. The
orbitals in this configuration have been corrected here through configuration interaction
with the 2s2pnl and 2p2nl sequences. These same pseudostate expansions also provide
for coupling of 2s2p2 configuration with the target continuum.

Results for angle-integrated and angle-differential cross sections and effective collision
strengths are presented for important transitions from the ground state 2s22p 2P o and
the excited 2s2p2 4P and 2s23s 2S states. Results for angle-integrated cross sections are
compared with experimental data Kuchenev and Smirnov [2] and predictions from other
R-matrix calculations Marchalant and Bartschat [3] and Balance et al [4]. Our predictions
for the angle-integrated cross sections show some discrepancies with those from previous
calculations carried out with the standard R-matrix with pseudostates (RMPS) approach
in a similar scattering model [3] and [4]. These discrepancies are mostly due to the different
target descriptions, with the present one giving some better agreement with experiment
[5] for energy levels. The excitation cross sections exhibit prominent resonance structures
in the low-energy region. The energy positions, widths, and classifications for the detected
resonances are presented.
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Excitation of He atoms by He+-ion impact has been analyzed for a large range of projectile
energies. Of particular interest was the intermediate energy region, where the velocity of
the projectiles is comparable with the Bohr velocity of the bound electrons of the He-target
atoms. It was shown [1] that it is this transition region where the excitation mechanism
changes from a process, which essentially can be described within the framework of the
molecular orbital model, to a process describable using the Born approximation. In this
transition region, saddle dynamics [2] and electron promotion based on the atomic Paul
trap mechanism [3] are suitable to describe this excitation process.

In the present investigations we analyzed the excitation of He atoms by He-atom impact
in the intermediate-energy range. The post-collisional states contain components with
different parity. Therefore the charge distribution of the electronic clouds of the excited
atoms can be asymmetric. The charge distribution was determined by using anticrossing
spectroscopy. By applying electric fields to the collision volume the singlet and triplet 1snl
states with l ≥ 2 can be tuned to near degeneracy. Due to the spin-orbit coupling, the
Stark substates with the same rotational and reflection symmetry are strongly mixed. This
mixing gives rise to the formation of anticrossings which could be detected as resonance-
like variations of the intensity of the emitted spectral lines. In the experimental setup, the
intensity of the selected spectral lines emitted by the collisionally excited He atoms in a
direction perpendicular to the crossed beams is measured as a function of an electric field
applied parallel and antiparallel to the projectile beam. Then, if the population numbers
of the anticrossing singlet and triplet levels are not equal, an anticrossing intensity peak
is observed. The amplitudes of these anticrossing peaks provide information about the
charge distribution of the collisionally excited state. Additionally, the spectrum of the
emitted light was measured for various selected values of the field strength.

The symmetric He-He collision system is composed of four equivalent electrons and two
identical nuclei. In collisions, the target atom as well as the projectile atom can be ex-
cited. Singlet states are populated by direct excitation, but triplet states only by electron
exchange. The evolution of the He-He system is expected to be more complex than the
He+-He evolution, where only one electron is promoted on the two-centre potential of the
He+ ions. But our measurements show that for intermediate-energy He-He collisions the
excited He-target atoms possess electric dipole moments, that is, the charge distributions
of the electronic clouds are asymmetric. Since in the He+-He collisions this asymmetry is
mainly due to a coherent population of the l ≥ 2 states, we conclude that the Paul-trap
mechanism probably plays an important role also in these He-He collisions.
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At the interaction between spin-polarized excited atom and ground state alkaline metal
atom in gas discharge elastic and inelastic processes take place simultaneously. In such
a case these two processes influence on each other giving rise to a change of the cross
section’s value for the elastic process. It means, that besides the chemiionization of the
ground state atom at the expense of the atom’s excitation energy (inelastic process), an
exchange of electrons was shown to be possible without a great depolarization (s.c. spin
exchange, or elastic process) [1].

Up to the present there was only one experimental work where the spin-exchange and
chemiionization cross sections were measured . The experiment has been done for He*
-Cs system [1] .

In order to determine interesting us cross sections we have to separate two simultaneously
occurring spin-dependent processes. In the experiment on optical polarization of the
helium metastable atoms these atoms may be aligned or oriented along a static magnetic
field. It can be shown that the rates of the decay of the orientation < SHe >z and
alignment < QHe >zz of metastable atoms depend on chemiionization and spin-exchange
processes as follows

1/τor = πδfor = N(1/3 Cci + 1/2 Cse),

1/τal = πδfal = N(1/3 Cci + 3/2 Cse),

here N is the alkali metal atom concentration, Cci and Cse - are the chemiionization
and spin-exchange rate constants, δfor and δfal are the widths of the orientation and
alignment signals, 1/τi is the rate of the decay of the metastable atom’s orientation or
alignment. As one can see from Eqs., the contribution to the width of the magnetic
resonance line for aligned helium atoms should be different from that of oriented atoms.
This difference makes it possible to determine the rate constants of the two simultaneously
occurring processes. In this work the experiment on optical orientation of atoms has been
done for He* -Rb system. It was established that the rate constant for spin exchange
(Cse) in collision of metastable 23S1 helium atom with a rubidium atom in 62S1/2 ground
state equals (1.8 ± 0.8)10−9cm3s−1. The rate constant for chemiionization of rubidium
atoms by metastable helium atoms (Cci) was determined at the same time to be (3.1 ±
0.6)10−9cm3s−1.
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In gas discharge an effective spin-exchange process is proceeding between spin-polarized
ground state alkali atoms and ground state’s nitrogen atoms, that demonstrates a con-
servation of total electron spin and, consequently, a transfer of angular momentum from
an ensemble of the previously spin-polarized alkali atoms to the electronic part of the N
atoms in 4S3/2 state [1].

Consider the behavior of a quasi-molecular system consists of the nitrogen atom with
electron spin angular momentum SA = 3/2, and alkali atom with electron spin angular
momentum SB = 1/2. If the spins of the two interacting particles be SA and SB, there
are two molecular states Vi, which correspond to different values of the total spin (S)
of the quasi-molecule. In our case there are two molecular terms Vq(S = 2) and Vt(S
= 1). Therefore the spin-exchange process can be described by two cross sections σ1

and σ2 corresponding to the change in the magnetic quantum numbers of the interacting
particles, respectively, 3/2,1/2 ⇀↽ 3/2,-1/2; -3/2,1/2 ⇀↽ -1/2,-1/2;3/2,-1/2 ⇀↽ 1/2,1/2; -
1/2,-1/2 ⇀↽ -3/2,1/2 and -1/2,-1/2 ⇀↽ 1/2,-1/2; 1/2,-1/2 ⇀↽-1/2,1/2. It can be shown that
the cross sections are determined as

σ1=3/4|fq − ft|2
and

σ2=1/4|fq − ft|2,
where fq and fq are the scattering amplitudes on the quintet Vtq and triplet Vt terms.

At the recombination of the spin-polarized N atoms the polarization can be transmitted
to the N2 molecules. The mechanism of the N atoms recombination involves nitrogen
atom recombination into the N2(A

5 ∑
) state. At the conservation of angular momentum

during the interaction the transfer of angular momentum from atoms to molecules takes
place being to the spin-polarization of the N2 molecule. The redistribution of angular
momentum between electron spin system and rotational system in the N2 molecule results
in rotational polarization of the molecule too.

In this work the kinetics of optical orientation and spin-exchange collisions between alkali
and nitrogen atoms have been investigated and equations, describing the evolutions of
the polarized moments have been received. The equations describing the redistribution
of the polarization in the N2 have been received too.
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Electron impact excitation of 21P1 state of He has been the first collisional process investi-
gated using electron–photon coincidence technique. Since then, similar studies approach-
ing the limit of quantum mechanically complete experiments have been carried out for
other collisional systems and stimulated a progress in both theoretical and experimental
studies of electronic collisions. At the same time all that work has suffered from lack
of experimental data on scattering parameters at large scattering angles. Such measure-
ments could not be carried out for seemingly simple reason finite dimensions of electron
beam sources and energy analysers.

We have shown recently [1] that such measurements could be performed if trajectories
of electrons were suitably modified by a so-called magnetic angle changer (MAC) [2, 3],
successfully used by other groups in measurements of differential cross-sections [4].

We are presenting new experimental data for electron impact excitation of 21P1 state
of He atoms by 100 eV electrons. The measurements were carried out using angular
correlations technique with application of MAC and yielded first experimental data on
scattering parameters for large scattering angles up to 180◦.

Ab initio predictions are fairly consistent for low scattering angles where they are also in
good agreement with available experimental data while serious discrepancies exist at large
scattering angles [5, 6], where a lack of experimental data made it difficult to improve the
consistency of various theoretical models.
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In the present work, using the Chapman-Enskog method for dilute gases, we have cal-
culated the diffusion coefcients of ground krypton atoms in a very weakly ionized buffer
gas of argon. The calculations are carried out quantum mechanically. To do so, we
have constructed the potential energy curve, relative to the 1Σ+ molecular state, through
which a Kr approaches Ar. 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 αexp(−βR), respectively. The spectroscopic data, Re = 7.42a0

and De = 510.084µEh; are in accordance with what is available in literature. The isotopic
effect has also been examined. The classical second virial coefcients are also calculated for
several temperatures. Our computation yields a value of the Boyle temperature of about
TB ∼ 545.223K. Generally, the results of the transport parameters with temperature
show an excellent agreement with the available experimental data; the discrepancies do
not exceed 5%.
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In this work, we are interested in the elastic collisions of two 133Cs monatoms at very
low temperatures. The behavior of such cold atoms is characterized by two physical pa-
rameters: the scattering length αandtheeffectiverangere. The study begins by the con-
struction of the potential-energy curves of the two possible molecular symmetries, namely,
X1Σ+

g and a1Σ+
u , through which two ground 133Cs(6s) interact. The exchange potential

of the form ARαexp(−βR) is also taken into account. These constructed interatomic
potentials are further introduced into the radial-wave equation to determine numerically
the elastic phase shifts needed in the calculations of the total and partial cross sections.
The scattering length and the eective range are therefore computed by using quantum-
mechanical and semiclassical approaches.
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The position selective dimensional study of laser cooled atoms in magnetooptical trap
(MOT) usually performed using optical detection. Nevertheless many years ago was
developed more precise method of imaging of atomic beams using ionization of atoms and
detection of produced electrons and ions using secondary electron multipliers[1]. This
technique demonstrates possibility to detect of a few atoms that making it attractive
for experiments with small density of atoms[2]. In the current paper we have performed
experiment directed to observe difference in the space distribution of Rb atoms in MOT
in the first exited state (5P) caused various selection (dark or bright) of the repumping
transition.

In the our experiment we produced cold atomic cloud of 107 Rb atoms cooled using
conventional MOT setup. After that atoms were optically exited to the Rydberg state
using cascade transitions: 5S→5P→8S (decay)→ 6P→nS;nD (n∼37). First excitation
pulse (5P→8S) was performed by pulsed dye laser (Rodamine G6, 615 nm). Second,
pulse of the Ti:Sa laser at 740 nm was applied to the transitions 6P→ nS;nD. Laser
beams were focused to the trap and crossed under angle near 90 degree. The Rydberg
atoms were detected using selective field ionization technique. The Ti:Sa laser beam
was 1D scanned across atomic cloud using deflector based on galvanometer driven lens.
The optical deflection unit was controlled using computer. It allows us to make position
sensitive measurement of the Rydberg state excitation rate.

Averaged data on counts of Rydberg atoms was used to determine population of the 5P
state in separate parts of the atomic cloud. Experimental tomography data obtained for
locking of the repumping laser to the bright or dark transition, show different 5P 1D
profiles of the trap. Observed phenomena was in agreement with theoretical predictions
and our previous results[3].

This technique is non-destructive method of measurement of exited state distribution in
MOT. It could be used also for space selective reading(or writing) of quantum states for
quantum computing experiments in optical lattices.

This work was supported by the Russian Academy of Sciences.
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Spatial Light Modulators (SLM’s) are programmable optical elements that can act as
dynamical phase holograms on laser beams. Thus, a laser beam can be shaped into a
pattern which is the Fourier transform of the hologram. It provides a flexible method to
create dipole potentials in order to manipulate small objects. In this context, our group
is investigating experiments using SLM’s for cold atom cloud manipulation.

First we have focused on response time and diffraction pattern quality issues. We have
demonstrated a device involving a SLM and an acousto-optic modulator (AOM/SLM)
with a refresh time of some micro-seconds and without bleed effect during the holo-
gram changes [1]. This device would be well-suited for cold atom manipulation with
time-dependent dipole potentials. We have also studied different algorithms to calculate
holograms.

Then, we have experimented the method on cold rubidium atoms, by applying a blue
detuned laser shaped into a hollow Laguerre-Gaussian beam. Such a profile is obtained
by applying a helical-phase hologram to the laser beam. The cold atoms have been guided
during their fall due to gravity, into the dark region of the Laguerre-Gaussian mode. Being
far-detuned from resonance and dark where the atoms spend most of their time, the light
field causes little scattering-induced losses and guiding is efficient. The efficiency is studied
versus the detuning and the order of the Laguerre-Gaussian beam and is compared to a
model for the atom capture into the two-dimensional potential.

Future applications of this technique will be presented and discussed in the context of
cold atoms or Bose-Einstein condensates experiments.
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The study of quantum gases made of chromium atoms is compelling for several reasons.
Being accessible to laser manipulation, chromium has a most abundant bosonic isotope
52Cr and a 9-percent abundant fermionic isotope 53Cr. Most importantly, Cr atoms carry
an exceptionally large magnetic moment of 6 µB. Consequently, Cr provides a valuable
tool to study the physics of dipolar quantum gases as demonstrated in [1].

We present our recent achievement of a chromium Bose-Einstein Condensation (Cr-BEC)
[2] using an all-optical procedure along with two innovative techniques:
- continuous accumulation of metastable 52Cr atoms in a mixed optical and magnetic trap
[3];
- fast and intense rf sweeps to average to zero the magnetic potential and optimize the
transfer efficiency from the Cr-MOT to the optical trap [4].

We also report on the rf spectroscopy and association of weakly bound Cr2 molecules
in the decatriplet 13Σ+

g state. These latter experiments are performed in the vicinity
of a d-wave Feshbach resonance at low magnetic field. Though the association rate is
at present fairly low, we can study the spectroscopic properties of these cold trapped
high-spin chromium molecules.

This work is supported by Conseil Régional Ile-de-France, MENESR, CNRS, ANR, EU
and IFRAF.
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We theoretically investigate the production of polarization-entangled photons through the
biexciton cascade decay in a single semiconductor quantum dot. Entangled photons play a
key role in quantum communication and computation schemes. Furthermore, generation
of single or entangled photons on demand has widespread applications in experiments on
a single photon level. Semiconductor quantum dots are very attractive for these devices
due to the strong confinement of charge carriers and the resulting atomlike properties.

A biexciton decays radiatively through two intermediate exciton states. If these are
degenerate, the two decay paths differ in polarization but are indistinguishable otherwise
leading to polarization-entangled photons [1]. This ideal performance is usually spoiled
by the electron-hole exchange interaction splitting the intermediate exciton states by a
small amount and attaching a which-path information to the photon frequencies.

We discuss strategies to accomplish a high degree of entanglement, despite the exciton
finestructure splitting: energetical alignment of the two exciton states [2] or post-selection
of photons [3, 4]. We show how passive optical elements (spectral filtering and time shifts)
at a single photon level affect the quantum information encoded in the photon wavepacket.
Here the solid state environment plays a crucial role in the effective measurement of the
intermediate exciton states [5]. Our results suggest that protocols for solid-state based
quantum cryptography are more strict than previously thought.
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An atom interferometer can be built using Bose Einstein condensates, con�ned in magnetic
traps, which are split by continously transforming the trapping potential [1]. In order to
minimize phase di�usion, due to the nonlinearity originating from atom-atom interactions
in the condensate, number squeezing of the atoms in the wells is required. Squeezing
occurs when tunneling becomes small due to the nonlinear interaction which favors a
sharp number distribution in each well.

In adiabatic scenarios, squeezing is severely limited by the timescales of the tunneling
dynamics, and therefore non-adiabatic strategies are favorable. In this contribution we
show that optimal control theory (OCT) [2] allows to devise control strategies which
signi�cantly outperform adiabatic schemes. We �rst discuss number squeezing in the
framework of a generic two-mode model, and give an intuitive physical explanation for
the OCT control strategy. For realistic magnetic microtraps, it becomes important to
include a non-adiabatic wave function evolution beyond the generic two-mode model. In
this work we describe the dynamical evolution of the two orbitals occupied by the atoms
within the MCTDHB equations [3], which are based on a variational principle.

Our results cover several squeezing time scales as well as di�erent numbers of atoms in
the condensate. We compare adiabatic to non-adiabatic splitting with simple control and
optimal control. By using OCT, we can handle non-adiabatic wave function evolution,
and obtain number squeezed states on much shorter time scales in comparison to other
strategies.
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We argue that virtual excitations of higher radial modes result in effective three-body
collisions that violate integrability in a quasi 1 dimensional atomic Bose gas in a tightly
confining waveguide and give rise to thermalization [1]. After adiabatic elimination of
virtually excited radial modes, we obtain the Hamiltonian

Ĥ3b = −8 log
4

3
h̄ωrα

2
s

∫
dz ψ̂†ψ̂†ψ̂†ψ̂ψ̂ψ̂

of this effective three-body elastic process. Here ωr is the fundamental frequency of the
radial confinement, αs is the 3D s-wave scattering length. The corresponding collision
rate per atom in a non-degenerate gas is

Γ3b = C3bωrζ
2, ζ = n1Dα

2
s

√
mωr/h̄,

where C3b ≈ 5.57, m is the atomic mass, n1D is the 1D atomic number density. We
demonstrate that, for typical experimental conditions [2] (ζ ≈ 0.007), the three-body pro-
cesses dominate over thermalization via real radial mode excitation in the most energetic
pairwise collisions for temperatures kBT < 0.4 h̄ωr. We compare our theoretical findings
to the experimental results [3] and stress the further inhibition of thermalization in a one
dimensional gas by correlations (atomic anti-bunching due to strong repulsion).

To summarize, a radially confined atomic gas is never perfectly 1D, and radial motion
can be excited, either in reality or virtually even if both its temperature and chemical
potential are below h̄ωr. Such quasi-1D systems exhibit more rich physics than predicted
by the Lieb-Liniger model [4].
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We report on light-shift tomography of a cloud of 87Rb in a far-detuned optical-dipole
trap. At this wavelength, the excited state of the cooling transition of 87Rb is strongly
red-shifted, which enables us to perform energy-resolved imaging. We take advantage of
this specific feature by using it in two different situations.

(i) Mapping of the optical potential. Starting with a cold cloud with a smooth density
profile, we switch on a trapping laser at 1565 nm, and immediately take an absorption
image of the atoms in the presence of the trap. By scanning the probe laser frequency,
we perform a mapping of the equal light-shift regions.

(ii) Measurement of the atomic potential energy distribution. By counting the total num-
ber of atoms detected at a given probe detuning, we directly measure the number of atoms
having a given potential energy in the trap. We follow the evolution of this atomic distri-
bution for a trapped cloud during the free-evaporation process, starting from a strongly
out-of-equilibrium situation and relaxing towards a thermal distribution.

Using a spatially-varying light field, this technique could be used to adress atoms situated
in regions which size is smaller than the laser wavelength.
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We operate a matter wave interferometer on a beam of K2 molecules in a Ramsey-Bordé
configuration [1]. The two exits of this interferometer, with molecules in either the ex-
cited state or the ground state, allow distinct detection schemes for the matter wave
interference. While observation of the fluorescence of excited state molecules shows the
matter wave interferences superimposed on a complicated incoherent background due to
the molecular hyperfine structure, detection of ground state molecules behind the in-
terferometer, exciting them with a fixed frequency laser, gives the interference pattern
on a simple symmetric background due to a single hyperfine component. Under certain
geometric conditions any of the observed matter wave interferences is composed of two dis-
tinct structures, a Ramsey-Bordé interference structure from four laser beams employed
as beam splitters for the matter wave, and an additional Ramsey interference structure
formed by only two laser beams acting as beam splitters.

The higher stability of the Ramsey-Bordé setup due to cancellation of phase drifts and
fluctuations in corresponding laser beams promises the Ramsey-Bordé interferometer as
a sensitive detector for collisions between molecules and ground state K atoms in the
particle beam, when the collisions modify the phase and the damping of the interference
pattern. The detection was done by deflecting atoms out of the molecular beam by a
resonant laser field, thus switching the experiment between atom-molecule collisions and
no collisions.

For a better understanding of the Ramsey interferences, we detected the ground state
exit in two different distances near the beam splitters and further away downstream of
the molecular beam. With active stabilization of the relative phases of the laser beams
used as beam splitters the Ramsey interference shows a good phase stability. The better
contrast of the Ramsey matter wave interferences as compared to the Ramsey-Bordé setup
recommends this method as well suited for further experimental applications.

We will introduce between the beam splitters a laser field near resonant to a molecular
transition from either the excited state or the ground state to another state. Such exper-
iment allows to determine the transition matrix element of the corresponding molecular
transition. By changing the collision characteristics of the K atoms by exciting them to
Rydberg states, the collisions between potassium atoms and molecules will be investi-
gated. The present status of the matter wave experiment will be presented.
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The combination of static inhomogeneous magnetic fields with a strong resonant rf field
has been recently used in many groups to realize new trapping geometries, like double well
potentials, or bubble-like traps [1, 2]. A rf field allows indeed to distort static magnetic
potentials into new ’adiabatic potentials’ that can be continuously tailored and tuned by
changing the rf field parameters [3]. Another possibility is to use rf fields to change the
properties of atom-optics elements like magnetic lenses or magnetic mirrors. Following
this idea, we have experimentally investigated how the focal length of a magnetic lens can
be tuned with rf.

The experiment is performed using a spin polarized cloud of cold cesium atoms. The rf
dressed lens is realized with two components : a static magnetic lens, made of a simple
coil, and a rf field. The inhomogeneous static field defines a surface where atoms are
resonant with the rf field. As atoms cross this surface, their spin is reversed, and the
effect of the lens (initially converging or diverging, depending on the initial polarization)
is reversed. The magnetic lens is separated by the rf interaction surface into two parts,
and become equivalent to a doublet. The position of the interaction region, and therefore
the focal length of the doublet can be tuned by changing the rf frequency.

After a 72 cm free fall, atoms cross the lens center, and are focused typically 10 cm
below, in a 500 µm 1/e2 diameter spot. We show that by changing the rf frequency
between 100 MHz and 250 MHz, the 10 cm magnetic focal length can be tuned over
±2 cm. Depending on the rf antenna position, the magnetic lens can be made more
converging than without rf, and can be changed by increasing the rf frequency from a
converging lens to a converging mirror. The magnetic lens, in combination with a strong
rf field, is conveniently described in the dressed-atom picture. The probability that atoms
follow the adiabatic rf-dressed potentials can be evaluated by a Landau-Zener model, that
determines the rf power requirements to get a lens with good performances. Under our
experimental conditions, 10 W of rf is necessary.

Our experimental investigation of the rf-dressed lens, supported by numerical simulations
is presented in [4]. This rf-dressing procedure can be combined with the well-developed
integrated atom chip technology, to add coherent control to magnetic atom chips.

We acknowledge financial support by IFRAF (MOCA project).
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Although the phenomenon of Bose–Einstein condensation is a purely statistical effect that
also appears in an ideal gas, the physics of Bose–Einstein condensates (BECs) of dilute
gases is considerably enriched by the presence of interactions among the atoms. In usual
experiments with BECs, the only relevant interaction is the isotropic and short-range
contact interaction, which is described by a single parameter, the scattering length a. In
contrast, the dipole–dipole interaction between particles possessing an electric or mag-
netic dipole moment is of long range character and anisotropic, which gives rise to new
phenomena [1]. Most prominently, the stability of a dipolar BEC depends not only on
the value of the scattering length a, but also strongly on the geometry of the external
trapping potential. Here, we report on the experimental investigation of the stability of a
dipolar BEC of 52Cr as a function of the scattering length and the trap aspect ratio. We
find good agreement with a universal stability threshold arising from a simple theoretical
model. Using a pancake-shaped trap with the dipoles oriented along the short axis of
the trap, we are able to tune the scattering length to zero, stabilizing a purely dipolar
quantum gas [2].
We also experimentally investigate the collapse dynamics of a dipolar condensate of 52Cr
atoms when the s-wave scattering length characterizing the contact interaction is reduced
below a critical value. A complex dynamics, involving an anisotropic, d-wave symmetric
explosion of the condensate, is observed on time scales significantly shorter than the trap
period. At the same time, the condensate atom number decreases abruptly during the
collapse. We compare our experimental results with numerical simulations of the three-
dimensional Gross-Pitaevskii equation, including the contact and dipolar interactions as
well as three-body losses. The simulations indicate that the collapse is accompanied by
the formation of two vortex rings with opposite circulations.
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It has been shown recently that Yb [1] and Er [2] atoms from the lanthanides group can
be efficiently laser-cooled using strong transitions near 400 nm. Degenerate Fermi gases
of ytterbium have been also recently demonstrated using laser-cooling based technic [3].

Our goal was to investigate the possibility of laser cooling of Tm atom. Among other
lanthanides, thulium possesses relatively simple level structure.Moreover, it has only one
stable isotope 169Tm with a nuclear spin of I = 1/2 which makes possible to use schemes
for sub-Doppler cooling. Laser-cooled thulium is a favorable candidate for optical clocks
applications, since the forbidden transition between the fine structure sublevels (Jg =
5/2) − (J ′g = 7/2) of the ground state 4f 136s2 (λ = 1.14 micron) has a spectral width
of approximately 1 Hz. The collisional shift of such kind of transitions in lanthanides is
suppressed because of the outer closed 6s2 shell [4], which allows for precision spectroscopy
in a dense atomic cloud.

We studied two candidates for cooling transitions from the ground state 4f 136s2 (Jg = 7/2)
to the states 4f 12(3H5)5d3/26s

2 (Je = 9/2) at 410.6 nm and 4f 12(3F4)5d5/26s
2 (Je = 9/2)

at 420.4 nm. By means of saturation absorption spectroscopy, we measured the hyperfine
structure and rates of these transitions. We evaluated the life times of appropriate excited
levels as 15.9(8) ns and 48(6) ns, respectively. Decay rates from these levels to neighboring
opposite-parity levels were evaluated by means of Hartree-Fock calculations [5]. The
fraction of atoms which do not return to the ground state is about 10−5 and 5 · 10−4

for the 410.6 nm and 420.4 nm transitions respectively. We conclude that the strong
transition at 410.6 nm with relative slow leakage rate can be used for the efficient cooling
of Tm I.

We also measured hyperfine structure of two nearby transitions from the ground state to
the states 4f 13(2F7/2)6s6p(1P1) (Je = 5/2) at 409.4 nm and 4f 12(3F4)5d5/26s

2 (Je = 7/2)
at 418.9 nm, which can be used for Λ-type excitation of λ = 1.14 µm transition.
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Since 1995 we have opportunity to experimental study degenerate and non-degenerate
trapped atomic gases at ultra low temperatures. At finite temperatures the free expansion
of the dilute gas leads to spatially thermal distinct and condensed phases. The thermal
phase is negligible at temperatures much smaller than the critical temperature Tc, and
behavior of the condensed part is mainly determined by the interplay between the trapping
potential and the atomic interactions. At the temperatures close to Tc there are usually
more thermal dilute gases than the condensed one. In this case also interactions between
two phases, thermal and condensed, have affect on the behavior of the condensed fraction.
The F. Gerbier et all[1] show influence of this interaction to evolution of free falling Bose-
Einstein condensate (BEC) in the presence of the thermal fraction for the condensate
with assumption the Thomas-Fermi regime in the condensate phase.

In our experiment we analyze a free expansion of 87Rb BEC release from the magnetic
trap[1] with presence of the thermal part dilute atomic gases using standard time-of-flight
technique. As a result we note the dependence between condensed aspect-ratio (ratio
of axial to radial radii) of the condensate as a function of amount of the condensate
fraction in the dilute atomic gas, after 15 ms free expansion. We investigate region where
the Thomas-Fermi regime is not hold in BEC. The aspect ratio dependence results from
interplay between condensed and non-condensed fraction of the dilute gas and a small
number of the atoms in the condensed fraction at the temperature close to Tc.
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A long life time of atoms in a magneto-optical trap (MOT) makes it a powerful tool to
study interactions with optical fields processing small cross sections (see e.g. [1]). Since
the life time in MOT can reach a few seconds, even processes with characteristic rates of
1 s−1 can be easily analyzed if they result in losses of trapped atoms.

We have investigated the interaction of laser-cooled 87Rb atoms in a MOT with a femtosec-
ond (fs) laser radiation in the spectral region 760-820 nm. We show that in a wide range
of average intensities of the fs laser field (< 300W/cm2) the dominating process is the cas-
cade ionization. In this case the femtosecond radiation interacts with the atomic ensemble
both as spectrally-narrow components (a frequency comb) and as a powerful ionizing laser
field. Atoms excited by a single mode of a frequency comb from the 5P3/2(F = 3) to the
5D5/2(F = 2, 3, 4) hyperfine sublevels are consequently ionized by a full power of the fs
laser from the 5D level to the continuum. By tuning the repetition rate frep of the fs
laser we observe the periodic spectrum in the MOT luminescence at 780 nm (the cooling
transition) reproducing the hyperfine structure of the 5D level (see Fig. 1a).

Figure 1: (a) — MOT luminescence signal vs. detuning of the fs laser repetition rate δfrep.
(b) — dependency of the MOT loading rate on the fs laser power.

We have quantitatively analyzed the ionization of the 5D5/2 level by monitoring the load-
ing rate of the MOT at different powers of the fs laser radiation (Fig. 1b) using an auxiliary
cw laser locked to the 5P3/2(F = 3) → 5D5/2(F = 4) at 776 nm. A sensitive method al-
lowing accurate determination of the 5/2 5D level population is developed [2].

[1] O. Marago, D. Ciampini, F. Fuso, E. Arimondo, C. Gabbanini, and S. T. Manson,
Phys. Rev. A 57, R4110 (1998).
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Optical lattices are the instruments of great importance in many fields of atomic physics
like manipulating of neutral particles, quantum computing, etc. The common method of
getting a periodic optical lattice is to use the interference of two or more laser beams
which form an array of periodic light-shift potentials.

We demonstrate a new method of creating an optical lattice of either non-degenerate
cold atoms or Bose-Einstein condensates. The lattice is obtained when the cloud of cold
atoms is illuminated by a focused, off-resonant laser beam split into several beams by
a diffraction process. The resulting lattice is non-periodic.

In our experiment we used 87Rb atoms trapped in the magnetic trap of the Ioffe-Pritchard
type. This is an anisotropic and harmonic trap characterized by frequencies: radial
ωr = 2π · 137 Hz and axial ωa = 2π · 12 Hz [1]. The laser beam of a frequency close
to the D1 line of 87Rb was used in the experiment.

We analyze the evolution of that kind of lattice either in a magnetic trap or during time of
flight after the atoms are released from the trap. Due to interactions between atoms and
near resonant light the characteristic regular structure of atoms appears. We characterize
the basic properties of this structure in two cases of a nondegenerate atom cloud and
a BEC. In particular, we analyze the effect of the laser frequency on the formation
process of optical lattice.

Our method can be another way of studying phenomena where an optical lattice is a ne-
cessary instrument. The presented method of creating the optical lattice might be an
alternative to the standard counter-propagating laser beams method.
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Among the various applications envisioned for laser-cooling and manipulation of neu-
tral atoms, those dealing with nanostructure fabrication appear particularly challeng-
ing. Atomic NanoFabrication (ANF [1]) demonstrated production of regular nanopat-
terns through the occurrence of dipolar forces and the consequent spatial segregation of
an atom beam (optical mask). Recently, large technological interest is being attributed
to develop methods for the controlled deposition of few, eventually single, atoms onto
a surface. The realization of atom-scale technologies is one of the major challenges in
realizing novel nanodevices from single atomic, or molecular, elements, with a potentially
large impact in emerging areas such as nanophotonics, spintronics, quantum computation
systems, advanced biomedical applications.

We have developed an experimental setup aimed at directly depositing few atoms onto a
surface under laser-manipulation control. Core of the setup is a Cesium beam produced
out of a modified magneto-optical trap (MOT) [2] which exhibits sub-thermal kinetic
energy in the longitudinal direction and, after due collimation by 2D optical molasses,
shows a residual divergence in the mrad range. The setup has been already employed
in resist-assisted fabrication of regular arrays of nanotrenches (45 nm wide) onto Gold
through interaction with a 1D optical mask [3]. We are presently exploring the regime of
low flux, low temperature direct deposition [4]. Thanks to an in-situ Scanning Tunnelling
Microscope (STM), sample features can be investigated at the atomic scale. A variety of
substrates has been used, ranging through Graphite to organic self-assembled monolayers.
Deposition of stable isolated Cesium nanostructures consisting of a few atoms has been
demonstrated, with metal-like electronic features. Due to the small longitudinal velocity
of the atoms, relatively long interaction times with the optical mask can be achieved,
leading to the occurrence of a pure channelling regime for the guided atom trajectories.
In the low surface coverage regime, the interaction produces both a spatial modulation
of the deposited atom density and a peculiar nanoisland morphology, which acquires a
cigar-like shape oriented in agreement with the optical mask. Results suggest however that
nanostructure features are ruled by a complicated interplay between laser-manipulation
and local properties of the substrate, involving a variety of surface physics effects to be
still completely unravelled.

Financial support by Fondazione Cassa di Risparmio di Pisa (PR/05/137) is gratefully
acknowledged.
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Investigation of systems comprising metal nanoparticles (NPs) with plasmonic features
and light-emitting Silicon is stimulated by distinct motivations. First of all, integration
of NPs with materials and technologies used in conventional optoelectronics represents
an important step towards practical applications in the emerging areas of plasmonics
and nanophotonics [1]; moreover, spectroscopy of such systems opens the way to study
the interplay between distinct sub-systems with specific optical properties. When prop-
erly designed, such interplay can be used to tailor the system behavior, for instance by
modifying the emission spectrum or the overall quantum efficiency.

We have analyzed photoluminescence (PL) of samples produced by a novel anodization-
free electrochemical etching of Si catalyzed by Gold NPs. The process is based on the
production of Au NPs through rapid thermal annealing of a thin Au film evaporated
onto a Si wafer. Etching in a H2O2:HF (10:1) solution then leads to mesopore structures
diverging from Au NPs. Microscopy of the produced samples demonstrates the achieve-
ment of a porous-Si network embedding NPs typically sized in the few tens of nanometers
range. The technique, which can be considered as a variant of the HOME-HF process
[2], exhibits technologically appealing features: for instance, no anodization is required,
favoring integration with conventional Si technologies; by lithographical definition of the
pristine Au film, porization can be easily achieved in predefined patterns, thus leading to
nanostructured light-emitting samples.

Samples produced in various conditions, starting from either p- or n-doped Si, have been
analyzed upon both cw and pulsed laser excitation in the violet/UV range, at room and
low temperature. Results demonstrate efficient PL in the visible, peaked around 600-650
nm. Comparison with samples which underwent an Au-removal process based on chemical
etching suggests that NPs play a prominent role in ruling the emission: after Au-removal
the emission intensity gets remarkably smaller and is spectrally shifted. The role of NPs
is well confirmed by simulations of the plasmon resonance for Au NPs in the actual con-
ditions (size distribution and dielectric constant of the embedding medium) experienced
in the samples, resulting peaked slightly above 600 nm. Analysis of the emission lifetime
as a function of the temperature reveals a puzzling behavior which suggests an intriguing
contribution of both radiative and non-radiative phenomena. Nanoscopic investigations
have been started based on scanning near-field optical microscopy (SNOM), a technique
already proven successful with similar systems [3]. Results show distinctive features for
the near-field maps which describe scattering and emission, simultaneously acquired with
our SNOM. Interpretation, still in progress, will shed light on the interaction between
NPs and Si occurring in the near-field.
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In recent years the DMS (GaMn)As has fascinated research community as a promising
candidate for spintronic application. It is of exacting significance due to both its com-
patibility with existing III-V technology and great progress in improving its magnetic
properties. Being a supersaturated solid solution of Mn in GaAs matrix, fabricated by
low temperature molecular beam epitaxy (LT-MBE) ,the material contains a high den-
sity of various defects compensating Mn acceptors. This results in the deterioration of
its magnetic properties as the ferromagnetism in (GaMn)As occurs due to an indirect
exchange between magnetic moments of Mn ions mediated by free holes .

The ferromagnetic state of (GaMn)As is known to be established by post growth anneal-
ing. Until recently such annealing has been carried out in air or nitrogen.However, once
the sample has been exposed to air, its surface cannot be restored. This means that
(GaMn)As annealed in this way are not useful for further epitaxial overgrowth to be in-
cluded in multilayer structures. In order to meet this requirement an innovative annealing
procedure was devised in which the reactive medium (oxygen or nitrogen) is replaced by
a surface layer of amorphous As thus removing the interstitial Mn [1].

To observe the presence of reacted surface layer containing As, As3d core level spectra
taken at BL41 at Swedish National Synchrotron Radiation Facility (MAX-lab) have been
analyzed. In order to identify the contribution from the reacted layer, spectra from pure
GaAs and (GaMn)As subjected to post growth annealing have been investigated. Our
data indicate that the interface between the out-diffusing Mn and the As capping results
in a uniform epitaxial continued layer structure of MnAs. This is rather unexpected as
zincblende MnAs is known to be unstable, and MBE growth of MnAs on GaAs normally
results in the formation of clusters with hexagonal structure.

[1] M.Adell et al., Appl.Phys.Lett.6, 112501 (2005)
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Pulsed laser Deposition Simulation for Graphite
Target using Mont-Carlo Method
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Pulsed laser deposition method for producing thin films is investigated. This deposition
method include several stages such as absorption of the laser beam in the target material,
evaporation of the material producing plume of atoms or molecules, strong interaction
of the laser beam with the plumb to produce plasmas, and finally deposition of atoms
or molecules on the substrate surface. The growth of the thin film in the initial stage
is simulated using Mont Carlo method. Our simulation indicated that by decreasing the
duration of the pulse together with the decrease in laser energy, the thin film growth is
steady so that the uniform and homogenous layer is produced. Keywords: pulsed laser
deposition, thin films, simulation, Graphite PACS No: 310.0310, 140.0140
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The precise determination of the 3He-3H mass ratio is of utmost importance for the
measurement of the electron anti-neutrino mass performed by the Karlsruhe Tritium
Neutrino experiment (KATRIN) [1]. By determining this ratio to an uncertainty of 1
part in 1011, systematic errors of the endpoint energy in the β-decay of 3H to 3He can be
checked in the data analysis of KATRIN [2].

To reach this precision, a Penning Trap Mass Spectrometer (MPIK/UW-PTMS) was
constructed at the University of Washington [3], which is now transferred to the Max-
Planck-Institute for Nuclear Physics in Heidelberg in the new division “Stored and Cooled
Ions”.

The Penning trap technique allows for the most precise mass measurements (< 10−10

relative uncertainty for stable ions) by the determination of the eigenfrequencies of a
single stored ion in a superposition of an electric and magnetic field [4].

Special design features of the MPIK/UW-PTMS are the utilization of an external ion
source and the double trap configuration. The external Penning ion source efficiently ion-
izes the helium and tritium gas. Also, external ion creation can give superior elimination
of unwanted ion species compared to the previously utilized internal field emission tips.
The design as a double Penning trap allows for several monitoring capabilities (e.g. using
one trap as a voltage reference), as well as for a faster measurement procedure. This
should help to avoid problems due to long-term drifts in the experimental conditions.

The MPIK/UW-PTMS will be set into operation in Heidelberg by the end of 2008. We
will present the design of the setup as it was constructed and tested at the University of
Washington.
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Isotope shift in the electron affinity of sulfur:
observation and theory

T. Carette1, C. Drag 2, C. Blondel2, C. Delsart2,
C. Froese Fischer3, M. Godefroid1 and O. Scharf1

1 Service de Chimie Quantique et Photophysique, Université Libre de Bruxelles -
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Photodetachment microscopy [1] was performed on a beam of S− generated by a hot
cathode discharge in a mixture of 98% Ar and 2% CS2, with the sulfur isotopes in natural
abundances. Isotope 34 was selected by a Wien velocity filter. Laser excitation was
provided by a CW ring laser operating with the Rhodamine 590 dye. The laser wave-
number was measured by an Angström WS-U lambdameter, with an accuracy better
than 10−3 cm−1. Subtracting the photoelectron energy found by analysing the electron
interferogram from the photon energy, one can determine the electron affinity eA. The
result for eA(34S) is 16 752.978(10) cm−1, to be compared to the previously measured
eA(32S)=16 752.976(4) cm−1 [2]. Technical correlations between the two measurements
lets the isotope shift ∆exp = eA(34S) − eA(32S) be a little more accurate than the more
imprecise electron affinity. Numerically ∆exp = +0.002(8) cm−1, in wich the (2σ) error
bars leave room for a normal or anomalous result.

Ab initio calculations of the isotope shift on the electron affinity from the infinite-mass
systems S−/S were carried out, adopting the multiconfiguration Hartree-Fock (MCHF)
approach using the ATSP2K package [3]. Our model includes in a systematic way valence
correlation, limiting the core to the n=2 shell. The one-electron orbitals are optimized
using a single- and double- multi-reference expansions. Configuration-iteraction (CI) cal-
culations including up to 6·105 configuration state functions were performed in order to
complete the convergence patterns of the S− energy, resulting in a unextrapolated non-
relativistic electron affinity of eA(∞S) = 16 987(44)cm−1. The theoretical isotope shift
value ∆theor = eA(34S) − eA(32S) = −0.0022(2)cm−1 is found to be rather small but
definitely negative. The analysis of the various contributions reveals a very large specific
mass shift that counterbalances the normal mass shift, while the positive field shift is
smaller than the total mass contribution by one order of magnitude.

[1] C. Blondel, C. Delsart, and F. Dulieu. Phys. Rev. Lett. 77 (1996) 3755.
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Opt. Phys. 39 (2006) 1409;
[3] C. Froese Fischer, G. Tachiev, G. Gaigalas, and M. R. Godefroid. Comp. Phys. Com.
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A model which describes the time evolution of strong-field photoionization of atoms is
presented. Based on the numerical solution of the non-stationary Schrödinger equation,
the model allows one to predict and to interpret the results of experiments on double
photoionization of atoms by a combined action of a very short (attosecond) XUV pulse
and a few-cycle IR pulse of a powerful laser at various delay times between the two
pulses. Depending on the binding energy of the ionized electron, two types of process
are considered. If the electron is tightly bound (Ne case), the XUV pulse ionizes the
atom and shakes up another (outer) electron to an excited state, which is subsequently
ionized by the strong IR field. For an atom with a weakly bound outer electron (Li case),
the IR field ionizes the latter, while the XUV pulse, ionizing the inner shell, terminates
(or suppresses) the strong field ionization. In both cases the yield of doubly ionized ions
strongly depends on the delay time between the two pulses, revealing ”steps”, oscillations
and other features which characterize the time evolution of the ionization process. The
presented model describes qualitatively the results of recent experiments on Ne [1].
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We present the results of modelling generation of the atto-second VUV and X-ray pulses
during ionization of atomic and cluster systems by femto-second optical laser pulse. The
concrete data are received for the Ar cluster response, the molecular 2D H2+ response
for different inter nuclear distances (R=2.5, 3.5, 7.4, 16a.u.) with smoothed Coulomb
potential and atomic (H) response (spectral dependence) under ionization of the system
by femto-second optical pulse [1-4]. Our calculation show that the generation of the atto-
second X-ray pulses in the cluster system is more effective and profitable (as minimum
the 2-3 orders) than in similar molecular atomic one. The generation of the atto-second
pulses in the molecular system is more profitable too (as minimum the 1-2 orders) than
in similar atomic one. The last achievements in this field demonstrate a possibility of
construction of the compact X-ray radiation sources.
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Sub-Hz line width lasers limited by thermal noise of the high-finesse Fabry-Perot (FP) res-
onators used for laser stabilization are very important for optical atomic clock community.
Usually thermal noise limited operation can be achieved for time scales of approximately
1 min and for longer time scales the drift starts to dominate. The most suitable material
for making a stable FP cavity (spacer and mirror substrates) is Ultra Low Expansion
glass (ULE). In this work we report on our observations of the long-term stability of ULE
FP resonators measured against the hydrogen 1S-2S transition and also using an optical
frequency comb referenced to a hydrogen maser.

When ULE FP cavity temperature is stabilized around the zero thermal expansion point
the FP resonance frequency drift is very small and it is dominated by the aging of the
cavity. Our 77.5 mm long ULE FP resonator that is stabilized at the zero expansion
temperature [1, 2] has a temperature sensitivity of ca 20 Hz/mK and during 2 weeks of
measurements we could clearly observe a linear drift of +60(5) mHz/s (5 kHz/day) at 972
nm due to FP aging while measuring an optical beat note with a stable optical frequency
comb. During two 15 h long measurement runs the deviation from a linear drift slope was
within 20 Hz (using 100 s counter gate time). It was also observed that, unfortunately,
the drift rate slightly changed from day to day.

Our second 972 nm ULE FP cavity (length 77.5 mm) that is stabilized 20K above the
optimal zero expansion temperature is having temperature stability of 11 kHz/mK and
exhibits frequency fluctuations in 20 kHz range per day that we attribute to the stabil-
ity of the temperature control. When the temperature controller is activated it takes
approximately 2 weeks for this ULE FP cavity resonance frequency to stabilize.

The resonance frequency of our oldest ULE FP resonator (length 15 cm) built in 2004 for
dye laser stabilization at 486 nm has been tracked against the hydrogen 1S-2S transition
for 4 years now. It was observed that during the first year the drift was +80 mHz/s
and at present it has decreased to +40 mHz/s at 486 nm. This can be explained by the
relaxation of the cavity after mechanical machining. Positive frequency drifts indicate
shrinking of the FP length.
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Enforced monitoring of sea-water requires advanced instrumentation and technologies for
long term and unattended observation. In particular real time and in-situ sensors are of
interest. In this field, sensors tragetting organic pollution are scarce.

We present a sensor based on surface-enhanced Raman scattering (SERS) using disposable
SERS substrates as sensing membrane which have been designed for the in-situ detection
of polynuclear aromatic hydrocarbons (PAHs). Raman spectroscopy was chosen due to
the fingerprinting nature of the spectra useful for the identification of organic substan-
ces and SERS was applied to achieve the sensitivity for trace detection in the environment.

The SERS sensor was developed as part of the EU-funded projects SOFIE („Spectroscopy
Using Optical Fibres in the Marine Environment“) and MISPEC („Multiparametric in-
situ Spectroscopic Measuring Platform for Coastal Monitoring“) where a field-operable
device was constructed, characterised and field-tested in the Baltic Sea, at the Atlantic
coast and in the Bosphorus. The underwater system consists (amongst other) of a robust
SERS optode which is coupled to a core instrument containing a 785 nm diode laser and
an axial spectrograph with TE-cooled CCD detector.

We present results of laboratory tests characterising the SERS substrates in terms of
selectivity, adsorption kinetics, adsorption from mixtures of up to eight PAHs and limits of
detection for selected PAHs. The influence of salinity, flow conditions and high immunity
against turbidity are shown. In-situ SERS and Raman spectra from the sea trials will
be presented. The potential and limitations of Raman and SERS spectroscopy will be
discussed with a view to marine in-situ applications.
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A design and fabrication of an atomic beam system is presented. The beam source consists
of a cylindrical oven made of stainless steel enclosed by a cylindrical heater for producing
the vapor of the sample in the oven [1,2]. The atomic beam source is simple, versatile
and can be operated at stable temperatures up to 1000K. The atomic beam apparatus is
placed inside the locally developed Time of Flight (TOF) mass spectrometer. Interaction
of laser with the atomic beam in the interaction region of the TOF mass spectrometer
produces ions that are resolved and detected by the TOF mass spectrometer. The ob-
served signals from the TOF mass spectrometer are correlated with the flight times for
different isotopic masses. The optimum performance of the atomic beam-TOF mass spec-
trometer is checked with the isotope separation of lithium and magnesium. Their relative
abundance is found very close to the already cited values in the literature.
The locally designed and fabricated atomic beam-TOF mass spectrometer is therefore
capable for the spectroscopic studies of the selected isotopes of elements. The apparatus
can be utilized for Laser isotopic separation of light elements possessing sufficient vapor
density up to 1000K.
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In recent years there has been considerable interest in the problem of the interaction be-
tween optically excited atoms and dielectric nanobodies. The basic aspects of such an
interaction are the modification of the spontaneous emission rate near nanobodies [1-3]
and the dependence of the coupling of atomic fluorescence to the nanobody on the strength
of the interaction between the atoms and the surface of the nanobody. These studies are
important for developing new spectroscopic techniques to measure interactions between
atoms and nanobodies as well as developing new experimental schemes to control internal
and translational atomic states near optical nanobodies [4, 5].

Here, we report on the spectrum of fluorescence emitted by optically excited atoms into
the fundamental guided mode of an optical nanofibre. An ensemble of two level atoms
in the vicinity of a nanofibre is considered. The atoms are excited by a laser field near-
resonant to the atomic dipole transition and emit fluorescent light. The frequency of the
fluorescent light is chosen to be below the cut-off frequency of all guided modes bar the
fundamental, and so only this mode is generated by the fluorescent light.

We find that when an atom is far from the surface of the fibre it is most effectively excited
by the laser field with a frequency close to the atomic transition for the free atom. When
the atom is close to the surface of the fibre, we see that it is now excited at a red-shifted
frequency. This shift leads to an asymmetry of the fluorescence line, observed as the
power of light coupled into the nanofibre. This selectivity can be used for measuring the
strength of the interactions, including the evaluation of the van der Waals constant. It
can also be used for the control of the atomic states near optical nanofibers. We evaluate
the atomic fluorescence spectrum for 133Cs atoms excited at the 6S-6P optical transition
with wavelength 852 nm.
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Cavity quantum electrodynamics is an area of physics studying the interaction of 
atoms with photons in high-finesse cavities in a wide range of the electromagnetic spectrum 
from microwaves to visible light. The fact that the system “atom + cavity mode” is a quantum 
system makes cavity quantum electrodynamics (QED) an excellent testing ground for such 
important issues of modern quantum physics as quantum measurement theory, entanglement, 
quantum computation, quantum interference and at the same time provides a unique 
possibility for trapping, cooling and manipulating of atoms. Practical importance of cavity 
QED is mainly related to potential possibility for manipulating atoms and photons in 
mesoscopic scales. Therefore, in recent years cavity QED has become one of the hot topics 
both in theoretical and experimental physics [1- 3]. 

Since the dynamics of a single atom trapped in a microcavity is governed by quantum 
electrodynamics, the cavity QED can be considered as an interdisciplinary area. Many 
subfield of physics, such as quantum and atomic optics, cold atom physics, physics of 
nanosized systems and quantum information, may use important results of the cavity QED. 

Recently cavity QED is considered in the context of nonlinear dynamics [3]. Mapping 
quantum equations of motion onto classical ones, for the Jaynes-Cummings Hamiltonian, 
which includes recoil motion of the atom, Prants et. al., explored phase-space dynamics of the 
atom interacting with a single cavity mode by analyzing Poincare surface sections and 
calculating Lyapunov exponents [3]. 

In this work we explore finite-temperature nonlinear dynamics of an atom coupled to a 
single mode of the cavity field. Applying the formalism of a real-time finite-temperature field 
theory to the Jaynes-Cummings Hamiltonian and using the same approach as that used in we 
have studied classical dynamics of the “atom + cavity mode” system in the presence of 
coupling to a thermal bath.  

Using the temperature-dependence of the equations of motion, dependence of the 
dynamics on heat-bath effects or finite temperature effects are considered. The results show 
that the dynamics is quite sensitive to the small changes of temperature. This implies that 
temperature of a thermal bath can be considered as an additional control parameter for the 
dynamics of an atom coupling to cavity modes. 
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The solid-state systems are very attractive for optical information storage due to their
high density, compactness, and absence of diffusion. The main drawbacks of solid-state
materials are huge inhomogeneous broadenings. In practice an efficient storage of in-
formation requires a large optical depth [1] such that even negligibly weak losses being
accumulated at such long distance result in an essential loss of information. In order to
reduce the inhomogeneous broadening, it was proposed in a number of works to use the
so-called hole burning technique [2]. However, this technique leads to the reduction of the
optical depth of the samples employed. The natural question is whether it is possible to
store optical information in solids using reduced optical depths.

Analytical studies performed in the limit of short pulses showed that the length of infor-
mation storage in Λ - type medium depends remarkably on the ratio between the oscillator
strengths of the adjacent transitions [3]. In the present work by exploiting this property
we propose a novel scheme of short length storage in media featuring fast relaxations.

We perform a complete analytical and numerical study of the full set of the density-matrix
and Maxwell equations for both pulses in case of arbitrary relaxation times and arbitrary
intensities of the probe and control fields in a Λ - type medium. Our detailed analysis
shows that the storage of the probe field in inhomogeneously broadened media is more
efficient when we use atoms of different adjacent transition strengths. In this case the
control pulse should have longer duration but considerably lower intensity than the probe
pulse. The possibility of the retrieval of an intense pulses stored in a medium is also
discussed.
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In recent years a growing interest in cold molecules from fields as different as cold chem-
istry, precision spectroscopy and quantum information science could be observed. Velocity
filtering by means of an electrostatic quadrupole guide is an efficient technique to produce
slow beams of polar molecules from a thermal reservoir. For formaldehyde, ammonia, and
other naturally occurring polar molecules, fluxes of the order of 1010 s−1 with velocities
down to ∼10m/s with only a handful of occupied rotational states have been demon-
strated [1,2]. However, so far no universal method was found to bridge the gap from the
cold (∼1K) to the ultracold (≤1mK) regime.

Standard laser cooling schemes fail for molecules due to their complex internal level struc-
ture, and hence lack of a closed cycling transition. By replacing spontaneous emission
with coherent scattering into an optical cavity, the need for a closed transition can be cir-
cumvented [3]. To avoid excitation of the molecular system, operating in the far-detuned
Rayleigh scattering regime is advantageous. Since Rayleigh scattering cross sections are
small compared to typical resonant cross sections and because typical densities of cold
molecular samples are limited, it is unclear if enough light can be scattered into the cavity
to be detected. To achieve effective cooling, the power of the coherently scattered light
must be significantly higher than for detection only.

We have set up a precursor experiment using room-temperature molecules to study the
feasibility of cavity-enhanced detection and cooling of thin samples of cold molecules. As
a first step in this direction, we plan to experimentally demonstrate that also in the far-
detuned Rayleigh scattering regime an optical cavity can enhance the scattered power.
In our experiment we use a high-power single-frequency cw-laser operating at 532 nm as
a transverse pump beam for Rayleigh scattering into the optical cavity. By changing the
cavity finesse, the enhancement of the light scattered into the cavity mode compared to
the free-space situation is shown. We study the polarization, pressure and pump power
dependence of the Rayleigh scattered light into a single mode of the optical cavity and
derive limits for a detectable density of cold polar molecules with the present setup.
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Compact convenient for the analysis expressions for the cross sections considerably simplify 
studying the interaction of electromagnetic radiation with atomic systems and allow us to 
discover some fine effects. In present paper on the basis of the general symmetry 
considerations taking only into account the dipole approximation and without any other 
approximations used in atomic calculations we derive the compact invariant expressions for 
the angular distribution of photoelectrons escaping from atoms or molecules in the process of 
two-photon ionization and for the angular distribution of fragments forming under two-
photon two-particle dissociation of molecules. The dependence on all geometric parameters – 
the unit vector p determining the direction of photoelectron (photofragments in the case of 
dissociation) motion, k specifying the direction of propagation for the electromagnetic 
radiation and the unit complex vector e specifying polarization of the radiation – is 
completely separated in the angular distributions in the form of scalar and triple scalar 
products of the vectors. The information of the intrinsic structure of the atomic system is 
included in few constant dynamic parameters of the system that can independently be 
calculated using the well-known approximations. 
 
In case of atoms and optically inactive molecules the angular distributions contain the term 
linear in the pseudoscalar degree of circular polarization of the electromagnetic radiation  

*)( eek ×⋅=ξ i : 
                                                 ,*)])((Re[ epepk ⋅×⋅ξa                                                  (1) 
where a is a scalar dynamic parameter of the atomic system. The term (1) leads to the 
interesting effect of elliptical dichroism in the angular distribution of photoelectrons 
(photofragments of the molecule): under elliptical polarization of the radiation, 0<⎟ξ⎟<1, the 
density of the particle flux depends on the sign of ξ, i.e., on the clock-anticlockwise rotation 
of the field strength of the electromagnetic wave. However, the term (1) does not lead to the 
circular dichroism because it vanishes in case of circular polarization of the wave (⎟ξ⎟=1). 
The dynamic parameter a in (1) has to change the sign under time reversion. This T-oddness 
can appear due to the scattering phase of the escaping particle and due to the resonance level 
width in case of the resonant two-photon disintegration of the atomic system. 
 
In two-photon ionization or dissociation of optically active (chiral) molecules the angular 
distributions also include the additional terms linear in ξ: 

                                               ,)
5
1( 2

21 −⋅⋅ξ+⋅ξ eppkpk bb                                           (2) 

where b1 and b2 are the pseudoscalar dynamic parameters of the chiral molecule. The terms 
(2) do not vanish in case of circular polarization and, therefore, lead to the circular dichroism 
in the angular distributions. 
 
The expressions for the angular distributions derived here could also be useful for the 
solution of inverse problem finding the atomic dynamic parameters from the experiment. 
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The environmental blackbody radiation (BBR) is a principal factor reducing essentially
lifetimes of Rydberg atoms. Of the three channels of the BBR-induced level broadening
— decay to lower levels, excitation to upper levels and ionization — the latter is the
most destructive one, responsible for the neutral gas breakdown and for supporting the
ionized state of plasmas. Therefore, the rate of the BBR-induced ionization of atoms
from Rydberg states is an important characteristic for describing both the elementary
processes in excited atoms and the kinetics of non-equilibrium gases and plasmas.

We have calculated matrix elements for bound-free transitions in the dipole approximation
for alkali atoms (Li, Na, K, Rb, Cs) on the basis of the Fues’ model potential method [1].
The matrix elements were used for determining the rates of the BBR-induced ionization
from s-, p-, d-states with the principal quantum number n=8–45 at different temperatures.
Our results agree well with the latest available theoretical and experimental data [2,3].

We discovered that the ratio En/kT for the states of maximal ionization rate takes the
values in the range of 0.5–1.3. Therefore, we suggest the relation of an effective principal
quantum number ν, corresponding to the maximal photoionization rate, with the ambient
temperature T (in Kelvin)

ν = (350÷ 560) T−1/2, where En = − 1

2ν2
.

We also generalize our previously reported three-term approximation [4], which was pro-
posed for helium, to the alkali atoms. Thus, the BBR-induced ionization rate Pn in inverse
seconds is

Pn =
a0 + a1x + a2x

2

ν4[exp(x)− 1]
, where x =

1.579

ν2T
105 ,

and ai are fitted coefficients, for a given atomic series of states, smoothly dependent on
temperature. This equation provides good results for states in the vicinity of the ionization
rate maximum and for higher energy states. The deviation of results determined by
this approximate equation from those of exact calculations for the states with principal
quantum numbers up to n = 70 does not exceed 15%.

The temperature dependence for a-coefficients is approximated by the relation

ai =
2∑

k=0
bikT

−k/2,

with nine coefficients bik, fixed for each series, providing rather accurate results in the
ranges of T =100–2000K.
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Hyperpolarizabilities of multiplet Rydberg states in
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The atomic spectra in external fields is one of the most important problems of atomic
Physics and spectroscopy. Sensitive methods were developed for cooling and trapping
atoms, for selective excitation to strictly indicated states, for experimental investigation
of radiative properties of atoms in Rydberg states [1,2]. The spectroscopy of atoms and
atomic ensembles trapped in optical lattices provides new information on the properties of
quantum objects and on elementary processes of radiation-matter interaction. Precision
information on the Stark effect in higher orders of perturbation theory is of a special inter-
est in constructing optical frequency standards of a new generation, and also in processing
quantum information on the basis of atomic ensembles in Rydberg states. Therefore, the
development of simple methods for calculating nonlinear atomic susceptibilities, specifi-
cally those for Rydberg states, seems of primary importance.

Stark shifts of energies for Rydberg SJ , PJ , DJ (J=L±S) states of alkali (S=1/2) and
alkaline-earth (S=0, 1) atoms in external electric field were determined, up to the 4-th
order in the field strength. To this end, for close sublevels of multiplets, with equal
values of magnetic quantum number MJ , the higher-order perturbation theory for nearly-
degenerate states [3] was used. Analytical equations for energy shifts were presented in
terms of irreducible (scalar and tensor) parts of polarizabilities αs,t, hyperpolarizabilities
γs,t2,t4 and oscillator strength sums βs,t [3]. For irreducible parts of hyperpolarizabilities
and oscillator strength sums the three-term approximation in powers of the effective prin-
cipal quantum number ν=1/

√−2Enl was proposed, which provides accurate estimates to
these values for Rydberg states with arbitrary principal quantum number, up to ν = 1000.
The coefficients of the polynomials were obtained from the corresponding values, calcu-
lated for states with the radial quantum number nr = 25, 26, 27.

Using the calculated data, the ”critical” values of field intensities for double Stark reso-
nance on Rydberg 36P3/2,1/2, 37S1/2, 37P3/2,1/2 states in Na were determined and compared
with experimental and theoretical data of ref.[1]. The account of the 4-th-order terms
amends the agreement with experimental data so, that the difference from the results of
ref. [1] does not exceed 1-1.5 percents. Also, for Rb atom, on the basis of our data and
the results previously obtained in [4], the coefficients were determined, which appear at
F 4 in expansion of energy shifts in powers of field intensity. The data of calculations
demonstrates significant amendments of agreement between theoretical and experimental
data in comparison with that of the ref. [2].
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Ionization in cold collisions of Rydberg atoms is possible via two mechanisms: associative
and Penning ionization. Associative ionization is a short range process of low efficiency,
because it requires close encounters enabling overlap of Rydberg atom wavefunctions (at
internuclaer distances R ¿ n∗2). In contrast, Penning ionization is a long-range process
(at R À n∗2), which is enabled by the dipole-dipole interaction (atomic units are used in
this abstract)

V =
~D1

~D2 − ( ~D1~n)( ~D2~n)

R3
, (1)

where ~Di are the dipole moments of both atoms and ~n denotes the orientation of the
internuclear axis.

We consider the formation of atomic ions in an Ager-type processes: one of the Rydbrg
atoms undergoes a dipole transition from the initial state nl to a lower state n′l′, while
the other atom is excited form the initial state nl to the ionization continuum. Such
ionization can take place if the energy released in the nl → n′l′ transition is equal to (or
larger than) the binding energy of electron in the nl state, which is given by the condition
n∗

′
< n∗/

√
2 (n∗ is the effective quantum number). Perturbation theory [1] allows one to

express the autoionization width Γ(R) via the photoionization cross section σph of atom
in the nl state and the reduced dipole matrix elements |Dnn′ | of the nl → n′l′ transitions

Γ(R) =
Γ̃

R6
; Γ̃ =

∑

n′

cσph

πωnn′
|Dnn′|2 (2)

We have evaluated the ionization rates Γ̃ using semiclassical analytical formulae for both
the photoionization cross sections and the dipole matrix elements derived in [2] for alkali
atoms. The resulting Γ̃(n∗) is a function that oscillates around the power-law curve
Γ̃ = Cn∗16/3 with CS = 0.3 and CP = 0.46 for nS and nP states, respectively. These
results should help in understanding the ionization dynamics of cold Rydberg gases [3].
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Interaction of Rydberg atoms with blackbody radiation (BBR) was studied for many
years [1]. However, only few works were devoted to BBR-induced ionization of Rydberg
atoms. A renewed interest to this process is related to the recently observed spontaneous
formation of ultracold plasma in dense samples of cold Rydberg atoms and to the prospects
of using the BBR ionization as a convenient reference signal in absolute measurements of
collisional ionization rates.

In this report the results of our extended theoretical calculations of BBR-induced ion-
ization rates of alkali-metal Rydberg atoms are presented [2,3]. Calculations have been
made for nS, nP and nD states of Li, Na, K, Rb and Cs atoms, which are commonly used
in a variety of experiments, at principal quantum numbers n=8-65 and at three ambient
temperatures of 77, 300 and 600 K. A semi-classical model [4] was used to numerically
calculate the bound-bound and bound-free matrix elements. A peculiarity of our calcu-
lations is that we take into account the contributions of BBR-induced redistribution of
population between Rydberg states prior to photoionization and field ionization by ex-
traction electric field pulses. The obtained results show that these phenomena affect both
the magnitude of total ionization rates and shapes of their dependences on the principal
quantum number n. For Li Rydberg atoms a bound-bound Cooper minimum is observed.

The theoretical ionization rates are compared with the results of our earlier measurements
of BBR-induced ionization rates of Na nS and nD Rydberg states with n=8-20 at 300 K.
A good agreement for all states except nS with n¿15 is obtained. The useful analytical
formulas for quick estimates of BBR ionization rates taking into account quantum defects
of Rydberg atoms are also presented. These formulas have been derived using the ana-
lytical formulas for hydrogen matrix elements obtained in [5]. The analytical estimates of
BBR-induced ionization rates well agree with the results of our numerical calculations.
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Level-crossing transition between mixed states
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The Landau-Zener model [1] is conventionally used for estimating transition probabilities
in the presence of crossing levels. Nevertheless, because of the infinite duration of the
coupling in this model, the propagator involves a divergent phase. It has been shown that
this phase causes undefined populations in the degenerate Landau-Zener model [2].In this
work we show that even in the original Landau-Zener model we have undefined populations
when we deal with pure superposition states or with mixed states. Besides, we show that
the Allen-Eberly model [3] can be used as an alternative to the Landau-Zener model to
describe the dynamics of such level-crossing problems.
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M1-E2 interference in the Zeeman spectra of Bi I
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Gdańsk, Poland

Precision in atomic parity nonconservation (PNC) measurements have reached the level
required to provide important tests of the electroweak standard model [1]. Nevertheless,
to extract the electroweak quantity of interest, the ’weak charge’, from the experiment,
atomic structure calculations of comparable precision are necessary. The measurement of
the ratio D = AE2/(AE2 +AM1) of the electric-quadrupole (E2) and magnetic-dipol (M1)
transition probabilities in mixed forbidden lines can provide stringent test of theoretical
wave-function calculations; accurate knowledge of this quantity is essential for existing
and future measurements of parity nonconserving optical rotation.

The 6s26p3 ground configuration of bismuth gives rise to five levels 4S3/2,
2P3/2,1/2

and 2D5/2,3/2. We report studies [2] of the interference effect in mixed-type forbidden
lines: 461.5nm (2P1/2 →4S3/2), 647.6nm (2D5/2 →4S3/2) and 875.5nm (2D3/2 →4S3/2) of
Bi I. In the past, the mixed M1+E2 type lines 647.6nm and 875.5nm in bismuth were
intensely exploited in PNC experiments [3, 4]. In the Zeeman effect of mixed multipole
lines, the intensities of patterns are not a simple sum of two contributions for M1 and E2
radiations taken in proportion to their transition probabilities, but should be modified by
an interference term. The spontaneous transition probability for a single photon emission
in the presence of the magnetic field can be expressed, according to

aab = (1 − D)aM1

ab + DaE2

ab ± 2
√

D(1 − D)aM1−E2

ab , (1)

where D is percentage admixture of E2 radiation, aM1

ab and aE2

ab are pure magnetic-dipol
and electric-quadrupole components, respectively, and the cross term aM1−E2

ab describes
the interference effect. The interference effect in emission spectra causes the difference
between the intensities of ΔM=±1 Zeeman patterns observed in longitudinal and trans-
verse directions of observation. This phenomenon, in a series of experiments, was used
for precise determination of the electric-quadrupole admixture D in forbidden lines.

A special computer program considering the M1-E2 interference was design to obtain
the predicted contour of the Zeeman structure of the line. By variation of free parameters,
describing the line shape and electric-quadrupole admixtures, the calculated profiles were
fitted into the experimental spectra recorded by CCD detector. The E2 admixtures found
are: (7.84± 0.14)%, (17.5± 0.4)% and (0.70± 0.11)% for 461.5nm, 647.6nm and 875.5nm
lines, respectively. Our results were compared with recent theories and other experiments.
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The behavior of an atom in the magnetic field can be studied numerically based on the
parameters of the fine structure (the radial integrals in the energy operator matrix). A
set of the fine structure parameters ensuring the correlation with experimentally observed
energies [1, 2] was obtained in the previous works of the authors.

The authors provide the results of the numerical study of magnetic sublevels behavior for
NeI and ArI (of specified configurations) in the magnetic fields up to 150 kOe.

Using the free momentums representation and the Clebsch-Gordan coefficients the authors
succeeded to obtain the expressions for the diagonal and non-diagonal elements of the
atom-field interaction matrices in LSJM -representation as well as to refine the signs of
the non-diagonal elements.

〈γΨi|W |γΨi〉 =
(
J(J + 1) + L(L+ 1)− S(S + 1)

2J(J + 1)
gl +

J(J + 1)− L(L+ 1) + S(S + 1)
2J(J + 1)

gs

)
µ0HM

(∆J = ∆L = ∆S = 0)

〈γΨi|W |γ′Ψj〉 =

√
(J − L+ S + 1)(J + L− S + 1)(J + L+ S + 2)(L+ S − J)

4(J + 1)2(2J + 1)(2J + 3)
((J + 1)2 −M2)×

×(gl − gs)µ0H

(∆J = ±1, ∆L = ∆S = 0, Jmin)

The energies of Zeeman’s sublevels were calculated by means of the diagonalization of
the complete energy operator matrix, which was expressed in LS-representation with
additional elements accounting for the atom-field interaction. The diagonalization was
carried out for all the values of the magnetic quantum number M .

The distinctive details of Zeemann’s structure especially points of crossing and anticross-
ing areas of magnetic sublevels were obtained for 2p55g configuration of NeI and 3p55g
configuration of ArI.
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It is well known that atoms placed in an external magnetic field undergo shift of their
energy levels and change in their transition probabilities. To study these changes, widely
used saturation absorption technique has been used in [1]. However, the complexity of
Zeeman spectra in magnetic field arises primarily from the presence of strong crossover
resonances, which are also split into many components strictly limiting the range of study
to 5 ÷ 50 G, while the most significant changes are expected for B ∼ 1000 G.
A method, which we call ” L =λ Zeeman technique” (λ -ZT) has been implemented for
investigation of the individual transition between the Zeeman sublevels of the hf structure
of alkali atoms in magnetic field 1 ÷ 2500 G. The λ-ZT is based on the employment of
a nanocell with the thickness of Rb vapor column equal to the wavelength of diode laser
radiation resonant with D2 line of atomic 85Rb, 87Rb (λ = 780 nm). At the laser intensity
1 mW/cm2, narrow ( ∼ 10 MHz) resonant velocity selective optical pumping/saturation
(VSOP) peaks of reduced absorption appear in the transmission spectrum localized ex-
actly at the atomic transitions [2]. These VSOP peaks are split to separate components
in magnetic field; the amplitudes (which are proportional to transition probability) and
frequency positions of the components depend on B - field.
Particularly, it is revealed that in relatively weak magnetic field (∼ 100 G) with σ+-
polarized laser radiation also those atomic transitions are recorded, for which new selec-
tion rules with respect to the quantum number F take place: 87Rb D2, Fg=1, mF = 1
Fe=3, mF =0 transition (let call it (2)) increases with the increase of the magnetic field,
and at B ∼ 200 G becomes equal to probability of the strongest transition Fg=1, mF =+1
Fe=2, mF =+2 (let call it (1)) for B = 0. At higher magnetic field up to 2000 G probabil-
ity of the atomic transition (2) is the largest, while for B > 2000 G again the probability
of (1) is larger than that of (2). Note that implementation of λ-ZT technique is very
convenient to study atomic transitions behavior also at higher magnetic field > 2000 G.
Particularly, by measuring the frequency difference between transition (1) and transition
(2) it is possible to measure a strongly non-homogeneous magnetic field of 150 G/mm.
This is achieved by displacement of the nanocell by 10 - 20 µm in the direction of magnetic
field gradient. The theoretical model very well describes the experimental results.
Also, the performed studies showed that the atomic transition Fg=1 → Fe=2 of 87Rb D1

line (λ = 794 nm) is very convenient for determination of uniform, as well as strongly
non-uniform magnetic field strength in the range of 5 ÷ 10 000 G.
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High-precision measurements of the g factor of H-like carbon and oxygen, performed by
the GSI - Universität Mainz collaboration, combined with the corresponding theoretical
investigations, have provided a new determination of the electron mass to an accuracy that
is four times better than that of the previously accepted value. An extention of the g factor
experiments to higher-Z systems is anticipated in the near future at the HITRAP facility
at GSI (Darmstadt). As was demonstrated in [1], investigations of a specific difference
of the g factors of H- and B-like ions can provide an independent determination of the
fine structure constant to an accuracy comparable to that of the recent determination by
Gabrielse et al. [2].

We perform accurate calculations of the ground-state g factor of B-like ions in a wide range
of nuclear charge numbers. The calculational methods were already employed in [3,4] for
Li-like ions. One-loop QED corrections were evaluated in effective screening potential. To
our best knowledge, this is the first correct evaluation of the QED correction to the g factor
of the 2p state. The one-photon exchange correction was calculated in the framework of
QED. The large-scale configuration-interaction Dirac-Fock-Sturm method was employed
to take into account the electron-correlation effects of the order 1/Z2 and higher. As a
result, the most accurate up-to-date values of the g factor of B-like ions are obtained.
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Magnetoelectric birefringence, which was predicted by Jones1 and first observed in liq-
uids2, may also become a useful tool for high-precision laser spectroscopy of atomic sys-
tems3.

The amplitude of the Rayleigh scattering of a monochromatic wave with the frequency
ω = EnDJ

− EnS1/2
− εJ in resonance (|εJ | ¿ ω) with the D-level doublet substates of

the total momentum J = 3/2, 5/2, may be written as (taking into account only the terms
with the second-order resonance singularities)

U = AQ

(
7

(ε3/2)2
+

47

(ε5/2)2
− 4

ε3/2ε5/2

)
[ϕ0 + ϕ1], (1)

where the constant factor A = F 2F0B/1500 is proportional to the product of the square
laser field F 2, static electric field F0 and magnetic field B. The polarization-dependent
factors are

ϕ0 = (e0 · [n× eB]) ; ϕ1 = Re{(e0 · e) (e∗ · [n× eB])},
where eB and e0 are unit vectors of magnetic and electric fields, e and n are unit po-
larization and wave vectors of the laser wave. The complex quantities εJ = ∆J − iΓJ/2
include both the resonance detuning ∆J for the real part and the resonance level width ΓJ

for the imaginary part. The factor QD is a product of the radial matrix elements for the
first-order quadrupole and second-order dipole radiation transition between the ground
nS1/2 and resonance n′D states (the influence of the fine structure on radial integrals is
neglected):

QD = 〈nS|r2|n′DJ2〉〈n′DJ1|r(gω
P + g0

P )r|nS〉;

The Jones birefringence appears, when e0 = eB, due to the difference between the ampli-
tude (1) for e = e(+) and e = e(−), where e(±) = (e0 ± [n× e0])/

√
2:

∆U
(J)
D = U

(+)
D − U

(−)
D = 2AQD

(
7

(ε3/2)2
+

47

(ε5/2)2
− 4

ε3/2ε5/2

)
.

Similar effects in atoms with singlet structure of levels, which correspond to ε3/2 = ε5/2,
were discussed in4.

1R. C. Jones, J. Opt. Soc. Am. 38, 671 (1948).
2T. Roth and G. L. J. A. Rikken, Phys. Rev. Lett. 85, 4478 (2000).
3D. Budker and J. E. Stalnaker, Phys. Rev. Lett. 91, 263901 (2003).
4P. V. Mironova, V. V. Tchernouchkine, V. D. Ovsiannikov, J. Phys. B, 39, 4999 (2006).

CP 91

113
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The dependence of radiative line intensity on external field strength is an important
characteristic of radiative properties, which gives rise to new lines in the emission and
adsorption spectra and in sufficiently strong fields removes a number of lines that exist
in the spectrum of a free atom. Our calculations for the pair-wise interacting sublevels
were based on the integral Schrödinger equation for close levels [1]. The total momenta
projection M determines a group of multiplet sublevels interacting with one another in
the lowest order of external DC electric field. Even for a general case of arbitrary angular
L and spin S momenta, one can find the states interacting in pairs. General analysis of
different pairwise interacting substates with equal parity demonstrates common features of
the field-dependent probability behaviour. In particular, we discovered the equalization of
probabilities in the anticrossing field and vanishing of one of the two doublet components
in a strong-field limit [1].

In this communication we present some results on the radiative transitions from triple-
interacting sublevels of atoms in a DC electric field. The perturbation operator matrix
takes into account the interaction of an atom with a dc field in all orders of the field
amplitude. The atomic wavefunction in the field is reduced to a set of homogeneous
algebraic equations for the superposition coefficients [1,2].

The simplest example of triple-interacting sublevels are D-states of orthohelium atom
with M = ±1. We calculate numericaly energy shift and wave function superposition
coefficients for this case in the first nonvanishing order of perturbation theory. As for the
pair-wise interacting levels, the sign of the tensor polarizability determines the behaviour
of triplet states in the field. So the sublevels approaching each other in orthohelium
atom, as field strength increases, occurs only in 3D-state with positive tensor part of
polarizability αt

3D>0, and does not appear for nD-states with n ≥ 4 where αt
nD<0 [2].

In order to reveal the impact of the anticrossing effect explicitly, we consider the field
dependence of the probability of radiative transition from the triple-interacting n 3D-levels
to an isolated n′ 3PJ -sublevel (with J = 1,M = 0 or J = 2,M = ±2) or to n′ 3F3-sublevel
with M = 0. Such transitions give triplet structure of corresponding radiative lines.
The vanishing of some fine-structure components with the growth of the field strength
corresponds to our asimptotic results for orthohelium lines [1].

Such dependence is not monotonous, and we discovered zero-intensity points and intensity
maximum among the fine-structure P − D-lines. This effect can be useful for selective
control by a dc field of the radiation processes.
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For two-level system is well known that the transitions rate parameter is Rabi-frequency.
At large intensities the Rabi frequency can be comparable with an optical transition
frequency ν, while laser electric field remains smaller than intra-atomic field. In this case
temporal variation of probability amplitudes a(t) and b(t) for the levels of two-level system
can occurs at frequencies comparable with nν, n = 1, 2, . . .. As a result, simple analytical
solution is not possible and use of numerical methods [1] is required even for two-level
system.

In present paper the transitions in hydrogen atom induced by the linearly polarized pulse
with a polarization along the axis z are investigated. For hydrogen atom all matrix
elements of transitions are in an analytical form as well as wave functions of discrete and
continuum spectra. The dynamics of populations of 4s and 3p states and polarization
of the transition 4s ↔ 3p are investigated theoretically and numerically at one- , two-
and three-photon resonance conditions and at large detuning out of frame of perturbation
theory and rotating wave approximation.

It was shown that at resonance the low frequency modulation of optical oscillations exists,
producing corresponding quasi-static polarization of atoms along z-axis. The oscillations
frequency becomes zero at the values of laser field amplitude corresponding to ratio of Rabi
frequency to optical frequency ℘E0/ν = 1.05, 2.75, 4.3, 5.8, 7.5, 9, . . . These low-frequency
oscillations are attributed to the special displacement of quasi-energy levels. We have
used the Floquet-type solution of the equations for probability amplitudes:

iȧ = ℘abb(t)E0(t) cos (νt) exp (iνt), iḃ = ℘aba(t)E0(t) cos (νt) exp (−iνt). (1)

a(t) = exp (iλt)
∞∑

n=−∞
an exp (iνnt), b(t) = exp (iλt)

∞∑

n=−∞
bn exp (iνnt).

(iλ + iνn)an = −i
℘abE0(t)

2
(bn + bn−2), (iλ − iνn)bn = −i

℘abE0(t)

2
(an + an+2). (2)

Calculations of the values of λ gives λ = 1

2
for mentioned values of field. In this

case the quasi-levels are crossed. For two-photon transitions λ = 0(nν) for ℘E0/ν ≈
2.4, 4.1, 5.7, . . . demonstrating the same behavior of the polarization.

This effect can be used for measuring the ultra-high intensity pulse amplitudes. The
influence of the transitions to continuum calculated using method of Ref.2 is discussed
also.
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Doppler-free spectroscopy of rubidium atoms placed
in a magnetic field
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Saturation spectroscopy (SAS) is one type of high resolution laser spectroscopy and is
widely used in alkali atomic vapour system for observing the sub-Doppler resonances [1].
In SAS technique two counter-propagating laser beams, which derive from the single laser
source, simultaneously interact with zero velocity group of atoms. The pump laser beam
burns a hole in the Boltzmann distribution curve of the lower level and when the probe
laser beam comes across this hole, in the absorption spectrum a Lamb dip can be observed.
This dip has a Doppler-free Lorentzian line shape depending on the natural, collision and
the transit time broadening and on the laser linewidth.

In this work we used saturation spectroscopy and improved it with an application of a
lock-in technique. This technique eliminates broad Doppler-background from the signal
and enables a resolution of all hyperfine transitions. We investigated the resonance D2
line of rubidium vapour by External Cavity Diode Laser (ECDL). The observed Doppler-
broadend profiles consist of four lines, two of them resulting from 85Rb absorption and the
other two from 87Rb. In SAS techique for each absorption line three hyperfine transitions
and three belonging crossovers were obtained. In addition, we performed the theoretical
simulations of the measured Lorentzian profiles. In saturation spectrum of 87Rb an in-
verse negative crossover resonance appiered as a consequence of alignment effect and its
dependence on polarization of the laser beams and on the magnetic field strength was
measured.

We measured line shape dependence on the magnetic field strength. Our experimental
arrangement contains of two parts in order to measure magnetic field effect on rubidium
vapour at one part and simultaneously compare it with the other one that has no magnetic
field influence. In this way the first part serves as a reference scale for frequency valuation.
An offset in the central frequency line position, increase in linewidth of each transition
line and decrease in line intensity due to the enhancement of magnetic field strength were
observed. Measured experimental results show good agreement with applied theoretical
model.

Our experimental measurements belong to a group of nonlinear magneto-optic effects
that show their significance in laser spectroscopy, where they are applied in high-precision
magnetometry, weak transition researches such as magnetic dipole transition with small
magnetic moment, parity violation experiments and nowadays in quantum computing
processing investigations.

[1] W. Demtroeder, Laser Spectroscopy, (Springer-Verlag, Berlin, 2003)
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Electric field influence on the hydrogen atom
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The energy levels of a hydrogen atom in a uniform strong electric field and embedded
in a plasma are investigated. The plasma environment modifies the potential around the
charged particle. This influence is represented by the Debye screening. Hence the Yukawa
potential is used to represent the plasma-modified electron-nucleus interaction. The effect
of this modification is that [1]: (i) The number of bound states of a given spherical
symmetry (for a given orbital quantum number) is finite. (ii) Their energy levels are
shifted up. (iii) The states whose energies are shifted just above the continuum threshold
become resonances.
An external homogeneous electric field causes further changes: (iv) It breaks down the
spherical symmetry. (v) It shifts the energy of some states down and up of other ones (the
Stark effect). (vi) It also turns all the bound states into quasibound resonances.

We include all these effects in our complex coordinate rotation calculation within a basis
set of square integrable functions. The obtained complex energies give us positions and
widths of the energy levels. They migrate in the complex plane when the field strength
changes. Occasionally they tend to cross. Interesting avoided crossing structures appear.

References
[1] M. Bylicki, A. Stachów, J. Karwowski, P. K. Mukherjee, Chem. Phys. 331, 346 (2007)

CP 95

117



Dynamic and Geometric Phases in the Stark-Zeeman
effect of the hyperfine structure of one-electron atoms
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A theoretical investigation of the Stark-Zeeman effect of the np 2P3/2 fine structure levels
of atoms with one radiant electron and a core of closed shells with nuclear spin I = 1
(6Li) or I = 3/2 (7Li, 23Na, 69Ga, 71Ga) predicted crossings and anticrossings. These were
confirmed in an experiment. They could be predicted in the adiabatic approximation from
the structure of the energy surfaces En(B,E) in their dependence on the magnetic field B
and the electric field E. Two of these surfaces meet in the crossing points. There are two
types of such crossing points resulting from the quadratic dependence of the Stark effect
on E. In some crossing points the energy surfaces meet in a bicone, in the other ones
they have an osculating contact in the E-direction. When the electric and magnetic fields
are varied such that the phase point of the atom surrounds a biconical crossing points
then the wave functions of the two levels concerned change sign; on the other hand a path
around a crossing point of the second type does not change the sign. We assume that
the change in sign corresponds to a geometric phase of absolute value π. As a first step
for the feasibility of finding this geometric phase in an experiment, the dynamic phase
connected with such time-dependent field variations has been investigated. Values of all
these phases will be presented.
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New analytical relativistic formulae for the total
photoeffect cross section for the K-shell electrons
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We present a new analytical relativistic result for the total photoeffect cross section for
the K-shell electrons, in the lowest order of perturbation theory. In the cases of low atomic
number values, the well known Sauters formula is recovered as a rough approximation of
the exact relativistic result. For high atomic numbers, due to the specific behavior at
small distances from the nucleus of the ground state Dirac spinor, some subtle relativistic
effects are revealed near the photoeffect threshold. Also, our formulae contain all terms
contributing at high energies in the next order of the perturbation theory, obtaining in
the limit of infinite photon energy the correction term due to Pratt and Gavrila. In the
nonrelativistic limit, we get the right result involving all the multipoles and retardation
terms without the spurious singularities presented by Fischer’s formula. Numerical eval-
uations of these formulae give very good predictions, within 5% for photon energies up to
5 MeV, comparing with accurate relativistic calculations existing in the literature.

Using the Green function method we obtain the imaginary part of the forward elastic
scattering amplitude which provides via the optical theorem the photoeffect cross section
and also the pair production cross section with the electron created in the K shell.

Our formalism allows including the screening effects which may be important near the
photoeffect threshold, by using an effective nuclear charge Zeff depending on the pho-
ton energy ω. Taking into account the screening effects, the obtained photoeffect cross
sections present an even better agreement with the experimental cross sections and other
relativistic calculations in the region near the threshold.

We point out that cross section for the K -shell electrons provides, in the high energy
regime, the most important contribution to the total cross section of the whole atom.
Thus, our formulae are useful for an important range of the gamma spectrum, where
there is a lack of accurate formulae for the photoeffect cross sections, and may present
interest in various experiments where gamma interactions with intermediate and high Z
targets are involved.
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Recent experiments on two-photon above-threshold ionization (2ATI) of inert gases [1,2]
by a VUV radiation renewed the interest to the perturbative analysis of 2ATI (since in
VUV region the perturbation theory (PT) is valid up to high light intensities). The main
difficulty of such calculations is the summation over the intermediate (after absorption of
the first photon) continuum states of escaping electron. In the present work, we calculate
the cross sections of 2ATI for He and alkali atoms in the single-active electron approximati-
on, using the Fues model potential (FMP) for description of an active atomic electron. The
known analytical expression for the Sturmian expansion of FMP Green’s function allows
to present the 2ATI amplitude in terms of a single series of hypergeometric functions
of two variables, F2 (Appel functions) [3], that, however, becomes divergent for above-
threshold frequencies, h̄ω > |E0|, where E0 is the ground state energy. For summation of
this divergent series we use the Pade-approximation (ε-algorithm), similarly to that used
for calculations of 2ATI for the hydrogen atom [4]. We justify the applicability of the ε-
algorithm to our problem by independent calculations of the imaginary part of the 2ATI
amplitude and by analytical calculations of low-frequency asymptotics in the in two-color
2ATI (by two, high-frequency and low-frequency, photons). Our numerical results are in
reasonable agreement with experiments [1,2] and other theoretical results [5,6,7,8].
Supported in part by RFBR Grant 07-02-00574.

Table 1: Total cross-sections, σ (in units of 10−52 cm4s), of two-photon ionization (in
linearly polarized field) of He and comparison with experiments and perturbative and
non-perturbative theoretical results [5,6,7,8].

ω, eV Exp. [5] [6] [6], PT [7] [8] σFMP

15.0 – 11 12 12 – – 13
25.0 1.9 [1] 1.0 – – – – 3.2
27.2 – 1.0 4.5 2.5 2.7 – 2.2
41.8 2.0 [2] – – – – 0.53 0.35
45.0 – 0.12 1.0 0.33 – – 0.26
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We investigate the dynamic polarizabilities of atoms of alkali metals and inert gases in the
framework of Fues model potential (FMP) method. Using FMP for the atomic valence
electron provides a simple one-particle method for calculation of atomic photoprocesses
[1]. The convenient Coulomb-like expressions for the optical electron’s wavefunctions and
Green function for FMP enables easy calculations resulting in representations of linear and
nonlinear atomic susceptibilities in terms of series in hypergeometric polynomials. These
series can be easily summed at below-threshold frequency values (negative energies of
intermediate states) that in most cases yields the atomic susceptibilities with a reasonable
degree of accuracy. However, for the above-threshold frequencies (h̄ω > |E0|) the standard
use of FMP becomes impossible since it leads to divergent series.

For the calculation of the above-threshold bound–bound transitions of optical atomic
electron we develop in this work a special technique based on decomposition of FMP
Green function g

l

(E; r, r′) into double series over Sturmian functions S
kl

[2]:

g
l

(E; r, r′) =
∞∑

k,k

′=0

g
l

kk

′(E; α) S
kl
(2r/α) S

k

′
l
(2r′/α) . (1)

Here S
kl

(x) ∼ x
λ exp (−x/2)L2λ+1

k

(x), λ = λ(l, E), g
l

kk
′ are expressed in terms of product

of Gauss hypergeometric functions 2F1 , α is the arbitrary parameter. To choose the
value of the parameter α, an algorithm is given [3] which ensures the convergence of the
bound–bound matrix elements. Calculations of the above-threshold polarizabilities are
performed for alkali metals and rare gases [3]. The obtained results agree well with the
other author’s calculations. In particular, the He polarizability in the 27...58 eV frequency
range coincides (within 10% accuracy) with more rigorous many-electron calculation [4]
as well as with experiment [5].
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References

[1] G. Simons, J. Chem. Phys. 55, 756 (1971).
[2] A.A. Krylovetsky, N.L. Manakov, and S.I. Marmo, Zh. Exp. Teor. Phys. 119, 45
(2001) [Sov. Phys. JETP 92, 37 (2001)].
[3] N.L. Manakov, S.I. Marmo, and S.A. Sviridov, Zh. Exp. Teor. Phys. 132, 796 (2007)
[Sov. Phys. JETP 105, 696 (2007)].
[4] W. C. Liu, Phys. Rev. A 56, 4938 (1997).
[5] J. A. R. Samson, Z. X. He, and G. N. Haddad, J. Phys. B 27, 877 (1994).

CP 99

121



Ionization in Intense Superposed XUV + NIR Laser
Fields

V. Richardson1, J. Dardis1, P. Hayden1, P. Hough1, E. T. Kennedy1 and J. T. Costello1,
S. Dsterer2, W. Li2, A. Azima2, H. Redlin2, J. Feldhaus2, D. Cubaynes3, D. Glijer3, M.

Meyer3,

1School of Physical Sciences, National Centre for Plasma Science and Technology,
Dublin City University, Dublin 9, Ireland

2HASYLAB, DESY, Notkestr. 85, D-22607 Hamburg, Germany
3LIXAM/ CNRS, UMR 8624 Centre Universitaire Paris-Sud, Btiment 350, F-91405

Orsay Cedex, France

FLASH (i.e. Free electron LASer in Hamburg) operates on the principle of Self Amplified
Spontaneous Emission (SASE) and produces coherent, bright and ultrashort eXtreme-
UV (XUV) pulses [1]. The current phase of the project has been in operation since mid
2005. By synchronizing FLASH with an independent optical laser, so-called ’pump-probe’
experiments become possible [2,3]. These experiments are paving the way for fundamental
studies of dynamical effects in inner-shell photoionisation and photodissociation, as well as
molecular fragmentation [4]. Apart from pump and probe experiments, it is also possible
to induce and control coherent processes in superposed intense XUV and NIR fields.
One such process is photoelectron sideband generation [5]. In this class of experiment,
photoelectrons are ejected by XUV radiation and simultaneously subjected to the intense
field of an optical laser with which they can exchange photons. In effect, they absorb/emit
photons with energy corresponding to h̄ωl i.e. that energy of the optical laser photons [3].
As a consequence the photoelectron spectrum is no longer comprised of a single feature
corresponding to the main photoline but is straddled by additional photoelectron lines
separated by h̄ωl, these are referred to as sidebands. In our experiments at FLASH we
have used the 800 nm output (h̄ωl = 1.55 eV) from a Ti-Sapphire laser which can provide
pulses of up to a 10 mJ in pulse widths from 120 fs to 4 ps.

We have studied this process at high and low optical laser intensity for a range of atoms,
namely He, Ne, Kr and Xe. In extreme cases we observe a large redistribution of the
ejected electrons from the main photoline to the sidebands, so much so that a pronounced
suppression of the main photoelectron line (corresponding to single XUV photon absorp-
tion) occurs when the XUV and the optical pulses are perfectly superposed.
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Photoionization of excited rare gas atoms

Rg(mp5(m+1)p J=0 – 3) in the
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In the present paper we study theoretically the lineshapes of the even autoionizing Ryd-
berg series mp5

1/2(m+1)`′ `′ = 0, 2, 4, excited from the lowest-lying odd mp5(m+1)p J =
0−3 states of Ne, Ar, Kr, and Xe atoms in the framework of the configuration interaction
Pauli-Fock approach including core polarization (CIPFCP) [1–3]. In our previous work
[4–6] this approximation has successfully been applied for the investigation of the odd
Rydberg resonances excited from the even states in rare gas atoms.

Autoionizing mp5
1/2(m + 1)`′ [K ′]J ′ Rydberg states, excited from different mp5(m +

1)p [K]J levels, attain different lineshapes, as usually characterized by the profile pa-
rameter q [7]. This dependence on the initial level was first demonstrated experimentally
for the Ne(ns′, J = 1) resonances , excited from several Ne(3p, J = 1, 2) levels [8]. The
comparison between the computed spectra and experimental data indicates that many-
electron effects play an important role for both the resonance parameters and the line-
shapes. Absolute values of the experimental cross sections, available for photoionization
of the mp5(m + 1)p J = 3 levels of Ne, Ar, and Kr, are somewhat smaller than the com-
puted values. These differences ask for new precise measurements, e.g. using cold trapped
metastable Rg(mp5(m + 1)s [3/2]2) atoms, especially in view of the good agreement be-
tween the theoretical and experimental cross sections for near-threshold photoionization
of the mp6(m + 1)p levels in the alkali atoms Na – Cs [2,9,10].

Support of this work by the Deutsche Forschungsgemeinschaft is gratefully acknowledged.
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Spin Dependent Exchange Scattering from
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It is well known that the structure information through the use of Spin Polarised Low
Energy Electron Diffraction (SPLEED) is highly sensitive to the interaction potential be-
tween the primary electrons and the electrons of the target, especially to the exchange
interaction. Since the electrons in SPLEED penetrate the surface only a few lattice spac-
ing, it is extremely sensitive to the spin structure of a magnetic surface. The early study
of Feder [1] on Fe(110) provides a strong indication in this direction. The main objective
of this work is to use the insights of our recent work [2,3] to study the spin polarisation of
electron scattering from ferromagnetic materials by using the local density approximations
of the exchange-correlation potential. The differential cross sections for electron scatter-
ing from atoms with net spin, namely nickel and iron, have been calculated together with
studying the energy/ wave vector dependence of the exchange scattering from surfaces
of nickel and iron in glasses by calculating differential cross sections and the spin asym-
metry. Comparison of predictions with observed spin dependent scattering intensities in
amorphous magnetic alloys will give insight into surface magnetisation in these systems.
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Far-wing collisionnal broadening of the Na(3s-3p)
line by helium
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In this work, we examine theoretically the absorption spectra produced by sodium atoms
immersed in a bath of helium. We present our classical and quantum-mechanical cal-
culations of the photoabsorption spectra of the Na(3s→3p) line perturbed by ground
He(1s2) atoms. We particularly focus our attention on the ab initio computation with
molpro of the ground and excited potential-energy curves, through which the systems
Na(3s)+Na(3s) and Na(3p)+Na(3s) interact, and of the corresponding transition dipole
moments. These potentials and moments are used to analyze the absorption spectra and
their possible satellite structure at various temperatures. The results are compared with
previous theoretical and experimental data [1, 2].
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Excited and ground potassium monatoms perturbed
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The purpose of this work is to calculate quantum-mechanically the diffusion coefficients
of atomic potassium in helium as well as the width and shift of the K(4p → 4s) resonance
line perturbed by He. The diffusion coefficients of ground K(4s) and excited K(4p) in a
helium buffer gas are analyzed and the results are compared for few temperatures with
experimental and other theoretical data. Further, the pressure broadening parameters are
treated by using the most recent interatomic potentials, spin-orbit effects neglected. The
simplified Baranger method is particularly used to examine the linewidth and lineshift
coefficients and their behavior with temperature.
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Pressure broadening of calcium resonance line
perturbed by helium
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The aim of this work is to calculate quantum mechanically the width w and shift d of
the neutral calcium lines Ca(4s2 1S) −→ Ca(4s4p 1P ) and Ca(4s2 1S) −→ Ca (4s4p
3P ) perturbed by helium He. The ab initio data points from Paul-Kwiek [1] are used to
construct the potential-energy curves. For the ground state, X1Σ+, and the four excited
states, 1Σ+, 1Π, 3Σ+, and 3Π, the potential data are smoothly connected to the appropriate
long and short forms. The numerical integration of the radial wave equation provides the
elastic phase shifts which allow the computation of the linewidth and lineshift parameters
by adopting the pressure broadening simplified Baranger model [2]. The results show
there is in general a good agreement with other experimental and theoretical data [3, 4].
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We analyze spectral line broadening and variations in relative intensities of hyperfine
spectral components due to optical pumping at exciting laser intensities below the satu-
ration limit. The study was motivated by by the lack of availability of detailed theoretical
models describing such effects in partially open level systems. In experiment, the hyper-
fine laser-excitation spectra of the Na(3p) state were measured in a supersonic beam as
a function of laser intensity under the conditions when optical pumping time is shorter
than transit time of atoms through the laser beam. The theoretical excitation spectra
were calculated numerically by solving density matrix equations of motion using the split
propagation technique [1, 2].

The following results will be reported: (i) it will be shown that spectral lines can be
significantly broadened at laser intensities well below the saturation intensity, which is
usually regarded as the threshold for onset of broadening effects; (ii) it will be shown that
the presence of dark mF sublevels can vary the effective branching coefficients of the tran-
sitions, and this variation depends on laser intensity. Changes in the effective branching
coefficients lead to irregular changes of peak ratios, like minimum in the intensity de-
pendence of the peak ratio, which deviate from those expected from the given original
branching coefficients; (iii) analytical expressions will be presented, which allow the cal-
culation of critical values for laser intensity and Rabi frequency, above which linewidths
and peak ratios are notably affected by optical pumping. The critical laser intensity can
be expressed via the saturation intensity Isat, the branching coefficient Π of the transition,
and the ratio of natural lifetime and transit time of atoms through the laser beam τnat/τtr:

Icr =
8π2h̄c√
π3λ3

1

τtrΠ (1− Π)
=

4τnat√
πτtr (1− Π)

Isat . (1)

Importantly, the critical laser intensity depends on the branching coefficient Π and has a
a minimum at Π = 1/2, and it can be much smaller than the saturation intensity.

We acknowledge support by EU FP6 TOK Project LAMOL, Latvian Science Council,
and European Social Fund.
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In the weak excitation limit in dilute gases, when saturation and collision effects are
negligible, line broadening occurs due to spontaneous decay (width Γsp), Doppler effect,
and, if atoms interact with tightly focused cw laser beams, also due to limited transit time
τtr of atoms through the laser beam. Consider a two step excitation process, in which
Doppler broadening is avoided using counterpropagating laser fields. The conventional
knowledge says that the the resultant lineshapes are given by the Lorenz profile [1]

P (∆) = πΓ̃/
(
∆2 + Γ̃2

)
; 2∆ω = Γ̃ = Γsp + 1/τtr, (1)

where ∆ is the detuning of the laser fields off from the two-photon resonance, and 2∆ω
is the FWHM width. If an atom from a supersonic beam at a flow velocity vf crosses a
Gaussian laser beam of FWHM L, then it is reasonable to assume τtr = L/vf .

We consider excitation of the Na(5S1/2) HF sublevel F = 2 with lifetime τsp = 76ns
by two counter-propagating laser beams, which models an effective two-level quantum
system. Laser in the first step is focused to L1 = 30µm using a cylindrical lens and
detuned by ∆ν1=100MHz off from resonance with the 3S1/2, F

′′ = 1 → 3p1/2, F
′ =

2 transition. The second laser is collimated to L2 = 1000µm, while its frequency is
scanned across the two-photon resonance. The detuning ∆ν1 is sufficient to ensure that
the intermediate level is virtual. Both lasers cross the atomic beam with flow velocity of
vf = 1200m/s at right angles. The time dependence of their Rabi frequencies are given

by Ωi(t) = Ω
(i)
0 exp(−2t2/τ 2

i,tr), which corresponds to a Gaussian laser intensity profiles

Ii(z) = I
(i)
0 exp(−4z2/L2

i ) along the atomic beam axis z. The spatial distribution of the
corresponding effective Rabi frequency is given by Ωeff (z) = Ω1(z)Ω2(z)/∆ω1.

We have obtained analytical solutions to this model porlem which show that the lineshape
of excitation of the upper state is described by the Voight profile with FWHM which can
be approximated (within the accuracy level of 10%) by the expression

2∆ωres =
√

Γ2
sp + 19.2 · ln(2)/τ 2

tran. (2)

Importantly, the value of the width 2∆ωres exceeds the intuitive one 2∆ω (1) by a factor
of four if the broadening occurs predominantly due to limited transit time, i.e. when
τtran < 1/Γsp = τsp.

We acknowledge support by EU FP6 TOK Project LAMOL (Contract MTKD-CT-2004-
014228), Latvian Science Council, European Social Fund.

References
[1] B.W.Shore, The Theory of Coherent Atomic Excitation (Wiley, New York, 1990).

CP 107

129



Alkali doped Helium Droplets in a Magnetic Field

G. Auböck, J. Nagl, C. Callegari, W.E. Ernst

Institute of Experimental Physics, Graz University of Technology, Austria

Helium nanodroplets are produced by supersonic free jet expansion and provide a cold
environment (T ≈ 0.4 K) for dopant atoms and molecules. Helium droplets can dissipate
energy very efficiently by evaporating some of their own atoms. Alkali atoms are de-
posited onto the droplet by passing the droplet beam through one or more heated pick-up
cells containing alkali vapor. Capture of multiple atoms per droplet leads to molecular
formation; alkali-metal species are unique dopants in that they remain on the droplet’s
surface. Most degrees of freedom of dopant atoms and molecules are immediately cooled
to the droplet’s internal temperature and the energy released leads to further evaporation
of helium atoms. This applies in particular to the energy of formation of complexes, which
may be large enough to cause them to be expelled from the droplet: due to their smaller
binding energy it is the high spin alkali complexes (triplet dimers, quartet trimers) which
preferentially remain on the droplet after formation.

High-spin molecules are very interesting systems, and relate to a variety of topics such as
Bose-Einstein condensation, molecule formation by photoassociation or magnetic tuning,
many-body forces, reactivity and magnetism of small metal clusters, the Jahn-Teller effect,
electron- and nuclear-spin resonance.

Here we summarize several results of our investigations of alkali doped He droplets in a
magnetic field. This series of experiments was initially started to investigate the feasibility
of optical preparation and detection of spin states for further electron spin resonance
experiments. For atom doped droplets (K and Rb) we found that the spin state does
not thermalize with the He droplet on the time scale of our experiment (we can extract
a relaxation rate <1000/s). Usually alkali atoms (molecules) are evaporated from the
droplet surface upon electronic excitation what can be used for the preparation of a spin
polarized beam by spin selective optical depletion for K. Contrary to common wisdom,
we found that nondestructive excitation is possible at the Rb D1 line, this makes optical
pumping feasible.

Unlike atoms, the spin state fully thermalizes with the internal temperature of the droplet
for dimers and trimers. Then the population difference of the ground state Zeeman
sublevels causes the appearance of a C-type magnetic circular dichroism (MCD). In fact
the amplitude of the MCD signal can be used to determine the temperature on the droplet
surface which is a priori not necessarily equal to the temperature measured in the interior.
For dimers, the MCD spectrum further allowed us to interpret consistently the structure
of (1)3Πg - (a)3Σ+

u transitions for several molecules (K2, Rb2, Cs2, KRb, LiCs, NaCs) as
an interplay of a perturbation of the excited state electronic wave function by the droplet
surface and spin orbit coupling. For trimers we investigated the LIF and MCD spectra
of the (2)4E ′ - (1)4A′

2 transition of K3 and Rb3. We interpret these spectra as e⊗E
vibronic coupling plus spin-orbit coupling. This is to our knowledge the first observation
of relativistic vibronic coupling in a quartet states.
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Quartet alkali trimers on He nanodroplets: Laser
spectroscopy and ab initio calculations
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Helium nanodroplets (N = 104) are produced by supersonic free jet expansion and provide
a cold environment (T = 0.4 K) for dopants; the droplets can dissipate energy very
efficiently by evaporating their own atoms (binding energy per He atom: 5 cm−1). Alkali
atoms are deposited on the helium surface by passing the droplet beam through one
or more heated pick-up cells containing alkali vapor. Capture of multiple atoms per
cluster leads to molecular formation. Due to the amount of binding energy released
into the cluster, in general a strongly bound low-spin molecule will be expelled from
the droplet beam, while a weakly bound high-spin van der Waals molecule will not. A
variety of electronic spectra of the homo- and heteronuclear trimers K3, Rb3, K2Rb and
KRb2 in their high-spin quartet state lie in the wavelength range 10500–17500 cm−1. We
measured them and applied various schemes of beam depletion spectroscopy, such as two-
laser excitation and mass-selective depletion to separate overlapping spectral features,
and to assign the individual bands.

We find several regular patterns in the spectra of these trimers, which we are in the
process of explaining by means of symmetry arguments and simplified models of their
level structure. The experiments are supported by high-level ab-initio electronic structure
calculations.
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The group SO(3) is used to characterize even-electron atoms on the basis of their electron
counts. The atoms are arranged in multiplets that have “chemical angular momentum”
quantum numbers l and z-component m

l
[1-3]. Atoms in group 2 have (l,m

l
) = (0,0);

atoms in groups 14, 16, and 18 have l = 1 and m
l
= -1, 0, +1. Negatively-charged atoms

of groups 1, 13, 15, and 17 have the same quantum numbers; unipositive ions of atoms in
groups 3, 15, 17, and (from the next higher period number) 1 also have the same quantum
numbers; more highly-ionized species follow the same pattern.

Odd-electron atoms may be characterized in the very same way. Neutral atoms in group
1 have (l,m

l
) = (0,0); atoms in groups 13, 15, and 17 have l = 1 and m

l
= -1, 0, +1.

Their ions follow the same pattern. Likewise, transition-metal and rare-earth atoms are
arranged in multiplets with l = 2 and 3. (The period numbers are not defined in the
algebra and may be chosen at will.)

Atoms or ions are now defined as vectors in the space H(1). The bosonic raising oper-
ator of SO(3) [4,5] is used to combine two even-electron multiplets, or two odd-electron
multiplets, of atoms or ions to form multiplets of even-electron vectors in the space H(2)
of diatomic molecules and ions. These multiplets are then combined, using an empiri-
cal function of the two period numbers, to construct the group-dynamic periodic system
of the even-electron gas-phase diatomic species. Some forecasted data for spectroscopic
properties of the species are presented.
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Cavity-QED with ion Coulomb crystals
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In addition to its fundamental interest for atom-light studies, Cavity Quantum Electro-
dynamics (CQED) represents an interesting avenue for engineering efficient light-matter
quantum interfaces for quantum information processing. Experiments with neutral atoms
have been very successful in strongly coupling single atoms to cavities of extremely small
mode volume and very high finesse. However, these experiments are challenged by the
difficulty in confining and storing the atoms in the cavity for a long time [1].

Ions, on the other hand, have proved to be an excellent medium for quantum information
processing and benefit from very long trapping times, a good localization and are robust
against decoherence. However, minimizing the mirror separation, without severely modi-
fying the trapping potential has made it extremely difficult to reach the strong coupling
regime with a single ion [2,3]. The small mode volume requirement can be relaxed for en-
sembles of atoms or ions due to the enhancement of the collective coupling strength of the
ensemble. In addition to tight confinement and long storage times, ion Coulomb crystals
also have a number of advantages over cold atomic samples. As the ions are confined in
a crystal lattice, the decoherence rate due to collisions is very low and their low optical
densities (108cm−3) make optical pumping and state preparation unproblematic. Finally,
the inherent lattice structure in conjunction with the standing wave field of the optical
resonator opens up for new possibilities to engineer the atom-photon interaction.

We will present recent experimental results on CQED with cold ion Coulomb crystals of
calcium, obtained by using a novel linear ion trap incorporating a moderately high finesse
cavity (F ∼ 3200). Even though the 3-mm diameter dielectric cavity mirrors are placed
between the trap electrodes and separated by only 12 mm, it is possible to produce in situ
ion Coulomb crystals containing more than 105 calcium ions of various isotopes and with
lengths of up to several millimetres along the cavity axis [4]. Single to a few thousands of
ions can be stored in the cavity mode volume and efficiently prepared by optical pumping
in a given magnetic substate of the metastable 4d2D3/2 level of 40Ca+. The first results
on the crystal-light coupling strength - evaluated by probing the ion-cavity system at the
single photon level - and the possibilities for CQED offered by this new system will be
discussed.
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Spin flip lifetimes in superconducting atom chips

Ulrich Hohenester1, Asier Eiguren2, Stefan Scheel3, and E. A. Hinds3

1Institut für Physik, Karl–Franzens–Universität Graz, Austria
2Donostia International Physics Center (DIPC), San Sebastian, Spain

3Quantum Optics and Laser Science, Imperial College London, United Kingdom

Over the last few years, enormous progress has been made in magnetic trapping of ultra-
cold neutral atoms near microstructured solid-state surfaces, sometimes known as atom
chips [1]. The atoms can be manipulated through variation of the magnetic confinement
potential, either by changing currents through gate wires mounted on the chip or by
modifying the strength of additional radio-frequency control fields. These external, time-
dependent parameters thus provide a versatile method of atom manipulation, and make
atom chips attractive for various applications, including atom interferometry, quantum
gates and coherent atom transport.

The proximity of the ultracold atoms to the solid-state structure introduces additional
decoherence channels, which limit the performance of the atoms. Most importantly,
Johnson-Nyquist noise currents in the dielectric or metallic surface arrangements pro-
duce magnetic-field fluctuations at the positions of the atoms. Upon undergoing spin-flip
transitions, the atoms become more weakly trapped or are even lost from the microtrap.
This constitutes a serious limitation for atom chips. Superconductors could reduce the
magnetic noise level significantly and thereby boost the spin flip lifetimes by many or-
ders of magnitude. Indeed, superconducting atom chips have already been fabricated and
tested [2, 3] with the aim of realizing controllable composite quantum systems.

In this contribition we investigate theoretically the magnetic spin-flip transitions of neu-
tral atoms trapped near a superconducting slab [4, 5]. We find that below the supercon-
ducting transition temperature the spin-flip lifetime becomes boosted by several orders
of magnitude, a remarkable finding which is attributed to: (1) the opening of the su-
perconducting gap and the resulting inability to deposit energy into the superconductor,
(2) the highly efficient screening properties of superconductors, and (3) the small active
volume within which current fluctuations can contribute to field fluctuations. Our nu-
merical results based on the Eliashberg theory show that the expected spin-flip lifetime
for an atom placed one micrometer away from a 4.2 K superconducting planar niobium
surface exceeds several thousand seconds. Hence, superconducting surfaces provide an
extremely low-noise environment for magnetically trapped neutral atoms and thus have
great potential for coherent manipulation of atoms.
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In the last years, several proposals for quantum information and quantum communication
schemes require the use of atomic media together with single photons. Among the possible
interactions, much interest has been generated by non destructive techniques, like the
quantum non-demolition measurement. We present here instead a characterization of the
polarization state of an atomic sample via the non-interaction of our sample with the
probe, thus reducing, in principle, the damage to the sample for successful event to zero.

The term “interaction-free” applies to a measurement process where the probe carries
information about a system without interacting with it, possible thanks to the quantum
nature of the interference process. After the proposal of Elitzur and Vaidman [1], an
experimental demonstration was provided by Kwiat et al. [2]. We have realized an inter-
action free measurement of the spectrum and polarization state of a hot ensemble of 87Rb
by inserting it in a polarization interferometer, where a different optical density for one of
the polarization modes is revealed by detection of light at the output dark in the balanced
case The probe is a narrowband coherent light, strongly attenuated to the single photon
level, with a central frequency that can be scanned by some GHz in the region of the Rb
D1 line. The atoms are optically pumped by an intense beam into the mF =1,2 Zeeman
substates of the F=2 hyperfine level. Observing the output of the dark port while scan-
ning the probe frequency, the obtained trace presents a peak in correspondence with the
transitions involving the hyperfine ground level F=2. The profile of the trace corresponds
to the profile of the transition, power broadened by the intense pumping necessary for
polarization.

The demonstrated scheme suffers from limited statistical efficiency, equal to 1/4 in theory
and further reduced because of experimental imperfections. It has been demonstrated
that combining the interaction free measurement approach and an implementation of
the quantum Zeno effect it is possible reach a theoretical efficiency close to unity [3].
Moreover, this scheme could be used to measure the degree of polarization of a sample of
atoms reducing the damage compared with standard absorption techniques [4].
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In 1964 Bell showed that in all local realistic theories, correlations between the outcomes
of measurements in different parts of a physical system satisfy certain class of inequalities
[1]. Furthermore, he found that certain predictions of quantum mechanics violate these
inequalities. Starting with the first experimental tests of Bell inequalities with photons
[2], violation of a Bell inequality has been observed for protons [3], K mesons [4], ions [5],
neutrons [6], B mesons [7], atom-photon systems [8], and atomic ensembles [9].

Production of entangled atom-pairs via stimulated two-photon Raman dissociation of
dimers produced in supersonic free-jet pulsed beam will be described. The process re-
lies on the proposal of Fry et al. [10] for experimental realization of Bohm’s spin-1/2
particle version of the Einstein-Podolsky-Rosen (EPR) experiment. The first stage of
the experiment, designed for 199Hg atoms, is underway at Texas A&M University. The
real challenge is to isolate a particular rotational transition within a triplet-singlet D31

u
–

X110+

g

electronic transition in 199Hg2 propagating in the beam [11], and then dissociate
the excited isotopomer using a stimulated Raman process. Pairs of entangled 199Hg atoms
obtained in this way are going to be spin-state-selectively detected in two different atom
detectors located in two parallel planes of detection.

An alternative approach is to selectively dissociate 111Cd2 isotopomers produced in a
continuous supersonic free-jet using selected rotational transition within a singlet-singlet
A10+

u

–X10+

g

electronic transition in 111Cd2. During the conference the advantages of using
the latter approach and recent developments in the endeavor of testing Bell inequality for
111Cd atoms planned in Krakow will be reported.

This work was financed from 2007-2010 funds for science of Polish Ministry of Science
and Higher Education (research project N N202 2137 33).
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We report on a new method for primary gas thermometry, based on high-precision,
intensity-stabilized laser absorption spectroscopy in the near-infrared. Initially designed
and developed for the accurate determinations of absolute linestrength factors [1], the
method consists in retrieving the Doppler width from the absorption line shape corre-
sponding to a given vibration-rotation transition in a CO2 gaseous sample at thermo-
dynamic equilibrium. There is presently a strong interest in new primary thermometric
methods, likely to be employed for direct and highly accurate determinations of the Boltz-
mann constant kB, in view of a possible new definition of the unit kelvin [2].

We probed the R(12) component of the ν1+2ν 0
2 +ν3 combination band, using a distributed

feedback diode laser, which was mounted in a mirror-extended cavity configuration. Con-
sisting of a cylindrical cavity inside an aluminum block, with inner and external surfaces
carefully polished, the absorption cell was housed inside a stainless steel vacuum chamber
and its temperature was stabilized at a level of ∼10 mK by means of an active system
based on four Peltier elements and a PID controller. The gas temperature was measured
by means of precision platinum resistance thermometers, carefully calibrated at the triple
point of water and at the gallium melting point with an overall accuracy better than 10
mK. By doing Doppler broadening measurements as a function of the gas temperature,
which was varied between 270 and 305 K, we determined the Boltzmann constant with
an uncertainty of 1.6× 10−4, including statistical and systematic errors [3].

We also report on the status of a second-generation experiment, in which a pair of phase-
locked extended-cavity diode lasers are being employed in order to improve significantly
the capability of measuring laser frequency variations.
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Valentin Batteiger1, Maximilian Herrmann1, Sebastian Knünz1, Akira Ozawa1, Andreas
Vernaleken1, Guido Saathoff1, Mariusz Semczuk1, Feng Zhu2, Hans Schuessler2, Theodor
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Recent developments of XUV frequency combs [1],[2] open up the possibility of high
resolution spectroscopy in the XUV wavelength regime. The 1s-2s two photon transition
in hydrogen-like Helium at 60 nm is a particular interesting candidate allowing a further
test of bound state QED. Our proposed spectroscopy scheme is based on the detection
of ionization events out of the 2s state and sympathetic cooling by co-stored Magnesium
ions in a RF-trap. Experimental progress is presented, including an absolute frequency
measurement on cooling transitions in Mg+.
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Probing isotope effects in chemical reactions using
single ions

Peter F. Staanum1, Klaus Højbjerre1, Roland Wester2 and Michael Drewsen1

1Department of Physics and Astronomy, University of Aarhus, Aarhus, Denmark
2Physikalisches Institut, Universität Freiburg, Freiburg, Germany

Isotope effects often play an important role for the outcome of chemical reactions. For
instance the chemical composition of interstellar clouds is strongly influenced by isotope
effects in certain reactions [1]. In laboratory experiments, isotope effects observed in
isotopic analogs of chemical reactions can provide important information about details of
the reaction dynamics.

Here we present a recent study of isotope effects, in reactions between Mg+ in the 3p 2P3/2

excited state and molecular hydrogen at thermal energies, through single reaction events
observed in a Paul trap [2]. From only ∼250 reactions with HD, the branching ratio
between formation of MgD+ and MgH+ is found to be larger than 5. From additional 65
reactions with H2 and D2 we find that the overall decay probability of the intermediate
MgH+

2 , MgHD+ or MgD+
2 complexes is the same. These results suggest that the observed

isotope effect in reactions with HD arise through a dynamic mechanism in the exit channel
of the reaction, which may also explain the isotope effect observed in reactions with ground
state Mg+ ions at much higher collision energies [3].

Our study shows that few single ion reactions can provide quantitative information about
branching ratios and relative reaction rate coefficients in ion-neutral reactions. Hence,
the method is particularly well suited for reaction studies involving rare species, e.g.,
rare isotopes or short-lived unstable elements, as well as for studies involving state pre-
pared molecular ions [4], more complex molecular ions [5, 6] or of astrophysically relevant
reactions [7, 8].
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Laser cooling of neutral atoms plays a very important role in optical metrology. In partic-
ular, the transversal cooling (collimation) of an atomic beam below µK would allow one
to achieve the higher precision and stability in the modern atomic frequency standards
(atomic fountains, atomic clock in condition of microgravitation). This collimation can
be made by the method of sideband-resolved Raman cooling (SRLC). The experiments
on SRLC of neutral cesium atoms [1] were carried out in the 2D nondissipative (far-o�-
resonance) optical lattice with pre-cooling in a near-resonance lattice, which complicated
experimental realization. Similar experiments on the high-e�ective 3D - SRLC were made
without pre-cooling stage [2], but the exhaustive theoretical explanation of high cooling
e�ciency has not been presented. Then SRLC was applied at the attempt of the improve-
ment of the continuous atomic fountain [3]. In these experiments one used 2-D cooling
scheme similar to described in [2]. However, the e�ciency of cooling was poor and ap-
preciably lower in comparison with the previous results [2]. The causes of this were not
explained. Thus the necessity of more detailed investigation of cooling in nondissipative
optical lattices has arisen. One of the purposes of such consideration is to �nd the �elds
of parameters where cooling mechanisms of unbound and bound atoms co-exist.
In the present work the semiclassical approach is applied for the analysis of cooling of
unbound atoms with optical transitions J → J − 1 in a one-dimensional nondissipative
optical lattice. For slow atoms in the low-saturation limit the analytical expressions for
coe�cients of friction and di�usion are obtained for the simplest 1 → 0 transition. How-
ever, in this case it is necessary to go beyond the slow atom approximation for the full
description of atomic kinetic. For this purpose the dependence of force on atom and the
coe�cient of di�usion on the atomic velocity are found. At the weak Raman transition the
heating takes place for small velocity that corresponds to the results of the slow atom ap-
proximation. At the increasing of atomic velocity the direction of kinetic process changes
and cooling occurs. In addition there are the selective velocity Raman resonances in the
force, that have some speci�c features for J → J − 1 atomic transitions. The kinetic
temperature is estimated on the base of the numerical solution of Fokker-Plank equation
for Wigner distribution function.
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Coherent Population Trapping (CPT) is a resonance phenomenon due to a quantum
mechanical interference effect in an atomic system. The resonantly driven atomic level
population is being trapped into a so called dark state, yielding the atomic medium
transparent for the exciting electromagnetic fields.

We present experimental investigations on the behavior of CPT resonances in Rubidium
(87Rb Isotope) due to the interaction of a linear polarized bichromatic laser light (lin|| lin
CPT) in presence of longitudinal magnetic fields[1]. In this configuration the coherence
has a quadrupol like nature and is strongly influenced by the hyperfine structure of the
excited state. The hyperfine structure of the excited states gives rise to degenerate CPT
resonances. By comparing the multi-level model calculations with the experimental re-
sults we demonstrate that the quantum interference between the multi-CPT states is an
essential feature in this interaction scheme.

We investigate the lin|| lin CPT signal depending on the relationship of pressure broad-
ening and laser linewidth. Therefore CPT signals obtained by excitation with a vertical
surface emitting laser system (linewidth 100MHz) and a system of phase locked lasers
(linewidth 40kHz) are compared. The experimental and theoretical results allow us to
quantify the contribution from different CPT-states to the total lin|| lin CPT signal. Based
on our experiment, we can define the conditions in which the laser linewidth does not de-
grade the amplitude of the lin|| lin CPT signal and, thus the optimal performance for
compact atomic clocks and magnetometers based on lin|| lin CPT.
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Optically Driven Atomic Coherences:
From the Gas Phase to the Solid State

J. Klein, F. Beil, and T. Halfmann

Institute of Applied Physics, Technische Universität Darmstadt, Germany

Coherent interactions between strong radiation and quantum systems provide well-estab-
lished tools to control optical properties and processes. Among others, applications aim
at efficient data storage and processing of optically stored data, e.g. as required in quan-
tum information processing. Thus, a large number of experimental studies in quantum
information science have been conducted in atomic media in the gas phase. Only few ex-
periments on coherent, adiabatic interactions were conducted in solid state media. Appro-
priate solid materials for such investigations are quantum dots, color centers, or rare-earth
doped solids. The latter combine the advantages of atoms in the gas phase, i.e. spectrally
narrow transitions and long dephasing times, with the advantages of solids, i.e. large den-
sity and scalability. In the talk we present implementations of coherent interactions in a
rare-earth doped solid, i.e. a Pr:YSO crystal [1]. In particular we report on the experimen-
tal implementation of stimulated Raman adiabatic passage (STIRAP) in Pr:YSO. Our
data provide clear and striking proof for complete population inversion between hyperfine
levels in the Praseodymium dopants. Time-resolved absorption measurements serve to
monitor the adiabatic population dynamics during the STIRAP process. We will discuss
the possibilities of STIRAP and related techniques to drive atomic coherences in the solid
state environment, e.g. for applications in optical and quantum information processing.
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a duplicated two-level system
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We present a new method of slowing light that can be realized in a double two level system
by exciting it with two orthogonally polarized light pulses that propagate along different
axis 1. Spatio-temporal dephasing of the total polarization induces a grating in the ground
zeeman coherence. The stronger of the two fields (the control field) is diffracted from this
grating into the direction of the weak probe field compensating for the absorption of this
latter field. A transparency window is thus created in the absorption spectrum of the
probe leading to the slowing down of light [Fig. 1(a)]. The transparency window exhibits
characteristics identical to the one obtained by EIT method. However, the important
difference between our method and the traditional EIT method is that ours doesn’t rely
on realizing dark state in the system. This may open the possibility of slowing down light
in more complex atomic media.
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Figure 1: Real and Imaginary parts of the susceptibility. Ω
π

is the strength of the control
field, ∆ is the detuning for the probe in (a) and detuning of both probe and control in (b)

For the case when the two fields have the same frequency and the same axis of propagation,
linear susceptibility vanishes and higher order, phase dependent non-linear susceptibility
becomes important, allowing coherent control of the optical response of the medium 2.
Coherent control of the medium gain for double two level system in the femtosecond
pulse regime has already been discussed 3. Here we demonstrate that for long pulses the
effective susceptibility for the probe behaves as χ

lin
e
−2iφ where χ

lin
is linear susceptibility

and φ is the phase difference between two fields. Depending on the relative phase between
the two fields the system can be converted into an absorber or the gain medium for the
probe with normal or anomalous dispersion [Fig. 1(b)]. At larger optical thickness, phase
growth during propagation destroys this coherent control and effective susceptibility turns
into χ

∗

lin

,turning an absorber into an amplifier without effecting the dispersion.
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Rydberg atoms provide a wide range of possibilities to tailor interactions in a quantum
gas. Here we report on Rydberg excitation of Bose-Einstein condensed 87Rb atoms. The
Rydberg fraction was investigated for various excitation times and temperatures above
and below the condensation temperature. The excitation is locally blocked by the van der
Waals interaction between Rydberg atoms to a density-dependent limit. Therefore the
abrupt change of the thermal atomic density distribution to the characteristic bimodal
distribution upon condensation could be observed in the Rydberg fraction. The observed
features are reproduced by a simulation based on local collective Rydberg excitations [1].
The excitation dynamics was investigated for a large range of densities and laser inten-
sities and shows a full saturation and a strong suppression with respect to single atom
behaviour. The observed scaling of the initial increase with density and laser intensity
provides evidence for coherent collective excitation. This coherent collective behaviour,
that was observed for up to several thousand atoms per blockade volume is generic for
all mesoscopic systems which are able to carry only one single quantum of excitation [2].
Despite the strong interactions the evolution can still be reversed by a simple phase shift
in the excitation laser field. We experimentally prove the coherence of the excitation in
the strong blockade regime by applying an optical rotary echo technique to a sample of
magnetically trapped ultracold atoms, analogous to a method known from nuclear mag-
netic resonance. We additionally measured the dephasing time due to the interaction
between the Rydberg atoms. [3]
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This experiment is aimed at measuring the magnetic moment or g-factor of a single,
isolated proton stored in a cylindrical Penning trap with a relative uncertainty of 10−9

or better, which will be the first direct measurement of the proton g-factor ever per-
formed. Determining the g-factor of a particle results from an accurate measurement
of its cyclotron and spin precession frequency. The Larmor frequency can be extracted
by inducing radio-frequency transitions between the two spin states in the homogeneous
magnetic field region of the first, precision Penning trap. The resulting spin state is then
detected non-destructively in the magnetic bottle field of the analysis trap. There, the
magnetic moment is coupled to the axial eigenmotion shifting this frequency according
to the spin direction. The value of the frequency shift scales with the magnetic moment
of the particle and the strength of the magnetic bottle. Thus, a novel trap design was
developed which we call hybrid Penning trap [1] to increase the axial frequency jump to
a detectable range.

To achieve a high-precision determination of the proton g-factor, long storage times are
required which is realized by performing the experiment in a closed setup at 4 K yielding
extremely low background pressure (p < 10−16 mbar). This environment bears great chal-
lenges for the electronics needed to non-destructively detect the trapped proton, however,
it leads to a low electronic noise. In addition, the use of superconductive resonant circuits
increases the signal-to-noise ratio of the detection system by some orders of magnitude.

Since the sealed system requires an in-trap creation of protons, a newly developed cryo-
genic electron gun [2] will function as an electron beam ion source permitting the creation
of protons inside the magnetic field and at 4 K. Commissioning experiments with electron
gun and fully cabled system will be presented where the performance of the trap tower and
the thermal behavior of electronic components were examined. At present, the detection
circuits are implemented to yield spectra of particle clouds shortly.

Besides the proton g-factor, future experiments aim at determining the antiproton g-
factor. Comparison of the two experimental values will provide a stringent test of CPT
invariance on the baryonic sector. Furthermore, the hybrid trap design enables a variety
of new experiments such as investigating the magnetic moments of bare light nuclei like
3He or tritium.
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We report on a quantum Monte Carlo study of helium nanodroplets doped with an elec-
tronically excited rubidium atom, Rb∗. Our work is motivated by recent experiments
conducted in Graz and Freiburg.

The Rb-He
N

potential energy surface (PES) is simply a sum of pair potentials if the Rb
is in the electronic ground state. If Rb is in an electronically excited state (Rb∗), the PES
of Rb∗–He

N
is based on the diatomics-in-molecules model, thus it is different from a pair

potential. Moreover, the spin-orbit coupling cannot be neglected and it is responsible for
different equilibrium structures when compared with potassium.

We use the diffusion Monte Carlo (DMC) method to obtain ground state energies along
with different unbiased pair distribution densities. For the first excited state of Rb, the
PES could accommodate a planar ring of N = 8 helium atoms, but the DMC simulations
show that only N = 7 atoms fit into the ring, because of the large zero point motion of
He atoms. Adding more atoms creates a very diffuse second ring.

For simulations at the temperature of large 4He droplets of about T = 0.3 − 0.4K, we
employ the path integral Monte Carlo (PIMC) method. If Rb is in the electronic ground
state, Rb-He

N
is a weakly bound complex. Increasing N to N = 100 it becomes a He

droplet with Rb sitting in a “dimple” on the surface. For Rb in the first excited state,
PIMC simulations confirm the DMC results, that a ring of up to 7 He atoms forms around
the Rb atom.

In order to model the experiments where Rb is excited from the electronic ground state to
the first excited state, we performed PIMC simulations where we start from equilibrium
configurations of Rb-He

N
and then switch to the PES of the 1st excited state. In this

case, we do not find any signature of a He ring around Rb∗, but instead Rb∗ is promoted
to a very weakly bound, metastable state where it sits in a shallow He dimple. This result
agrees with the interpretation of recent experiments [1]. We used the same modeling for
the excitation from the ground state to the 2nd excited state of Rb. In this case, we
found a clear signature of the formation of a Rb∗He exciplex, which is weakly bound to
the cluster of N − 1 He atoms. We plan to investigate the dynamics upon such electronic
excitations of Rb using correlated basis function theory.
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Progress in optically-detected spin-resonance on
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We demonstrate the possibility of optically detecting the spin state of alkali metal atoms
and molecules weakly bound on the surface of helium nanodroplets, immersed in a mag-
netic field. This allows us to show that the electronic spins of atoms do not relax within
the timescale of the experiment (∼ 10−3 s) and those of molecules do. With this prerequi-
site knowledge, we demonstrate that electron spins on a He droplet can be manipulated.
We show why Rb do not desorb from the droplet upon laser excitation, and how this leads
to optical pumping, which we achieve experimentally.

With the addition of a microwave field, we have just succeeded in optically detecting
an electron-spin transition, on K atoms; the perturbation due to the helium results in a
distinct shift of the g value, which we are in the process of accurately quantifying; the
same measurements will be done on Rb, and the latest results will be presented at the
meeting.
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Effect of finite detection efficiency

on the observation of the dipole-dipole interaction
of a few Rydberg atoms
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Studies of the long-range interactions in small ensembles of closely placed Rydberg atoms
are important to implement quantum logic gates of a quantum computer. As such gates
imply coherent interactions of two Rydberg atoms, or excitation of only one Rydberg
atom at the dipole blockade, the key issue in these studies is the high detection efficiency
of Rydberg atoms and the need to distinguish between the signals measured for 1, 2, 3,
etc., atoms with high fidelity.

Selective Field Ionization (SFI) technique [1] is most appropriate to detect single Rydberg
atoms. However, microchannel plate detectors commonly used in experiments do not pro-
vide the single-atom resolution. Therefore, in our work we focused on detecting Rydberg
atoms with a channeltron. In our experiments we have found that the histograms of its
output pulses have prominent maxima corresponding to 1-5 detected atoms. Combined
with the post-selection technique, this provides a tool to investigate the signals measured
in experiments on long-range interactions of definite small numbers of Rydberg atoms.

We have developed a simple theoretical model [2] describing multiatom signals that we
measure in the experiments on Stark-tuned resonant dipole-dipole interactions [1] of a few
Rydberg atoms in an atomic beam and frozen Rydberg gas. We have shown that finite
efficiency of the SFI detector leads to the mixing up of the spectra of resonant collisions
registered for various numbers of Rydberg atoms. The formulas are presented, which help
to estimate an appropriate mean Rydberg atom number for a given detection efficiency.
The dependences of the measured signals on the number of atoms, excitation volume,
energy and interaction time were investigated. We have also found that a measurement
of the relationship of the amplitudes of resonances observed in the one- and two-atom
signals provides a straightforward determination of the absolute detection efficiency and
mean Rydberg atom number excited per laser pulse. This method is advantageous as it
is independent of the specific experimental conditions.

Finally, we have performed the testing experiments on resonant dipole-dipole interac-
tions Na(37S)+Na(37S)→Na(36P)+Na(37P) in a small excitation volume of a sodium
atomic beam [2] and Rb(nP)+Rb(nP)→Rb(nS)+Rb((n+1)S) in a rubidium magneto-
optical trap. The resonances obtained for 1 to 5 of detected Rydberg atoms have been
analyzed and compared with the theory. The peculiarities of the obtained results will be
discussed in this report.

This work was supported by the Russian Academy of Sciences.
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Energy approach to discharge of metastable nuclei
during negative muon capture
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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 the discharge may be followed by the ejection of a muon,
which may then participate in the discharge of the other nuclei. We developed new,
QED energy approach (EA) to calculating characteristics for the discharge of a nucleus
with emission of quantum and further muon conversion, which initiates this discharge.
Traditional process of the muon capture are in details studied earlier and here is not
considered. The intensities of satellites (decay probability) are linked with imaginary
part of the ”nucleolus core+ proton +muon” system. Three channels should be taken
into account: 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 a muon leaves the nuclei with energy
E = E(p − N1J1) − E(i), where E(p − N1J1) is an energy of nuclear transition, E(i)
is an energy of bond for muon in the 1s state (P2); 3). A transition of proton into the
ground state with excitation of muon and emission of the quantum with energy E(p −
N1J1) − E(nl) (P3). Under condition E(p-N1J1)¿E(i) a probability definition reduces
to QED calculation of probability of the autoionization decay of the two-particle system.
Numerical calculation is carried out for the Sc nucleus. The probabilities of the meso atom
decay for different transitions: P2(p1/2−p3/2) = 3.93·1015, P2(p1/2−f7/2) = 3.15·1012,
P2(p3/2−f7/2) = 8.83·1014. For above indicated transitions the nucleus must transit the
momentum no less than 2,4 and 2 according to the momentum and parity rules. If a meso-
atom is in the initial state p1/2, than the cascade discharge occur with ejection of muon on
the first stage and the quantum emission on the second stage. To consider a case when the
second channel is closed and the third one is opened, suppose: E(p1/2)−E(p3/2) = 0.92
MeV. Energy of nuclear transition is not sufficient to transit the muon into the continuum
state and it may excite into the 2p state. In this case there is the proton transition p1/2-
p3/2 with virtual excitation of muon into states of series nd and quantum emission with
energy EE = Ep(p1/2) + E(1s)−Ep(p3/2)−E(2p). The dipole transition 2p-1s occurs
with probability: P3 = 1.9 · 1013 s−1 that is more than probabilities of the p1/2-p3/2 and
p1/2-f7/2 transitions without radiation.
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Resonance phenomena in heavy ions collisions and
structurization of positron spectrum
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A great interest to this topic has been, in particular, stimulated by inaugurating the
heavy-ion synchrotron storage cooler ring combination SIS/ESR at GSI [1]. The known
discovery of existence of a narrow and unexpected e+ line in the positron spectra obtained
from heavy ions collisions near the Coulomb barrier. Here a consistent unified QED ap-
proach is developed and applied for studying the low-energy heavy ions collision, including
the electron- positron pair production (EPPP) process too. To calculate the heavy ions
(atoms, nuclei) (EPPP) cross-section we use modified versions of the relativistic energy
approach, based on the S-matrix Gell-Mann and Low formalism and QED operator per-
turbation theory [2]. The nuclear subsystem and electron subsystem has been considered
as two parts of the complicated system, interacting with each other through the model
potential. The nuclear system dynamics has been treated within the Dirac equation with
effective potential. All the spontaneous decay or the new particle (particles) production
processes are excluded in the 0th order. Resonance phenomena in the nuclear system
lead to the structurization of the positron spectrum produced. Analysis of data for cross-
section at different collision energies (non-resonant energies, resonant ones, corresponding
to energies of s-resonances of compound U-Cf, U-U, U+Ta system) is presented. The spe-
cial features are found in the differential cross-section for the nuclear subsystem collision
energies, for example, for U-U susyem as follows: (a) E1 = 162.0 keV (3rd s-resonance),
(b) E1 = 247.6 keV (the 4th s-resonance), (c) E1=352,2 keV (5th upper s-resonance).
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Dynamics of the resonant levels for atomic and
nuclear ensembles in a laser pulse: optical bi-stability

effect and nuclear quantum optics

O.Yu. Khetselius
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Present paper has for an object (i) to carry out numerical quantum computation of a tem-
poral dynamics of populations differences at the resonant levels of atoms in a large-density
medium in a non-rectangular form laser pulse and (ii) to determine possibilities that fea-
tures of the effect of internal optical bi-stability at the adiabatically slow modification of
effective filed intensity appear in the sought dynamics. It is known that the dipole-dipole
interaction of atoms in dense resonant mediums causes the internal optical bi-stability at
the adiabatically slow modification of radiation intensity. The experimental discovery of
bistable co-operative luminescence in some matters, in crystal of Cs3Y2Br9Y b3+ particu-
larly, showed that an ensemble of resonant atoms with high density can manifest the effect
of optical bi-stability in the field of strong laser emission. The Z-shaped effect is actually
caused by the first-type phase transfer. On basis of the modified Bloch equations, we sim-
ulate numerically a temporal dynamics of populations differences at the resonant levels of
atoms in the field of pulse with the non-rectangular ch form. Furthermore, we compare
our outcomes with the similar results, where there are considered the interaction between
the ensemble of high-density atoms and the rectangularly- and sinusoidally-shaped pulses.
The modified Bloch equations describe the interaction of resonance radiation with the en-
semble of two-layer atoms taking into account the dipole-dipole interaction of atoms [1].
A fundamental aspect lies in the advanced possibility that features of the effect of inter-
nal optical bi-stability at the adiabatically slow modification of effective filed intensity for
pulse of ch form, in contrast to the pulses of rectangular form, appear in the temporal
dynamics of populations’ differences at the resonant levels of atoms. Modelling nuclear
ensembles in a super strong laser field provides opening the field of nuclear quantum optics
[2,3].
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Spectroscopy of the hadronic atoms and superheavy
ions: Spectra, energy shifts and widths, hyperfine

structure
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Paper is devoted to calculation of the spectra, radiative corrections, hyperfine structure
parameters for exotic hadronic atoms and heavy ions with account of the definite nu-
cleus structure modelling. One of the main purposes is establishment a quantitative link
between quality of the nucleus structure modelling and accuracy of calculating energy
and spectral properties of systems. We apply our numerical code [1,2] to calculating
spectra of the hadronic (pion, kaon, hyperon) atoms. A new, highly exact, ab initio ap-
proach [2] to relativistic calculation of the spectra for superheavy ions with an account
of relativistic, correlation, nuclear, radiative effects on the basis of gauge-invariant QED
perturbation theory is used. Zeroth approximation is generated by the effective ab initio
model functional, constructed on the basis of the comprehensive gauge invariance proce-
dure [2]). The wave functions zeroth basis is found from the Klein-Gordon (pion atom)
or Dirac (kaon, hyperon) equation. The potential includes the core ab initio potential,
the electric and polarization potentials of a nucleus (the Fermi model, the gaussian form
of charge distribution in the nucleus and the uniformly charged sphere are considered).
For low orbits there are important effects due to the strong hadron-nuclear interaction
(pion atom). The energy shift is connected with length of the hadron-nuclear scattering
(scattering amplitude under zeroth energy). For superheavy ions the correlation correc-
tions of high orders are accounted within the Green functions method. The magnetic
inter-electron interaction is accounted in the lowest order, the Lamb shift polarization
part- in the Uhling-Serber approximation, self-energy part - within the Green functions
method. We carried out calculations :1).energy levels, hfs parameters for superheavy H
and Li-like ions for different models of charge distribution in a nucleus and super heavy
atom Z=114; 3). Shifts and widths of transitions (2p-1s,3d-2p, 4f-3d) in some pionic and
kaonic atoms (18O, 24Mg etc.) and also K–4He [3].
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Radiative data in the Zr I spectrum, in particular radiative lifetimes of excited states and
transition probabilities of electric dipole (E1) transitions, are of interest for the determi-
nation of the Zr abundance in stars, including the Sun. These data are also important for
the investigation of plasmas, particularly the plasmas near the walls in high-temperature
devices.

In the present work radiative lifetimes for 17 levels belonging to the odd 4d25s5p configu-
ration are reported. They were measured using a time-resolved laser-induced fluorescence
(TRLIF) technique [1]. The levels investigated are: y3S1; u3P0,1,2; v3P1,2; t3P1; t3D1,2,3;
u3F2,3,4; x3G5 and w3G3,4,5. A single-step laser- excitation process, either from the ground
state or from appropriate metastable states, was used.

Free zirconium atoms were generated by laser ablation in a vacuum chamber with 10−6-
10−5 mbar background pressure. For the ablation, an Nd:YAG laser with 10 ns pulse
duration was used. The laser system for the excitation of the Zr I levels consisted of a
dye laser which had a pulse duration of about 1-2 ns.

For 14 of the investigated states, radiative lifetimes were obtained for the first time. The
error bars are in the interval 4-10%. Measurements of branching fractions are also in
progress by means of the Laser Induced Breakdown Spectroscopy (LIBS) technique.

The relativistic Hartree-Fock (HFR) method, as described by Cowan [2], has been used
to compute radiative lifetimes and transition probabilities and the results are compared
with the experimental data. In the calculations, core-polarization effects and extensive
configuration interaction effects have been taken into account.

This work was financially supported by the Swedish Research Council; by the EU-TMR
access to Large-Scale Facility Programme (contract RII3-CT-2003-506350) and by the
National Science Fundation of Bulgaria (grant 1516/05).
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Emission lines due to allowed and intercombination transitions in multiply charged Si-
like ions are observed in solar corona and laser produced plasma. The lines arises from
intercombination transitions have been shown to be very useful, for instant, in under-
standing density fluctuations and elementary processes which occur in both interstellar
and laboratory plasma and the determination of transition energies, oscillator strengths
and transition probabilities of these lines as needed for a qualitative analysis of the spectra
are not well known. This is mainly because these weak lines are usually sensitive to the
theoretical modeling and have been a challenge for the atomic structure theory.

We have calculated the excitation energies, oscillator strengths and transition probabili-
ties for electric-dipole-allowed and intercombination transitions among the fine-structure
levels of the terms belonging to the configurations (1s22s22p6)3s23p2, 3s3p3, 3s23p3d,
3p4, 3s23p4s, 3s23p4p, 3s3p2(2S)4s, 3s3p2(2P )4s, 3s3p2(4P )4s, 3s3p2(2D)4s, 3s23p4d and
3s23p4f of Si-like Clorine, using extensive configuration-interaction (CI) wavefunctions
[1]. The relativistic effects in intermediate coupling are incorporated by means of the
Breit-Pauli Hamiltonian [2]. Small adjustments to the diagonal elements of the Hamilto-
nian matrices have been made so that the energy splittings are as close as possible to the
experiment. From our radiative rates, we have also calculated the radiative lifetimes of
the levels. In this calculation we have investigated the effects of electron correlations on
our calculated data, particularly on the intercombination transitions, by including orbitals
with up to n=5 quantum number. We considered up to two electron excitations from the
valence electrons of the basic configurations and included large number of configurations.
These configurations represent all major internal, semi-internal and all-external electron
correlation effects [3].

The mixing among several fine-structure levels is found to be very strong. These levels are
identified by their eigen-vector composition [4]. The energy splitting of 85 fine-structure
levels, oscillator strengths, transition probabilities for electric-dipole-allowed and inter-
combination transitions and the lifetimes of several fine-structure levels are presented and
compared with available experimental levels and the other theoretical results. Significant
differences between our calculated and the other sophisticated theoretical lifetimes for
several fine-structure levels are discussed.
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We have performed large scale CIV3 calculations of excitation energies from ground states
for fine-structure levels as well as of oscillator strengths and radiative decay rates for all
electric-dipole-allowed and intercombination transitions among the fine-structure levels
of the terms belonging to the configurations (1s22s22p6)3s23p, 3s3p2, 3s23d, 3p3, 3s3p3d,
3p23d, 3s3d2, 3p3d2, 3s24s, 3s24p, 3s24d, 3s24f, and 3s3p4s of Cu XVII, using very exten-
sive configuration-interaction (CI) wave functions [1]. The important relativistic effects
in intermediate coupling are incorporated by means of the Breit-Pauli Hamiltonian which
consists of the non-relativistic term plus the one-body mass correction, Darwin term, and
spin-orbit, spin-other-orbit, and spin-spin operators [2]. The errors, which often occur
with sophisticated ab initio atomic structure calculations, are reduced to a manageable
magnitude by adjusting the diagonal elements of the Hamiltonian matrices. In this cal-
culation we have investigated the effects of electron correlations on our calculated data,
particularly on the intercombination transitions, by including orbitals with up to n=5
quantum number. We considered up to three electron excitations from the valence elec-
trons of the basic configurations and included large number of configurations (1164) to
ensure convergence.

Our adjusted excitation energies, including their ordering, are in excellent agreement
with the available experimental results [3]. The enormous mixing among several fine-
structure levels makes it very difficult to identify them correctly. Perhaps, that may
be the reason for the lack of experimental results for these levels. We believe that our
extensive calculated values can guide experimentalists identify the fine-structure levels
[4]. From our radiative decay rates, we have also calculated radiative lifetimes of the fine-
structure levels in Cu XVII. Our calculated lifetimes for the levels 3s3p2(4P ) are found to
be in excellent agreement with the experimental results of Trabert et al. [5] compared to
other available theoretical results. We predict new data for several levels where no other
theoretical and/or experimental results are available.
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Information about the oscillator strengths and lifetimes has applications in many scien-
tific fields. Data about atomic properties are relevant not only to spectroscopy, as these
values are also of interest in a variety of other fields in physics and technology. In as-
trophysical applications this information can be used to determine elemental abundances
from absorption spectra. These data are also essential to calculate the Stark width and
shift parameters of spectral lines. In previous work [1-3] we have measured and calculated
experimental an theoretical values for Pb III.

Transition Probabilities and oscillator strengths for several lines of astrophysical interest
arising from 5d96s26p, 5d106snl, 5d106s2, 5d106p2, 5d106p7s, and 5d106p6d configurations
and some levels radiative lifetimes of Pb III has been calculated. These values were
obtained in intermediate coupling (IC) and using ab initio relativistic Hartree-Fock cal-
culations. We use for the IC calculations the standard method of least square fitting of
experimental energy levels by means of computer codes from Cowan (1981). The inclu-
sion in these calculations of the 5d106p7s and 5d106p6d configurations has facilitated us
a complete assignment of the levels of energy of the Pb III. The system considered is
complex, with high Z were both relativistic and correlation effects must be important.
Least-square fitting of experimental energy levels partially account correlation effects not
explicitly calculated in our work. Nevertheless and as we already waited, there are some
noticeable discrepancies between our theoretical values and experimental data of oscillator
strengths and lifetimes for the resonance lines 1048.9 and 1553.0 Å. These discrepancies
have been studied with detail in the bibliography and we think that they can be corrected
with the inclusion of core polarization effects. Oscillator strengths and radiative lifetimes
obtained, although in general agreement with the rare experimental data [see e.g. 4-7],
do present some noticeable discrepancies, that are studied in the text.
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Analytical calculation of Einstein coefficients is made for activation barrier of the Boltzmann-
Arrhenius model and an activation process model. For the activation process model an
activation barrier is shown to have discrete energy structure due to its thermodynamic
equilibrium with thermal radiation. This structure is determined by interaction of confor-
mation substates of a molecule with thermal radiation. The Boltzmann-Arrhenius model
represents an activation process as a result of the work of high-energy spectral components
of thermal equilibrium radiation. The process is realized by overcoming a potential barrier
with continuous energy structure. However, it is shown, that such process is essentially
non-equilibrium and hard to achieve at thermal equilibrium radiation [1].
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New transition probabilities of astrophysical interest
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Despite their low cosmic abundances, the lanthanides (Z=57-71) become increasingly
important in astrophysics because they are strongly enhanced in some chemically peculiar
(CP) stars. Up to now, triply ionized lanthanides have not been investigated in stellar
spectra, the main reason being the lack of atomic data. According to Saha equation
however, these ions are expected to be observed in hot-stars spectra. The main purpose
of the present work is to fill in this gap and to provide the astrophysicists with the radiative
data they need for a quantitative investigation of CP-stars high-resolution spectra.

During the meeting, we will present preliminary results obtained so far for triply ionized
lanthanum (La IV). The accuracy of the new data will be assessed through comparison
of the results obtained within the framework of two independent theoretical approaches,
i.e. the partly relativistic Hartree-Fock method [1] and the fully relativistic multiconfig-
urationnal Dirac-Fock approach [2]. Homologous lighter ions will also be considered for
testing the adopted model.

The present work on La IV is a continuation of a long-term effort carried out at Mons
University in order to improve the radiative data of the rare-earth (RE) elements in their
first ionization degrees. Results obtained previously for many RE atoms and ions are
stored in the database DREAM on a web site of Mons University, Belgium (See [3] and
the references therein).
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A new method for determining minute long lifetimes
of metastable levels
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Radiative lifetime measurements of metastable states have been performed for many years
utilizing stored ions. When measuring lifetimes of metastable states in a storage ring the
signal may be greatly enhanced, compared to that from passive observation, by actively
inducing transitions with one or more lasers. The basic principle of our laser probing
technique has been to probe the population of the metastable state as a function of delay
time after ion injection which gives us a population decay curve, see e.g. Ref. [1]. The
introduction of lasers also increases the maximum possible measurable lifetime signifi-
cantly. Currently the longest radiative lifetime measured at the storage ring CRYRING
in Stockholm, Sweden, and to the best of our knowledge in storage rings in general, is
89 s in BaII, see Ref. [2]. For lifetimes longer than this collisional excitation of stored
ground state ions becomes a problem since after a few seconds of storage the vast majority
of the population of the metastable state under study will be originating from ions that
were in the ground state when injected into the storage ring. During the analysis, this
contribution is subtracted from the total fluorescence which gives a low S/N ratio, large
uncertainties and eventually limits the maximum possible lifetime measurable.

A new method has therefore been proposed and its advantages concerning more accurate
lifetime determinations of extremely long lived metastable states demonstrated, see Ref.
[3]. Instead of monitoring the decay of the population of the metastable state relative to
ion injection the contribution from collisional excitation is monitored directly. In contrast
to the metastable state population itself, the collisional excitation grows stronger with
increased storage time which results in a much higher S/N ratio at longer storage times
and higher residual gas pressures and as a consequence the maximum possible radiative
lifetime measurable increases. This technique has so far only been applied in two studies
with lifetimes ranging from 16 to 32 s, the 5d 2D5/2 state in BaII, see Ref. [3], and the
b 4P5/2 state in TiII, submitted to J Phys B. This new technique has not yet been pushed
to its limit but lifetimes of a few minutes will most probably be possible to measure.
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Under normal laboratory conditions metastable states are commonly depleted through
collisions between particles. Under astrophysical conditions, however, low pressures and
temperatures can make the mean free path of particles so long that ions in metastable
states have time to decay spontaneously through forbidden transitions which are usually
not observed in laboratory light sources. Since the intensity of these forbidden lines are
strongly dependent on the frequency of particle collisions these transitions may be used
as density probes of dilute astrophysical plasmas.

The super massive star η Carinae has attracted much attention recently. One of the
surrounding regions referred to as the Strontium-filament contains ejecta from η Carinae
and shows a number of forbidden lines from Sr II, Fe I, Ti II and Sc II. In order to use
these lines as probes transition probabilities are needed which are either calculated or
measured indirectly through lifetime measurements in combination with experimental
branching fractions.

At the storage ring CRYRING in Stockholm, Sweden, lifetime measurements of metastable
states have been performed for many years (see e.g. Ref. [1]) and recently lifetimes of
metastable levels in Sc II and Ti II have been measured and submitted for publication
together with new calculations. The experimental technique utilizes a laser probing tech-
nique and the resulting lifetimes are used in combination with astrophysical branching
fractions deduced from spectra recorded with the STIS spectrograph on board the Hubble
Space Telescope, see e.g. Ref. [2]. All measurements, which are ranging from 1-24 s, are
complemented by theoretical calculations showing good agreement with the experimental
values.
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Low-energy electron collisions with atoms, molecules, radicals, and surfaces are, in general,
strongly influenced by electron-exchange effects. Such effects can be easily characterized in
the electron-impact spin-forbidden excitations (for instance, singlet-to-triplet transitions).
Although exchange mechanism is also important in low-energy elastic electron-molecule
collisions, its effects is usually masked since most experimental studies are performed using
unpolarized electron sources and without spin analysis of the scattered beam. Limited
experimental studies have been reported in the literature over the past years. For instance,
spin-flip (SF) differential cross sections (DCSs) for elastic electron scattering by the Na and
Hg atoms as well as by the open-shell O2 and NO molecules were reported by Hegemann
et al. [1]. Although significant spin-exchange effects were found for atomic targets, very
small effects were observed for O2 and NO. Lately, theoretical studies of da Paixão et
al. [2] have shown that the almost isotropic polarization fractions (SPFs) of scattered
electrons is mainly caused by the molecular orientation averaging, since gaseous targets
are randomly oriented in space.

Recently, we reported a theoretical investigation on spin-exchange effects in elastic elec-
tron collisions with the open-shell C2O radical [3] using the iterative Schwinger variational
method (ISVM). In that study, we have shown that the exchange effects are strongly en-
hanced by the occurrence of resonances. In this sense, the calculated P′/P averaged over
all orientations are no longer isotropic and deviate significantly from unity particularly at
large scattering angles.

Here, we extend the spin-exchange study to two linear triatomic open-shell molecules,
namely CNN and NCN. These two targets are isoelectronic of C2O radical with the
ground-state electronic configuration X3Σ−. As in C2O, strong shape resonances are also
present in the doublet- and quartet-coupling scattering channels for both targets in the
low-incident energy range [3]. In this work, we report a calculation of spin-flip (SF)
differential (DCSs) and integral cross sections (ICSs) as well as spin-polarization (SPFs)
fractions for elastic electron scattering by CNN and NCN in the (1-10)-eV energy range.
Our calculated SF DCSs and SPFs as well as the SF ICSs for these two targets will be
presented during the EGAS.

This work is partially suported by the Brazilian agency CNPq.

[1] T. Hegemann, M. Oberste-Vorth, R. Vogts, and G. F. Hanne, Phys. Rev. Lett. 66
2968 (1991).

[2] F. J. da Paixão, M. A. P. Lima, and V. McKoy, Phys. Rev. A 53 1400 (1996).

[3] M. M. Fujimoto, S. E. Michelin, I. Iga, and M.-T. Lee, Phys. Rev. A 73 012714
(2006).

CP 141

163



Spectral properties of interactions in metallic
endohedral fullerenes Li2@C60 and Na2@C60
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Endohedral fullerenes are of great interest due to their diversity applications as in technol-
ogy so in fundamental research of interatomic interactions. Because of the robust carbon
cage and its large hollow interior space fullerenes can be used as molecular containers and
as building blocks of carbon-based nanotechnology. The program Gaussian 03 and HF
method in basis 3-21G was used in calculation at present work to investigate a spectral
properties of an interactions of Li2 and Na2 molecules encapsulated in C60 carbon cage
that are produced endohedral metallic fullerenes Li2@C60 and Na2@C60. Encapsulating
molecules inside fullerene C60 changes a structure and properties, both molecules as a
carbon skeleton. According of Mulliken population data significant carry of electronic
density from an encapsulated molecule on fullerene cage is observed. Except according
of presented calculation a compression of encapsulated Na2 molecule takes place. This
compression is consequence of steric interaction of multielectronic Na2 system from a
carbon cage. This effect is not observed at encapsulate inside C60 Li2 molecule having
the smaller sizes then Na2 molecule. On the contrary the internuclear Li−Li distance in-
creases, in comparison with free two-nuclear molecule Li2 that shows an increase Mulliken
charge atoms of lithium inside fullerene.

Redistribution of electronic density changes a picture of an oscillatory spectrum of the vis-
itor’s molecule and the fullerene too. The analysis of the form of oscillations for metallic
fullerenes has shown, that all normal oscillations can be divided on two groups: - 6 oscilla-
tions in which atoms of metal take part and 174 oscillations of a carbon skeleton. Except
of metallic atoms oscillation near balance position, oscillation of a metallic molecule as
a whole inside fullerene and antiphase oscillations of atoms of an encapsulated molecule
perpendicularly to nuclear line take place.

Frequencies of normal oscillations of encapsulated molecules Li2 and Na2 according to cal-
culation are equal: 67, 93, 117, 145, 263∗, 290 cm−1 for Li2 and 9, 24, 63, 81, 209, 354∗ cm−1

for Na2. The symbol ∗ notes the frequencies of nuclear oscillations near the balance po-
sition, equal for the main electronic term X1Σ+

g of two-nuclear molecules Li2 and Na2

accordingly 352 cm−1 and 159 cm−1. The fullerene spectrum according to downturn
of system symmetry also changes: instead of 4 active in C60 IR modes the number of
absorption bands in a fullerene spectrum increases. Optimization of metallic fullerenes
structures and the calculation of IR spectra is executed for a case when metals are located
on an C2 axis of symmetry, and atoms of carbon in C60 are fixed and for a case of full
optimization without the requirement of preservation of symmetry. For the case when
atoms of metal are located on C2 axis, reference of fullerene cage oscillation according to
a new system symmetry is executed.
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Simulation of fullerene formation
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The reason why C60 is by far the most abundant fullerene in carbon soot still remains
unrevealed/ It is well known, that C60 fullerene is not energetically the most stable cluster
among that clusters can be find in soot. For example C70 and C84 have larger binding
energies per atom than C60. Hence C60 should be less stable energetically than some other
fullerenes. Nevertheless, C70 is the second most abundant and C84 the third. Besides, the
production yields of them are much lower than of C60. These facts imply the unimportance
of binding energy for the production fullerenes. To elucidate a reason why C60 is the most
abundant one need to unveil the process of fullerenes formation.

There are some formation models - ”pentagon road”, ”fullerene road”, ”ring stacking
model” and ”C10” reaction road. Pentagon road model bases on the curling of graphitic
sheets through the incorporation of pentagons forms fullerenes. Fullerene road model
assumes that the small fullerenes grow into lager ones through sequential C2 additions.
Ring stacking assumes that fullerenes are formed by sequential stacking of carbon rings. It
is natural to expect that the C atoms react with each other to form small carbon clusters
in the early stage of fullerene formation process. That is why the study of small carbon
cluster is the important stage of fullerene formation.

At present work we optimize the ground -state geometries of small carbon clusters using
the b3lyp method of Gaussian 03 program and simulate the fullerene formation according
the ”C10” reaction road method proposed in [1]
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     We report absolute cross sections for the 
formation negative ions resulting from electron 
interactions with adenine. Interest in 
experimental studies of the processes of electron-
impact ion production in the molecules of 
biological relevance is related, first of all, to the 
significance of the problem of intracellular 
irradiation of biological structures by secondary 
electrons produced in the substance in quite 
considerable amounts under the influence of 
different-type radiation. It has been shown in our 
preliminary experiments carried out with the 
heterocyclic components of the above molecules 
[1–2] that under electron impact different 
physical processes occur: i.e. molecules 
excitation, ionization, dissociative excitation and 
dissociative ionization. Physical modeling of 
these processes and estimation of their 
radiobiological consequences require knowledge 
of their basic characteristics – absolute ionization 
cross sections. Reliable data on the ionization 
cross sections could be obtained only in the 
precise experiment, in which the role of 
environment is minimized. Such approach  was 
applied in this work.  
     Production of negative ions of adenine 
molecules (nucleic acid base) has been studied 
using a crossed electron and molecular beam 
technique. The method developed by the authors  
enabled  the molecular beam intensity to be 
measured and the electron dependences and the 
absolute values of the total cross sections of 
production of negative adenine ions to be 
determined. A five-electrode electron gun with a 
thoriated tungsten cathode was used as an 
electron beam source. Electron gun temperature 
was about 400K providing gun parameter 
stability during operation.  Electrons having 

passed the interaction region were trapped by a 
Faraday cup kept at the positive potential. 
Measurements were carried out at the 10-7–10-6 A 
electron beam current and the ΔE1/2~0.3 eV 
(FWHM) energy spread. Electron gun was 
immersed into the longitudinal magnetic field 
(induction B = 1.2⋅102 Tl). An electron energy 
scale was calibrated with respect to the resonance 
peak of the SF6

– ion production, the position of 
which determined the zero point of the energy 
scale.  
     Using the technique developed by the authors, 
the absolute cross sections of the negative 
adenine ions formation have been determined for 
electron energy in the interval from  0.4 to 5.0 
eV. It has been found that the maximal negative-
ion formation cross section σ = 6⋅10-18 cm2   was 
observed for an electron energy of 1.2 eV . Main 
contribution to the cross section was shown to 
result from the dissociative ionization cross 
section. It has been noted that due to the 
resonance mechanism of the negative adenine 
ions formation just at low incident electron 
energy considerable disorders in the nucleic acid 
macromolecules are probable. 
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Anomalous inhomogeneous broadening and kinetics
properites of DMABN
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The anomalously large spectral inhomogeneity of the electronic bands (∆λ ∼ 145 nm)
of N, N-dimethylaminobenzonitrile (DMABN) in a polar solution of glycerol has been
found and investigated [1,2]. In nonpolar solutions there is no substantial manifestation
of inhomogeneous broadening.

In addition to the local excited (LE) band (∼ 360 nm), the emission spectra distinctly
display the band associated with internal change transfer, the CT band having a maximum
near 460 nm. The most interesting property of spontaneous emission by DMABN is an
unusually strong dependence of emission bands on the exciting light wavelength in the
range 290−430 nm. The character of the changes relates to both emission bands and looks
as follows. First, the ratio of the intensity maxima of the components ILE/ICT decreases
in favour of the charge transfer band. At λex = 350 nm the entire spectrum is rather
broad and blurred, and the band maximum is displaced to the red side by about 40 nm.
A subsequent increase in λex to 430 nm causes a further red shift of the entire emission
spectrum to 495 nm. Thus, the resultant shift of the spectrum is anomalously great and
attains 145 nm, with the dependence of the red shift on the excitation wavelength being
almost linear.

The excitation spectra also depend substantially on the registration wavelength λreg.
Characteristically, there is an additional structure in these spectra when recording is
made in the range 390− 420 nm.

Emission decay and anisotropy characteristics of these “red forms” excited at longwave-
length edge of absorption were studied using methods of kinetic picosecond spectroscopy.
The decay times and anisotropy of emission are close to the corresponding parameters of
DMABN upon excitation at the absorption maximum near 300 nm. Results support the
conclusion about luminescence nature of registered emission of DMABN at far antiStokes
excitation.

The given data can be explained taking into account an existence of different conformers
of the solute and dipole-dipole interactions between the solute and solvent molecules, with
allowance for the statistics of the microenvironment, which leads to the appearance of a
considerable inhomogeneous broadening of spectra when DMABN is placed into a polar
solution. Hence, DMABN and some other charge transfer molecules in polar solution
may exist as a set of various conformers differing by their solvate shells. Some of these
conformers possesses absorption and emission spectra well shifted to the longwavelength
and could be selectively excited on the red edge of absorption band.
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Reexamination of the LeRoy-Bernstein formula for weakly
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The energy law giving the eigen energies of a −cn/R
n
− cm/R

m potential (studied by
LeRoy in 1980 [1]), is revisited. For n = 3, m = 6, an analytical law giving the density
of states is deduced. In the context of weakly bound levels an energy law giving the
vibrational number v versus the binding energy ǫ is given. We show that the well-known
LeRoy-Bernstein formula [2] [3] has to be corrected by additional terms, with the first
one varying as ǫ, the second one as ǫ2 and the third as ǫ7/6 [4]. The use of such a law
is discussed in the context of the photoassociation spectroscopy of long range molecular
levels.
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The singlet X − A and X −B absorption coefficient of
the K2 system

F. Talbi, M. Bouledroua, and K. Alioua
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Transitions from the singlet X1Σ+
g to the first excited A1Σ+

u and B1Πu states of the
potassium dimer are studied quantum mechanically. Using the most recent data for the
potential-energy curves for the 4s+4s and 4p+4s molecular systems and the corresponding
dipole transition moments, the reduced absorption coefficients for temperatures ranging
from 880 to 3000 K have been computed. The simulations of the absorption coefficient
show that the bound-bound transitions are dominant in the red wing and reveal the
occurrence of a satellite structure around the wavelength 1049 nm. The temperature
effect on the satellite position and its amplitude has also been investigated and the results
are compared with recent experimental data.
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from ab initio calculations
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Alkali metal clusters have received great attention due to their role as bridge between
atomic and solid state physics. Among the smallest clusters, the trimers are of special
interest, since these systems provide complex spectra including Jahn-Teller distortions,
yet the spectra are well defined and still accessible via ab initio calculations.

The experimental spectra, as well as ab initio calculations, show a regular pattern of
electronic states. High level ab initio calculations [CCSD(T), CASPT2] provide detailed
information about the participating electronic orbitals, and allow us to rationalize the
observed patterns in terms of simplified shell models.

For the low-spin states of K3 the standard electron-droplet model offers a qualitative
explanation.1 In this simplified picture the electronic states are interpreted as single-
electron excitations into delocalized molecular orbitals with typical atomic-like shape.
For the description of the quartet manifolds of K3, K2Rb, KRb2 and Rb3 we utilize the
eigenstates of a harmonic oscillator in a quantum-dot-like confining potential.2
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First observation and analysis
of the (1, 2)1Π states of KCs
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In spite of the fact that the KCs molecule is among prospective objects for production of
ultracold polar molecules, empirical data on its ground state potential have been obtained
only very recently [1]. There are still no experimental spectroscopic data on any of KCs
excited state, and all existing information comes from ab initio calculations [2]. We
present first observation of laser induced fluorescence (LIF) for the (1, 2)1Π states of
KCs studied by Fourier transform spectroscopy using a Bruker IFS125HR, with 0.03
cm−1 resolution. KCs molecules were formed at 280oC in the sealed cylindrical glass
cell containing K (natural isotope mixture) and Cs metals. The LIF D(2)1Π → X1Σ+

spectra have been excited by tuning within 15280 - 15140 cm−1 a diode laser with 130
mW Mitsubishi ML101J27 laser diode. The B(1)1Π → X1Σ+ LIF spectra have been
obtained with excitation frequencies 14400 - 14500 cm−1 by a diode laser with 50 mW
Hitachi HL6750 laser diode. Lasers were mounted in home made external cavity resonators
(Littrow configuration), with a grating serving as a feedback source. Term values of
the (1, 2)1Π states in KCs have been obtained by adding transition frequencies to the
respective ground state (vX , JX)X1Σ+ term values using accurate X1Σ+ state energy
level data from [1]. The dependencies of the (1, 2)1Π states term values on the factor
J(J + 1) have been plotted. In particular, for the D(2)1Π state the rotationless term
values covered the energy range from ca. 15400 to 16400 cm−1, spanning the J range
from 16 to 205. Preliminary vD identification was suggested. The dependencies have been
compared with their theoretical counterparts based on calculations in [2]. The analysis
has revealed a noticeable deviation from regular dependence caused, most probably, by
spin-orbit interaction of the D(2)1Π state with the (3)3Σ+ state and, especially, with the
very closely lying (2)3Π state, as predicted in [2]. The work on vibrational assignment
and potential energy curves construction of the states under study is in progress.

Support by Latvian Science Council grant No. 04.1308 is gratefully acknowledged by Riga
team. O.N. acknowledges support from European Social Fund. Moscow team acknowl-
edges support by the Russian Foundation for Basic Researches grant No. 06-03-32330a.

References

[1] R. Ferber, I. Klincare, O. Nikolayeva, M. Tamanis, A. Pashov, H. Knöckel and E.
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High resolution spectroscopy and IPA potential
construction of a3Σ+ state in KCs
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Study of a3Σ+ states of heteronuclear alkali dimers has a strong motivation in supplying
necessary spectroscopic data for producing ultra-cold molecular species in their ground
state. We present the analysis of high resolution laser induced fluorescence (LIF) spectra
to the a3Σ+ state of KCs, see also [1]. The fluorescence has been studied using a Bruker
IFS125HR Fourier transform spectrometer, with a typical resolution of 0.03 cm−1. KCs
molecules were produced at 280oC in a sealed cylindrical glass cell containing K and Cs
metals. For excitation a single mode ring dye laser Coherent 699-21 with Rhodamine 6G
dye was used as a light source. Excitation frequencies were selected between 16870 cm−1

and 17280 cm−1 and measured by a wavemeter (HighFinesse WS6) with about 0.015 cm−1

accuracy. The laser frequencies were tuned until the LIF signal to the a3Σ+ state of KCs,
as monitored by the Fourier spectrometer in the preview mode, exhibited a maximal
value. LIF observed between 13700-14200 cm−1 revealed clear hyperfine structure and
therefore was attributed as fluorescence to the a3Σ+ state. In the same spectra LIF to
the ground state was present as well. Only P and R transitions were observed in LIF
to both the a3Σ+ and the X1Σ+ states. The upper state exited in our experiments is
most likely (4)1Σ+ perturbed by (3)3Σ+ and (2)3Π states. Term values of the a3Σ+ state
in KCs have been obtained by subtracting the transition frequencies from the respective
excited state (v′, J ′) term value. This term value was obtained by adding the energy
of the corresponding level of the X1Σ+ state, calculated from the analysis in [1], to the
respective (i.e. originating from the same upper state (v′, J ′)) transition frequencies.

At current research stage we have assigned 681 LIF lines in 48 LIF progressions to the
a3Σ+ state spanning v∗ from 1 to 21 and J from 23 to 143. The symbol v∗ means
the preliminary current assignment of vibrational quantum numbers. A first empirical
potential of the a3Σ+ state is presented, obtained by the Inverted Perturbation Approach
(IPA) method [2]. The work on vibrational assignment and potential energy curve of the
a3Σ+ state is still in progress.

Support by Latvian Science Council grant No. 04.1308 is gratefully acknowledged by the
Riga team. O.N. acknowledges support from European Social Fund. The Hannover team
acknowledges support through SFB407 by DFG. A. P. acknowledges partial support from
the Bulgarian National Science Fund Grant No. VUF 202/06.
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In recent years, molecules with large optical non-linearities have been extensively studied
due to their potential applications in various optical devices. Some organic molecules
with donor and acceptor groups connected by a π-conjugated bridges show very large
first-order hyperpolarizability (β). The existence of electronically excited states with
strong intermolecular charge transfer (ICT) character is an essential prerequisite for large
non-linear optical properties.

Ethyl 5-(4-aminophenyl)-3-amino-2,4-dicyanobenzoate (EAADCy) and its derivatives, or-
ganic molecules containing separate electron donor and electron acceptor groups, belong
to biphenyl derivatives in which a large dipole moment change between ground (S0) and
the first excited (S1) states as well as a large transition moment were measured. It is well
known that first-order hyperpolarizability (β) depend on several spectroscopic parameters
of the two-level model of organic molecule (J.L. Oudar, D.S. Chmla, J. Chem. Phys. 66
(1977) 2664):

β ∝ ΔμegM
2

eg

E2
eg

(1)

where Δμeg – difference in dipole moment between ground and excited state, Meg – transi-
tion dipole moment, Eeg – transition energy. Therefore, in this communication we present
a scrupulous analysis of the first-order hyperpolarizabilities of molecules under study. The
calculated (using semiempirical calculations, CAChe WS 5) βtheo values are discussed in
relationship to the experimental data βexp obtained from steady-state spectroscopic mea-
surements.
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Electronic structure of the [Au2(dmpm)(i – mnt)]
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Compound [Au2(dmpm)(i – mnt)] was synthesized by Tang et al [1] as part of a series of
dinuclear gold compounds that have intra and inter molecular Au–Au interaction. In this
work a theoretical study of this complex is presented. Full geometry optimization at MP2
level was performed on one and two molecules. The basis set used is LANL2DZ for Au and
6-31++G** for all other atoms. The structural parameters obtained for a single molecule
show that the aurophilic interaction is present with a Au–Au distance of 3.0Å. A scanning
of the potential energy surface at the MP2 level was done by changing the intermolecular
gold gold distance between two units of the compound and a minimum was found at
3.3Åwith an interaction energy of 5 kcal/mol which is consistent with the binding energy
found in the experiment on this type of complexes. Excited states calculations were also
carried out to study the optical spectra observed. The results are in good agreement
with those found in experiment, the emission and absorption bands are generated by
Metal Ligant Charge Transfer (MLCT) and Metal Centered Charge Transfer (MCCT)
interactions, respectively.
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A lecture demonstration of quantum erasing
on a photon-by-photon basis
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The introduction of the wave-particle duality in quantum mechanics courses often starts
by a discussion of the famous Gedankenexperiment in which a double slit is illuminated
by single photons. The classical interference pattern on the screen can then be explained
in terms of the superposition of a large number of single photon events, in which each
of the photons has passed both slits simultaneously. In recent years we have developed
two lecture demonstration experiments of this effect: a first version using a double slit
with a single photon CCD camera [1,2], and a second version using two-path interference
in a Mach-Zehnder interferometer (MZI) combined with photomultiplier detection [2]. In
the latter apparatus we vary the path difference of the interfering beams periodically by
modulating one of the MZI mirrors with a piezo-transducer, and displaying the outgoing
light intensity on an oscilloscope. Using strong light and a photodiode one observes
smooth fringes, while the use of strongly attenuated light, and a photomultiplier reveals
the individual photon structure of the fringes. In that case photon clicks can also be
rendered acoustically. This apparatus can be used to demonstrate many effects related
to single photon interference in an undimmed large auditorium.

Recently we have extended the latter experiment for demonstrating the phenomenon of
quantum erasing. Interference fringes are a consequence of the indistinguishability of
the paths taken by the particle in the interferometer. Any attempt to put individual
labels on the particles in each path leads to a disappearance of interference. This can be
demonstrated in a simple way by inserting orthogonally oriented linear polarizers in the
two paths of the MZI. When doing so the interference fringes on the screen are made to
disappear. However, the which-way information imposed by the polarizers can be erased
after the particles have left the interferometer. In practice this is realized by the insertion
of a third polarizer, the eraser, oriented at ±45◦ before the screen. The erasing polarizer
destroys the polarization labels and makes the interference reappear, a phenomenon called
quantum erasing. In terms of classical wave superposition the phenomenon is readily
understood, but its understanding at the single photon level presents some difficulties for
students. From a didactical point of view it is a nice example for introducing the concept
of entanglement: while being in the interferometer the external degree of freedom (path)
of each photon is entangled with its internal state (polarization).

The versatile apparatus described above can be used to demonstrate quantum erasing on
a photon-by-photon basis in an impressive manner.
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Stark shift in the Cs clock transition frequency:
A new experimental approach

J.-L. Robyr, P. Knowles, A. Weis
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The precision of microwave atomic clocks is approaching the 10−16 level, and at this
precision, more refined accounting of the perturbations affecting the cesium hyperfine
level splitting must be carefully considered. The AC Stark shift induced by blackbody
radiation via the polarizability of the Cs atom is one such disturbance. The past few
years have seen a renewed interest in the measurement and theoretical description of that
effect. We report on progress towards the application of coherent population trapping
(CPT) in a pump-probe experiment on a thermal atomic beam for a new measurement
of the third order scalar and tensor polarizabilities that underlie the blackbody shift.

The polarizability, α, describes the energy shift of a level via ∆E(n, LJ , F,MF ) = −1
2
αE2,

and is traditionally expanded in a perturbation series whose first few terms are

α = α
(2)
0 (n, LJ) + α

(3)
0 (n, LJ , F ) + α

(3)
2 (n, LJ , F )

3M2
F − F (F + 1)

I(2I + 1)
.

Only the third-order perturbation terms α
(3)
0 (scalar) and α

(3)
2 (tensor) create a shift af-

fecting the Cs hyperfine structure, and hence the clock transition frequency ν00(3, 0→4, 0).
Recent examination of the theory underlying the polarizability[1] has corrected a long–
hidden sign error, and several recent measurements of the AC and DC Stark shifts of
ν00 are not consistent with each other. We wish to help clarify the situation by a new
experiment.

The principle of the experimental method is to create a hyperfine coherence using CPT in
an atomic beam, to allow the coherence to evolve for a certain time in controlled magnetic
and electric fields, and finally to probe the phase accumulated in the field region. Part
of the phase difference will be proportional to the differential level shifts produced by
the applied electric field and thus give access to both the third-order scalar and tensor
polarizabilities of the Cs ground state. We plan to measure the shifts in all accessible
MF levels, and not only in the MF =0 clock transition states. A degenerate CPT version
of the method was successfully used by us to measure[2] the tensor Stark shift α

(3)
2 , a

value roughly two orders of magnitude smaller than the scalar α
(3)
0 which dominates the

contribution to the black body shift.

Details of the apparatus and the physics under study will be presented.
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Magnetic Field Imaging With Arrays of Cs
Magnetometers: Technology and Applications

P. Knowlese, G. Bisone,h, N. Castagnae, A. Hofere,
A. Mtchedlishvilil , A. Pazgaleve,l,1, A. Weise,

and including the PSI nEDM collaborationa−l

aPhysikalisch Technische Bundesanstalt, Berlin, Germany
bLaboratoire de Physique Corpusculaire, Caen, France

cJagellonian University, Cracow, Poland
dJoint Institute for Nuclear Research, Dubna, Russia

eUniversity of Fribourg, Switzerland
f Institut Laue Langevin, Grenoble, France

gLaboratoire de Physique Subatomique et de Cosmologie, Grenoble, France
hBiomagnetisches Zentrum Jena, Germany
iKatholieke Universiteit, Leuven, Belgium

jJohannes-Gutenberg-Universität, Mainz, Germany
kTechnische Universität München, Germany

lPaul Scherrer Institut, Villigen PSI, Switzerland
1Ioffe Physical Technical Institute, St. Petersburg, 194021, Russia

The precision measurement of magnetic fields is of interest for both applied and funda-
mental physics. In many of these cases, atomic cesium magnetometers pumped by a laser
(LsOPM) or by a discharge lamp (LaOPM) and operating via simultaneous application
of optical and magnetic resonance, have the necessary sensitivity[1]. The shift from using
multiple lamps to using a single laser (with holographic beam splitting) as a light source for
driving many sensors has improved the suitability of the LsOPM for use in multi-channel
applications. A successful effort in the mass production of paraffin anti-relaxation coated
Cs vacuum cells, along with a compact sensor design which maintains a high magnetic
sensitivity (∼ 20 fT/

√

Hz), shows that the multi-sensor (∼ 50) approach to field imaging
is realistic with LsOPMs. The compact sensors (30 × 40 × 40 mm3) are vacuum com-
patible and, once assembled, relatively rugged and insensitive to vibration and shock.
Successful all-digital control of the magnetometer, as performed by dedicated FPGA sys-
tems including real-time feedback between different sensors in the array, indicates that
the initial hurdles slowing the creation of a fully operational compact multi-sensor optical
magnetometry array have been overcome.

Developments related to the sensors and their in-array operation will be detailed. Future
applications, such as the control of the magnetic field stability for the new neutron electron
dipole moment experiment at PSI as well as in the domain of cardiomagnetic field imaging,
will be explained.

[1] S. Groeger, A. S. Pazgalev, and A. Weis, Appl. Phys. B 80, 645 (2005).
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Performance of a compact dark state Magnetometer
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Measuring magnetic fields by means of spectroscopic-optical methods has advantages in
many respects. E.g. in best case the magnetic field sensor of an optical magnetometer can
only be made of a (nonmagnetic) glass cell containing a tiny amount of an alkali metal
non perturbing the external magnetic field. Moreover the optical sensor is working near
room temperature. Thus unlike to the (in common more sensitive) superconducting quan-
tum interference device (SQUID) magnetometer an extensive cooling down to cryogenic
temperatures can be avoided.

We consider a compact vertical surface emitting laser (VCSEL) based dark state Mag-
netometer. In such kind of optical magnetometer the zeeman split (magnetic sensitive)
components of the coherent population trapping (CPT) resonance spectrum are used to
determine an external magnetic field. By applying the Breit-Rabi formula the value of
the external magnetic field can be derived directly from the frequency of the magnetic
sensitive CPT resonance components.

In our investigations the advantages and constraints of such a compact magnetometer
type in terms of sensitivity, measurement bandwidth, noise and influence of magnetic
field gradients are outlined. E.g. in our actual magnetometer setup a sensitivity down to
10 pT/

√
Hz is reached.

The work is founded by the Fonds zur Förderung der wissenschaftlichen Arbeit (FWF)
(Project No.: L300-N02)
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Coherent population trapping (CPT) and double radio-optical resonance (DROR) are
quantum nonlinear effects. Both these effects are the base for the creation of high preci-
sion magnetometers and atomic frequency standards.
We study the influence of the laser induced transport (LIT) [1] and the laser induced line
narrowing (LILN) [2] effects on the DROR and CPT resonance line shape for excitation in
87Rb atomic vapors in wall-coated and uncoated cell. We take into account both hyperfine
and Zeeman structures of the ground and the excited states of 87Rb atoms as well as the
probabilities of spontaneous transitions. We investigate the dependence of the resonance
shape on the length of the cell, on the type of boundary conditions, on the polarization
and intensity of laser and microwave fields, and on the laser line width (”narrow-band”
and ”broad-band”).
Laser induced transport in DROR: The first the LIT was predicted for three-level
model in [1]. We show that the LIT takes place in buffer-less cell with real 87Rb atoms.
The physical essence of the LIT effect is the caused by the Doppler effect velocity-
selectivity of the interaction of ”narrow-band” laser field with atoms, resulting in Bennett
dips and peaks in the velocity distribution of atoms in the ground state sublevels. Asym-
metry of the two velocity distributions gives rise to the opposite-directed (along the laser
propagation direction) fluxes of the atoms in the ground state sublevels. Therefore, a flux
of the population inversion (or, equivalently, of the longitudinal magnetization) arises.
This behavior one experimentally can obverse as the transmission peak in the centre of
the DROR signal [3]. LIT effect is most pronounced for ”narrow-band” laser pumping.
Laser induced line narrowing in CPT resonance: The LILN of the CPT resonance
realizes only in the case of excitation by ”narrow-band” laser. We established that for
the LILN mechanism the parameters (the amplitude and width) of the CPT resonance
excited on hyperfine transition weakly depend on the cell size and the type of the coating
[4]. When the components of the laser field are comparable the CPT resonance width
depends linearly on the laser field intensity. This case was investigated in [5] where
the formation of CPT resonance on Zeeman sublevels was studied. In contrast for the
electromagnetically-induced transparency (EIT) effect (where one laser field is drive and
the other - probe) the EIT width increases proportionally to the square root of the drive
field intensity [6].
This work is supported by INTAS-CNES-NSAU grant, project 06-1000024-9321.
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The practical implementation of quantum information requires to develop techniques of
mapping of light pulses into the excitation of media in order to allow the subsequent
retrieval of the stored information. Recently, broad attention has been focused on the
possibility of ”light-storage” under the conditions of electromagnetically induced trans-
parency (EIT), as proposed by Fleischauer and Lukin [1]. The method is based on the
existence of a dark state in Raman interaction of a Λ-type system. We present an alter-
native method for the storage and retrieval of optical information using adiabatic passage
along a bright state (b-state). We present theoretical calculations demonstrating that a
light storage can take place in media where EIT does not occur. This method is achieved
for short pulses of interaction time shorter than the relaxation times. Such a bright state
allows population transfer by a Stimulated Raman adiabatic passage using an intuitive
pulse sequence (process named b-STIRAP), as demonstrated in Pr+3Y2SiO5 [2].

In the present work we obtain an analytical solution of the set of Maxwell-Shrödinger
equations describing the propagation of two laser pulses in a Λ-type medium for an in-
tuitive pulse sequence. We show that it allows an effective storage and retrieval of an
optical pulse. The probe pulse that is switched on later than the control pulse propagates
in the medium with the velocity greater than the light velocity (superluminal propaga-
tion). When the control pulse is switched off, the shape of the probe pulse is mapped into
the coherence of the lower states. After a subsequent switching on of the control pulse
the probe pulse is shown to be completely restored.

We have analyzed population transfer process in a medium via b-state during the pulse
propagation. We show that for specific interaction parameters one can achieve an efficient
population transfer. We have estimated the maximal length up to which population
transfer is still possible.
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We present our results on the exploitation of interference effects for population switching
of excited states. Our calculations show that spatial distribution of the atomic excitation
can be controlled by employing the Autler-Townes effect [1] in a laser coupling scheme
enabling Ramsey interference [2]. Interference fringes in the Autler-Townes spectra have
been reported in [3] for the case of a closed three-level system coupled by a resonant pulsed
pump laser in the first excitation step, creating time-varying dressed states, which were
probed by a simultaneous probe pulse in the second excitation step. In our experiment,
a supersonic sodium beam is crossed by two cw laser beams, which couple an open three-
level ladder system. The lasers are focused in such a way that a strong and short (tightly
focused) pump laser couples the two lower levels |g〉 and |e〉 , and weak and long (less
tightly focused) probe laser couples the intermediate |e〉 and the upper level |f〉. The
pump laser thus creates two spatially varying dressed states, whose energy difference is
determined by the pump field Rabi frequency and its detuning from resonance.

Our numerical calculations of density matrix equations of motion using the split propaga-
tion technique [4] show that with this arrangement the spatial distribution of populations
of excited atomic or molecular states can be precisely controlled by varying the laser
frequencies and intensities. When the frequencies of both laser are fixed, the excitation
of the upper level can take place at two spatial locations. This leads to two alternative
excitation pathways of the level |f〉 , where the probability amplitude of this level after
the second crossing point is determined by the constructive or destructive interference
of both excitation pathways. Our simulations show [5] that interference fringes in the
excitation spectrum of the upper level can be resolved when counter-propagating laser
beams are used to avoid residual Doppler broadening. We show that moderate detunings
of the strong dressing laser are favorable for the observation of interference effects. The
experimental realization of the idea is in progress.

The work is supported by the EU TOK Project LAMOL, European Social Fund, Latvian
Science Council, and RFBR Grant 05-02-16216.

References
[1] S.H. Autler, C.H. Townes, Phys.Rev. 100, 703 (1955).
[2] N.F. Ramsey, Molecular Beams (Clarendon, Oxford, 1989).
[3] S.R. Wilkinson, A.V. Smith, M.O. Scully, E. Fry, Phys. Rev. A53 (1), 126 (1996).
[4] M.D. Fiet, J.A. Fleck, A. Steiger, J. Comput. Phys. 47, 412 (1982).
[5] N.N. Bezuglov, R. Garcia-Fernandez, A. Ekers, K. Miculis, L.P. Yatsenko, K. Bergmann,
”Consequences of optical pumping and interference for excitation and spectra in a coher-
ently driven molecular ladder system” (in preparation).

CP 160

182



High-rank polarization moments influence on the
CPT resonance obtained on two-level degenerated

system

E. Alipieva, E. Taskova, S. Gateva and G. Todorov

Academician Emil Djakov Institute of Electronics, Bulg. Acad. Sc.,
72 Tzarigradsko Chaussee, 1784 Sofia, Bulgaria

E-mail: alipieva@ie.bas.bg

In two-level degenerated system Coherent Population Trapping (CPT) resonance is due
to the interference between the Zeeman sub-levels with ∆m=2, created by interaction
of resonance linear polarized laser beam with the atoms. The resonance is detected by
sweeping magnetic field B0 around its zero value - Hanle configuration. The multiphoton
processes and the low relaxation rate of the lower levels allow creation of coherences
between sub-levels with ∆m>2. The laser field transfers this coherence in the fluorescence
from the upper level and thus changes the shape of CPT resonance.

The investigations were performed on the D1
87Rb line (F=2→F=1 transition) in an

uncoated cell. The comparative - theoretical and experimental investigation, performed
of the shapes of the CPT resonances registered in fluorescence shows that the high-rank
polarization moments (HRPMs, ∆m>2) influence them at low excitation power and at
high excitation powers as well. The HRPMs conversion is proved to cause the CPT
resonance shape peculiarities at the center of the resonance: at low excitation power,
a specific difference from the Lorentzian shape is observed, while at a high power of
excitation, an inverted structure is registered [1].

All resonances in Hanle configuration are centered at zero magnetic field. The inte-
gration of the modulation and coherent spectroscopy allows resonances due to different
polarization moments to be resolved and enlarge the application area of the investiga-
tions [2,3]. A.c. electromagnetic field (EMF) applied collinearly to the B0 modulates
the frequency difference between the Zeeman sub-levels. The Larmor frequency becomes:
ω=ω0+ω1cosΩt, where Ω is the EMF frequency. The intensity of the scattered from the
atoms light is modulated and shows resonance increasing when EMF frequency is multiple
to the Zeeman sub-levels difference. When EMF is applied the side-band resonance which
corresponds to coherence created between m=+2 and m=−2 Zeeman sub-levels appears
first. The parameters of this resonance in dependence of experimental conditions were
investigated.

The results of this investigation are interesting for high-resolution spectroscopy, magne-
tometry, and metrology applications.
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The extensive study of alkali-vapor layers with nano-metric thickness L has been made
possible through the development of cells of L ≤ 1 μm , where the thickness of the vapor-
layer can be varied in an interval around the wavelength λ of the irradiating light [1]. It
was shown that the width of the fluorescence profiles increases with the cell thickness [2].

We present experimental and theoretical studies of the fluorescence spectra on the D2

line of Cs-atomic-layers with L = mλ (m = 0.5, 0.75, 1, 1.25), when irradiated by narrow-
band laser light tuned around λ = 852nm. We use the theoretical model [3] based on
the Optical Bloch Equations and obtain qualitative agreement between the theory and
the experiment. The atomic systems are separated in two groups: closed and open. Well
pronounced narrow dip in the fluorescence (superimposed on the top of the sub-Doppler-
width fluorescence profile) is observed experimentally only for the open transitions suffer-
ing hyperfine/Zeeman optical pumping, and for L ≥ λ. In the case of closed transition,
non-suffering population loss extremely small peculiarity in the fluorescence profile is ob-
served for L = 1.25λ [4]. Systematic comparison is made between the fluorescence profiles
amplitude and width, estimated theoretically and experimentally. With laser power the
amplitude and the width of the fluorescence profiles increase, for all cell thicknesses and
all transitions. In agreement with the previous results [2], the width of the transition
profiles is growing with L. However, we report here about the following new peculiarity:
the enhancement rate of the transition width is not constant, namely it is larger for L
varying in the interval 0.75λ ≤ L ≤ λ than that varying in the interval λ ≤ L ≤ 1.25λ.

We show that the width of the fluorescence profiles strongly depends on the layer thickness
(with variations as small as 213nm). These results can be used for spectral investigations
of atoms confined in nano volumes, as well as for spectroscopy of miniature gas discharges.

Authors are grateful to Prof. D. Sarkisyan for providing the nano-cell, as well as to
INTAS (grant: 06-1000017-9001), Indo-Bulgarian program of cooperation in science and
technology (grant No. BIn-2/07) and the French-Bulgarian Rila collaboration (French
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Absorption spectrum of an atomic vapour layer, which thickness L is close to the wave-
length of the irradiating light λ, shows a narrow structure on the Doppler broaden back-
ground. This is attributed to Dicke narrowing [1,2], which is due to the coherent contri-
bution of all velocity group atoms into the narrow absorption signal at the position of the
central frequency of the transition. This is possible because the Doppler shift is eliminated
by the transient regime of atom-light interaction when the transient interaction time is
shorter than the lifetime of the exited state. The maximum contribution of Dicke effect
is achieved for L = λ/2, while the effect is cancelled at L = λ[2]. It has been shown that
a revival (with an amplitude lower than that at L = λ/2) of the Dicke narrowing occurs
for L = (2n+1)λ/2. The maximum amplitude of the Dicke revival is for L = (3/2)λ[2-5].

We present the absorption spectra in saturation regime on the D2 line of Cs-vapour-layer
with L = (5/4)λ, irradiated by tunable (around λ = 852nm diode laser light[6]. The
atomic gas is confined in a nano-cell [7]. Different saturation behavior for closed and open
optical transitions reported before in [6,8,9]is studied for cell thickness L = (5/4)λ. For
the closed transition, well pronounced Dicke narrowing is observed starting from low light
intensity and it is preserved even on the saturation deep occurring at high intensity. On
the contrary, the open transitions do not show Dicke resonance under the same conditions.
The observations differ from those for L = (3/2)λ [5], where the Dicke revival is observed
for both closed and open transitions. The result is of basic importance for revealing of
the influence of the optical pumping/saturation processes to the Dicke effect.

We thank D. Sarkisyan for nano-cell, D. Bloch and M. Ducloy for discussions, INTAS (gr.
06-1000017-9001) and Rila collaboration (French gr.: 98013UK, Bulgarian gr.: 3/10).
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Dark and bright resonances in large J systems: 
example of K2 molecule  
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We report the results of an experimental as well as theoretical study of the dark and bright
resonances in the ground state of systems with extremely large angular momentum. It is
shown that, besides the well-known zero-magnetic field suppression of the absorption on 
Jg = J → Je = J– 1, J transitions caused by population trapping in the ground Jg state, 
optical pumping may induce enhanced absorption as well. This occurs if some conditions
are met on Jg = J→ Je = J + 1 transitions for small magnetic field B values. The latter effect 
becomes more pronounced if the J-value increases and disappears if a substantial fraction
of the excited molecules can spontaneously decay to a level that is different from the one
on which the absorption transition started. Bright resonance enhancement is substantially 
stronger for excitation with circularly polarized light than for excitation with linearly
polarized light. The experiments were carried out with the K2 molecule, and the results of 
our measurements agree reasonably well with numerical simulations that were based on
the optical Bloch equations for the density matrix [1].  
K2 molecules were formed in a glass cell that contained K metal at a temperature of
170 °C, and which was placed between the poles of an electromagnet that produced a
magnetic field B up to 10 kG. The Q-type B(1)1Πu ← X1Σ+

g transition to the rovibronic 
level with ve = 0 and Je = 104 was excited by a diode laser with a Mitsubishi ML101J27
laser diode at the 15192.29 cm-1 transition frequency. The laser power in the cell was about
20 mW and the laser beam width about 2.5 mm. Dark resonances were observed in the
intensities of linearly polarised laser induced fluorescence with polarization vectors Eobs 

both parallel (Ipar) and orthogonal (Iort) to the exciting laser radiation polarization vector 
Eexc, which was orthogonal to B. We detected well pronounced dark resonance signals,
with larger contrast in Ipar by about 30% , and signal width about 6 kG, which agreed with 
theoretical predictions. Bright resonances had been neither detected nor predicted
previously for such a system because of the presence of “leak” transitions to the Ji-levels 
other than the pumped Jg transition.  

The authors are grateful for the support from the Latvian State Research programme in 
Material Science 1-23/50 and from the ERAF grant 
VPD1/ERAF/CFLA/05/APK/2.5.1/000035/018.  
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We present detailed experimental and theoretical studies of F -resolved bright and dark
magneto-optical resonances at D1 excitation of atomic cesium in a vapor cell [1]. Although
these effects have been known for some time [2,3], experimental measurements [4,5] did
not agree with theoretical predictions [6,7]. Previously studied systems have been difficult
to model because several hyperfine levels contributed to the signal simultaneously. The
advantage of the cesium D1 line system considered here is that the hyperfine splitting of
the excited 6P1/2 state exceeds the Doppler width and therefore the hyperfine transitions
from ground state levels Fg = 3, 4 to excited state levels Fe = 3, 4 can be studied
individually despite Doppler broadening.

Cesium atoms in a vapor cell were excited by linearly polarized laser radiation from
an external cavity diode laser and the laser induced fluorescence was detected with a
photodiode in a direction perpendicular to the laser propagation and polarization. The
magnetic field in the observation direction was scanned by means of a Helmholtz coil.
The laboratory magnetic field in the other directions was compensated by two other
Helmholtz coils. Experimentally obtained signals for various laser power densities and
transit relaxation times were compared to the results of a theoretical calculation based on
the optical Bloch equations, which averages over the Doppler contour of the absorption
line and accounts for the contribution of all hyperfine levels, as well as mixing of magnetic
sublevels in an external magnetic field.

In contrast to previous studies which could not resolve the hyperfine transitions, in this
study there is excellent agreement between experiment and theory regarding the sign
(bright or dark), contrast, and width of resonance. The results thus support the theoretical
description of these resonances originally proposed in [6,7]. Renewed confidence in the
theoretical underpinnings of these resonances and a detailed theoretical model could aid
in the design of optical devices based on this effect.

We acknowledge support from the Latvian National Research Programme in Material Sci-
ences Grant No. 1-23/50, the University of Latvia grant Y2-ZP04-100, the ERAF grant
VPD1/ERAF/CFLA/05/APK/2.5.1./000035/018, and the INTAS projects 06-1000017-
9001 and 06-1000024-9075. F. G., A. J., and L. K. acknowledge support from the ESF.
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The Autler-Townes (AT) effect is associated with its typical doublet structure in the
excitation spectrum [1], which is due to the dressing of two energy levels by strong coherent
radiation field [2]; the dressed states can be observed by an auxiliary weak probe field
coupled to some third level. It has been extensively studied in detail in atoms [3] and less
extensively also in [4] molecules.

In our recent work [5] we have extended the studies of AT effect to atomic and molecular
systems where hyperfine structure is present. In the case of a three-state ladder with
hyperfine structure in Na coupled by two laser fields, simulations based on a theoreti-
cal model of solving the optical Bloch equations (OBE’s) [6] show that application of a
sufficiently strong coupling between the intermediate and the final states results in full
resolution of the mF Zeeman sublevels of the hyperfine levels F . This resolution, however,
vanishes if the hyperfine levels can not be initially resolved spectroscopically, which is the
case for most molecular systems.

Currently, work is in progress to understand the above effects in the case of both resolved
and unresolved hyperfine structure and to predict possible experimental applications. Be-
sides OBE’s we employ an alternative method treating the laser-atom system by solving
the Shrdinger’s equation to obtain the time evolution of the probability amplitudes. Com-
parison with the simulations based on solving the OBE’s shows the same energy positions
of the mF Zeeman sublevels under the action of a strong laser field but different widths
and intensities of the AT peaks, since no cascading due to spontaneous emission is in-
cluded. Simulations based on Shrdinger’s equation show that the increase of the coupling
field strength, compared to the separation between the hyperfine components, leads to
rapid decrease (and eventually vanishing) of the intensity of all AT peaks besides the two
side ones. The latter is explained in view of the creation of multiple dark states in a
multilevel system coupled by a strong filed.
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 The recent interest in the effect of electromagnetically induced transparency (EIT) 
phenomenon is caused by a number of important applications. We study the possibility 
for miniaturization of alkali cells for application in the EIT experiments without 
compromising the EIT resonance parameters [1]. 

We present results on an EIT ladder system of the 85Rb, 87Rb, 5S-5P-nD(mS) 
transitions with n = 5  as well as involving highly excited Rydberg states with n = 26 
and m = 48. For this purpose a recently developed multi-region (MR) high temperature 
cell containing Rb vapor has been used. The construction of MR cell allows us to study 
EIT effect in atomic vapor of thickness L= 4 mm, 2 mm, and 0.5 - 6 µm. The design of 
MR cells with length L in the range of 30 nm - 10 mm will be presented. It is 
demonstrated that in 4 mm and 2 mm-long cells it is possible to realize a robust 
formation of EIT resonance in counter-propagating geometry [2] with a high contrast 
(50 - 60%) and with a sub-natural linewidth. The fine structure of 26 D5/3, 3/2 has been 
measured. For 5S-5P-48S system a pronounced Stark broadening of the EIT resonance 
is observed. The short thickness of the cell allows one to provide a tight focusing to 
achieve high intensity. Under this condition efficient 2-photon absorption has been 
detected, even when the thickness L is reduced to 6 µm. 

We present experimental and theoretical results on an EIT ladder system of the 
85Rb, 87Rb, 5S-5P-5D for a pure Rb vapour column with L of the order of light 
wavelength (λ =780 nm) and varying in the range of (0.75 to 6) λ. It is shown that in the 
case when coupling laser frequency is resonant with atomic transition the linewidth of 
the EIT resonance (6 to 8 MHz) is weakly dependent on the thickness as ~ L-0.25. The 
explanation is that the contribution of atoms with small velocity projection in the laser 
radiation direction (i.e. atoms flying nearly parallel to the cell windows) is enhanced 
thanks to their longer interaction time with laser field [1]. Due to this atomic velocity-
selectivity, the observed linewidth of the EIT resonance is more than by an order 
narrower than that expected from the inverse of the window-to-window flight time of 
the atoms. Meanwhile, direct influence of atom-wall collisions on the EIT resonance is 
well seen when there is a large detuning of the coupling laser with respect to resonance 
transition (EIT linewidth for this case achieves ~100 MHz). The slight dependence of 
the EIT linewidth for the case when coupling frequency is resonant with atomic 
transition allows us to detect EIT resonance (<20 MHz) at the smallest thickness 
reported up to now L= 0.75 λ = 585 nm. 
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 Magneto-optical effects, in particular the nonlinear Faraday rotation (NFR), have proven to 
be powerful tools in the laser spectroscopy of atomic gases. Optical magnetometers based 
on ultra-narrow spectral features accompanied by a strong polarization rotation are under 
active development. Ordinary cm-sized alkali metal cells are basic elements of such types 
of optical magnetometers [1]. Recently, differences of the resonant absorption and 
fluorescence spectra on the D2 line (λ =852 nm) of Cs vapor were demonstrated [2] when 
exciting the transition either in a cell of L=λ/2 thicknesses and a L=λ cell.  

Here we present experimental and theoretical results of NFR signals for thicknesses 
L=λ/2 and L=λ performed on the D1 line λ =894 nm of Cs vapor. The nanocell was placed 
inside Helmholtz coils and a crossed polarizer geometry was used. The beam of a 
frequency-tunable DFB diode laser (λ = 894 nm, spectral width γL ~ 6 MHz) irradiated the 
nanocell under an angle close to the normal in resonance with the D1 line of Cs. Signals 
recorded with different laser intensities were compared. The magnetic field B was applied 
along the laser propagation direction and could be varied in the range of 1-20 G. Spectra of 
the NFR signal and absorption spectra for L=λ/2 and L=λ were compared. 

There are two main features: i) significant differences were observed between the 
NFR signal at L=λ/2 (~450 nm) and at L= λ. In the L=λ/2 cell, the Dicke-narrowed 
absorption profile causes a stronger nonlinear Faraday rotation than in the L= λ (while in an 
ordinary cm-sized cell a length increase leads to increase of the NFR signal), accompanied 
by a significant spectral narrowing down to 20 MHz. ii) at relatively high intensities (>10 
mW/cm2) the spectrum of the NFR signal for  L= λ /2 simply broadens, while for L= λ, the 
NFR signal vanishes completely due to strong optical-pumping. The different behaviors for 
L= λ /2 and L= λ is more pronounced in the NFR signals than in the absorption spectra. A 
theoretical model taking optical pumping effects into account gives a good agreement with 
the experiment. 

A simple magnetometer based on the NFR signal in a nanocell with L= λ/2 could be 
developed. A sensitivity of several tens of mG is expected together with a spatial resolution 
in the nanometer range was achieved. This may prove useful for measurements of strongly 
inhomogeneous magnetic fields. 
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We present the results of a detailed experimental and theoretical investigation of nonlin-
ear magneto-optical resonances at D1 excitation of atomic rubidium in both ordinary and
extremely thin vapor cells. These sub-natural linewidth resonances have been known for
some time [1,2] and continue to be the subject of intriguing investigations and a valuable
tool for fine-tuning theoretical models [3]. In this work, magneto-optical resonances are
observed in both cells and can be bright or dark, depending on which hyperfine transition
is excited. However, in a normal cell individual hyperfine transitions cannot be resolved
because of Doppler brodening. The use of extremely thin cells (ETCs) represents a rather
new experimental technique and allows the experimenter to realize direct sub-Doppler
spectroscopy [4]. The thickness of the cell L used in this study varies in the range from
150 nm to 1600 nm. By comparing results obtained from both cells, one obtains use-
ful information about how Doppler broadening influences the shape and contrast of the
resonances.

In this study experimental results from an ordinary Rb vapor cell and an ETC filled
with Rb are compared to theoretical calculations based on the optical Bloch equations,
which have proven to be well suited to describe the signals obtained in ordinary vapor
cells [3]. The vapor cells were placed inside a three-axis Helmholtz coil system and excited
with a diode laser manufactured by Toptica, GmbH. The polarization of the exciting laser
radiation was perpendicular to the magnetic field, which was scanned, and the fluorescence
was observed in the direction along the magnetic field. In order to test how well our model
can describe ETC behavior, we study resonances at different laser powers, beam cross-
sections, and wall separations L, and compare the experimental measurements with the
results of calculations based on the model. By requiring the model to take into account
so many different parameters, it will be possible to either validate the model as is for
the case of the ETC or to identify new effects that should be taken into account when
modelling the signals obtained with ETCs.

We acknowledge support from the Latvian National Research Programme in Material
Sciences Grant No. 1-23/50, the University of Latvia grant Y2-ZP04-100, the ERAF grant
VPD1/ERAF/CFLA/05/APK/2.5.1./000035/018, and the INTAS projects 06-1000017-
9001 and 06-1000024-9075. A. J., F. G., and L. K. acknowledge support from the ESF
project.
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Resonance of coherent population trapping (CPT) is one of nonlinear effects in three-level
atomic systems in so-called Λ-configuration. The resonance appears when a bichromatic
optical field with certain frequency and phase correlations between its components is
applied to the system. The ultimate spectral width of the CPT resonance is determined
by the coherency time between the lower levels of the Λ-system and can amount to several
tens of hertzs. A high Q-factor of CPT resonances enables to use them as frequency
references and in magnetometry.

One of the simplest experimental methods to create two phase-correlated light fields is a
frequency modulation (FM) of a monochromatic light field. In the case of diode laser, the
FM of light is achieved via modulation of the injection current.

In this work we experimentally investigated CPT resonances on Zeeman sublevels of 87Rb
D1-line excited by FM-modulated laser field and considered possible applications to mag-
netometry. The laser was tuned to F = 2 → F = 1 transition, such that a chain of three
Λ-systems can be excited by the sidebands of the field. The FM field contains a number
of harmonics which relative amplitudes depend on modulation parameters, and thus a
number of CPT resonances of different amplitudes are excited at corresponding frequen-
cies. The experimental results are confirmed by the recent theoretical consideration of
FM spectroscopy of CPT resonances [1,2].

Since the frequency of the CPT resonance depends on magnetic field, the FM spectroscopy
allows to measure magnetic field applied to the Rb vapors. We recorded a number of CPT
resonances in two Rb cells (with and without buffer gas) at different values of an external
magnetic field. Our experimental setup allows to measure magnetic fields in the range
10-100 G with 0.05% accuracy. Non-linear Zeeman effect, playing a significant role in
such fields, is studied in details.
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The optical properties of a cesium atomic beam driven on a resonant hyperfine transition
in the D2 line were experimentally investigated as a function of the probe-laser frequency.
In the present experiment the coupling laser drove the hyperfine transition 6s 2S1/2, F=4
— 6p 2P3/2, F=5 and was actively locked to it by means of frequency modulation spec-
troscopy. The probe-laser frequency was scanned around the same transition [1]. The
coupling and probe absorption spectra were measured also in a range of probe-laser in-
tensities large enough to affect the pump-laser absorption. We present an experimental
survey of the coupling and probe absorption spectra for four polarization combinations
(πσ+, πσ, σ−π, σ−σ+).
For all polarization combinations the probe-laser absorption profiles showed electromag-
netically induced absorption (EIA), a spectrum characterized by a peak on the ordinary
absorption profile. The observed coupling-laser absorption profiles could be described by
“absorption within transparency”, i.e. the absorption in the region around the two-photon
resonance was smaller than the absorption corresponding to the one-photon transition in-
duced by the coupling laser, and at the two-photon resonance an extra absorption peak
on this curve was measured.
For investigations with laser beams of counterrotating circular polarizations (σ−σ+) the
coupling-laser absorption profiles showed at various laser powers a surprising behavior as
function of the laser powers. We detected a transition of the two-photon resonance peak
from absorption to more transparency when the probe-laser exceeded the constantly held
coupling-laser power [2]. Furthermore, a switch was observed for a constant probe-laser
power when varying the coupling-laser power. In all these cases the probe-laser absorp-
tion profiles showed EIA signals. These findings are the experimental confirmation of
published theoretical predictions [3]. However, for phase measurements, no correspond-
ing switch from positive to negative parametric dispersion or from negative to positive
dispersion was observed.
The work was supported by the grant SFB407 of the Deutsche Forschungsgemeinschaft.
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The CPT (Coherent Population Trapping) phenomena has been intensely investigated due
to its narrow resonance suitable for precision measurements, magnetometry and atomic
clocks etc. Different approaches were applied in order to make these resonances narrower
in alkali vapor cells: coated cells in order to preserve atomic coherence after collision with
the cell wall, use of buffer gas cells to increase atom time of flight through laser beam,
and nanocells.

In our experiment we use spatially separated pump and probe laser beams in order to
induce Ramsey type CPT narrowing [1]. The probe laser beam (diameter of 1.5 mm) is
placed in the center of pump beam which has a ring like profile. Outside diameter of the
pump laser beam is very close to the Rb cell diameter of 25 mm, while its inner is larger
then the probe laser diameter. Booth pump and probe laser beams are obtained from a
single ECDL (External Cavity Diode Laser), locked to the Fg = 2 → Fe = 1 transition at
D1 line of 87Rb. Thus, some Rb atoms are first pumped into the dark state by the pump
laser beam, then travel through the “dark region” between the pump and the probe beam
before they reach the pump laser beam. The dark state and induced Zeeman coherences
created by pump are experimentally detected in the probe beam absorption. Related work
has been published by A. S. Zibrov and A. B. Matsko [2]. Obtained narrow resonances
widths, shapes depend of ”dark region” length and pump and the probe laser intensities.

Our theoretical model relays on solving time-dependent optical Bloch equations and takes
into account different atomic velocities and angles of atom propagation in respect to the
laser beams. It is shown that experiment and theory are in a good agreement for different
probe and pump beam polarizations and intensities.
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Quantum search with trapped ions
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We propose an ion trap implementation of Grover’s quantum search algorithm for an
unstructured database of arbitrary length N . The experimental implementation is ap-
pealingly simple because the linear ion trap allows for a straightforward construction, in a
single interaction step and without a multitude of Hadamard transforms, of the reflection
operator, which is the engine of the Grover algorithm. Consequently, a dramatic reduc-
tion in the number of the required physical steps takes place, to just O(

√
N), the same

as the number of the mathematical steps. The proposed setup allows for demonstration
of both the original (probabilistic) Grover search and its deterministic variation, and is
remarkably robust to imperfections in the register initialization.
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The observability of atoms
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Atomic particles differ fundamentally from macroscopic objects. In every measurement
with moderate spatial resolution, macroscopic objects can be observed continuously. Free
atoms, however, are observed discontinuously. Their observation is based on discrete,
spontaneously occurring elementary events, which can be counted. During free flight,
atoms are principally unobservable. As a consequence, identical atomic particles are
indistinguishable, whereas macroscopic twin-bodies can be distinguished [1, 2].

In this contribution I’ll show you that the difference in observability provides the key
for an experimentally oriented understanding of the ”spooky” phenomena of quantum
dynamics and of the appearance of chance in physics. In particular, I’ll consider:

1. The presence of statistical and thermal noise in all measurements: Noise is neglected in
classical dynamics (mechanics and electrodynamics), but justifies the concept of chance
in statistical thermodynamics. Accordingly, classical dynamics describes only reversible
processes, whereas statistical thermodynamics also applies to irreversible processes.

2. The transition from quantum to classical physics: Quantum dynamics is not a gen-
eralization of classical dynamics, but describes an idealization of nature opposite to the
ideal of classical dynamics. The two theories apply to opposite extremes on a scale of
observability [2].

3. Space-time reality: ”...we have to abandon the description of atomic events as hap-
penings in space and time” (Einstein, Infeld: The evolution of physics). A description
in space and time is only justified for objects, which can be observed continuously, but
not for atomic particles. Therefore, atoms must not be idealized as mass-points, and a
thermodynamic ensemble of free atoms is fundamentally different from the mechanical
model of the ideal gas [3].

4. The approaches of physics to nature: The objects of physics must be observable.
Otherwise they cannot be investigated experimentally. For being observable, the objects
must be coupled spontaneously to the environment. This spontaneous coupling prohibits
an exact reproducibility of experiments. As a consequence of this insufficiency on the
experimental side, theory cannot image nature exactly, but describes idealizations of
nature. Presently, physics is based on three idealizations: Classical dynamics, statistical
physics and quantum dynamics.

5. From decomposition to isolation: The objects of classical dynamics can be decomposed.
But by decomposing, one produces components, which are not any more observable con-
tinuously. One ultimately obtains the isolated objects of quantum dynamics[1].
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We investigate the limits of our inertial sensor using a cold atom interferometer. In
contrast with previous atomic setups, emphasis was placed on the long term stability and
compactness of the device thanks to the use of laser cooled atoms. Moreover it has been
designed to give access to all six axes of inertia (three accelerations and three rotations)
[1]. The expected improvement in stability will enable to consider applications in inertial
navigation, geophysics and tests of general relativity.

Caesium atoms are loaded from a vapour into two independent magneto-optical traps for
140 ms. Two caesium clouds are then launched into two opposite parabolic trajectories
using moving molasses at 2.4 m.s−1, with an angle of 8◦ with respect to the vertical
direction. At the apex of their trajectory, the atoms interact successively with three
Raman laser pulses, which act on the matter-wave as beam splitters or mirrors, and
generate an interferometer of 80 ms total interaction time. The use of two atomic sources
allows discrimination between the acceleration and rotation.

The sensitivity to acceleration is 5, 5 × 10−7m.s−2 at one second, limited by residual
vibration on our isolation platform. Concerning the rotation, the sensitivity is 2, 3 ×
10−7rad.s−1 at one second, limited by the quantum projection noise in the detection. After
1000 seconds of integration time, we achieve a sensitivity of 1 × 10−8rad.s−1. Moreover,
we have performed studies of all possible sources of drift on the rotation signal. Among
others, we measured the effect of the two photon light shift during the Raman laser pulses.
We also identified the main limit of the stability, which is linked to fluctuations of the
atomic trajectories inducing Raman laser wave-front changes.

We characterize the accuracy of our gyroscope in term of bias and scaling factor. In
this purpose, we record rotation phase shift as a function of the interrogation time and
rotation rate. The rotation shift behaves as the square of the interrogation time and
linearly with the projection of the Earth’s rotation rate, which is modulated by turning
the interferometer in the horizontal plane. The linearity of our sensor was demonstrated
with an agreement better than 0.01% and the bias was determined with an accuracy of
5× 10−8rad.s−1. Currently, we are developing a new method to enable measurements in
noisy environments which will be crucial for applications in the field of inertial navigation.
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The paper presents results of numerical study of the fine structure parameters (the radial
integrals in the energy operator matrix) for 2p55g, 2p56g and 2p57g configurations of a
neutral Neon atom. The angle coefficients for the radial integrals were obtained taking
into account the following interactions in the Breit’s Hamiltonian: electrostatic, spin-orbit
(own and foreign), spin-spin and orbit-orbit [1].

The energy operator matrix for "hole" configurations can be calculated either using frac-
tional parentage coefficients or via free momentums representation. In the latter case it is
assumed that the atom’s state is described exclusively by the individual quantum numbers
of particular electrons. The energy operator matrix obtained via free momentum repre-
sentation was transformed to LSJM− and j1KJM−representations. For vector types
of coupling the energy operator matrix has 24 matrix elements each of which is a linear
combination of 18 fine structure parameters.

The calculations are based on the empirical data namely the energies of the fine structure
experimentally obtained with the high precision [2, 3].

The classification of the fine structure levels for 2p55g, 2p56g and 2p57g of NeI was given
in jK-coupling representation. The calculation of the parameters is also accomplished
using the energy operator matrix given in jK-coupling representation. The numerical
calculation is based on the Newton’s method applied to the set of non-linear equations.
The unknowns for the equations were the parameters of the fine structure as well as the
expansion coefficients of wave functions in jK-coupling basis. The initial approximation
for Newton’s method was derived using least-squares method.

As a result of numerical study a set of the fine structure parameters was obtained. Substi-
tution of these parameters into the energy operator matrix and follow-up diagonalization
for all the coupling types yields the energies, which fully agree with the energies obtained
experimentally. Expansion coefficients for LS− and JK− basises, gyromagnetic ratio
and level compositions in LS−basis were also obtained. It can be concluded that the
highly-excited 2p55g, 2p56g and 2p57g configurations of NeI are close to jK-coupling
model.
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A. Goštauto st. 12, 01108 Vilnius, Lithuania

E-mail: olga@itpa.lt

This work presents theoretical investigation of Ca VIII ion of aluminium isoelectronic
sequence. The ab initio study of Ca VIII was performed within the configuration interac-
tion approximation in the basis of transformed radial orbitals with a variable parameter
[1]. Relativistic effects were accounted for within the Breit-Pauli approximation.

The ground configuration 3s23p and excited configurations 3s3p2, 3s23d, 3p3, 3s3p3d,
3s24s, 3s24p, 3s24d, 3s24f, 3s3p4s and 3s3p4p are studied. The first calculation of energy
spectra was performed in the basis of admixed configurations made by virtual excitations
from 3l- and 4l-shells. The second calculation was performed in the extended basis of
admixed configurations made by the virtual excitations not only from 3l- and 4l- shells,
but also from the closed shells 2s- and 2p-. This way enables us to take into account core
polarization effects.

The obtained energy spectra of ground configuration 3s23p and excited configurations
3s3p2, 3s23d, 3p3 and 3s3p3d were compared with available data [2-3]. We supplement
our results with the energy spectra of highly excited configurations 3s24s, 3s24p, 3s24d,
3s24f, 3s3p4s and 3s3p4p as well. The obtained energy levels of these configurations
(except 3s24p and 3s3p4p) are compared with data from [4].

The comparison of the obtained results and the data presented by other authors show
that the core polarization is important and has a considerable influence on the accuracy
of theoretical energy spectra.

The multiconfiguration wave functions determined as a result of the energy matrix diag-
onalization were used to calculate the wavelengths and the characteristics for the electric
dipole transitions from the excited configurations. The radiative lifetimes of the excited
levels were also calculated and compared with the available data.

These calculations have been performed using the resources of the European Commission
project RI026715 BalticGrid and LitGrid project.
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The 6s26p2 ground configuration of Pb I gives rise to five levels 1S0,
3P2,1,0 and 1D2. In

the 6s26p ground configuration of Pb II only two levels 2P1/2 and 2P3/2 appear. Since
electric-dipole (E1) transitions between the states of the same parity are forbidden, all
the levels of these configurations are metastable. In the second-order radiation theory
weak magnetic-dipole (M1), electric-quadrupole (E2) or mixed type (M1+E2) transitions
between these levels are permitted.

In the experiment the isotope shifts (IS) of forbidden lines 461.9 nm (6p2 1S0 → 6p2 3P1;
M1), 531.5 nm (6p2 1S0 → 6p2 3P2; E2), 733.2 nm (6p2 1D2 → 6p2 3P1; M1+E2) of Pb I
and 710.2 nm (6p 2P3/2 → 6p 2P1/2; M1+E2) of Pb II between four stable isotopes (204,
206, 207, 208) were measured. The observation of isotopic structure of multipole lines
is very difficult because of relatively small shifts (see Table 1) and the components of
the isotope structure are partly or completely unresolved. For such a case the computer
simulation technique becomes very useful. Such a computer technique has been recently
used by us in the analysis of the IS spectra of electric-dipole (E1) lines of Pb I [1] and Pb II
[2]. By variation of free parameters describing the line shape and positions of individual
components the calculated profiles were fitted into the recorded spectra. In the case of the
M1+E2 transitions the E2 admixtures (see e.g. [3]) were also taken into account as a fixed
parameter. Moreover, using the King plots we were able to separate the two contributions
to the total isotope shift, namely the mass and the field shifts. These results may prove
to be useful for future studies of PNC in Pb.

Table 1: Measured isotope shifts relative to the 208 isotope of lead (in mK).

Line (nm) Transition δν207CG,A
i δν206,A

i δν204,A
i

461.9 6p2 1S0→6p2 3P1 4.9 (1.1) 7.8 (1.3) 14.6 (3.4)
531.5 6p2 1S0→6p2 3P2 8.1 (1.5) 13.0 (1.2) 24.2 (5.4)
733.2 6p2 1D2→6p2 3P1 5.6 (0.6) 8.8 (1.0) 16.3 (2.4)

710.2 6p 2P3/2→6p 2P1/2 10.8 (1.9) 17.3 (2.3) 32.7 (5.6)
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Solid 4He stabilized by charged impurities below the
solidification pressure of pure helium

P. Moroshkin, V. Lebedev, A. Weis
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The coexistence of a 4He crystal with superfluid 4He is a model system for investigating
fundamental aspects of the growth and melting of crystals. Here we present a study of
a dramatic effect [1] that occurs during the melting of solid 4He doped with nanoscopic
impurities — alkali atoms, clusters, ions, and electrons: the doped part of the crystal
remains solid under conditions at which pure helium is liquid. We refer to this structure
as an iceberg. If the structure disintegrates in a static electric field of several kV/cm
fragments of the iceberg containing unequal amounts of electrons and positive ions move
towards either the positive or the negative electrode. These events are accompanied by
electric current pulses that have allowed us to determine the number density of charged
particles in the sample to be of order of 1014 − 1015 cm−3. We consider the iceberg as
being an aggregation of positively charged particles (snowballs) and electron bubbles.

Using interferometry we have found [1] that the density of the solid structure (iceberg)
lies between the densities of pure liquid and pure solid helium. On the other hand,
a comparison of laser-induced fluorescence spectra of neutral Cs atoms trapped in the
iceberg with those in bulk solid 4He indicates that the iceberg has the same density and
crystalline structure (bcc, hcp) as the bulk solid 4He. We therefore suggest that the
iceberg is in fact a porous structure filled with liquid helium.

[1] P. Moroshkin, A. Hofer, S. Ulzega, A. Weis, Nature Physics 3, 786 (2007).
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Spectroscopy of Ba atoms isolated in solid He matrix

P. Moroshkin, V. Lebedev, A. Weis

University of Fribourg, Department of Physics, Fribourg, Switzerland

We present the results of a new spectroscopic study of Ba-doped solid 4He. Ba atoms
are introduced into the solid He matrix by means of laser ablation from a metallic target
surrounded by solid He. This allows us to produce a sample with up to 1015 Ba atoms per
cm3. By exciting the sample with a pulsed-laser tuned over 440 – 690 nm we have found
a number of fluorescence lines, some of which were not detected in earlier studies [1,2].
Our analysis shows that the Ba atoms are excited at the single-photon 6s2 1S0− 6s6p1P1

transition at 540 nm and at least at 6 different two-photon transitions at 530, 568, 618,
632, 650, and 675 nm. The decay of highly excited states populated by the two-photon
transitions proceeds via a cascade of fluorescence transitions including triplet-triplet and
intercombination lines, as well as other so far unidentified lines.

We have also performed a systematic study of the absorption and fluorescence spectra
of the single-photon 6s2 1S0 − 6s6p1P1 transition and their dependence on helium pres-
sure. The spectral line is blueshifted and broadened by the interaction with the matrix.
The shift and the broadening increase with the He pressure following the trend already
observed in pressurized liquid helium.

[1] H. Bauer, M. Beau, D. Friedl, C. Marshand, K. Miltner, H. J. Reyher, Phys. Lett. A
146, 134 (1990).

[2] S. I. Kanorsky, M. Arndt, R. Dziewior, A. Weis, T. W. Hänsch, Phys. Rev. B 49,
3645 (1994).
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New Measurement of the 2S Hyperfine Splitting in
Atomic Hydrogen
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Recent advances in laser stabilization, optical frequency measurements and preparation of
cold atomic samples open possibility to compare optical frequencies to the 17th decimal
place [1] which significantly overcomes the accuracy of the best Cs fountain clocks defining
the SI second [2]. Besides this impressive result there exist many other examples when
spectroscopy in the optical domain allows for more accurate measurements than classical
radio-frequency techniques.

In 2003 we have developed a new optical method for measuring the 2S hyperfine split-
ting in atomic hydrogen by help of two-photon spectroscopy of the 1S – 2S transition
[3]. By measuring the frequency difference between two optical fields at 243 nm driving
1S(F = 0) → 2S(F = 0) and 1S(F = 1) → 2S(F = 1) two-photon transitions in
a nearly-zero magnetic field one can derive the frequency of the 2S hyperfine splitting
fhfs(2S). Accurate experimental value fhfs(2S) allows for accurate tests of quantum
electrodynamics theory since the specific difference D21 = 8fhfs(2S) − fhfs(1S) can be
calculated with a high accuracy [4].

In 2008 we have remeasured the fhfs(2S) frequency using an ultra-stable vibrationally-
and temperature-compensated optical cavity as an optical frequency reference [5]. The
diode laser at 972 nm locked to this cavity has a spectral line width of less than 0.5Hz
while its frequency drift is on the level of 50mHz/s. The excellent stability of this new
laser oscillator (the Allan deviation reaches 2× 10−15 in less than 1 s) allows for accurate
measurement of the 2S hyperfine splitting.

The two photon transitions between different hyperfine sublevels are excited by the second
harmonic of a dye laser [3], while its frequency is continuously compared to the frequency
of the second harmonic of the stabilized diode laser at 972 nm. The new measurement
possesses a significantly improved statistics which, in turn, allows for more detailed study
of systematic effects. The preliminary analysis of experimental data gives us a value
of fhfs(2S) = 177 556 840(5)Hz which uncertainty is about 5 times less than the most
accurate direct radio frequency measurement performed up to date [6].

[1] T.Rosenband et al., Science 319, 1808 (2008).
[2] S. Bize et al. J. Phys. B: At. Mol. Opt. Phys. 38 S44968, (2005).
[3] N. Kolachevsky, M. Fischer, S.G. Karshenboim, T.W. Hänsch, Phys. Rev. Lett. 92,
033003 (2004).
[4] S.G. Karshenboim and V.G. Ivanov, Phys. Lett. B 524, 259 (2002).
[5] J. Alnis, A.Matveev, N. Kolachevsky, Th.Udem, and T.W.Hänsch, arxiv:0801.4199.
[6] N.E.Rothery and E.A. Hessels, Phys. Rev. A 61, 044501 (2000).
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High Resolution Laser Spectroscopy of Scandium
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Tungate3, J. Huikari4, H. Penttila4 and J. Aysto4
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2Shuster Building, University of Manchester, Manchester M13 9PL, UK

3School of Physics and Astronomy, University of Birmingham, B15 2TT, UK
4Accelerator Laboratory, University of Jyvaskyla SF-405 51, Finland

Collinear laser spectroscopy experiments on the ScII transition 3d4s3D2 → 3d4p 3F3 at
λ ≈ 363.1 nm were performed on the 42−46Sc isotopic chain using an ion guide isotope
separator with a cooler-buncher [1]. Hyperfine structure constants, nuclear moments,
isotope and isomer shifts of five ground states and two isomers, 44,45Sc, were measured.

Among the investigated nuclei the 45Sc isotope deserves closer attention because along
with several other odd-A nuclei in the lower 1f7/2 shell it has a positive parity isomeric
state with Iπ = 3/2+. Such excited states have been explained [2] in the framework of the
Nilsson model: the Nilsson 3/2+ orbital of the sd shell and the lowest orbital of the 1f7/2

shell approach each other for increasing deformation, thereby producing a low-lying well
deformed core excited state. The value of Q0 obtained from the laser spectroscopic data in
this work is nearly two times larger, than the one of [2]. The unusually large quadrupole
moment of the isomeric state of 45Sc is the most striking feature of the present data. This
surprising fact remains so far unexplained.

The preliminary analysis performed to date can only provide estimates of the expected
upper and lower limits of the radii changes. No drastic contradiction with the overall radii
trend in the f7/2 shell is found. While the odd-even staggering is reduced compared with
Ca and Ti, it is consistent with that observed in K, the only other odd-Z element studied
in this region. Although qualitative, the new information on Sc charge radii changes
constitutes a valuable contribution to the systematic of nuclear charge radii in the Ca
region.

1. Billowes J., Hyp. Int. 162 (2005) 63.

2. Styszen J. et al., Nucl. Phys. A 262 (1976) 317.
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VUV Spectroscopy of Xe IX
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The spectrum of xenon ions has been recorded by the beam-foil method in the 10-110 nm
wavelength range and many lines of Xe VII-VIII have been analysed [1]. In our spectra,
we have looked for lines belonging to 8 times ionized Xe. Some of the lines attributed to
Xe IX have been pinpointed by a careful analysis of the line intensity variation with the
beam energy [2]. For those lines, the lifetimes of the upper level have been measured by
analyzing beam-foil decay curves (one of the rare methods able to provide experimental
data in these multicharged ions).

Our measurements will be compared with theoretical values calculated by a relativis-
tic Hartree-Fock approach including core-polarization effects and by a purely relativistic
multiconfiguration Dirac-Fock method.

During the meeting, we will describe our experiment and present our new results.

References

[1] É. Biémont, M. Clar, V. Fivet, H.-P. Garnir, P. Palmeri, P. Quinet, and D. Rostohar,
Eur. Phys. J. D 44, 23 (2007)

[2] H.P. Garnir, Journal of Physics: Conference Series, accepted for publication
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Improved atomic data for platinum group elements
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3 Department of Physics, Lund Institute of Technology, PO Box 118,
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4 Lund Observatory, Lund University, PO Box 43, SE-22100 Lund, Sweden
E-mail: vanessa.fivet@umh.ac.be

The spectra of the elements situated in the sixth row of the periodic table (72<Z<86) are
still poorly known due to the lack of laboratory analysis and to the complexity of their
electronic configurations of the type 4f145dNnl and 4f145dN−1nln′l′ (N=3−10, nl, n′l′=6s,
6p, 6d, ...).

The aim of the present work is to provide a large amount of new atomic data for neutral
and lowly ionized sixth row elements. The astrophysicists need these accurate data for
refining their models in nucleosynthesis, for determining the chemical composition of CP
stars, for the diagnostic of plasmas and for cosmochronology. Radiative parameters for
some of these elements are also strongly needed for research oriented toward controlled
thermonuclear fusion.

In the present work, radiative lifetimes of selected sixth row ions have been measured
using TR-LIF spectroscopy[1] developed at the Lund Laser Centre by Prof. Svanberg and
his group. The new results have been used to assess the accuracy of calculations per-
formed with a Hartree-Fock-plus-Relativistic-corrections model that takes configuration
interaction and core-polarization effects into account[2,3].

By combining experimental lifetimes and theoretical branching fractions, we have deter-
mined new oscillator strengths and transition probabilities. We will discuss the results
obtained for the following ions: Ta III (Z=73), W II, W III (Z=74) et Pt II (Z= 78).
These results will be stored in the database DESIRE (DatabasE on SIxth Row Elements)
[4,5] on a website of the University of Mons-Hainaut.

References
[1] H.L. Xu , A. Persson, S. Svanberg, K.B. Blagoev, G. Malcheva, V. Penchev and É.
Biémont, Phys. Rev. A 70, 0425058 (2004)
[2] R.D. Cowan, The Theory of Atomic Structure and Spectra, University of California
Press, Berkeley (1981)
[3] P. Quinet, P. Palmeri, É. Biémont, M.M. McCurdy, G. Rieger, E.H. Pinnington, M.E.
Wickliffe and J.E. Lawler, Mon. Not. R. Astron. Soc. 307, 934 (1999)
[4] V. Fivet, P. Quinet, P. Palmeri, É. Biémont and H.L. Xu, J. Electron. Spectrosc.
Relat. Phenom. 156-158, 250 (2007)
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Impact of high-order moments on the statistical
modeling of transition arrays

F. Gilleron1, J.C. Pain1, J. Bauche2 and C. Bauche-Arnoult2
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The impact of high-order moments on the statistical modeling of transition arrays in
complex spectra is studied [1]. It is shown that a departure from the Gaussian, which
is usually employed in such approach, may be observed even in the shape of unresolved
spectra due to the large value of the kurtosis coefficient. The use of a Gaussian shape
may also overestimate the width of the spectra in some cases. Therefore, it is proposed
to simulate the statistical shape of the transition arrays by the more exible generalized
Gaussian distribution which introduces an additional parameter - the power of the argu-
ment in the exponential - that can be constrained by the kurtosis value. The relevance
of the new statistical line distribution is checked by comparisons with smoothed spectra
obtained from detailed line-by-line calculations. The departure from the Gaussian is also
con�rmed through the analysis of 2p → 3d transitions of recent absorption measurements
[2-4]. A numerical �t is proposed for an easy implementation of the new statistical pro�le
in atomic-structure codes.

[1] F. Gilleron, J. C. Pain, J. Bauche and C. Bauche-Arnoult, Phys. Rev. E 77, 026708
(2008)

[2] C. Chenais-Popovics et al., Astrophys. J. Suppl. Ser. 127, 275 (2000).

[3] J. Bruneau et al., Spectral Opacity experiments, (Symposium Science on large lasers,
Saclay, 1997).

[4] J. E. Bailey et al., J. Quant. Spectrosc. Radiat. Transfer 81, 31 (2003).
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Exact and statistical methods for computing the
distribution of states, levels and E1 lines in atomic

spectra

J.C. Pain and F. Gilleron
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We propose di�erent methods in order to determine the distribution P (M) of quantum
states M (projection of total angular momentum J) inside a relativistic or non-relativistic
con�guration. This distribution is used to calculate: (i) the distribution of levels [1] of a
con�guration and (ii) the number of electric-dipolar (E1) lines between two con�gurations.

First, an efficient recursive approach is presented for an exact calculation of P (M) [2].
Second, the statistical approach of Bauche et al. [3] is improved to account for high-l
spectators (e.g. i1pN) which occur for instance in electron capture into high-lying Rydberg
states in collisions between multiply charged ions and light target gases [4]. In that case,
P (M) may exhibit a plateau, which can neither be modeled by a Gaussian nor by a
Gram-Charlier expansion series. We show that the Generalized Gaussian, which exponent
is completely determined by the kurtosis (reduced fourth-order centered moment) α4 of
P (M), is more suited for such cases. We propose an analytical formula for the evaluation
of the number of E1 lines with a larger range of applicability.

[1] E. U. Condon and G. H. Shortley, The Theory of Atomic Spectra (Cambridge: Cam-
bridge University, 1935).

[2] F. Gilleron and J. C. Pain, to be published.

[3] J. Bauche and C. Bauche-Arnoult, J. Phys. B: At. Mol. Phys. 20, 1659 (1987).

[4] P. Hvelplund, H. K. Haugen, H. Knudsen, L. Andersen, H. Damsgaard and F. Fuku-
sawa, Phys. Scr. 24, 40 (1981).
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Laser optogalvanic spectroscopy of Lanthanum in
Spectral range of Rhodamine 6G.
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Hyperfine structure studies of some of the allowed transitions of La I has been carried out
by high resolution Doppler limited laser optogalvanic spectroscopy. A narrow bandwidth
(500 KHz) Autoscan ring dye laser (899-29) pumped by argon ion laser model Innova
series 200 ( coherent Corp) has been employed to investigate the hyperfine structure in
the wavelength range 5600-6200 Å of Rhodamine 6G in connection with a commercially
available hollow cathode. Sixteen transitions of La I have been observed involving twenty
five levels, twelve with odd and thirteen with even parity. A comparison with the previous
data available in the literature has also been made.

The recorded spectra were analyzed using Casimir’s formula which yields the expression
for the shift of a hyperfine component from the center of the gravity. Then we formulate
four simultaneous equations for the four unknown quantities A, B, A′ and B′ according
to the expression. i.e;

∆ν12 = AK1−K2

2
+ 3B

8
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2
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8
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K
′
1

(
K
′
1+1

)
−K
′
2

(
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IJ ′(2I−1)(2J ′−1)

A computer program based on Gauss elimination technique is then employed to determine
the hyperfine structure constants i.e. A, B, A′ and B′ for lower and upper energy levels.
The curve obtained through the utilization of these empirically evaluated hyperfine struc-
ture constants is then matched with the experimental data through another computer
program for the best-fit values.

Here we present the analyzed data of only few transitions. Experimentally obtained
hyperfine structure constants (in MHz) of these transitions along with the tranisition
wavelengths are shown below.

Lower level Upper level

Å E(cm−1) Config. Term J A B E (cm−1) Config. Term J A B

5677.707 2668.2 5d2(3F )6s 4F 3/2 -487.3 62.88 20338.3 5d2(3F )6p 4F ◦ 3/2 254.8 97.63

5690.6 0.00 5d6s2 2D 3/2 141.2 44.78 17567.49 5d6s(3D)6p 4P ◦ 1/2 2892.1 0.00

5699.241 13747.28 3d3 4F 9/2 -63.8 -26.2 31287.646 5d6s(3D)7s 4D 7/2 -565.5 800

5699.348 4121.572 5d2(3F )6s 4F 9/2 489.5 32.18 21662.51 5d2(3F )6p 2G◦ 7/2 283.5 55

5720.009 3494.58 5d2(3F )6s 4F 7/2 461.3 21.6 20972.22 5d2(3F )6p - 5/2 -65,74 37.42

5742.922 7231.36 5d2(3P )6s 4P 1/2 2460.0 0.00 24639.27 5d2(3P )6p 4S◦ 3/2 -197.3 26.0

5744.384 7679.94 5d2(3P )6s 4P 5/2 798.5 826.6 25083.42 5d2(3P )6p 4D◦ 7/2 67.5 820.2

5821.975 9960.96 5d2(1G)6s 2G 7/2 -289.2 72.40 27132.5 5d2(1G)6p 2G◦ 7/2 69.1 42.6

5829.692 7490.46 5d2(3P )6s 4P 3/2 936 37.6 24639.27 5d2(3P )6p 4S◦ 3/2 -221 -140

5845.034 1053.2 5d6s2 2D 5/2 182.1706 54.213 18157.0 5d6s(3D)6p 4P ◦ 5/2 651.5 115
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Investigation of the even parity states of group II-B
elements (Zn, Cd and Hg)

Ali Nadeem
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Systematic studies of the group-IIB (Zn, Cd, Hg) elements have been carried out to
investigate highly excited even-parity triplet states. The inter-combination msnp 3P1
levels of these atoms can be populated relatively easily using ultra violet laser light and
can serve as intermediate levels. The lack of spectroscopic studies on the bound states
of these atoms is primarily due to the fact that their ionization potentials lies in the
VUV region. As already said, their resonance transitions lie in the UV region (Cd,
Zn) and in the VUV region (Hg). Consequently, multi-photon and multi-step ionization
techniques have not been employed so far to probe the highly excited states of these atoms.
The experimental set-up comprised of two frequency doubled dye lasers simultaneously
pumped by a common Q-switched Nd:YAG (532nm; 355nm) laser operating at 10Hz
repetition rate and 7ns pulse duration. To record the spectra, a thermionic diode ion
detector working in the space charge limited mode was used. The change in the diode
current due to the photo-ion production was measured as a voltage drop across a 100 kΩ
load resistor.

The new observations for cadmium include the term energies and quantum defects of 5snd
3D2 (11 < n < 52) and 5sns 3S1 (12 < n < 38) Rydberg series whereas the 5snd 1D2

series have been detected from n = 11 to 26. The appearance of 5snd 1D2 is because
the ∆ S = 0 selection rule is relaxed, then triplet to singlet transitions are observable.
The ratio of the transition probabilities in cadmium indicates that the 1P1 contribution
to the 3P1 wave function is 0.2%, whereas in zinc it is 0.02% and in mercury it is 3.2%.
The singlet-triplet mixing determines the intensities of the excited triplet states. The
relative intensities of the excited states have been described according to electric dipole
selection rules. The first ionization potential of cadmium has been determined from
the unperturbed 5snd 3D2 series. From the termination of the Rydberg series we have
estimated the net electric field present in the interaction region using the E(V/cm) =
1.23 x 109 n5m relation. During experiments on zinc the two metastable levels 4s4p 3P0
and 4s4p 3P2 also get populated through collisions. The average thermal energy of atoms
corresponding to 823K is 572cm−1 which is sufficient to populate these fine structure
components in zinc. New observations include 4snd 3D2 (14 < n < 55) and 4sns 3S1 (15
< n < 35) Rydberg series excited from the 4s4p 3P1 level. In addition, 4snd 3D3 (13 < n
< 49) and 4snd 3D1 (10 < n < 20) series including few members of the 4sns 3S1 series were
also observed exciting the 4s4p 3P0 and 4s4p 3P2 states, respectively. The wave function
mixing in zinc is very small therefore no singlet transitions are detected. In mercury we
have observed the even-parity 6snd 3D2 (25 < n < 52) series and few levels of the 6sns
3S1 series. Although the wave function mixing of the 1P1 and 3P1 is much higher than for
Cd and Zn and thus the 6snd 1D2 series should be present with high intensity compared
to that in zinc and cadmium, these series is completely absent in the spectra of mercury.
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New levels of Pr I dicsovered via infrared spectral
lines
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The Fourier transform (FT) spectrum of Praseodymium [1] shows hundreds of spectral
lines in the infrared and far infrared region, many of them are unclassified. We have
classified lot of them by their hyperfine (hf) structures and level energy differences. Still
we found a number of lines, which could not be explained as transitions between known
levels; this indicated that up to now unknown energy levels of Pr are involved. Some of
the hyperfine structures in the FT spectrum have a very good signal to noise ratio, thus
a fit of these structure was possible. In this way we found 15 new levels of Pr I. For one
of them we give the following details:

The line 8954.659 Å is a line already classified [2] as a transition between the upper
level 31787 cm−1 (J = 5.5, odd parity) and the lower level 20622.7 cm−1 (J = 6.5 ,
even parity). However, the hf structure in the FT spectrum does not match with the hf
structure corresponding to this transition. A fit of the hf structure suggested a transition
4.5 - 4.5 with hyperfine constant A of the lower level close to 810 MHz. With help of
this value we identified the lower level to be 11713 cm−1, J = 4,5, even parity. Adding
the wave number of the line (center of gravity wavelength corrected to 8954.681 Å), we
introduced a new upper level 22877 cm−1, J = 4.5, odd parity. This new level of Pr
I explains 10 lines shining up in the FT spectra. Six of them were already known but
unclassified lines, three of them are new lines, one classification was wrong (see table).
From the line 5419.935 Å we determined the final value of the level energy, 22877.524
cm−1, assuming that the energy 4432.24 cm−1 of the lower level is correct.

Lines classified by new level 22877.524 cm−1, J = 4.5, A = 932 MHz, odd parity:

Lower level with even parity
Wavelength (Å) J Energy (cm−1) A (MHz) Remarks

5419.935 4.5 4432.24 929 unclassified line
6035.419 5.5 6313.25 756.3 unclassified line
6117.513 3.5 6535.52 979 unclassified line
7346.179 5.5 9268.75 976 new line
7714.313 3.5 9918.17 1057 unclassified line
8349.517 5.5 10904.07 301 new line
8825.330 4.5 11549.61 1064 unclassified line
8954.681 4.5 11713.22 818.5 wrong classified line
9471.136 3.5 12321.92 870.5 new line
9671.920 4.5 12519.72 693 unclassified line

[1] B. Gamper, Diploma thesis, Graz 2007, unpublished
[2] A. Ginibre-Emery, PhD thesis, Paris 1988
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New lines of atomic niobium in Fourier transform
spectra with enhanced sensitivity

Alev Er1, Ipek K. Öztürk1, Gönül Başar1, Sophie Kröger2, Günay Başar3,
Andrey Jarmola4, Maris Tamanis4, and Ruvin Ferber4

Istanbul University, Faculty of Science, Physics Department, 34134 Vezneciler, Istanbul,
Turkey

Technische Universität Berlin, Institut fr Optik und Atomare Physik, Hardenbergstr.36,
10623 Berlin, Germany

Technical University of Istanbul, Faculty of Science and Letters, Physics Engineering
Department, 34469 Maslak, Istanbul, Turkey

University of Latvia, Faculty of Physics and Mathematics, Laser Centre, 19 Rainis
Blvd., Riga LV-1586, Latvia

This work is a continuation of our hyperfine structure studies of the atomic niobium. Re-
cently, the spectrum of Nb from a hollow cathode discharge was recorded in the wavelength
region from 330 nm to 800 nm with a high-resolution Bruker IFS 125HR Fourier transform
spectrometer in Riga with resolution of 0.02 cm−1 [1]. To increase the sensitivity of the
Fourier transform measurements, an interference filter was introduced in the beampass
to limit the spectral range of the light that came from the hollow cathode discharge and
entered to the Fourier transform spectrometer. We used different interference filters in
the range of 410 nm to 670 nm, each with spectral bandwidth of about 10 nm. By this
method a strong increase of the signal-to-noise ratio has been obtained. Even lines that
had not been seen at all in the previous measurements by Fourier transform spectroscopy
(without filter), now become clearly visible. The measured spectra include some previ-
ously unknown Nb spectral lines not listed in the wavelength tables [2,3] as well as lines
without classification [2]. The hyperfine structure profiles of the spectral lines have been
analyzed with a least-squares-fit procedure assuming a Doppler profile. Experimental hy-
perfine structure constants A of atomic niobium were determined. For unclassified lines,
several fits were performed assuming different values of angular momentum J for the fine
structure levels involved. The J values of the best fit together with the resulting hyperfine
structure constants A, provide relevant information for the classification of the transitions.

Riga team acknowledges support from LZP grant No. 04.1308. A.J. is grateful for support
from ESF grant.

[1.] A. Er eet al., paper in preparation

[2.] C. J. Humphreys and W.F. Meggers, National Bureau of Standards, Vol. 34, (1945)

[3.] Frederick, M. Phelps III, M.I.T. Wave-Length Table, Volume 2: Wavelength by
element, The MIT Press, Cambridge, Massachusetts, London, England (1991).
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Configuration interaction effects in the fine- and
hyperfine structure of the even configuration system

of tantalum atom

J. Dembczyński, M. Elantkowska, J. Ruczkowski

Chair of Quantum Engineering and Metrology, Faculty of Technical Physics, Poznan
University of Technology, Nieszawska 13B, 60-965 Poznan, Poland

E-mail: jerzy.dembczynski@put.poznan.pl

The experimental work of L.Windholz and co-workers, concerning observation of the tan-
talum spectrum, yield many informations about new energy levels and hyperfine structure
splittings.

We contribute the results of the complex parametric studies of the fine- and hyperfine
structure of the mentioned element up to second-order of perturbation theory. The work
has been performed for the systems including 36 even configurations. The values of
the radial parameters describing the one- and many-body interactions effects on atomic
structure are given. We predicted values of energy levels and their A- and B- hyperfine
structure constants, also for experimentally levels not observed up to now.

This work was supported by Polish Ministry of Science and Higher Education under the
project N519 033 32/4065
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Extended analysis of the even configurations of Ta II

Ewa Stachowska1, Jerzy Dembczyński1 and Laurentius Windholz2

1Chair of Quantum Engineering and Metrology, Poznań University of Technology,
Poznań, Poland

2Institute of Experimental Physics, Graz University of Technology, Graz, Austria

The structure of Ta II is of particular interest in astrophysical studies, especially of chem-
ically peculiar stars, such as χ Lupi.

This work extends the analysis of the complex atomic structure of the tantalum ion, using
extensive fine and hyperfine structure calculations of the system of the following 25 even
configurations :

5d4 + 5d3n′g (n′=5-6) + 5d36s + 5d36d + 5d26s2 + 5d26sn′g (n′=5-6) + 5d26sn′′d (n′′=6-10)
+ 5d26sn′′′s (n′′′=7-10) + 5d25f6p + 5d26p2 + 5d6s2n′′d (n′′=6-7) + 5d6s6p2 + 5d5f6s6p
+ 5d5f6s7p + 5d6s6d7s.

Previously only low lying levels of the (5d+ 6s)4 configuration system up to 40000 cm−1

were well known, identification supported by their hyperfine structure. Levels of higher
configurations, from 70000 cm−1 upwards are found, but their identification is still lacking
and further study is needed. Results will be presented at the conference.

This work was partially supported by PUT (project DS 63-029/08).
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Search for new electronic levels in singly ionized
europium Eu II

B. Furmann

Chair of Quantum Engineering and Metrology
Faculty of Technical Physics, Poznan University of Technology

boguslaw.furmann@put.poznan.pl

Experimental search for new electronic levels in rare earths, combined with determination
of the parameters, which allow a correct classification of those levels, such as J quantum
number, gJ factor or hyperfine structure constants A and B, has an significant influence
on both the improvement of precision of the theoretical description of interactions in
particular atoms (particularly in a semi-empirical method) and some applications in other
branches of physics, e.g. investigations of abundance of particular atoms or ions in stellar
atmospheres [1].

In the case of europium ion Eu II the electronic levels system is slightly different from the
typical pattern of other lanthanides. The known electronic levels of the odd configurations
4f76s and 4f75d have energies in the range 0-17500 cm−1. Above this value a large gap
is present and the next levels can be found at the energies above 50000 cm−1. On the
other side, theoretical predictions [2] yield an energy gap in the system of electronic levels,
but only covering the range 17500-26000 cm−1; at energy values between 26000 cm−1 and
50000 cm−1 several tens of electronic levels should occur. The tables of spectral lines of
Eu II [3] contain several tens of unclassified spectral lines.

In the present contribution results of search of new electronic levels, based on investi-
gations of the hyperfine structure of unclassified spectral lines with the method of laser
induced fluorescence in a hollow cathode discharge, are presented. The method of inves-
tigation has been similar to the one applied earlier for praseodymium ion [4]. On the
basis of the measured hyperfine A constants and determined fluorescence channels wave-
lengths, combined with gJ values presented in [3], it has been possible to assign the levels
investigated to the theoretically predicted ones, however, their energies have not been
determined so far. A plan of continuations of the investigations is presented.

The work has been supported by Poznan University of Technology under project No
63-029/2008

References
[1] C. Travaglio, D. Galli, R. Gallino, M. Busso, The Astrophys. Journal 521, 691-702,
(1999)
[2] J. Dembczynski, M. Elantkowska, J. Ruczkowski ”Private communication”
[3] H. N. Russel, W. Albertson, and D. N. Davis, Phys. Rev 60 , 641-656, (1941)
[4] B. Furmann, D. Stefanska, J. Dembczynski, E. Stachowska, Physica Scripta 72, 300-
308, (2005)
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Analysis of the odd configurations of tantalum atom
search for configurations containing f electrons
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Recently the structure of tantalum atom has been extensively investigated, in particular
by three groups: from Graz, Hamburg and Poznań. So far the energies of more than 260
electronic levels, belonging to odd configurations of tantalum atom, have been established
and their hyperfine structures have been determined. Attempts at classification of those
levels, based on the semi-empirical calculations, have been made. The wavefunctions
obtained in this procedure have further been used to calculate the A and B hyperfine
structure constants. However, only for less than twenty lowest-lying levels a satisfactory
agreement has been obtained. Results of the analysis indicated a strong configurations in-
teraction. Semi-empirical calculations performed in the multiconfiguration approximation
5d4n′p + 5d36sn′p + 5d26s2n′p (where n′=6-10) with conservation of the values of effective
quantum numbers neff have still omitted several levels with energies in the range 40000-
50000 cm−1. It suggested the existence of other configurations, which positions were,
however, inconsistent with predictions based on multiconfiguration Hartree-Fock calcu-
lations. Taking into account 27 or 28 configurations, including additional configurations
of the type 5d36sn′′f + 5d26s2n′′f + 5d4n′′f (where n′′=5-7), although it has improved
the consistency of the fitted parameters gJ and the levels energies with the respective
experimental values, it nevertheless has not solved some differences. In the subsequent
stage of calculations an attempt of reduction of the configuration basis to merely 9 con-
figurations has been made, but simultaneously some hitherto not considered interactions
in the second order perturbation theory have been included. A better precision of these
calculations allowed to determine the positions of configurations 5d35f6s and 5d25f6s2.
The lowest-lying level of the former configuration containing the f electron is the recently
found level of the energy E = 47740.71 cm−1 with the value of hyperfine structure con-
stant A=−2500 MHz. For many levels the deciding test of classification have been the
hyperfine structure constants B, which varied strongly, since the values of the constants
A have been very close to each other. The results obtained are discussed in detail within
this work

References
[1] N. Jaritz, L. Windholz, U. Zaheer, M. Farooq, B. Arcimowicz, R. Engleman Jr, J. C.
Pickering, H. Jäger and G. H. Guthöhrlein, Phys. Scr 74, 211-217 (2006)
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Program package for semi-empirical analysis of the
fine- and hyperfine structure of complex atoms
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Chair of Quantum Engineering and Metrology, Faculty of Technical Physics, Poznan
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The experimental work combined with semi-empirical calculations is a very efficient tool
for the investigations of the fine- and hyperfine structure of the complex atoms.

We present a set of programs for the analysis of the fine- and hyperfine structure. The
input data for the calculations are : the fine structure energy levels, the gJ -factors and the
hyperfine structure (hfs) A and B constants of experimentally observed levels. In order
to avoid mistakes, all input data are set once in the initial input file and are transferred
between the programs automatically.

The programs are used for the analysis of electron systems containing any number of
configurations up to four open shells. In the energy matrix generated, all kinds of electro-
static, magnetic and correlated electrostatic and magnetic interaction, up to second order
perturbation theory, were included.

As a result, we obtain predicted energy values for all the levels of the system considered,
their exact spectroscopic description, eigenvector amplitudes and also gJ -factors and hfs
A and B constants.

The program package contains supplementary programs useful for clear presentation of
results of calculations and their analysis.

This work was supported by Polish Ministry of Science and Higher Education under the
project N519 033 32/4065
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High precision measurements of the hyperfine structure (hfs) splittings of electronic levels,
especially by rf-spectroscopic methods [1, 2, 3] make it possible to study even fairly compli-
cated aspects of the interaction between electron shells and the nucleus, which can result
in determination of the nuclear moments with high accuracy. We report the parametriza-
tion method of the hyperfine structure which takes into account simultaneously one and
two-body effects appearing in the second order perturbation theory.

The analysis of the hfs of the even configurations of La atom was performed in the basis
of 3 configurations taking into account all possibles interactions predicted by many-body
fine structure theory. In order to include the J-off-diagonal effects in the hyperfine struc-
ture, direct diagonalization of the matrix containing J-diagonal as well as J-off-diagonal
elements has to be performed (in the basis of Ψ(configuration, vSLJF ) states). Usually,
the ”repulsion” effects of the neighbouring levels with the same quantum number F are
considered. It requires the precision up to 16 significant digits. The diagonal part of this
matrix consists of coefficients corresponding to particular components of the energy of a
hyperfine structure sublevel EF : center of gravity of hfs energy WJ and the experimental
hfs constants A, B, C and D. These parameters are treated as free in the fitting procedure
of the experimental and the calculated hfs energies (EF ). The differences between EF and
EF±1 values are equal to experimentally determined hyperfine structure intervals. Values
of J-off-diagonal matrix elements are fixed.

As a result, we obtain final values of the hyperfine structure constants, which can be used
again to determine the radial hfs parameters.

This work was supported by Polish Ministry of Science and Higher Education under the
project N519 033 32/4065
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Investigations of the Hyperfinestructure of
Praseodymium in the IR-Region with the help of

FTS
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The density of the spectral lines of praseodymium is very high. Therefore there are a
lot of unknown and not classified lines and levels. One kind of investigation one can do
is to analyze the fourier-transform-spectra (FTS). That is exactly what we did in the
IR-region of praseodymium. In this region there are a lot of lines which are not classified
and therefore not related to a spectral transition between two energetic levels. If you
look through the FTS you can immmediately see and then also analyze the characteristic
hyperfinestructure of several transitions.

With the help of FTS we could classify about 200 new spectral lines. That does not mean
that they are all already related to a spectral transition, some of them are just marked
as here is a line. The reason why we could not assigne each line to a transition is that
either the intensity of a line was to weak to see all of their components or that there was a
blend-situation between severeal ennergetic transitions. One very successful way to solve
such a problem is to make some investigations via laserinduced fluorescencespectroscopy.
That would be the next step in our work.

Another thing which we did was that we could correct some energies or hyperfineconstants
of already known levels or also give a more precise center of gravity of some lines. As
well we could relate a lot of already classified lines to a spectral transition between two
previously known energetic levels.

Of course it also was possible to find some new energylevels. That can be done via fitting
some very intens lines. For example we calculated the following two new levels:

level energy/ cm−1 J value A value/ MHz parity investigated line/ Å

20467.49 2.5 800 o 9293.848
22442.19 7.5 961 o 9319.011

A clear indication that those new energetic levels are correct is that they also explain
other lines in the spectra.
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Investigation of the hyperfine structure of Ta I-lines

P. GÃlowacki1 , L. Windholz2 and J. Dembczyński1
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Investigations of the hyperfine structure in tantalum began in the thirties of 20th century
[1,2]. Numerous research groups all over the world obtained many experimental results
concerning the tantalum spectrum [3,4,5]. The theoretical group under supervision of
Prof. Dembczyński included all known experimental results in a semi-empirical analysis
of the electronic structure of tantalum atom. This calculations show that there are still
plenty of predicted energy levels that require experimental confirmation or discovery.

In our experimental investigations we used a hollow cathode lamp producing free Ta atoms
by sputtering, which were excited by a tunable dye laser operating with coumarine 102
(480-510nm). The laser-induced fluorescence was detected. Several spectral lines, which
appear in a Fourier transform spectra (FTS) and were unclassified, were excited. The
energy of some electronic levels and the values of their hyperfine constants A and B were
obtained.

Table I. Ta I lines investigated and classified by laser excitation.
Excitation
wavelength

Even level Odd level

[Å, air]
4870.082
4900.354
4909.322∗

4909.395∗

4934.261
4939.771∗

5000.391
5000.981

Energy [cm−1] J
new 54024.941 3.5

53598.985 3.5
55080.053 4.5
20646.702 3.5
23912.929 4.5
27412.440 1.5
25655.493 2.5
22761.279 3.5

Energy [cm−1] J
33497.154 4.5
33197.724 3.5
34716.237 5.5
41010.121 2.5
44173.713 4.5

a 47650.666 1.5
45648.307 3.5
42751.800 3.5

∗ - new center of gravity, a - level predicted by calculation from FTS, confirmed by LIF
methods

This work was performed within the project of WTZ PL07/2007.
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Perturbed intensity distribution of hyperfine
components of Praseodymium-I lines
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Excitation of Praseodymium-I atoms with wavelength 578.051 nm led to observation of
laser-induced fluorescence signal at 618.3 nm with anomalous intensity distribution of the
hyperfine components. The recorded structure appeared to be a convolution of more than
one structures apparently depicting an excitation and fluorescence blend situation, which
may be observed when investigating Praseodymium atoms, due to the high level density.
But the same structure appeared also on all other fluorescence channels, thus we had to
conclude that more than one transition is always excited, and that either two lower or two
upper levels form a narrow spaced pair. These levels could disturb each other, explaining
also the quite unusual intensity distribution of the hyperfeine patterns. The first part of
the structure showed small components on both sides of the huge diagonal components,
indicating ∆J = 0. From the spacing of the components, a transition between levels
with high angular momentum, 15/2 − 15/2, was suggested, while the strong decrease of
the intensity of the diagonal components indicated small J-values. A fit of the structure
with 15/2− 15/2 gave A-factors which did not coincide with A-factors of already known
levels, thus we had to conclude that we have excited a transition where lower and upper
level were up to now unknown. Nevertheless, by an analysis of the wave numbers of the
observed fluorescence lines we were able to locate the upper level of the excited transition
at a wave number of 32486.80 cm−1, with J = 15/2 and even parity. Excitation with
wavelength 618.3 nm confirmed our assumptions concerning energy and J of this upper
level without doubt; its A-factor was 552.5MHz. Thus we were able to find also the wave
numbers of the pair of lower levels excited with 578.051 nm. In further investigation we
found that another third level is located very close to this pair.

These levels are
15192.090 cm−1, J = 15/2, A = 730MHz, odd parity
15191.906 cm−1, J = 13/2, A = 730MHz, odd parity
15191.233 cm−1, J = 13/2, A = 666MHz, odd parity

During our systematic investigations we found three other new upper levels, which could
be excited from this level triplet, all showing disturbed intensites of the hyperfine com-
ponents.
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in the region 5630 Å to 5830 Å
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We investigated the hyperfine structures of several spectral lines of Praseodymium by
using laser excitation in a hollow cathode discharge. Up to now seventeen unknown energy
levels with odd parity, nine levels with even parity and one ionic odd level were found.
The region investigated is in between 5630 Å and 5830 Å. The excitation source is a R-6G
ring-dye laser pumped by a solid state diode-pumped, frequency doubled Nd:Vanadate
(Nd:YVO4) Verdi V-18 laser system. The dye was pumped at 7.5 W power of pumping
source. We recorded characteristic hyperfine patterns, from which we determined both
J-values and magnetic dipole interaction constants A of the combining levels. Using these
constants and excitation and fluorescence wavelengths, we were able to find the energies
of the new levels. The excitation wavelengths were taken from FT Spectra [1].

Levels confirmed by a second laser excitation are given in the following table.

Excitation Wavelength Signal/Noise in FT Spectra Discovered Odd Levels
Å J Energy/ cm−1

1 5739.179 6 7.5 25370.613
2 5656.938 7 6.5 26036.412
3 5634.304 22 5.5 26848.512
4 5828.609 4 2.5 28513.813
5 5808.605 17 8.5 28694.509
6 5720.270 4 6.5 30135.271
7 5721.189 4 6.5 30509.771
8 5647.923 2 3.5 30828.498
9 5635.388 3 5.5 31562.583

Discovered Even Levels

Å J Energy/cm−1

10 5630.85 20 7.5 28474.777
11 5669.693 3 5.5 29363.344
12 5659.606 1 4.5 30485.255
13 5636.680 4 4.5 31962.250

Reference:

1. B.Gamper, Diploma Thesis, Technical University of Graz, 2007 (Unpublished)
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The electronic ground state configuration of 59Pr141 is [Xe]4f36s2, with ground state level
4I9/2. Excitation of one or more electrons of the open f-shell or one of the s-electrons
forms a huge number of metastable and excited state levels. In our level data base on Pr
we use in moment approximately 1100 levels of odd and 750 levels of even parity, but this
list of levels is quite far from being complete.

Due to the high number of levels, the line density is also very high, in average 5 to 10 lines
per Å. In our line list (based on ref.[1]) we have now 20000 spectral lines. Thus, only with
the help of their hyperfine structure the transitions, explaining the lines, can be selected.
This classification is supported by a specially developed computer program (ref.[2]), which
is now extended to show immediately a part of a Fourier transform spectrum (FTS) [3],
and allows to compare easily calculated hyperfine patterns with structures appearing in
the FTS (of course for this the hyperfine constants of the combining levels must be known).

Accurate center of gravity (cog.) wavelengths, obtained from our calibrated FTS, allows to
determine more accurate level energies (usually we use for this the vacuum wave number in
cm−1). Starting from the ground level (which has odd parity), a huge number of energies
of even upper levels could be corrected. The same is true for upper odd levels, taking the
lowest even level, 4432.24 cm−1, as basis.

Without accurate level energy and without correct excitation and emission wavelength
a certain transition can not be identified in the FTS and can not be excited in laser
spectroscopic studies. This information is given quite often insufficient, as we have recently
seen for example in ref. [4]. We repeat here the data for one level, published as new in
[4]: Excitation wavelengths 5885.76; 5829.5; 5800.19; 5707.90 Å, energy 28698.51 cm−1,
odd parity, fluorescence wavelengths 4465.23; 5101.76; 5144.97 Å, A = 767.4(3.3)MHz.

Identifying with the help of the given A-factor hyperfine structures which may be decays
of this level, we determined a level energy between 28698.073 cm−1 and 28698.103 cm−1,
depending on the treated line. Moreover, we performed laser excitation with cog. wave-
length 5800.48 Å, and came to 28698.03 cm−1. These different results for the level wave
number show, that the energy differences between the even lower levels are not completely
correct. Assuming 28698.103 cm−1 as most reliable, we re-calculate the excitation wave-
lengths given in [4] to be 5885.957, 5829.801, 5800.456, 5708.234 Å and the fluorescence
wavelengths to be 4466.053, 5102.419, 5145.418 Å in full agreement with position and
pattern of lines appearing in the FTS. Taking into account the wavelength differences up
to 0.5 Å and the high line density, it is nearly impossible to identify the lines mentioned
in [4]. In general, the energies in [4] are more reliable than the wavelengths, since the
conversion from vacuum wave number to air wavelength was done quite insufficient.

[1] A.Ginibre, Thesis, (Paris 1988); [2] L.Windholz, G.Guthöhrlein, Phys. Scr. T105, 55-
60 (2003); [3] B.Gamper, diploma thesis (T.U. Graz, 2007); [4] B.Furmann, A.Krzykowski,
D.Stefanska, J.Dembczynski, Phys. Scr. 74, 658 (2006)
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Normal spectral emissivity depending on atomic
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The Subsecond Thermophysics Workgroup at TU Graz mainly investigates thermophy-
sical properties, such as electrical resistivity, specific heat capacity and density of solid
and liquid metals and alloys as a function of temperature. A fast pulse-heating system
is used, which also allows the determination of normal spectral emissivity under pulse
heating conditions. For this purpose, a laser polarimeter, proposed in the 1980’s and later
developed by R. M. A. Azzam for the determination of optical constants without any
moving parts, was adapted for this μs-pulse heating experiment.
The change in polarization of a laser beam reflected off the surface of the wire-shaped sam-
ple material during a pulse heating experiment enables the measurement of temperature-
dependent normal spectral emissivity at melting and in the liquid state at the used laser
wavelength. Knowledge of emissivity and its behaviour throughout the liquid phase can
improve the understanding of interacting effects between light and the molten alloy. The
industrial cooperation partner Böhler Edelstahl GmbH & Co KG is interested in emissi-
vity data for numerical simulations of plastic deformation and remelting processes as well
as for process optimisation.

As observed from numerous experiments with various sample materials the liquid state
behaviour of normal spectral emissivity at 684.5 nm can be classified into three groups,
namely increasing, decreasing and constant emissivity with increasing temperature. Based
on this finding, it can be shown that the behaviour of normal spectral emissivity in
conjunction with the radiometric temperature measurement is needed to achieve reliable
thermophysical properties of liquid metals.

Within this presentation normal spectral emissivity data at 684.5 nm for two nickel-based
alloys (Nimonic 80A and Inconel 718), as well as the austenitic steel X2CrNiMo18-14-3
and another ferrous-based alloy at melting and in the liquid state are presented.

Research supported by Böhler Edelstahl GmbH & Co KG and the
”
Forschungsförderungs-

gesellschaft mbH, Sensengasse 1, 1090 Wien, Austria“, project 812972.
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Identification of atomic structure in measurement
data, depending on the used set of units

T. Hüpf1, C. Cagran1, G. Pottlacher1, G. Lohöfer2

1Institut für Experimentalphysik, Technische Universität Graz, Austria
2Institut für Materialphysik im Weltraum, DLR Köln, Germany

Hardly any scientific topic can be treated without a closer specification of quantities. In
natural sciences this is commonly done by choosing an appropriate, standardized system of
units, generally the SI, or sometimes a ratio of selected quantities. With such an approach
numerical data are compared to a well-defined unit and reported as a fraction or multiple
thereof.

The presented work wants to demonstrate how the choice of different units can lead to a
totally different presentation of results, which might help to reveal yet unseen coherences.
This idea is reviewed on the example of measurements performed with a fast pulse heating
method.

Using this pulse heating technique wire shaped samples are resistively volume heated
as part of a fast capacitor discharge circuit. Time resolved electrical measurements with
sub-µs resolution include the current through and the voltage drop across the specimen.
Surface radiance from the samples is detected by pyrometers and the thermal expansion
of the sample can be monitored by means of a custom-made fast CCD-camera. Based
on these measured quantities, temperature-dependent thermophysical properties such as
enthalpy, isobaric heat capacity, electrical resistivity and thermal expansion can be dedu-
ced.

During the compilation of specific enthalpy results for numerous pure elements we ob-
served an organisation according to the periodic system of the elements. By using molar

instead of specific units the same results become rearranged and show the established law
of Dulong-Petit.

The project: Electrical Resistivity Measurement of High Temperature Metallic Melts is
sponsored by the FFG-ASAP programme.
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Electronic Wavefunction Microscopy using
slow-photoelectron Imaging

M. M. Harb[1], A. Ollagnier[1], S. Cohen[2], F. Lépine[1], F. Robicheaux[3], M.
Vrakking[4] and C. Bordas[1]

[1]Université Lyon 1; CNRS; LASIM, UMR 5579, 43 bvd. du 11 novembre 1918,
F-69622 Villeurbanne, France.

[2]Atomic and Molecular Physics Laboratory, Physics Department, University of
Ioannina, 45110 Ioannina, Greece.

[3]Department of Physics, 206 Allison Lab, Auburn University, AL 36849-5311, USA.
[4]FOM-Institute AMOLF, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands.

Photoelectron imaging spectroscopy has recently emerged as a powerful tool capable of
providing detailed information on the microscopic properties of matter. In a standard
velocity map imaging (VMI) experiment eV kinetic energy electrons or ions are projected
towards a 2D position sensitive detector. Therefore the obtained image corresponds to the
classical projection of a Newton sphere that, in principle, allows a direct reconstruction
of the initial 3D velocity distribution of the particles. Improvements on the standard
VMI set-up, allowing the study of meV electrons, led to the recording of 2D patterns
which are drastically modified with respect to those obtained with high kinetic energy
electrons. The most striking effect is the observation of radial signal modulations due
to quantum interferences [1]. Moreover, ionic core gives rise to a re-scattering ionization
channel [2]. Simulations based on wavepacket propagation have been performed and
we have shown that when ionization of Hydrogenic atoms occurs via a Stark resonance
above the saddle point energy, the measured image represents a direct projection of the
bound component of the electronic wavefunction magnified to macroscopic dimensions
by a factor 106. Hence it is fully justified to consider the meV-VMI apparatus as a
photoionization microscope, corresponding to the smallest Youngs slit experimental set-
up ever implemented [3, 4]. For a non-hydrogenic atom, on the other hand, the presence
of the electronic core leads to mixing of the parabolic electronic states which modifies the
wavefunction. As a consequence, a smooth evolution of the interferogram patterns with
energy is expected. Experimental results on Xe and Li will be presented and discussed.

[1] C. Nicole, H.L. Offerhaus, F. Lépine, C. Bordas, and M. Vrakking, Phys. Rev. Letters
88 (2002) 133001. [2] C. Nicole, I. Sluimer, F. Rosca-Pruna, M. Warntjes, M.J.J. Vrakking,
C. Bordas, F. Texier and F. Robicheaux, Phys. Rev. Lett. 85 (2000) 4024. [3] C. Bordas,
F. Lépine, C. Nicole and M. Vrakking, Phys. Rev. A68 (2003) 012709. [4] F. Lépine,
S. Zamith, A. de Snaijer,Ch. Bordas and M.J.J. Vrakking, Phys. Rev. Lett. 93 (2004)
233003.
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On a self-sustained oscillating mode for operation of
a glow discharge

E. Dimova, D. Zhechev and V. Steflekova

Institute of Solid State Physics, Bulgarian Academy of Sciences
72 Tzarigradsko Chaussee Blvd., BG-1784 SOFIA, BULGARIA

e-mail: spectron@issp.bas.bg

Numerous glow discharge (GD) applications are based on its stable mode for operation.
From another point of view, the gaseous plasma in a GD is known as a typical nonlin-
ear dynamical ”open system” with a large number of degrees of freedom. Within these
frames a GD modification, i.e. hollow cathode discharge (HCD) should possess one more
additional degree of freedom due to the specific Penning ionization of sputtered atoms.
A self-sustained oscillating mode for operation of a hollow cathode discharge (HCD) is
analyzed based on an equivalent glow discharge RCL scheme. The oscillation takes place
under i-V operating point of positive differential resistance and its frequency ( ≈ kHz)
depends on the discharge current value. The self-sustained instabilities correlate with the
plasma space structure in the cathode cavity.

If the value η is a small deviation of the continuous discharge current i0 , i.e. i = i0 + η,
the equation

a ( ∂η / ∂t)2 + b ( ∂η / ∂t) + d = 0

is found to describe a non damping oscillating function η(t) under some combinations (
a, b, d ) of reasonable data values characterizing glow discharge plasma in general.
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Atomic beam measurements of the Cs 7d 2D3/2

hyperfine parameters with two-photon fluorescence
spectroscopy

A. Kortyna and V. Fiore

Department of Physics, Lafayette College
Easton, PA 18042, U.S.A.

The hyperfine intervals of the 7d 2D3/2 manifold are measured by interrogating an effusive
beam of atomic cesium with resonant two-photon laser-induced-fluorescence spectroscopy.
This work adapts the laser system previously used to measure hyperfine splittings in
a vapor cell [1]. Two external-cavity diode lasers drive the two-step excitation of the
7d 2D3/2 state. One laser is center locked to a 6s 2S1/2(F

′′)→ 6p 2P3/2(F
′) transition using

magnetic dithering and a servo-feedback circuit. The second laser is scanned over the
6p 2P3/2(F

′)→ 7d 2D3/2(F ) transitions.

The scanned laser’s frequency scale is calibrated with an electro-optic modulator. Phase
modulation introduces sidebands to the laser frequency at precise intervals. As the laser
frequency is scanned across an atomic feature, the sidebands cause the feature to be
repeated at intervals equal to the modulation frequency, providing calibration frequency
markers. High accuracy is achieved by directly referencing the modulation frequency
to the 87Rb 5s 2S1/2(F = 1) ↔ 5s 2S1/2(F = 2) ground-state hyperfine transition using
an atomic frequency standard. To enhance resolution, nonlinear fitting of Voigt profiles
is used to locate the centroid of each fluorescence peak. The observed linewidths are
8.2 ± 0.1 MHz, and the hyperfine intervals are determined with overall uncertainties of
200 kHz. The uncertainty includes contributions from the fitting procedure, jitter in the
frequency scale calibration, and statistical uncertainty.

The hyperfine intervals are used to generate the magnetic dipole coupling constant A =
7.36±0.03 MHz and the electric quadrupole coupling constant, B = −0.1±0.2 MHz. This
result is the first time a constraint has been place on the B coupling constant. The A
coupling constant is in good agreement with a previous measurement [2] but with an order
of magnitude improvement in resolution. This result does not agree with a relativistic-
all-order calculation [3], but this disagreement is anticipated because of the difficulty of
modeling electron correlation effects. Our resolution is sufficient to provide a benchmark
value for testing future improvements in high-precision theory. This work is generously
supported by Lafayette College and by the U.S. National Science Foundation through
Grant Numbers PHY-0244684, PHY-0653107, and ECCS-0722610.
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ELECTRON SCATTERING BY CADMIUM
ATOMS

O.B.Shpenik, E.E.Kontros, I.V.Chernyshova

Institute of Electron Physics, National Academy of Sciences of Ukraine
21 Universitetska str., Uzhgorod 88017, Ukraine

E-mail: an@zvl.iep.uzhgorod

We have performed an investigation of elastic and inelastic scattering of monoenergetic
electrons by cadmium atoms. The specific feature of the experiment is that, using a
hypocycloidal electron spectrometer, the total electron scattering cross-section, electron
energy loss spectra as well as constant residual energy spectra (threshold excitation spec-
tra) were measured at the same experimental conditions as well as the ionization cross-
section and excitation function for the lower atomic levels near the threshold.

The experiments were performed using a vapour-filled cell: an electron beam was formed
by a hypocycloidal electron monochromator [1], passed through the vapour-filled cell,
then through a hypocycloidal electron analyser and was detected by a deep Faraday cup.
Inelastically scattered electrons were registered by a separate detector and measured by
a digital picoamperemeter. Cadmium vapour was supplied to the cell from a separate
reservoir, its temperature being kept by 20 − 30 0C below the cell temperature. To
provide spectrometer operation, the axial magnetic field of ∼ 150 Oe strength was used
produced by Helmholtz rings. The detector of positive ions was located directly in the
cell, performed in a shape of a flat electrode, protected by a metallic grid and positioned
at a distance of 5 mm from the electron beam.

The threshold excitation spectra of Cd atom, measured at different values of the residual
electron energy from 0 to 1 eV , have shown a metastable 5 3P− level, then a resonance
5 1P1− level and the 6 3,1S− level to be the most effectively excited by electrons.

Taking into account the fact that the hypocycloidal analyzer enables all the inelastically
scattered electrons to be detected within 0.5− 1.5 eV near the level excitation threshold,
we have measured the excitation functions for the lower 5 3P0,1,2−, 5 1P1−, as well as
6 3S1− and 6 1S1− levels. The form of the excitation function of the 5 3P0,1,2− and
5 1P1− levels is very close to the optical excitation functions of (5 1S0 − 5 3P1) and
(5 1S0 − 5 1P1) spectral lines, measured earlier [2].

The work was carried out in part in the framework of the agreement No. F014/309−2007
of DFFD of the Ministry of Education and Science of Ukraine.
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Probing surface vibrations of amorphous solids by helium atom scattering

W. Steurer1, B. Holst1,*, J. R. Manson2, and W. E. Ernst1

1 Institute of Experimental Physics, Graz University of Technology, Austria
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While helium atom scattering has been a well established method for the investigation of 
ordered surface structures, the technique has only recently shown its great potential for the 
non destructive  probing of the vibrational  state  density at  amorphous interfaces  [1,2].  No 
diffraction can be observed from such interfaces but the energy transfer from the beam to the 
surface and vice versa reveals valuable information about vibrational frequencies in a way 
that is purely surface sensitive with no penetration into the bulk. In the experiment, a nearly 
monochromatic beam of neutral He atoms of about 20 meV kinetic energy impinges on the 
sample surface. Some helium atoms will exchange kinetic energy and momentum with the 
surface via creation or annihilation of surface phonons while others scatter elastically and do 
not change their kinetic energy. Upon arriving at the detector the kinetic energy of the atoms 
is obtained by measuring their time-of-flight. The observed spectrum of energies is related to 
the differential reflection coefficient and, as shown in our recent publication [1], a surface 
phonon spectral density can be obtained. Procedures to determine the vibrational state density 
at an amorphous silica surface and compare it with theoretical models, will be described in 
this contribution.

[1] W. Steurer et al., Phys. Rev. Lett. 99, 035503 (2007). 
[2] W. Steurer et a.., Phys. Rev. Lett. 100, 135504 (2008)

* present address: Department of Physics and Technology, University of Bergen, Norway
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Towards Direct Frequency Comb Spectroscopy using
Quantum Logic

Birgit Brandstätter, Börge Hemmerling, Lukas An der Lan, Piet O. Schmidt

Institut für Experimentalphysik, Universität Innsbruck, Technikerstrasse 25, A-6020
Innsbruck, Austria

A possible change of the fine-structure constant over cosmological time scales derived from
quasar absorption lines is currently strongly debated. One of the difficulties turns out to
be the lack of precise laboratory data on transition lines of elements with a complex level
structure such as Ti+ and Fe+ [1].

We challenge this problem by developing a versatile experimental setup in which spec-
troscopy ions are sympathetically cooled by magnesium ions in a linear Paul trap. Using
quantum logic techniques, initial state preparation and state detection of the spectroscopy
ion can be very efficient. Owing to the complex level structure of these spectroscopy ions,
repumping from unwanted states is required. We plan to implement this by applying an
appropriately tailored optical frequency comb.

We will present the latest status of our experimental setup and simulation results on the
expected fluorescence signal from a Ca+ test candidate. We furthermore present schemes
based on quantum logic techniques to interrogate single ions in order to further improve
the accuracy of the spectroscopic data.

[1] J. C. Berengut, V. A. Dzuba, V. V. Flambaum, M. V. Marchenko and J. K. Webb,
arXiv:physics/0408017 (2006)
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Towards Cryogenic Surface Ion Traps
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One promising approach for scalable quantum information processing (QIP) architectu-
res is based on miniaturized surface ion traps [1]. These traps with dimensions in the
sub-100µm range can be fabricated by photolithography techniques [2]. Generally, expe-
rimental results indicate that the heating rate of the ions increases with decreasing trap
dimensions. The mechanism of this heating is not yet fully understood. However, the
heating rate can be reduced by several orders of magnitude when the trap electrodes are
cooled from room temperature to 4K [3, 4]. Within a new experiment which is presently
set up we intend to investigate surface traps at low temperatures in a cryogenic system.
These traps will be applied for quantum simulations, for fundamental investigations of
large-scale entanglement and for precision measurements enhanced by quantum metrolo-
gy techniques employing entangled particles.

[1]D. Kielpinski et al., Nature 417, 709 (2002)
[2]J. Chiaverini et al., Quantum Inf. Comput. 5, 419 (2005)
[3]J. Labaziewicz et al., Phys. Rev. Lett. 100, 013001 (2008)
[4]L. Deslauriers et al., Phys. Rev. Lett. 97, 103007 (2006)
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Recently, there is a clear interest on studies of electron scattering by molecules due to their
key role to physical and chemical transformations in fields of diverse nature, such as indus-
trial plasmas, radiation damage in biomaterials, etc. Despite these facts, for most targets
of interest, cross sections values are often not easily available. For instance, electron colli-
sions cross sections with oxygen containing-organic molecules are very scarce. Therefore,
in this contribution we will present electron scattering cross sections for methanol and
ethanol.

Concerning these simple alcohols, their discovery in interstellar space and in the atmo-
spheres of planets in the solar system has motivated recent studies of electron interaction
with such species. Also the amount of ethanol vapors in our atmosphere is certainly ex-
pected to increase in the near future since it is a renewable energy source that is being
increasingly used as an important bio-fuel to replace at least partially the usages of fossil
fuels. Nevertheless, information available on the interaction of intermediate energy elec-
trons and alcohols is still quite limited and mainly directed to the ionization processes
[1].

In this work we have carried out studies of elastic scattering of electrons in the inter-
mediate energy range, from ionization threshold to 1 keV. In our experiments [2], an
electron beam interacts with a gaseous beam formed by alcohol vapors and the intensities
of elastically scattered electrons are measured as a function of scattering angle in the (6◦

- 130◦) angular range. The relative flow technique [3] is used to convert the experimental
electron intensities to absolute differential cross sections. Results of measured cross sec-
tions and their comparison with the calculated data using the independent atom model
at the static-exchange-polarization level of approximation will be presented during the
Conference.

We acknowledge support by the Brazilian agencies: CNPq and FAPESP.
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