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The Heartbeat of Light

Theodor W. Hansch

Maz-Planck-Institut fir Quantenoptik
Hans-Kopfermann-Str. 1, D-85748 Garching
and
Sektion Physik, Ludwig-Maximilians-Universitit Minchen
Schellingstr. 4/III, D-80799 Minchen
E-mail: Hansch@physik.uni-muenchen.de

For three decades, precision spectroscopy of the simple hydrogen atom has motivated advances in
laser spectroscopy and optical frequency metrology.

Recently, femtosecond laser optical frequency comb synthesizers have arrived as revolutionary tools
for ultraprecise optical spectroscopy.

A new absolute frequency measurement of the hydrogen 1S-2S two-photon resonance sets upper
limits for possible slow variations of the time structure constant «. Frequency comb techniques
are also making it possible to control the electric field of ultrafast laser pulses, opening intriguing
opportunities in attosecond physics.
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From spectroscopy of atomic hydrogen to metrology of
fundamental constants

P. Cladé!, O. Arnoult!, M. Cadoret!, E. de Mirandes!, S. Guellati-Khélifa 2, C. Schwob!, F. Nez!,
L. Julien! and F. Biraben!

L Laboratoire Kastler Brossel, ENS, CNRS, UPMC, 4 place Jussieu, 75252 Paris cedex 05, France
2 Institut National de Métrologie, Conservatoire National des Arts et Métiers, 61, rue du Landy, 93210 La
Plaine Saint Denis, France.

High resolution spectroscopy and optical frequency measurements in atomic hydrogen permit ac-
curate confrontation of experiment and theory (mainly the QED). Combining the results obtained
in Garching on the 1S-2S transition and the ones obtained by our group in Paris on the 25-nS/nD
two-photon transitions, one can deduce precisely the Rydberg constant and the 1S Lamb shift [1].
The comparison is now limited by the knowledge of the 25-nS/nD and of rms charge radius of the
proton. As the precision on the 25-nS/nD frequencies is mainly limited by the light shifts, we have
undertaken a measurement of the 1S-3S two-photon frequency for which the light shift is negligi-
ble. In this experiment, the frequency is measured using a femtosecond frequency comb and the
second-order Doppler effect is partially compensated using a magnetic field perpendicular to the 1S
atomic beam [2]. A determination of the proton radius with relative a uncertainty of 10t — 3} is
possible by measuring the 2S Lamb shift in muonic hydrogen. An ambitious experiment is going
on at the Paul Scherrer Institute in Switzerland in the frame of an international collaboration. A
search for the 2S-2P resonance line at 6um was performed in 2003 [3]. The statistics of the data,
collected during 3 weeks, was too low to prove or to disprove the existence of a resonance signal.
We concentrate now on an improvement of the laser chain [4] to increase the event rate. Another
test of QED can be done by comparing the different accurate values of the fine structure constant
a deduced either from the electron magnetic moment anomaly a, measurement and its complicated
theoretical expression or from other methods. A competitive one is to determine « from the ratio
h/M deduced from the measurement of the recoil velocity of cold atoms sample. A pioneering work
has been done by S. Chu et al. by atomic interferometry with Cs. Recently, our group has performed
an accurate measurement of the recoil velocity of ' Rb atoms based on Bloch oscillations in a vertical
accelerated optical lattice. We transfer about 900 recoil momenta to the atoms with an efficiency
of 99.97% per recoil. The deduced value of a/(87Rb), with a relative uncertainty of 6.7 ppb [5], is in
good agreement with the two other best determinations a(C's) [6] and «(a.) [7]. Another motivation
for a precise measurement of « is the recent proposal of the redefinition of the kilogram by fixing the
value of the Planck constant h [8]. The realization of the kilogram would be achieved using the Watt
balance and it is based on the validity of the relation giving the von Klitzing constant characterizing
the quantum Hall effect : Ry = h/e2 = ug/2a . To test the validity of this relation, independent
accurate measurements of « are needed.
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From Atto- to Femtoseconds
Joachim Ullrich

Maz-Planck-Institut fiir Kernphysik
Heidelberg - Germany
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Highly-charged ions at velocities close to the speed of light generate extremely strong (I~ 10'°-
10%* W /em?), attosecond (t>0.1 as) electromagnetic pulses when passing target atoms, molecules or
clusters [1,2]. State-of-the-art commercial Ti:Sa laser systems deliver femtosecond (t > 5 fs) optical
pulses at power densities 10* to 10*” W /cm? with records up to 1022 W/cm?. Attosecond-laser
pulses at similar power-densities might be expected in the future.

How do super-strong electromagnetic fields couple to matter, to single atoms or molecules at these
very different ultra-short time scales? What are the dynamic mechanisms of atto- or femtosecond
single [3,4] and multiple ionization [5,6] occurring e.g. with megabarn cross sections for the removal
of all 18 electrons from Argon atoms in heavy ion collisions? Can we trace [7] and possibly control
[8] the correlated femto- or sub-femtosecond quantum dynamics of electrons and ions in such fields
and might we be able to have a glimpse on the attosecond bound-state correlated motion in many-
electron atoms or molecules? Using Reaction Microscopes [9] such questions are being explored in

unprecedented detail at heavy ion accelerators as well as with lasers and will be elucidated in the
talk.
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Reaction Dynamics with Stored and Cold Molecular Ions
D. Zajfman'?, A. Wolf!, D. Schwalm?®, H. Kreckel®

! Maz-Planck Institute for Nuclear Physics,
Heidelberg, Germany
2 Weizmann Institute of Science, Dept. of Particle Physics,
Rehovot, Israel
E-mail:Daniel. Zajfman Quweizmann. ac.il

The detailed study of reaction involving molecular ions requires good control of their internal degrees
of freedom, as well as of the kinematics of the reactants. In particular, for reaction involving molecular
ions and electrons, the possibility to control both the initial vibrational and rotational states of the
molecular ions, and the kinetic energy of the electrons are of utmost importance.

Heavy-ion storage rings with merged electron beam devices offer a clean environment for studies of
reactions involving molecular ions with precise control of the relative collision energy and efficient
detection of reaction products on a single molecule basis. Due to the long storage time available (tens
of seconds), complete vibrational cooling (through radiative transitions) can be achieved for most of
the non-symmetric molecular species. However, due to the final temperature of the ring walls, only
partial rotational cooling is possible (usually down to 300 K).

Recently, it has become possible to overcome the above limitation by using a pre-storage scheme
which allow to inject directly rotationally cold molecular ions. In a recent experiment [1] carried
out at the Test Storage Ring (TSR) located at the Max-Planck Institute for Nuclear Physics, in
Heidelberg, we have performed an experiment with rotationally cold ( 10-20 K) Hj ions which allow
to disentangle, on a partial basis, the contribution of the ortho and para state to the dissociative
recombination process, which leads to the neutralization and fragmentation of the molecular ion.
Thus, direct nuclear spin effect on the reaction rate could be analyzed, and compared to theoretical
prediction. Additionally, we have performed a direct measurement of the angular dependence of the
recombination process for the simplest asymmetric molecular ion (HDT), and found a very large
anisotropy.

In order to overcome the fundamental rotational temperature limitation, a new cryogenically cooled
electrostatic storage ring (CSR) is under design and construction in Heidelberg. The main feature
of this instrument, as well as a glimpse into the scientific program will be presented as well.
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Progress in High Resolution Laser Spectroscopy: From
Atoms in Beams to Molecules in Bose-Einstein-Condensates

W. Demtroder

Fachbereich Physik, Universitdt Kaiserslautern

This is a review on the development of high resolution laser spectroscopy over the past 40 years. Be-
sides some research on the spectroscopy of the active laser medium in the He-Ne-laser, the “Doppler-
free” laser spectroscopy got its real impetus about 40 years ago by the invention of tunable single
mode lasers. First examples of their applications were investigations of atomic hyperfine structures
by linear laser spectroscopy, based on laser-induced fluorescence. The second step forward was the
introduction of nonlinear techniques, such as saturation- and polarization-spectroscopy, allowing
Doppler-free resolution of atoms and molecules in cells. Doppler-free two- and three-photon spec-
troscopy opened the access to high lying energy levels of atoms and molecules and started a revival
of atomic and molecular Rydberg state spectroscopy. This research laid the basis for the realiza-
tion of the one-atom maser. Resonant two-photon spectroscopy in molecular beams in combination
with mass spectrometry allowed spectroscopists the isotope-selective spectroscopy of molecules and
clusters with high sensitivity. Also the detection techniques have experienced a rapid progress. For
example, cold Bolometers are used for very sensitive detection of molecules in long-lived excited
vibrational states. The experimental realization of Bose-Einstein condensation of atoms opened the
way to ultra-high resolution of molecular levels closely below the dissociation energy, using laser-
induced recombination of atoms in a BEC. Recently even BEC of diatomic molecules has been
reported, where magnetic field tuning through Feshbach resonances was used to stabilize molecules
from atoms with ultrasmall relative velocities. This talk illustrates the different developments by
some selected examples taken from the literature as well as from our own research.
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High-Precision Atomic Spectroscopy of Halo Nuclei
Wilfried Nortershiauser!?

LInstitute of Nuclear Chemistry, Johannes Gutenberg - Universitit Mainz, Germany
2@GSI Darmstadt, Germany
E-mail: W.Noertershaeuser@gsi.de

Halo nuclei have an exotic nuclear structure arising from the very weak binding of the last one or two
valence nucleons. They have been discovered more than 20 years ago in nuclear reaction studies [1]
and exhibit a huge matter radius, much larger than those of neighboring isotopes. This is because the
valence nucleons, which are bound to a well-defined core-nucleus that contains all the other nucleons,
are tunnelling into the classically forbidden region far away from the nuclear core. The best studied
halo isotopes are ''Li, ®®He and '»'“Be. Even though nuclear charge radii are of great interest for
these systems since they provide direct insight into the nuclear core - they have not been measured
until recently. The only available source of model-independent nuclear charge radii for short-lived
isotopes are laser spectroscopic measurements of isotope shifts. But for light isotopes like helium
and lithium, the differences in nuclear mass causes a mass-dependent isotope shift that is 10,000
times larger than the small nuclear volume shift; thus, it is very difficult to extract accurate nuclear
information.

A few years ago it became possible to calculate the mass-based portion of the isotope shift in three-
electron systems with relative accuracy of approximately 1076 [2] - sufficient to extract the change in
the nuclear charge radius between isotopes - provided that the total isotope shift can be experimen-
tally determined with comparable accuracy. However, this task is complicated because halo isotopes
are produced only in tiny amounts at radioactive-beam facilities like TRIUMF or ISOLDE, and once
produced, they decay away with half-life as short as a few ms. Thus, the applied method must be
both fast and sensitive.

The talk will present recent work in this field with emphasis on the first determination of the 'Li
charge radius using laser spectroscopy on the 2s — 3s Doppler-free two-photon transition combined
with sensitive resonance ionization detection. An outlook on planned experiments to determine the
charge radius of radioactive beryllium isotopes will also be given.
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Quantum Electrodynamics of Light Atomic Systems and
Fundamental Constants

Ulrich D. Jentschura

Maz—Planck—Institut fir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg
E-mail: jentschura@mpi-hd.mpg.de

European physics has certainly attained an internationally leading role in high-precision experimental
atomic structure physics. This talk will be focused on the theory behind the measurements. In
general, the combination of relativistic atomic theory and quantum field theory is commonly referred
to as bound-state quantum electrodynamics. It belongs to the most developed tools in the arsenal of
theoretical physics. Among other applications, this powerful tool may be used for the determination
of fundamental constants, for the verification of quantum field theory in atomic systems, and for
the investigation of the potential time variation of fundamental quantities on the basis of laboratory
measurements. Calculable frequency standards are appearing on the horizon. The recent progress
in the field is the result of a fortunate and fruitful combination of high-precision theory and highly
accurate experiments, some of which are performed using laser spectroscopic techniques and some of
which profit from high-precision traps.

The topics covered in the talk include:

e the theory of the hydrogen and deuterium spectra and the determination of the Rydberg
constant, and of the proton and deuteron charge radii, based on a least-squares analyis, as well
as the theory of the hydrogen and deuterium hyperfine structure,

e the theory of the bound-electron g factor and the determination of the electron mass, as well
as potential further applications regarding the nuclear ¢ factor and a potential alternative
determination of the fine-structure constant based on the bound-electron g factor,

e the structure of helium and the determination of the fine-structure constant, as well as high-
precision measurements along the helium isoelectronic sequence, where interesting discrepancies
of theory and experiment have been observed recently.

Emphasis will be laid on the use of a generalized least-squares analysis which enables optimal use
of a large number of measurements of theoretically related quantities (such as different transitions
in the same atomic system) for the determination of constants. This method, in particular, allows
to quantify possible discrepancies of theory and experiment in situations where many related exper-
imental results have to be confronted simultaneously with theory. A short survey of other bound
systems such as muonium (which yields the electron-muon mass ratio), and the theoretical founda-
tions governing the conceivable variation of fundamental constants, complement the other topics of
the talk. Finally, an outlook will be given, and emphasis will be laid on the potential increase in the
demand for accurate theoretical calculations in the area, because frequency combs have dramatically
increased the feasibility of high-precision and ultra-high-precision measurements in University labo-
ratories as opposed to a few government-funded institutions on the national level. The possibilities
opened by the new techniques are nearly endless. As Heinz Maier—Leibnitz put it, “Whenever you
invent a method ten or a hundred times better than existing ones, you can be sure that this will lead
to new science!”
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Treating cesium resonance lines with femtosecond pulse
train

N. Vujicic, S. Vdovic, T. Ban, D. Aumiler, H. Skenderovic and G. Pichler

Institute of physics, Bijenika 46, Zagreb, Croatia
E-mail:pichler@ifs.hr

We present results of recent experiments when cesium vapor were illuminated by the femtosecond
laser frequency comb centered at either D2 line at 852 nm or D1 line at 894 nm. This action changed
the usual Doppler profile into very peculiar profile in which periodic structure can be observed by
cw laser scanning probe. The periodic structure reflected the frequency spectrum of the pulse train
consisting of a series of fringes separated by the pulse repetition rate. In cesium system the atomic
coherence relaxation time is longer than the laser pulse repetition period. Cs atoms interact with the
spectrum of the pulse train, and not with the spectrum of a single pulse. This open up a possibility
for the high resolution spectroscopy [1,2|, where the observed linewidths are much less than the
Fourier- transform limit of the individual pulse in the train.

In our recent papers [3,4] we presented the observation of the velocity selective population transfer
between the Rb ground state hyperfine levels induced by fs pulse train excitation. We developed
a modified direct frequency comb spectroscopy (DFCS) which uses a fixed frequency comb for the
858TRb 52512 — 52P )23/ excitation (Tsunami mode-locked Ti:sapphire laser with pulse duration
of 100 fs and pulse repetition of 80 MHz) and a weak cw scanning probe (TOPTICA DL100, ECDL
at 780 nm) for ground levels population monitoring. The Rb(52P;/2,3/2) excited atomic levels have
the relaxation times greater than the fs laser repetition period.

We shall present velocity selective optical pumping of the ground hyperfine levels in cesium atoms
achieved by femtosecond laser oscillator. Modulations in the hyperfine absorption line profiles are
observed as a direct consequence of the velocity selective optical pumping induced by the frequency
comb excitation. In addition, we show the results of the use of a hyperfine Cs filter, which selectively
absorbs frequency comb lines over the Doppler profile.
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Electric tensor polarizability and Stark shift of the clock
transition in cesium
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The quadratic Stark effect of atomic levels is commonly parametrized by scalar (o) and tensor (as)
polarizabilities. While the former leads to an equal shift of all magnetic sublevels, the latter lifts their
degeneracy in a characteristic way. In second order perturbation theory, tensor polarizabilities only
exist for states with angular momenta J > 1/2. As a consequence, the spherically symmetric n*S, /2
ground states of alkali atoms exhibit only a scalar Stark shift. However, it was shown already in the
1960s that a static electric field can lift the Zeeman degeneracy of the hyperfine structure in alkali
ground states [1,2]. Sandars [3] explained the finite value of the corresponding tensor polarizability by
extending the perturbation theory to third order including the hyperfine interaction. Unfortunately,
that model was not able to reproduce the experimental values. In a recent all-optical experiment we
have confirmed the early experimental results [4].

In this paper we present an extension of Sandars’ theory by including not only diagonal, but also
off-diagonal hyperfine matrix elements in the third order calculation of ay. As a result we obtain a
reasonable agreement between experiment and theory, thereby solving a 40-year-old open question.
Our analysis has revealed a sign error in Sandars’ formulas. The error does not affect the absolute
value of the polarizability, but the relative sign of as(F' = 4) and ao(F = 3). We present experimental
evidence for the correctness of our sign.

Our calculation also yields a theoretical value for the static Stark shift of the clock transition frequency
in cesium. The frequency shift of primary frequency standards by blackbody radiation (a dynamic
Stark shift) can be parametrized in terms of the transition’s static Stark shift. The blackbody shift is
one of the dominating systematic uncertainties of atomic clocks. Our theoretical value is in excellent
agreement with a recent experimental measurement of the static shift [5] but disagrees with the
value [6] commonly used by the clock community for correcting the primary frequency standards.
It is to be noted here that a many different types of hyperfine matrix elements contribute to both
the polarizability and the clock shift, however, with strongly differing weights. In the case of the
clock transition 95% of the contributions can be expressed in terms of experimentally determined
quantities which gives a particularly high level of confidence in the result.

References

1] J. P. Carrico et al., Phys. Rev. 170, 64 (1968).
9] H. Gould et al., Phys. Rev. 188, 24 (1969 ).

[1]

2]

[3] P. G. H. Sandars, Proc. Phys. Soc., 94, 857 (1967).
[4] C. Ospelkaus at al., Phys. Rev. A67, 011402 (2003).
[5] A. Godone et al., Phys. Rev. A71, 063401 (2005).
[6] E. Simon et al., Phys. Rev. A57, 436 (1998).




32 Short Reports A EGAS38 Ischia 2006

Measurement of the Lamb shift of n=2 exited states in
helium-like uranium using crystal spectroscopy methods
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We present a new experiment for the precise study of the inner-shell transition 1s2p 3P, — 1525 35,
in helium-like uranium in the few keV range (4.5 keV) using a Johann-type Bragg spectrometer with
a spherically bent crystal [1]. Due to the focusing properties of the crystal bending, such instruments
is characterized by a high efficiency (about 107%) and it will enables, for the first time, to evaluate
precisely the Lamb shift for n = 2 states in highly charged helium-like ions. The data will be
acquired at storage ring ESR of GSI using a fast He-like uranium beam colliding with a gas target.
This measurement will provide the most sensitive test for the relativistic electron-electron interaction
in highly charged ions.
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Scattering experiments between charged particles and molecules have recently displayed novel many-
body phenomena involving coherent interplay between electrons and nuclei. For example, in fast
A%t — H, collisions, doubly-differential cross sections for electron emission have been measured in
a wide range of impact energy and for different projectile charges [1,2] : the energy-distributions
of the secondary electrons presented different structures which have been explained by the coherent
emission of electrons from both nuclei of the diatomic molecules [3]. The wide structures observed in
the spectra were therefore interpreted by first-order interferences, in analogy with the ones observed
in the famous Young’s slits experiment. Higher frequency oscillations superimposed on the former
structures were also observed [2] and tentatively interpreted through second-order effects. On the
other hand, different theoretical analysis based on the Born approximation, CDW-EIS treatment,
classical and semiclassical models confirmed qualitatively the existence of the first-order structures
but did not predict the higher frequency ones.

For intermediate collision energies, corresponding to projectile velocities similar to the average veloc-
ity of the target electron, these effects are smeared out since the the electron dynamics is completely
entangled in an attosecond transient multi-center structure. However new kind of dynamical features
may be observed for electron transfer and are extremely sensitive to the detailed electronic structure
of the molecular target, the projectile and the geometry of the collision complex [4].

In the conference we shall discuss interference effects in ion-molecule collisions observed for electron
transfer in the intermediate impact energy range and for ionisation at higher velocities. We present
two original semiclassical approaches to solve such problems, based on the numerical solution of the
time-dependent Schrodinger equation [5,6] : (i) a basis expansion approach and (ii) a full numerical
grid-method. The basis state method is most suitable for studies of geometrical effects for bound-
bound transitions as the final channels are here correctly described. The grid method is perfect for
collisions where charge transfer plays a minor role (ie. when ionization dominates) and an analysis in
function of the energy and angle of ejection of the electron is required. In both cases we display strong
interference effects with unique signatures of the two- and three-center dynamics of the electron cloud
during the collision.
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The recent advent of optical lattice clocks opens a promising way towards frequency standards with
improved accuracy [1]. With a large number of atoms probed in the Lamb-Dicke regime these clocks
combine the advantages of traditional optical standards which use either a trapped single ion or
a large number of free falling neutral atoms. A crucial concern for this new type of clocks is the
level of cancellation of the effects of the trapping potential on the clock transition. The first order
perturbation is intrinsically cancelled by tuning the lattice to the "magic wavelength”, this is however
not the case for higher order terms. Though theoretical predictions indicate that these effects should
be compatible with a 107'® accuracy goal [2], they do not properly account for two photon resonances
at the vicinity of the magic wavelength. In Sr, the 5s5p3Py, — 5s7p'P, and 5sbp3Py — Hs4f3F,
transitions lie respectively 7 x 1072 nm and 5nm away from the magic wavelength.

We report here the first observation of higher order effects in a strontium optical lattice clock. Non
linear frequency shifts of several kHz are observed by operating the clock at a very high trapping
intensity of 10> W/cm? and by tuning the trap laser some 100 MHz away from the P — F resonance.
No effect of the P — P transition could be observed to within the present accuracy of our measure-
ments. When tuning the laser at the magic wavelength, which we determine to be 813.428 (1) nm,
higher order effects are compatible with zero to within a few Hz. This demonstrates that they will
not constitute a limitation to the accuracy at the 1078 level for a Sr optical lattice clock operated
at a reasonable lattice depth in the range of 10* W/cm? [3].
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Recently, laser-cooled atomic strontium has been the subject of active research in several fields
spanning from all-optical cooling towards quantum degeneracy for bosonic and fermionic isotopes,
cooling physics, continuous atom laser, detection of ultra-narrow transitions, multiple scattering, and
collisional theory.

Much of that interest relies on the features of the electronic level structure of alkali-earth atoms,
that make them ideal systems for laser manipulation and realization of quantum devices. Among
the alkali-earths, strontium summarizes most of the useful properties both for the preparation of
ultracold samples and for applications.

We describe the production of atomic strontium samples at ultra-low temperature and at high phase-
space density, and their possible use as quantum sensors for frequency metrology and highly sensitive
devices.

Our apparatus allows for simultaneous loading of a far-off-resonant optical dipole trap with different
isotopes[1]. We performed collisional studies in the uK temperature domain. Our analysis proves
that the ®Sr isotope has a remarkably small s-wave scattering length, in agreement with results from
photoassociation spectra[2,3]. Tt also shows the occurrence of #Sr-8¢Sr interspecies elastic collisions.
We exploited such fact to implement an optical sympathetic cooling scheme, thus increasing the
phase-space density by one order of magnitude[4].

Part of our experiment concerns with high-resolution spectroscopy and accurate optical frequency
measurements[5]. Here we also present our recent advances towards the realization of an optical
frequency standard based on the highly forbidden 'Sy-3P, intercombination line at 698 nm on the
even Sr isotopes.

In ground-state ®8Sr atoms, the combination of small elastic cross-section and virtual immunity from
stray magnetic fields may represent a critical advantage for the realization of quantum sensors, by
reducing the possible sources of perturbation. We actually observe persistent Bloch oscillations|6]
of 8Sr atoms in a vertical 1-D optical lattice up to 10 seconds. As an example, we determine the
gravitational acceleration in our lab[7]. We discuss the possible applications of our system to measure
forces at micrometer scale.
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g-factor of heavy ions: a new access to the fine structure
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A possibility for a determination of the fine structure constant in experiments on the bound-electron
g-factor is examined. It is shown that studying a specific difference of the g-factors of B- and H-like
ions of the same spinless isotope in the Pb region to the currently accessible experimental accuracy of
7 x 1071 would lead to a determination of the fine structure constant to an accuracy which is better
than that of the currently accepted value. Further improvements of the experimental and theoretical
accuracy could provide a value of the fine structure constant which is several times more precise than
the currently accepted one. The feasibility of the theoretical calculations to the required accuracy is
discussed.
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We use atom interferometry to perform an absolute measurement of the gravitational acceleration g
with 8 Rb free falling atoms. A cold atomic sample is prepared by 2D- and 3D-MOT loading within
50 ms. After a short o,-0_ cooling phase, the molasses lasers are adiabatically shut off, and the
final temperature is about 2 uK. While the atoms are falling, a sequence of three stimulated Raman
transitions separates and recombines the atomic wave function, using vertical counter-propagating
lasers. These two photons transitions address the two hyperfine sublevels F=1 and F=2 of the
5515 ground state via a virtual excited state. Each time the atoms experience a light pulse, the
phase difference of the lasers is imprinted onto the atomic phase. The phase shift between the
two paths depends on g, and scales with the square of the time interval between two consecutive
pulses [1]. This phase shift is deduced from a fluorescence measurement of the atomic state at the
output of the interferometer. The previous experiment based on this principle [2] demonstrated an
excellent sensitivity of 2 x 1078¢g/Hz'/? [3], better than the best absolute gravimeter commercially
available today [4], for a comparable accuracy of 3 x 107%g. With respect to this atomic fountain
where the interaction time can be increased up to about 1 s, our experiment was developed to be
transportable. Its compactness limits the maximum interaction time to 120 ms, but allows us to
operate the interferometer with a high repetition rate of 5 Hz.

First interference fringes were obtained with our experiment a year back. We reduced the influence of
the vibration noise by combining a passive isolation and a post-correction based on the independent
measurement of the vibrations with a low noise seismometer. This allows us to reach the sensitivity
of 2.5 x 1078¢g/Hz"2. 1 will present a detailed investigation of the influence of the different sources of
noise on the measurement of our interferometer [5], as well as the undergoing studies on the various
systematic effects that shift the measured value of g.
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Ab initio calculations of the Sulfur electron-affinity: the
atomic and molecular approaches
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The photodetachment microscopy, relying on the analysis of electron interferograms obtained by
photodetachment of a negative ion in the presence of an electric field, appears as the most accurate
method for electron affinity measurements [1]. Its high accuracy, combined with a high sensitivity
that allows the electron images to be recorded even for the rarest isotope, opens the possibility of
measuring the isotope shift in the electron affinity [2]. Although not as accurate for many-electron
systems, the theoretical investigation of the isotope shifts in the electron-affinity is worthwhile, shed-
ding some light on electron correlation that can be strong enough to make it “anomalous” [3,4]. With
this respect, Chlorine remains an interesting challenge for which the many-body calculations failed to
reproduce the experimentally observed anomalous specific mass shift for the isotope pair 3*37Cl [5].
Almost reaching the many-body complexity of Chlorine, the S™/S is another interesting atomic pair
for which the 325 electron-affinity has been revisited recently by photodetachment microscopy exper-
iments [1]. However, before tackling the evaluation of the expectation value of the mass-polarization
term for the negative and neutral systems respectively — their difference making the mass specific shift
for a given isotope pair —, it is needed to assess the theoretical description of the electron-affinity itself.

We will report ab initio calculations of the electron-affinity of the infinite-mass systems S~ /S, adopt-
ing two different methods. We use the numerical multi-configuration Hartree-Fock approach (MCHF)
combined with configuration-interaction (CI), using the ATSP-2K package [6] and adopting different
correlation models inspired from similar electron-affinity studies [3,4]. A molecular approach is also
attempted, using MOLPRO [7], a complete system of ab initio programs for molecular electronic
structure calculations, that has been shown already to be efficient for estimating atomic electron-
affinities [8]. Although the use of the abelian Dy, point group might appear as a strong disadvantage
for dealing with the spherical atomic symmetry, the desired degeneracies of the (2L 4 1) components
belonging to a given irreducible representation D can be obtained in the state-averaging multiconfig-
uration scheme. Moreover, this package allows for an extensive treatment of the electron correlation
problem through the multi-reference CI.
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The electrostatic and spin-orbit coupling with distant configurations is defined for example as:
Srs—nmrs (Y, V') =
— D <nan1l{V1n2lév2; SLJFM |FS| nlN 10" 1" n 1Y nyld; S”/L’”JFM> X
(Nt N 13 S L JF M [HES| niNny 1Y ngly; S'LJF M)
= S g (¥ 008 SLIFM [HES| Y10 1"ny 1Y nal3?; S" L JFM )
(NI 1 3 S L TF M [FS|nlNmyl sl S'L'TF M) (1.1)

where F'S denotes electrostatic or spin-orbit operator and HF'S states for one from many hyperfine
structure (hfs) operators.

The terms of the formulae (1) can be written for each kind of considered excitations of the one or
two electrons and moreover these terms can be presented as the product of the angular part and the
radial part. On this way, the one- and two-body hfs interactions can be expressed as a set of the
linear equations for each hfs constants A and B :

= > ap (W) agy + > ot (@) PIPR (nlngly, 01" naly) (nl, n"1") (1.2)
rk,nl rkk,i
B(w) — Z bnk 4 Z ﬁnk Pinth (nlnlll, ’flmlmnlll) (nl, n///l///) (13)
rk,nl kk,i
where a"F and 0% are the Sandars-Beck one-body radial parameters [1], R’ are the possible kinds of

the Slater integrals and Pf* are the different kinds of the two-body hfs radial parameters.

The method has been applied to the atomic tantalum, where more than 250 experimental hfs A and
B constants are known [2-4]. Our hfs analysis allows to determine quantitatively the hfs two-body
contributions to each experimentally observed A and B constants.

This work was supported by Poznan University of Technology under project BW-63-028/06
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The dependence of radiative characteristics on the external field is the basic problem in describing
interaction between an atomic system and field. In a dc electric field, together with the shift and
splitting of levels, forbidden lines may emerge and allowed lines may vanish.

An important feature of the Stark effect on multiplet states of many-electron atoms is the anticrossing
of two (doublet) sublevels with equal principal and angular quantum numbers nL, which may appear
if the polarizability of the upper state a,,r,n With energy F, 1, is greater than the polarizability
of the lower state au,rj,n with energy E,r; < E,pj,. The "doublet” levels interacting in pairs
may exist among states with arbitrary spin (not only S = 1/2) and specific magnetic quantum
number, for example with |[M| = L + S — 1. We have determined the influence of a static electric
field Fy = Fyey on the wave functions, energies and probabilities of dipole transitions between the
"doublet” atomic states near the anticrossing regime with Fy ~ F4. Our calculations are based on
the integral Schrodinger equation for close levels,

U(r) = ; asar [+ G (e, x) (V) = AB)] [ dursan (), (1.4)

where G"") is the completely reduced Green function with the mean energy of multiplet [1]. The
zero-order wave function resolved in doublet wave functions of the field-free atom

‘IISEM,i = a§1M|¢nLJ1M> + aiM‘¢nLJ2M>>
already in the superposition coefficients contains the dependence on the field strength [2]
1 1— f2¢&2
+ — 4T _
ajm(f) = laf,u(H)]= |5 (1F ) (1.5)
| ek I+ (2 -2)8

where the "+” (”—") sign corresponds to the greater (the smaller) eigenvalue AFEL, and ¢ is a
dimensionless parameter depending on quantum numbers of doublet atomic states. For f = Fy/F4 —
0 only one of the two coefficients (1.5) is nonzero.

We have derived analytical expressions for the dipole transition probability between arbitrary atomic
doublet states in the electric field Fy. E.g., for m-transition from the state [nLM, £) to the isolated
state |n'L’ = L—1J'M) the probability ratio to the total probability of the doublet transitions in a

field-free atom is: .
romy L £(f? — 1) sign (ag,p)
iR =3 {1 N e } |

2
Near anticrossing, Fy ~ F4, the both probabilities become equal to one another, R (Fa) = R_(F4) =
1/2, as was observed in helium n’P; states with M = 0 [2]. The strong field, f — oo, breaks down
the spin-orbit structure of atomic states so as to transform transition probabilities into those of a
spin-less atom, with only one of the two values Ry (co) remaining nonzero.

(1.6)
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The field-induced dipole-forbidden transitions, which may be conveniently described in the second-
order approximation by components of the "transition polarizability” tensor [1], are accompanied
by the basic transformations for probabilities of allowed transitions between multiplet sublevels due
to the field-induced reconstruction of atomic multiplets ultimately resulting in breakdown of the
spin-orbit structure in strong field [1,2]. Also the variations in probabilities for the dipole-allowed
transitions between singlet states in a static electric field Fy = Fyey may provide essential information
on characteristics of both the internal atomic structure and the ambient external fields.

In this communication we present theoretical data for the second-order electric-field-induced cor-
rections to the wave functions, matrix elements and probabilities of the dipole radiation transitions
between singlet atomic states. E.g., the probability for transition between an initial n; 1Sy and final
nys Py states, supported by a field of wave with the unit polarization vector e, may be presented as

Wi = Wi {1+ F§ [wr + (wy —wi ) eo - el’]}

where W;?) is the probability of transition without the dc field, w) (w,) is the coefficient for the
second-order correction to the probability of the 7-(o-)transition in the dc field with eq || e (ey L e).
These coefficients include the second-order corrections to the transition frequency and to the matrix
element. We demonstrate, that the first-order in Fy matrix elements of the field-induced E2 and
M1 transitions do not interfere with the field-free dipole matrix element and also contribute to the
second-order correction for the 7-transition n; 'S — ny'P; in the wave propagating perpendicular
to the dc-field vector. The non-dipole corrections to the o transitions also appear in w,, if the
wave propagates collinear with ey. However, the numerical computations for helium and alkaline-
earth atoms have demonstrated the E2-M1 corrections to be negligibly small in comparison with
contribution from the interference between the second-order correction and the field-free E1 matrix
elements.

The coefficients w),) are rapidly increasing functions of the upper-level energy. On the basis of
numerical computations, we have derived asymptotic extrapolation equations for transitions to highly
excited ny 'P; states with the effective principal quantum number vy = 1/,/—2E, ;p- For helium the

three-term extrapolation polynomial is:
~ 10 9 8

with coefficients very smoothly dependent on the initial n; 'Sy state. This function gives the w values
with 3 significant figures in a wide range of the n;'P; state principal quantum numbers, up to
vy ~ 1000.
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Stark-induced amplitudes for the 6/ /o — 7P, /5 transition in T1 I are calculated using the relativistic
SD approximation in which single and double excitations of Dirac-Hartree-Fock levels are summed
to all orders in perturbation theory. Our SD values ag = 368 a3 and |Bs|= 298 a} are in good
agreement with the measurements a5=377(8) aj and s = 313(8) a by D. DeMille, D. Budker, and
E. D. Commins [Phys. Rev. A50, 4657 (1994)]. Calculations of the Stark shifts in the 6P/, — 7P,
and 6P, ;2 — 75 2 transitions are also carried out. The Stark shifts predicted by SD calculations agree

with the most accurate measured values within the experimental uncertainties for both transitions.
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The isotope shift [1] and the radiative decay rate [2,3] of the 1s*2s*2p 2Py — 2P /5 forbidden M1
transition in B-like argon ions has been determined with high accuracy using the Heidelberg electron
beam ion trap (EBIT). This transition, which is of fundamentally relativistic origin, provides unique
possibilities for performing precise studies of correlation and quantum electrodynamic effects in many-
electron systems. Our isotope shift calculations, which rely on a fully relativistic formulation of the
nuclear recoil operator, are in excellent agreement with the experimental results and confirm that
it is indispensable to include relativistic recoil corrections when predicting mass shift contributions
in medium-Z ions. A calculation applying the nonrelativistic operator only would yield values for
the isotope shift which are smaller than the experimental result by a factor of roughly three. The
lifetime corresponding to the above transition has been measured with an accuracy on the order of
one per thousand and is confirmed very recently by an independent measurement [3]. Theoretical
calculations predict a lifetime that is in significant disagreement with this high-precision experimental
value.

Isotope shift. The wavelengths of the 15225%2p 2P3/2 - 2P1/2 transition in Ar'®* and the 1522s2p 3P, — 3P,
transition in Ar'4t were compared for the isotopes 36 Ar and “°Ar. The observed isotopic effect has confirmed
the relativistic theory of nuclear recoil effects in many-body systems, which corrects major inconsistencies
in earlier theoretical methods. Theoretical transition energies and their isotope shifts, including the contri-
butions due to the relativistic recoil operator, have been determined by large-scale configuration interaction
Dirac—Fock—Sturm (CI-DFS) calculations and quantum electrodynamic many-body theory. Nonrelativistic
normal mass shift and specific mass shift contributions were also evaluated in the framework of the mul-
ticonfiguration Dirac—Fock method. To the best of our knowledge, the relativistic nuclear recoil effect has
never been observed experimentally thus far.

Lifetime.The lifetime of the Ar'3* 15?25?2p ?P; 5 metastable state was determined to be 9.573(4)(5) ms
(stat)(syst). The accuracy level of one per mill makes this measurement sensitive to quantum electrodynamic
corrections like the electron anomalous magnetic moment and to relativistic electron-electron correlation
effects. Theoretical predictions, including the result of a recent calculation based on the CI-DFS method
combined with higher-order electron interaction and QED corrections [4], cluster around a lifetime that
is approximately 3o shorter than the experimental result. At present there is no explanation for this
discrepancy. It is interesting to mention that a similar disagreement was also found for the lifetime of the
Al-like Fe XIV 3s523p 2P, /2 level. Experimental and theoretical work is underway to confirm.
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Bound States Composed of Positroniums and
One-valence-electron Atoms
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The interest in the construction of exotic molecules containing positroniums has been rapidly in-
creasing in the last few years. In the present work are reviewed both experimental and theoretical
efforts made in this direction. Particularly, we demonstrate our treatments of chemical compounds
containing positronium and one-valence-electron atoms. The compounds are considered as four-body
systems in which nuclei and core electrons are frozen. Calculations are mainly concentrated on the
formation of ground states. However, it is also explored possible existence of these molecules with
excited positroniums.
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We have performed large scale CIV3 calculations of excitation energies from ground states for 98
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 (1s%2522p%)3s23p, 3s3p?, 35%3d, 3p?, 3s3p3d, 3p?3d, 3s3d?, 3s%4s, 3s*4p, 3s%4d, 3s*4f, and 3s3p4s
configurations of Al-like Manganese, using very extensive configuration-interaction (CI) wave func-
tions [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 cor-
rection, 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 calculation we
have investigated the effects of electron correlations on our calculated data, particularly on the in-
tercombination transitions, by including orbitals with up to n=5 quantum number. We considered
up to three electron excitations from the valence electrons of the basic configurations and included
a large number of configurations (1164) to ensure convergence.

Our adjusted excitation energies, including their ordering, are in excellent agreement with the avail-
able experimental results [3] and the recommended data by the National Institute of Standard and
Technology (NIST). In our CIV3 calculation we identify the levels by their dominant eigenvector
[4,5]. In this calculation the mixing among several fine-structure levels is so strong that the levels
3p?(19)3d(*D15) and 3p*(*D)3d(*Py5) are designated by the second largest and the third largest
eigen vectors respectively. Due to this enormous mixing among several fine-structure levels, it is very
difficult to identify these levels correctly. Perhaps, this may be the reason that no experimental results
are available for these levels. Our very extensive calculations may assist the experimentalists in iden-
tifying these fine-structure levels. From our transition probabilities, we have also calculated radiative
lifetimes of the fine-structure levels in Mn XIII. Our calculated lifetime for the level 3s24s(*Sy5) is
found in good agreement with available theoretical and experimental results [6,7]. We predict new
data for several levels where no other theoretical and/or experimental results are available.
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Emission lines from multiply charged Mg-like ions are frequently observed in the spectra of astro-
physical plasma and laboratory plasmas. Accurate absorption oscillator strengths for these ions are
needed in astrophysical observations and in the study of laboratory plasmas both for diagnostic
purposes and for the determination of the effects of impurities on controlled thermonuclear fusion.
We have calculated excitation energies from the ground state for 53 fine-structure levels as well as os-
cillator strengths and radiative decay rates for all electric-dipole-allowed and intercombination tran-
sitions among the (1s22s?2p%)3s%(1S), 3s3p(3P?), 3s3d(}3 D), 3s4s(13S), 3sdp(H3P°), 3s4d(*3 D),
3s4f(13F°) 3P2(1S 3P .1 D), 3p3d (13 Pel3 Do L3 o) 3pds(13P°), and 3d?(1S3P,'D3F 'G) states of
Ge XXI. These states are represented by extensive configuration-interaction (CI) wave functions
obtained using the CIV3 computer code of Hibbert [1]. The important relativistic effects are in-
corporated through Breit-Pauli Hamiltonian [2]. Small adjustments to the diagonal elements of the
Hamiltonian matrices have been made. These adjustments improve the accuracy of the mixing coef-
ficients which depends in part on the accuracy of the eigenvalues. This is a justifiable [3] fine-tuning
technique and is particularly useful for the calculation of intercombination lines [4]. These adjust-
ments also affect the composition of the eigenvectors slightly. In a way, they correct the ab initio
approach for the neglected core-valence correlation, which has been shown to contribute significantly
in neutral magnesium [5].

Our excitation energies, including their ordering, are in excellent agreement with the available exper-
imental results [6]. In our CIV3 calculation we identify the levels by their dominant eigenvector [7,8].
The enormous mixing among several fine-structure levels makes it very difficult to identify them
correctly with the result that their positions in other calculations are interchanged compared to our
results and the experimental values. From our transition probabilities, we have also calculated radia-
tive lifetimes of some fine-structure levels. Our calculated oscillator strengths and the lifetimes are
found to be in good agreement with the experimental and other theoretical results (wherever avail-
able). In this calculation we also predict new data for several fine-structure levels where no other
theoretical and/or experimental results are available. We believe that the new oscillator strengths
will be useful in many astrophysical applications and in technical plasma modeling.
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Classical calculation of radiative lifetimes and branching
ratios for hydrogenic Stark states

M.W. Horbatsch, E.A. Hessels, M. Horbatsch

York University, Department of Physics and Astronomy,
Toronto, Ontario, Canada M3J 1P3
E-mail:marko@yorku. ca

Recently we obtained accurate lifetime expressions for hydrogenic states on the basis of a classical
Larmor radiation calculation [1]. Branching ratios (BRs) were obtained in good agreement with
quantum mechanics when the Fourier components were collected to correspond to allowed final
states. Accurate lifetimes were subsequently obtained for diamagnetic states using the framework of
classical time-dependent perturbation theory [2].

Here we turn to the problem of lifetimes and BRs for Stark states of hydrogen. Classical expressions
for these BRs were obtained in 1917 by H.A. Kramers. In order to go beyond that, we transform
from the space of two Fourier indeces that characterize the motion in parabolic coordinates to (An,
Ap), which represent changes in the principal and electric quantum numbers. Using this method, we
find a good correspondence between the classical predictions and quantum mechanical results even
for large An/n for which the old calculation fails. A lifetime formula and comparisons of partially
summed BRs with quantum mechanical results will also be presented.

This work allows one to draw several conclusions. The quantum-mechanical branching ratios for
transitions between different Stark states are quantities with interesting structures as the final-state
quantum numbers are varied. Our classical calculations which are based on a Fourier decomposition
of the initial-state trajectory obtain many of these structures with good accuracy. The complicated
dependencies appear for different reasons in both calculations: in the quantum case the matrix
elements are determined by the nodal structures in the initial and final state wave functions.

From a practical perspective it is worthwhile to explore to what extent classical-quantum correspon-
dence can be used in cascade calculations, e.g., for high-n initial states for which the calculation of
quantum transition matrix elements becomes tedious [3]. Such calculations are of interest for plasma
simulations both in atom trapping and in astrophysical applications.
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Electric susceptibility of a laser-dressed atomic medium is calculated for a model Lambda-like system
including two lower states and a continuum structured by a presence of an autoionizing state or a
continuum with a laser-induced structure. We give analytic expressions for the susceptibility in the
case of the bound-continuum dipole matrix elements being modelled according to Fano autoionization
theory. We examine the shape of the transparency window depending on the amplitude of the control
field.

We consider a generalization of a A system including two lower states |b > (initial) and |c¢ >, the
bare continuum |E > and an autoionizing state |a >. The state |a > is coupled with the continuum
by an additional coupling U, e.g. configurational or one due to a third laser. The autoionizing state
and the continuum are coupled with the state |b > by a weak probe field and with the state |¢ > by
a relatively strong control field. Depending on the strength of a control field, it is possible to obtain
a significant reduction of the light velocity in a narrow frequency window in the conditions of a small
absorption.

We find a qualitative similarity to the case of EIT in a typical A system, provided that the asymmetry
parameter |g,| > 1. In the case of a flat continuum the magnitudes of both the real and imaginary
parts of the medium susceptibility are by many orders smaller and the transparency window is by
a similar factor narrower than in a typical A system driven by the same control field. For not too
large values of the Fano parameters we obtain the values of Reyx and Imy much larger than in the
case of a flat continuum but still by 6-7 orders of magnitude smaller than in the case of a typical A
system. The transparency window is here much wider than in the case of a flat continuum, but by
a few orders of magnitude narrower than for a typical A, for the same control fields. Our results are
thus located in an intermediate region between the two limiting cases. Additionally, in the case of
continuum the point of zero absorption is in general slightly shifted. It is shown that increasing the
values of the asymmetry parameters leads to an increase of the values of both real and imaginary
parts of the medium susceptibility and to an increase of the width of the transparency window,
compared with the case of a flat continuum. A smooth transition is shown between the case of a flat
continuum and that of a discrete state serving as the upper state of a Lambda system.

The work has been partly supported by Polish budget funds allocated for the years 2005-2007 as a
research grant No. 1 P03B 010 28.
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The binomial potential of electron-proton interaction
alternative to the coulomb law
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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
e2 I
V=_— 4 1.7
4 (L7)
and have determined the value of the constant I" as 6.10276 x 10728 CGSE units.
Potential (1.7) has been verified by us in the analysis of both the Kepler task of a hydrogen atom

where the energy takes the form

e r (1.8)

and the Schrodinger equation

2

2m e r
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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 ¢q, as a function of the impact parameter p:

Ep? Q+£Eﬁiﬂym}, (1.10)

Yop = || =5 arccos

Ep>+ 7T et

The calculations have shown that the formula describing the scattering of electrons in the binomial
potential well represents the process within the range of impact parameters down to 10~ *cm for the
energies of an electron from several eV up to hundreds of MeV. Further, on the basis of potential
(1.7), 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 mechanics. For the theory of Schrodinger,
we have demonstrated, with the use of potential (1.7), 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 (1.7) can be considered as a link between the classical and quantum theories.
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Radiative parameters for some transitions in Cu II
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Accurate determination of transition probabilities in Cu II spectrum is of great interest for plasma
physics, laser physics, astrophysics and for the construction of new light sources. Most of the Cu II
transition probabilities, available so far in the literature, concern states belonging to the low-lying
3d%4p and 3d%5s configurations.

In this contribution we report on Cu II radiative parameters for some transitions arising from 3d%4d
and 3d®4s? configurations.

A plasma produced by laser ablation was employed as a source of Cu II ions. A focused Nd:YAG
laser beam was used to generate the plasma on the surface of a copper target in a controlled argon
atmosphere (8 Torr). The Nd:YAG laser generated 240 mJ pulses of 7 ns duration at 20 Hz frequency
and 1064 nm wavelength. The recording of the spectrum was performed with a monochromator (0.3 A
spectral resolution) and an OMA III detection system. The set up allows to register the spectra with
different delays after the laser pulse, which gives the opportunity to choose the best experimental
conditions for relative intensity measurements. The system was calibrated by an etalon tungsten
lamp in the visible spectral region and by an etalon deuterium lamp in the UV spectral range.

Theoretical calculations of transition probabilities and radiative lifetimes have also been performed
by a relativistic Hartree-Fock approach (HFR method)[1], in which core-polarization effects and
extensive configuration interaction between 3d'°, 3d%4s, 3d%5s, 3d%4d, 3d%5d, 3d%5g, 3d®4s?, 3d%4p?,
3d®4d?, 3d®4s4d (even parity) and 3d%4p, 3d%5p, 3d%4f, 3d?5f, 3d®4s4p, 3d®4s4f, 3d®4p4d (odd parity)
have been included.

Experimental relative transition probabilities were normalized to an absolute scale using the calcu-
lated lifetimes data of the corresponding states.

The experimental and the theoretical transition probabilities were found in good agreement.
This work was supported by Bulgarian National Science Foundation under contract 1516,/05 and also

by the Belgian National Fund for Scientific Research (FNRS).
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The determination of elemental abundances in the stars, including the Sun, requires a large number
of accurate radiative transition probabilities for many ions including Zr II. In the present work,
radiative lifetimes of excited levels and transition probabilities of Zr II transitions of astrophysical
interest are reported.

Radiative lifetimes of 16 levels belonging to the 4d?5p configuration were measured using a time-
resolved laser-induced fluorescence (TRLIF) technique [1] with a laser single-step excitation process
either from the ground state or from appropriate metastable states. These states are: x 2P3/2,
2D3/2,5/2, 213‘5/2,7/2% Yy 4P3/2,5/2, 2D3/2,5/2, 2F7/2, 2G7/2; Z 2S1/2, 2P1/2, 2]-?5/2,7/2, 2G9/2' Free singly
ionised zirconium atoms were generated by laser ablation. 12 levels were investigated for the first
time.

The relativistic Hartree-Fock (HFR) method, as described by Cowan [2]|, but modified for the in-
clusion of core-polarization effects, was used to compute the radiative lifetimes and the transition
probabilities. The following interacting configurations were explicitly introduced in the calculations:
4d5s? + 4d5p? + 4d5d? + 4d4f? + 4d5f2 + 4d5s6s + 4d5s5d + 4d5s6d + 4d5paf + 4d5pHE + 4d25s
+ 4d%6s + 4d?5d + 4d%6d + 4d3 + 5s26s + 5s?5d + 55%6d (even parity) and 4d5s5p + 4d5s6p +
4d5s4f + 4d5s5f + 4d5pHd + 4d5d4f + 4d5d5F + 4d5p + 4d%6p + 4d24f + 4d?5f + 5s%5p + 5s%6p
+ 5s%4f + 5s%5f (odd parity).

A good agreement is observed between our experimental and theoretical values.

Experimental relative transition probabilities were normalized to an absolute scale by theoretical
data of the radiative lifetimes of the corresponding states.

The values of the experimental and theoretical transition probabilities are in good agreement.

This work was supported by the EC under the program ” Access to Research Infrastructures” under
the grant RII3-CT-2003-506350, by the National Fund for Scientific Research (FNRS) of Belgium
and by the National Science Foundation of Bulgaria under contract 1516/05.
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Integral equations describing energy transfer are broadly used in various areas of physics, astrophysics,
and chemical physics. A general approach to their solution involves the reduction to differential
equations using the Fokker-Planck (FP) method [1]. However, the applicability of the FP method
is subject to limitations. Firstly, the mean free path <> of the energy transfer processes must be
much smaller than the characteristic size L of the reaction zone 2. Secondly, the energy spectrum
of integral equations must be limited, while the differential operators can acquire arbitrarily large
(infinite) energy values.

Here, we present a modification of the FP method, which allows one to bypass the above limitations.
We consider the Biberman-Holstein radiation trapping equation [2], which governs the evolution of
the population n*(r,t) of excited atoms in the spatial point 7

on*(r,1)
ot

ko
A p?

=—I'n" (7,t) + F/ \r— 7"/| (F’, t) &';  Glp) = exp(—kop). (1.11)
The absorption coefficient kg is assumed to be independent of frequency and I' denotes the radiative
decay constant. Equation (1) can be rewritten in an equivalent form [3] by introducing the Fourier
transform V(p) for the kernel G(|7]) and using the momentum representation p = —iV in the
coordinate space:

on* (7, t -

oy a(:; ) v, Vi) =1- ﬁamtan(‘ﬁ') (1.12)
In optically dense media (koL > 1), the FP method uses the substitution of V(p) by its Taylor
expansion for small p : V(p)—p?/3. Such substitution is, however, associated with a wrong behavior
of V(p) at large p, where V(p — o0) — 1 is expected, since at small opacities (ko — 0) no photons
can be absorbed. A correct asymptotic behaviour of V(p) can be ensured, if it is substituted by the
function p?/(3 + p?). Equation(2) is then transformed into the form

1on*(rit) A
r ot  3k-A

n*(7, ). (1.13)

Here, A is the Laplace operator. Equation(3) correctly reflects all mathematical properties of the
master integral operator in Eq.(1); its solution is more comfortable and easy, which will be demon-
strated for a number of examples.

The work was supported by: Russian Found. for Basic Research, Grants 05-02-16216, 05-03-33252;
INTAS Grant 05-1000008-8013; EU TOK project LAMOL; NATO Grant EAP.RIG.981378.
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The masses of nucleons are same universally (inside and outside the nucleus) and secondly nuclei
possess Binding Energy i.e. masses of nucleons are different. To explain these observations of
deuteron (BE = 2.2244MeV), the difference in masses must be 0.002388 u or about 0.11854% of
mass of outside nucleus. Thus masses of nucleons must be different, which is not justified. AE =
Ac? Am, explain BE successfully as small mass defect (24x107! u) can yield BE= 2.2244MeV.
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The dependence of atomic polarizabilities a on effective charges ¢ has been studied. A number of
theoretical plots o — ¢ have been analyzed in the g range (—1) — (4+3). The obtained trend has been
applied to the atoms H, Li, C, N, O, Na, S, K and Ca in the total ¢ range (—0.719) — (+2.000).
The objective is to analyze de dependence of atomic « on ¢ in order to improve molecular intra
and intermolecular force fields. The ¢ can be obtained in a self-consistent field (SCF) calculation
or can be adapted from the results of calculations for their fragments or related systems and the
dipole polarizabilities are available for all the neutral atoms and ions of interest [1] and interpolated
values can be used in correspondence with the charge of the atom. The analysis of the results
show that most elements approximately multiply o by 3.7 as the effective charge approaches —1
whereas « essentially halves as the effective charge approaches +1. The interpolated a have been
implemented in programs AMYR for the theoretical simulation of molecular associations and chemical
reactions [2] and POLAR for the theoretical simulation of molecular polarizabilities [3]. The following
improvements have been implemented in AMYR. (1) AMYR can read effective charges from input
(X-ray diffraction, Mulliken population analysis from SCF or post-SCF). (2) AMYR can renormalize
the effective charges in order to reproduce either the experimental dipole moment x (for molecules
with ¢ = 0) or quadrupole moment (for apolar molecules with ¢ = p = 0). (3) AMYR allows
a fractional formal molecular charge. (4) AMYR can interpolate the dipole polarizabilities as a
function of effective charges making use of the Lagrange interpolated polynomial. POLAR can
interpolate the dipole polarizabilities according to a new equation.
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The element Manganese has just one stable isotope, which has an odd mass number 55, a nuclear
spin of I = 5/2. In our first paper, experimental and theoretical studies of the hyperfine structure in
the even configurations of atomic manganese have been performed [1].

In the second one a parametric analysis of the odd configurations has been carried out [2]. The most
recent hyperfine structure measurements on Manganase were done by Blackwell-Whitehead et.al. in
2005 [3]using Fourier transform spectroscopy of hollow cathode discharges.

In this study, a renewed parametric analysis of hyperfine structure for even and odd configurations
is performed with the new experimental results in [3]. Theoretical predicted values for the unknown
magnetic dipole hyperfine structure constants A of all levels are given. The comparison between
experimental and calculated values shows good agreement.
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The K-vacancy states in Li-like systems represent an unusually versatile workbench for the magnetic
interactions. Indeed, in addition to their dipole allowed manifold, these states can also decay via
strong magnetic transitions, some of them being almost as large as their E1 counterparts as shown
recently by Bautista et al. [1] in the case of Fe**. The situation becomes critical for the 1s2s2p *Pg ,
metastable state which radiatively decay mainly through both M1 and M2 transitions to 1s*2p ?Pj /2
and 1s*2s ?Sy /9, respectively. Moreover, the 1s2s2p ‘Pe /2 level autoionizes through the reaction 1s2s2p
*Pgy — 1s* Sy + e~ that ends up in the ground state of the He-like child ion, this autoionization
being only possible via the spin-spin magnetic interaction.

A little more than 20 years ago, relativistic Auger and X-ray emission rates of the 1s2s2p configuration
in some Li-like ions (13 < Z < 92) using Dirac-Hartree-Slater wavefunctions were published by Chen
et al. [2]. More recently, Bautista et al. [1] reported detailed calculations of atomic data for the
K-vacancy states of Li-like iron using different theoretical approaches. While these latter authors
found a good agreement with Chen et al. for the A-value of the dominant M2 radiative transition
depopulating the 1s2s2p “Pg /o state, their Auger rate, obtained using the AUTOSTRUCTURE code
in a Breit-Pauli relativistic framework, was a factor of 3 smaller than the previous calculation [2].
In the present work, we employ three different computational packages to study the properties of
the 1s2s2p *Pg /o metastable state in Li-like ions, i.e. the AUTOSTRUCTURE program [3,4], the
relativistic multiconfigurational Dirac-Fock (MCDF') approach as implemented in the code developed
by Grant and coworkers [5,6] and in the code of Desclaux and Indelicato [7]. Our calculations are
compared with the few available previous theoretical and experimental studies.
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It has been suggested recently [1] that the envelop of some magnetic stars could be enriched in ra-
dioelements with short lifetimes such as those of the actinide group. A confirmation of this suggestion
would establish that spallation processes could affect in a significant way the chemical composition of
the outer layers of some stars. The available observations are however affected by large uncertainties
mostly due to the lack of atomic data for these elements or ions. In view of their radioactivity, the
actinides (atoms or ions) are very difficult to study in the laboratory. Up to now, experimental data
are available only for two elements of the group (Np I [2] and Am I [3]).

As an extension of our recent studies devoted to lanthanides [4,5], we have started an investigation
of the atomic structures of selected elements in these heavy rare earths, concentrating upon the
radiative parameters (transition probabilities and lifetimes). The theoretical analysis of these very
complex structures has however to face many problems. Among them, let us mention the fact that
the 5f orbital is less embedded in the core than the 4f orbital in the lanthanides, the predominancy of
the relativistic effects in the excitations of the type nf — (n+1)d, the fact that the spectra show many
rather weak lines and the presence of isotopic shifts or hyperfine structure effects. Nevertheless, these
elements are an interesting challenge for the calculation of atomic structures.

We will discuss during the meeting the particular case of Am I and we will show some preliminary
results obtained in this atom.
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Radiative lifetimes of three levels of neutral gold (Au I) and one level of singly ionized gold (Au
IT) have been measured using time-resolved laser-induced fluorescence technique [1-3]. The new
results have been used to assess the accuracy of calculations with a Hartree-Fock-plus-Relativistic-
corrections model that takes configuration interaction and core-polarization effects into account [4-
5]. Theoretical lifetimes agree well with the experimental results. These results, combined with
theoretical and experimental branching fractions have allowed to deduce a reliable set of transition
probabilities for Au I and Au II lines, some of them being of astrophysical interest [6]. The results
will be stored in an extension of the database D.R.E.A.M. [7] to be created on a website of the
University of Mons-Hainaut in Belgium.
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Nb possesses only one stable isotope with the odd mass number 93 and a nuclear spin I = 9/2.
Because of the large nuclear magnetic dipole moment of p; = 6.1705(3)uy, in many transitions it is
adequate to apply Doppler limited experimental techniques such as optogalvanic spectroscopy for an
accurate determination of the magnetic dipole hyperfine interaction constants A. The comparatively
small value of the electric quadrupole moment, Q = -0.36(7)b, leads to small quadrupole interac-
tion constants B and corresponding weak deviations from the interval rule in hyperfine structure
investigations. Therefore, the electric quadrupole constants B can not be determined precisely from
Doppler limited spectra.

In this work Doppler reduced saturation absorbtion spectroscopy has been applied to study the
hyperfine structure of excited levels of Nb I for the partially resolved lines measured with optogalvanic
spectroscopy. In the wavelength range from 645 nm to 675 nm 11 transitions were measured using a
hollow cathode discharge and a tunable single-mode cw ring dye laser. Precise values for the magnetic
dipole hyperfine structure constants A and electric Quadrupole hyperfine structure constants B of
investigated levels were determined.
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A new experimental setup used for high precision measurements of hyperfine structure of metastable
levels has been constructed at the Manne Siegbahn Laboratory[1] in Stockholm, Sweden. The setup
utilizes a tunable ring dye laser in combination with a RF transmitter to induce transitions between
hyperfine levels in a beam of ions. Since the Doppler width is proportional to the frequency, tran-
sitions induced by radio waves result in spectral lines with very narrow widths. These narrow lines
make very accurate determinations of hyperfine structure constants possible. In order to observe
the RF transition the population of one specific hyperfine level is depleted by laser excitation. In a
subsequent interaction region the result of the RF excitation is monitored.

Recently the first results originating from this setup were published[2]. In this publication the
magnetic dipole hyperfine structure constants as well as the electric quadrupole hyperfine structure
constants of the level 5d6s b' D, level in La II are presented with a superior accuracy compared to all
the previous studies of this level. The results of this recent measurement, A = 48.3118 £0.0016 M H z
and B = 39.043+0.013M H z are in good agreement with two previous studies done with a Fast lon
Beam LAser Spectroscopy (FIBLAS) method[3],[4].
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The radiative (QED) correction in the excitation energy 2s;/-2p3/s of the lithiumlike ion Sc'®*
was determinded in a combined experimental and theoretical study to 4+0.25%, yielding by far the
most precise result to-date for the radiative screening correction on this line in lithium-like systems.
Autoionizing Rydberg resonances formed by binding an additional electron to the excited lithiumlike
core were detected using electrons incident on Sc'®* from a new photocathode electron beam [1] and
a high-quality stored Sc'®* ion beam. The autoionizing Rydberg resonances occur at ~68.8 meV
and the center of the observed hyperfine array was measured with a precision of +0.2 meV, strongly
improving on previous results on this system [2].
The resonance position plus the binding energy of the Rydberg resonant state yield the 2s;/5-2p3/9
excitation energy. Present high-level relativistic many-body perturbation theory (RMBPT) allows
the Rydberg binding energy (~44.24 eV) to be calculated to better than +0.3 meV [2]; this yields
for the present measurement the 2s;/9-2ps /5 excitation energy (~44.31 eV) to better than 0.4 meV.
The analysis, in progress, yields a preliminary result of 215.3(5) meV (£0.25%) for the total radiative
correction and of AE = 33.0(5) meV (£1.5%) for the screening part of the radiative correction. Its
scaled value F(Za) = AE/[a*(Za)3>mc?] then amounts to 0.337(5).
A reproduction of the experimental result with this accuracy in the Z range where the radiative
screening correction dominates over higher-order one-electron radiative corrections still under study
should improve the result for the one-electron two-loop correction from the recent measurements [3]
on U%* where a 3% variation between several theoretical results for the radiative screening correction
limits the determination of the one-electron correction. A comparison to theories for the 2s;/5-2p3/9
radiative screening correction (mostly screened self-energy) will be presented at the conference.
At the high energy resolution of the present electron collision experiment the hyperfine structure
of the 2s;/5 level (F = 3 and 4 for the Sc nuclear spin of 7/2) is resolved. The energy splitting is
extracted within +0.1 meV in agreement with the prediction [4] by considering in detail its effect on
the Rydberg resonances in dielectronic recombination.
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Measurements of Stark-broadening parameters provide means for diagnosis laboratory and astro-
physical plasmas. Stark broadening data for a large number of transitions in many atomic and ionic
spectra are needed for the modelling of stellar plasma, the investigation of its physical properties and
abundance determinations. When calculating opacities of large-scale plasmas of stellar atmospheres,
the Stark-broadened line profiles of resonance transitions are of the utmost importance because they
give a relatively large contribution to radiative energy transport. Quite a large number of articles
have been published that use different theoretical approximations to calculate these parameters, and
to study their dependence on the nuclear charge number, effective ionization potential, atomic po-
larizability or principal quantum number. In order to provide astrophysicists with the relevant data
needed for the theoretical modelling of stellar spectra and stellar atmospheres, we made an effort to
determine the relevant Stark broadening parameters with the semi-classical formalism of Pb II and
Sn II.

In this work we present theoretical calculated Stark widths for 80 lines of Sn II and 43 lines of Pb II
arising from ns 281/2, np 2P1/2’3/2, nd 2D3/275/2 and nf 2F5/277/2 levels of Sn II and Pb II. Stark shift
of 5610.4 A of Pb II and 6845.4 A of Sn II are present.

The data have been obtained using Griems semiclassical calculations. Stark widths are presented as
functions of temperature for an electron density of 107cm 3.

The atomic matrix elements were obtained using relativistic Hartree-Fock calculations and configu-
ration interaction in an intermediate coupling (IC) scheme. The Cowan code was selected for this
purpose. To provide level energies for our calculations, the table of Moore has been used. The
relatively good agreement between experimental transition probabilities and our theoretical results
obtained with this method shows that our IC mixing accounts the correlation effects.

We use the effective Gaunt factors which are calculated and tabulated by Griem.

The theoretical values obtained in this work are compared with the experimental ones published by
the others authors. The calculated values are in good agreement with the experimental data. We
have studied the dependence of the Stark width w (A) on principal quantum number, n, for several
series of Pb II and Sn II. Regularities of this parameter versus temperatute has been studied.
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Data on atomic parameters (transition probabilities, Stark width,...) are relevant not only for atomic
structure reserarch, but also for applications to astrophysics, plasma and laser physics, and also for
analisys and industrial techniques. Laser produces plasma (LPP) is one of the habitual methods
forthe experimental determination of different atomic and molecular parameters ain in particular the
transition probabilities and the Stark width.

In this work we present measurements of transition probabilities for 39 lines of Pb I, 31 lines of Pb II,
10 lines of Pb I1II, 36 lines of Sn II, whose values have been previously published by these authors, and
broadening measurements that are presented normalized to a electron density of 10%cm ™2 for various
temperatures, corresponding to several transitions of the Pb II and Sn II, that are in publication
roads.

The optical emission from a LPP obtained by a 10640 A laser irradiation with a flux of 2 x 10*°Wem ™2,
on Pb-Sn targets. Spectra were recorden and analized in a range from 1900 to 7000 A . Pulses of
270 mJ and 7 ns of a Q-switched Nd:YAG laser were focused using a 12 cm focal lens onto several
samples of lead and tin placed in a vacuum chamber evacuated with a turbomolecular pump which
was filled with argon at a pressure of 6-12 Torr. The ligtt emitted by te LPP was focused on a quartz
optical fiber,wich transmited the ligth to the input slit of a 1m Czerny-Turner monochromator. The
resolution of the spectroscopic system in first order was 0.17 A of half width half maximum (HWHM)
for 5593 A. A time-resolved optical multichannel analyzer (OMA) system allowed the detection and
digital analysis of each spectrum. Spectra were obtained with different time gates. Spectral response
calibration of the experimental system was made usin a deuterium lamp in the range from 1900 to
4000 A and a tungsten lamp in the range from 3500 to 7000 A .

Each observed spectrum was adjusted, taking in mind the instrumental profile, using Voigth profiles.
The profile area of each line studied were recorded in order to obtain their total intensity and the
contribution of Lorentz profile to their HWHM was obtained.

The population levels distribution and the corresponding temperatures for each considered atomic
species were obtained using Boltzmann plots. Self-absorption of the atomic species were studied.
The plasma electron densities were determined using well-known Stark broadening parameters of
spectral lines.
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In [1] we demonstrated the high efficiency of excimer XeCl molecules formation in the non-toxic
NaCl-Xe mixture excited by a low pressure longitudinal pulse-periodic discharge. The radiation
spectra of this emission source is characterized by a dominant band of B — X transition of the XeCl
molecule with maximum at 308 nm where the larger part of the discharge emission is concentrated.
High intensity and narrow bandwidth (5 ns) of the XeCl excimer band allows to use this source
for selective optical pumping of atomic and molecular levels which are important in laser physics.
Using the unique properties of the developed excimer lamp we tried to demonstrate the possibility
of additional pumping of excited states by gas discharge atomic levels for which the absorption lines
from the ground state lie in the spectral range of the excimer 308 nm band.

The bismuth atom was tested as an object for investigation. First of all, the resonant transition
of Bil with A 306,8 nm is close to the centre of the XeCl molecule B — X transition, secondly
the additional optical pumping of the upper laser level of the well-known bismuth-vapor laser on
self-terminating 472.2 nm transition [2] can improve the output parameters of this laser. This paper
presents our investigations of the spectral and time-dependent parameters of the discharge radiation
of Bi-Xe-NaCl and Bi-Ne-NaCl mixtures to study the influence of the excimer molecules and their
emission on the excitation of bismuth atoms in the discharge.

The experimental setup, similar to [2], where pulse periodical longitudinal discharge with 400 mm
length, 12 mm ID and temperature stabilization of the discharge zone by an external heater was
used for the excitation of the abovementioned mixtures. The emission spectra of the discharge were
investigated by a time-resolved spectral registration system.

The Bi-Ne-NaCl mixture emission spectra demonstrate the domination of Bil spectral lines from
the first resonant state to the ground (306.8 nm) and metastable (472.2 nm) states. By changing
the buffer gas neon to xenon in the discharge tube we observed an intense excimer band of XeCl
molecule (308 nm) with the 15 percents growth of the intensity of the Bil abovementioned lines.
To our opinion this is an evidence of additional pumping of the Bil resonant state. This process is
possible due to the compliance of the optimal temperature intervals for maximal intensity of the XeCl
molecule radiation and the bismuth lines which is the effect of always similar values for the saturated
vapor pressure of Bi and NaCl. The time-dependent forms of the discharge current pulses and Bil

spectral lines also demonstrate higher intensities, faster growth and longer pulses by changing Ne to
Xe.
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Multi-photon resonance ionization spectroscopy is one of the most highly sensitive and precise meth-
ods of studying the complex structure of electron spectra in atoms and molecules [1].

Samarium atom (Sm) is characterized by an extremely complicated energy level spectrum resulted
from the presence of less than half-filled 4f¢ — shell not studied up to date. Especially this holds
true for high-lying even-parity bound states. In the literature, the overwhelming majority of the
data on the above states have been obtained by a multi-step spectroscopy method, in which the
number of excited states is limited by the choice of specific excitation scheme. Therefore to obtain
more complete information on the even-parity higher-lying states of Sm one needs to perform the
spectroscopic studies with the use of different excitation schemes.

In this paper, using the multi-photon one-color resonance ionization spectroscopy the spectrum of
high-lying even-parity bound states of samarium atom lying in the £ > 33000 cm ™! energy range
has been studied.

High-lying even-parity bound states were excited by two-photon absorption from the different ground
"Fy_g — levels. Note that since all the seven ground-term levels are populated even at relatively low
temperatures, the resonance structure in the three-photon ionization spectrum is an aggregate of the
maxima due to the transitions from different initial levels. The energies £ and the total momenta J
of the above states were determined by observing the groups of maxima corresponding to the two-
photon transitions from different lower levels to the same upper excited level. Therefore in order to
identify correctly the resonance structure we have compared the spectra measured at different laser
beam intensities.

We have determined the energies and the total momenta of 305 even-parity higher bound states of
samarium atom lying within the £ = 33036.0 — 40526.7 cm~! energy range. A comparison of our
data (i.e. the energies E' and the total momenta J with those obtained by other methods [2—4] shows
a fairly good agreement.
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The study of the photodouble ionisation (PDI) of He via photoelectron-photoelectron or photelectron-
recoil ion coincidence experiments is the most suited approach to the study of the few-body Coulomb
problem, a fundamental process in atomic physics. Indeed, the PDI of the He atom, with the simple
1Po symmetry of the electron pair and just a bare nucleus with no internal structure in the final state,
is the prototypical example of the three-body Coulomb problem and the most suited process to study
the electron-electron correlations. Since the first experiments in 1994 [1] the study of PDI in He via
coincidence experiments has made noticeable progresses and a satisfactory experimental description
and a good theoretical understanding have been reached [2]. In this contribution we show that the
same experimental technique provides valuable information on the PDI process in the heavier rare
gases. In particular the triple differential cross section (TDCS) of Ne(2s?) state at 20 eV above its
double ionisation threshold has been measured in equal and unequal energy sharing conditions and
perpendicular geometry and compared with the one of the He(1s?). The dynamical quantities which
govern the photodouble ionisation (PDI) process, i.e. the squared moduli of the gerade and ungerade
complex amplitudes and the cosine of their relative phase, have been extracted from the experimental
data. The results from the two targets have been compared between themselves as well as with the
theoretical predictions of the SC3 [3] and CCC calculations [4]. Despite the two targets share the
same initial and final state symmetries some qualitative differences are observed in the TDCS. In
equal energy sharing the differences can be explained as an initial state effect. The predictions of
both the theoretical models are in reasonable agreement with the experiment when an accurate Ne 2s
initial state wavefunction, which accounts for 2s-2p intrashell correlation, is used. At variance in the
case of the unequal energy sharing the use of the same wavefunction does not improve the agreement.
This finding suggests that a complete description of the observed TDCS implies an extension of the
used models to account properly for the correlation between the ejected electrons and the bound
ones in the final state.This work represents a joint experimental and theoretical approach to the
investigation of PDI of atomic systems with more than two electrons.
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Lanthanum is the first element of the rare-earth series in the periodic table, the so-called Lanthanides.
It has two naturally occurring isotopes **La and '*°La with a natural abundance of 0.090% and
99.910%, with nuclear spins 5 and 7/2 respectively.

Although the hyperfine structure of La has been investigated extensively, the knowledge about ex-
perimental hyperfine structure constants is far from being complete. The aim of the present work
was to extend the data to energetically high lying levels of odd parity.

Optogalvanic laser spectroscopy has been applied to measure the hyperfine structure of 20 spectral
lines of La I in the wavelength regions of 570 nm to 590 nm and 700 nm to 825 nm. Experimental
hyperfine structure constants A and B of the isotope ¥La have been measured for 17 levels of odd
parity. Out of them six magnetic dipole and ten electric quadrupole constants have been determined
for the first time. Some disagreements with previous values are discussed.
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Precise structure of dark resonance in *’Rb atomic vapor
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The importance of the frequency stabilization presently becomes more profound, because of the
newly emerging tasks that require building of relatively cheap, compact and stable atomic clocks
and new technologies entering this branch of metrology. One of the particularly promising ways is
an optical method of frequency stabilization by means of so-called dark resonance [1]. This dark
resonance manifests the destructive interference of different excitation channels in real (multilevel)
atoms irradiated by coherent multicomponent (two-component, in the simplest case) electromagnetic
fields. The atoms are thus optically pumped into a coherent superposition state immune to excitation
by the given laser radiation. This effect is called the coherent population trapping (CPT). If the
two-photon (Raman) resonance condition is fulfilled, and the radiation intensity exceeds certain value
determined by the relaxation of the CPT state, the system exhibits a sharp resonance (called the
dark resonance) that is characterized by anomalously small absorption coefficient and, therefore, by
suppressed light scattering.

The dark resonance parameters sufficiently depend on the excitation scheme. The simple excitation
scheme using a two-frequency o-polarized laser light has the disadvantage of putting most of the
atoms in a “trap state” (or “pocket state”) that does not contribute to the clock resonance signal. It
leads to the decrease of the dark resonance amplitude and therefore to the worsening of the stability.
To avoid this effect, different methods can be proposed [2-5]. Most of these methods are related
to the use of laser light with linearly polarized components, their polarization planes can be either
orthogonal (“lin L lin”) [2,3] or parallel (“lin || lin”) [4,5]. The “lin L lin” configuration was proposed
for the creating of Raman-Ramsey fringes using the CPT in an atomic ensemble combined with
pulsed optical radiation [2]. ”Push-pull” technique based on the intensity-modulated laser light and
combination of o"- and ¢~ pulses was considered in [3]. These methods require quite sophisticated
experimental technique and therefore are not favorable for applications that impose restrictions on
the volume of the standard.

On the contrary, we propose a standard that operates in the continuous wave regime. We show that
for the gas cell with the dimensions of about 1 cm and containing a buffer gas at 10 - 30 Torr, the
short-term stability, which is one better by an order of magnitude than that of a standard based on
the o-polarized laser light, can be achieved. We present the results of the theoretical and numerical
analysis of the dark resonance in 8’Rb atomic vapor for different configurations of co-propagating,
linearly-polarized laser beams. We show that dark resonance structure is more complicated than it is
usually assumed. We demonstrate that qualitatively different dark resonance line shapes can occur
in both the ”lin L lin” and "lin || lin” cases, depending on the magnetic field strength, the choice of
the resonant hyperfine sublevel of the excited state (F, = 1 or F, = 2), the buffer gas pressure etc.
Some our conclusions are corroborated by experimental results.

This work is supported by the INTAS-CNES project 03-53-5175.
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Ionization of Rb and Na Rydberg atoms by blackbody
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The photoionization of Rydberg atoms by blackbody radiation (BBR)
Na** + FLWBBR — Na+ +e (114)

has been found to be an important source of ions leading to spontaneous formation of ultracold
plasma from the dense samples of cold Rydberg atoms [1]. In this work we present the results of
the theoretical calculations of BBR-induced ionization rates of Rb and Na Rydberg nS, nP and nD
atoms with n = 8 — 100 at the ambient temperatures of 77, 300 and 600 K, taking into account
the effects caused by BBR-induced transitions between Rydberg states prior to the ionization. The
results of our experimental measurements of BBR-induced photoionization rates of sodium nS and
nD Rydberg atoms with n=8-20 [2] are compared with theory.

Blackbody radiation induces not only direct transitions from Rydberg states to the continuum,
but also transitions between neighboring Rydberg states which are also ionized by BBR. In addition,
blackbody radiation populates high Rydberg states that can be field ionized by the extracting electric
pulses usually applied to collect and detect ions in the experiments. Our calculations have shown
that these effects strongly affect the measured BBR ionization rates.

A semi-classical model [3] was used to calculate the bound-bound and bound-free matrix elements.
This method gives orthogonal and normalized continuum wavefunctions. The calculated photoion-
ization cross-sections were found to be in a good agreement with the more sophisticated quantum-
mechanical calculations [4].

The comparison of our experimental results with theory demonstrates a good agreement for Na nD
states with n < 20 and for nS states with n < 15.
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Laser-induced-fluorescence excitation and emission spectra
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We measured laser induced fluorescence and emission spectra of the 1°%F (0, 1,)-1°I1,(0;, 0,7, 14, 2)
transition of Ky, Rby, and the corresponding 13%+(0~,1)-2311(0",07, 1, 2) transition of KRb, on the
surface of superfluid helium droplets. The spectra are relatively well reproduced, quantitatively, by
simulations making use of the gas phase potentials [1,2]. For an exact agreement, however, one
needs to assume: (1) that the 1 « 07 excitation is strongly suppressed, (2) that the spin-orbit
coupling constant is increased (K2, KRb), and (3) an adjustable broadening factor. (1) points to a
yet-unexplained lack of population of the 0~ state after dimer formation, (2) and (3) can be justified
qualitatively as due to the presence of the droplet, but are difficult to predict quantitatively. As
the interaction of the molecules with helium may influence the symmetries valid in free molecules,
an alternative explanation has to take into account the state-specific interactions and correlate free-
molecule states with a new set of on-droplet states. Data analysis and corresponding theoretical
modelling are in progress. Emission spectra, sharp, confirm that the molecules emit from the gas
phase after having been ejected from the droplet; they can be used to test existing potential energy
surfaces. We are in the process of acquiring new data and improving our analysis of vibrational
populations in the excited state.
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We have used a pump-probe scheme to identify spectra of alkali oligomers physisorbed on the surface
of cold helium droplets. Most of them desorb from the droplet upon resonant laser excitation. We
exploit this fact to selectively deplete dimers or trimers from the helium droplet beam by exciting
known transitions. A few centimeters downstream of the depletion laser, laser induced fluorescence
from the excitation of an unidentified band is recorded and the spectra with and without depletion
laser are compared. A decrease of the fluorescence is observed when the depleted species and the
one to be identified are the same and the two transitions being excited share the same initial state.
New bands of the potassium trimer have been identified in this way. We have been able, as well, to

separate strongly overlapping dimer and trimer spectra and solve the assignment problem discussed
by Briihl et al. [1].
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Due to anisotropy of a birefringent host crystal the isoenergetic surface in the k-space is not spherical.
This circumstance leads to the different values of the spontaneous emission rate of a single-impurity
molecule depending on the orientation of the transition dipole moment in the host crystal.

The spontaneous emission rate of a single-impurity molecule in a birefringent host crystal depends on
the angles between the transition dipole moment and the principal axes of the dielectric (permittivity)
tensor as well as on the main dielectric constants of a host crystal (this problem was considered in
Ref.[1] for the dipole and Ref.[2] for the quadrupole transitions). The transition dipole moment of
a single pentacene impurity in p-terphenyl crystal can have four different orientations depending
on the spectroscopic sites O; to O4[3]. Here the orientation of the transition dipole moment is
defined by the angle between the projection of the transition dipole moment to the a’/b’-plane of the
crystal and the b’-axis. The relative spontaneous emission rates of the electric dipole and quadrupole
transitions are calculated for these four spectroscopic sites in dependence on unknown component of
the transition dipole moment which is normal to the a’/b’-plane of the crystal. Possible differences
in the spontaneous emission rate for the electric dipole transition of pentacene in p-terphenyl crystal
are up to 24%][4] and for the quadrupole transition, up to 8%.

Effects caused by the nearness to the plane surface between crystal and air are calculated using the
theory of Ref.[5]. For dipoles which are parallel to the surface maximal changes in the spontaneous
emission rate are 18% for distances less than 270 nm from the surface and less than 8% for distances
more than 400 nm from the surface. For dipoles which are perpendicular to the surface maximal
changes in the spontaneous emission rate occur in the near vicinity of the surface. Changes in the
spontaneous emission rate are less than 24% for distances more than 70 nm from the surface and
less than 8% for the distances more than 100 nm.

This work was supported by Estonian Science Foundation — grants no. 5547 and 6545.
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In the single molecule spectroscopy the main object of studies is the zero-phonon line - the narrowest
and the most intense line in the spectrum. We have taken into account a factor which up to now
has not been considered in the theories of zero-phonon line - the influence of the anisotropy of the
host crystal on the spontaneous emission rate of the single-impurity molecule and thus also on the
radiative line width. The anisotropy reveals itself in the dependence of the spontaneous emission rate
on the orientation of the radiative transition dipole moment in the crystal. The relative spontaneous
emission rate of the electric dipole transition for a uniaxial crystal is the following[1]:

+(8)/7(0) = Rsin? 3 + cos? 3,

where ~ is spontaneous emission rate and [ is a angle between the direction of the optical axis
and the transition dipole moment vector. In this work the dependence of the coefficient R on the
extraordinary refractive index n. is calculated for the ordinary refractive index n, from 1.2 to 3.2.
For example, possible differences in the spontaneous emission rate of the electric dipole transition of
single-impurity molecule in cinnabar (HgS) crystal ( n, = 2.8224, n, = 3.1489 , at A = 700 nm|2])
are up to 24.5%.

Effects caused by the nearness to the plane surface between cinnabar and air are calculated using
the theory from Ref.[3]. Changes in the spontaneous emission rate of the dipole in the cinnabar are
less than 24.5% when the dipole is in the distance of 65 nm or more from the surface.

This work was supported by Estonian Science Foundation — grants no. 5547 and 6545.
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Shell Model Calculations for Alkali Halide Molecules
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This work applies the shell model to study the behaviour of the internuclear interactions of diatomic
alkali halide molecules from data given by the dynamical models for alkali halide crystals. Our
interest is to test the breathing shell model when core holes have been introduced. This will provide
another source of information on the nature of the interaction potential between anion and cation
systems and give insight into the rate of relaxation in determining shifts in Auger and photoelectron
spectroscopy.
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In the last years several experimental data have been published for the ionization of molecules by
positron impact. Direct ionization and positron formation have been also investigated. Previously we
have performed theoretical calculations in order to describe the direct ionization process for several
molecules [1-5]. Our method was based on the Born approximation, called CPE (Coulomb plus
plane waves with full energy range), tested successfully for atoms [6]. In order to give a reliable
description of the target, we have adopted Gaussian-type molecular wavefunctions. The two-center
or multi-center wavefunctions have been expanded in terms of Legendre polynomials (or spherical
functions in the case of nonlinear molecules) in order to perform the angular integrals analytically.
The results for the Hy [1] and the CO [4] molecules were in very good agreement with the experimental
data, while for Ny [2], CO5 [4] and CH, [5] the obtained results were higher. For the O, [3] the
comparison with the experiment is not conclusive, because there are no experimental data for direct
ionization.

In order to improve these results now we have used more realistic wavefunctions for the incoming and
outgoing positron and the ejected electron, leading to the more sophisticated DWBA (Distorted Wave
Born Approximation). The real potential created by the nuclei and the electrons has been spherically
averaged, and the wavefunctions of the continuum states have been calculated numerically in these
screened potentials. By this modification of our previous method the results were generally improved,
obtaining lower values than with the CPE. For CO and Nj the results are in very good agreement
with the experimental data, and in case of the CH; we have found also improvement. The only
problem is the COy molecule, for which present results are also much higher (by 80%) than the
experimental data. The explanation for this discrepancy could be the large size of the molecule
and the fact, that in our method we have calculated the continuum wavefunction in a spherically
symmetric (one-center) potential. This approximation seems to be valid for diatomic molecules and
the CHy, but does not hold for a 'long’ molecule like COy. As we have shown previously [5], in this
case the independent atom model (with the addition rule) lead to better results. Improvement may
be obtained by using multi-center continuum wavefunctions.
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Due to the recent technological development many experiments are performed with laser pulses
of various intensities, repetition rates and durations. They interact with targets such as atoms,
molecules, clusters and solids [1]. There is a basic need for reliable theoretical models in order to
interpret the experimental data.

The interaction of the external laser field and a quantum-mechanical system can be described by the
time dependent Schrodinger equation (TDSE). In most of the cases this equation may be solved only
numerically [3-4]. The main disadvantage of the fully numerical approaches is that they need very
high computational power, consequently for complex systems (with two or more active particles)
other methods based on the approximate solution of TDSE are used [5-7].

In the present work our goal is the qualitative study of the transitions induced by a train of ultrashort
laser pulses. In the previous theoretical studies [6-7] the laser pulses are treated separately, while
we study the entire pulse train. The calculations were performed using a simple approach based on
time dependent perturbation theory, and the laser field was considered to be of rectangular shape.
The constant repetition rate of the laser pulses yield to the appearance of resonance effects: we have
significant transition probability only if Ky = F; 4 Qf—O” is satisfied, where E; and Fj; are the energies
of the final and of the initial state respectively, while % is the repetition rate of the used laser and k
is an arbitrary integer. In most of the practical cases we are interested in quantum transitions where
the final state is a continuum state. In this case the shown resonance pattern could be observed
only if the following condition is satisfied 0F < 27_2 (0F being the spectral resolution of the used
electron spectrometer), otherwise the resonance pattern vanishes due to the averaging effect of the
measurement.
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Time-resolved laser-induced Coulomb explosion (CE) imaging technique is one of the most direct
ways to map moving nuclear wave packets of molecules [1]. However, if the conventional pump-probe
schema is applied for the mapping of bound wave packets, it requires laser pulses which match the
vibrational timescale of the molecule. In this respect the break-up of the simplest molecule, Hy(Ds),
which attracts much attention due to its relative simplicity for theory, represents an experimental
challenge since one needs to use few-cycle laser pulses [2]. Here we present the results of time-resolved
analyses of Hy(Dy) fragmentation induced by intense 750 nm laser radiation. We use a combination
of a pump-probe setup providing two 6-25fs pulses with variable delay of 300as accuracy and a
'reaction microscope’ spectrometer, which allows coincident detection of several charged particles
with excellent momentum resolution. The time evolution of the wave packet prepared by the first
(pump) pulse can be visualized by removing the second electron at different internuclear distances,
thus, projecting the wave packet onto the Coulomb repulsive potential curve, and measuring the
corresponding Coulomb energy. Using two 25fs laser pulses we map the propagation of the free
(dissociating) wave packet of Haot (Dy™) created by the first pulse. In contrast to earlier studies
[3] we resolve two different channels of this ’delayed’ ionization, corresponding to the dissociation
induced by net absorption of one or two photons. In addition, we demonstrate that by using an
interferometrically stable pump-probe setup, which allows one to control the electric field shape in
the region of overlapping pulses, a clear pump-probe experiment can be carried out even in this regime
by selecting only those delays for which both pulses interfere destructively. The molecular ions that
remain bound after the first pulse, manifest themselves as a delay-independent band around 3eV [1].
Using 6-7 fs pulses, we were also able to map the time evolution of bound nuclear wave packet in Hy™
and Dy, Ionizing the neutral molecule with the pump pulse, we prepare a coherent superposition
of several vibrational states of the molecular ion. After a few oscillations, the anharmonicity of
the potential curve, i.e., the non-equal spacing of the vibrational levels, leads to the dephasing, or
‘collapse’ of the wave packet. However, due to the long-time preserved coherence, after a certain
time the wave packet regains its original form. The possibility to observe this partial revival of the
wave packet using time-resolved Coulomb explosion imaging was recently predicted theoretically [4],
and the calculated revival times are in perfect agreement with the experiment both for Hy and Ds.
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The ionization of atoms, ions and molecules by electron impact are the basic processes of atomic and
molecular physics, with fundamental applications in different areas as fusion physics, plasma physics,
advanced fusion technologies, condensed matter physics, surface science etc. Electron coincidence
experiments in which an incoming electron knocks out a bound electron in a collision with target,
the two outgoing electrons are then detected in coincidence with defined kinematics are known as (e,
2e) experiments. Such types of investigations have been done to study the momentum distribution
of valence electrons in atoms and molecules [1]. Extensive studies of (e, 2e) processes have been
reported on various targets including hydrogen, helium, rare gases and alkali targets [2-3]. Recently,
Purohit et al [4-5] have calculated triple differential cross sections (TDCS) and spin asymmetry in
(e, 2e) processes for lithium like ions and helium like ions using distorted wave Born approximation
(DWBA) formalisms. We present in this communication the results of our calculation of TDCS in
(e, 2e) processes for alkaline earth targets Be, Mg and Ca atoms in coplanar symmetric geometry.
We have performed the calculation in DWBA [1] formalism using spin averaged static exchange
potential. We compare the results of our calculation of TDCS for Ca atom with the available
experimental data[6]. We will discuss the salient features observed in the TDCS of alkali earth atoms
Be, Mg and Ca.
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Measuring the atom-surface van der Waals interaction in a
vapour nanocell
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Although the dipole-dipole attraction between neutral bodies is a key phenomenon in the ultimate
cohesion of the matter, experimental measurements have remained scarce, most probably because at
very short distances, higher order terms are involved, while the decay with the distance is quite rapid.
The atom-surface interaction provides one of the simplest prototype of this dipole-dipole interaction
through the electrostatic image model. TIts scaling, in C3 273 (z: the atom-surface distance), is
usually expected to cover a distance range 1-1000 nm. Although this attraction law should cover
about 10 orders of magnitude in energy, little has been done to test this predicted dependence in an
effective situation. The various developments in nanotechnologies and nanosciences should make it
more important to measure effectively these remote forces, as for the Casimir force already known
to be a possible limiting factor in MEMS technology. At longer distances, and after pioneering
principle experiments with deflection of an atomic beam [1], the only accurate experiments allowing
a test of the spatial vW dependence were conducted on a beam of Rydberg atoms channeled between
two plates, for plate separation in the 500-3000 nm range [2]. The recent blossom of experiments
sensitive to the vW interaction, has actually an applicability restricted to ground states, while the
most sensitive effects connected to the real nature of the surface - e.g. dielectric surface- appear only
for excited states, as the possible conversion of attraction into a vW repulsion [3].

Following our long investment in the development of reflection spectroscopy techniques [4], that had
enabled us to measure the vW interaction at an interface, new possibilities have arisen with the
recent development of vapour nanocells [5], whose nanometric thickness varies locally. Our report is
on a detailed analysis of a simultaneous transmission and reflection spectroscopy through a nanocell
[6]. These two signals, that can be traced back to two linearly independent spatial combination of the
atomic response, are processed independently, and yield consistent results. A major originality is that
the C} coefficient could be extracted for various cell thicknesses, varying from 40 to 130 nm, exploring
a distance range smaller by one order of magnitude than that explored previously. Until now, the
measurement [7] was performed for the excited level Cs (6D5/2) and the Cj coefficient appears to
be constant for all thickness within our experimental accuracy, with C3 = 7.5-2.5 kH z.um?. This is
only in fair agreement with the common theoretical value (~ 15 kHz.um?) predicted in the ordinary
atom-surface model, but could be related with subtleties of the pumping step Cs (651 /2-6P5/2), that
may exhibit anisotropy. Complementary experiments are now under way on the elementary D,
resonance line, whose interpretation is in the principle simple, but whose smaller vW interaction
make experiments more delicate.

References

[1] D. Raskin, P. Kusch, Phys. Rev. 179, 712 (1969).

[2] V. Sandoghdar et al., Phys. Rev . Lett. 68, 3432 (1992); Phys. Rev. A 53, 1919 (1996).

[3] H. Failache et al., Phys. Rev. Lett. 83, 5467 (1999); Eur. Phys. J. D 23, 237 (2003).

[4] D. Bloch, M. Ducloy, ” Atom-wall interaction” in Adv. At. Mol. Opt. Phys. 50, (Bederson B.
and Walther H. eds.), 91 Elsevier-Academic Press (2005).

[5] D. Sarkisyan et al, Opt. Comm. 200, 201 (2001).

[6] G. Dutier et al., Europhys. Lett. 63, 35 (2003); J. Opt. Soc. Am. B 20, 793 (2003).

[7] For a preliminary account, see I. Hamdi et al., Laser. Phys 15, 987 (2005).




80 Poster Session 1 EGAS38 Ischia 2006

The spectral and polarization analysis of Zeeman - specific
cross sections for radiative atomic collisions
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The Zeeman - specific total and differential cross sections for processes of the type
A(*Sy) + B+ hw «— AP /’P,) + B

have been analysed in the framework of semiclassical approach for the case of linear and circular light
polarizations in scattering plane. In this order a simple model including three adiabatic states has
been considered. Two excited states of ¥ and IT symmetry (0T — 17 for ! P, state and 1T — 2T for 3P,
state) are coupled by the Coriolis interaction while the radiative coupling between the ground and the
excited states is weak. If the difference potential between two excited states admits an exponential
approximation and is essentially larger than the mean difference potential between the excited and
the ground states, the Rosen-Zener-Demkov model is suitable to describe the evolution of the excited
states and closed analytical expressions can be obtained for the total (Coriolis 4 radiative) transition
amplitude.

For an allowed atomic transition 1.Sy—! P, the dipole moment is nearly independent on the internuclear
distance R and equals to its atomic value. In this case the final formula for the transition amplitude
related to the total collision has been derived in terms of the generalized hypergeometric function
3F5. This formula takes into account the interference of amplitudes for in-going and out-going
radiative transitions and reproduces the Stueckelberg oscillations. Another formula for the transition
amplitude related to the half of collision has been derived in terms of gamma function. The last one
implies any average procedure over the Stueckelberg oscillations and is more suitable for total cross
sections, but it is valid also for an asymptotically forbidden transition 'Sy —3* P, when the dipole
moment decreases exponentially with R increasing.

As an specific example some Ca — RG and Hg — RG quasi-molecules have been considered. The
results obtained demonstrate a reasonable qualitative agreement with the available experimental and
theoretical data in the fields of the spectral line shapes and the polarization analysis of collisionally
redistributed light. The dependence of the orientation of atoms in the metastable 2P, state on the
frequency and polarization of light has been investigated for the first time side by side with the
analogous dependence for atoms in the resonance ' P; state in differential scattering conditions. The
oscillation structure of the differential cross sections and the left - right scattering asymmetry have
been interpreted in terms of the Condon and decoupling radii. It was shown that the polarization
analysis together with the analysis of oscillation structure yield an important information about
interaction of the excited atoms.
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Spectroscopy of heavy multi-charged ions and exotic atomic
systems: Quantum mechanical perturbation theory
approach to spectra calculation

A.V. Glushkov, E.P. Gurnitskaya, O.Yu. Khetselius, V.N. Khokhlov and L.A. Vitavetskaya
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A consistent theoretical approach, based on the relativistic density functional (DF) approach and
quantum electrodynamics perturbation theory (QEPT), is developed for the calculation of the exotic
atomic and nuclear systems. One of the main purposes is establishment of a quantitative link between
quality of the nucleus structure modelling and accuracy of calculating energy and spectral properties.
Another one is application of our atomic-nuclear numerical code to calculation of spectra of the
hadronic (pion, kaon, hyperon) atoms. A new, highly exact approach [2] to relativistic calculation of
the spectra for multi-electron super heavy ions with an account of relativistic, correlation, nuclear,
radiative effects on the basis of gauge-invariant quantum electrodynamics perturbation theory is
used. Zeroth approximation is generated by the effective functional, constructed on the basis of the
comprehensive gauge invariance procedure [2]). The wave functions zeroth basis is found from the
Klein-Gordon (pion atom) or Dirac (kaon, hyperon) equation. The potential includes the effective
core 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) [1, 2. 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). There have taken into account all correlation corrections of the second order and
dominated classes of the higher orders diagrams (particles screening, particle-hole interaction, mass
operator iterations). The magnetic inter-electron interaction is accounted in the lowest (on « constant
of hyperfine structure), the Lamb shift polarization part- in the Uhling-Serber approximation, self-
energy part of the Lamb shift is accounted effectively with the use of the Green functions method.
We carried out calculations: Shifts and widths of transitions (2p-1s, 3d-2p, 4f-3d) in some pionic and
kaonic atoms.
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Collisional shift of the T1 hyperfine structure lines in
atmosphere of inert gases
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New relativistic approach, based on the gauge-invariant perturbation theory [1, 2] with using the
optimized wave functions basis’s in zeroth order, is proposed to calculation of the inter atomic
potentials, spectra, hyperfine structure (hfs) collision shift for heavy atoms in atmosphere of inert
gases and diatomic quasi molecules. It is carried out detailed studying and calculation of the inter
atomic potentials, collision shifts of the hyperfine transition lines for T1 atom in atmosphere of inert
gases for systems TIl-He, T1-Ar and T1-Xe. To calculate the spectral lines hyperfine structure collision
shift we use the following known expression from kinetical theory of spectral lines form (see [1, 3])
with effective potential of the inter atomic interaction, which has a central symmetry in a case of
the systems TI-B (B=He, Ar). To calculate an effective potential of the inter atomic interaction
we used a method of the exchange perturbation theory [1, 3]. The experimental (observed) and
calculated values of the relative local shift of the hyperfine structure lines for system TI-He are
presented and compared with calculation results of ref. [3], which are obtained within non-gauge-
invariant perturbation theory with Hartree-Fock like orbital basis’s. New data for systems of Tl-Ar
and Tl-Xe are presented. The important feature of our scheme is a correct account of the correlation
and polarization effects with using special effective potentials from ref. [4].
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Resonances in Electron Scattering with State Selected
Rovibrational Exited Diatomic Molecules

S.Pozdneev

Department of Quantum Radiophysics, Laboratory of Photochemical Processes,
P.N.Lebedev Physical Institute, Leninsky pr.53, Moscow 117924, Russia

A theoretical method is proposed for the investigation of the initial rovibrational exitation of diatomic
molecules by electron impact.

This method is based on the treatment of the collision as a few- body processes, using quantum
theory of scattering in few particles system.

The results of the calculation of the cross sections of the different elastic and inelastic processes are
compared with available experimental data and another calculations are discussed.
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Three-body approximation in electron scattering on
diatomic molecules

S.Pozdneev
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P.N.Lebedev Physical Institute, Leninsky pr.53, Moscow 117924, Russia

The quantum theory of few-body scattering based on the Faddeev-Yakubovsky equations is applied
to the calculation of the electron scattering with the diatomic initial rovibrational exiting molecules
hydrodgen, nitrogen, lithium, sodium and hydrogen halide The results of this calculations are com-
pared with available experimental data and the results of other calculation.
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First negative and meinel band system excitation at the
collisions electrons with nitrogen molecules

M Gochitashvili, R Lomsadze, R Kvizhinadze, K Gongadze
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Absolute emission cross section for the first negative(ING) B>} — X*%7F and Meinel (A*IL, — X*X )
bands system of N, molecule have been measured at the collisions of electrons with N, molecules in
the 100eV —1500eV projectile energy range. The measurement was performed by optical spectroscopy
method in the visible 400 — 800nm spectral region. The relative excitation rates of the Meinel bands
were measured by scanning the spectrum of the Meinel bands between 600 and 800nm at pressures
sufficiently low (roughly 0.50mTorr) to minimise the effects of quenching [1]. Number of Experi-
mental works in which the Meinel bend system are measured are very limited. The experimentally
determined cross section for the formation of N, ions in the A — state is known only to within about
50percent, which can be attributed to the long radiative lifetime of the state [2-4]. Particularly the ex-
citation functions of (0, 0), (0,1),(0,2),(1,1),(1,2),(1,3) bands of ING and (2,0), (3,0), (4,1), (5,2)
bands of Meinel systems was measured respectively. The measured A-state and B-state vibrational
level distribution agrees well with the relative Franck-Condon factors. The analize of results given
that the ratio of the Meinel bends|(2,0), (3,0), (4,1), (5,2)] to INGJ[(0,0),391.4nm] band cross sec-

tions is invariant with electron energy.
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The ionization, charge exchange and excitation in Na™ — Ar
collisions.
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In the present work the value of absolute cross section of ionization, charge exchange and excitation
function for Na* — Ar colliding pairs in the 0.5 — 10keV energy range are obtained.

The measurements are carried out by modified transverse electric field and optical spectroscopy
methods. The error in the determination of the ionization and charge exchange cross sections was
15percent. The relative uncertainty for excitation processes was dHpercent, and absolute one did not
exceed - 10percent.

The data obtained allow us to draw certain conclusion about the mechanisms of the relevant processes.
In discussing these data the schematic correlation diagram of the diabatic quasimolecular terms of
systems of colliding particles was used. The diagram was plotted using the Barat — Lichten rules
[1].

In case of charge exchange processes two nonadiabatic region are revealed where transitions can
results in charge transfer. At low energy (E =~ 2,5keV’) the most probable transition is from the
ground state of the system to a state corresponding to the capture of an electron by the ground state
of the sodium atom. The process is considered as a result of direct interaction of the corresponding
Y — ¥ terms of the quasimolecular (NaAr)* system. The ¥ — II transition is characterized for the
energy F > 3keV and it is connected with rotation of internuclear axis.

The contributions made by the various processes to the total cross sections of an electron emission in
the Na™ — Ar collision are estimated. It was established that the ionization processes is determined
by the autoionization of the Ar atoms. The main exit channel for autoionization is due to two optical
electron excitation of Ar atoms.

For the excitation function the quasimolecular character of interaction is revealed. The mechanism
of excitation for both colliding partners is established. Significant portion in the excitation of argon
4s state is due to cascade transition from upper (4p, 3d) level. On the excitation function of an argon
atom lines (A = 104, 8nm; 106.7nm) the oscillatory structure are observed.
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Closed-form expressions of the second-order Faddeev
three-body charge-transfer amplitudes
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The three-body atomic process has been studied in which an energetic projectile ion impinges on
a neutral target atom and scatters off it after an electron capture. The Faddeev-Watson-Lovelace
formalism (FWL)has been used, in a second-order approximation. The rearrangement transition
T-matrix includes five partial components; i.e. the first-order Born amplitude, Apg, the second-order
nuclear-electronic amplitude, Ag), the first-order inter-nuclear term, A,(ll), and two second-order
internuclear components, A?% and A®" The first-order Born amplitude is independent of the two-
body interaction potential. A closed-form expression is reported for this term in the literature (see
for example [1]). Here, the most general integral forms of the other partial amplitudes have been
derived:

A = ¢ / ¥ deaTei / k2 Ry ()i (k) (K2 — 26,) " (1.15)
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0 0

The present work reports the exact analytical expressions for these partial amplitudes in a typical
transition in which the active electron suffers a transition from the initial hydrogen-like state, i = nim,
to the final hydrogen-like state f = n’l'm’ . In our method, the Gegenbauer polynomials, therein
radial parts of the initial and final wave functions in momentum space, are expanded in terms of the
powers of their arguments in an especial and efficient manner. Using the integral representation of
the Gamma functions and performing the integrals analytically, one leads to the closed-forms of the
nuclear-electronic and internuclear amplitudes. The calculated electron-capture differential cross-
sections are discussed and compared with other calculations from B2F [2], CDW [3, 4], DWB [5] and
SPB [6] formalisms as well as experimental data [7].
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Shift and Width Calculations in the Case of Radiating
"Li(2p — 2s) Perturbed by ‘He
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Annaba 23000, Algeria
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The importance of the collisional processes in the astrophysical environments, such as in the stellar
mediums and the planetary ionospheres, is now well established [1]. The discovery in 1995 of Gliese
229B has provoked a series of observations and theoretical studies of the brown dwarfs. Calculations
of photochemical equilibrium in the atmospheres of these cold dwarfs have been reported and the
resonance lines of the alkali-metal atoms have been shown to be powerful tools to diagnose the dwarf
atmospheres [2,3]. More specifically, Burrow, Marley, and Sharp [4] have concluded that the lithium,
sodium, and potassium lines may play a remarkable role in the spectra of the T dwarfs.

In this study, we have focused our attention on the pressure broadening of the lithium line core,
namely the width w and the shift s of the resonance line 2p — 2s, when the “Li atoms are perturbed
by helium *He monatoms. The calculations have been carried out by using the Baranger method
which assumes the impact approximation [5]. To do so, we have constructed from reliable and recent
data points the potential energy curves through which a ground or an excited lithium atom interacts
with a helium atom.

For the temperatures ranging from 200 K to 3000 K, the results we have obtained of the width and
shift rates, i.e. w/n and s/n, with n is the perturbing gas number density, are compared with those
already published [6-9].
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Self-Broadening and Shifting of the 4s — 4p Line of Potassium
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The aim of this study is the quantum-mechanical computation of the width v and the shift d of the
resonance line 4s — 4p of potassium *°K atoms evolving in their parent monatomic gas. In the frame
of the impact approximation method developed by Baranger [1,2], these two spectral parameters are
given in terms of the phase shifts 7, caused by the ground K(4s) + K(4s) and excited K(4p) + K(4s)
collisions

v = 4o (08 + o))
)

d = —"< (Q22+ QHZ>

where the average (- --) is Maxwellian, v is the relative velocity, n is the number density, and

A X
QW — kZZ (21 + 1) sin® (] — n}")

Q¥ = @Z(%H)sin[?(nz’—m”)],
=0

k and [ being the wave number and the angular momentum, respectively. The upper n; and lower
ny’ phase shifts needed in the width and shift cross sections, Q™) and Q®, are calculated by solving
numerically the Schrodinger equation for which we constructed the singlet and triplet potential energy
curves from recent and reliable RKR and/or ab initio data points.

The results show that the linewidth and lineshift do not depend on temperature and may be repro-
duced by simple formulas, v ~ 1.394 x 107% n and d ~ 1.540 x 10~7 n, with n being in cm™ and v
and d in s~!. We also applied to this problem a semi-classical method as outlined in Mott and Massey
[3]. From the calculations, it appears that the influence of the long-range R~ forces are prominent.
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Viscosity of a Cold Cesium Plasma and its Variation Law
with Temperature

M.T. Bouazza! and M. Bouledroua?

L Physics Department, Badji Mokhtar University, B.P. 12, Annaba 23000, Algeria
2 Faculté de Médecine and Laboratoire de Physique des Rayonnements, Badji Mokhtar University, B.P. 12,
Annaba 23000, Algeria
E-mail: boulmoncef@netscape.net

In this work, we have examined, within the frame of the Chapman-Enskog model [1], the thermo-
physical properties of a monatomic cesium Cs gas by using the most recent ground 12; and 37
Rydberg-Klein-Rees interatomic potentials. We have explored the viscosity and elastic cross sec-
tions and analyzed closely the resonance features they exhibit. We have particularly determined
the viscosity n and thermal conductivity A coefficients of the alkali-metal vapor as a function of the
temperature 7. The results we have found of the collision integrals Q> and of the coefficients 7
and \ agree quite well with some available experimental and/or theoretical data [2]. Besides, we
have investigated the variation law with temperature T of the above thermophysical quantities. We
have found that, for temperatures ranging from around 150 to 3000 K, the results of n and A can be
reproduced by simple formulas of the form ~ a7 exp(—¢/T).
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Inelastic scattering of photons in photoexcitation processes
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Conventionally, the single photon ionization (PI) or excitation is considered as a process of driving
an electron out due to the interaction between an atom and low-intensive electromagnetic field
(EMF). The absorption of a single photon of energy exceeding the multiple ionization potential
may result in driving two, three and more electrons out of atom, so that the transition energy is
continuously distributed between photoelectrons [1]. The multiple PI makes both the experimental
measurements and the theoretical calculations of PI cross sections to be rather complicated problems.
The dominating physical mechanisms of multiple PI are different and depend on the exciting photon
energy. They are: (i) the direct multiple PI proceeding exclusively due to correlation effects; (ii)
two-, three-, or more-step autoinization and irradiation transitions following the photoionization of
an intermediate highly excited state. Note, that within a correct approach, the secondary photon
wirr irradiated from an intermediate excited state should be considered as the inelastic scattered
primary photon w,.,.. General consideration of the Raman scattering is presented, for example, in
[2].Principal possibility to observe the irradiation transitions in a multi-step sequence (ii) in PIFS
experiments is discussed in [3].

In this work, we report about first results on calculation of Ne 2p- and 2s-photoexcitation accompa-
nied by irradiation of the secondary photon. For this process the relationship we,e = I + wipr + €,
where [ is the ionization potential and e stands for the energy of excited electron, reflects both
the energy conservation law and the continuous sharing of the transition energy FEj. = wepe — [
between the secondary photon and excited electron. This is very similar to the continuous energy
distribution between two electrons in such processes as double PI, double Auger transitions, double
autoionization of resonantly excited states, and so forth, considered in our previous works.

The effect of inelastic photon scattering has been taken into account within the lowest nonvanishing
order of the perturbation (with respect to low-intensive EMF) theory with the use of non-relativistic
Hartree-Fock wave functions. This accounting has allowed us to directly calculate the profile of
fluorescent lines and to reveal the significance of the scattering effect at different energies of exciting
photon. It is also important to note that by accounting the scattering (i.e., considering the two-photon
process) we automatically include a set of photoelectrons ”forbidden” in traditional calculations of
PI cross sections. This can also ascertain the data upon the photoelectron angular distribution.

The detailed results and calculated cross sections will be presented at the Conference.
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Among the alkali dimers, only those involving Francium atoms have not been investigated yet. How-
ever several groups have succeeded to trap Francium in a magneto-optical trap [1-3], and techniques
are progressing so fast that in the near future it would be possible to produce alkali dimers involving
Francium atoms. We present, for the first time, calculations concerning the potential curves,
permanent and transition dipole moments of Fry molecule and of some alkali heteronuclear dimers
involving Fr atoms, namely RbFr and CsFr and of their cations [4]. Our aim is also to predict the
rates for the photoassociation of these species and for the subsequent formation of cold molecules as
we did previously for all mixed alkali dimers involving Li to Cs atoms [5]. Such predictions should
help the experimentalists in their investigations. The method is based on a pseudopotential for the
core representation, with ¢-dependent effective core polarization potential and self-consitent calcu-
lation (SCF) combined with full valence configuration interaction calculation (CI). The theoretical
methods are similar to the one used in our previous paper dealing with the determination of accurate
permanent dipole moments of heteronuclear alkali dimers [6]. However, the Fr atom is described by a
new pseudopotential with averaged relativistic effets, derived from all-electron relativistic Dirac-Fock
SCF calculations [7] rather than from Hartree-Fock calculations. A perturbative approach is used
to introduce spin-orbit coupling. As no experimental data is available, the accuracy of our results is
discussed by comparison with the Rby, Csy and RbCs systems.
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Adiabatic demagnetization is a very efficient cooling scheme which allows researchers in solid state
physics to cool their samples by several order of magnitude in a single cooling step.

In a recent paper Hensler and co. [1] have proposed to apply this technique to a gas of atoms
with non-zero spin. Starting from a cloud polarized in the lowest energy Zeeman state we can
have depolarization of the sample through all the other sublevels. Such process is driven by binary
inelastic dipolar collisions and is enhanced when the Zeeman energy splitting is of the order of the
temperature of the sample. Energy is then transferred from the external kinetic reservoir to the
internal spin reservoir with a consequent reduction of the temperature of the gas. Using optical
pumping it is then possible to polarize again the atoms and prepare them for a further cooling step.
In principle several iterations allow to reduce the temperature of the cloud down to the photon recoil
limit.

It is important to stress that such technique doesn’t lead to any atom loss and can also work close
to quantum degeneracy.

In this paper we present our experimental results of demagnetization cooling applied to a gas of
Chromium atoms. Chromium is in fact a good candidate thanks to its large magnetic dipole moment
of 6 up which leads to an inelastic dipolar collision rate ~ 200 times larger than in alkali atoms. At
the moment we are able to cool 10® atoms, trapped in a single beam dipole trap, from 20K to 11K
in 7 seconds. In order to quantify the efficiency of such technique we can evaluate the increase in
phase space density over atom losses. The 10% reduction in the atom number results in a cooling
efficiency y = —dlog p/dlog N of ~ 11 much larger than 4, optimum value for evaporative cooling.
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Feshbach molecules from an atomic Mott insulator
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Feshbach molecules from bosonic atomic species have proven to be short-lived with respect to inelastic
collisions [1]. As a result the typical lifetime observed for a cloud of ultracold ¥ Rby molecules stored
in an optical dipole trap is limited to a few milliseconds.

We report the observation of long-lived Feshbach molecules in an optical lattice. A BEC of 8"Rb
atoms is loaded into the lowest Bloch band of a 3D optical lattice operated at a wavelength of
830 nm. By ramping up the lattice depth, the atomic gas enters the Mott insulator regime. A
magnetic-field ramp through the Feshbach resonance at 1007 G creates molecules [2]. Lattice sites
initially occupied with more than 2 atoms experience fast inelastic collisional losses. The observed
lifetime of the remaining molecules is ~ 100 ms, which is much longer than for a pure molecular
sample in an optical dipole trap. Similar results have recently been reported in Ref. [3].

The increased lifetime is an important step on the route to a BEC of molecules in the vibrational
ground state [4].
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Bosonic *2Cr has recently been cooled down to quantum degeneracy [1]. Its main specificity is its
large magnetic moment of 6 pp in its ground state. Thus, Cr is a perfect candidate for studying
new physics in the degenerate regime, where the interactions are dominated by the long range,
anisotropic, dipole-dipole interactions [2], which are 36 times stronger than for alkalis. Additionally,
the presence of a second, abundant (9%), fermionic isotope — **Cr — opens the way to producing
ultracold Fermi-Bose degenerate mixtures.

We are building a cold atom experiment to trap these two chromium isotopes. Our first result was
the obtention of a **Cr Magneto-Optical Trap. Using a high temperature oven operated at 1500 °
C, we were able to load, from a Zeeman-slowed atomic beam, up to 5 x 10° fermionic **Cr atoms

in a steady-state MOT, with a loading rate of 3 x 10% atoms.s™'. We measured unusually large
s+, similar to those of the bosonic

inelastic, light-assisted collision rates, on the order of 107 cm?®s™!

2(r, indicating a not yet understood long range loss mechanism.

Our experimental setup allows us to simultaneously capture both isotopes in a combined MOT. In
order to obtain larger number of atoms, we used the presence of metastable D states for both isotopes,
which are spontaneously populated from the MOTs by radiative decay, and are magnetically trapped
in the gradient of the MOT coils. By repumping these metastable atoms back in the ground state,
we could get enough atoms to study the inter-species light assisted collisions [3], which are as well
very important. This metastable accumulation scheme provides in fact a good starting point for the
evaporative cooling of both isotopes.

At present, we are working on accumulating as many atoms as possible in the metastable states.
For this purpose we are developing new techniques to prevent the collisions with MOT atoms, which
actually are the main limitations for this accumulation.

In the next weeks we are going to transfer the atoms in a crossed dipole trap, which eventually will
allow us to reach quantum degeneracy. We will in particular try to find the optimal strategy for
doing sympathetic cooling of the fermionic species by the bosonic one : the long term goal of the
experiment is the study of a Fermi sea with dominant dipole-dipole interaction, and its transfer into
optical lattices.

The poster will present all the experimental results obtained by the time of the conference.
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Magnetoelectric birefringence, predicted by Jones [1], which was first observed in liquids [2], may
also become a useful tool for determining spectroscopic properties of atomic systems [3,4].

We consider magnetoelectric-field-induced resonant Rayleigh scattering in a vapor of ground-state
alkaline-earth atoms. The amplitudes of this process are bilinear in magnetic and electric fields.
In particular, the amplitudes Up and Up, related to the resonance conditions on D and P levels,
correspondingly, may be written as

A A
Up = 6—2(291 + p2)[2¢0 + ©1 + @2); Up = ?(CI1+CI2)[<P1+<P2]7 (1.19)

where the factor A = —awF?F,B/240 includes the product of laser wave F, static electric Fy and
magnetic B fields; o = 1/137 is the fine-structure constant, w is the laser wave frequency. Complex
quantities ¢ and ¢’ include both resonance detunings for real parts and resonance level widths for
imaginary parts. The polarization-dependent factors are

wo=(eo-mxep]); p1=(e-e)(e’-nxep]); 2=(e-e’)(e-[mxep]), (1.20)
where ep and ey are unit vectors of magnetic and electric fields, e and n are unit polarization
and wave vectors of the laser wave, correspondingly. Factors pi, p2, q1, g2 are the products of the
first-order and second-order radial matrix elements, which can be presented as follows:

p1 = (' D|rgir|nS)(nS|r*|n'D); p2 = (W' Dlrg{r|nS)(nS|r*|n'D); (1.21)
q1 = (0 P|r*g0r|nS)(nS|r|n’ P); ¢ = (n'P|rg5r?nS)(nS|rin’P). (1.22)

The Jones birefringence appears, when eg = ep, due to the difference between the amplitudes (1)
for e = e*) and e = e(™), where e™®) = (ey + [n x eg])/V/2:

|

A .
AUY =0y — U =25 (i +p2) and AUY =ULY - UL =2

5 (@+a).  (123)

When [ep X €] # 0, also the difference appears between the amplitudes (1) for e || ey and e L e:

[\

5/

A

AU’ = Up(e || e) = Un(e L eo) =25(p1 +p2) (eo - [n x ep)) (1.24)
A

AU = Up(e || o) — Up(e L ep) = 2?(% + q2) (€0 - [n x ep]). (1.25)

In addition, amplitudes (1) discover also the difference between the amplitudes Up for different
directions of the laser wave propagation relative the vector [ep x €], U) = U (n || [eg x eg]) and
UL =U (n L [ep x e)):

A
AUY) = U Uy =25(p +p). while AURY = U — U =0, (1.26)
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We present the preliminary results on the evaluation of the ground state Lamb shift in hydrogen-
like lead by the measurement of the Ly« transitions energy. For this propose we used two crystal
spectrometer in a focusing compensate asymmetric Laue geometry [1] coupled with large area position
sensitive germanium detectors [2,3]. The data have been collected for a period of two week at the
storage ring ESR of GSI in March 2006. The analysis is still in progress. We expect a final accuracy of
few eV for the measurement of the Pb®'* 1s level Lamb shift, which will allow for a test of Quantum
Electrodynamic in strong field with unprecedented precision.
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The quantum mechanical nature of (empty) space has far-reaching consequences in many branches of
physics, ranging from (sub-)atomic physics to cosmology. The existence of electromagnetic vacuum
fluctuations, for example, manifests itself most impressively in the Casimir force [1], a stochastic and
feeble force, so hard to measure properly, that it was considered to be solely of academic interest
for a long time. With the current revolution in nano-technology, however, there is a rising, yet even
economic need for a quantitative understanding. I will present an experiment, in which the Casimir-
Polder force between a single atom and the surface of a solid is determined quantitatively to better
than the 1% level. It is based on the Atomic Beam Spin Echo method developed in Heidelberg [2],
an atom interferometry method, in which we combine the exclusive surface sensitivity of thermal
atom scattering with the resolution of in-beam magnetic resonance techniques. This technique will
be introduced and its high resolving power (down to sub-neV) shown in some simple scattering
experiments. Subsequently, I will turn to the phenomenon of quantum reflection and show how it
may depend very sensitively on the long-range details of some attractive atom-surface interaction.
Utilizing quantum reflection as a tool, we have been able to clearly identify the Casimir and the
van der Waals branches for a variety of surfaces [3]. Finally, the potential of Atomic Beam Spin
Echo is addressed in particular with respect to testing fundamental questions in physics concerning
the Casimir force and beyond. I will show on-going measurements focussing on the dependency of
the working of the vacuum fluctuations on temperature, geometry and spectral properties of the
solid. For example, our data show the Casimir interaction can be significantly altered by heating
the surface, or by using specifically nano-crafted ones. As an outlook, I will describe two possible
experiments that may have the sensitivity for detecting parity violation in light atoms, respectively
for testing gravity beyond Newton’s law.
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High sensitivity spectroscopy for ambient-air trace gas
detection using a portable difference-frequency source
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Real-time, in-situ chemical analysis of trace gases based on optical absorption techniques is a relevant
issue in several areas of research, from environmental monitoring to biomedical diagnostics. However,
since most species of interest are naturally present in very low concentrations, ranging from parts-
per-million (ppmv) to parts-per-trillion (pptv) by volume, the resulting absorbance can be extremely
small. Hence for ambient-air monitoring field applications, a laser spectroscopic system must combine
a compact and robust set-up with a high sensitivity technique. In our work, many efforts have been
focused on the developement and use of coherent radiation sources operating at wavelengths where the
strongest transitions occurr, in conjunction to high-sensitivity spectroscopy techniques particularly
suitable for field applications. For this purpose, the window between 2.5 and 3.5 pum is particularly
attractive, because it exhibits strong and well-isolated lines for a large number of molecules (C-H,
N-H and O-H fundamental vibrations occur in this interval).

As a first step, we report the development of a compact, rugged and portable spectrometer for field
applications based on difference-frequency generation (DFG) in a periodically-poled lithium-niobate
crystal, between 2.9 and 3.5 pum, with an output power of several milliwatts. The performance in
real-time gas monitoring is evaluated with a direct-absorption scheme in a 13-m multiple-reflection
cell. Thanks to strong dipole moment of lines belonging to the fundamental 5 vibration, direct
absorption profiles of natural-abundance methane at atmospheric pressure were recorded with a noise-
equivalent absorption coefficient of 5.8-107" cm ™!/ V/Hz, corresponding to a minimum detectable CH,
concentration of 3 ppb/v/Haz.

In order to further improve the spectrometer detectivity preserving the possibility of field measure-
ments as well, a frequency modulation and a long-path technique were implemented and combined to
the DFG source. In the first case, two-tone FM spectroscopy provided a significant noise reduction
with a reasonable technical demand. As a proof of sensitivity, weak CH4 ro-vibrational transition in
ambient-air samples were detected, resulting in an enhancement of a factor 100 in the signal-to-noise
ratio with respect to the direct absorption, and thus a minimum absorption coefficient of 5.3 - 10~
cm~!/v/Hz.

A different high-sensitivity scheme for quantitative gas detection was demonstrated with off-axis
integrated-cavity-output spectroscopy (OA-ICOS). This cavity-based technique can be realized in
a very simple set-up and, being intrinsically insensitive to small vibrations and misalignements,
is particularly suitable for outdoor applications. Thanks to the high output power of our DFG
spectrometer, we could successfully use OA-ICOS to perform direct ambient-air methane detection at
atmospheric pressure. An 1.8-km effective cavity absorption pathlenght was demonstrated, yielding
a minimum detectable concentration of 850 ppt/ VHz . Furthermore, an analytical model based on
the integrated off-axis cavity-response enabled us to retrieve the absorber concentration directly from
the area under the recorded absorption profile in a wide concentration range.
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Investigations on the CPT effect in 7 configuration: the
‘pseudo-resonance’ mechanism and its application in
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Coherent Population Trapping represents a promising alternative for the realization of stable and
small atomic clocks [1]. An important factor which limits the performances of CPT-based atomic
clocks is the small signal contrast. To overcome this limit several excitation schemes have been
proposed [2, 3] and references therein. In particular, in reference [2] the authors showed that a
significant enhancement of the CPT amplitude is obtained when co-propagating laser waves with
parallel linear polarization are resonant with the excited state F, = 1. In this case, the reference
transition for atomic clocks is between Zeeman sublevels with |[mpg # 0|. To reduce the influence of
external magnetic field, it has been proposed [4] to use as frequency reference a combination of CPT
effect and signal discrimination at the maximum of absorption, referred to as a pseudo-resonance.
With the present communication we report on our CPT/pseudo-resonance experiment and model.
We work with pure 8’Rb vapor in a sealed cell (few cm?), and the laser source is tuned nearly in
resonance with the Dy line (795 nm). In order to increase the sensitivity of our setup, the noise on
the detector has been measured to point out the main noise sources. The behavior of the pseudo-
resonance parameters (amplitude, linewidth and central frequency) has been studied as a function
of some relevant experimental parameters hereafter described. The optimal working conditions are
determined by optimizing the Discriminator slope (Dy) of the pseudo-resonance. Optimum values
have been found for the laser beam cross section, the longitudinal magnetic field and the cell temper-
ature. This optimal values depend on the characteristics of the cell (mainly its volume and buffer gas
pressure). The Dy maximum is reached when the laser radiation is resonant to the transition towards
F. = 1. We have analyzed the influence of the Doppler and pressure broadening of the D; line as well
as the laser line-width on the pseudo-resonance signal. We have concluded that the amplitude of the
pseudo-resonance is critically affected by the pressure broadening and the laser line-width. This two
mechanisms, even if they have different physical origin and meaning, both contribute to increase the
influence of the transitions towards F, = 2, which considerably reduce the signal amplitude. On the
other hand, their influence on the pseudo-resonance line-width is less critical: we can easily reach
pseudo-resonance line-width below 1 kHz.

In this communication, we will present latest results comparing CPT resonance and pseudo-resonance
under the same experimental conditions in view of application in atomic frequency standards.
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In present paper the results of the investigation of the dynamics of free-bound transitions in hydro-
gen/antihydrogen atom under the action of ultra-short strong laser pulse are presented. At ultra-low
temperatures of antiproton-positron plasmas [1] energy distribution width is small enough and cor-
responding set of continuous states can be considered as single highly-degenerate level. Broadening
of this level is similar to inhomogeneous broadening of spectral lines in plasma due to thermal move-
ment. In this case something resembling Rabi oscillations and analog of 7- pulse should be expected.
Thus proper choice of pulse parameters allows to increase considerably the yield of atoms in laser re-
combination process. It may be useful for some international projects (ELENA, ALPHA, ATRAP)
aimed the production and research of the atomic antihydrogen. This dynamics can be used for
diagnostics of continuum states itself.

The wavefunction is assumed to be presented as sum of one discrete state (n,l,m) and a set of
continuous states (k,l,m), where k is the wavenumber, [,m are orbital and magnetic quantum
numbers. The probability amplitudes equations are as follows:

1an,l,m — Z /_bkl m/ _1(% %)tﬁ(t)<nal>m‘ﬂkal/am/>a

U'm’
. . 2 —
D m = st (t)el<%+%>tE(t)<k, L,m|Fn, U, m')+

dk' K2 w2
S [ St (T E ) (K1 ).
U
In this equation system the dipole approximation is used. a is the probability amplitude of one dis-
crete state, by is the probability amplitude of continuous state with wavenumber k. The right part of
first equation describes the recombination. The first term of right part of second equation describes
an ionization, while second term describes free-free laser-stimulated transitions. If n = 1 then field
frequency is slightly more than % Hence laser radiation couples free states with k> = k* £1. Dipole
moment matrix elements are nonzero when I’ = [+ 1, m’ = m+ ¢, where ¢ is field polarization index.
All matrix elements were analytically calculated using corresponding wavefunctions [2]. These equa-
tions were solved numerically replacing integrals by discrete sums. The initial conditions corresponds
to thermal distribution according to k with characteristic width corresponding to temperatures 4 -
100 K.
As the results we have observed Rabi-like oscilations of |a(t)|*> which period and amplitude non-
monotonically depend on pulse area and pulse amplitude. There exists the parameters set which
gives the value of |a(t)|* comparable with the total population of continuous states with given orbital
momentum.
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Alignment to orientation conversion in Cs in a pure electric
field: experiment theory and applications
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We present a detailed theoretical model of experimentally measured signals of alignment to orienta-
tion conversion (AOC) in the 7D3/5 and 9Dj/, states of cesium atoms in the presence of an external
dc electric field [1]. Alignment produced by linearly polarized light can be converted into orientation
by the quadratic Stark effect in an electric field if the angle between the electric field and the polar-
ization vector of the exciting radiation is neither 0 nor 90 degrees and if there are magnetic sublevels
with Am = 41 that cross as the electric field is scanned. Orientation is verified by the observation
of a net circular polarization in the laser induced fluorescence. The model is based on the optical
Bloch equations and extends models previously developed to solve the rate equations for Zeeman
coherences in single step [2] and double step [3] laser excitation of atoms. The agreement between the
simulated and measured signals is excellent. The experimental signals are observed in cesium vapor
in a sealed glass cell at room temperature. An electric field up to 2000 V/cm is produced by two
polished Stark electrodes of 25 mm diameter, which are separated by a 5 mm gap. The 7D3/, and
9D/, states of cesium are populated by two step excitation (6S;/ — 6P/ — nDg/s) with two
counterpropagating laser beams. For the first step, a diode laser is used. For the second step, another
diode laser is used in the case of n = 7, and a dye laser is used in the case of n = 9. Laser induced
fluorescence (LIF) is observed at the nDj /2 — 6P /5 transition and the rate of circular polarization is
measured by passing the light through a A/4 plate and a linear polarizer. Circular polarization rates
up to 10% are observed and the maximum of circular polarization corresponds to electric field values
at which magnetic sublevels with Am = +1 cross. AOC has applications in experiments searching
for fundamental physics as well as in practical applications. In certain types of experiments searching
for a permanent electric dipole moment (EDM) of the electron [4], the deformation of the atomic
angular momentum distribution caused by AOC could mimick signals stemming from an EDM. AOC
could be introduced when the polarization vector of the exciting radiation is not perfectly parallel or
perpendicular to the electric or residual magnetic fields used in the experiments. As EDM searches
become ever more sensitive, it is useful to have an exact theoretical description of AOC that can be
used to evaluate and subtract such potential backgrounds. AOC in an electric field could also be
used in practical applications to deflect beams of light [5].

We acknowledge support from NATO Grant SfP-978029 ”Optical Field Mapping” and the Latvian
Government material science project Nr. 1-23/50 ” Perspective inorganic materials for photonics and
energetics.” K. B., F. G., and A. J. thank the European Social Fund for support.
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Highly efficient DN A-protein and protein-protein
crosslinking induced by fs-UV laser pulses
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UV laser cross-linking is a potentially powerful tool to investigate transient DNA-protein interactions
and binding kinetics in intact cells. Biochemical methods have been developed to study stable protein-
DNA interactions in vivo and chemical crosslinking has been used for less stable interactions, but the
chemical agents are slow, damage cells and perturb native equilibria. To avoid these perturbations,
UV laser crosslinking offers an alternative although, the above excitation being typically a two UV-
photon process, the energies required for significant cross-linking cause extensive DNA damage. In
fact, the crosslinking yield is still relatively low with the commonly used pulses in the nanosecond
range. To attain higher crosslinking yields, laser parameters must be adjusted to the underlying two-
photon process, which strongly depends on pulse intensity and pulse duration. The highest crosslink
yields could be achieved using fs laser pulses, but these also result in higher DNA damage. Based
on pioneering works on DNA-protein cross-linking induced by UV laser pulses [1,2], we have carried
out single pulse (A=263 nm, 7=250 fs, variable intensity) measurements on DNA-protein. In these
first experiments we found that a key role is played by the interaction geometry of the laser beam
and the irradiated solution. In particular, both capillarity properties of the solution and adhesion of
the solution to the container walls made hard a uniform illumination of the sample. We have been
able to physically cross-link U937 leukaemia cells irradiated in a 9 mm diameter cylindrical well by
an unfocused laser pulse at the maximum available energy (300 pJ). It is worth emphasizing that the
observed crosslink process yield has been even higher than that obtained by means of conventional
chemical methods. Further experiments are planned, based on the pump/probe technique, in which
a combination of UV pulses for the first excitation step and blue pulses for the second step will be
also tried. This strategy has the advantage that the intensity of the UV pulse in the first step can
be kept low, thus reducing DNA damage caused by the UV photons.

We have extended the UV laser technique to protein-protein cross-linking, for the first time to
the best of our knowledge. Very satisfactory and encouraging results were obtained in preliminary
experiments, regardless of the specific protein used and thus suggesting a wide applicability of the
approach. As an example we mention alchool dehydrogenase (ADH) that was exposed at UV light at
266 nm at 30 Hz. Whenever the protein samples were irradiated, the formation of higher molecular
weight species was observed by denaturant gel electrophoresis analysis and the yield of crosslinked
proteins was exposure time dependent. These observations suggest crosslinking efficiency much higher
than classical and well established chemical and photochemical protein crosslinking and foresee a wide
range of applications of suitable shaped laser pulse.
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Three-Level Laser Models with Incoherent Pumping
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The dynamics and statistics of three-level laser systems with incoherent pumping are investigated.
Three theoretical models are studied: A , V and ladder in a comparative approach. The three models
describe systems of three-level atoms interacting with a single mode of electromagnetic field inside an
optical cavity. A critical value of the lasing threshold is obtained. In the V model, the pump excites
the atoms from the lower lasing level. In the ladder model, two pumping processes are in action,
one of which excites the atoms from the lower lasing level. This fact causes a second critical value
of the pumping rate, in addition to the critical value of the lasing threshold. The second critical
value, which does not exist in the A model, is the break point at which lasing ceases [1,2]. We call
this point the turn-off threshold. Above this pumping rate threshold, the number of photons drops
dramatically and the system no longer operates as a laser. At the two critical points, the lasing and
the turn-off thresholds, the laser field behaves in a phase-transition-like manner: the photon number
changes dramatically, the Fano factor has a strong peak and the second order correlation function
changes significantly.

For each of the three models, the modified Maxwell-Bloch equations are presented and solved in
steady state. The solutions are analyzed systematically. The dependence of the photon number on
the pumping rate and on the main model parameters, for example, the spontaneous emission rate
at the lasing transition and the dephasing rate, are investigated. For each model we derive explicit
expression for the lasing threshold and the turn-off threshold, if exists. Moreover, the critical values
of the main model parameters, beyond which lasing is impossible, are being calculated.

One of the main characteristics of the laser radiation is the photon number fluctuations or in other
words, the noise. This characteristic is being studied for each model by two statistical measures: the
Fano factor and the second-order correlation function. The dependence of these two measures on the
pumping rate is presented and analyzed graphically based on the quantum Fokker-Planck equation.
Special attention is given to the possibility to obtain ”squeezed light”, i.e. the possibility to get noise
suppression below shot noise limit. In the A and V models the maximum noise suppression one can
get is 25%, whereas in the ladder model one can achieve only 5% suppression.
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All-optical laser magnetometer based on the effect of
coherent population trapping in Rb
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Most of the commercially available optical magnetometers are based on the use of the optical pump-
ing process in alkali atoms. Recently Coherent Population Trapping (CPT) phenomenon has been
exploited, in order to realize new types of magnetometer and gradiometer. The approach based
on the CPT resonance utilization allows building of an all-optical magnetic field (MF) sensor, thus
expanding application fields of optical magnetometers. In the first systems some practical limitation
is imposed by the needed laser frequency modulation in the GHz region.

The present communication concerns our results related to the development of a portable, all-optical-
sensor atomic magnetometer based on the CPT prepared within a single hf transition in Rb. Here
the Rb vapor is irradiated by frequency modulated circularly polarized laser light and the CPT
resonances in the fluorescence dependence on the laser modulation frequency are observed, centered
at the Larmor frequency and its harmonics. Here, the Larmor frequency is measured directly and the
measure of it is the laser modulation frequency. The direct measurement of the Larmor frequency
eliminates the need to calibrate the ground-state microwave transition, for precise and absolute MF
measurements. Moreover, small oscillators that operate at the Larmor frequency (hundreds of kHz’s,
for most applications) are commercially available and consume much less power than those emitting
in the GHz region.

A methodology for MF measurement has been elaborated and the measurements have been performed
in the laboratory magnetic field, which is composed of the earth magnetic field and electromagnetic
noise from the laboratory equipment. Despite the noisy laboratory environment, very good sig-
nal/noise CPT resonances are registered. Scanning the modulation frequency from 20 to 220 kHz,
more than 12 coherent resonances are observed. The observed resonances are identified as prepared
by the carrier, first and higher order harmonics of the frequency-modulated laser light.

The developed system has been tested for measurement of Earth MF fluctuations, when situated
in laboratory of the Institute of Electronics at the Bulgarian Academy of Sciences. The test shows
very good agreement with similar measurement performed in the professional L’Aquila geomagnetic
station, Italy. The results are really encouraging because the measurement performed in Sofia is
under the Electromagnetic pollution of the large city and large MF gradients.

In many applications such as testing of materials, real time monitoring of manufacture processes,
it is important to use sensing element performing in hazardous and difficult to access environment.
The developed methodology is suitable for application in this type of environment.

The authors acknowledge financial support of the EC (contract No G6RD/CT-2001-00642). We
thanks: colleagues from University of Siena; Technical University of Graz; Optela Optical Tech-
nologies JSC, Plovdiv ; Optella Ltd, Sofia and ELO company, Sofia for fruitful collaboration. We
appreciate also the Bulgarian NCSR for partial support (Grant No.F-1404/04)
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Absorption and fluorescence spectra of Cs atomic vapour in
Extremely Thin Cell

C. Andreeval, S. Cartaleval, L.Petrov!.D. Slavov!, D. Sarkisyan? T. Varzhapetyan?

Lnstitute of Electronics, BAS boul. Tzarigradsko Shosse 72, 1784 Sofia, Bulgaria
2 Institute for Physical Research, NAS of Armenia,
Ashtarak-2, Armenia

The spectroscopy of atomic layers in a thin cell has proven promising for the studies of atom-light,
atom-atom and atom-surface interactions. Such layers are formed in the so called Extremely Thin
Cells (ETC), whose longitudinal dimension L is below 1 pm [1]. The single light beam transmission
reveals sub-Doppler features centered at the resonance frequency of the hyperfine (hf) transitions
of alkali atoms. As shown in [2,3], two cases can be distinguished: at L=A/2 (X is the excitation
wavelength) the hf transitions show sub-Doppler width enhanced absorption profiles, while for L=\
a Doppler-broadened absorption spectrum is registered [3].

In this paper is presented an experimental study of the sub-Doppler spectra at the Dy line of Cs
confined in ETC, using a narrow-band laser excitation. Well-resolved and good contrast sub-Doppler
resonances in absorption and fluorescence are obtained and their behavior in dependence on the cell
length L is examined.

For L=\/2 strong narrowing of the hf transitions is observed due to absorption enhancement in the
transition center relative to that in the wings. For L=\, the coherent Dicke narrowing vanishes and
at low power the hf structure is not resolved. However, at higher power well pronounced narrow
dips of reduced absorption are registered, centered at all hf transitions and related to saturation
and optical pumping. In the fluorescence, with laser power increase for the open transitions narrow
reduced-fluorescence dips are observed superimposed on the fluorescence profiles. For the closed
transition no fluorescence dip is registered, even at high light power. At L=3/4\, for low laser
intensities the absorption spectrum consists in three well-resolved enhanced-absorption resonances,
hence, the behaviour is similar to that at L=X/2. Increasing the laser power, small dips attributed
to optical pumping and saturation appear superimposed on the absorption profiles. Thus, at higher
light power the behaviour of the medium absorption is similar to that at L=\. At the same time, no
reduced fluorescence dips are registered. Therefore, the fluorescence behaviour is similar to that at
L=M\/2. For cell width L=5/4\, a very interesting behaviour is observed. In absorption, at very low
power the three hf transition profiles are observed. Increasing the power, reduced absorption dips
occur first at the open transitions, then also at the closed one. Increasing further the light power,
first for the closed transition and then for the open ones a small peak in absorption, superimposed
on the reduced absorption dip in the hf transition profile is registered. The origin of these absorption
peaks is still not clear. The behaviour of the fluorescence is similar to that at L=\.

The presented results contribute to the further knowledge of the behavior of confined alkali atomic
vapour with importance for investigations of complex atomic and molecular spectra

The authors thank the Bulgarian NCSR (grant F-1404/04) and Rila (Grant 2/2). D.S. and T.V.
thank ANSEF (Grant 05 — PS — opt — 0813 - 233).
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Study of Atomic Transitions between Zeeman Sublevels in a
Cell with Thickness of the Atomic Vapor Column L =\
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Recently, the investigation of atomic vapour confined in Extremely Thin Cells (ETC) [1] is attracting
increasing attention. As shown in [2], the narrowest sub-Doppler linewidth of resonant fluorescence
(7-8 times narrower than the Doppler width) is achieved in ETC when the thickness of the vapor
column is L = /2, where A is the laser wavelength resonant with the atomic transition. It was
demonstrated that the use of an ETC with L = 400 nm ~ \/2 allows one to resolve a large number
of individual transitions between Zeeman sublevels of Rb D; line in an external magnetic field of
about 200 Gauss [3]. The good spectral resolution of these transitions allows one to observe both
linear and nonlinear regimes of Zeeman effect. Recently it was demonstrated that velocity selective
optical pumping (VSOP) peaks of reduced absorption centered at the hyperfine transitions occur in
ETC transmission spectra at L = n\, where n is an integer. The narrowest linewidth is achieved for
n =1 and is close to the obtained in saturation absorption (SA) spectroscopy [2]. The advantage of
the “L = X technique” versus the “L = \/2 technique” is that the linewidth of the VSOP peaks is ~
5 times narrower and also the laser power needed for VSOP formation is at least 10 times lower than
that needed to produce a detectable fluorescence radiation. Note that since a single beam is used
in the L = X technique in contrast with the SA technique, there are no crossover resonances in the
spectrum. In addition, the contrast of the VSOP peaks is better. This allowed us to implement this
technique for resolving a large number of individual transitions between Zeeman sublevels of Cs Dy
line (atomic transitions F, =3 — F, = 2,3,4, F, =4 — F. = 3,4,5) in an external magnetic field
less than 100 Gauss. However, the most interesting results have been obtained for D, line of 8"Rb, for
the I, =1 — F, =0, 1,2 transitions. In this case, a strong nonlinear Zeeman effect is observed for
an external longitudinal magnetic field as low as 5 Gauss. In particular, for the case of excitation of
the F, =1 — F, = 0 transition with circular laser polarization, the VSOP peak for o0~ (right-handed
polarization) is about 3 times larger than that for o* (left-handed polarization). This is a result of
the fact that the transition probability modified by the magnetic field is about 3 times larger for o~
excitation. For the atomic transition F, = 1 — F, = 2 and o excitation in magnetic field B =
30 Gauss, all three individual Zeeman transitions are fully resolved. The estimations show that the
L = X technique could be successfully applied to the D; and D lines of Na and K atomic vapors,
too. A theoretical model has been developed, which takes into account the modification of transition
probabilities due to the magnetic field, resulting in modification of the different Zeeman sublevels
population at different VSOP regimes. Comparison with the experiment will also be presented.

The authors D.S. and A.P. thank SCOPES (Grant IB7320-110684/1). LP thanks also RILA program
(grant No 2/2) and NCSR (grant F-1404/04).
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Measurement of light induced birefringence,
electromagnetically induced transparency, and absorption in
the cesium D, line

R.-H. Rinkleff, .. Spani Molella, G. Kiihn, and K. Danzmann

Institute for Gravitational Physics, University Hannover
and Max Planck Institute for Gravitational Physics
D 30167 Hannover, Germany

E-mail:rolf-hermann.rinkleff@aei.mpg.de

The experiment presented here used a fixed frequency resonant coupling laser and a tunable probe
laser to measure the optical properties in a cesium atomic beam in in the cesium D, line. Using a third
off-resonant laser a heterodyne interferometer performed simultaneous absorption and phase shift
measurements of the coupling or the probe laser [1]. In this research several different measurements
of absorption and dispersion were performed. The signal features of the transmitted intensities of the
probe and coupling laser showed strong differences in the vicinity of the hyperfine transitions excited
by the probe and coupling laser. Light induced birefringence, electromagnetically induced absorption
(EIA), electromagnetically induced transparency (EIT), and normal absorption were observed.

In the closed transition 6s 281/2, F=4 — 6p 2P3/2, F=5, while the probe laser swept through the
resonance, the signal of the probe laser showed EIA. Simultaneously an enhanced transparency of
the coupling laser appeared, combined with a further central absorptive peak at zero probe laser
detuning, in agreement with theoretical prediction [2]. In the closed transition 6s S; /s, F=3 — 6p
2P3/2, F=2 the signals of the probe and coupling lasers showed EIT. In both hyperfine transitions
the intensity dependent refractive index of cesium was measured. Large Kerr nonlinearities at low
light intensities were observed up to a value of ny ~ 3 x 175 ecm?mW ™!, which is about 14 orders of
magnitude larger than the value for quartz. Higher order nonlinear components contributing to the
refractive index were also determined.

In an other investigation, the coupling laser was stabilized on the transition 6s *S;, F=4 — 6p
P35, F=4 while the probe laser was scanned over the transition 6s *Sy /e, F=4 — 6p *P3/, F=5.
The probe laser transmitted intensity showed a normal absorption profile, whereas the transmitted
intensity orthogonally polarized with respect to the polarization of the probe laser showed a dispersion
like profile [3] which could be explained in terms of light induced birefringence. The dependence of
this signal on the laser intensities will be discussed.

Acknowledgment: Supported by the grant no. SFB 407 of the Deutsche Forschungsgemeinschaft.
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Barium is the only alkaline-earth element that has not been cooled yet. This is because the strongest
6s% 1Sy —6s6p L P; transition is not closed but has several loss channels to metastable states. Efficient
and easy-to-handle sources for repumping are therefore necessary to close the loss channels and allow
sufficient optical cycling on the cooling transition. The decay occurs from the 6s6p ' P state to the
5d6s Dy and 3D1,2 states. The strongest transition is the electric-dipole allowed 6s6p P, — 5d6s
1Dy at 1.500 pm, with a theoretical transition probability of 2.62 10° s~ [1].

A DFB diode laser (Specdilas D-1504), operating at 1.504 pm at room temperature, has been settled
in a vacuum box, in order to be cooled below 0° C, extending its wavelength setting range. The
diode tunability has been checked by WM spectroscopy of water vapor in the 1.5 um region using
a 0.5 m cell and a InGaAs detector. By analyzing the spectrum, obtained by scanning the diode
temperature from 30° C to -20° C, with the HITRAN database of HyO, the diode frequency can be
tuned by more than 20 cm™! with no mode hops.

Next the diode laser has been applied to investigate the 5d6s 'D, — 6s6p !P, absorption in a
barium see-through hollow cathode lamp (galvatron). The absorption has been detected both by
WM spectroscopy and by phase sensitive detection after modulation of the discharge current. The
absorption intensity and line width have been studied as a function of the galvatron current. The
absorption has been monitored also in a saturated absorption configuration, but no sub-Doppler
line feature has been observed. This should be due to velocity-changing collisions (VCC) with neon
atoms in the hollow cathode lamp.

The repumping effect of the IR radiation has been observed in a thermal barium atomic beam, under
excitation by a c.w.ring dye laser of the 6s* 1Sy —6s6p ' P, transition at 553.5 nm and LIF detection.
The simultaneous application of this laser with another repumping source should be sufficient to
implement laser cooling of barium.
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A new apparatus for K-Rb degenerate ultracold mixtures
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We implemented a new apparatus designed to produce ultracold Rb-K degenerate mixtures with
a fast production cycle. This new kind of apparatus should allow us to investigate a relatively
unexplored field of atomic physics, those ultracold mixtures of different bosonic species, rich of
intriguing research perspectives, exploiting the possibility to change the interactions tuning an ex-
ternal magnetic field. We utilize 8" Rb and 3K (or 'K), provided by two independent bright sources
(2-Dimensional Magneto-Optical Traps, 2D-MOT). The sample is then laser-cooled by means of a
3D-MOT, and the last phase of evaporative cooling takes place in a novel kind of in-vacuo purely
magnetic trap (milli-trap), whose main feature is to give a very strong confinement of the sample
with a small energy dissipation. Up to now we achieved Bose-Einstein condensation of the 8"Rb
atomic sample. This will allow us to use this component as a refrigerator for the bosonic potassium
sample, whose self interaction properties do not allow direct evaporative cooling, hence preventing
the direct Bose-Einstein condensation of the sample.
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We use atom interferometry to perform an absolute measurement of the gravitational acceleration g
with 8"Rb free falling atoms. In our experiment the atomic wave function is splitted and recombined
by three stimulated Raman transitions, produced by two counter-propagating lasers. The interferom-
eter phase shift can be written as A® = p(0)—2¢(T")+¢(2T"), where ¢ is the phase difference between
the two lasers, and T is the time separation between two consecutive pulses. In the ideal case, the
interferometer phase shift is related to g by the relation A® = k,;rgT? (where kg is the difference
between the two wave vectors of the lasers) but the signal to noise ratio is limited by any temporal
fluctuations of the laser phase difference. Even though the lasers are phase-locked, many sources
of phase noise will affect the signal to noise ratio : generation of the reference frequency (quartz
oscillators and frequency chain), intrinsic noise of the phase-locked loop (PLL), limited bandwidth
of the PLL... As for the accuracy of the absolute measurement of g, one has to take into account
many systematic effects : quadratic Zeeman effect, one and two photon light shifts, alignments of
the lasers with the local gravity acceleration, frequency dependent phase shifts, Coriolis effect...

I would have introduced some original investigations on the sensitivity of our interferometer in a
short oral communication. In this poster I will develop recent improvements in the accuracy and
detail the review of the investigated noises sources.
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Ionization in a quantized electromagnetic field
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The interaction of a strong electromagnetic field with atoms is a very actual problem of physics
which has motivated a large number of theoretical works. In most cases the electromagnetic field
was described in a classical consideration. However, it turns out that such a semi-classical approach
which uses the quantum consideration for electrons and the classical consideration for electromagnetic
field is inapplicable for a large number of interesting and actual problems. Moreover, sometimes it
yields mistaken results and often faces with very cumbersome analytical expressions. Our work is
devoted to construction of a full quantum model of the field-atom interaction, which uses a quantum
description of the electron as well as of the electromagnetic field. It is shown that many difficulties
and questionable assumptions and statements of the semi-classical approach can be avoided in the
full quantum consideration. As one of the applications of the full quantum theory, the ionization of
an atom in a strong electromagnetic field is studied.

We begin with the stationary Schrodinger equation for a free electron and a single-mode photon
field with interactions in the dipole approximation [1]. Applying the modified shift operators [2,3]
and some new scale transformations, we have solved the initial equation and obtained rather simple
expressions for the complete set of egienfunctions and corresponding eigenvalues of the full quantum
Hamiltonian. Using this eigenvalues, we have also derived an expression for interaction energy.

To describe ionization, we use a simple model. We consider the atom with one stationary level in
the resonator with a single-mode photon field in the dipole approximation in one-dimensional case.
Using our analytically obtained result for the transition matrix element, we have found expressions
for the ionization rate in different cases. For example, we have modified the Keldysh formula for the
multiphoton ionization rate [4] for the quantum electromagnetic field case with arbitrary parameter
values. We have also generalized the well-known result for the one-photon ionization rate. We have
shown that the quantum effects of the electromagnetic field in different cases can be important in a
wide range of intensities.

The work was partly supported by the Russian Foundation for Basic Research (RFBR grant No
06-02-16739).
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Photoionization of fixed in-space HJ in various geometrical
arrangements
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Angular distributions of electrons emitted in collisions between photons, electrons and ions with
atoms and molecules provide detailed information about the collision dynamics. These reactions
involve the knowledge of many-particle bound and continuum states. While the former can be
obtained accurately with Hartree-Fock or Density Functional methods, much less is known about
the continuum. In many cases these states cannot be obtained exactly and approximate method
must be employed. One of the most common is to approximate the exact many-particle continuum
wavefunction by a product of two-particle continuum wavefunctions. The only way to check the
accuracy of this approximation is to compare the results with experimental data or with exact
calculations.

To test certain approximations it is best to consider model systems. Recently, exact calculations,
within the dipolar and Born-Oppenheimer approximations, of differential cross sections for photoelec-
trons emitted from fixed in-space Hj have been performed [2-3]. Different geometrical configurations
of the internuclear axis and polarization vector were considered. The exact results have been com-
pared with calculations employing the 2C-wavefunction, which approximates the Hj -continuum by
a product of two two-particle continuum wavefunction centered on each nuclei of the target [1].
Large discrepancies have been found showing that the 2C-approximation fails at low photoelectron
energies (below 100 eV). A partial wave expansion of the transition amplitude shows that the 2C-
approximation is not able to represent features which are due to the two-center nature of the target.
The angular distribution at different photoelectron energies is determined by the weights of partial
waves with definite symmetries. Recent calculations but for photoionization by high intensity, high
frequency, ultrashort laser pulses [4] show great similarities showing therefore that the nature of
the two-center potential produces general features in the photoelectron spectra which can not be
accounted for by perturbative approximations.

References

[1] M. Walter, J. Briggs, J. Phys. B 32, 2487 (1999).

[2] T. N. Rescigno, D. A. Horner, F. L. Yip, C. W. McCurdy, Phys. Rev. A 72, 052709 (2005).

[3] R. Della Picca, P. D. Fainstein, M. L. Martiarena, A. Dubois, J. Phys. B 39, 473 (2006).

[4] S. Selstg, J. F. McCann, M. Forre, J. P. Hansen, L. B. Madsen, Phys. Rev. A 73, 033407 (2006).




114 Poster Session 1 EGAS38 Ischia 2006

Precise ab initio relativistic calculation of highly-charged ions
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We developed an ab initio multiconfiguration Dirac-Fock-Sturm method combined with a many-body
perturbation theory for the precise calculation of inner-and-outer-shell transitions in highly-charged
ions. Extensive non-orthogonal basis sets contain both Dirac-Fock and Sturm atomic wave functions
allowing an efficient description of correlation effects and a fast convergence of the configuration
interaction procedure. The major quantum-electrodynamics effects are obtained by calculating the
one-electron Lamb shifts using an approach developed in [1] and applying an effective nuclear charge.
For a given one-electron state, the effective nuclear charge was chosen to reproduce the related Dirac-
Fock electron charge density at the Compton wavelength distance from the nucleus. We present
results of our calculation for X-ray spectra of Fe VI - Fe XIV detected by the Reflection Grating
Spectrometer on a board of satellite-borne X-ray telescope XMM-Newton. We compared our data
with the observed absorption spectra and results of other theoretical studies.
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Triply ionized lanthanides are of highest interest for many reasons. The applications of their com-
pounds to lasers, optics and quantum information processing, phosphor developments in the lighting
industry are well-known. So far, interpretations of their free ion spectra had failed except for Pr IV,
Tb IV and Yb IV. In the case of Nd IV, spectrograms made at NBS (1980) have been completed
by new observations of sliding spark spectra on the 10.7m vacuum ultraviolet spectrograph at the
Meudon Observatory. Various conditions of excitation helped to select Nd IV in wavelengths lists
containing also Nd III and Nd V. In a first analysis, more than 550 lines have been classified as
transitions between 37 levels of 4f* and 85 levels of 4f25d. The parametric interpretation of 4f3 levels
enables checks of effective parameters that represent far configuration interaction [1]. The interpre-
tation of the first excited configurations is in progress and their lowest levels are 4f25d 4, /20 70819.18
cm ™!, 4f26s *Hz/o: 110056.55 cm ™t and 4£26p *Igo: 147544.85 cm™*. Perturbations of high odd levels
by the core-excited configuration 5p°4f* are obvious.

paragraph

The same methods are now applied to the Tm IV spectrum for which spectral plates are being pro-
duced at Meudon. The strongest transitions of the array 4f'2-4f'15d lead to derive the 3H,3F,'G,'D
anf T terms of the ground configuration. Throughout this work, the comparison of observed inten-
sities with transition probabilities calculated by the methods of Cowan [2] was very helpful.

french CNRS-PNPS program is greatly acknowledged.
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Comparison of models for evolution of x-ray satellite lines
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When inner-shell photoionization takes place, it is well known that other electrons in the same atom
have a small, but definite, probability to be excited into unoccupied bound states or ionized to the
continuum [1]. Experimentally such multi-vacancy states can be observed as satellite lines in x-ray
emission spectra and Auger electron spectra.

When the incident energy of photons is high, the photoelectron can quickly escape away from the
atom without any interaction with atomic electrons. Atomic electrons are excited by the sudden
change in atomic potential and this process can be described in the sudden approximation. The
atomic excitation probability is given in terms of imperfect overlap between the initial- and final-
state wave functions.

For low-energy incident photons, the velocity of the photoelectron is low and the change in the atomic
potential due to creation of the inner-shell vacancy is so slow that atomic orbitals can relax adia-
batically. The electron transition probability should be treated in the time-dependent perturbation
theory. Up till now there have been developed three theoretical models for electron transition in the
adiabatic approximation.

Thomas [2] assumed that the time dependence of the Hamiltonian due to the presence of the pho-
toelectron is written by the error function. Vatai [3] retained only the monopole term in multipole
expansion of the Coulomb interaction between the photoelectron and atomic electrons and adopted
the classical straight-line trajectory for the ejected photoelectrons. In the recent model of Roy et al.
[4] the time-dependent part of the Hamiltonian is assumed to be the exponential function and the
final-state electron is in the continuum state.

The Thomas model has been often applied to analyze the experimental results for evolution of x-
ray satellite lines, but other models have been scarcely used. Furthermore, no comparison of these
three models has been reported so far. In the present work, we modified the model of Roy et
al. and obtained an additional model. The experimental evolution curves for x-ray satellite lines
accompanying photoionization were fitted to these four models and comparison between them is
made. The difference in the approximations used for these models is discussed.
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A new B-spline based K-matrix method has been implemented to investigate photoionization in
atoms with simple valence shells. Thanks to the flexibility of B-splines, a common basis can be
used to reproduce all the essential features of continuum wave functions together with the ab initio
description of a large number of doubly excited (N,n) autoionizing states. A detailed study is
presented of doubly excited multiplets below N=4 and N=5 ionization thresholds up to n = 22 + 23.
The first intruder state in autoionizing series, [031]7 (parabolic quantum numbers [N; Nom]4 [1]),
which is known to fall at only 10 meV below N=4 threshold, has been resolved theoretically for
the first time [2]. Computed total cross section near the intruder state compares favorably to the
accurate measurement (0= 2 meV) of Piittner et al [3]. Below N=5 threshold, multiplet series are
prolonged well beyond the two well known [041]¢ and [131]¢ intruder states. The present direct
approach to complex spectra with highly excited Rydberg states seems to be a valid alternative to
multichannel quantum defect theory (MQDT)[4-6] and to complex rotation method [7,8].
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Inner-shell resonant photodetachment of C~: Dramatic role
of dynamical relaxation in collective response
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The strong near-threshold resonance in the photodetachment from inner 1s-shell of the carbon neg-
ative ion is investigated within the many-body theory approach, the RPAE&DEM [1-3]. The shape-
resonance parameters, energy €,..s = 0.857 eV and width I' = 0.122 eV, are determined. The complex,
mixed (”shape-Feshbach”) nature of the resonance is revealed. The calculated cross sections are in
fair agreement with the recent experimental data [4]. The collective character of the response to the
external electromagnetic field in the strongly correlated C~ target is clearly demonstrated, with the
dynamical relaxation of the core being the most pronounced of the collective effects.

We use our method for simultaneous inclusion of the dynamic polarization potential generated in
a system "neutral atomic core + electron”, dynamic relaxation (screening) (these correlations are
treated within the Dyson equation method, DEM) and electronic correlation within the RPAE.
One may pick out certain infinite series of Feynman diagrams in the perturbation expansion over
electron-electron interaction with the definite physical meaning. We include the related many-particle
corrections one-by-one and analyze their particular contributions to calculated observables. Earlier
the approach has been applied successfully to calculations of characteristics (cross sections, angular
distribution parameters, photoelectron phaseshifts) for the resonant photodetachment from outer
shells of few-electron open-shell negative ions, e.g. He™, B~ C~ [1-3]. Now we expand our method
to deal with an even more sensitive probe for many-electron effects - the inner-shell resonant pho-
todetachment (a process of a keen interest for both theory and experiment in the recent five years)
from the deep 1s-subshell of C™.

Within the RPAE&DEM many-electron correlations are considered for the initial ion-state and for
the photoelectron moving in the field of the relaxing atomic core in the process

C™(1s? 25* 2p* %9) + hw — C(1s 25* 2p® °S) +e (ep) (*P).

We introduce dynamical polarization and relaxation corrections in the description of photoelectron
propagator by solving the Dyson equation for the reducible self-energy part . of Green’s function
with the effective screening interaction included.

The whole atomic system is involved in C~ photodetachment process, core electrons and outgoing
photoelectron being strongly coupled by correlational interaction. The decisive role in forming of the
resonance structure in the vicinity of the 1s-threshold is proved to belong to the dynamical relaxation
of the core. This effect leads to transformation of the discrete photoelectron state, quasi-bound in the
open 2p-shell; into the strong narrow shape resonance in the photodetachment p—continuum (with
a peak of ~45 Mb in the cross section at w = 281.8 eV). The resonance maintains the mixed nature,
of Fechbach-origin, affected also by the dynamical polarizational correlations. This feature manifests
itself lucidly in the photoelectron phaseshift behavior. It is shown that only comprehensive inclusion
of dynamical collective effects in its complex interplay yields an adequate description of the process
and an agreement with the experimental data for absolute cross sections [4].
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Rydbergseries of Xe doubly excited states between 25.25eV
and 25.50eV observed after excitation with extremely
narrow bandwidth monochromatized synchrotron radiation
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Rydbergseries of Xenon doubly excited states 5s25p*nén’¢’ between exciting-photon energies of 25.25 eV
and 25.50eV were observed using photon-induced fluorescence spectroscopy (PIFS)[1] in the spec-
tral range of the vacuum ultraviolet (VUV) between 92nm and 100nm. For these experiments
synchrotron radiation from the electron storage ring BESSY II, Berlin, at the undulator beamline
U125/2-10mNIM monochromatized by a 10m-normal incidence monochromator equipped with a
grating of 1200 1/mm was used. It was possible to identify the recorded resonance structures in the
excitation cross section of the fluorescence line 5p° 2Py 0 — 5p*(3P,)5d[1]3/2 at A = 95.95nm [2] as
Rydbergseries 5s25p*5dn/p starting with n’ = 15 using the method published in [3].
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Multiconfiguration Dirac—Fock wavelengths and transition
rates in the X-ray spectra of highly charged Ga-like ions
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A series of wavelength measurements of resonance transitions in highly charged gallium-like ions have
been carried out recently at the Lawrence Livermore National Laboratory Electron Beam Ion Trap
(LLNL-EBIT) facility. They concerned W XL1v [1], Os XLvI [2], Au 1L [3], Bi L1, Th LX and U LX1I
[2]. These new experimental data justify a detailed theoretical analysis of radiative parameters for
heavy ions (Z > 70) along the isoelectronic sequence.

In the present study, a multiconfiguration Dirac-Fock (MCDF) technique has been used for com-
puting the wavelengths and transition probabilities for lines in the X-ray spectra of the gallium-like
ions from Yb LX to U LXII. Results are presented for the 4s?4p — 4s%4d and 4s*4p — 4s4p? allowed
transitions (E1) as well as for the forbidden transitions (M1 and E2) within the ground configuration
4s%4p. A comparison of the calculated wavelengths with the few experimental results available is
presented. These new theoretical results will be useful as a test of experimental observations, and
their predictive power will be valuable where experimental data are missing.
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Low-density plasma channels generated by the femtosecond
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Femto second pulses are well known to propagate in the atmosphere over several tens of meters as
plasma channels (filaments). The basic principle of this self-guiding is a dynamical equilibrium be-
tween self-focusing due to the Kerr effect and defocusing effects due to the laser plasma generation.
The plasma channel is induced along the propagation of the fs laser pulses, by multiphoton or tunnel-
ing ionization of medium. For theoretical description of fs laser propagation through different media
the complete dynamic between self-focusing, diffraction and ionization have to be involved in solving
the nonlinear Schrdinger equation (NLS). Since the free charges contribute in diffraction process, it
is crucial to determine their concentrations for any further analysis of the fs laser propagation.

In our paper [1] we have characterized the plasma channel formed in the trail of an intense femtosec-
ond laser pulse propagating through the low pressure helium, air and nitrogen gas. Relaxation times
of the generated plasma channel up to 60 us were measured, depending on the gas, concentration and
applied voltage between the electrodes. From the solutions of the kinetic model for charged particle
concentrations we concluded about the dominant mechanisms presented in our experimental system.
By instantaneous laser ionization the initial electron density n.(0) is created. The n.(t) decay expo-
nentially in time predominantly due to the electron-attachment of neutrals. In low density plasmas
the recombination processes do not play crucial role as in the case when the plasma is generated at
atmospheric pressure.

For the theoretical calculations of the measured time-dependent plasma channel a mathematical
model proposed in [2] based on the equivalent current circuit is used. By comparing the calculated
and measured time-dependent Upsc(t) voltage, the electron-attachment coefficients 7 and the initial
electron densities n.(0) for a given conditions are obtained. The electron densities in the 10%-10° cm™?
range are found. The electron-attachment rate coefficient  and the DC plasma channel conductivity
are in good agreement with the previously reported values.
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Time-resolved emission and VUV imaging at low
temperature colliding plasmas.
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We report measurements on the collision of two line plasmas formed by splitting a laser beam and
focussing the two resultant beams on a flat calcium target using a cylindrical lens. The study of
colliding plasmas is a topic of interest to a number of communities such as those working on fusion
energy generation and x-ray lasers and hence, most work to date on them has involved high temper-
ature (0.1-3KeV) plasmas. However, ‘technological’ laser plasmas such as those used in pulsed laser
deposition of materials[1] are usually of a much lower temperature (< 5eV’). So the motivation for our
current study is to explore the dynamics of such plasmas in a counter-propagating colliding plasma
geometry[2], with a view to developing the layer formed at the collision interface as a potentially
novel materials deposition source.

Line plasmas were formed by focussing 15ns pulses of 20-50mJ at 1064nm on a flat Ca target to
produce focal footprints of 8mmx0.lmm. The weakly ionized plasmas were studied using both
broad-band and spectrally filtered ICCD imaging[3]. In addition we have used VUV absorption
imaging[4,5] to study ground state species. These techniques helped to track the evolution of atomic
and singly charged calcium species in the plumes and stagnation layer of the collision interface. Work
is ongoing but it appears that collisionality is lower than expected for these ‘cold’ plasmas.
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Stability and fragmentation of multiply charged clusters of fullerenes (Cgo )2t are theoretically studied.
The energy of charged clusters is estimated both by using the results of accurate calculations for
(Ce0)n clusters [1] and by the liquid drop model. In the accurate calculation, geometrical shell effects
are taken into account. Energy barriers for various fragmentation channels are calculated using a
simple model [2] in which two fragments clusters are in contact at the transition state. For all the
cases studied, among various decay channels, the lowest energy barrier corresponds to the emission
of singly-charged monomer Cg,. Appearance sizes n.(z) (the cluster with charge z is unstable for
n < n.(z) are calculated and compared with recent measurements by Manil et al. [3]. As shown
in Table 1, the experimental measurements are reproduced within a considerable accuracy by both
methods. Although the liquid drop model essentially explains the appearance size, geometric shell
effects play an important role in particular for highly charged clusters. Furthermore, due to shell
effects, a multiply charged cluster is found to be not always stable even if its size is larger than the
appearance size. Detailed results are presented in article [4].

z | Present Work | Experiment
2 7(9) D
3 13 (15) 10
4 23 (23) 21
5 31 (32) 33
6 35 (42) -
7 38 (54) -

Appearance sizes, n.(z), for (Ceo)z" together with experimental data [3]. The numbers in
parenthesis correspond to the predictions of the liquid drop model.
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Transmittivity measurements by means of squeezed vacuum
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A method for probing the transmittivity 7" of a sample with squeezed vacuum radiation is discussed.
Standard methods rely on direct measurement of the radiation intensity entering and leaving the
sample. Sufficient accuracy can be achieved by using beams so intense to contrast the shot—noise
and the detector noise. Nevertheless, in some circumstances, using high input intensity is either not
useful (in case of very low absorption) or unwise (strongly non-linear materials or samples whose
structure may be altered by intense photon fluxes). In the proposed method the probe beam is a
squeezed vacuum field (SV) generated by a below threshold Optical Parametric oscillator (OPO)
and then, characterized by a balanced homodyne detector. The propagation through non resonant
media transforms the state into another SV one with different variances of the field quadratures
AXZ. The change of the variance AX] is used for retrieving the transmittivity 7' by measuring
the field fluctuations in a suitable spectral range. The dependence of the accuracy of the proposed
method on the SV state parameters is also examined and the method accuracy is compared with that
achievable with standard techniques. The main advantage of this method is a very low number of
photons interacting with the sample. The probe beam is amplified by the homodyne local oscillator,
and the effects of the detector technical noise can be neglected even in the limit of very feeble beams.
The effective dose transferred to the sample is reduced of some order of magnitude with respect to
standard techniques based on intensity measurements on coherent beams.

To test the method, it has been applied to neutral density filters of know absorbance using as a probe
a SV (@1064 nm) of few pW power. The T values obtained by tomographic reconstructing the state
parameters are only few percents less accurate than those relative to a filter characterization based
on the absorption of a coherent beam of ImW. The accuracy is of the order of the quantum limit,
confirming that the method does not suffer substantially from technical noise sources.
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Conical emission from rubidium vapor pumped by fs laser
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An intense, near-resonant laser field can significantly modify the absorption and emission spectra of
an atomic system. When a blue-detuned, intense, near-resonance laser beam propagates through the
atomic vapor, a diffuse ring of light may be observed around the central laser spot in a far field. This
phenomenon has been referred in the literature as conical emission (CE). CE was observed both in
resonant and nonresonant media, using pulsed nanosecond [1] and cw [2] lasers. Sarkisyan et. al.
reported the observation of potassium atomic vapor CE produced by 2 ps laser pulses [3]. Recently,
we reported about first experimental observation of CE based on a Csy; molecular resonance using a
femtosecond laser [4].

In the present work we report about CE in rubidium vapor induced by ~ 10 nJ, 100-fs laser pulses.
The CE was observed when the central laser wavelength was in the 740-840 nm interval which
covers Rb D2 and D1 resonance lines. The self-focusing of the laser beam, spatial and spectral
characteristics of the observed CE, cone angle dependence on the laser wavelength are described.
The temporal characteristics of the laser pulses propagated through the Rb vapor is measured using
intensity cross-correlation with SHG crystal. Several physical mechanisms that could lead to the CE
are discussed.
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Transformation of the laser line shape in multi-photon
processes
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Since the first experiments in the late 1970s, the 15-2S spectroscopy in atomic hydrogen and
deuterium has provided essential data for fundamental physics. One of the present experimental
objectives is to reduce the size of the experimental setup since it will open not only the possibility
to create a transportable optical frequency reference, but also will give way for completely new
experiments like 1.5 2S5 spectroscopy in antihydrogen, tritium and positronium.

Recently, we have demonstrated a compact solid-state laser source for 1.5 - 2S5 spectroscopy in atomic
hydrogen [1]. It is based on a frequency-quadrupled master-oscillator power-amplifier diode laser
system operating at 972 nm. The frequency of the diode master-oscillator is stabilized to a highly
stable optical reference cavity. Since in this case the excitation of the 1.5 —-2S transition corresponds
to an 8-photon process (two second harmonic generation stages and two-photon absorption), the
question of how the spectral line shape of the laser transforms in the frequency doubling and other
multi-photon processes becomes critical.

Here we present a detailed experimental analysis of the power spectrum of the diode laser at 972
nm used for hydrogen spectroscopy and its transformation in the frequency doubling process. We
compare the power spectrum of the beat notes between the new solid state system and an independent
highly stable dye laser-based system at 486 nm and 243 nm.

We experimentally demonstrate that the ratio n of the diode laser power falling in the narrow
spectral peak (carrier) to the total laser power transforms as ' = n* in the optical frequency
doubling process, similar to the radio-frequency domain [2]. For our diode laser system we reached
Nor2num = 0.99 which corresponds to the 1.5—-2S excitation efficiency in the narrow spectral line of
N121nm = Mos3nm = Tiagam = Moo am = 0.5 for our new source.

We also study the transformation of the carrier spectral line width in the frequency doubling pro-
cess. We have demonstrated that in the case of dominating deep low-frequency frequency noise the
line width will be doubled, while in the case of dominating shallow hi-frequency noise it will be
quadrupled. For highly-stabilized optical reference cavities the main noise source is acoustics which
corresponds to the first case.

Significant progress in stabilization of the 972 nm laser has been recently achieved by implementing
the new concept of the optical cavities in vertical configuration [3] which resulted in sub-20 Hz
spectral line widths and significant reduction of the size of the hydrogen laser system.
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Enhanced Four-Wave Mixing in mercury isotopes, prepared
by Stark-chirped rapid adiabatic passage
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We demonstrate significant enhancement of four-wave mixing in coherently driven mercury isotopes
to generate vacuum-ultraviolet radiation at 125 nm [1]. The enhancement is accomplished by prepa-
ration of the mercury atoms in a state of maximum coherence [2], i.e. maximum nonlinear-optical
polarization, driven by Stark-chirped rapid adiabatic passage (SCRAP) [3,4]. In this technique a
pump laser at 313 nm excites the two-photon transition between the ground state 6s® 1Sy and the
target state 7s 1Sy in mercury. A strong, off-resonant radiation field at 1064 nm generates dynamic
Stark shifts. These Stark shifts serve to induce a rapid adiabatic passage process on the two-photon
transition. During the process a coherent superposition of the two states is established, which en-
hances the nonlinear-optical polarization in the medium to the maximum possible value. The maxi-
mum coherence permits efficient four-wave mixing of a pump laser and an additional probe laser at
626 nm. The efficiency is further enhanced, as the SCRAP process allows to stimulate the complete
set of different mercury isotopes to participate in the frequency conversion process. This enlarges
the effective atomic density of the medium. Thus, we observe the generation of vacuum-ultraviolet
radiation at 125 nm enhanced by more than one order of magnitude with respect to conventional
frequency conversion [1]. Parallel to the frequency conversion process, we monitored the evolution
of the population in the medium by laser-induced fluorescence. These data demonstrate efficient
coherent population transfer by SCRAP.
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Some corrections to GRASP92
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The GRASP92 package[l] is a suite of programs for atomic structure calculations based on Dirac-
Hartree-Fock theory. In this abstract we report corrections that concern three issues. Corrections
to a logical error are reported that affect extended optimal level (EOL) calculations important for
correlation studies. The removal of a limitation on diagonal energy parameters is recommended for
correlation orbitals.

The third correction removes an error in the evaluation of one-electron matrix elements for tensors
of rank greater then zero. In order to test the presence of an error, MCHF Breit-Pauli calculations
were performed for S II for all levels of 3p® using wave function expansions over the configurations
3523p and 3p°. Orbit-orbit effects were omitted in the calculation of the Breit-Pauli Hamiltonian.
The resulting radial functions from the MCHF[2] calculation were used to define low order, two
component radial functions for Dirac theory. These orbitals were the input for the Dirac-Coulomb
configuration interaction calculation using rci92. The suspicion of an error was confirmed when
the same wave functions were used with the code REOS[3] for calculation of transition rates from
’DS 5, D8y, PPy, *Pgjy to the 495, ground state in length and velocity form. Though this simple
calculation does not give results with good agreement between length and velocity, there is good
agreement between MCHF Breit-Pauli, REOS and, in all but one case, with GRASP92 in the length
form. For the 4S3/5 — 2Py 5 transition, the length form for GRASP92 is six orders of magnitude larger
than for other codes, though velocity forms of GRASP92 and REOS are in perfect agreement. There
are similar errors for the D3y — 2Py and the 2Dsjy — 2Py 5 levels, too.

It is interesting to note that for all transitions there was agreement in the length form of the transition
probability (Ag;) of 2-3 significant digits between Breit-Pauli and Dirac theory. The Breit-Pauli
calculations use a transition operator which, in the velocity form, does not include all the low-order
corrections. In many cases, the agreement in the velocity form is within an order of magnitude when
length and velocity differ by 3-4 orders of magnitude.

Our investigations show that the biggest disagreement between the correct values of the diagonal
matrix elements and the value which the program GRASP92 is computing are when the transition
operator with rank & = 2 is under the investigation. So this error affects E2 transition probabilities,
hyperfine parameters B and quadrupole moments.
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Measurement of the SH electron affinity by
Photodetachment Microscopy
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Atomic and molecular electron affinities (°A) are as important characteristics as ionization energies,
but they are more difficult to measure experimentally and to calculate. The difficulty is even bigger
for molecules, for they can vibrate and rotate. That results in imbricate and complicated series
of photodetachment thresholds for molecular anions. Among these thresholds, it is a challenge to
identify the one corresponding to €A, i.e. to the energy difference between the lowest rovibrational
state of the neutral and the lowest rovibrational state of the anion.

The presently known value of ¢A for the SH molecule, A = 18688(17) cm™!, was quoted in the
last review on the molecular electron affinities [1]. It appeared interesting to apply our technique of
”Photodetachment microscopy” to perform a very precise determination of ¢A. Indeed, we recently
applied this method to a new measurement of the electron affinity of the 'OH molecule with a high
relative precision (~ 0.5.1077) [2].

Photodetachment microscopy relies on the observation of the electron interferogram obtained by
laser detachment of a negative ion in a uniform electric field [3]. The quantitative analysis of this
interference pattern, essentially by counting the fringes and numerical fitting, is based on the ”free-
electron approximation” and on the s-wave behavior of the detachment final state. It gives a very
sensitive way of measuring the initial kinetic energy of the photodetached electron. Such an analysis
is expected to be also valid for the SH™ ion.

Laser photodetachment microscopy was applied to a beam of 32SH™ ions (~ 0.1 nA), which was
produced from a hot cathode discharge source, accelerated at 1.2 keV, selected with a Wien filter
and decelerated to 300 eV. The ion beam was focussed in the interaction zone and the electric field
value was F ~ 198 V/m. Photo-excitation was provided by a single mode CW Pyrromethene 556 dye
laser (~ 200 mW) pumped with an argon-ion laser, and tuned to the 535 nm wavelength with a short
and long time stabilization. The laser wavelength was measured by an Angstrom WS-8 lambdameter
with a wavenumber accuracy of about + 0.001 ecm™* [3].

The interferograms of the particular R3(0) and Q3(6) thresholds belonging to different rotational
detachment series of the SH™ (X 'X7;0=0)—SH(X *II3/51/2;0=0) threshold are recorded at different
laser wavelengths on a 2D-detector [3]. In order to eliminate the unknown Doppler shift, the laser
is set to intersect the ion beam twice, back and forth, at two distinct places, resulting in a pair of
well-separated images. Using this scheme, we analyze quantitatively the interferograms by the fitting
methods developed for atomic detachment microscopy [3]. A preliminary value of the 3>SH electron
affinity is ©A = 18669.540(20) cm™'. An optimized value, the precision of which will be increased by
three orders of magnitude in comparison with the value presently available in the literature, will be
given at the conference.
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A facility for efficient production and for Magneto-optical
trapping of Francium
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A facility for radioactive atoms is operating at the Legnaro Laboratories of the Italian National
Institute for Nuclear Physics (I.N.F.N). The goal is to collect cold samples of different Francium
isotopes in a Magneto - Optical Trap (MOT) for studies in atomic, nuclear and particle physics. In
fact, high resolution spectroscopy of poorly known atomic levels, cold collision processes and tests
of the Standard Model in atomic systems are good example of a very interesting frontier and/or
interdisciplinary field of research. Francium is a suitable tool because both a lot of work has to be
performed in order to complete the information about level structure and features and one expects
enhanced parity violating effects and reduced theoretical uncertainties from isotope comparisons. In
the poster, the design and the performance of the Legnaro Fr sources as well as the recent efforts in
the optimization of all the other experimental parameters will be discussed
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Optical Tweezers: a tool for the investigation of complex
systems at mesoscopic scales
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The study of complex fluids founds application in several fields; in particular, the reological properties
of biosystems are a crucial aspect for their biological function. Here we present the development of an
Optical Tweezers System devoted to the investigation of the microrheological properties of complex
fluids. In particular, the response of the investigated materials (hyaluronic acid solution, living cells),
as function of the frequency is performed by analyzing the Brownian motion of a trapped bead, used
as probe. The viscoelastic moduli G’ and G” are obtained from the fluctuation-dissipation theorem
and the generalized Stokes-Einstein relation.
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In this work we present the development of a Raman Tweezing System in order to analyse the
interaction of biological tissues with nanoparticles produced in combustion processes. A variant of
the Raman spectroscopy, Surface Enhanced Raman Spectroscopy|[l], will be employed to enhance
the yield of the Raman interaction. In our setup, a Nd-YAG laser beam is focused with high NA to
immobilize and to manipulate a single cell, while a Ti:Sa laser, focused inside the cell, acts as Raman
probe. The system will be used to detect nanoparticles inside different cellular sites to estimate the
penetration capability of these particles through the cell membrane as function of their dimension.
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Coherent interaction between cold atoms and photons

D. Delande!, B. Grémaud!, R. Kaiser?, R. Kuhn?, G. Labeyrie?, C. Miniatura?, C. Miiller?, O.
Sigwarth!3, Th. Wellens'?, and D. Wilkowski?

L Laboratoire Kastler Brossel, Université Pierre et Marie Curie, 4 Place Jussieu, F-75005 Paris
2 Institut Non Linéaire de Nice Sophia Antipolis, 1361 route des Lucioles, F-06560 Valbonne
3 Physikalisches Institut, Universitit Bayreuth, D-95440 Bayreuth
E-mail:Dominique. Delande@spectro.jussieu. fr

Thanks to the narrow atomic resonances, atoms may scatter light extremely efficiently. Using cold
atoms, it is thus possible to prepare an optically thick atomic gas in which a photon is typically
multiply scattered. In a disordered atomic medium, interference terms between various multiple
scattering paths are most of the time washed out by the disorder. However, this is not always the case,
leading to coherent effects such as coherent backscattering of light, which has been experimentally
observed, with some specific features associated with the pecularities of atomic scatterers, and the
so-called ”weak localization” effect. At large atomic density (but before Bose-Einstein condensation
takes place), it could even be that destructive interference effects become dominant, leading to
complete localization(”strong localization”) of light in the cold atomic medium. By exchanging the
role of the photons and the atoms, one can study the situation where atomic waves are multiply and
coherently scattered by a disordered optical potential, leading again to weak and strong localization.
We show that this regime can be reached with present state-of-the-art experiments.
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Femtosecond Quantum Control
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Obtaining active control over the dynamics of quantum-mechanical systems is a fascinating perspec-
tive in modern physics. The broad spectral intensity distribution and phase function of femtosecond
laser pulses can be specifically manipulated to drive quantum systems coherently into desired reac-
tion pathways [1, 2]. One of the most successful schemes employs a pulse shaper in combination with
a learning algorithm and direct feedback from the experiment. The first demonstration in femto-
chemistry was the control of gas-phase molecular photodissociation [3], but in recent years coherent
control experiments have been reported for a large variety of objectives and quantum systems, rang-
ing from atoms over small and large molecules to biomolecular complexes and solid-state systems.
In high-harmonic generation, spectral-temporal properties can be controlled by femtosecond pulse
shaping, and coherent soft X-rays are produced with increased efficiency and high selectivity. The
initial motivation for the theoretical development of quantum control strategies in the 1980s was
the control of chemical reactions. But despite many experimental successes in the gas phase or with
liquid-phase selective photoexcitation, the initial goal of control over bond breakage in liquids had not
been realized. First results from a new technique of accumulative quantum control will be presented
in which macroscopic amounts of chemical photoproducts are generated depending on the applied
pulse shape. The technique of polarization shaping opens new perspectives as the polarization state
of light can be varied within a single femtosecond laser pulse. This vectorial control over E (t) gives a
flexible access to the three-dimensional nature of field-matter interaction V (t) = —ji- E. Polarization
shaping can also be applied in coherent control of ultrafast nano-photonics. Simulations show that
novel nano-femto spectroscopies can be implemented in which pump and probe excitations occur not
just at different times but also at different positions with a spatial resolution far below the diffraction
limit [4]. First experimental results for the control of nanoscopic photoelectron emission demonstrate
the feasibility and potential of this scheme which should enable the direct spatial probing of nanoscale
energy transfer processes. Due to the universality of closed-loop learning optimization of ultrashort
laser pulses, a broad field of applications opens up in all areas where femtosecond laser technology
is used.
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Threshold laws for break-up of a quantum particle into
several charged fragments: theory and experiment

V. N. Ostrovsky
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Threshold laws for different processes in atomic physics are long-standing subject of research in
theory and experiment [1]. Among them threshold laws for break up of a quantum particle into
several charged fragments have a special status (the typical examples of such processes are multiple
ionization of an atom by electron impact and multiple photoionization). The statistical considerations
are insufficient here since the behavior is governed by dynamic correlation of receding fragments in
multiparticle continuum. This was first recognized by Wannier [2] who considered case of three
charged fragments (ionization of an atom by electron impact). Wannier showed that fragmentation
cross section obeys power law, o ~ E*, where E is excess energy above threshold and the threshold
index p is a non-trivial function of charge Z of the residual ion. The generalization for an arbitrary
number of fragments N with different charges and masses was suggested in Ref. [3]. The threshold
theory is based on existence of special classical trajectories in a system of charged particles. These
trajectories describe scaling in time of initial configuration without changing its shape. The shape of
scaling configuration depends on charges and masses of fragments. There is an interesting analogy
[4] between the scaling configurations and famous Thomson’s [5] (or surface Coulomb) problem.
Along with mathematically rigorous threshold laws valid for £ — 0, the secondary threshold laws are
sometimes discussed. These laws are operative at some separations from the threshold on the energy
scale. They could be observed in realistic experiments where true threshold behavior produces a
weak signal that in case of non-ideal energy resolution could be masked by contributions from higher
E. The secondary threshold laws imply existence of some physical mechanism for break up reaction.
It seems that the first fully reliable identification of a secondary threshold law was obtained for
triple photoionization of Li atom where it is related to strong orbital energy asymmetry in initial
Li(1s%2s) configuration [6]. The recently suggested resonance mechanism [7] leads to the emergence
of secondary threshold laws in processes of multiple ionization of noble gas atoms (with symmetrical
p® configuration) by electron impact. This provides a possible explanation of the recent experimental
results [8] which exhibit strong deviation from predictions of Wannier-type theory for the threshold
index .
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Coherent interactions of light and matter often exhibit, on the first glance, stunning features, which
permit improvements and applications in all fields of optical physics. Among applications of coherent
interactions are (i) the manipulation of population distributions, e.g. to prepare population inversion
in a quantum system; [1] (ii) the control and manipulation of photofragmentation processes [2,3];
(iii) the control and enhancement of nonlinear optical processes, e.g. frequency conversion; [4,5] (iv)
quantum information processing and optical data storage; ...and many others more.

As an example for a surprising phenomena in coherent excitation the talk discusses complete sup-
pression of power broadening in strongly, but also coherently driven media [6]. This is of particular
interest for applications in laser-based trace detection, which is usually implemented by resonantly
enhanced multi-photon ionization (REMPI). REMPI exhibits a well-established tool, providing high
efficiencies and selectivities in analytical applications. However, while the efficiency of trace detection
increases with the driving laser intensities, power broadening reduces the spectral resolution.

The talk introduces a coherent variant of REMPI, which permits complete suppression of power
broadening. The technique is based on coherent population return (CPR), i.e. population is driven
by a coherent radiation field from a ground to an excited state and back again. Power broadening
does not occur, if the population in the upper state is monitored after the excitation process. Thus,
if the ionization and excitation laser are delayed in a REMPI experiment, no power broadening
limits the spectral resolution - no matter how strongly the transitions are driven. We demonstrate
trace detection by REMPI, assisted by CPR, to monitor isobars of NO-molecules. We show, that
irrespective of the driving laser intensity, high selectivity is maintained even if a transition is driven
strongly in saturation [6,7].
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Free Electron Lasers, operating on the principle of Self Amplified Spontaneous Emission [1], open
up completely new vistas in intense laser matter interaction as they have the potential to provide
ultrashort pulses of coherent laser radiation with photon energies far above the ionization thresh-
olds of matter ranging from single atoms to bulk solid materials. As a result, non-linear optics
and spectroscopy can be extended into the extreme ultraviolet (EUV) and x-ray portions of the
electromagnetic spectrum for the first time. In contrast to traditional visible lasers, the predomi-
nant interaction of EUV FEL radiation is expected to be with inner shell electrons. The spectral
characteristics of ultrashort pulses from Phase II of the Extreme-UV (EUV) Free Electron Laser
(FEL) at DESY, Hamburg, now known as Free electron Laser At DESY Hamburg (FLASH), have
been measured using both photon and photoelectron spectroscopy [2]. FLASH pulses are generated
stochastically by Self Amplified Spontaneous Emission (SASE). Each pulse has a duration of 20-50
fs and is composed of an intense and spectrally complex fundamental centered at a photon energy of
~38 eV with a bandwidth of 0.5% accompanied by higher harmonics each carrying an intensity of
typically < 1% of that of the fundamental. The harmonic to fundamental intensity ratios are in re-
markable agreement with a simple statistical model of SASE FEL radiation. In addition, two-photon
ionization of atomic helium has been measured by combining femtosecond extreme-ultraviolet (XUV)
pulses from the Free Electron Laser at DESY with intense light pulses from a synchronized Nd-YLF
laser [3]. Sidebands appear in the photoelectron spectra when the two laser pulses overlap in both
space and time. Their intensity exhibits a characteristic dependence on the relative time delay be-
tween the ionizing and the dressing pulses. However they appear to be surprisingly weak, especially
when compared to all measurements to date where phase coherent high harmonics of an optical laser
constitute the XUV source. The result demonstrates that the intrinsic sideband intensity in intense
two colour photoionization experiments is in fact quite weak and that interference between multiple
overlapping sidebands is the main determinant of sideband intensity in the HoH experiments.
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Electronic and optical feedback control of a single trapped
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We study the dynamics of a single trapped ion under (i) optical feedback from a distant mirror, and
(ii) electronic feedback acting on the ion’s vibration in the trap. The experiments are carried out with
a single barium ion, trapped in a miniature Paul trap and continuously laser-excited and -cooled.
Its resonance fluorescence is registered with photon counting detectors. A mirror at variable, large
distance reflects part of the fluorescence back onto the ion [1].

We have shown earlier that optical feedback from a single distant mirror leads to modified sponta-
neous emission [1], level shifts [2,4], and mechanical action [3]. Here we report on the effect of the
mirror on the photon-photon correlation function g (7). This correlation function, which without
mirror shows typical anti-bunching at 7 = 0, is notable changed: depending on the ion-mirror dis-
tance, the anti-bunching minimum may shift to finite 7, and a peculiar kink at the feedback time
(which we vary between 1.5 and 6 ns) signals the retarded back-action of the light returning from
the mirror.

The interference between light from the ion and light returning from the mirror is also used to
establish electronic feedback control of the ion’s motion. The ion’s vibration in the trap generates
sidebands at the trap frequency in the fluctuation spectrum of the resonance fluorescence. We
use these sidebands for tracking the ion’s trajectory, for cooling it by phase-shifted feedback (cold
damping) [5], and for phase-locking the vibration to an external reference oscillator.
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New Measurements of Neutral, Singly and Doubly Ionized
Iron Group Spectra by Fourier Transform and Grating
Spectroscopy
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We report new laboratory measurements using the unique high resolution vacuum-UV Imperial
College (IC) Fourier transform spectrometer (FTS) to measure spectra of astrophysically important
atoms and ions. The IC VUV FTS combines high spectral resolution (resolving power 2 million at
200nm) with a broad spectral range from the visible to 135nm, (typical wavelength accuracy is 1 part
in 107). Accurate high resolution laboratory spectra are required to fully interpret new astrophysical
spectra obtained by the latest generation of ground based and satellite borne spectrographs such
as VLT /CRIRES and FUSE. Astronomers urgently require accurate data for wavelengths, energy
levels, line broadening effects and oscillator strengths. The new atomic data are applied in analysis
of astrophysical spectra, elemental abundance studies and diagnostics of astrophysical plasmas.

Our current measurement program includes many neutral, singly and doubly ionized iron group
elements (e.g. Cr I & III, VI & 1T, Fe I, IT & III, Co I, IT & III, Ti I):

We have observed doubly ionized spectra of 3d transition group elements using our F'TS with a
Penning discharge lamp. Spectra of these ions are important in analysis of B-type (hot) star spectra
where they dominate, however existing laboratory measurements are in many cases incomplete or
inaccurate. We report new UV-VUV measurements of Co III, Cr III and Fe III with the IC VUV
FTS, and also with the normal incidence vacuum (grating) spectrograph at the National Institute of
Standards and Technology (NIST USA) below our FTS shortwave length cutoff, 135nm. We report
intensity calibrated grating spectroscopy measurements for Fe III that complement our FT spectra.
Work towards accurate transition wavelengths, energy levels and branching ratios (which, combined
with lifetimes, produce oscillator strengths) for these and other doubly ionized iron group elements
is presented.

We report new measurements of neutral and singly ionised 3d transition group element spectra.
Accurate laboratory data for wavelengths, f-values and line broadening effects for the neutral 3d
transition group element spectra are required for the accurate analysis of Low Mass Star (LMS)
spectra. LMSs are cool and have peak spectral opacity in the IR. Current LMS spectrum analyses
are based on calculated atomic data because of the lack of experimental atomic data in the IR.
Uncertainties in the calculated oscillator strengths for some lines (in particular Ti I, Mn I and Cr
I) are still large enough to affect seriously the interpretation of the observed line strengths [1]. We
report on continuing progress. Our large scale analyses of Cr I, V I and V II are close to completion.
We also report new hyperfine structure measurements for V I & II and Mn II.

This work is supported in part by NASA Grant NAG5-12668, NASA inter-agency agreement W-
10,255, PPARC, the Royal Society of the UK and by the Leverhulme Trust.
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The formation of reactive atomic fragments via dissociative
recombination, disscociative electron attachment and
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T. M. Orlando

School of Chemistry and Biochemistry and School of Physics,
Georgia Institute of Technology
Atlanta, GA 30332-0400

E-mail: Thomas. Orlando@chemistry. gatech. edu

The inelastic scattering of low energy electrons with atoms, molecules and condensed molecular
solids leads to the formation of reactive neutral and ionic fragments via direct excitation and indirect
processes which includes dissociaitve recombination, dissociative electron attachment and Coulomb
explosions. Most of the recent work in this area has been carried out for gas-phase collision partners
using crossed beams, ion-storage rings or cold traps. Another approach which preserves much of
the atomic physics is to carry out scattering measurements on condensed solids which have weak
coupling. We have pursued this approach using low-energy electron scattering with rare-gas surfaces
containing sub-monolayer coverages of water or nanoscale water films deposited on graphite surfaces.
The atomic fragment yields and energy distributions are determined using quantum-resolved laser
resonance enhanced multiphoton ionization. Specifically, we have examined the production of H (2S)
and O (°P, 'D) from electron recombination with HyO™ or hydronium ions [1]. We have also examined
the formation of H~ (D7) + OH and O~ + Hy (* X27) via low-energy dissociatve electron attachment
[2, 3]. The channels involve the formation and decay of 1 hole-2 electron core-excited Feshbach
resonances. The lifetimes of these resonances are dependent upon the overall symmetry of the
scattering wave and coupling with neighbors. We have also examined the coupling in this correlated
system by measuring the production and removal of HT, Hj and H*(H,0),—;_g from nanoscale
films of amorphous solid water. These channels likely involve localized two-hole one-electron and/or
two-hole final states containing 4a;, 3a; and/or 2a; character. The correlated two-hole or two-hole,
one-electron configurations are localized either on a single site or within a complex. The single
site process normally involves interatomic Auger decay and direct ejection of an energetic proton.
If the holes are localized within a complex, intermolecular Auger processes may occur leading to
intermolecular Coulomb repulsion and cluster ion ejection [4, 5].
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Electromagnetically Induced Resonances in Sub-Micron
Thin Rb-Vapor Layer
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In experimental works [1-3] it has been demonstrated that the laser spectroscopy of sub-micron
thin atomic vapor layers confined in the so-called Extremely Thin Cells (ETC), whose longitudinal
dimension is of the order and less compared with the resonant light wavelength, provided a novel
method for sub-Doppler spectroscopy. Here we report peculiarities of Electromagnetically Induced
Transparency (EIT) phenomenon for the case of ETC with smoothly varying thickness of Rb vapor
layer in the range of 780 - 1600 nm, using two single-frequency diode laser radiations with A ~
780 nm and spectral width ~ 5 MHz. Our A-type system is formed on atomic Dy line of the Rb
(as well as the 8Rb). The ground state hyperfine levels F,=2 and F,=3 of the ¥Rb (F,=1 and
F,=2 of the 8"Rb) serve as two lower states, and the excited state 5P3/5 serves as a common upper
level. The linewidth of the EIT resonance in the case of a small laser intensity is v >~ 20791 +
02 /vn, where 79 is the relaxation rate between the ground hyperfine levels, with © being the Rabi
frequency. Also, the EIT resonance contrast strongly depends on 7. As the size of the vapor
cell is reduced, the lifetime of the ground-state coherence becomes shorter because of collisions of
atoms with the cell windows: 791 = (27t)~!, where t = L/u (u is the thermal velocity). Hence,
in the case of L ~ 1 um (2I'y; > 100 MHz), one could expect that the electromagnetically induced
transparency effect will vanish (note, that neither additional buffer gas nor paraffin coating have been
used). Nevertheless, even in the case of a pure vapor the narrow EIT resonance can be observed
[4]. The explanation is that the contribution of atoms with slow normal velocity is enhanced due to
their longer interaction time with the laser field. Thus, atoms flying nearly parallel to the windows
yield a stronger contribution to the EIT resonance. Due to this atomic velocity-selectivity, the
observed linewidth of the EIT resonance is more than by an order narrower than the inverse of the
window-to-window flight time of the atoms. It is revealed that the transmission spectrum of the
probe laser contains the EIT resonance (of ~ 9 MHz linewidth), along with several times broader
velocity-selective optical pumping (VSOP) peak (or dip in absorption spectrum). It is demonstrated
that in the case of nonzero detuning of the coupling laser, the EIT resonance and VSOP peak are
shifted with respect to each other on the frequency scale, which makes it possible to observe a
competition between the two effects (this is not possible to realize in an ordinary cell). Note, that
the coherent Dicke-type narrowing effect [2,3] essentially influences the EIT effect, that’s why the
transmission spectra of the probe laser for the cases L = A and L = 2\ are different from that for
L = 3/2\. In an external magnetic field (of 10-15 G) for the vapor thickness of L = 2\, three and
five well resolved EIT resonances (of ~ 9 MHz linewidth) have been observed on the 8Rb and the
85Rb, respectively. A theoretical model describing electromagnetically induced transparency effect in
extremely thin cell has been developed, and the comparison with the experiment will be presented.
The authors D.S. and A.S. thank ANSEF (Grant 05-PS-opt-0813-233) and D.S., A.S. and A.P. thank
SCOPES (Grant IB7320-110684/1).
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Internal state detection using Stimulated Raman Adiabatic
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When performing quantum information processing on trapped ions it is imperative to have an efficient
scheme for detecting the quantum bit (qubit) state. Hence a lot of effort is currently being made in
order to find suitable quantum systems with qubit states that can be detected with a high confidence.
We present a qubit system made up by the two Zeeman sublevels of the 45/, ground state of the
0Ca* ion. We wish to read out the qubit state by first shelving the population of one Zeeman sublevel
in the 3D5/, metastable state and subsequently measure the population of the remaining sublevel by
observing the fluorescence of the strong 4.5/, — 4P, transition. Our theory predicts that this task
can be efficiently carried out by means of two consequtive STImulated Raman Adiabatic Passage
(STIRAP) processes [1], consisting of a total of four laser pulses in pairwise counter intuitive time
order. Since the STIRAP process relies on the atom following adiabatically the light intensities in
a dark state, no population is present in the short lived 4P states and hence the atom makes no
spontaneous decays. As a result the shelving process can be carried out nearly deterministically as
is required for our qubit readout.

We present the results from our latest study of the last step STIRAP, transferring the population
of the 3Ds3/, state to the 3D5/, state of the Calcium ion. To our knowledge this is the first attempt
to apply STIRAP to trapped ions, and initial experiments show a population transfer efficiency in
excess of 90 % limited by available laser power and residual resonant stray light after the population
transfer. Optimising our parameters we expect to achieve transfer efficiencies above 95 %.

We point out that the STIRAP technique is useful not only in quantum information processing but
also in the broader area of atomic and molecular physics, when certain quantum states need to be
prepared with high efficiency.
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CPT resonance in presence of magnetic fields
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Coherent Population Trapping (CPT) is a light-atom coherence effect producing a resonant vanishing
of the light absorption by a given atomic system [1]. This process can be observed in three-level
atomic systems where two uncoupled levels (e.g. two levels forming an hyperfine doublet or two
Zeeman sub-levels of a given hyperfine ground level) are coupled to a common third level by two
quasi-resonant light fields (A- system). If the phase difference between the two light fields is constant
and the two-photon resonance condition is fulfilled, such a system stops absorbing light and the atoms
remain trapped in a so-called ”dark state”. This happens inside a very narrow frequency bandwidth:
the width of the CPT resonance is theoretically limited only by the lifetime of the two uncoupled
levels. The presence of an external magnetic field (MF) modifies the CPT resonance parameters
when Zeeman levels are used to create A-system. The shift of the resonance frequency, due to linear
Zeeman effect, makes possible to perform absolute MF measurements with high precision and high
sensitivity.

We are going to present our results regarding an experimental study of the CPT resonance occurring
at the D, line hyperfine Zeeman structure in Cs.

The study of the CPT resonance behavior in DC (and even slow varying) MF's is addressed to an
applied kind of research. In this case CPT is created when the two lower states of the A-system
are Zeeman sub-levels belonging to the same hyperfine level (F=4 or F=3). A compact, all optical,
probe is realized for the measurement of earth-field range magnetic-field. The laser source is a
current modulated or amplitude modulated (in the 1 kHz - 1 MHz range) Pig Tail diode laser. The
best sensitivity without shielding and gradient compensation systems is about 500 pﬁTz. A data
acquisition system, comprehensive of a PC-controlled laser optical frequency tuning system, makes
possible an efficient monitoring of the earth magnetic field. Good agreement is found comparing our
results with other kind of earth MF measurements (flux-gate vectorial magnetometer, Geophysical
Institute of L’aquila). A gradiometric probe, allowing for a good spatial resolution, for biological MF's
measurement (with particular interest in magneto-cardiometry [2]) is under construction. The goal
is to get a sensitivity level better than 100 pT over a bandwidth of 100 Hz (heart field parameters).
First results and principal problems will be presented.

The CPT behavior in AC MFs is interesting for what concerns the optical properties modification
of the atomic system composed by a set of ”oscillating levels”. We employ a current modulated (at
about 4.6 GHz) VCSEL to create CPT when the two lower Zeeman states of the three-level structure
belong to different (F=4 and F=3) hyperfine levels. In this case a bias DC MF is applied so that
an isolated A-system is studied. We can observe then the behavior of a single three level system
composed of oscillating levels. A set of side-CPT resonances, separated by the MF modulation
frequency appears. The number, the amplitude and the shape of the side-resonances depend on the
MF parameters (frequency, amplitude) and also on the time scale of observation in a non-trivial way.
In order to understand the basics of this parametric resonance formation, a model based on optical
Bloch equations is built up. In this context we are going to present the analogy of this system with
an equivalent system consisting in a static atomic level scheme coupled to a pair of laser modes,
modulated with different modulation indexes [3].
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Quantum control of interactions in a cold Rydberg gas
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Atoms with a high principal quantum number (Rydberg atoms) have wonderful properties, such as
a giant dipole moment. Rydberg atoms interact through induce dipoles (Van der Waals interaction)
or permanent dipoles create in electric field. Dipole-dipole interactions are promising for quantum
gates[1,2], even in mesoscopic ensembles like cold atoms. An idea, to perform a quantum gate, is
to use the dipole blockade effect : when exciting one atom in a Rydberg state, the dipole-dipole
interactions shift the levels of the closed atoms, and which cannot be excited anymore using the
same frequency. In this talk we will present the first realisation of blockade with permanent dipole.
We are also able to control this interaction with a constant electric field [3].

Ultra cold cesium atoms are excited in Rydberg states, with a continous excitation scheme. Perform-
ing high resolution spectroscopy we are able to observe the interaction shift and the broadning of the
levels. In the same time, we measure the free ions, formed by collision between Rydberg atoms, to
verify that the diminution of our signal is not due to ions, and test the origin of these ions. Finally
we demonstrate and control (with external electric field) the dipole blockade.
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Precise mass measurements
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With modern Penning trap mass spectrometers the mass of an atom or rather the ion can be de-
termined to a relative uncertainty of about 107'!. The precise mass values that is obtained have a
wide spread implication in different fields, from the use in modern metrology to solving questions in
fundamental physics.

The masses of the lightest atoms are by definition natural constants for which an improved mass
accuracy is always demanded. Of particular current interest is the mass difference between Tritium
and Helium-3 that determines the beta-decay Q-value and hence the end-point of the tritium beta-
decay. This energy can be used in the search for a finite rest mass of the electron antineutrino. It
is not known whether the neutrino is a Majorana particle or not, a question that could be solved by
finding a neutrinoless double beta decay in for example ®Ge or 3¢Xe. The position in the energy
spectra of such a decay is precisely given by the Q-value of these decays. Penning traps have been
used for a long time to make precise tests of QED. Previously by g-factor measurements of the free
electron and today also through measurements of the bound electron g-factor in H- and Li-like highly
charged ions. In these measurements the mass of the ion has to be precisely known.

The talk will present the different Penning trap techniques used today to make these measurements,
exemplified by mass measurements used in a wide aspect of physics.
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The Structure and Dynamics of Negative Ions
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The goal of negative ion physics is to gain a better understanding of the role played by electron
correlation in the structure and dynamics of multi-electron systems. Negative ions are well suited for
such studies since they exhibit an enhanced sensitivity to correlation due to the efficient screening
of the nucleus by the atomic electrons. The structure of a negative ion is qualitatively different from
that of an atom or positive ion. The difference can be traced to the nature of the force binding the
outermost electron, which in the case of a negative ion arises from the induced dipole associated with
the polarization of the atomic core. This short-range potential typically supports only a single bound
state. Experimental studies involve the detachment of one or more electrons in a controlled manner.
Correlation plays a major role in determining the threshold behavior and resonance structure of the
detachment cross section. Resonances are associated with doubly excited or core excited states of
the negative ion. The talk will focus on the use of accelerator-based methods to investigate the
interaction between atomic and molecular negative ions and photons, electrons, heavy particles and
external electric fields.
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Positron interactions with atoms and molecules
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In this talk I want to review a considerable progress achieved over the past decade in understanding
the interaction of low energy positrons with atoms and molecules.

Positron interaction with atoms and molecules is a field rich in interesting physical phenomena. One
example is given by hugely enhanced rates of positron annihilation in many atomic and molecular
gases. These annihilation rates are expressed in terms of an effective number of electrons per target
atom or molecule, that contribute to annihilation, Z.s. Experimental data shows values or Z.4 that
range from about 6 for Ne to 400 for Xe, and from 140 for methane, CHy, to 9 x 10® for CCly,
1.2 x 10° for hexane, C4H4, and 1.8 x 10° for dodecane, CyoHag.

Naively one may expect that the problem of positron interaction with a many-electron system is
simpler than its electron counterpart, e.g. due to the absence of exchange interaction. In reality the
positron problem is characterised by a greater role of correlation effects. In addition to the usual
—ae? [2rt-type polarisation potential (o being the dipole polarisability of the target), a short-range
contribution due to virtual positronium (Ps) formation results in strong positron-target attraction.
In particular, this attraction overcomes positron repulsion from the nucleus and leads to positron
binding with many neutral atoms [1].

The development of a many-body theory approach to positron-atom scattering and annihilation has
allowed a near complete understanding of the correlation effects described above, and the role of
short-range enhancement of the positron annihilation vertex [2]. Thus we now know that correlation
effects increase Z.g for Xe by a factor of 103, and yield Z.¢ values in agreement with experimental
data. This approach also allows one to calculate accurately the shape of the 511-keV annihilation
gamma line [3] and determine the fraction of positron annihilation on inner-shell electrons.

To explain much greater Z.s observed for polyatomic species one needs to combine the notion of
positron bound states with the possibility of energy transfer between the light positron-electron
and heavy vibrational degrees of freedom. This gives rise to positron-molecule vibrational Feshbach
resonances (VFR). Positron capture into such resonances results in dramatic enhancement of the an-
nihilation rates [4,5] due to large densities of molecular vibrational spectra in polyatomics. However,
the details of this mechanism are not fully understood. Thus, experimental evidence suggests that
positron capture is almost always mediated by vibrational doorway states [6] linked to molecular
fundamentals. Overall, this problem is difficult to treat theoretically, since one must provide an
accurate description of the positron-electron correlations (to describe positron binding) and account
for the coupling to the molecular vibration motion, including unharmonic effects and vibrational
energy redistribution. So far the zero-range model for a diatomic [7] remains the only dynamical
calculation that demonstrates the role of VFR.
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Atoms on He nanodroplets, and their spin interactions,
probed by magnetic dichroism
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With the goal of creating and probing an ensemble of superfluid helium droplets doped with spin-
polarized chromophores, we measured laser induced fluorescence (LIF) and beam depletion spectra
of the D lines of potassium and rubidium atoms on the surface of superfluid helium droplets, with
and without a moderately strong external magnetic field (~ 3kG).

It has been observed so far that an alkali atom (M) dissociates from the droplet upon electronic
excitation, either directly or through formation of an excimer, M*He. In both cases this means that
optical pumping techniques normally used for gas phase atoms are not directly applicable towards
our goal. We are investigating two different approaches to either circumvent or exploit this fact.

In the first approach, we seek transitions that do not result in dissociation of the atom from the
droplet. A necessary condition is the presence of a barrier to formation of the excimer, which has
been postulated for Rb [1,2]. Indeed, upon comparison of LIF and beam depletion spectra, and
of their saturation behavior, we believe we have found, for this system, excitations resulting in
fluorescence without depletion.

In the second approach we seek to selectively “bleach” one of the two electron-spin substates of
ground state atoms (potassium, so far). With no magnetic field we demonstrate saturation of the
D lines with a few hundred mW of laser power. With magnetic field, under saturation, we observe
a greater LIF signal for linear polarization of the exciting laser, but no difference between left and
right circular polarization. We take this as evidence that the two spin sublevels are equipopulated
before excitation, hence no spin relaxation occurs on the timescale of the experiment (tens of us).
Further measurements on dimers (Ky, KRb, Rby), show that their electronic transitions can also be
saturated. The spectra acquired so far do exhibit magnetic circular dichroism, suggesting in this case
a faster spin relaxation induced by the droplet.

We are in the process of improving the measurement accuracy, thus putting more stringent limits on
the relaxation time, and of testing our conclusions with one-color two-laser experiments.
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From dense to dilute bosons: helium droplets vs. trapped
BEC

F. Dalfovo
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The physics of Helium nanodroplets is reviewed with emphasis on theoretical aspects and recent
results. Some relevant concepts such as the meaning of superfluidity in finite systems, the behavior
of elementary excitations and collective modes, as well as rotational properties and quantized vorticity
are briefly overviewed. Analogies and differences between Helium nanodroplets and Bose-Einstein
condensates of trapped ultracold atoms are discussed, pointing out their common background and
peculiar features.
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Ellipticity effects in HHG from aligned molecules
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Two-centre interference in the recombination step of molecular high harmonic generation (HHG) has
been probed in COy and O,. We report the order dependence of characteristic enhancements or
suppressions of high harmonic production in aligned samples of both molecules. In COs a robust
destructive interference was seen consistent with the known separation of the oxygen atoms that
are active in HHG. In Oy a harmonic enhancement was found indicating constructive interference.
A good agreement was found with a simple two-centre interference model based on the following
equation for the harmonic intensity

S o1

I(n,0) = Io(n,0) [1 — o8 ( Ap(n)

In Eq.(3.1) n is the harmonic order, Ap is the electron de Broglie wavelength of the re-scattering
electron and @ the angle between the molecular axis and the re-colliding electron momentum. We
show that the effective momentum of the returning electron wave can be determined from the spec-
tral position of these interferences. The ellipticity dependent studies in COy clearly show how the
destructive interference can be ”switched off” by increasing the degree of ellipticity and thus shifting
the effective resonance condition. In particular, by increasing the ellipticity, we have observed a
shift of the position at which the minimum in HHG is observed. If all the aligned molecules uni-
formly contributed to HHG signal, the shift should move towards the opposite direction. In fact,
the presence of an elliptically polarised field leads to a tilting in the electron momentum which in
turn breaks the cylindrical symmetry introducing a dependence on the azimuthal angle ¢ . The
observed shift can be explained by assuming that molecules for which the tilting leads to a reduction
of 6, give larger contribution to HHG. In a simple classical approach we have considered an uniform
contribution from half the molecules obtaining a result in agreement with the experimental findings.
These results therefore show how the two centre interference can be controlled through the control
of laser ellipticity pointing to a broader class of applications in the steering of strong field molecular
processes through ellipticity and alignment angle control.
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Dual pulse laser ablation studied by cavity ring-down
spectroscopy

N. Cuti¢, N. Krstulovi¢, and S. Milogevi¢
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Dual pulse laser ablation is recently attracting attention related to applications such as laser induced
breakdown spectroscopy or production of nanoparticles. Depending on the time delay between laser
pulses large increase of light emission or particle production rate was observed. However, details of
dual laser ablation processes and plume dynamics are still not completely understood. Dual pulse
laser ablation might be interesting technique to apply for efficient production of cold molecules. We
have performed study of the plume content by using direct absorption method having this application
in mind.

Laser ablation was performed within the vacuum chamber which could be evacuated by means of a
roots pump system yielding final pressures of about 1073 Torr. For ablation we have used two Nd-
YAG lasers (Brilliant 350 mJ at 1064 nm and Brio 100 mJ at 1064 nm). Laser pulses were triggered
and synchronized by means of a digital delay generator. For CRDS we have used an excimer (LPX
105E Lambda Physik) pumped dye laser (LPD 3002E Lambda Physik) working with a Rhodamine B
dye. The laser pulse duration was about 15 ns and bandwidth about 6 GHz. Targets were mounted
on an X-Y translation stage to allow precise positioning (100 mm) and were also rotated to avoid
drilling. Details of CRDS arrangement were described in more details previously [1]. Lasers, digital
delay generator and oscilloscope were controlled by a PC computer using a homemade LabVIEW
program which also allows analyses of CRDS ringdown signal in various time windows [2].

In the present work we have studied dual laser ablation in the parallel laser beam configuration. As a
test case targets of manganese or titanium were used and atomic spectra measured in the wavelength
range around 630 nm. Results show clear increase (tenfold) of atomic absorptions for the case of dual
laser ablation compared to single laser absorptions. We have explored CRDS potential (simultaneous
determination of particles densities and velocities [3]), for study of dynamics of the plume depending
on the time delay between laser pulses and the buffer gas environment. Preliminary results showed
high potential of the dual laser ablation for the efficient production of molecules and particles.
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A novel type of tuneable atomic beam splitter : van der
Waals - Zeeman transitions of metastable neon atoms
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Owing to the recent discovery of ultra narrow metastable rare gas atoms beam [1], surface-induced
transitions between Zeeman sub-levels of metastable neon atoms traversing a micro-slit Copper grat-
ing are investigated. The quadrupolar part of the surface van der Waals interaction suddenly perturbs
the evolution of the Zeeman sub-levels in a magnetic field B (a few hundred Gauss) [2], giving rise to
van der Waals — Zeeman transitions. Exo-energetic inelastic transitions are identified by the related
deflections 7. As the atom kinetic energy (65 meV) is large compared to Zeeman energies (ueV),
these v angles are small (mrad). However, the combination of our ultra narrow Ne* (3Py) beam
with a position — sensitive detector allows us to resolve these deflections. In a diagram (y, BY %) the
locations of the inelastic peaks are fitted by straight lines of slopes proportional to \Am\_l/ ? where
Am is the magnetic number change [3]. It is important to notice that vdW — Zeeman transitions
are able to split the atom into a superposition of different Zeeman sublevels. Because the transverse
coherence of the atomic beam (R .n. 21266 nm [1]) is not large enough to cover the complete width
of one grating slit (due to the grating inclination, the effective slit width is w, = 5.8 pm), it is
worth noticing that the splitting is coherent only for a same sign of deflection angle v as the sign
of the deflection depends on the border of the slit next to which the transition happened. However
providing that R.one > we (this can be achieved by slowing down the atoms for instance or using a
nano grating), one can realize a beam splitter with equal energy loss on both sides. As there is no
position information in this situation, the coherence of the two split beams will be complete. As the
values of deflections v depend on B magnitude, these transitions can be used as a tuneable atomic
beam splitter.
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Superintense laser field action on surface with forming the
femto-second plasma and new laser spectroscopy of nuclear
isomers

A.V. Glushkov
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E-mail: glushkov@paco.net

It is known that using super short light pulses changes principally a character of interaction of a laser
radiation with substance [1]. For laser intensities more than 10 Wt/cm? electrons get energy of
100-1000eV and it is realized a process of forming the femto-second laser plasma.(FLP). We consider
possibilities of governing by processes, which are taken a place in the FLP in nano-structured porous
materials (NSPM; Si). NSPM consist of the separated clusters set with the fractal structure. The
key mechanism of the hot electrons generation in plasma is provided by oscillation of electron on
the border ‘plasma-vacuum or resonant absorption of laser radiation. One may wait for the sharp
increasing the hot electrons generation and X-ray radiation. For large laser intensity it is observed
a new type of the hydrodynamic ablation with the explosion character. Experimental estimates
show that a velocity of the plasma flying of the strongly porous samples Si (I ~ 3-10'® W/cm?) is
~ 10% cm s7!, that is ~ to energy 2 &1 MeV. We carried out the modelling of FLP forming in the
porous materials on the basis of the energy balance equations [2]. Special attention is devoted to the
modelling the system: NSPM with clusters, on surface of which there is a great number of bonds
with H and OH groups. In a case of D-and OD group‘s one can wait for realization of the cluster
explosion process and reaction D4+D— a+n (3,8MeV). One can wait for appearance of the powerful
flow of neutrons in plasma under intensity of heating pulse ~ 10'® Wt/cm?. In the high density
plasma there is possible an excitation of the low lying isomers (level energy less 20 keV) by means
of the channels: photo excitation by own X-ray plasma radiation, the electron impact excitation,
electron conversion etc. We calculated properties of stable and long lived nuclei low lying isomers
characteristics (energy, decay channels etc.), using methods [3]. In conclusion an observation of effect
of the excitation for isomer nuclear level in laser plasma is discussed.
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Quantum Dynamics of Ultracold Electronically Excited
Atoms in a Magnetic Trap
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We investigate the quantum dynamics of ultracold electronically excited atoms exposed in a magnetic
quadrupole trap. First a general Hamiltonian which describes the quantum dynamics of an atom in
an arbitrary linear magnetic field configuration is derived. This makes our approach applicable to a
wide range of atoms and field configurations. The coupled center of mass and electronic motion is
solved by incorporating an adiabatic separation of the dynamics. We provide the adiabatic energy
surfaces and discuss under which conditions trapped center of mass states can be achieved for highly
excited atoms. Energies and wavefunctions of the corresponding quantum dynamical hybrid states
are studied thereby entering a new regime where both the external and internal motion are coupled
and quantized leading to e.g. ring states. By analyzing the properties of the resulting combined
motion we demonstrate that the extension of the electronic wavefunction can exceed that of the
center of mass motion. Such atoms cannot be considered as being point-like. A discussion of the
electromagnetic transitions is also provided.
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Dipole-dipole interaction in a chromium Bose-Einstein
condensate
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During the last decade, the most interesting results obtained in the field of ultra-cold atomic gases
have seen the van der Waals inter-particle interaction playing a crucial role. For most purposes such
interaction can be considered short range and isotropic.

Very recently the physics of dipolar gases has attracted new interest, resulting as one of the most
promising research directions in the physics of ultra-cold atoms. In fact thanks to the long-range and
the anisotropic character of dipole-dipole interactions many exciting phenomena have been predicted
to occur in dipolar quantum gases [1].

To investigate them, we have realized a chromium Bose-Einstein condensate (BEC) of up to 100,000
condensed atoms within a crossed optical dipole trap. In fact chromium atoms possess very large
magnetic moments of 6 Bohr magnetons. As a consequence, the magnetic dipole-dipole interaction
(MDDI) is much stronger than in previously realized BECs, e.g., by a factor of 36 compared to alkali
atoms. Hence, MDDI starts to be comparable to the contact interaction.

In agreement with the theory of dipolar quantum gases, the anisotropic nature of the MDDI can be
proved releasing the condensate from a cigar shaped trap and observing, in time of flight measure-
ments, the change of the aspect-ratio for different in-trap orientations of the atomic dipoles. To our
knowledge this is the first observation of mechanical effect of MDDI in a gaseous system [2].

Since one can exploit Feshbach resonances [3] to adjust contact like atom-atom interaction and use
rotating magnetic fields to tune the dipole-dipole interaction [4], interaction regimes ranging from
only contact to purely dipolar can be realized.
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Evaporative cooling of a magnetically guided atomic beam
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More than ten years after the achievement of BEC in dilute gases and the first experiments leading to
the extraction of pulsed atom lasers from such condensates, the creation of a continuous-wave atom
laser is still a challenge. A possible scheme towards this goal, consisting in applying evaporative
cooling on a magnetically guided atomic beam, was studied theoretically in [1]. The prerequisite
for reaching quantum degeneracy with such a technique is the achievement of the collisional regime
for the atomic beam: typically, an atom must undergo around N ~ 200 elastic collisions during its
propagation along the guide. Our group achieved recently the collisional regime for a beam [2], with
N ~ 8.

I will report on our recent progress in the manipulation and evaporative cooling of a magnetically
guided, high flux beam of 8"Rb atoms. Typically 7 x 10° atoms per second propagate in a 4.5 m
long magnetic guide, providing a transverse gradient of 800 G/cm, with a temperature T ~ 550 K,
at an initial velocity of 90 cm/s. The atoms are subsequently slowed down to 60 cm/s using an
upward slope. The relatively high collision rate (5 s™!, yielding N ~ 20) allows us to start forced
evaporative cooling of the beam by means of radio-frequency knifes, leading to a reduction of the
beam temperature by a factor of 4, and a ten-fold increase of the on-axis phase-space density [3].
We have also developed a more local evaporation technique relying on the elimination of energetic
particles on a material surface [4]. T will discuss the limitations of our current experimental setup
and describe preliminary work aimed at overcoming them.
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Towards a quantum degenerate '*3Cs-"Rb mixture
M. L. Harris, P. Tierney and S. L. Cornish
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We report progress on a new experiment designed to produce a quantum degenerate mixture of 133Cs
and 8"Rb. Such mixtures constitute an extremely rich ‘playground,” with possible future applications
in ultracold heteronuclear molecule formation [1], quantum information processing [2], and sympa-
thetic cooling [3]. Atomic interactions (both inter- and intra-species) determine the fundamental
properties of the mixture, e.g. stability and miscibility. A mixture of Cs and 8Rb is particularly at-
tractive, as the rich Feshbach structure of Cs leads to wide tuneability of the Cs-Cs scattering length,
whilst the scattering length of 8"Rb is essentially independent of magnetic field. Knowledge of inter-
species collisions, however, is currently limited to the upper hyperfine ground states [4]. Hence, the
first phase of our experiment will characterise interspecies collisions for the Cs |F' = 3,mp = —3)
and Rb |1,-1) states. A search for an interspecies Feshbach resonance will allow us to place tight
constraints on the value of the interspecies scattering length a;,, while a comparison between mea-
sured rethermalisation rates and collisional Monte Carlo simulations [5] will allow us to measure a9
directly. Once the scattering length is known, additional Monte Carlo studies will simulate sympa-
thetic cooling of Cs by direct evaporation of 8’Rb, a method which could offer an alternative route
to quantum degeneracy in Cs.

In our experiment, the mixture is prepared using a double magneto-optical trap (MOT) apparatus
in which a two-species pyramid MOT acts as a source of cold atoms for a second ‘science’” MOT. A
system of six diode lasers (three for each species) is used to derive the laser frequencies required for
both MOTs, as well as for optical pumping and imaging the ultracold mixture. Measurements of
light-assisted inelastic Cs-Rb collisions in the MOT's are presented, as are studies of optimum loading
parameters for the dual-MOT system. In the next stage, Cs and Rb atoms in the target states will
be transferred to a ‘baseball’ type loffe-Pritchard magnetic trap for further studies.
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Relativistic multi-configuration hyperfine structure
calculations for the ground state of Vanadium
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We report about the pure ab initio calculations of the ground state hyperfine structure of Vanadium.
The calculations are based on the GRASPVU package [1,2]. Due to the complex structure with 13
valence electrons, a new method is used.

The developed method allows one to detect the convergence, the influence of defined correlation
groups and thus to make well defined approximations for the configuration state function space. The
method gives one the possibility to study hyperfine structure splitting of complex atoms and ions
and using modern computing facilities to achieve fairly accurate results.

The hyperfine structure of the low lying levels of Vanadium are known from experiment. Semiem-
pirical calculations for the hyperfine structure exist resembling the experimental results within 5%.
The hyperfine structure constants for the ground state of Vanadium have recently been obtained in
the multi-configuration Hartree-Fock approach by our group. The calculated values agree within 3%
with the experimental results. A strong influence of the core correlation was observed [3].

Further investigation using the multi-configuration Dirac-Fock approximation are presented. The
method applied to Vanadium allows one to limit the configuration state function space from nearly
600 000 configuration state functions to 30 000 most important ones. The dependency of the A factor
on the correlation groups is similar in both, the multi-configuration Hartree-Fock and Dirac-Fock
approximation. The 3s and 4s orbitals are polarized but the net effect on the hyperfine structure
compensates. As in the multi-configuration Hartree-Fock approximation, the Dirac-Fock approxima-
tion leads to good agreement (within 5%) with the experimental results. The same strong influence
of the core correlation is observed.
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High precision calculation of relativistic and nuclear recoil
effects in the lithium atom.
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Variational calculations in Hylleraas coordinates, which include explicit powers of inter-electronic
distances, are well established as providing the most precise wave functions for two- and three-electron
atomic systems. Effective method for evaluating three-electron integrals in Hylleraas coordinates will
be presented. Our approach bases on analytical evaluation of all integrals with the help of recursions
relations[1-3]. Several results for the lithium, including 25 — 35 transition, the isotope shift and the
hyperfine interaction will be presented, with the accuracy, which is few orders of magnitude higher
than obtained previously[4].
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The results of application of a nonstandard procedure of search for new electronic levels are presented.
It is based on the measurements of the hyperfine structure for the unclassified spectral lines with
laser induced fluorescence (LIF) and the comparison of the results with the available values of the
hfs constants for the known or the theoretically predicted levels. This procedure has proved to be
very efficient for praseodymium. More than 50 new levels, belonging to the odd configurations, with
energy values between 25000 cm™! and 35000 cm™! in praseodymium atom, as well as more than 40
new levels with energy values between 9000 cm™! and 35000 cm™! in praseodymium ion have been
found [1,2]. Each of the new levels have been verified through the measurement of several spectral
lines involving them. It seems interesting, that despite the large number of the new levels found
independently by the group of Prof. Guthoehrlein from Hamburg [3], only little of the levels found
in our investigations happened to coincide with the ones found by them. In the case of the atom
the measurement only in one spectral region has been sufficient for an unequivocal determination of
the energy of the level. For the ion measurements have been performed in the wavelength ranges
565-608 nm and 412-465 nm. In the case of europium an initial measurement of the hfs constants for
the known electronic levels proved indispensable for efficient identification of the new levels. The hfs
constants for 54 known were determined (the results were presented at the previous EGAS conference
[4]).

A complementary use of the information extracted from the isotope shifts and the Zeeman spectra
has yielded a final identification of the new levels. A similar initial measurements have been carried
out for lanthanum atom (the hfs A constants for more than 50 odd levels and 15 even levels have
been determined for the first time).

This work was supported by Poznan University of Technology under project BW-63-028 /06
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Transition Probabilities of Important Ar Ions Multiplets
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Results of our evaluation of Ar ions transition probabilities (A;;) will be described and commented
on during the Conference. Part of this work is related to a coordination research project of the IAEA,
in support of controlled fusion applications. We are addressing A;; of singly or higher ionized species
of Ar, in order to extend our Collisional - Radiative (C-R) code to describe Argon plasmas with up
to six times ionized species [1]. Thus, successive Argon spectra preceding Ar VII (in which all of
the external 3p® electrons have been stripped) can be taken into account, depending on the plasma
temperature of interest. We have compared in extenso results coming (a) from CbA, our Coulomb
Approximation code based in the approximation introduced in [2], (b) the code contained within the
SUPERSTRUCTURE package developed at University College [3] and (c) the Los Alamos National
Laboratory (LANL) codes [4] available through the Internet [5].

Data obtained from other theoretical calculations or measured experimentally, including data con-
tained in well known databases whenever available, have also been considered. The existing data are
known to be very scarce, while a huge number of transitions must be taken into account in recon-
stituting the spectrum belonging to each multiplet. Therefore, ab initio calculations for transitions
involving levels of which the corresponding energies have not been measured are mandatory. The
available evaluated energy levels (and transition probabilities, whenever they exist) from the NIST
site [6], although of very good quality, are not sufficient for our task; therefore, we are doing bench-
mark calculations in order to supplement the available database with new data reliable enough for
our model.

Recent calculations include: (a) The 4p < 4d multiplet of Ar III, which constitutes the second in
order of importance from the non-resonant multiplets of the third Argon spectrum. In general, our
low ionized Ar calculations suggest that the relativistic effects are not very pronounced. Subsequently,
the 3d < 4p multiplets of Ar III have been studied. (b) The resonant transitions of the 3p «— 4s
multiplet belonging to the Ar II spectrum. (c¢) The 4s < 4p and 3d < 4p multiplets of the Ar IV
spectrum. Here, the 3d <« 4p multiplet has been chosen instead of the more obvious choice of the
4p« 4d one, because for the latter no energy levels are given in the NIST database for the moment.
This work aims to establish the validity of our Ar calculations for slightly higher ionization stages.
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Because of the importance of Xe plasmas for contemporary industrial applications, especially for
electric propulsion and the divertor region of Tokamak plasmas, we are systematically addressing
their Collisional-Radiative(C-R) modeling, seeking the most extensive comparison of our theoretical
results with values measured by us in various experimental devices and/or available in the literature.
The theoretical methods which we are using, are the same with those of the Ar case [1]. An extended
review has been recently made available [2] giving most of the necessary energy levels for the Coulomb
approximation calculations. In the present contribution, we restrict ourselves to the simplified case
where the local electron temperature (T.) of the plasma is considered as being sufficiently low (a few
eV) in order to have a negligible influence of the Xe?" ions with q>2 on the line intensities calculated
by the C-R model for the Xe I and Xe II spectra, even if the presence of the twice ionised species
becomes significant at temperatures which are lower than those of the Ar plasmas. For our theoretical
Xe I and II spectra, comparison with the experimental ones, mainly for the 6s « 6p, 7p and 6p «—
5d, 6d multiplets has shown satisfactory agreement. In correctly formulating our model, detailed
evaluation was made of the transition probabilities corresponding to most multiplet components
in order to achieve completeness; special care was devoted to transition probabilities belonging to
the experimentally observed leading transitions. Results of this evaluation will be shown in the
Conference.

Together with the spontaneous emission, electron collision excitation (and de-excitation) plays a
very significant role in the formation of the plasma spectra. Therefore, special attention has been
given to the correct evaluation of the relevant cross sections, for which only scarce data are avail-
able. Importance of the excitation by electron impact is increasing whenever the lower level of the
transition is significantly populated. This is the case with the ground and metastable levels. Once
the excitation cross section is evaluated, the inverse process, collisional de-excitation, can be easily
evaluated through micro-reversibility. For Xe I some cross sections are available for the ground level
and for the 6s, 6p excited levels, the Xe II data being even more scarce. We have made extensive
use of the LANL codes [3] in order to obtain a consistent set of excitation cross sections to be used
with our C-R model. Part of the results obtained will be presented and commented on during the
Conference.

Three of us (KK, ChB, AN) gratefully acknowledge support from the Groupement de Recherche
CNRS/CNES/ SNECMA 2232 “Propulsion a Plasma pour Systémes Spatiauz”.
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Non-intrusive emission spectroscopy plasma diagnostics allows for evaluation of the local temperature
and density; it also provides information on the constituents and the most important processes
encountered in the plasma. For a satisfactory application of such diagnostics, a full Collisional-
Radiative (C-R) model is needed, taking into account all the present species, both neutral and
ionized, together with their excited states (including their structure and transition probabilities) and
also the rates of the contributing processes. As a sequel of our emission spectroscopy studies we report
here on work in progress on emission spectroscopy diagnostics of the WEGA Stellarator plasma, when
fed with Argon. This device, operated at IPP Greifswald, is mainly used for basic research in plasma
physics, including educational training and for testing of new diagnostic equipment [1]. Emission
spectroscopy diagnostics will be subsequently extended to He discharges, which are also studied in
the same device. The present task takes advantage of a general study aiming for the characterization
and optimization of the WEGA plasmas [2] and of bolometric results obtained recently [3].
According to measurements made at IPP, an electron temperature T, of about 10 eV prevails in
WEGA for Ar discharges, with an electron density n, of about 102 ecm=3. Our calculations, based
on a simple coronal model, are applied to the full Ar I to Ar V spectra, plus partial radiation
from Ar®*. Of course, all of these spectra are not expected to be simultaneously present in an
homogeneous plasma with a single T, but in the case of the separatrix- and/or limiter-plasmas of
WEGA a “mixture of temperatures” may explain the detection of signatures of all of the ionized
Ar species as well as of the neutral, possibly altering the total radiated energy. Accordingly, more
than one Maxwellian distribution prevails for some or for all of the present species. Typical Ar
[-11T spectral lines have now been identified in various WEGA discharges. The main features of the
relevant spectra will be shown and commented on during the Conference. They will also be compared
to our theoretical spectra, in order to investigate the real presence and percentage of each ionized
species and judge about the form of T. in connection with possible departures from the unique
Maxwellian distribution.
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The doubly excited states of the non-relativistic helium atom have during the last decades served
as the primary model systems to test methods to handle resonance states. These states couple to
the continuum of He' and an outgoing electron and are thus autoionizing. A correct and efficient
treatment of this coupling have here been a key issue. A number of methods to calculate doubly
excited, autoionizing, states have been developed and today non-relativistic calculations can be done
with more or less machine accuracy for at least part of the spectrum. In contrast very few relativistic
methods exist for calculations on autoionizing states and hardly any have been applied to helium
Among the doubly excited states lying above the first ionization threshold there are in most ions a
number that of symmetry reasons cannot autoionize in LS-coupling[1]. In many cases these states
can still autoionize through spin-orbit coupling and even for rather light ions this non-relativistically
forbidden decay mode can be important compared to alternative paths as radiative decay. This can be
understood from the fact that when autoionization is non-relativistically allowed it often dominates
over radiative decay with orders of magnitude and thus even a tiny admixture of a component
that can autoionize may suffice to make this path important. The spin-orbit induced admixture of
different LS-terms can in addition vary substantially even between different fine structure components
belonging to the same term since the presence of nearby states of the same total angular momentum,
J, strongly affects the admixture.

We start from the Dirac Hamiltonian and use complex rotation to handle the coupling to the con-
tinuum. Most of the doubly excited states in helium are, especially relativistically, dominated by a
set of configurations, e.g. by 2p? /25 2p3 /2 and 2p; /22ps /2, that are very close in energy. To handle this
situation we use a perturbation expansion from an extended model space. The idea is that strongly
coupling configurations, forming the model space, are included through direct diagonalization of the
Hamiltonian, while other configurations are included by perturbation theory.

The spin-orbit interaction induced decay through admixture of different LS-terms scales as ~ aZ8/AE?,
where AFE is the energy difference to the state being mixed in. When mixing can occur with states
belonging to the same configuration AE ~ Z and the induced decay rate scale as ~ a*Z% in other
cases the scaling is expected to be ~ a*Z*. The leading contribution is due to spin-orbit mixing
in the field of the nucleus, but also the electronic field contribute although with a weaker Z-scaling.
The contributions from the Breit interaction to the energy is very small for a light system as helium,
but the spin-spin and spin-orbit interactions included in this way is of the same formal order as the
spin-orbit interaction from the Coulomb part of the electronic interaction and affects the forbidden
decay rates in leading order. The Breit interaction is in fact of relatively large importance for the
decay rate of the most longlived states, and dominates for some states.
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Multiply excited, autoionizing, states are frequently encountered as resonances in atomic processes as
ionization or electron-ion recombination. The presence of resonances can change the probability for a
process by orders of magnitude and there is thus an obvious interest to be able to describe them and
make quantitative predictions of their effects. In addition there are many interesting spectroscopic
aspects related to resonances.

The probability for the process of electron-ion recombination is in fact often governed by the resonant
process of dielectronic recombination and the contribution varies drastically from one charge state to
the other since it strongly depends on the density of doubly excited states. The change in electronic
configurations when one electron is added or removed can be enough to change the recombination
rate coefficients by orders of magnitude. Predictions of the recombination rate requires thus precise
spectroscopical knowledge. Of the same reasons, measurements of recombination resonances can
in fact be used to access highly accurate information on atomic energy levels, especially for highly
charged ions. One among the presently most accurate determinations of an energy splitting in a few
electron highly charged ion is obtained from the cross section for recombination with free electrons
near the ionization threshold of an highly charged lead ion (Pb%")[1], and several Li-like ions have
their most precise determination in this way [2,3]. The spectroscopic principle is that during the
formation of a resonance the valence electron is excited by the capture of a free electron into a
Rydberg state. The binding energy of the latter can be estimated to excellent accuracy and the
excitation energy can then be accessed. The determination of the excitation energy is in many cases
sensitive to many-body quantum electrodynamical effects as well as to the hyperfine structure[4].
Results will be shown for the effect from hyperfine interaction on the dielectronic recombination of
Li-like scandium, recently measured at the TSR storage ring in Heidelberg and for the astrophysically
interesting ion Si**, measured at the CRYRING storage ring in Stockholm.
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This work proceeds our studies on the application of path integration to the scattering problems
of atomic physics [1-6]. The studies are based on various evaluation procedures for exact continual
path integral representation of scatting amplitudes (or directly of scattering cross sections in density
matrix formalism).

Evaluation process may be subdivided on two parts. First one is a finite dimensional approximation
of continual path integral by projection on discrete paths. This leads to high dimensional integral
which is evaluated by some way at the second stage. We had tested several procedures for the second
stage of a finite dimensional path integrals evaluation [2, 4-6], and have concluded that approximation
by Gaussian integrals may be effectively extended on electron-atomic collisions [5, 6].

Previous works [5, 6] uses a few terms Gaussian expansion of the integrand in a finite dimensional
path integral. So we have inaccuracy on both stages of path integral evaluation process. In this work
for the simple potential scattering model we make a high accuracy Gaussian expansion. This reveals
practically only discretization errors of the first stage - finite dimensional projection, which depends
on the single parameter - the number of discrete path points.

Test calculations of the differential cross sections are performed for the scattering of wave packet
by a three-dimensional spherically symmetric Gaussian potential. They are in good agreement with
high accuracy calculations using the phase functions method.
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This work extends the analysis of the complex atomic structure of the tantalum ion. This was stimu-
lated by new experimental data obtained by the last author. Semi-empirical calculations of the fine-
and hyperfine structure of the system of the following 25 configurations have been performed :

5d* + 5d%n’g (n'=5-6) + 5d36s + 5d36d + 5d%6s® + 5d%6sn’g (n'=5-6) + 5d*6sn”d (n”=6-10) +
5d%6sn”’s (n”'=7-10) + 5d?5f6p + 5d%6p* + 5d6s’n”d (n”=6-7) + 5d6s6p* + 5d56s6p + 5HA56s7Tp +
5d6s6d7s.

Until now only levels of the configurations (5d+6s)*, underlined above, were known. Our extended
analysis using this new data allowed us to establish the position of higher excited configurations, of
which until now no levels were known.

This work was partially supported by PUT (project BW 63-028/06).
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Even given in the famous tables of Ch. Moore [1] and further analyzed in the paper of C.C. Kiess
[2] in 1961 and later by F.-J. Wyard [3], F.-J. Wyard and J. Blaise [4], the level structure of the first
ion of ¥'T'q is by far not completely known.

In our group in Graz we have investigated the hyperfine structure and fine structure of the *!Ta atom
since 1990 ([5] and references therein) by laser excitation of unclassified spectral lines. Combination
of laser spectroscopy and high resolution Fourier transform spectra (provided to us by J.C. Pickering
and R. Engleman) made it possible to enlarge the number of known Ta I levels by a factor of 2 (now
ca. 600 Ta I levels are known). These investigations were extended to Ta II. Hyperfine constants of
most of the known Ta II levels were published by Zilio and Pickering [6] and Eriksson [7]. For other
levels we made our own determination. Using these results, Ta II classifications could be verified by
comparing predicted and observed hyperfine patterns.

But still there are hundreds of strong spectral lines in the Fourier spectra which are not classified,
most of them in the ultraviolet region showing well-pronounced hyperfine patterns. Most of these
lines belong to the spectrum of the first ion, Ta II.

In 2002 it was possible to find two high-lying even Ta II levels with energies of ca. 72000 cm™! [8].
In this paper the strategies to find new levels are given detailed. The introduction of these levels
explained not only the wave numbers of several unclassified lines, moreover, the hyperfine patterns
of all these lines were modeled correctly, too.

In the mean time we cold found some further high lying levels, given below. These are the highest

known levels of Ta II.
J  Parity Wavenumber (cm-1) A (MHz) B (MHz)  Published

1 e 72225.2 430(2) -728(80) 8]
2 e 72786.79 1344(15) -1090(350) 8]
2 e 75294.45 -30(10) -1500(400) -
3 e 75048.39 740(20 -1200(300) -
3 e 76923.95 2436(10) -450(100) -
4 e 77196.89 410(50) -1100(500) -
5 e 78966.63 335(30) -50(200) -
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Radiative lifetimes of metastable states of negative ions
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We present a new technique for measuring the radiative lifetimes of metastable states of negative
ions that involves the use of a heavy ion storage ring. The method has been applied to investigate
the radiative decay of the np?® 2Py, levels of Te™ (n=5) and Se~ (n=4) and the 3p* ?D state of Si~
for which the J=3/2 and 5/2 levels were unresolved. All of these states are metastable and decay
primarily by emission of E2 and M1 radiation. MCDHF calculations[1] of rates for the transitions
in Te™ and Se™ yielded lifetimes of 0.45 s. and 4.7 s, respectively. The measured values agree well
with these predicted values. In the case of the ?D state of Si~, however, our measurement was only
able to set a lower limit on the lifetime. The upper limit of the lifetime that can be measured with
our apparatus is set by how long the ions can be stored in the ring, a limit determined by the rate of
collisional detachment. Our lower limit of 1 min. for the lifetime of the 2D state is consistent with
both of the calculated lifetimes of 162 s for the D35 level and 27.3 h for the ?Ds /5 level reported by
O’Malley and Beck[2] and 14.5 h and 12.5 h respectively, from our Breit-Pauli calculations.
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The G(3)'I state of the NaCs molecule has been recently well defined by the Fourier spectroscopy
analysis of the G'IT — X'Y* transitions [1]. This allowed us to measure lifetimes for particular
rovibronic levels of the G(3)1H state. We present here both experimental 7., and calculated 7,44
dependencies on the vibrational and rotational quantum numbers (v, J).

The pure radiative lifetimes 7,,4 were evaluated using ab initio G(3)'II — X'¥T; A'X+; BUI; DI
transition dipole moment functions calculated in the interval R €[3.0; 9.5] A by means of many-body
multipartitioning perturbation theory. The calculation shows a dominating role of the transitions to
the ground X!'X* state. The 7,44 calculated for the v €[0; 40] levels monotonically decrease from 42
to 16 ns as v-values increase. The theory also predicts a systematic decrease of 7,,4 values by (10 -
15)% as J' increase from J' = 0 to 100.

The experiment was performed in an alkali resistant glass cell containing a mixture of natural Na
and Cs metals. The Ar™ laser lines 514.5, 496.5, 488.0 and 476.5 nm were used to excite selectively
(v, J) levels in the v-range from 3 to 25. The G — X fluorescence spectra were detected in a photon
counting regime using a double monochromator with 0.5 nm/mm resolution. The assignment of the
G — X transitions was based on Fourier spectroscopy data [1].

The effective lifetimes 7. of the particular (v,J) G'II levels were determined directly from the
fluorescence decay after pulsed excitation employing time-amplitude conversion and one-photon sta-
tistical analysis technique, see [2] for details. The spontaneous lifetime values 7.7 were obtained by
varying temperature within 178° and 246 °C range and extrapolating Te_f} to zero pressure. We have
obtained 72, values for (3; 45); (8; 25); (17; 47); (25; 67) levels. A good agreement between the
calculated and measured lifetimes is obtained for the (25; 67) level while a systematic overestimation
by about 20 % of theoretical 7,.4 values for the lowest levels was observed. This discrepancy probably
comes from a very week homogenious predissociation of the lowest G-state levels caused by avoided
crossing with the D!IT state.

The work has been supported by the NATO SfP 978029 - Optical Field Mapping grant and by
the Latvian Council of Science (grant No 04.1308), as well as the Russian Foundation for Basic
Researches (grants 06-03-32330 and 06-03-32346). J.Z. acknowledges the support from the European
Social Fund.
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Excitation of the (2p°3s?)’P; states in sodium by
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It is well known that the electron impact excitation of the lowest np®(n+1)s? autoionizing configura-
tions in alkali atoms possesses the pronounced resonance character [1,2]. For obtaining the reliable
information on the number, intensity and the energy position of resonances, it is necessary to use
the energy-selected electron beams for excitation of target atoms. However, the low excitation cross-
sections of the autoionizing states and the limited running time of metal vapour sources both limited
to present day the use of such beams in experimental studies.

The electron impact excitation of the (2p°3s?)?P state (E...=30.77 eV) in sodium was first investi-
gated at an energy resolution of 0.7 eV [3]. Two broad resonance features observed at approximately
31.7 eV and 33.2-33.3 eV were assigned on the base of 26-state R-matrix calculation as the P,
states of negative sodium ion. The evident compound character of both features denoted the need
of further experimental studies at a better energy resolution. Such a study was later performed at a
resolution of 0.4 eV [4]. In these data both resonances were completely resolved and their energies
were accurately determined at 31.1 eV and 33.6 eV. A step-like rise of the cross-section at 31.8 eV
evidently pointed out the presence of the strong cascade processes.

In the present work we have carried out a further improvement of the experimental resolution using an
incident-electron beam with an energy width of less then 0.25 eV. As a result, in contrast to all previ-
ous works, we have investigated the excitation of the (2p°3s?)?Ps/91/2 states in sodium individually.
The experimental details, including some improvements in designing the electron monochromator
and the atomic beam source, were extensively described earlier [2]. Due to the low output signal
and the limited running time of the sodium vapour source, the measurements for both states were
performed only in a narrow incident-electron energy region around the near-threshold feature at 31.1
eV [4].

The measured excitation cross-sections exhibit strong near-threshold resonances located at 30.87 eV
(*P3)2 state) and at 31.17 eV (*Py), state). In the region of the latter resonance the excitation
cross-section of the 2P, /2 state equals to that for the 2p, /2 state. At higher impact energies (up to
31.5 eV) a smooth decrease of the cross-section is observed for the 2Py state but a scatter in the
data is present in excitation function of the 2P, /2 state. The latter may point out the presence of
an additional resonance at 31.3-31.4 eV. The sum of both cross sections exhibits all above structures
and fits well the shape of the resonance feature at 31.1 eV [4]. The detailed analysis of excitation
processes for the (2p5352)2P3/271 /2 states, including the theoretical calculations will be presented at
the conference.

This work was supported, in part, by INTAS under grant 03-51-4706.
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A series of precise measurements of the hyperfine structure of some metastable levels in chromium
atom has been performed with the methods of laser induced fluorescence (LIF) on an atomic beam and
laser-rf double resonance on an atomic beam (ABMR-LIRF). An atomic beam apparatus designed
for generation of an atomic beam from refractory elements with additional discharge for population
of metastable levels is applied. Both investigation methods involve the optical excitation from the
level under study. For chromium atom most transitions lie in the blue-violet spectral region. As a
source of laser radiation a tunable dye laser is used.

A series of metastable levels of chromium atom have been investigated with LIF method [1]. The
measurements with the ABMR-LIRF method concerning the lowest-lying metastable level 3d%4s °S,
[2] have been completed. The semi-empirical analysis [3] of the fine and the hyperfine structure of
chromium atom, based both on own results and the available literature data [4-7], has been carried
out, yielding some predictions concerning the unknown splittings of the hitherto not investigated
metastable levels. The measurements concerning those levels are planned.

This work was supported by Poznan University of Technology under project BW-63-028/06
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The photoabsorption of Ar is studied experimentally, using the method of photon induced fluores-
cence spectroscopy (PIFS), and theoretically for energies between 32.5 eV and 33.0 eV. Resonant
excitation and autoionization of doubly excited 3p*(3P)4s%Ps /2,12 np Rydberg states are observed as
dominant mechanism to populate doublet and quartet satellites of the 3p*4s,3d configurations. High
n numbers of the 3/2 series are populated preferentially with an interesting minimum at n = 20.
The theoretical analysis explains this feature by a complex interference between perturber states and
strong interactions between members of the 1/2 and 3/2 Rydberg series. Moreover, for the strong
autoionization channels good agreement between measured and calculated absolute cross sections is
obtained.
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We present measurements of level crossing signals in an electric field of mp Zeeman sublevels of
hyperfine F' levels at two step laser excitation of the nDs/, states of cesium with n = 7, 9, and
10. From these signals we were able to measure atomic constants, such as the hyperfine constant
A and the tensor polarizability as, by fitting experimental signals with the results of simulations.
Coherent excitation of magnetic sublevels influences the spatial distribution of linearly polarized laser
induced fluorescence (LIF) radiation. When magnetic sublevels with Am = +2 cross as a result of
the quadratic Stark effect resonances in the LIF signals of definite polarization can be observed as
a function of electric field. For lower values of the total angular momentum J, e.g., J = 3/2, these
resonances are well separated and correspond directly to the level crossing positions, from which, in
turn, atomic parameters can be determined [1]. However, for J = 5/2, there are many more magnetic
sublevel crossings, and they are so closely spaced that resonance peaks cannot be resolved. Moreover,
the shape of the level crossing signals is a function of which magnetic sublevels are excited and thus
depends on the laser detuning. Nevertheless, with a detailed theoretical description of the level
crossing signals information about atomic parameters can again be extracted. We have developed
such a model [2] and tested it for the case of J = 3/2 [1], and now apply the model to determine
atomic parameters for the J = 5/2 case by comparing simulated with measured signals.

The experiment is performed with cesium vapor in a sealed glass cell. Transparent Stark electrodes
separated by a 2.5 mm gap create electric fields up to 2000 V/cm. We populated the nDs, states of
cesium atoms using two step laser excitation (6S; 2 — 6P3/5 — nDs /2) using two counterpropagating
laser beams and observed the LIF at the nDs, — 65, transition. In the first step we use a
diode laser. For the second step a diode laser is used if n = 7 and a dye laser if n = 9 or 10.
The first laser is polarized parallel to the electric field, which is along the z-axis. The second
laser is polarized in the z-direction. The LIF passes through a linear polarizer and is focused
into a monochromator. LIF intensities I, and I, are measured as a function of electric field and
compared with simulations. By fitting experimentally measured signals with a model and using
atomic constants such as hyperfine constants and polarizabilities as the adjustment parameters, it is
possible to determine atomic constants more precisely than they have been reported in the literature
thus far.

We acknowledge support from NATO Grant SfP-978029 ” Optical Field Mapping” and Latvian State
Research Programme funding grant Nr. 1-23/50 " Perspective inorganic materials for photonics and
energetics”. K.B., F.G., and A.J. thank the European Social Fund for support.
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Lifetime measurements of metastable states in singly
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A Laser Probing Technique (LPT) [1,2] has been used for studies of metastable states in singly
charged ions in the storage ring CRYRING at the Manne Sieghbahn Laboratory [3] in Stockholm,
Sweden. Probing certain states in atomic spectra is made possible through the use of a cw tunable
ring dye laser. Laser light is applied at different delay times in order to determine the population
decay of a particular metastable level. The pressure inside the storage ring may be varied slightly
which allows the collisional depopulation rate to be determined in order to extract the pure radiative
lifetime. Since this method was introduced lifetimes ranging from a few ms to tens of seconds have
been measured.

Recently the lifetime of the 5d2Dj /2 state in Ball was measured. The lifetime of this state, 7 =
91 £ 27s (preliminary), is currently the longest lifetime ever measured at CRYRING and it is in
good agreement with the previous measurement done by Yu et al. [4] as well as with two different
theoretical calculations performed by Guet et al. [5] and Glorieux et al. [6].

The lifetimes of the states %135 /2 and 5Ky /2 in NdII have also recently been measured. The lifetimes
for these levels were experimentally determined to be 7 = 4.6 & 0.9s and 7 = 23 & 45 respectively.
The experimental results are complemented by extensive calculations of different levels in Nd II.
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The Stark effect and doubly excited states of helium
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The information obtained in spectroscopy depends critically on the technique used to obtain that in-
formation. The doubly excited states of helium, which occur in the range 60-80 eV, were investigated
for many years primarily by ion yield. More recently it has been shown that a new understanding can
be obtained by observing these states by means of fluorescence yield spectroscopy. We have investi-
gated the states below N=2 by wavelength resolved visible/UV spectroscopy [1], using an apparatus
described in [2], and by total VUV yield spectroscopy. More recently we have turned our attention
to the Stark effect on these states [3], which has received considerable attention (see references in
3]).

Using total VUV spectroscopy, two new series of states are observed at moderate fields (< 10kV /cm),
and assigned to the previously unobserved even 'P, series, and a group of 'D, series. The 'S, states
are observed indirectly via their mixing with nearby 'P, states. The observations at moderate
field contradict theoretical predictions that field strengths about an order of magnitude greater are
necessary to observe the Stark effect on He doubly excited states at low quantum numbers.

We also observe changes in the relative intensities of two of the dipole allowed series. This is explained
by the fact that the mixing of even and odd states by the field also mixes the autoionizing /fluorescence
character of even states with the odd states. Mixing with strongly autoionizing states confers this
character on the odd state, causing the intensity to decrease in the fluorescence yield spectrum.
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The Ag La X-ray emission spectra around L;, L, and Lz absorption edges were measured using
a high-resolution double-crystal vacuum spectrometer at the BL15XU undulator beamline SPring-
8. We analysed the observed spectra using Lorentzian model. The relative intensities of satellite
structures, which are originated from the double-hole states of L3 M, and L3 Ms, were estimated.
But the mechanism of the double-hole states of L3 M, and L3 M; has not clarified. They can be created
by either or both the L3My 5 shake process or/and Li-LsM, 5 Coster-Kronig transition. The shake
process is the ionization (shake-off) or excitation (shake-up) of outer-shell electrons during ionization
of inner-shell electrons by photons or charged particles, and can occur during excitation. Coster-
Kronig transition is nonradiatve transition and relaxation process that is independent of excitation
energy.

According to the work of Chen et al.[1], Ly-L3M; Coster-Kronig transition was forbidden for 50 < Z
< 77, Ly-L3 M5 Coster-Kronig transition was forbidden for 50 < 7Z < 74, and Ly-L3 Ly 5 Coster-Kronig
transition is possible in the case of Ag(Z = 47). In this work, we observed the intensities of the Lo
satellites were drastically increased at the L; absorption edge. So, the Ag La satellites are caused
mainly by L;-LsM, 5 Coster-Kronig transition.

This experiment was performed under the approval of the proposal No. C03A15XU-2004N and Kyoto
Prefecture Collaboration of Regional Entities for the Advancement of Technological Excellence, JST
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KL — L? satellites spectra in Mg ~ Cl elements
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Most of studies on the contributions from the effects of shake process in atom to x-ray absorption
spectra have recently been carried out, in order to elucidate the electron correlation. The x-ray
absorption spectra in 3d transition metals were examined in the energy region of K + L double
electron excitation. However, no significant features attributed to multi-electron excitations are
found in the spectra, so that K + L edges for 3d elements were not confirmed. The result could be
explained by theoretical predictions due to lower shake-up probabilities for K + L transitions.
With the advent of the third generation synchrotron radiation, we can do experiments on the thresh-
old behavior of satellites including the excitation dynamics in atoms. First detailed photoexcitation
measurements were performed by Deslattes et al. on Ar, by Deutsch et al. on Cu, by Sternemann
et al. on Ge, by Raboud et al. measuring the KL x-ray emission on Ar, and more recently, by
Shigeoka et al. and Diamant et al. observing KL x-ray emission of Fe or Fe and Co induced by
monoenergetic photons to investigate the K + L double excitation from threshold to saturation.
Shigeoka et al. suggested the contribution of 2s spectator hole to the Kas, satellites around the
threshold. Although there is an excellent report on the KL double electron transitions in Na to Cl
elements by Dousse’s group, we have no reports on the experiments of the evolution in the Kas4
satellites. KL — L? spectra in Mg ~ Cl elements were investigated using a high resolution double-
crystal spectrometer together with the comparison of the shake probability in order to confirm the
intensity ratio, the energy values, and the width in the satellites. Moreover, the origin of the Kas 4
satellites, especially, for Mg, Al, and Si could not be explained clearly by the contribution of the
1s2s — 2s2p and 1s2p — (2p)? spectator holes using GRASP? code.
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Table-top laser-produced plasmas have a number of applications as light sources for extreme-UV
lithography [1] and pulsed laser deposition [2]. Optical spectroscopy of such plasmas is a key di-
agnostic providing information of parameters such as ionization balance, electron temperature and
electron density. The latter is highly sensitive to the spectral line profile. Laser-produced plasmas
possess steep density gradients and hence any technique used to extract such information must of
necessity be space-resolved. We have recently developed a novel system to do this [3].

One further complication, especially associated with laser plasmas which comprise hot dense emitting
cores surrounded by cooler plume material is opacity. This can be so significant as to result in line
self-reversal, which again has a strong spatial dependence. To tackle this problem we have taken the
case of the 4s-4p resonance doublet in Ca™ which possesses a high oscillator strength and hence can
be expected to exhibit strong self-absorption in appropriate plasma conditions.

We will present the results of time and space resolved spectroscopic measurements on the doublet
along with a model fit to the spectra based on the work of Sakka et al [4], which permits the extraction
of useful plasma data from the distorted line profiles.
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We measured the mean electronic charge < ¢ > of heavy ions with atomic numbers Z=89 through
118 traversing dilute hydrogen gas with velocities ranging from 1 to 2.6 times the Bohr velocity [1,2].
We observe a strong linear dependence of the average charge on the velocity of the ions, and only
a weak dependence on their atomic number Z. A more detailed examination of the experimental
results shows that the < g > values reflect the influence of the 5f electron shell on the properties of
these elements.

Our new data on mean charge values of latest synthesized superheavy elements with Z=115 [3]
confirm previous findings.
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We present a comprehensive study of the A'X* ~ b%II complex of the NaRb molecule performed by
the Fourier transform spectroscopy. The strongly spin-orbit (SO) coupled A'XT and b*II states cor-
relating with Na(3s) + Rb(5p) asymptote [1] exhibit oscillating irregularities in rovibronic structure
[2]. The prospects of producing cold mixed-alkali molecules via photo-association reaction through
this complex [3], or it’s applicability for conversion of cold molecules into their ground state [4], cause
particular interest to the A ~ b complex problem. The goal of the present work is to obtain accurate
rovibronic termvalue data in a wide range of vibrational-rotational quantum numbers, and reduce
them directly to deperturbed potential energy curves and the r-dependent SO matrix elements for
the A'X* and b1 states.

NaRb molecules were produced in a heat pipe oven. Laser induced fluorescence spectra were measured
by the Fourier transform spectrometer (Bruker IFS 120HR). In the first excitation scheme, fixed Ar"
laser lines excited the DT and C'X* states and the relevant D,C — A ~ b rovibronic transitions
were observed along with the D, C' — X fluorescences. In the second scheme a tunable Ti - sapphire
laser was used to excite directly the A ~ b levels while the A ~ b — X transitions were observed.
Overall 2180 termvalues corresponding to v € [0,49], J € [4, 163] rovibrational numbers of the A ~ b
complex were assigned for both Na®Rb and Na’"Rb isotopomers. The experimental termvalues
belonging to mutually perturbed A and b states were deperturbed simultaneously in the framework
of inverted close-coupled approach ICCA [2]. The derived adiabatic potentials for the interacting A
and b’Il, states together with electronic SO parameters A%,, €42 as functions of the internuclear
distance allowed us to restore most of the observed level positions with the standard deviation of
0.01 cm™!, and to explain unusual relative intensity distribution in the D,C — A ~ b rovibronic
transitions.

The work is supported by DFG through SFB 407. O.D., M.T. and R.F. acknowledge the support
by the NATO SfP 978029 - Optical Field Mapping grant and by the Latvian Council of Science
(grant No 04.1308). Moscow team acknowledges the support by the Russian Foundation for Basic
Researches (grants 06-03-32330 and 06-03-32346). A.P. acknowledges the support from the Alexander
von Humboldt Foundation. J.Z. is grateful to the European Social Fund for support.
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High Resolution Spectroscopy of Hj, HyD"and D,H*with
CRDS and LIR
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The ions H3 and its deuterated isotopologues (HoDT, DoH' and D3) play important roles in the ki-
netics of dense interstellar medium, planetary atmospheres and also in laboratory produced plasmas.
The main challenge for understanding these ions and their interaction at low temperatures are state
specific experiments. This requires manipulation and a simple but efficient in situ characterization
of their low-lying rotational states.

We report studies of Near-IR transitions from the lowest rotational energy levels of HI, H,DT and
DoH™. A high sensitivity diode laser based cavity ringdown spectrometer (CRDS), with sensitivity up
to 5 x 1072 ecm™! was used to measure the very weak absorption lines. The ions of the interest were
produced by a microwave discharge in He buffer gas with Ar/H, /Dy admixture. For Hj, 7 lines in P
and R branches of v, = 3 « 0 were observed in region 6800 - 7250 cm ™! and used for recombination
rate coefficient measurement at 100 and 300 K [1]. The search for absorption transitions of DoH"and
HsD* ions in the Near-IR region was guided by the ab initio model of the J. Tennyson’s group
at UCL. Three D2H+abs0rption transitions (Ul + 2U3 — 0) 202 — 313 s ]_01 — 212 and 000 — 111
were identified at frequencies 6534.377(1) 6535.950(1) and 6536.319(2) cm™!, for details see [2]. The
HoD™ transitions (2vy + vz < 0) 111 — 202 , 0gp — 131 and 1o — 25 at frequencies 6491.322(1),
6466.501(1) and 6459.031(2) cm™" were also identified. The build CRDS setup is used for Hy/Ds
plasma diagnostics.

The measured transitions frequencies were used for laser induced reaction (LIR) characterization
of the low-lying rotational states in low temperature ion trapping experiments. A 22-pole RF low
temperature (4 K) ion trap was used in LIR experiments, for details see [3]. Several hundreds of ions
are stored in the cryogenic trap. Ions are cooled down by collisions with cold He atoms and some
of them can get excited by IR photon from laser beam passing through the trap. In the presence
of argon, the internal energy of excited ion is opening an otherwise endothermic proton (deuteron)
transfer reaction channel and formed ArH*™ and ArD™ are detected by a mass spectrometer. By
scanning the diode laser the profile of the absorption line is obtained. From the Doppler broadening
of DoHT 099 — 177 absorption line (identified by CRDS) the kinetic temperature of trapped ions
~ 9 K was determined. This is a direct in situ diagnostics of ion kinetic temperature and state
populations, applicable to ion traps and sources of cold ion in storage rings.

Acknowledgements. This work is a part of the research plan MSM 0021620834 and it was partly
supported by GACR (202/03/H162, 205/05/0390, 202/05/P095), GAUK-278/2004 /B-FYZ/MFF.
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Lifetime determination of degenerate molecular levels in cw
regime using the Autler-Townes effect
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Most schemes of laser manipulation of quantum states rely on the use of strong field effects in light-
matter interactions, which can be interpreted in terms of the Autler-Townes (AT) effect [1]. The AT
effect is observed as splitting of spectral lines in the excitation spectrum due to ”dressing” of the
molecular energy levels by a strong laser field. The AT effect itself has a potential for development
of novel applications, like the recently demonstrated technique for lifetime and branching ratio mea-
surements of highly excited molecular states using cw laser fields [2]. The method is demonstrated
on example of the 5'¥f (v=10, J=9) state in Nay.

The experiment was performed in a supersonic molecular beam of Nay crossed by two parallel co-
propagating laser beams. The probe laser excites the Xlzg(v”:o, J=T) to A'SF (v'=10, J'=8)
molecular transition, whereas the strong field couples the excited state A'S} (v'=10, J'’=8) to the
final 5123 (v=10, J=9) state. The fluorescence signal from both the excited and final states was
detected as a function of the probe field detuning for different detunings of the strong field. The
excitation spectra exhibit the typical AT doublet pattern with the separation between the AT com-
ponents equal to /Q% + A%, where Qg and Ag represent the coupling field Rabi frequency and
detuning respectively. Ratio of the two AT peaks intensities is shown to depend on the strong field
detuning and lifetimes of the intermediate and upper levels.

Analysis based on the dressed-states approach [3] shows that when the probe field is sufficiently
weak and in the case of non-degenerate levels and negligible inhomogeneous broadening, this ratio
is a simple function of the lifetime of the final level and can therefore serve as a tool for its direct
measurement. Under real experimental conditions molecular levels exhibit magnetic sub-level de-
generacy, and profiles of spectral lines are subject to Doppler broadening. Simulations based on the
density matrix equations of motion were performed and gave best fit with the experimental data
for a value of 40ns for the lifetime of the 5'¥} (v=10, J=9) state in Na,. This value is in good
agreement with the theoretical estimates based on ab initio calculations.

Acknowledgements This work was supported by INTAS Grant 05-1000008-8013; EU TOK project
LAMOL; Russian Found. for Basic Research Grants 05-02-16216, 05-03-33252; NATO Grant EAP.
RIG.981378.
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A common use of lasers in spectroscopy is to determine, by observation of absorption or fluorescence,
the electronic structure of atoms. When the excited state of an atom is also coupled to a third
state by a second, strong laser field through an allowed electric-dipole transition, then the excitation
signal becomes significantly modified; for a sufficiently strong coherent field, it appears as two distinct
components, a pattern often termed the Autler-Townes doublet, honoring those who first observed
it [1]. Recently Autler-Townes effect has been observed also in diatomic molecules - Liy [2] and Nagy
[3]. In case of molecules effect can be complicated by the fact that the angular momentum J of
states that are coupled by laser fields is rather large 10 or even larger and these rotation levels are
composed of a large number of degenerated magnetic sublevels. Each pair of magnetic sublevels has
different transition strength and consequently is characterized by its own specific Rabi frequency.
Even more - these pairs of magnetic sublevels that are coupled by the laser field often can not be
considered as independent. Due to spontaneous transitions these pairs are connected together. Until
now Autler-Townes effect in molecules were describe by a simplified model of many independent
three level systems [2,3]. In this report we offer a comprehensive analysis of Autler-Townes effect
in molecules in which we solve the complete set of optical Bloch equations for multilevel system in
which we take into account mutual connection of all magnetic sublevels involved in the process. We
take into account also the real linewidth of the lasers that are involved in the excitation. For that we
are exploiting decorrelation analysis base on two models of the fluctuation of laser radiation - random
phase jump model and phase diffusion model [4]. Analysis were performed for traditional scheme
of two laser excitation used in [3] as well as for four laser excitation used in [2]. We demonstrate
that for different types of molecular transitions P, (AJ = Jupper — Jiower = —1) Q (AJ = 0) and
R (AJ = +1) one can expect different structure of Autler-Townes signals in molecules. Thus for P
and R type of transitions rather strong laser field is needed in order to resolve Autler-Townes peaks
arising from different magnetic sublevels. At the same time for () type of molecular transitions this
structure can be observed for much weaker laser light intensities.

We acknowledge support from the Latvian Government material science project Nr. 1-23/50 Per-
spective inorganic materials for photonics and energetics. K. B. and E. V. thank the European Social
Fund for support. This work was supported by the EU TOK projects LAMOL and NATO Grant
EAP.RIG.981387 (A.E.).
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Measure of polarizabilities using large molecules
interferometer
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We present a new method to measure polarizabilities of large molecules in the gas phase. We
use a Talbot-Lau interferometer as a very sensitive deflectometer. This setup has already shown
interferences with 1pm period of large molecules with masses up to 1632 amu [1].

In an electric field E, the force applied on a molecule with polarizability a is F' = aEVE. By
designing the shape of electrodes such that the force is constant over the beam section, we are able
to measure shifts of interference pattern with a resolution of 20 nm, which is about a factor 100
better than classical deflectometry of molecular beams [2]. This allows us to measure polarizabilities
of fullerenes and porphyrins. Our first measurements for Cgy show a polarizability of 86.2 [A] with
an error of 8%.

Further improvement of the system and calibrations could lead to an error of absolute polarizabilities
below 4% and even 1% for relative polarizabilities. This method could also be used for separation
of molecules in the gas phase as function of their polarizabilities. Finally the systems could be
redesigned in order to be much more compact and versatile.
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Isotopically pure beams consisting of negative ions in their ground state find application in a variety
of fields, including mass spectrometry. We will describe our recent efforts to achieve this goal. The
method is based on selective photodetachment from a beam of negative ions collinearly superimposed
on a laser beam. The selectivity is achieved by exploiting the well-defined thresholds of the photode-
tachment cross section, which are isotope and isobar specific. To enhance the isotope selectivity we
utilize that different masses experience different doppler shift in the collinear geometry.

Negative ions of the element of interest are extracted from a commercial ion source, accelerated and
mass selected. This procedure produces a beam of ground and excited state ions that, in general,
consists of different isotopes and isobars. A laser beam with photon energy such that it depletes
the population of excited ions is applied to the ion beam in a collinear geometry. By deflecting the
ion beam, it is possible to get rid of the neutral particles in the produced in the photodetachment.
After this, the ion beam consists of a specific isobar and isotope in the ground state. The beam
produced can now be used in any specific experiment. In our case, we have probed the ion beam
with another laser to measure the depletion. Our overall goal is to try to improve the selectivity in
mass spectrometry, and to conduct fundamental studies on atomic and molecular ions in the ground
state.

We will describe a demonstration experiment designed to deplete the population of excited states of
ions. We chose the P~ ion for this work. This ion has a single electronic ground state, the 3s23p* 3P
state, with three fine structure levels. The aim of the experiment was to deplete the J = 0,1 levels
in the first stage of photodetachment, leaving the beam ions in the J = 2 level only. The threshold
energies for the J = 0,1, 2 levels have been measured to be 5760, 5840 and 6020cm ™!, respectively.
All three levels were depleted to better than 99% by the use of photons of energy 13900cm ™. By
tuning the laser to 6000cm ™1, the J = 0,1 levels were depleted to 40%, leaving the beam ions in the
J = 2 level unaffected. Work is in progress to improve the amount of depletion.
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Photoassociation spectroscopy of *’Rb, long range
molecular states analysed by the Lu-Fano mehtod coupled
to the Le Roy-Bernstein formula.
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Experimental results of the photoassociation (PA) of "Rb cold atoms, obtained in the asymptotic
range below the 5S; /5+5P 5 dissociation limit, are presented and analysed in the context of the Lu-
Fano approach coupled to the LeRoy-Bernstein formula. The PA spectra are obtained by trap loss
spectroscopy|1]. They exhibit vibrational progressions corresponding to the 0, , 0; and 1, molecular
states.

In the near-dissociation region, the molecular interaction is fully described by an atomic model
including the dipole-dipole interaction. It gives the asymptotic behavior of the molecular potential
curves, namely a 1/R3 or 1/RS internuclear distance dependence. Eigen energies of such potentials
are then given by the Le Roy-Bernstein formula[2]. The measured energy positions of the resonances
are analyzed by using this formula. The Lu-Fano approach is then applied to the data in order to
extract from this analysis the deviations to the formula and therefore to the asymptotic molecular
potential. To that purpose, a quantum defect is defined for the molecular states, as for Rydberg
atomic states, and, its energy variation is analyzed.

For the 0, molecular states we observe a linear variation of the quantum defect, which is the signature
of the short range behavior of the molecular potential. We show that an improved LeRoy-Bernstein
model can to be applied. This approach lets us to determine the phaseshift of the wavefunction at
the dissociation limit and the slope of the linear variation|[3].

For 0 states, we also observe the linear variation with some additive 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, identify two levels of the
(5S1/245P3/2)0; series and predict the energy and the width of its first predissociated level. An
experimental signal agrees with the prediction[4].

For 1, states, the hyperfine interaction induces a structure in the resonances. As soon as the molecular
binding energy is larger than the atomic hyperfine interaction, a perturbative approach can be used,
leading to 7 equidistant molecular curves. In this case, hyperfine energy shifts can be substrated and
the Lu-Fano graph can be computed and used as before.
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We have demonstrated the use of an acousto-optic modulator to enhance the refresh rate and dy-
namical properties of a liquid-crystal spatial light modulator (SLM). The useful area of the SLM
surface is split in several zones adressed separately, which are read in a sequence by a steered laser
beam. Improvements on the nature of the transition between different holograms are shown. An
increase of speed of many orders of magnitude is measured.

The poster will also discuss the advantages of this technique for the manipulation of cold atoms with
holographic optical tweezers[1].
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Ionisation of NH3 by electron impact : structure and
dynamical studies
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A theoretical approach is presented to calculate multiply differential cross sections for NH3 molecule
in the Born approximation where the projectile is described by a Plane wave. The wave function of
the target is described by molecular orbitals consisting on a linear combination of slater type atomic
orbitals centered on a common point [1].

To test the accuracy of the wave function used to describe the target, an electron momentum spec-
troscopy of the process is investigated and our calculations are compared to the experimental results
of Bawagan et al. [2] performed at intermediate energy in the non coplanar symmetric geometry .
The two outgoing electrons, sharing the same energy (600eV), are both described by plane waves
and the exchange effects between them are taken into account.

As the (e,2e) are still very rare for molecular targets like NH3, simple and double differential cross
sections are calculated making numerical integrations over scattered solid angle. The differential
cross sections are displayed with respect to the ejection angle and compared with experiments [3] .
The method can be easily generalized for small molecules.
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Triply differential cross section for double photoionization
of helium. Comparison between theory and experiment.
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We present a new method, based on the use of two-particle Green functions and projected electron-
electron potential, for the calculation of triply differential cross sections (TDCS) for double photoion-
ization of atoms and molecules. The main advantages of the method are the tunable accuracy of the
results and its efficient applicability to molecules.

We apply the method to the calculation of TDCS for double photoionization of helium at energies and
geometries covered in recent experiments[1]. Comparison with experiments and other calculations is
very promising.
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Absolute angle-differential cross sections for electron-impact
excitation of neon atoms from threshold to 19.5 eV
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Cross sections for inelastic electron scattering from rare-gas atoms are of great importance for gaseous
discharge physics [1], but - except for He - the theoretical description of these processes has remained
a substantial challenge. Recently, however, significant progress has been made, by means of a semi-
relativistic B-spline R-matrix (close-coupling) method with non-orthogonal orbitals [2]. For thorough
tests of theoretical approaches, it is highly desirable to compare the computed results with detailed
experimental information, such as angle-differential excitation cross sections, obtained in absolute
units at impact energies near threshold, where the excitation process is dominated by a prominent
anion resonance structure [2-6]. A particular point of interest is the final-state-specific coupling of
the anion resonances. Apart from numerous work on He (see, e.g., [3,5]) and some results for Ar
[3] and Kr [3,4], such data are currently missing in the literature. Using a high-resolution electron
beam machine [5], we have studied the excitation of neon atoms to all four levels of the Ne(2p® 3s)
configuration in the near-threshold energy range (E = 16.6 - 19.5 eV); first results were reported
in [7]. Here we present absolute excitation cross sections at the four angles 45°, 90°, 135°, and
180°. Much of the prominent anion resonance structure, especially around 18.5 eV [2,3,6,7], has been
resolved. The experimental results are compared with angle differential cross sections calculated by
the B-Spline R-matrix approach described in [2]. Excellent overall agreement between the measured
and the calculated energy dependence, particularly regarding the shapes and relative heights of the
resonance features is observed. The measured absolute values of the cross sections and the angular
distribution, studied over the full angular range at £ = 18 eV are consistent with theory. In the
future the energy range will be extended to join with previous data, measured at a few discrete
impact energies above 20 eV (e.g. [8]).

This work has been supported by the European Science Foundation through EIPAM, by the Swiss
National Science Foundation, by the Deutsche Forschungsgemeinschaft, and by the US National
Science Foundation.
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Elastic electron scattering by water molecules
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An electron collision with water molecule is a fundamental process in various fields such as radiation
physics and available chemistry, atmospheric physics and astrophysics. A water molecule can be
used as a representative target in the theory of electron collision with polyatomic molecules, which
are characterized by a multicentre nature and a long-range force due to a dipole or other multipole
moment. In the present paper, elastic electron scattering by HoO is studied using the Schwinger
variational principle with plane waves as a trial basis set (SVP-PW) [1]. Recently, we have shown
that the SVP-PW for scattering theory is an effective approach to electron - molecule collisions [2,3].
The main limitation of the Schwinger variational principle resides on what makes it a general method:
the expansion of the scattering function is done in a L? basis (Cartesian Gaussian functions) and this
is very effect only for short-range potentials (the Schwinger’s method require a good description of
the scattering wavefunction only in the region where the potential is non-zero and as most nolinear
molecules have dipole moments the long range of such potentials can make it difficult to adequately
represent the trial function in an L? basis only). Our implementation of plane waves as a trial
basis set can be desirable to adequatly represent, for example, the long range regions. Differential
cross sections are obtained for e” - HyO from 10 to 50 eV. In these studies the exchange potential
is evaluated by Born-Ockur model and our results are found to be in reasonable agreement with
experimental data and theoretical studies.
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Absolute fragment state selective cross sections for N,
photodissociation in an exciting photon energy range
between 23 eV and 27 eV
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The interaction between monochromized synchrotron radiation and molecules in combination with
high resolution fluorescence spectroscopy offers a possibility to measure partly on an absolute ba-
sis state selective cross sections for photodissociation processes into neutral fragments when excited
particles are formed as shown in [1].

Fragment state selective Ny photodissociation cross sections were obtained by using monochromized
synchrotron radiation in an exciting photon energy range between 23 eV and 27 eV with the narrow
bandwidth of about 2 meV from the storage ring BESSY II, Berlin Germany, by measuring dispersed
fluorescence from excited NI fragments via photon-induced fluorescence spectroscopy PIFS [2]. The
dispersed fluorescence radiation was detected by a position-sensitive microchannel plate detector.
The exciting-photon energy range was chosen such that it lies just beneath the threshold for disso-
ciative ionisation into the fragments NII(*P) + NI(*S) and NII(*P) + NI(?D). In this exciting-photon
energy regions intensities from NI fragment fluorescence transitions 2p?(*P)nd and 2p*(*P)ns in
the VUV-region were measured as a function of the exciting photon energy. The contribution will
describe a method to put the obtained relative emission cross sections to an absolute scale by com-
parison to the Xell 5s'5p° 2S5 — 5s?5p® ?Py/o emission cross section [4] and presents absolute
emission cross sections.
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Electron energy and angular distributions following the
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The projectile ionization of heavy, hydrogen—like ions is studied within the framework of first—order
perturbation theory and Dirac’s relativistic equation [1, 2]. Emphasis is placed, in particular, on the
angular and energy distributions of the emitted electrons as observed in both, the projectile and the
laboratory frames. Detailed computations are carried out to investigate the effects from the excited
states of the projectiles upon the energy-differential ionization cross sections. For relativistic U1+
ions, for instance, a small partial population of the excited 2s;/, state results in a much narrower
energy spectrum of the emitted electrons than obtained for the case of a pure K—shell ionization.
This behaviour of the differential cross sections might help understand a recent observation by Vane
an co—workers [3] on the ionization of heavy, hydrogen—like projectiles in ultra-relativistic ion—atom
collisions.

Apart of the effects from an excitation of the projectile ions, we also discuss the convergence of
the double—differential cross sections by increasing the number of partial waves in the expansion of
continuum electron wavefunction. Our calculations clearly indicate that a proper size of the partial—
wave expansions is critical in order to ensure an accurate evaluation of the electron energy and
angular distributions, both within the laboratory and projectile frame.
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Correction to Doppler profile in supersonic molecular beams
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In supersonic beams, the velocity component v = v of the molecules along the molecular beam axis
has a relatively narrow distribution F'(v) around the central flow velocity vy [1]

F(v) = exp (—(v — v)*/(Av)?) /(VA(Av)?). (3.2)

The Doppler profile P(Av) for laser excitation perpendicular to the beam axis is usually described by
the Gaussian function P ~ exp(—Av?/Av?) [2], where the width Avp = v,/ is associated with the
residual velocity component v, perpendicular to the beam axis, which occurs due to finite divergence
angle ¢ of the beam: v, = vy [1].

Here, we show that the Doppler profile P| (Av) observed perpendicular to the beam axis and formed
by nonzero scatter of transverse velocities v, leads to a profile different form that described by the
Gaussian function. This profile depends on the distribution F'| (v, ) of the velocities v, , which can be
evaluated from the distribution F'(v) (1). The function F, (v,) is shown to depend on the distance
of molecules from the beam axis, while we assume v; = 0 for molecules on axis. The resulting
absorption profile as a function of laser detuning Av can be described by the following function:

2 00

Pu(av) = A3 A A Jiau|

PN ey v o) (N i) ) R RN (3.3
p A7 A2 : =vg/Av. 3)

Given that the parameter A is sufficiently small (A < 1), the integral in the above equation can be
simplified using the saddle-point technique [2]. Simple expressions for P, (Av) can be obtained in
two cases: (i) close to resonance the profile is described by the equation

2 Av?
1——; Avp — |A AA 4
’ﬂ'Al/D AI/% ) Vp ‘ V| > Vp, (3 )

P L(AV) =
(ii) far from resonance the profile is described by the Gaussian wings:

A%\]AY] (|Av| — Avp)?
Puav) = 27(|Av| — Avp)3/2 P <_ Av3 A2

) i JAv| = Avp > Ay, . (3.5)

The relevance of the profile P, (Av) gievn by Eq. (2) with A = 0.194 is demonstrated on example of
Autler-Townes doublets in the excitation spectrum of Nay molecules [3].

This work was supported by INTAS Gr.05-1000008-8013; EU TOK project LAMOL; Russian Found.
for Basic Research Gr.05-03-33252; NATO Gr.EAP.RIG.981378, European Social Fund.
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Dynamical linewidths in the Autler-Townes spectra
K.Miculis', N.Bezuglov?, R.Garcia-Fernandez?®, E.Saks', and A.Ekers!

L Institute of Atomic Physics and Spectroscopy, University of Latvia, LV-1586 Riga, Latvia

2 Fock Institute of Physics, St. Petersburg State University, 198904 St. Petersburg, Russia

3 Department of Physics, University of Kaiserslautern, D-67663 Kaiserslautern, Germany
E-mail: michulis@latnet.lv

In a recent study [1] we proposed a novel technique for the determination of lifetimes and branching
ratios of excited molecular levels based on the measurement of peak ratios of Autler-Townes doublets
in the laser excitation spectra. Spectral lineshapes are subject to line broadening, which can affect
the measured peak ratios and must be properly taken into account. It is usually assumed that
natural broadening and transit time broadening combine to give a Lorentz absorption profile. Under
non-stationary conditions, e.g., when molecules in a beam cross a Gaussian laser beam profile of
FWHM L at a flow velocity vy, it can be written as [1,2]:

P(A> - 71-f/ (A2 + f2) 3 f = I‘sp + 1/7—tram (36)

where A is the detuning of probe laser field off from resonance and 74,4, = L/vy is the transit time.
Thus, in the weak excitation limit the absorption lineshape is given by the Lorentz profile (1) with
HWHM Av =T'/2.

In order to verify the validity of Eq. (1), we have solved a model problem for an open two-level
system for a molecule moving through a cw laser beam with the constant velocity vy. The time
dependence of Rabi frequency was chosen as Q(t)=Qq exp(—2t*/72,,,), corresponding to a Gaussian
laser intensity profile I(z)=Iyexp(—42z?/L?) along the molecular beam axis z.

Analytical solutions for the p;;(t) elements of the density matrix equation were obtained for the weak
excitation limit, when pss < p11. They show that the absorption lineshape R(A) (i.e., the probability
for the molecules to be excited as a function of Laser detuning A) is described by the Voight profile:

o0 dk exp(—k?) _
00 T2 T2, /4 + (Frran — k)%

1 )
R(A) = ZQg?tianFSP Ttran = Ttran/Q- (37)

Thus, if the transit time is short or the excited level is long-lived (e.g Rydberg states), i.e. Tyan <
1/T,, then the absorption profile R(A) strongly deviates from the Lorentzian. The HWHM of the
profile (2) can be well approximated (within 10% of accuracy) by the expression

Avg = /T2, /4+ 48 - 1n(2) /2. (3.8)

The value of Avg exceeds the natural linewidth (1) by a factor of four. Both the numeric calculations
and the experimental data [1] justify the validity of the Egs. (2) and (3).

This work was supported by INTAS Gr. 05-1000008-8013; EU TOK project LAMOL; ESF; Russian
Found. for Basic Research Grants 05-02-16216, 05-03-33252; NATO Gr. EAP.RIG.981378.
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Projectile electron losses in the collisions with neutral
targets
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An approach based on the sudden-perturbation approximation (SPA) is presented for the treatment of
multiple electron losses of high and intermediate energy projectiles in their collisions with neutral targets.
Using this approach, we calculate multiple electron loss cross sections of U9 and Ut projectiles in
their collisions with No and Ar targets. In this paper we will assume that the projectile electrons remain
non-relativistic before and after collision and each electron is described by the hydrogen-like wavefunction,
while target electrons are described via Dirac-Hartree-Fock-Slater one-electron orbitals [1]. Using the SPA
consider the averaged one-electron loss probability

P () :nioiMiz/d?’k‘/d?’rw;(r)exp{

nim

. 3 2
212y Z AiKo (a; |b — SD} Ui (1)
i=1

Y

where summing is performed over the all possible values of the orbital momentum, [, and its projection, m,
for a given nth shell, M, is the number of such values, n is the principal quantum number, ng is the number
of shells, k is the momentum of the electron in the continuum, s is the projection of r onto the impact
parameter, b, plane, v is the velocity of the projectile, Z, is the target atomic number, A; and «; are the
constants [1] which can be extracted from proper tables and K (z) is the Macdonald’s function. Then for
the (N, — N)-loss probability, we have

Np! Np,—N N N al (=™ Np—N+m
v, =P O PO = e 2 & —myir? ) ’

where N, and N are the initial and final number of projectile electrons. To obtain the corresponding cross

W Np=N)+ (b) =

m=0

section, we should integrate W¥»=N)+ over the whole impact parameter plane. For Ny>1, N,—N>1
this integral can be estimated using the Laplace method assuming that the function p (b) has one maximum
located inside or on the (left) boundary of the integration interval, b = 0. Let p (b)™ = exp {—Mf (b)},
then for M > 1:
b1 A
G (A 1 1k
exp {—Mf (0)} g (b)db ~ T (2 ) exp {~MF (b [—} ,

[ a9 0~ (3] exo (=007 00 [

0
where T' (z) is the Gamma-function. G, u, A, F' are the numbers determined from the behaviour of the
functions f (b) and g (b) near the maximum of p (b), bo: f (b) — f (bo) ~ F (b —bo)*, g (b) ~ G (b—bo)* .
Then for the total cross section of (N, — N)-electron loss, we have [2]

* 2 m A
oNp=N)+ _ NP!UNP+ i ZNp (_1) Np g p(b )m—N
(N, — N) Z3 nim) (N—m)lml \N, =N +m 0 ’

|
*m=0
where Z}i,p_ N4m is the effective charge for (IV, — N 4 m)-electron loss. This equation allow us to calculate

projectile electron loss of any multiplicity, using some two known cross sections. (N, — N) > 1)
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Integral cross sections for the electron impact excitation of
transitions 1s — 2s, 2p, 3s, 3p, 3d in hydrogen atom
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Integral cross sections for the electron impact excitation of transitions 1s — 2s,2p,3s,3p,3d in
hydrogen atom are presented. Cross sections are obtained by means of regression technique us-
ing all available data for these processes as the regression sample. This approach was introduced
and described in our works [1-4]. The characteristic feature of our approach is using all available
data represented in refereed journals with equal weights. We have found and took into account
35 works both theoretical and experimental where absolute integral cross sections for transitions
1s — 2s,2p, 3s,3p, 3d in hydrogen atom are represented. We don’t consider the works where only
differential cross sections are obtained and the works with effective cross sections, where transitions
are not resolved.

The regression process uses minimization of the relative sample variance. The regression function
with four parameters is used as in [4]

E

= — 1
AE

E) = U P —Pp3

Q) =p () @rm ™,
where AE is threshold energy, pg, p1, p2, p3 - regression parameters. The regression curve is suffi-
ciently flexible to reproduce the general features of cross sections for corresponding processes with
an energy spread about 1leV/. Such a parametrized cross section energy dependence may be used for
calculation of the processes rate constants in various plasma physical applications.

The scatter of cross sections values in different works reaches several times. At that the relative
dispersion is about 25% for transitions 1s — 2s, 2p and about 30—40% for transitions 1s — 3s, 3p, 3d.
It corresponds to the real accuracy, with which considered cross sections are known at present.

The table exhibits regression parameters, relative dispersions D and energies F in cross section values
() maximum.

up DPo P P2 Y2 D Ema:c Qmaz
level | a au. | ad

2s 10.572]0.103 | 0.554 | 0.67 | 0.25 | 0.41 | 0.59
2p 982 10448 | 354 |1.61 |0.26 | 1.43 | 2.43
3s | 0.077]0.221 | 0.141 | 0.60 | 0.39 | 0.48 | 0.11
3p 144 | 0.203 | 41.0 | 1.58 | 0.32 | 1.29 | 0.35
3d 10.322]0.196 | 1.54 | 1.07|0.31 | 0.56 | 0.13
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Ionization with exchange in Ps and atom scattering
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In positronium (Ps) and atom scattering, Ps-ionization channels open only at 6.8 eV. Depending on
the ionization potential of the target, target-ionization channels open at below or above 6.8 eV. At
this energy region the effect of exchange between the target and the projectile electrons are highly
important. In our previous studies [1-2] on target-elastic Ps-ionization cross section using a Coulomb-
Born-Oppenheimer approximation (CBOA) for Ps-H and Ps-He scattering, we have established the
importance of exchange at lower energy region below 70 eV. In the present article we are interested
to present the effect of exchange on target-ionization on Ps-H and Ps-He scattering using the similar
methodology. In addition we are also interested to present the differential cross sections [3-4] of
Ps-ionization for which the experimental data [5] are available.
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Quantum Control by Ultrafast Dressed State Tailoring
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We investigate strong field quantum control with shaped intense femtosecond laser pulses. The
underlying physical mechanism is selective population of dressed states (SPODS). In experiments on
potassium atoms the dynamic of dressed states population is observed. The dressed state population
is mapped with time resolved photoelectron spectroscopy as a function of phase parameter. We have
demonstrated experimentally the high selectivity of the dressed state population and the tunability
of dressed states over 2000 cm ™! on potassium atoms [1]. Wave packet simulations on a diatomic
model molecule are presented showing the feasibility of SPODS on molecules [2].
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Quantum Dynamics of a Kicked Harmonic Oscillator
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A classical system of two masses connected by a spring and subjected to a time-dependent pulse is
used to model a kicked quantum harmonic oscillator in free space. This model is of interest because it
is related to the Mossbauer effect where the kick is due to the emission of a gamma ray. Furthermore,
the model results in coherent states and can be solved analytically.

If z; and x5 are the positions of the masses, m; and ms, the potential energy of the system is written
as the sum of energy due to the potential of the spring and the energy bestowed by the force, F'(t),
acting on my

V= %,uwz(xz — 1) — F(t)s. (3.9)

In center of mass coordinates, this potential is used to motivate the form of the Schrodinger equation
for the quantum system. The wave function is found using two extended Galilean transformations
[1] and the separation of variables technique [2].

The force applied to the system is specified as a Gaussian pulse, and the expectation value for the
energy of a system initially in the ground state is calculated. Before the pulse is applied, the system
has energy equal to that of an unperturbed harmonic oscillator plus that of the entire system as a
free particle. The energy increases as the force acts on the system and is constant once the pulse has
died off.

The probability that the system is in an unperturbed harmonic oscillator state is calculated to have
the form

—\Z\QZQ_m

|Cpl? o e T
m)!

(3.10)

indicating that our model produces coherent states [3]. We further show that any force acting on the
system in a stationary state will produce coherent states once the force has gone to zero, except in
the case where the force is turned off at the moment when the oscillator is at its equilibrium position
with zero velocity. In this case, the wave function is the original stationary state.

Finally, we examine the case of a delta-function pulse acting on a particle in a general potential,
V(z). We find a form for the wave function and investigate the system’s behavior if it was initially
in a stationary state.
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In our work we investigate Quantum Similarity [1] for atoms from electron densities and shape
functions. We constructed and evaluated an information theory based quantum similarity index
(QSI), which reveals the periodicity of Mendeleev’s table. This is, to the best of our knowledge,
the first periodicity revealing QSI. The QSI quantifies the similarity of two electron densities by
measuring the information distance between an atom and the noble gas of the previous row [2].
Showing that the constructed QSI simplifies to a QSI of the shape function of the atoms strengthens
the fundamental role of the shape function as carrier of information [3,4].

In an application we employ Carbd’s QSI to investigate the importance relativistic effects throughout
the periodic table. We show that the comparison of electron density functions obtained in a Hartree-
Fock model with electron density functions in a Dirac Fock model reveal the expected evolution of
the importance of relativistic effects.
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We propose a simple physical implementation, in a single interaction step, of the Householder re-
flection in a quantum system of N degenerate ground or metastable states (forming a qunit [1])
coupled simultaneously to an ancillary excited state. We show that any U(NN) transformation of this
qunit can be constructed from at most only N — 1 Householder reflections and a phase gate, and
we prescribe the recipe for constructing these reflections [2]. We present examples for qubits, qutrits
and multidimensional quantum Fourier transforms. We also show that the unitary transformation
between any two pure states (generally coherent superposition states) can be realized by only two
Householder mirrors.
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Injection of a cold atom cloud into a laser dipole guide with
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We have used a far detuned Yb fiber laser (A=1075 nm) to guide a cesium cold atom cloud over a
distance of about 1 m. The laser, with a waist of 1.3 mm creates a dipole force which confines the
atoms along the vertical laser beam. At the maximum available power of 35 W, the potential depth
is 3.5 pK [1]. Since the laser detuning is very large, the heating rate by spontaneous emission is
negligible. We have injected the guide with a magnetic lens to increase and optimize the coupling
into this atomic fiber.

A cold cloud of Cs is first collected in a standard vapor cell MOT. After a molasses stage, we obtain
107 atoms at a temperature of 5 uK with a rms radius of 0.85 mm. The MOT beams are then
switched off and the cloud falls along the vertical direction. The atoms are detected by imaging on
a CCD camera the fluorescence induced by an horizontal resonant light beam located 88 cm below
the MOT center (425 ms of free fall).

We first studied the direct loading and guiding of the atoms similarly to [2]. In the presence of
the dipole guide, the guided atoms appear on the fluorescence image as a small Gaussian peak
superimposed on the broader Gaussian peak of the non guided atoms. The guiding fraction is
inferred from these images. We have observed a guiding of the atom cloud along the 88 cm of the
fall. The guided fraction increases linearly up to 5 % for power less than 20 W, and saturates for
larger power. We interpret this effect as due to thermal effects which alter the beam quality when
the power increases.

To optimize the loading of the dipole guide, we have used a pulsed magnetic lens [3]. The lens can
change the radial size and the radial temperature of the cold atom cloud. As shown in [4] the guided
fraction depends only on these two parameters compared to the waist and to the depth of the dipole
guide respectively. The use of the lens allows to optimize the coupling in the dipole guide. The
magnetic lens is made of a simple 5 cm diameter and 50 turns vertical axis coil located 9.5 cm below
the trap center.

The sequence is the following. After the loading, the atom cloud is polarized by optical pumping
in the (F=4, mp=4) magnetic sublevel. Due to this polarization phase, the cloud temperature is
increased from 5 to 8.5 pK. The cloud expands during 130 ms of free fall and reach the magnetic
lens center. The current is then pulsed during 10 ms with a given intensity ranging from 0 to 6
Amps, corresponding to increasing lens focal length. The dipole guide is switched on ‘directly’ or
after a given delay. The atoms are then detected by fluorescence imaging and the guided fraction is
measured.

The results show clearly that the magnetic lens allows one to finely tune the guided fraction. A
gain by a factor of two to three can be obtained. Classical Monte Carlo simulations reproduce the
relative behavior but the experimental absolute guided fraction is less important. We interpret this
discrepancy as a consequence of thermal effects which can increase the effective waist of the laser
beam and distort the dipolar potential.
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Inertial forces measurement with cold atom interferometry
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We have realized a device based on cold atom interferometry to achieve precision inertial measure-
ment. In contrast with previous analog atomic setups [1][2], we emphasize on the long term stability
and the compactness of the device by the use of laser cooled atoms, as previously shown in the field of
atomic clock. The expected improvement in stability will enable to consider applications in inertial
navigation, geophysics or tests of general relativity as the equivalence principle or the Lense-Thirring
effect [3]. The expected sensitivity resulting of our geometry is 30 nrad.s 1. Hz~'/? for rotation and
4. 1078 m.s2.Hz /2 for acceleration measurements.

Cesium atoms are loaded from a vapor in two independent magneto-optical traps during 125 ms. The
two cesium clouds are launched along parabolic trajectories using moving molasses at 2.4 m.s~!, with
an angle of 8 with respect to the vertical direction. At the top of their trajectory, the atoms interact
with three Raman lasers pulses equivalent to beam splitters (/2 pulses) and mirrors (7 pulses),
realizing an interferometer. After this interaction sequence the transition probability depends on the
inertial forces through the phase difference accumulated between the two arms of the interferometer.
Raman transitions enable detection of the internal states of the atoms by fluorescence imaging. The
use of two atomic sources allows to discriminate the inertial phase shifts due to acceleration and
rotation.

First measurements obtained with this setup lead to a sensitivity of 4.6 107% m.s=2 for acceleration
and 2.6 1079 rad.s ™! for rotation, for one second averaging time [4]. The sensitivity was limited by the
low number of detected atoms and the weak contrast of atomic fringes. This value of contrast could
be explained by the temperature of the two atomic sources (~ 3 pK). To reach better performances,
the entire cooling system was re-designed in order to increase the number of launched atoms, to
optimize the atomic temperatures and to improve the control of the atomic trajectories. With
these modifications we are now able to launch 10 atoms in the pure quantum state with a velocity
dispersion of about 2 V,eeou (~ 1 pkK). In consequence, this improved the contrast by a factor two.
Besides, it is now possible to control independently the two atomic sources in order to better overlap
the two atomic trajectories. With these modifications the sensor is now being characterized and
optimized to reach the optimum sensitivity which will be presented.
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The Penning trap mass spectrometer SMILETRAP.
Precision mass measurements for fundamental physics

T. Fritioff!, I. Bergstrom?, Sz. Nagy?, R. Schuch!, A. Solders', and M. Suhonen!

L Stockholm University, AlbaNova University Center, Fysikum, SE - 106 91 Stockholm, Sweden
2 Manne Siegbahn Laboratory, Stockholm University, Frescativigen 28, SE-10405, Stockholm, Sweden
3 Johannes Gutenberg-Universitit Mainz, Staudingerweg, 7, D - 55128 Mainz, Germany
E-mail:fritioff @physto.se

The Penning trap mass spectrometer SMILETRAP/[1] is designed for precision mass measurements
using the merits of highly-charged ions. The highly charged ions are produced in an Electron Beam
Ion Source from singly charged isotope separated ions. The ion mass is determined from cyclotron
frequency measurements by using the time-of-flight method where the ions are destructively detected.
By selecting cold rather than cooled ions, stabilizing the magnetic field by pressure and temperature
regulation of the liquid He and trap structure respectively we can achieve a mass precision of better
than 1 part in a billion in routine measurements. The mass measurements so far performed are
either related to fundamental constants or to masses the accuracy of which is needed for some
current questions in fundamental physics.

have measured the mass of Hydrogen and Lithium-like Calcium ions, “°Cal™!%* for use in the
evaluation of g-factor measurements of these ions the objective being a test of QED.

for calibration purposes in nuclear-charge radii and atomic mass measurements of the neutron halos
9Li and "Li. This measurement uncovered a discrepancy as large as 140 (1.1 pu) deviation relative
to the value given in the Atomic-Mass Evaluation AME2003.

difference between *H and 3He a new Q-value of the tritium S-decay was derived resulting in 18.589
8(12) keV, being the most accurate value at present. The Q-value of the tritium [-decay is related
to the possible rest mass of the electron antineutrino.
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BETINA - A Beryllium Trap for the Investigation of
Nuclear Charge Radii
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Nuclear charge radii of beryllium isotopes are of great interest in nuclear physics. Particularly the
radii of the exotic halo nuclei ''Be and “Be will provide important information about the interaction
of halo nucleons with the nuclear core. Separation of the nuclear volume effect in the isotope shift
is the only nuclear-model independent approach for the charge radius determination of short-lived
isotopes and has been applied many times on medium and heavy elements. Since the nuclear-mass
dependent part of the isotope shift is by far exceeding the volume effect for light elements, a clear
separation is only possible if the mass effect can be reliably calculated to an accuracy of 1075 or
better. This is currently only possible for systems with up to three electrons [1] and maybe extended
to four-electron systems soon [2]. The first charge-radii determinations of light, short-lived isotopes
have been performed recently on ®He [3] and the lithium isotopes %M Li [4,5]. The results provided
new benchmarks for nuclear structure theory. We are now preparing high-precision isotope shift
measurements on trapped and laser-cooled Be™ ions to determine the charge radii of %1% Be.

Beryllium ions produced at ISOLDE will be buffer-gas cooled and bunched in the ISOLTRAP cooler
and buncher radio frequency quadrupole (RFQ) structure. After transfer into a Paul trap the ion
temperature will be further reduced by laser cooling. The resonance frequencies of all hyperfine
structure components in the 2515 — 2p,/, transition will be determined by fast cycling between
cooling and spectroscopy. The experimental setup and the status of the preparations are presented.
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Towards coherent control of BEC and single Rydberg atoms
on a superconducting atom-chip in a cryogenic environment
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The research of the Cavity Quantum Electrodynamics group in Laboratoire Kastler Brossel focuses
on the manipulation of single quantum systems in a well controlled environment so that the coherent
quantum interactions overwhelm the incoherent effects responsible for decoherence and decay. These
systems allow for the study of the most fundamental aspects of quantum mechanics as well as the
realisation of simple quantum gates.

In previous experiments our group was able to control the internal state of circular Rydberg atoms
interacting one-by-one with a microwave field of one or a few photons stored in a superconducting
cavity. These Rydberg atoms, highly excited atoms characterized by a high principal quantum
number and maximal angular and magnetic quantum numbers, can be considered as excellent two-
level systems (and potential qubits).

Our new experiment aims to trap such Rydberg atoms in a combination of static and oscillating
electric fields using the high polarizability of these states. To do so, it is first necessary to trap
the atoms and cool them down in their fundamental state. This must be done in a cryogenic
environment (1-2K) so as to reduce thermal radiation, harmful to the stability of these Rydberg
states. We plan to carry out a superconducting ”atom-chip” experiment. Atom-chips have already
been used successfully at room temperature to produce an atomic gas (generally condensed) at a
distance varying from a few pum to a few 100 of um of the surface of a microchip where the trapping
currents flow. Our experiment will provide physical conditions that have never before been achieved
in this kind of trap.

The use of superconducting currents will reduce to zero the thermal fluctuations of the currents in
the chip, potentially increasing the lifetime of atoms in the trap. Furthermore it will be possible to
shortcut the trapping wires, creating a superconducting loop. We will therefore cancel the technical
noise due to the external power supplies. Finally we want to avoid the condensate fragmentation
due to the fluctuations in the size of the wires (this creating local variations of the magnetic field)

by manufacturing conductors with very sharp edges (in collaboration with the Quantronique group
of D.Esteve in CEA Saclay).

The experiment is still in progress but I will describe in my poster its main features as well as the
first results encouraging for a further trapping of a BEC near the chip.
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Cooling and trapping of Strontium Atoms
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Initiated in the mid-seventies, laser cooling, trapping and manipulation of atoms rapidly became a
very successful field of research, culminating twenty years later with the observation of Bose-Einstein
condensation of alcaline atoms. The first reliable tests of the Doppler theory could only be performed
at the end of the eighties. As it turned out, the measured temperatures in the experiments were well
below the predicted Doppler values. This surprising results indicated that another much more efficient
cooling mechanism was at work in the experiments. This mechanism, now known as Sisyphus cooling,
was identified soon after. This cooling mechanism is now the basic ingredient for most experiments
in the field and thus gave, for many years, the Doppler theory a more academic status. Recent laser
technological advances however opened the way to cooling and trapping experiments with earth-
alcaline and rare-earth atoms. As these atoms exhibit a zero spin groundstate, Sisyphus cooling is
absent.

As a first stage, those atoms are cooled on the dipoled allowed transition connecting the 1S, ground-
state to the ! Py state (for Sr, 7 = bnsor I' = 1/277 = 32 M Hz with A = 461 nm). The semi-classical
Doppler Theory predicts a temperature minimum of 7" o< I' &= 0.5 mK. However, in all experiments,
measured temperatures are larger than the Doppler prediction (7'~ 5mK for our Sr experiment). It
turns out that Doppler cooling proves very sensitive to heating induced by transverse spatial inten-
sity fluctuations. Taking into account these intensity fluctuations we have showed that theoretical
predictions lead now to a perfect agreement with experimental data.

To strongly reduce the temperature, cooling can then be switched to the 1Sy —3 P} intercombinaison
line. For Strontium, the width of this 869 nm spin forbidden transition is I' = 7.5 kH z slightly higher
than the frequency recoil shift (w, = 5kHz). Here the semi-classical picture of Doppler cooling
does not hold anymore. A full quantum treatment predicts a temperature close to the recoil limit
as it was observed in different experiments. In parallel, the recoil frequency shift reduces multiple
diffusion in the magneto-optical trap and as a consequence the space density increases. The measured
temperature in the MOT are still not in complete agreement with the 1D cooling theory. Indeed
the cooling dynamic is very sensible to the magnetic field and to the gravity. As a result, the
laser detuning sees by atoms remain constant which surprisedly leads to a minimum temperature
independent of the real laser detuning.

[ will finish my presentation giving some perspectives of this experiment in the field of quantum
transport in disordered or quasi-periodical potential.
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Sub-Doppler Satellites of Dark-Line Atomic Resonance in
the Case of Ordinary Vapour Cell and Extremely Thin Cell
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Electromagnetically Induced Transparency (EIT) attracts much attention because of its significance
for various applications in metrology, magnetometry and fundamental investigations. However, as a
rule, only the narrow spectral region where the EIT resonance is formed is being studied extensively,
while the peculiarities of the behaviour of sub-Doppler satellites in the frequency region outside the
EIT have not been explored in great depth [1]. Here we present peculiarities of sub-Doppler satellites
which are observed in the spectrum of alkali metals in the presence of two lasers, and which accompany
the ultra-narrow EIT resonance. We use cells of ordinary length (1 - 50 mm) containing Rb vapor and
an extremely thin cell (ETC) filled with pure Rb and with smoothly varying longitudinal thickness L
of the atomic vapor layer, in the range ~ 780 - 1600 nm so that L is comparable with A, where X is the
laser wavelength resonant with Dy line (780 nm) [2]. T'wo laser diodes have been used in the geometry
for studing the EIT effect. The coupling laser (w.) is tuned close to the ®*Rb, 5S;/2(F,=3)—5P3/»
(Fe=2,3) transition, while the probe laser (w,) is linearly scanned across the excited states of F,=2
— F.=1,2,3. For the ordinary cell it is revealed that in the case of exact collinear propagation of the
two laser beams the absorption spectrum of the probe laser contains seven velocity selective optical
pumping (VSOP) peaks-satellites of increased absorption (including the peak where the A system
is realized and the EIT effect occurs), while theoretically only five satellites are expected. The two
additional VSOP peaks-satellites of increased absorption in some cases could be the dominant ones
(by amplitude) in the spectrum. Under the well-defined geometry of the interaction the number of
VSOP peaks is reduced to five[l]. The physical origin of the phenomenon will be presented. The
frequency separations observed experimentally between the satellites agree with calculations. In the
case of ETC the number of VSOP peaks, which are centered on the hyperfine transitions, is reduced
to three (including the peak where the A system is realized and the EIT effect occurs [3]). The
explanation is that the contribution of atoms with slow normal velocity is enhanced due to their
longer interaction time with the laser field. Thus, atoms flying nearly parallel to the windows yield
a stronger contribution to the VSOP satellite peaks. The VSOP peaks have Lorentzian profile and
the linewidth is ~ 30 MHz (depending on the coupling and probe laser intensities). The minimal
linewidth of the VSOP peaks is achieved under normal incidence of the laser beams, while for the
case when the ETC is tilted there is a strong spectral broadening. A theoretical model describing
the VSOP peaks-satellites in ETC has been developed, and the comparison with the experiment will
be presented.

The authors D.S. and A.S. thank ANSEF (Grant 05-PS-opt-0813-233) and SCOPES (Grant IB7320-
110684/1).
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Precise line intensity and line shape measurements using
single-mode frequency-stabilized cavity ring-down
spectroscopy
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We applied the cavity ring-down spectroscopy technique for precise line intensity and line shape
measurements. Our spectrometer incorporates a frequency-stabilized and tunable comb of resonant
frequencies and a continuous-wave external cavity diode probe laser. Detailed descriptions of the
spectrometer can be found in refs [1,2]. Using an iodine-stabilized He-Ne laser as a frequency reference
we achieved a spectral resolution of 50 kHz.

Rovibrational spectra of the 2v; + v3 vibrational band of water vapor were measured with a signal-
to-noise ratio of about 1000:1. Detailed investigation of line shape effects [3] and precise control
of water concentration in the samples, based on NIST primary humidity standards allowed us to
determine line intensities with relative uncertainties of less than 0.5%. This precision is necessary
for application to the newest instruments for atmosphere monitoring [4]. Accurate knowledge of line
intensities and line shapes is also important in spectroscopic temperature measurements [5] as well
as investigation of such a fundamental problems like dependence of line intensity on perturbing gas
pressure.

Experimental values of line intensities and the pressure broadening coefficients in nitrogen and in air
were compared to values available in HITRAN [6] database.
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Coherent effects in mismatched V-type rubidium system
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Mismatched V-type systems with coupling field frequency lower than the probe field frequency are
ideal candidates for the high-frequency inversionless laser systems [1]. On that account, the study
of electromagnetically induced transparency (EIT) in such systems represents the first step in the
realization of a high-frequency inversionless lasers [2, 3]. EIT creates the reduction in absorption
upon which the LWI is based. Additionally, the V-type configuration provide potentially the best
level of transparency in a Doppler-broadened systems, particularly for the cases in which the probe
frequency is far in excess of the coupling field frequency [4, 5].

Induced transparency on a blue 420 nm probe light in a Doppler broadened mismatched V-type
system using a low power near infrared (780 nm) coupling laser was experimentally observed. The-
oretical modeling was carried out utilizing standard density matrix analysis of three-level V scheme
with appropriate modifications to take into account the hyperfine splittings of the 5 2S; /2 ground
and 5 2P3/2, 6 2P3/2 excited states. Calculated probe absorption line profiles reproduce with great
accuracy measured absorption profiles.

Measured transparency on the ¥Rb F,=2 F.=1,2,3 transitions shows 67% reduction of absorption
in the peak of the Doppler broadened line profile. The dependence of the induced EIT window in
the ®Rb F,=2 F.=1,2,3 absorption line profile on 5 *P3,, — 6°Pj3/, unlinked states coherence was
analyzed theoretically. In this way it was possible to separate two main mechanisms responsible for
the reduction of the absorption in the V-type system: electromagnetically induced transparency and
coupling field saturation. We conclude that the observed transparency is predominantly resulting
from the coupling field saturation mechanism. There is about 8% of the cancellation of absorption
via quantum interference due to coherently prepared rubidium atoms.
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Comparison of sub-Doppler DAVLL and SA laser frequency
stabilization schemes
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Frequency stabilized laser sources are commonly used in atomic physics experiments, such as laser
cooling and trapping, and are essential in many applications, such as atomic clocks, magnetometers
and interferometers. Active frequency stabilization methods have in common that they require a
dispersive signal with a zero-crossing at the locking-point.

Here we present a comparison between two spectroscopic schemes for laser stabilization to the 8"Rb
D; line. The first scheme is based on non-linear (saturated absorption) spectroscopy in thermal vapor
cell [1]. The second one, referred to as Dichroic-Atomic-Vapor-Laser-Locking technique (DAVLL) [2,
3], employs a longitudinal magnetic field to split the Zeeman components of an absorption signal.
Practically, in the DAVLL setup, the error signal is generated from the difference in the absorption
rates of the two circularly polarized (ot and ¢7) light components. One advantage of the DAVLL
technique is that no additional laser modulation is needed to obtain the dispersive error signal, which
simplifies the electronical components of the setup. As compared to SA, Doppler broadened DAVLL
method provides a larger signal and a larger locking range around the atomic transition. SA and
DAVLL methods may also be combined [4, 5], resulting a sub-Doppler DAVLL.

The aim of this work is to evaluate the potential and the applicability fields of DAVLL for laser
stabilization with respect to the commonly used SA technique. For a systematic comparison of the
two schemes, we have performed heterodyne frequency stability measurements of two independently
stabilized diode lasers. For the analysis of the stability we distinguish two regimes: the short and
the long term time scales.

For the short-term time scales (up to about 100 seconds) the frequency stability is essentially limited
by the signal-to-noise ratio. The measured Allan deviation is about 2 - 10712 772 and 3- 107! 773
for SA and sub-Doppler DAVLL, respectively, for the F, = 2 — [, = 2 transition.

For the long-term time scales (up to about 10* seconds) the frequency drifts are related to the
sensitivity on the experimental and environmental parameters. The DAVLL setup is less sensitive
to the external magnetic field fluctuation with respect to the SA one. Moreover, the absence of the
FM modulation eliminates an important source of drift due to the electronics control. The relevant
studied parameters are the optical power and the cell temperature. These two parameters don’t only
influence the amplitude of the signal but also shift the stabilized laser frequency.

In this communication, we will present latest results comparing SA and sub-Doppler DAVLL for
short-term and long-term timescales.
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Considerations towards the possibility of estimation of the
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In several works it has been shown, that the application of a weak magnetic field on a neon glow
discharge leads to a resonant change of the plasma conductivity [1-4].This effect has been called a
magneto-galvanic (MG) effect. As indicated by recent studies, its origin can be attributed with a
sufficient degree of certainty to the destruction of the 1s; (2p°3s °Pj) self-alignment [5-6]. In order
to clarify the origin of the MG resonances we have carried out new experiments in both positive
column- and hollow cathode discharges. We have studied the influence of a laser radiation, resonant
with the transitions 1s5-2p°3s, on the MG signals. We have shown, that in both discharges the laser
radiation considerably influences the amplitude and the shape of the MG response and in certain
cases, depending on the polarization and the power of the laser, that signal might be completely
cancelled.

In addition we have studied the magneto-optical (MO) resonances in Faraday and Voigt geometries in
a positive column [7-8]. We have carried comparative studies of the MG and MO rezonance widts in
dependence on the buffer gas pressure and the discharge current. The influence of the destruction of
the self-alignment on the MO signal in those discharges has been discussed. The possible formation
mechanisms of the neon 1s5 coherence have been shortly examined.

Based on the experimental results, obtained in an improved automated acquisition and data process-
ing system, we discuss the possibility of using the galvanic resonances for estimation of the relaxation
constants of the neon 1s5 state. The obtained results are compared with those in the literature.
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Coherent population trapping (CPT) is an interference effect arising in a three-level atomic system
after interaction with two coherent fields which connect the ground levels with a common upper
level [1]. In Hanle -configuration the CPT resonance is due to the interference between the Zeeman
sublevels of the atoms investigated. The resonance is detected by sweeping magnetic field By around
its zero value. The signal is very sensitive to stray magnetic field which moves the energy position
of these levels, disturbing in this way the CPT resonance. The influence of dc magnetic field on
this resonance was investigated in our previous work [2]. In this work we study the influence of
an a.c. magnetic field on the CPT resonance. Our investigations are restricted on the simplest
case,named also parametric resonance, when a.c. MF is collinear to the sweeping magnetic field.
Recently ,the interest to this resonance is increased since the integration of the modulation and
coherent spectroscopy enlarge the application area of the investigations [3].

The parametric resonance was investigated on the D1 8"Rb line (J=2— J=1 transition) in an uncoated
cell. The linearly polarized laser beam trough its ¢ + and o- components connects all sublevels of
the transition investigated into 3 A-systems, creating cpt resonance when the level is degenerated-
at zero magnetic field . The ac electromagnetic field (EMF) applied collinearly to the By modulates
the frequency difference between the Zeeman sublevels . The Larmor frequency becomes : w =
wo +wicosflt, where €) is the EMF frequency. Using the matrix density formalism the scattered light
intensity is calculated to be proportional to [3]:

I ~CRe{e?” (3 Bye™

where By are Fourier coefficients and v is the angle between the laser light polarization vector and
direction of observation.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. The
CPT signals were investigated at steady-state case (k=0) and first harmonic frequency (k=1) using
linearly polarized and circular polarized excitation. The dependencies on the modulation frequency
and amplitude are investigated. The possible application in spectroscopy and EMF measuring are
discussed.
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The physics and chemistry of biological molecules is fundamental for many fields: not only for
understanding their behaviour in biological systems, but in biotechnological applications, such as
sensors, and in astrochemistry and astrobiology. In order to understand the origin of life in the
universe it is necessary to understand the chemistry of these simple molecules in environments subject
to ionising radiation.

Theoretical methods are now very advanced and it is possible to calculate the properties of increas-
ingly complex systems, and predict their chemical and physical behaviour. Calculations of molecular
properties are typically compared with experimental spectroscopic data to check their validity, and
a frequent starting point is the free molecule. For this reason the gas phase photoelectron spectra of
bio molecules are of current interest.

The outer and inner valence photoemission spectra of the amino acids glycine, proline and methionine
have been measured at the Gas Phase Photoemission Beamline, Elettra, Trieste at 40 and 95 eV
photon energies. They are compared to existing data where available and found to be in good
agreement. Previous spectra with He I radiation show only the outer orbitals, and here we present
new data on the inner valence structure. The valence spectrum shows clear effects which are assigned
to the existence of two conformers of proline.

The photofragmentation ion spectra of the same compounds were measured at 5 photon energies with
noble gas (He, Ne, Ar, Kr and Xe) resonance radiation close to threshold. As expected, lower photon
energies led to ”softer” ionisation and reduced fragmentation. However for proline the dominant
mass is still C;HgN™ at lowest energy, corresponding to loss of a CHO, neutral fragment. Similarly
for glycine, fragmentation is reduced at lower energy, but the dominant fragment is CH;N™ again
indicating a loss of a CHO, neutral fragment. The binding energies derived from the photoemission
spectra indicate which molecular orbitals are ionised by the noble gas resonance radiation, and this
in turn has been correlated with the fragmentation patterns. The fragmentation patterns of proline
and glycine show similarities because the outer orbitals are similar, with oxygen and nitrogen lone
pair character. Methionine behaves very differently because the outer orbital has sulphur lone pair
character. Ionization of a sulphur lone pair orbital causes much less molecular fragmentation, while
ionization of the nitrogen (HOMO) or oxygen lone pair (second HOMO) leads to scission of the aC
(carboxylic) to neighbouring SC bond.
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Compact vertically mounted laser stabilisation cavity for
hydrogen precision spectroscopy experiment
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At the vertical-midplane mounted Fabry-Perot cavities can have 40 dB smaller cavity length changes
due to vertical vibrations of the supporting structures, allowing to get sub-hertz laser line widths
without complex cavity suspension in springs [1]. We have assembled such cavity for the portable
hydrogen laser system [2] and compare the performance using optical beat note measurements with
the dye-laser system used routinely in the hydrogen 1S-2S precision measurements [3].

The 7 cm long vertical cavity spacer and mirrors are made of Ultra-Low-Expansion glass (ULE).
We measure the finesse of 400000 at 972 nm by optical ring-down method. Recording of the cavity
resonance peak drift as a function of temperature allows to estimate that ULE sample has thermal
expansion coefficient zero-point at +7 degrees Centigrade which is lower then the optimal tempera-
ture (that would be above the room temperature). This puts stringent requirement on temperature
stabilisation. We use two layers of temperature stabilisation. The inside vacuum chamber is con-
trolled to 1 mK by integrating regulator with a 5 hour time-constant. Each wall of the outside
enclosure is controlled separately by 6 fast ON/OFF temperature controllers. The vacuum chamber
is made of aluminium with surface treated for UHV compatibility with a strong sodium base and
nitric acid. All seals are made with indium. With a 3 1/s ion getter pump the pressure inside is 1 x
1078 mbar.

The vertical cavity and the necessary optics are assembled on a 40x40 cm vibration isolation platform.
That is a significant size and weight reduction comparing to 1x2 m platform for the cavity used with
dye laser. In order to characterise the diode laser stabilised on a vertically mounted cavity we
observe the optical beatnote of a frequency doubled diode laser system with the dye laser system.
The beatnote width is less than 20 Hz at 486 nm. Each subsequent frequency doubling reduces the
power ratio in the narrow carrier to sidebands (noise) by 4-th power. Starting with 99.5 percent in
carrier at 972 nm one ends up with 50 percent of usable power in carrier at the 121 nm two-photon
transition. This should be enough for excitation of 1S-2S transition in hydrogen atoms as already
demonstrated with the diode laser system in [2].
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The non-linear Faraday effect as a Hanle effect of laser light induced birefringence was studied for
both bright and dark states in 8Rb. A bright Zeeman coherence leads in a Hanle measurements
of laser absorption to an absorption peak, in contrast to a dark resonance which brigs transmission
peak. The bright Zeeman superposition was obtained through the closed Fy=3 — F.=4 transition, in
Rb cell at room temperature. The rotation of the plane of polarization of the laser light propagating
through a vapor in a longitudinal magnetic field was measured using balanced polarimeter. We have
simultaneously detected orthogonally polarized components of the transmitted light from the two
channels of the polarization beam splitter, placed behind the cell and rotated by 45 ° with respect
to initial polarization [1]. Difference of two signals is proportional to a polarization rotation angle.
There are much less data on polarization rotation for bright than for dark states. Recently much
higher Kerr nonlinearity for bright than for a dark state in Rb was found [2]. Large index of refraction
corresponds to a large rotation of polarization. In this work we indeed found large polarization
rotation angle for the bright state, in excess of several hundred mRad. Maximum of the rotation
angle occurs at external magnetic fields between a few p'T to a few hundred uT when laser intensity
varies between 0.5 and 50 mW /cm?. The effect of an atom transit time through the laser beam on
a ground state coherence decay was demonstrated through polarization rotation slope for B=0 with
laser beam waist varying between 1 and 10 mm.

For comparison, similar measurements of polarization rotation were done with the laser locked to
the dark state, i.e., F;=2 — F.=3 transition. Significantly less rotation and lower rotation rate were
obtained than for the bright state. Moreover, the dark state has opposite dependence of rotation on
laser intensity than bright state. This results are different from results in a coated cell which show
much smaller rotation angle for the bright state [3].
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Electromagnetically induced absorption and transparency in
Hanle configuration: the case of closed atomic transition
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We studied experimentally and theoretically propagation of coherent light, resonant with the closed
transition in the atomic ®Rb vapor by investigating Hanle effects of electromagnetically induced
absorption (EIA). Experimentally we measured transmission of the laser locked at Fy=3 - F.=4
transition as magnetic field varies between £+ 500 mG. Absorption of light in the cell was calculated
after using density matrix approach and exact solution of the optical Bloch equations for the atomic
system that involves 16 magnetic sublevels of the ground F,=3 state and of the excited F.=4 state
coupled by linearly polarized laser field in a external variable magnetic field.

Experimental and theoretical results for the EIA width and amplitude agree for experimental laser
intensities below 1.5 mW /cm?, i.e., theoretical Rabi frequencies below 1/2T", where I is the radia-
tive decay of the excited state. The absorption peak was observed in the experiment even for laser
intensity above 100 mW /cm?, although this and previous calculations [1] predict that at these inten-
sities EIA will disappear and even turn into a transmission peak. This discrepancy occurs because
the theory didn’t take into account strong increase of amplitude of forward scattering, obtained by
measuring transmission of the light polarized perpendicularly to initial polarization. For measuring
forward scattering we place polarization beam splitter behind the Rb cell. The forward scattering as
a function of an external magnetic field is an absorption peak at all laser intensities.

We made thorough investigation of behavior of the EIA as we varied intensity, beam diameter and
elipticity of the input laser light. The laser beam waist affects the measured width of the EIA
through the finite interrogation time of an atom by the light, i.e., through different decay rate of the
Zeeman coherencies. EIA width varies between 140 mG to 200 mG (35 and 50 kHz, respectively)
when laser diameter varies between 15 and 2 mm. Corresponding relaxation decay rates -+, /I" are
between 0.0003 and 0.01 and also show, in the calculations, similar effects on the width if the EIA.
Characteristic of the transmission of the laser light locked to a bright transition is a small change of
ellipticity and strong polarization rotation. We have found small effect of a small ellipticity of the
input light (compared to linearly polarized input light) on the Hanle EIA shape.
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Resonances in electron and atom scattering by molecules
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The main features of resonance scattering of electrons from molecules are described and resonances
are determined on the basis of the theory of collisions in a two-body system [1], as well as resonances
emerging as a result of collisions in a few-body system [2,3]. Regularities in the emergence of such
resonances and their characteristics are analyzed.

The results of calculations of these resonant processes occurring during collisions of electrons with
diatomic molecules, made on the basis of the quantum theory of scattering in a few-body system,
are presented. The results of calculation of the cross sections of resonant processes of electron
collisions with molecules [4] are compared with the available experimental data and with the results
of calculations based on other approximations.

Results of the calculations of the phase shifts, cross sections and Efimov states [2] scattering atom
with diatomic molecules based on the three body approximation also are present [4].

A mechanism of appearance and disappearance of the Efimov states of the electron molecular colli-
sions in three-body approximation is present when the force of interaction is changed. It is shown
that these states arise from virtual levels which are in turn formed from quasiresonances settled
on the real axis. The resonances including virtual levels are calculated by the method based on
the solution of the boundary value problem at complex energies based on the Faddeev differential
equations [3]. All calculations are performing with the well known potential [1,2,4] in which a strong
repulsive component at short distances between atoms is approximated by a hard core. Geometric
structure and number of the Efimov states are describe according recent investigation [5]. A special
attention is devoted to the substantiation of the method used for calculations resonances and to the
investigation of its applicability range.

The calculations of the scattering and bound states of electron molecular were performed on the basis
of the most advanced few-body calculation techniques both in boundary condition model (BCM) [2-4]
approximation and without BCM approximation.
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Collisions helium atoms with helium molecules
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Results of the calculations of the phase shifts, cross sections and Efimov states [1] scattering atom
with diatomic molecules based on the three body approximation are present [2-3]. A mechanism
of appearance and disappearance of the Efimov states of the helium trimer *Hes in three-body
approximation is present when the force of interatomic interaction is changed. It is shown that these
states arise from virtual levels which are in turn formed from quasiresonances settled on the real
axis. The resonances including virtual levels are calculated by the method based on the solution of
the boundary value problem at complex energies based on the Faddeev differential equations [4] . All
calculations are performing with the well known interatomic potential [2,3] in which a strong repulsive
component at short distances between helium atoms is approximated by a hard core. Geometric
structure and number of the helium trimer states are describe according recent investigation [5]. A
special attention is devoted to the substantiation of the method used for calculations resonances and
to the investigation of its applicability range.

The calculations of the scattering and bound states of Hes were performed on the basis of the
most advanced few-body calculation techniques both in boundary condition model (BCM) [2-4]
approximation and without BCM approximation. In all considered pair wise potential support only
two bound states approximately, but the properties of these states are very different:

- the ground states is strongly bound, whereas the binding energy of the excited state is comparable
with binding energy of dimer;

- the sizes of these two states also very different. The characteristic size of the ground state estimated
by < r > or < r? >/2 is approximately 10 times less than the size of dimer molecule, but the size of
the excited state has the same order magnitude of the dimer’s one.
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More than ten years ago, the development of a new kind of semiconductor laser in the mid-infrared
region, known as quantum cascade laser (QCL) [1], opened new interesting perspectives for basic
research in molecular physics, as well as for applications to other scientific domains [2], mainly
because all simple molecules exhibit strong fundamental vibrational bands in that spectral window.
Nowadays, the QCLs’ potential is increasing more and more with the significant advances of the
QCLs’ fabrication technology, which has allowed to lower the emission wavelength below the limit of
5 pm [3] and bring the operation temperature as close as to room temperature [4], still preserving
the continuous wave operation. A further frontier of QCLs is given by the operation in the terahertz
frequency range [5].

The present work deals with high resolution molecular spectroscopy by means of a new, continu-
ous wave, liquid-nitrogen cooled, distributed feedback QCL at a wavelength of 4.3 pm, expressly
built for us by the company Alpes Lasers. In particular, we report on Lamb-dip spectroscopy for
carbon dioxide by means of a free-running QCL. Combining the simple pump-probe scheme with
wavelength modulation spectroscopic technique (WMS), we observed the sub-Doppler profile of COq
lines belonging to the vo!+v3-v5' hot band. A number of laboratory tests were performed in dif-
ferent experimental conditions in order to quantify the different contributions to the width of the
sub-Doppler lines. For this purpose, the WMS spectra were carefully analysed by means of a fitting
procedure that was based on the Fourier expansion of a Lorentzian profile, also taking into account
residual amplitude modulation effects.

The possible application to frequency metrology is discussed. In particular, we present an experi-
mental approach to measure the absolute frequency of the investigated CO lines, based on frequency
conversion of the mid-infrared radiation by means of sum-frequency generation in a periodically-poled
lithium niobate crystal [6] and on the use of a near-infrared optical frequency comb generator [7].
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Different approaches have been utilized for Electromagnetically Induced Transparency (EIT) phe-
nomenon observation. Frequently the two ground-state hyperfine (hf) levels of alkali atoms are
coherently coupled to a common excited state level by means of two coherent light fields. For the
two field preparation, usually diode laser frequency modulation in the GHz region is performed. In
some cases it is possible to relax the problem with the laser frequency modulation reducing it to the
kHz region. In this approach, coherent coupling of Zeeman sublevels belonging to a single hf level of
the ground state is realized. A disadvantage of the second approach is that the hf optical pumping to
the ground-state levels non-interacting with the laser field introduces significant loss in the formation
of the resonance. To decrease the modulation frequency while still involving the two ground-state hf
levels in the resonance preparation, it is promising to use K atoms where the ground-state hf level
frequency difference is about 462 MHz.

In this communication we present the results of systematic experimental investigation of the EIT
resonances in Hanle configuration and, to our best knowledge, the first observation of EIT resonance,
based on the coherent coupling of the two ground-state hf levels to a common excited level in K atoms
confined in a thermal cell.

Using mono-mode excitation provided by an extended cavity diode laser system, EIT resonances in
absorption have been obtained on the D; line of K, in Hanle configuration. In accordance with our
expectations for low hf optical pumping rate in K due to the overlapped Doppler profiles of the hf
transitions starting from F,=1 and F,=2 levels, it has been shown that the resonance contrast is
enhanced up to 70%.

EIT resonance based on coherent superposition of the two hf levels of the ground state is evidenced
when irradiating K vapour by frequency modulated (around 461,7 MHz) laser light. Unfortunately,
the available commercial lasers operating at wavelength matching the D; line of K provide output
consisting of a great number of modes in a large spectral interval. To provide a frequency modulated
in the MHz region output, a solitary multi-mode diode laser is used and one of its modes is tuned in
resonance with the D; line of K. Even performed by multi-mode laser excitation, the first experiment
shows that the contrast of the EIT resonance is very good (up to 40% of the fluorescence). This
results is promising for the development of EIT-based systems for precise measurements with relaxed
requirements to the laser modulation and with potential for building of more economic practical
devices than those utilizing Cs and Rb atoms.

The work was done under collaboration program between the Italian National Research Council and
the Bulgarian Academy of Sciences. S.C. and T.K acknowledge also the Bulgarian NCSR for the
support (Grant No.F-1404/04).
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In this work, 10 new experimental results of the Stark widths of Xenon II spectral lines in the UV
range are shown. These measurements were obtained from Helium(95%)-Xenon(5%) plasma at a
pressure of 3 KPa, which was generated by a discharge of 20 uF capacitors at a voltage of 9200 V
in cylindrical tube of Pyrex glass, 175 mm in length and 19 mm of internal diameter [1,2]. Under
these conditions plasma emission lasts for about 200 us. The spectra were recorded using a Jobin-
Yvon monocromator of Czerny-Turner configuration, with 1500 mm focal length, a grating of 2400
lines/mm and O.M.A. camera with 512 channels of 25 pm pixel width. Under these conditions the
linear dispersion varied from 5.8 to 6.2 pm/channel, in first order of diffraction for the spectral range
of the lines considered in this work.

Two different techniques were used to calculate the electron density: the spectroscopic, measurement
of the Stark width of the He I 388.8 nm line, and the interferometric method, consist in the mea-
surement of the plasma refractivity changes due to the free electrons [3]. The differences between
both techniques are lower than 10%, for electron density ranging from 0.2 to 1.6x10%*m=3. It was
assumed that electron temperature should be similar to the excitation temperature, calculated in
this work by a Botzmann-plot of Xe II lines. Using this method temperatures that from 17000 to
29000 K have been obtained.

The original spectrum has been corrected to transmittance and in some cases it has also been neces-
sary to correct it to selfabsorbtion. Also, the spectral lines have been adjusted to Lorentzians func-
tions [4]. For obtaining the Stark width, other broadening mechanisms, like apparatus or Doppler
effect, have been considered [5]. The final error of these results has been obtained by considering the
quality of the reconstructed profile, the adjustment of the Lorentzian functions and other variables
related with the experiment and the processing procedure.

Authors thank S.Gonzélez for his work in the experimental arrangement, the DGICYT of Spain and
Consejeria de Educacién y Cultura (JCyL) for their financial support under contracts No. FIS2005-
03155 and No. VAO15A05. S. Djurovié¢, M. Cirisan, thank to Ministry of Science, Technology and
Development, Republic of Serbia for partial support (141024). Dr. J. A. Aparicio wants to express
his personal acknowledgement to ONCE for help.
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Multiple Ionization of Atoms in Strong Laser Fields
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A main subject of interest in intense laser-atom interactions during the last few years was related
to the question how many-electron transitions like double and multiple ionization do occur [1]. In
the case of double ionization, for example, each electron might absorb the photons independently
(sequential) or one electron absorbs the energy from the laser field alone and then shares it with the
second electron via electron-electron correlation (non-sequential ionization). Here, in a first step, one
electron is ionized via tunneling or field ionization. Under certain conditions the electron is driven
back to its parent ion where, in a second step, it knocks out another electron. Very recently, we
were able to perform for the first time differential measurements where we could demonstrate that
different ionization mechanisms are active in triple and fourfold ionization of Ne and Ar [2]. This has
been achieved by measuring the ion momentum distributions along the laser polarization axis, which
is almost perfectly balanced by the electron sum momentum. For any combination of sequential
and non-sequential processes, two classes of electrons, which contribute very differently to the ion
momentum, can be distinguished: those emitted via tunneling ionization and those emerging from a
recollision process. Electrons emitted via tunneling receive a small drift momentum and, thus, con-
tribute only little to the final sum momentum. Instead, electrons emerging from an electron impact
ionization event as a result of recollision, gain large drift momenta [3]. The momentum distributions
of doubly, triply and fourfold charged ions have been measured for 25 fs laser pulses at various inten-
sities from 1.2 PW/cm? up to 20.0 PW/em? (1 PW = 10" W). For example, at 2.0 PW/cm? a narrow
momentum distribution was found for Ne?" ions with a maximum at zero, indicating that at this
intensity double ionization occurs via the sequential mechanism. At the same intensity, however, the
distributions for the higher charged states of Ne exhibit a clear double peak structure with almost
no ions created with zero momentum. Based on the classical recollision model this is consistent
with a mechanism where three or four electrons are set free instantaneously during recollision by an
(e,ne) event, a process that is extremely unlikely to happen in field free electron-atom collisions. In
contrast, multiply charged Ar ions are produced by combinations of sequential and non-sequential
processes. For the case of Ar we also observe a clear difference between the results obtained with 6-7
and 25 fs pulses.

References

[1] A. Becker, R. Doerner and R. Moshammer, J. Phys. B 38 S753 (2005)
[2] A. Rudenko et al., Phys. Rev. Lett. 93 253001 (2004)
[3] B. Feuerstein, R. Moshammer and J. Ullrich, J. Phys. B 33 L823 (2000)




EGAS38 Ischia 2006 Poster Session 2 229

Angular—-resolved studies of the x—ray emission from heavy,
few—electron ions
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Energetic collisions of highly—charged, heavy ions with atoms and electrons have been studied inten-
sively both at the SuperEBIT facility in Livermore [1] and at the GSI ion storage ring in Darmstadt
[2]. A special interest has been recently placed on the population of excited ionic states and on the
measurement of their subsequent radiative decay. The analysis of the (properties of the) bound-
bound transitions in heavy ions now plays a key role for our understanding of electron—electron and
electron—photon interactions in the presence of strong electromagnetic fields. In particular, studies of
the spectra as well as of the decay rates of highly—charged ions have revealed important information
about the relativistic and quantum electrodynamic effects in few-electron systems [3]. Apart from
the energies and transition probabilities, however, an alternative and very promising way to learn
more about the structure and dynamics of highly—charged ions is given by the measurement of the
angular distributions of the characteristic photon emission.

In this contribution, we review the recent progress in theoretical investigations of the photon emission
from highly charged heavy ions. Special attention will be paid to the angular-resolved x-ray studies
which appear to be more sensitive to the retardation and relativistic effects than the analysis of the
total cross sections. For instance, we present calculations for the Lyman-oy (2ps/s — 1s1/2) and Koy
(1s2ps/e ¥ P2 — 1s*1S)) transitions in the hydrogen-like U?'* and helium-like Ut uranium ions
following electron capture process and show how their emission patterns may be used as a sensitive
tool for studying the multipole mixing and many—electron effects in heavy atomic systems [4, 5].
Beside the one photon bound-bound transitions, we also investigate the angular correlations in the
two-photon decay of highly—charged, heavy ions [6]. For this decay mode, detailed computations
have been carried out, for example, for the 2s;/, — 1s1/5 and 3ds/, — 1s;/5 transitions in uranium
U ions and are compared with previous nonrelativistic results.
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Configuration interaction effects in low-energy electron
collisions with Sn VII
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Laser-produced plasmas (LPPs) containing tin are currently being researched as possible extreme ul-
traviolet (EUV) sources for next generation nanolithography tools [1-4]. Based on the requirement of
establishing collision strengths for population kinetics in radiation transport models of such plasmas,
partial wave collision strengths are presented for low-energy electron impact transitions in Sn VII
between the 4p®4d® 3F¢ ground state and several excited states in the 4p®4d®, 4p®4d75s and 4p%4d”5p
configurations. The collision strengths are calculated in LS coupling using the parallel R-matrix pro-
gram PRMAT [5,6] including all terms of the 4p®4d®, 4p%4d”5s and 4p®4d”5p configurations in the
close coupling expansion of the collision wavefunction. The importance of including configuration
interaction (CI) functions of the form 4p?4d'®, 4p*4d®5s and 4p?4d?5p in the target expansion is
explored. Such CI models for both the target and collision wavefunctions are to be extended to
include higher lying configurations and their fine structure levels in order to obtain accurate total
collision strengths and effective collision strengths for transitions within Sn VII, these being required
for current radiation transfer simulations.
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We report on the development and construction of a soft X-ray (SXR) imaging and spectroscopy sys-
tem used to study freely expanding plasmas as well as plasma-plasma and plasma-surface interactions.
Colliding plasmas play a key role in areas such as pulsed laser deposition [1], inertial confinement
fusion [2], X-ray lasers [3] and laboratory-scale astrophysical simulations [4]. We investigate the col-
lision and interpenetration of laser produced plasmas in the soft X-ray region. Briefly, a pair of point
plasmas are formed at the focus of either (i) 250mJ/170ps/1064nm or (ii) 1250mJ/12ns/1064nm
pulses. Time integrated pinhole images of the collision of plasmas expanding along the target surface
are presented. Low, medium and high Z targets, specifically Magnesium, Copper and Tungsten are
used in the imaging experiments. Spectra of the individual source plasmas obtained using a system
described in [5] are used to identify dominant ion stages.

The collisionality depends on the ion-ion mean free path (mfp) and the plasma geometrical scale
length. At high temperatures the ion-ion mfp is quite large and preliminary results indicate, as one
might expect, that there is little or no stagnation. This work will hopefully lead on to the study of
plasma-surface interactions.

Work supported by the Irish government’s National Development Plan, Science Foundation Ire-
land Research Frontiers Programme and the Higher Education Authority North-South Co-operation
Grants Scheme.
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Multiple shake processes upon inner-shell ionization of
atoms
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Creation of an inner-shell vacancy in an atom may lead to additional excitation/ionization of its
outer-shell electrons into the states with the same orbital quantum number [ Such processes of
monopole excitation/ionization are called shake processes. They are subdivided into the shake up
(SU) and shake off (SO) processes meaning additional excitation to free bound states and ejection
into continuum. Combined SU+4SO probabilities upon inner shell ionization have been calculated for
wide arrays of atoms in sudden approximation [1,2]. Separate calculations on SU and SO probabilities
have been performed in [3,4,5].

It is often supposed that the probability of the nglonl shake processes (nl electron is excited/ionized
upon ngly inner-shell ionization) are mostly single shake processes, i. e. only one nl electron is
excited /ionized. However, the estimates of the probabilities of multiple shake processes [2,5] showed
that they may be noticeable. Multiple are those shake processes where more than one electron is
additionally excited/ionized.

In this work, within the sudden approximation, we calculate separately the probabilities of single,
double, triple and quadruple shake processes in atoms with 3< Z <55 due to K-, L-, M-, and N-
ionization. Calculated relative contributions of multiple shake processes are significant making 10 to
30% of total shake probability depending on initial vacancy ngly and on the symmetry of the subshell
nl being additionally excited/ionized. Most of the multiple shake contribution comes from double
shake processes. Triple shakes are small but still noticeable (fractions of per cent), while quadruple
shakes are negligible.

The Z-dependencies of probabilities of both single and multiple shakes are non-monotonic: they in-
crease sharply upon the beginning of a new subshell occupation. At the same time, the increase of the
multiple shake probabilities is greater due to greater statistical weights of contributing multi-vacancy
configurations. As a result, the relative contribution from multiple shake processes is maximal in
the beginning of the periodic table rows, and it decreases gradually until the next outer ssubshell is
opened.
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Multiply charged ions formation in a cascade decay of
resonantly excited Arls ~!4p! state
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The final-ion-charge spectra produced by the cascade decay of the resonantly excited 1s~!4p' state
of argon has been calculated in [1] and [2] with accounting for the shake processes during the cascade
development. Those calculations were based on the supposition that all the shake channels are
exclusively shake off (SO). Such approximation is justified for deeper core electrons, however the
main channel of monopole excitation of the 4p electron upon initial KLL decay of the 1s~'4p! state
is 4p — 5p shake up (SU). During the decay steps that follow, shake up and shake down transitions
dominate for the outermost excited np electron.

In this work, in one-electron approximation, we calculate the Ar®* ion yields produced by the decay
of the Arls—!4p! state considering the SU and the SO processes separately. The presence of a weakly
bound np electron in the intermediate cascade configurations opens new decay pathways due to the
electrostatic interaction within the multiplets, for example, 2p*(L;S;)np'LS —2p*(L;S;)elLS. The
decay rates for such transitions are calculated in the LS coupling approximation.

The ion yield spectra calculated in various approximations are compared with the experiment [3]
in the Table. One can see that the most accurate calculation (column c¢) still underestimates the
production of the higher-charged ions. This discrepancy may indicate to the limitations of the one-
electron approximation and the step-by-step cascade model.

Ion carge Ton yield, %
Experiment Theory
3] a b c

0 0.0 0.6 06 038
1 6.4 83 6.0 84
2 10.2 9.7 94 9.2
3 29.4 46.5 26.5 42.2
4 34.6 26.1 389 30.6
5) 15.6 8.2 146 84
6 3.0 06 39 04
7 0.1

@ shake processes are ignored; ? all shakes are attributed to SO;
¢ accurate accounting of SU and SO
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Resonance inelastic scattering of an X-ray photon by a
neon-like atomic ion
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In our resent paper [1] we developed the non-relativistic quantum theory and the method of calcu-
lation of the values and the three-dimensional shape of doubly differential cross section of resonance
inelastic (Landsberg-Mandelstam-Raman-Compton) scattering of a hard X-ray (hv= 600 eV to 1,5
MeV) by a free atom near its inner-shell thresholds with inclusion of a wide hierarchy of many-particle
effects.

The aim of this study is to extend the methods of [1] to the case of resonance inelastic scattering of
an X-ray photon by a multiply charged atomic ion.

Within the non-relativistic approximation for the one-electron states wave functions and dipole ap-
proximation for the scattering probability amplitudes, the values and the shape of doubly differ-
ential cross sections of resonance inelastic scattering of linearly polarized X-ray photon near the
Is-ionization thresholds of the neon atom and the neon-like ions Si** and ArStare calculated. In-
cluded are the effects of the relaxation of the core within the field of the 1s-vacancy, stabilization of
the 1s-vacancy upon going from atom to ion, and the effect of the spin-orbital splitting of the valence
2pS-subshell. The results of the calculations are predictions.

Our results may be important in the context of creation of an X-ray laser with a neon-like plasma
for active medium [2], particularly, with the use of the Kay o(2p—1s) emission transition [3].
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Effect of resonant inelastic contact scattering of an X-ray
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The existence of the extended resonance structure of total doubly differential cross-section of scat-
tering of the linearly polarized photon by a free atom (ion) due only to the contact type of inelastic
scattering [1] outside the regions of the Ka-emission is predicted theoretically. The probability am-
plitudes for contact inelastic scattering are calculated with an analytical expression derived outside
the frame of the dipole and momentum approximation [2] for the transition operator in [3].
Resonance inelastic contact scattering of an X-ray photon is studied for the Ne atom and the neon-like
ions Ar®*, Ti'?* and Fe'S*. The calculations are performed in the non-relativistic approximation for
the wave functions of the scattering states. Included are the many-electron effects of radial relaxation
of one-electron orbitals in the Hartree-Fock field of the deep 1s- vacancy and (in the case of the Ne
atom) double ionization/excitation of the ground state of the atom.

One may suppose that the development of the X-ray free electron lasers generating the photons of
tunable wavelength of 60 to 1 A (hv= 0,2 to 12,4 keV) [4] will open the possibility of the detailed ex-
perimental studies of extended off-emission-region resonance structures of cross sections of scattering
of a photon by a many-electron system.
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The X-ray laser problem has stimulated a great interest to development of theoretical methods for
modelling the elementary processes in a collisionally pumped plasma. The shocking example is a
scheme for accomplishing tabletop X-ray lasing in Li-like ion of Ne at 98 Ain an optically ionized
plasma during recombination in the transient regime (Lawrence Livermore Nat. Lab.; Univ. of
California). Saturation effects and parametric heating processes by stimulated Raman scattering
are analyzed and found to allow energy efficiencies in excess of 107° for a 100-fsec duration, 0.25-
pm laser driver of intensity 107 W/cm?. Two key theoretical problems must be solved in order to
develop a special code and to predict necessary plasma parameters needed for X-ray lasing: i). Highly
accurate definition of the rate coefficients for plasma elementary processes that are responsible for
the forming emission lines spectra; ii).Developing new exact kinetics calculation schemes for defining
the level populations, inversions, line intensities, gain coefficients at definite plasma parameters. The
most consistent approach to problem is based on QED. Here the generalized energy approach in
gauge invariant scheme [3] is used for consistent QED describing elementary processes in collisionally
pumped laser plasma. We develop an optimal scheme for calculation of the electron-collision strength
and rate coefficients for the de-excitation (excitation) processes in the Ne-like multi charged ions
plasma with estimating optimal plasma parameters for X-ray lasing. We applied our approach to
estimate of the electron collisional excitation cross-sections and strengths for Ne-and Ar-like ions.
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A negative muon captures by a metastable nucleus may accelerate the discharge of the latter by
many orders of magnitude (c.f. [1, 2]). For a certain relation between the energy range of the
nuclear and muonic levels the discharge may be followed by the ejection of muon, which may then
participate in the discharge of the other nuclei. We present a new QED theory for discharge of a
nucleus with emission of v 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.
Within an energy QED approach [2] a decay probability is presented as an imaginary part of the
energy shift ImE. The intensities of satellites are linked with ImE of the ‘nuclear core + proton
+ meson’ system. Three channels should be taken into account: 1). Radiative purely nuclear 27-
poled transition (probability P;); 2). Non-radiative decay, when a proton transits into the ground
state and a meson leaves the nuclei (P); 3). A transition of proton into the ground state with
excitation of meson and emission of the y-quantum (P3). Within the QED perturbation theory [1,
2], a full probability is divided into the sum of the partial contributions, connected with decay into
definite final states of system. These contributions are equal to the probabilities (P;). We discuss
the optimal conditions of realization of the high power source of the monochromatic v radiation. For
a sample with a sufficiently high density of metastable nuclei and a sufficiently intense muon beam
the considered process can result in a sharp increase of v radioactivity of the sample and may be
used as the basis of operation of a high power source of monochromatic v radiation.
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Laser-electron nuclear spectroscopy: New effects in spectra
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A great progress in development of laser technique and accelerators experiments resulted to a new
class of problems in atomic and laser physics. Great interest attracts the co-operative dynamical
phenomena [1] due the interaction between photons, electron shells and nuclei nucleons. Attractive
situation arises under transition to heavy multicharged ions because of changing energy and geometric
parameters of electron shell. Character of interaction with a nucleus may strongly change and new
channels of laser-electron-nuclear processes are opened. We propose new QED approach to calculation
the electron satellites in spectra of the electron-nuclear gamma -transition of the nucleus in atoms.
As example, the nuclear transitions in the isotopes Fe, Ne etc. are considered for O-and F-like ions
of Fe, Ne. It is shown that the electron-nuclear lines in spectra of emission or absorption can be
experimentally observed in plasma of the O-and F-like multicharged ions. Such a situation may be
realized in the thermalized plasma. Due to the emission or adsorption of the nuclear y-quantum in
molecular system there is changing the electron vibration-rotation molecular states. As result, general
energetic and structural properties of system are changed. We at first develop a new, consistent,
quantum- mechanical approach to calculation of the electron-nuclear v transition spectra (set of
vibration satellites in molecule) of nucleus in atom and molecule, based on the energy approach
(S-matrix formalism of Gell-Mann and Low) [1]. Decay and excitation probability are linked with
imaginary part of the atom (molecule) - field system. Calculation results of the electron-nuclear -
transition spectra of the nucleus in some atomic and multiatomic systems are given [2]. A spectrum
of emission and adsorption of nucleus '*T (203 keV) in molecule of HI is calculated. Estimates are
made for vibration-nuclear transition probabilities for number of molecules: diatomics, three-atomic
XY2, four-atomic XY3 and five-atomic XY4 ones.
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In recent years there has been considerable interest in the study of interaction of electrons and
photons with ionized atoms, particularly with iron group elements Ni, Fe, Cr, and Ti, because of
their importance in fusion plasmas [1], and in astrophysical plasmas [2]. Nickel is an important
impurity element in modern fusion research devices, especially in those where the vessel walls are
constructed largly of high-nickel-content alloys (e.g, JET the Joint European Torus). Knowledge of
atomic processes involving nickel ions is essential in order to understand and accurately model these
plasmas. Emission lines from ions of Nickel have been detected in ultraviolet and extreme ultraviolet
solar spectrum and spectra generated in tokamak plasmas [3].

We have used the R-matrix method [4,5] to calculate electron impact collision strengths from the
ground state to the first 16 fine-structure levels of argon-like Ni XI. The relativistic effects are
incorporated in the Breit Pauli approximation by including one body mass correction, Darwin, and
spin-orbit interaction terms in the scattering equations. Configuration interaction wavefunctions [6]
are used to represent the lowest 9 LS-coupled target states 3s23p° 1S¢, 3s23p°3d 3P?, 3F°, 'D°, 3D°,
IFe 1pe 3523p®3d 3D¢, 'D® in the R-matrix expansion. Collision strengths are tabulated at selected
energies in the range 10 to 70 Ryd. The low energy region is dominated by closed channel ( or
Feshbach ) resonances which perturb the otherwise smoothly varying background collision strength.
The effective collision strengths are determined by integrating the collision strength over a Maxwellian
distribution of electron energies. Results are presented for the effective collision strengths for a
temperature range 10°-107 K, over which the target models should be valid.

We expect our results to be reasonably accurate, since we have accounted for exchange, channel
couplings and short range correlation effects in our calculation. Our results are the only collsion
strengths and rate coefficients available for this ion. We believe that the data calculated in this work
will be useful in solar, astrophysical and laser applications.
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Laboratory plasmas such as radio-frequency inductively coupled discharges or laser induced plasmas
have a great potential in various technological and scientific applications [1,2,3]. There is a constant
need for improvements of their characterisation in a real time during various processes of material
treatments where a rapid change of the plasma content occurs. Optical emission spectroscopy is a
traditionally very efficient tool which is becoming even more important with the appearance of a
various miniature spectrometers.

In the present study we have explored possibilities (capabilities) of various miniature fiber spectrome-
ters for characterisation of plasma content. We present and discuss several aspects of miniature CCD
spectrometers in plasma studies such as a spectral response, spectral resolution, time integration etc.
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Xe plasmas are often present in the laboratory and in industry (plasma thrusters, plasma reactors,
lightning, etc.). Here we are concerned with diagnostics and modeling of the relatively cool plasmas
such as those present in applications such as plasma thrusters, or the divertor region of a fusion
device. In such cases it is only necessary to consider the lower ionization stages together with the
neutral Xe I. According to a simple coronal model [1] accounting of the stages Xe I to V is expected
to be sufficient for the description of plasma properties up to about some tens of eV.

We have recently developed a time-independent Collisional — Radiative (C-R) model [2] applicable
to relatively cool Xe plasmas. Comparison of the theoretical spectra provided by this model with
those obtained experimentally from various Xe plasmas has been used for its validation. Also, our
results compare favorably with those coming from the well known LANL codes, which are intended
for to address a much larger range of applications [3].

It is well known that the main difficulty in developing C-R models is the collection and evaluation of
the necessary atomic data entering in the coefficients of the second member of the relevant Boltzmann
equations, leading to the formulation of the statistical equation system. Once these coefficients are
validated in the steady state case, extension to the transient, non stationary case can be conceptually
reduced to only a matter of the solution of a set of differential equations, with the first member
accounting for the temporal and spatial variation of the distribution functions. In fact, the adequate
solution of the first member set taking into account the main constraints is so cumbersome that it
constitutes a distinct task; “sowing” together the description of the two views constitutes a challenge
for adapting the modeling to most realistic cases.

Our C-R model has been used to analyze various Xe spectra. Here, we report on two applications:
The first concerns Xe I and Xe II spectra registered in SPT-50 Stationary Plasma Thrusters, made
available to us at the Ecole Polytechnique and the ONERA Laboratories, both located in Palaiseau
[4]. The second application refers to the spectrum of low temperature Xe plasma contained in a
hollow cathode dielectric barrier dicharge, studied at the LPGP Laboratory. In both cases, the
spectra of various multiplets belonging to Xe I and II have been analyzed and will be presented and
commented on during the Conference.
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In this work we present a detailed study on the collision of two laser produced Ca plasmas, formed
at the focus of third harmonic of Nd-YAG beams. We use a spectroscopic imaging technique [1]
to characterize the plasma formed at the region where the two plasma plumes collide, frequently
referred as the stagnation region, due to the nature of the collisional regime studied in this work
(ion-ion mean free path much smaller than the plasma density scale length).

From the hydrodynamic analysis of the stagnation region parameters such as relative brightness,
transversal and longitudinal lengths, and life-time were obtained. Finally, absolute electron temper-
atures and densities were obtained directly from the spectroscopic measurements of visible emission
from the stagnation region.

This work was supported by the Irish Government’s National Development Plan under the Research
Frontiers Grants Scheme Science Foundation Ireland. KDK acknowledges support from the 'Embark
Scholarship Scheme of the Irish Research Council’ for Science Engineering and Technology. HL
acknowledges support from the EU FP6 Marie Curie program.
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In the 80s Kondratovich, Ostrovsky and Demkov (! ,? ) proposed an experiment in which the two
dimensional flux of electron produced in a photoionization process in the presence of a static electric
field is measured with a position sensitive detector placed at a macroscopic distance, perpendicularly
to the electric field. They noticed that this electron current is a direct measurement of the square
modulus of the transverse component of the electronic wavefunction. This experiment was named
“photoionization microscopy” as it provides an image that is a macroscopic projection of the electronic
wave function which properties are determined by the short distance motion of the electron around
the nucleus.

The first photoionization microscope has been built recently and first experimental results were ob-
tained on Xe atoms (3,% ). Tonization with one and two photons was performed and electrons were
detected using a state-of-the-art imaging spectrometer. A typical image shows two main structures
explained by the topology of electron trajectories. These results have demonstrated that this asymp-
totic measurement allows one to distinguish between “indirect” electrons scattered by the ionic core
and “direct” electrons with trajectories mainly influenced by the electric field. Even more spectacular
is the interference pattern observed for both contributions and the smooth evolution of the number
of fringes when the ionization wavelength varies. Moreover, above these general observations, the
detail of the measurements showed non trivial features for instance in the angular distribution.
These results can be understood intuitively in terms of interferences between several trajectories
followed by the electron in order to reach a given position on the detector. A hydrogenic semiclassical
model has been able to describe the main features of the experimental results (°). However, a complete
quantum description of the photoionization microscopy experiment is needed and requires a more
refined theoretical description taking into account the effect of the electric field, ionic core, electronic
core and ionization process. A natural approach would be based on the MQDT framework, however
a simulation of a complete experiment is extremely computational time demanding. Therefore, we
have recently performed calculations based on wavepacket propagation using a split-operator code.
This program allows us to calculate the wavepacket at a macroscopic distance from the core and first
results show that interference patterns can be well reproduced. This will allow us to study how the
interference structure is modified by electron/electron interaction or by the structured continuum.
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Traditionally used spherically-symmetric potentials (those of a rectangular well [1], uniformly charged
sphere [1], the spherical layer [2], and others, see, i.e., [3]) do not take into account a specific behavior
of the exact molecular potential

N
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in the vicinity of nuclei, ]%i(Ri,Gi,qﬁi) , where the inner-shell and subvalent electrons are mostly

located. Probably, this is a reason of failing the Hartree-Fock calculations for the entire 360-electron

fullerene configuration.

In this work we present the results of Hartree-Fock calculation of the fullerene Cgy ground state
obtained with the new model spherically-symmetric potential,
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that depends on angular parameters 6y and ¢y. It can be named as "the potential in a singled out
direction. The target distance p has been used in calculations as a single parameter instead of 6y
and ¢g. The potential V; allows the simultaneous using of different values of p in calculation of
inner-, subvalence- and valence-shell single-electron states. This results in accounting the fullerene
molecular properties to a greater extent. Closeness of agreement between the experimental and
calculated ionization potentials can serve as a criterion of choosing the proper values of p.

Preliminary calculations with the use of V,(r) in modified computer codes ATOM [4] showed rather
good agreement between the experimental ionization potentials and calculated ones for the outermost
configuration s?pSd'® f14¢g'8n10, if proper values of p are used.

The detailed results for different 360-electron configurations of Cg, including those containing the
high-momentum electron shells (n,1)? = (15,14)%, (16, 15)%? will be presented at the conference.
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The frequency spectrum of the pulse train consists of a series of fringes separated by the pulse
repetition rate. The fringes are regular in frequency space if the pulses in the pulse train have a defined
phase relation relative to each other. In the systems where the atomic coherence relaxation time is
longer than the pulse repetition period the atoms interact with the spectrum of the pulse train, and
not with the spectrum of a single pulse. In that account the short pulse trains can be used for the high
resolution spectroscopy [1,2], where the observed linewidths are much less than the Fourier- transform
limit of the individual pulse in the train. In our recent papers [3,4] we presented the observation of the
velocity selective population transfer between the Rb ground state hyperfine levels induced by fs pulse
train excitation. We developed a modified direct frequency comb spectroscopy (DFCS) which uses a
fixed frequency comb for the *>8"Rb 525, — 52 Py ) 3/2 excitation (Tsunami mode-locked Ti:sapphire
laser with pulse duration of 100 fs and pulse repetition of 80 MHz) and a weak cw scanning probe
(TOPTICA DL100, ECDL at 780 nm) for ground levels population monitoring. The Rb(5%P; s 3/2)
excited atomic levels have the relaxation times greater than the fs laser repetition period. In the
time domain this leads to population and coherence accumulation effects. This corresponds to the
interaction of the Rb atoms with the fs frequency comb in the frequency domain. As a result, velocity
selective excited state hyperfine level populations are obtained, i.e. the mapping of the frequency
comb to the atomic velocity comb. Simultaneously, velocity selective optical pumping of the ground
hyperfine levels is achieved. We measured the %*"Rb (5P /93/2) hyperfine levels population by
monitoring the 525 o — 5% P2 probe laser absorption. Modulations in the 5255 5 — 52 P hyperfine
absorption line profiles are observed as a direct consequence of the velocity selective optical pumping
induced by the frequency comb excitation. The %5%"Rb 525/ — 52P 53/ fs pulse train excitation
of a Doppler broadened rubidium vapor was investigated theoretically in the context of the density-
matrix formalism. Simulated 525, /2 = 5P /2 absorption profiles were compared with the experiment
and the agreement was excellent. The dependence of the observed modulations upon the wavelength
and power of the fs laser and external magnetic field was investigated experimentally.
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A Nd:glass laser pulse is spectrally broadened in order to obtain a temporal compression. The
employed, commercial Nd:glass laser source delivers pulses with energy up to 4.3 mJ at wavelength
A=1055 nm and with pulse duration of 1 ps. The infrared pulse is frequency doubled by a II-type
KDP crystal in which also a considerable temporal compression takes place by means of the so-called
nonlinear pulse compression [1,2]. The second harmonic pulse (A=527 nm, 1 mJ, 200 fs) is then
focussed at the entrance of a hollow fiber filled with Argon or Krypton. Typical gas pressures falls
within the 1-2 bar range. The maximum coupling of the pulse energy with a fiber having the inner
diameter of 360 pm is found when using a lens having a focal distance of 25 cm. The fiber is placed
in a V-groove and set in a high pressure chamber with quartz windows. Large spectral broadening
is obtained because of the self-phase modulation occurring in a Kerr medium. By using the split-
step Fourier algorithm [3] the nonlinear Schrédinger equation, describing the ultrashort laser pulse
propagation in optical fibers, has been numerically integrated. An excellent agreement with the
measured spectra is found in all the experimental conditions. By using a 70-cm long, fused silica
hollow fiber an output pulse bandwidth as large as 20 nm is achieved when the pressure chamber is
filled with 2 bar of Argon. In such conditions the highest obtained energy coupling to the fundamental
beam mode of the fiber is about 40 %, thus leading to about 0.4 mJ output broadened pulses.

Detailed project and design of a double prism compressor [4,5] are, then, presented. The presented
compressor compact scheme, based on the use of two SF10 equilateral prisms, will allow one to
completely remove the large GVD of the broaden pulses (23500 fs?) and partially compensate also
for the third order dispersion. The final predicted pulse duration is of ~40 fs with a pulse energy
of about 0.3 mJ concentrated in the hot, central part of the beam. This also leads to a pulse peak
power increased by almost a factor of two after compression.

This work is the first attempt where the hollow fiber technique is applied to broaden a laser pulse
whose central wavelength is 527 nm, thus opening the way to accessing with relatively high energy
laser pulses the few fs duration regime in the centre of the visible range.
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For many years now the study of highly excited or core-excited states has been limited to single
photon absorption from the ground state, only allowing a restricted number of states to be accessed
[1,2]. Reaching states not accessible from the ground state and studying coupling between highly
excited states would provide insight into the fundamental dynamics of atomic systems and allow
us to explore new regions in the atomic world. In this work we will study such states using two-
photon photoabsorption of ions utilising an XUV plasma source and visible photons from an optical
parametic oscillator (OPO) tuneable laser. We tune an OPO laser to the 3p®4s? - 3p®4s4p transition
of Ca I to produce a high density of atoms in the 4sdp excited state; we then record the XUV
photoabsorption from 4s4p to highly excited states using the DLP technique [3]. This will yield
many new first-ever recorded spectral lines in neutral calcium.

Using the DLP technique to isolate the autoionizing 3p-3d giant resonance in Ca II, we aim to
study the effects on the ionization dynamics when we couple this state to a higher-lying autionizing
resonance by means of the OPO. A drastic modification of the ionization dynamics is currently
predicted by sophisticated theoretical methods [4,5] but needs to be verified experimentally. By
varying the intensity of the OPO we aim to study the interference effects between the two autoionizing
states, namely to study the AC Stark Effect.

Work supported by the Irish Governments National Development Plan under the Basic Research
Grants Scheme administered by the Irish Research Council for Science Engineering and Technology.
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The subject of coherent interaction of a short laser pulse and a two-level atomic system has been
investigated extensively in literature, both theoretically and experimentally [1]. Many effects in
gaseous and solid-state media have demonstrated both the linear absorptive and dispersive nature
of the interaction and the nonlinear properties of short-pulse propagation. In particular, effects that
are due to coherence, such as self-induced transparency, free-induction decay, optical nutation and
photon echo have been observed in experiments in which relaxation times of the medium were longer
than the duration of the pulse. Additionally, the reshaping and breakup of low-intensity, or O pulses,
was reported [2].

In this work we investigate the propagation of an ultrashort (100 fs) laser pulse in the optically thick
Rb atomic vapor, in the case when the pulse duration is smaller than the inverse spectral width of
the absorption line. The envelope of such a pulse experiences strong reshaping effects and develops
an oscillatory temporal structure, as a result of the strong nonlinear behavior of the refractive index
over the broad pulse spectrum.

The pulse reshaping is investigated experimentally for different laser detunings and Rb atom con-
centrations. We imploy a simple theoretical model to interpret the results and demonstrate good
agreement with the observations.
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In the last few years several toxicological and epidemiological studies have undoubtedly associated
high concentration of airborne ultrafine particulate matter with increased human morbidity and mor-
tality. Depending on physical and chemical properties, particulate matter with nanometric diameter
can deeply penetrate in the pulmonary alveoli, in the circulatory system and also deposit in the brain
[1,2]. Consequently, a detailed characterization of nanometric particles is of extreme importance in
view of reduction of their effects on human health. Carbonaceous atmospheric aerosols represent
approximately 50% of the total particulate matter mass, and a non-negligible fraction is produced
in combustion processes as elemental carbon, soot, and organic carbon, whose composition is still
essentially unknown. Recent researches have shown that combustion of fuel-rich mixtures promote
the creation of organic particles with typical sizes of 2-3 nm before large soot particles formation.
These structures are transparent to the visible radiation, and have spectroscopic features similar to
aromatic compounds with 2-3 condensed rings. Their coagulation rate is orders of magnitude smaller
than the gas-kinetic value, and they also have partial affinity with water that allow to capture them
by means of water-sampling. All these features make such particles object of growing concern for
their possible adverse health effects and role in the climate radiative balance. Nevertheless, informa-
tion regarding their concentration, chemical composition, size and adverse health effects is clearly
lacking [3-5]. The goal of this work is to study the emission of nanometric particles from combustion
systems and at the exhausts of laboratory flames, for which the formation routes of combustion
by-products are already known. The particles are collected by means of the water-based sampling
technique developed in previous studies. The sampling method is optimised and characterized so
that the sampling efficiency is determined both for the sampling in the high temperature environ-
ment and at the exhausts. The amount of particulate matter emitted by the practical combustion
systems is estimated by determining both light absorption spectra and Total Organic Carbon (TOC)
by means of a suitable TOC analyser. The chemical structure of the sampled material is investigated
by spectroscopic analysis of light absorption and fluorescence. Time Resolved Fluorescence Polariza-
tion Anisotropy (TRFPA) was used as sizing technique [6]. By spectrally resolving the fluorescence
light in TRFPA analysis, it is also possible to correlate the particle size to the detection wavelength,
which, in turn, is strictly related to the chemical composition.
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Nowadays, solution of one-dimensional Schrédinger equation related to a known potential is not
any serious problem, except if this elementary act has to be performed many million times in a
reasonable time scale. Such a situation is quite common for an accurate spectroscopic calculation
concerning transitions between ro-vibrational states of two electronic states in a wide range of nuclear
separations. In this case the efficiency of calculations could be essentially improved, if they could be
carried out analytically, instead of applying methods of numerical integration. On the other hand,
strictly speaking, for any real system the interaction potential is known only approximately. It means
that in most cases the solution of the Schrodinger equation only provides an approximate reflection
of the reality, not the reality itself. Of course, one’s aim (in ideal) is to minimize uncertainties and
to build up the "real” potential which would match all experimental data. A possible step-by-step
strategy towards this goal is to proceed from an approximate but exactly solvable potential for the
system.

The author has developed this kind of reference potential approach in terms of several smoothly
joined Morse type components [1]. Besides ordinary Morse potentials these components may be
of "reversed” form with a negative dissociation parameter or ”pseudo-Morse” potentials having no
bound states (if taken separately). Such a multi-component potential is exactly solvable, in the sense
that the related energy eigenvalue problem can be solved analytically with any desired accuracy. The
optimal number of components is a subject for trial, and their parameters are varied until the best
fit with the available experimental data is achieved.

If one manages to construct a sufficiently correct reference potential, a further step might be applying
rigorous methods of inverse quantum theory. To this end, one has to accurately ascertain all spectral
characteristics of the reference potential, including the full energy dependence (from 0 to oo) of the
phase shift for the scattering states, and the Jost function (the details are described elsewhere [2]).
These characteristics can be reused as input parameters for applying methods of the inverse theory.
In principle, one can construct an improved potential for the system, and such possibilities will be
analyzed on example of diatomic xenon molecule in its ground electronic state. As a particular result,
a full agreement with Levinson theorem will be explicitly demonstrated.
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Signatures of quantum chaos in doubly excited helium
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Doubly exited helium approaches the semi-classical limit, i.e. h — 0, in the region close to the
double-ionization threshold. Since the classical counterpart of the helium atom, the classical three-
body system, is a non-integrable system, i.e. it can behave chaotic, one expects quantum chaos in
the spectrum of the doubly excited resonances in helium close o the double ionization threshold.
Studies of these doubly excited states below the single ionization threshold (SIT) Iy of He™ showed
a transition towards quantum chaos by analyzing the distribution of the nearest-neighbor energy
spacings between the resonances [1].

Now we present measurements in the energy region up to the SIT I5, which show excellent agreement
with state-of-the-art complex-rotation calculations. Based on these calculations the spectral features
were assigned using the classification scheme N, K,,. Here N (n) is the principal quantum number of
the inner (outer) electron and K an angular-correlation quantum number. We studied the validity
of these approximate quantum numbers by investigating the statistical properties of the nearest-
neighbor energy spacings on the basis of the theoretical results. These studies proved that K is a good
quantum number for a large fraction of resonances and it dissolves rather slowly while approaching
the double ionization threshold. Therefore, the transition region from integrability to full chaos is
much larger than expected before. In contrast to the findings on K, it has been found that the
physical meaning of the principal quantum numbers N and n is almost fully lost in the energy
region of the SIT I;5. In addition statistical analyses on the linewidths and Fano-parameters ¢
were performed displaying also interesting precursor signatures of quantum chaos in doubly excited
helium. Ericson fluctuations are considered to be a signature of quantum chaos and they are also
predicted for helium. However, based on the present assignment of the cross section no indication
for the presence of Ericson fluctuations are found; this is attributed validity of K as a good quantum
number for a large number of resonance.
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Quantum degenerate atomic gases
Massimo Inguscio

Dipartimento di Fisica and LENS
Polo Scientifico-Universita di Firenze, 50019 Sesto Fiorentino, Italy

We shall report on experiments performed at LENS with a BEC of rubidium, a degenerate potas-
sium Fermi gas and mixtures of the two. We shall describe physics with one dimensional and three
dimensional optical lattices (crystals of light) and discuss new localization effects induced by disor-
der. In the mixture the interactions are controlled by magnetic fields (Fano-Feshbach resonances).
Perspectives in the direction of stability and formation of molecules will be discussed.
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Fermionic atoms in a crystal structure of light
Tilman Esslinger

Department of Physics, ETH Zurich, Zurich, Switzerland

A general introduction to the physics of ultracold atoms in optical lattices will be given. These
systems provide a new avenue for designing and studying many-body quantum systems. Exposed
to the crystal structure of interfering laser waves the fermionic atoms behave much like electrons in
a solid. However, the properties of this synthetic material can be changed at will. The collisional
interaction between fermionic atoms in different spin states can be tuned using a Feshbach resonance
and the dimensionality is controlled almost like a parameter. In the experiment we have been able
to directly image the Fermi surface of the atoms in the optical lattice and to study the transition
of the system from a conducting state to a band insulator [1]. Using a Feshbach resonance we have
dynamically induced a coupling between the lowest energy bands and formed molecules in the optical
lattice [2]. The unique versatility of atoms in optical lattices may allow the study of a whole catalogue
of phenomena linked to solid-state physics or even to mimic the physics underlying high-temperature
superconductivity.
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A single aluminum ion optical clock using quantum logic
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Optical spectroscopy of ions and neutral atoms holds the promise of optical clocks with unprecedented
stability and accuracy. In the past, the choice of atomic species with transitions suitable for precision
spectroscopy was often restricted to atoms that also had suitable transitions for laser cooling, state
preparation and detection. A recent proposal [1] overcomes this limitation by assigning these latter
tasks to an auxiliary atomic species using quantum logic methods. In our implementation, a laser-
cooled beryllium ion is trapped in a linear Paul trap simultaneously with an aluminum ion [2]. Al*
has resisted precision spectroscopy in the past since its laser cooling transition is at a wavelength
of 167 nm. The Coulomb interaction between the ions allows us to sympathetically cool Al™ via
Bet. Using quantum logic techniques, we map the internal state of the aluminum ion onto the
beryllium ion, where it is then detected with high efficiency. An extension of this technique allows
us to deterministically prepare any desired Zeeman substate of the aluminum ion.

Our choice of 2" Al is motivated by its potential as a high-accuracy optical clock: the 'Sy «+3 Py clock
transition has a very high Q-factor of f/Af ~ 2x10'" (X ~ 267 nm) and a small black-body radiation
shift [3]. We have used quantum logic based spectroscopy to operate an 2"Al" frequency standard
by stabilizing a narrow-linewidth (< 6 Hz) interrogation laser to the mean transition frequency
of the mp = £5/2, Ampr = 0 clock transitions. Using a femto-second frequency comb, we have
measured the ratio of its frequency to that of the single mercury ion optical frequency standard
[4], as well as hydrogen masers maintained by NIST. Largely owing to the higher frequencies in the
optical domain, the fractional frequency instability of the Al*/Hg™ optical frequency comparison is
improved by more than one order of magnitude over the radio-frequency measurement. After an
averaging time of approximately 30000 seconds, a fractional frequency uncertainty below 1070 is
reached.

The application of quantum logic methods is not limited to optical clocks, but may also be used to
perform spectroscopy of atoms and small molecules with complex internal level structure, for which
no cycling transition is available.

This work was supported by the National Institute of Standards and Technology (NIST), and the
Office of Naval Research (ONR). P. S. acknowledges support from the Alexander von Humboldt
Foundation. J. K. acknowledges support from the Netherlands Organization for Scientific Research.
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