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50" Anniversary EGAS conference Krakéw

Dear Participants of the 50" Jubilee EGAS Conference,

For 50 years, representatives of the atomic, molecular and optical physics
have been meeting at conferences organized by the European Group on Atomic
Systems (formerly known as European Group on Atomic Spectroscopy) — EGAS.
Participants have changed, research topics have changed, and tools for their im-
plementation have changed but high quality of the Conference, as well as its kind
and friendly character remained untouched. It is here that many PhD students and
postdocs kicked off their careers, later becoming leaders in their fields. It is also
here where acquaintances, later turned into life-lasting friendships and collabo-
rations, were formed.

Ahead of us is the 50" EGAS Conference, which returns to Krakow after 41
years. In 1977, the iron curtain was still dividing Europe into two hostile blocks
and communism in Poland was held firmly. Regardless, that conference is still
remembered as a unique event that opened the doors to great Science for scholars
of Central and Eastern Europe.

Nowadays, Poland is a completely different country. We are a member of the
European Union. We can trade and travel the world freely. Poland is an open coun-
try and Krakow is regularly selected for the TOP10 touristic wonders of the world.

The program of this year’s EGAS Conference is again interesting and im-
pressive. In addition to the plenary talks of the most renowned experts in the
field, such as prof. Theodor Hiansch, many of the young but already recognized
scientists will deliver their invited talks. Twenty six carefully selected contrib-
uted presentations will be given and nearly 150 posters will be presented. Apart
from the scientific program, various social events will be organized, including a
Krakow city tour and a visit to the nearby salt mine in Wieliczka. A conference
dinner will be held at the 1,000 years old Benedictine abbey in Tyniec. We hope
that all these features, in conjunction with the customary Polish hospitality and
the magic of Krakow, will provide plenty of opportunities for creative exchang-
es, but also socializing, soon resulting in new research projects and, ultimately,
breakthroughs.

On behalf of the Local Organizing Committee, we would like to warmly
welcome you at the 50" Jubilee EGAS Conference in Krakow and wish you
many fruitful debates and a successful and exciting stay in Krakéw.




Krakow — a truly extraordinary place

In addition to its historic charm, Krakow has a truly magical power of at-
tracting people from the most remote corners of the world. This is a royal city,
which prosperity was provided by merchants and craftsmen, while artists and
scientists contributed to the development of culture and science. Krakow is a city
full of treasures, a coronation city of Polish kings, a royal necropolis, a city of
old churches and synagogues. Krakow is also the home for famous writers and
poets, musician and painters, actors and performers. Finally, it is a scientific and
political center of the region strongly contributing to Polish politics.

The beginnings

Archaeological excavations reveal that men lived in the present-day Krakow
already in the prehistoric era (about 200,000 BC). During the Lusatian culture
(around 1,300 BC) agricultural settlements were already present in the area.
Nonetheless, the first stories about the city mention a legendary Slav ruler —
prince Krak, who founded his stronghold on a rocky hill (Wawel hill), rising
above the Vistula River. In 965, Ibrahim-Ibn-Jakub, an Arab merchant travelling
across Europe, wrote that Krakow was a rich city located at the crossing of main
trade routes. Those times are commemorated by two earth mounds erected by the
Krakowians in the 19th century in honor of prince Krak and his daughter Wanda.

The Middle Ages

In the 10th century, prince Mieszko I (Mieszko I of Poland) the first ruler of
Poland, incorporated Krakoéw into the newly formed Polish state. The city be-
came the capital of Poland in 1038, during the reign of Kazimierz Odnowiciel
(Casimir I the Restorer), who made Wawel castle his seat. In the 13th century, the
city was rebuilt and chartered under the Magdeburg rights. At the time, a large
market square was built, and a chessboard layout of the city was formed. In 1320,
after nearly 200 years of regional fragmentation of Poland, Wtadystaw Lokietek
(Vladislaus the Elbow-high) was crowned the king of Poland in Wawel Castle ca-
thedral. Since then, for over 400 years, the cathedral was the coronation place for
Polish kings. Its crypts also became the burial place for them and their families.

Another important date in the
history of Krakow is May 12, 1364.
Just then, the son of Lokietek, Ka-
zimierz Wielki (Casimir the Great),
great patron of art and protector of
science, established Studium Gen-
erale, one of the first universities
in Europe. Soon after, Studium
became one of the most renowned
universities in medieval Europe.
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Long and peaceful ruling of Kazimierz Wielki enabled him to completely reform
the country. The king, who according to a Polish proverb, found Poland wooden
and left made of stone, also transformed his capital. He expanded the medieval
market halls, built a cloth hall and several beautiful Gothic temples (including St.
Mary’s Church). He also expanded the royal castle on Wawel hill, modernized
the city’s fortifications, ordered the streets to be paved, and founded waterworks.

In 1384, Jadwiga (Hedwig of Anjou) the daughter of Ludwik Wegierski (Lou-
is I of Hungary) and the king(!) of Poland, married the Grand Duke of Lithuania,
Wiadystaw Jagietto (Jogaila). Jagielto, crowned king of Poland in 1386, started
the greatest Polish dynasty that ruled the country for the next 200 years. In her
last will, Jadwiga donated all her private fortune to the University (some items
can still be found in university museum). Thanks to Jagietto’s efforts, a medieval
university modelled after the Paris Sorbone with faculties of theology, law, med-
icine and philosophy, was created in Krakow. In 1818, the university was named
the Jagiellonian University to emphasize the contribution of the Jagiellonians to
its renewal.

Since the 15th century, the university was attracting many students from all
over Europe. It was especially famous for its law, mathematics and astronomy. In
1491, Nicolaus Copernicus enrolled into the university later becoming one of its
most famous alumni.

A peak of Krakow’s prosperity was 15th and 16th centuries. During the renais-
sance Krakoéw was a city of culture and science. It attracted the greatest artists,
whose works such as the altar in St. Mary’s Church made by Wit Stwosz (Veit
Stoss), arcades in Wawel designed by Bartolomeo Berrecci, and beautiful tapes-
tries designed by Michal Coxie, commissioned by King Zygmunt August, can be
still admired. Also the largest Polish bell ,,Zygmunt” was hung in the tower of
the cathedral.




The 17th and 18th centuries

After the “golden age”, the power of Poland started to wane at the beginning
of the 17th century. In 1609, king Zygmunt III Waza (Sigmund III Vasa) moved
the capital to Warsaw. From that time, Krakow lost its importance, keeping only
the representative role of the city of royal coronations and funerals. The capture
of the city during Potop Szwedzki (Swedish Deluge) in the mid-17th century
resulted in significant damages, and many priceless works of art were looted by
the invaders. At the time, population of the city also suffered due to the flood of
the Vistula River and black pox epidemic. The greatest blows for the city were
however the partitions of Poland in 1772 and 1793.

During the time, the reform of the Krakéw Academy, conducted by Hugo
KoMataj, brought a new era to the University. Particularly, faculties of science
were formed and first medical clinic, astronomical observatory and botanical gar-
den were also established.

In 1794, Tadeusz Kosciuszko, the great Polish patriot, pledged all Poles a
fight for Polish independence on Krakow’s Market Square. Unfortunately, the
Insurekcja Kosciuszkowska (Kosciuszko Insurrection) ended in defeat and the
final partition of Poland occurred in 1795 wiping Poland out of the map for the
next 123 years.

The 19th century

After the Congress of Vienna in 1815, Krakow along with its district constitut-
ed the Republic of Krakow under the joint supervision of all partitioners: Austria,
Prussia and Russia. Subsequent uprisings did not bring the desired freedom to the
Polish nation.

In the second half of the 19th century, Krakéw found itself in the borders of
Galicja (Galicia), which enjoyed great autonomy. This was a significantly better
time for the city. Since Galicja had its own administration, education and judici-
ary, the University was also rapidly developing.

The 20th century

The imminent war with Russia inevitably intensified the independence move-
ments in Poland. On August 6, 1914, Pierwsza Kadrowa (First Cadre Company)
set off from Krakow’s Oleandrow. Krakow was one of the first Polish cities to
regain freedom after World War 1. It happened on October 31, 1918. During a
whole interwar period Krakoéw was the leading center of culture, art and science
in Poland. Simultaneously, the industry was rapidly growing.

On September 6, 1939, 6 days after the beginning of the World War II, Ger-
man troops entered Krakow. Schools and universities, museums and theaters
were closed. November 6, 1939 marks one of the saddest day in the history of the
Jagiellonian University. On that day, 183 people, professors of the Jagiellonian
University and the Krakéw University of Technology were invited to University
Collegium Novum for a doctor B. Muller’s lecture. Instead of listening of the
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lecture and discussing reopening of the universities, however, the professors were
imprisoned and sent to the concentration camp in Sachsenhausen, where many
of them died.

In 1939 Hitler established Krakow as the capital of the General Government,
and appointed Hans Frank as its governor. Frank took Wawel castle as his resi-
dence. Poles were displaced from many districts, and public executions were often
carried out in the city streets. Jews were persecuted. In particular, in March 1941,
the German occupant closed down about 60,000 Jews in the Krakow Ghetto.
People recognized as Jews were murdered during the liquidation action in March
1943, as well as in the concentration camps in Ptaszow, Belzec, and Auschwitz.

Throughout the war, underground organizations were active in Krakow. A
great role was played by a conspiratorial cultural and educational life. Young
people gathered in secret theaters and schools. One of them was Karol Wojtyta,
the future pope John Paul II.

Krakéw was liberated from German occupation on January 18, 1945. Admit-
tedly, unlike other Polish cities, Krakow was not destroyed during the war. Yet,
the privileged role of the city has changed. A new communist government, under
Soviet auspices, wanted to have a decisive influence on shaping the new social-
ist society. An expression of these efforts was the construction of Nowa Huta
(New Ironworks), a model socialist city, without the intelligentsia and religion.
To accomplish the task the government orchestrated a huge population influx
from underdeveloped parts of Poland who found employment in a newly built
Metallurgical Combine of Nowa Huta. However, contrary to the assumptions of
the communist authorities, this plan did not work out and the communistic gov-
ernment failed to create frictions between the intellectual Krakow and proletarian
Nowa Huta, nor to keep the religion out of the city. Particularly, during the Polish




Martial law (13.12.1981-22.07.1983) Nowa Huta has witnessed the largest man-
ifestation to defend the outlawed ,,Solidarity” movement. Today, the ,,0ld” Nowa
Huta has been registered as a monument and is an example of socialist realism
urban planning in Poland.Present day

Present day Krakow is a large European city, which strives to become a real
leader in entrepreneurship, attracting large high-tech companies as well as start-
ups. Krakow other focuses are the development of tourism and contemporary art.
The city is one of the leading scientific and didactic centers in Poland, with com-
petitive staff and modern scientific-research and laboratory infrastructure. There
are 33 higher education institutions in the city (including 19 non-public ones),
with over 200,000 students. The prestige and centuries-old tradition draw people
from all over the world.

At the modern University

At the Jagiellonian University, which combines the medieval tradition with
the state-of-the-art science, there are currently almost 50,000 students, studying
at 16 faculties (including three medical faculties). In addition to students from
European Union countries, the University teaches a large group of students from
Eastern European, particularly Ukraine and Belarus, and slowly also from Asia
and Africa. Among the faculties, the Faculty of Physics, Astronomy and Applied
Computer Science, the co-organizers of the conference, is one of the largest. The
Faculty trains over 1,000 students in physics, biophysics, advanced materials
and nanotechnology, astronomy, and computer science. Its newly commissioned
building hosts one of the most advanced laboratories in Poland, where cutting
edge experiments in various fields of physics are performed. The Faculty also
operates the first Polish synchrotron “Solaris”, located just 500 meters from the
Faculty buildings.

Maria Pawlowska (translation Szymon Pustelny)
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Precision frontier in laser spectroscopy

T. W. Hiinsch"?
1. Faculty of Physics, Ludwig-Maximilian-University, Munich, Germany
2. Max-Planck-Institute of Quantum Optics, Garching, Germany

Precision laser spectroscopy of the simple hydrogen atom has long provided an intriguing path to
fundamental physics research at low energies. Since the first Doppler-free saturation spectroscopy of the
Hydrogen Balmer-alpha line in 1972, the accuracy of laser spectroscopic measurements in atomic
hydrogen has advanced by 8 orders of magnitude, approaching the limit set by the definition of the unit of
time. The challenges encountered along this path have motivated a number of inventions, including laser
cooling of atomic gases and the laser frequency comb technique. Laser combs are now the most precise
tool for precision measurements. They provide the long-missing clockwork for optical atomic clocks,
and they are enabling powerful new approaches to broadband and precise atomic and molecular
spectroscopy. Spectroscopic measurements of hydrogen resonances permit tests of quantum
electrodynamic theory, they yield values of the Rydberg constant and the proton charge radius, and they
provide a reference for laser spectroscopy of antihydrogen and of other hydrogen-like exotic atoms,
notably muonic hydrogen and muonic deuterium. The root mean square proton charge radius, as derived
from laser measurements of the 2s - 2p Lamb shift in muonic hydrogen some years ago, is about 4%
smaller than that obtained from hydrogen spectroscopy or electron scattering experiments. This “proton
size puzzle” has not yet been resolved. Current experiments in our laboratory aim to confirm or resolve
this puzzle. They include fluorescence spectroscopy of 2s - np transitions in a cold collimated atomic
beam, and direct Doppler-free frequency comb spectroscopy of the Is - 3s, 3d two-photon transition in a
cold atomic sample. Future precision spectroscopy of hydrogen-like cold, trapped He' ions, using a high
harmonic generation frequency comb source near 60 nm, will permit even more sensitive searches for
possible new physics. These experiments will be augmented by measurements of the helium nuclear
charge radius via the 2s - 2p Lamb shift in hydrogen-like muonic helium ions.
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Extreme light for molecules at the extremes

S. Bartalini', S. Borri'?, F. Cappelli', L. Consolino’, I. Galli', P. Maddaloni®, D. Mazzotti',
G. Santambrogio®, P. De Natale"'?

1. CNR-INO, Istituto Nazionale di Ottica, Largo E. Fermi 6, 50125 Firenze, and LENS, via N. Carrara 1, 50019 Sesto Fiorentino, Italy
2. INFN, Istituto Nazionale di Fisica Nucleare, Sez. di Firenze, via G. Sansone 1, 50019 Sesto Fiorentino, Italy
3. CNR-INO, Istituto Nazionale di Ottica, Via Campi Flegrei 34, 80078 Pozzuoli, and INFN, Istituto Nazionale di Fisica Nucleare, Sez. di
Napoli, Complesso Universitario di M.S. Angelo, Via Cintia, 80126 Napoli, Italy
4. INRIM, Istituto Nazionale di Ricerca Metrologica, Strada delle Cacce 91, 10135, Torino, Italy

Interrogation and manipulation of molecules is a challenging task, when sensitivities beyond parts per
trillion or accuracies for frequency measurements approaching the uncertainty of primary frequency standards
are requested. It indeed requires an overall rethinking of radiation sources, spectroscopic techniques and
molecular samples preparation. Compared to atoms, difficulties are increased by the weaker absorption line-
strengths, as well as by the need to cover the huge 2-1000 micron wavelength interval, where fundamental ro-
vibrational bands of molecules are found, by appropriate photonic tools and spectroscopic techniques. To make
matters worse, cryogenic cooling is often required to suppress the strong background radiation noise from which
this spectral range suffers. However, a tremendous progress in photonics and spectroscopy, as well as in
molecular sample preparation, is revolutionizing the scenario [1]. In the last twenty years, the main game
changers on the photonics side have been frequency comb synthesizers [2-3], quantum cascade lasers [4-5] and
quasi-phase-matching schemes for nonlinear generation of coherent radiation [6]. For spectroscopy, extension to
the infrared and THz range of precision frequency measurements, beyond 107, and the achievement of
sensitivities better than 1 part-per-trillion are providing novel, powerful physical probes and new areas of
application for sensing [7]. On the side of molecular samples, a key role is played by the emerging technologies
for the production of cold and ultra-cold stable molecules, including buffer-gas cooling and magneto-optical
trapping [8-11].

Several examples showing significant, often ground-breaking, results in the areas cited above will be
discussed, together with perspectives in these areas.
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Spectroscopy of hydrogen 1S-3S transition with a cw-laser at 205 nm

H. Fleurbaey!, S. Galtier', S. Thomas', M. Bonnaud', M. Abgrall?, J.Guéna?, L. Julien', F. Biraben',
F. Nez*!.
1. Laboratoire Kastler Brossel, Sorbonne Université, CNRS, ENS-Université PSL, Collége de France, 4 place Jussieu, Case 74,75252 Paris
Cedex 05, France
2. LNE-SYRTE, Observatoire de Paris, ENS-Université PSL, CNRS, Sorbonne Université, 61 avenue de I’Observatoire, 75014 Paris, France

High resolution spectroscopy of simplest atomic systems provides access to fundamental quantities of physics
such as the Rydberg constant and the proton charge radius (r,) as these systems are calculable. In 2010, the
spectroscopy of muonic hydrogen (made of a proton and a muon) yielded a value of , an order of magnitude more
precise, but about 4% smaller, than the CODATA-recommended value [2]. This discrepancy has become known as
the proton radius puzzle [3].

A recent measurement of the hydrogen 25 — 4P [4] transition frequency in Garching has brought a new dimen-
sion to this conundrum, as it agrees with the smaller muonic value of the proton charge radius, in disagreement
with other spectroscopic measurements in electronic hydrogen.

Recently we have improved the spectroscopy of hydrogen 1S5 — 3§ transition [5] [6] with a cw-laser at 205 nm
[7]. It is now realized with a relative uncertainty of 9 x 10~13 [8]. It yields a value of the proton charge radius that
appears to support the CODATA-recommended value (see Fig. 1). We will present our experiment and our current
efforts to improve it.
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Fig. 1: Recent determinations of the proton charge radius.
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High-Precision Measurement of the Proton’s Atomic Mass
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The electron, the proton and the neutron are the basic building blocks of the visible universe. The precise
knowledge of their properties is of great interest for tests of fundamental physics and metrology.

To measure the proton’s mass in atomic mass units, a new cryogenic fivefold Penning-trap setup was con-
structed, which is termed LIONTRAP (Light ION TRAP). It is the successor experiment of the former g-factor ex-
periment for highly charged ions, which provided the most stringent tests of bound-state QED [1],[2],[3].

The measurement principle is based on a phase-sensitive comparison of the proton’s cyclotron frequency to
that of a carbon nucleus ('2C°") as reference. To accomplish high precision a purpose-built doubly compensated
Penning trap was set up, consisting of seven cylindrical electrodes. These electrodes serve to produce an extremely
harmonic quadrupole trapping field by canceling out higher order electric field contributions using properly chosen
voltages (Fig. 1).

We achieved a fractional uncertainty of 32 parts per trillion. This is a factor of 3 smaller than presently listed
in the CODATA tables of fundamental constants [4]. Our value deviates, however, by about 3 standard deviations
to the listed value (Fig. 2) [5]. At this conference, the new LIONTRAP setup as well as the latest results on the
proton’s atomic mass and the next major upgrades are presented.
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Fig. 1: Triple Penning trap for single particle mass spectrometry. The stored ions can be shifted between the
different potential minima and their cyclotron frequencies are alternatively determined in the Measurement Trap.
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Fig. 2: Comparison of our proton mass value with previously obtained results.

References

[1]S. Sturm et al., Phys. Rev. Lett. 107, 023002 (2011).

[2] A. Wagner et al., Phys. Rev. Lett. 110, 033003 (2013).

[3] F. K&hler-Langes et al., Nat. Commun. 7, 10246 (2016).

[4] P. J. Mohr, D. B. Newell and B. N. Taylor, Rev. Mod. Phys. 88, 035009 (2016).
[5] F. HeiB3e et al., Phys. Rev. Lett. 119, 033001 (2017).

*Corresponding author: werth@uni-mainz.de

11




@ Tuesday, 10 July
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We report preliminary results of dark mater searches within the worldwide network made of our laboratories.
‘We demonstrate that data routinely collected by our currently operating optical atomic clocks without any further
developments of the experimental set-ups may be used to run a global program aimed on searches of dark matter.

Optical atomic clocks are the most precise scientific instruments available to humanity. Their accuracy and
stability reach eighteen significant digits. Therefore, optical atomic clocks are one of those experiments that push
the boundaries of knowledge and metrology. The cost of their construction and maintenance, however, is many
times lower and the needed research team is smaller in comparison to other great experiments that enlarge our
knowledge on structure and history of our Universe, and as a consequence, bring new emerging technologies into
our lives. The unique properties of these sensors are direct consequences of a typical optical atomic clock set-up.
A standard optical atomic clock consists of two state-of-the-art components: an ultra-stable high-Q optical cavity
which transfers stability of the length into stability of the frequency, and an atomic sample which transfers accuracy
of the energy of the ultra-precise atomic clock transition into accuracy of the frequency. These two components
have different susceptibilities to the external perturbations such as electric and magnetic fields, and to the possible
changes of fundamental physical constants.

In this paper, we use this property to derive new constraints for oscillating massive scalar fields [1] and topolog-
ical defects in the scalar fields [2] couplings to standard matter exceeding previously reported limits [3] by several
orders of magnitude. These constraints were obtained by tracking the imprint of these effects in the frequency
difference between cavities and atoms of several clocks distributed worldwide and running simultaneously. In this
network of clocks, the technical noises (thermal noise, drift of cavities) is uncorrelated, while the effects we probe
would yield correlations in remote measurements. As a consequence the optical clocks within our network do not
have to be linked via phase-noise-compensated optical fibre links but only via a standard internet connection.
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Long Baseline Molecular Interferometry
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High-mass matter-wave interferometry is of interest due to the uniquely macroscopic nature of the quantum wave-
functions produced as well as the range of sensitive sensing applications for which it is well suited. On the
fundamental side, matter-wave interferometry enables new tests of the equivalence principle [1] and spontaneous
collapse models [2], and is potentially even sensitive to a certain class of dark matter particles [3]. On the more
applied side, interference with molecules allows for sensitive measurements of molecular properties in free flight.
By measuring the deflection or reduction of the interference fringes due to electric, magnetic or optical fields, the
associated molecular properties can be measured with a high level of precision [4].

We report on the development and first results of the Long Baseline Universal Matter-wave Interferometer
(LUMI) in Vienna. LUMI is a near-field, Kapitza-Dirac-Talbot-Lau type interferometer [5] with a baseline of
two meters. The order of magnitude increase in length over previous molecular interferometers should allow
the experiment to demonstrate interference of particles beyond 100,000 amu. The connection between mass and
length in Talbot-Lau type interferometers arises due to the Talbot condition, Ly = d? /A, where A is the de Broglie
wavelength. The interferometer length also makes LUMI more sensitive for metrological applications.

LUMI has recently shown its first high contrast interference signal with C60 and C70 fullerenes beyond the 40th
Talbot order. This has allowed for the fine-alignment of the interferometer and preliminary metrology experiments
which already indicate an improvement in resolution and accuracy. The strong fullerene signal also provides a
testbed for the development of techniques required for reaching interference of molecules and clusters of up to
100,000 amu, such as compensation of the Coriolis effect.
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Electron and Nuclear Dynamics in the Hard X-ray Domain
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The ‘tender’ x-ray domain, from 2 to 13 keV, has recently become available for atomic and molecular studies at
the French synchrotron SOLEIL on the GALAXIES beam line with state-of-the-art photon and electron energy
resolution. The GALAXIES beamline is dedicated to inelastic x-ray scattering (IXS) and high-energy x-ray
photoemission (HAXPES) in the hard x-ray range. The beamline is designed to provide a monochromatic and
microfocused beam with the highest flux possible in the 2.3-13 keV spectral range and an adaptable energy
bandwidth between 50 meV and 1 eV.

We have investigated there a wealth of new phenomena by means of photoelectron and Auger
spectroscopy. The list includes recoil due to the photoelectron’s momentum [1,2], ultrafast nuclear motion on the
femto- and sub-femtosecond time scale [3], double-core-hole studies [4-8], novel interference phenomena [9-12],
ultrafast photodissociation in the Auger cascade following deep-core ionization [13,14], direct derivation of
potential energy surfaces [15] (see also [16] for a recent review).

Another key experiment has been performed at SPring-8, Japan, where even higher photon energy is
available, which has allowed us to measure for the first time the Xe 1s photoelectron spectrum [17].

We demonstrate that the newly accessible extended photon energy range does not simply allow studying
more systems with deeper core edges, but opens a totally new horizon in what concerns electron and nuclear
dynamics of deep-core-excited and core-ionized isolated species.
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Probing electronic wavefunctions by all-optical attosecond interferometry

M. Kriiger*!, D. Azoury', O. Kneller', G. Orenstein', S. Rozen', A. Clergerie?, B. Fabre?,

B. Pons2, Y. MairesseZ, B.D. Bruner', N. Dudovich'
1. Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel
2. Université de Bordeaux - CNRS - CEA, CELIA, UMR5107, F-33405 Talence, France

Attosecond spectroscopy enables real-time observations of electron dynamics on their natural time scale (1 as =
10-'85) [1]. It is based on steering electron motion by the electric field waveform of strong laser pulses. High-
harmonic generation (HHG), the mechanism underlying the production of attosecond pulses in the extreme ultravi-
olet (XUV) provides an built-in spectroscopic pump-probe measurement with extremely high spatial and temporal
accuracy. Here, under the influence of a strong laser field an electron is liberated from an atom by tunneling ion-
ization, propagates in the laser field and is driven back to the parent ion. Recollision and recombination of the
electron with the ion leads to the emission of photons in the extreme ultraviolet (XUV) regime. The amplitude
and phase of the emitted XUV radiation encodes all parts of the light-matter interaction in the recollision process,
enabling attosecond self-probing spectroscopy.

Here we present two applications of attosecond self-probing spectroscopy. In the first study [2], we initiate
HHG with an XUV pulse instead of tunneling ionization, enabling us to measure and control the XUV photo-
ionization dynamics in the presence of a strong infrared (IR) field in amplitude and phase. The existence of
multiple quantum paths leading to the same final state within XUV-initated HHG naturally leads to quantum
interference; this in-situ interferometer is controlled by the temporal delay between the IR field and the XUV
pulse, enabling us to fully reconstruct the ionization process in the dressed atomic system. Our scheme opens the
door to measurements of inner-shell multielectron dynamics by the self-probing scheme.

In the our study [3], we implement an ex-situ XUV interferometer in order to establish a powerful alternative
to photoelectron spectroscopy. In the latter, the ionized electron wavefunction carries information on the structure
of the bound orbital, the ionic potential as well as the photo-ionization dynamics itself. While photoelectron
spectroscopy resolves the absolute amplitude of the wavefunction, retrieving the spectral phase information has
been a long-standing challenge. Here, we transfer the electron phase retrieval problem into an optical one by
measuring the time-reversed process of photoionization — photorecombination — in HHG (Fig. 1ab).
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Fig. 1: a, Photoelectron spectroscopy. The emitted electron wavefunction carries the full spectroscopic informa-
tion, but integrates over all angles and initial orbitals. b, Self-probing spectroscopy. IR-driven tunneling ionization
selects one initial orbital; the returning electron is recombining through a single scattering angle and transfers its
phase to an XUV photon. ¢, Ex-situ XUV interferometer. Interfering a reference XUV field (black) with XUV
fields from either Ar or Ne leads to an interferogram, revealing their relative phases. d, Recombination phase
difference of Ne and Ar with phase signatures of an autoionizing resonance and the Cooper minimum.

Here, we demonstrate all-optical interferometry of two independent phase-locked attosecond light sources and
measure the difference in the recombination phase of different atomic species (Fig. 1c). Our scheme enables us
to directly determine the scattering phase shift in simple quantum systems such as helium and neon, over a large
energy range (Fig. 1d). In addition, the strong-field nature of attosecond pulse generation resolves the dipole
phase around the Cooper minimum in argon through a single scattering angle, along with phase signatures of
multielectron effects. Our study bears the prospect of probing complex orbital phases in molecular systems as
well as electron correlations through resonances subject to strong laser fields, and also enables studies of chiral
phenomena in the XUV, such as circular dichroism [4].
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Calculations of Positron Binding to Polyatomic Molecules

A.R. Swann*!, G. F. Gribakin'!
1. School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 INN, UK

Our work provides the first quantitative explanation for positron binding to nonpolar molecules (alkanes, C,Hz,12),
including the near-linear dependence on the size of the molecule and emergence of the 2nd bound state at n = 12.

Positron-molecule binding energies have been measured for over 70 molecules [1]. The majority (about 60)
are nonpolar or weakly polar species, for which binding is made possible by polarisation of the electron cloud. In
contrast, almost all existing calculations of positron-molecule binding deal with strongly polar species (see, e.g.,
Ref. [2]), using approaches such as configuration interaction and diffusion Monte Carlo. For these molecules,
binding occurs even at the lowest (Hartree-Fock) level of the theory, but is greatly enhanced by electron-positron
correlations, e.g., polarisation [3]. Only 6 molecules have been studied both experimentally and theoretically, and
the best agreement for the binding energy is only at the level of 25% for acetonitrile [4].

We have developed a model-potential approach to calculating positron-molecule binding energies. We write
the positron-molecule interaction potential as V (r) = Vi (r) + Veor(r), where Vi (r) is the electrostatic potential of
the ground-state molecule (described at the Hartree-Fock level), and Vi (r) is a model correlation potential, viz.,
Veor(r) = =3 ¥y ota|r — 14| ~*ga(r), where the sum is over the molecule’s constituent atoms A (whose nucleus
is at position r4), a4 is the hybrid polarisability of atom A [5], and ga(r) = 1 —exp[(|r —ra|/pa)?] is a cutoff
function that prevents Vo (r) from diverging near an atomic nucleus, with p4 a free parameter. In practice, a
standard quantum-chemistry package [6] is used to compute Vg (r) and has been modified to include Vo (r) for
the positron. The figures below shows the results of the simplest calculation for several n-alkanes, taking py = 2.2
or 2.25 a.u. for all atoms, along with experimental data [7]. Our calculations correctly predict the existence of a
second bound state for dodecane (Cj2Ha6) and larger alkanes.

Future work will entail adjusting values of pc and py to obtain binding energies in closer agreement with
experiment for the alkanes. We will also study aromatic hydrocarbons, alcohols, aldehydes, ketones, formates,
acetates, nitriles and halogenated hydrocarbons. These calculations will provide insight into most of the molecules
for which binding energies have been measured. The positron bound-state wavefunctions will be used to compute
the electron-positron contact densities, positron annihilation rates and annihilation y-ray spectra.
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Fig. 1: Left: the positron bound state wavefunction in dodecane (Cj2Hag) for p = 2.25 a.u. Right: comparison

of the measured binding energies for n-alkanes C,Hy, 12 (circles) [7] with the calculated values that use the cutoff

radius p = 2.2 a.u. and 0 from [8] (triangles), or p = 2.25 a.u., with oc = 7.096 and oy = 2.650 a.u. obtained

from a linear fit of the molecular polarisabilities from Ref. [5] (crosses).
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Squeezing on Momentum States for Atom Interferometry
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1. Dipartimento di Fisica e Astronomia and LENS — Universita di Firenze, INFN — Sezione di Firenze, Via Sansone 1, 50019 Sesto
Fiorentino, Italy
2. Consiglio Nazionale delle Ricerche, Istituto Nazionale di Ottica (INO), Largo E. Fermi 6, 50125 Firenze, Italy
3. Department of Physics, Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

Atom interferometers for accurate gravity measurements can now be operated at the Standard Quantum Limit
(SQL) of phase estimation [1]. More complex, entangled atomic states need to be implemented in an atom inter-
ferometer in order to overcome this limit. Many successful attempts to operate atomic clocks beyond the SQL have
relied on the generation of squeezed states of the internal atomic motion, through high-finesse optical resonators.

In this talk T will describe a method that allows for the production of squeezed states of the atomic center-of-
mass motion that can be injected into an atom interferometer [2]. The scheme employs dispersive probing in a ring
resonator on a narrow atomic transition in order to provide a collective measurement of the relative population of
two momentum states, see Fig. 1. It will be shown that this strategy is applicable to a Bragg diffraction-based
strontium atom interferometer with large diffraction orders. Moreover, this technique can be extended to small
diffraction orders and large atom numbers N by inducing atomic transparency at the frequency of the probe field,
reaching an interferometer phase resolution scaling A¢p ~ N~3/4. Remarkably, a 20 dB gain in interferometer
phase estimation compared to the SQL can be reached for realistic experimental parameters. The method can be
extended to a number of other atomic species where atomic transparency close to a bare absorption resonance can
be induced.

a) . D
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B

Fig. 1: Scheme of the proposal for squeezing on momentum states. a) Setup for dispersive probing of the popu-
lation difference between momentum states. By and B, are the laser beams that induce Bragg diffraction and the
output field l;ou[ is measured through the detector D. b) Atomic trajectories in a Mach-Zehnder 71/2 —  — /2 inter-
ferometer. Squeezing is induced by the measurement M, after which the state is transformed into a phase-sensitive
state for the interferometer by the pulse 6.
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Towards the control of delocalized states of interacting emitters

B. Lounis™?
1. Univ Bordeaux, LP2N, F-33405 Talence, France
2. Institut d'Optique & CNRS, LP2N, F-33405 Talence, France

Optical resolution of solid-state single quantum emitters at the nanometer scale is a challenging step towards the
control of delocalized states formed by strongly and coherently interacting emitters, and for efficient and
deterministic coupling of emitters to photonic or plasmonic nanostructures.

I will describe a simple super-resolution optical nanoscopy method operating at cryogenic temperatures,
which is based on optical saturation of the excited state of single fluorescent molecules with laser-shaped beams.
Sub-5 nm resolution in the transverse plane and 20 nm resolution in the longitudinal direction have been
achieved. Combining this approach with single molecule super-localization techniques, we could perform the
study of coherent interactions between single emitters and manipulate their degree of entanglement.

The second part of my talk is dedicated to the hybridization of quantum emitters and plasmonic
nanostructures in order to achieve long-range qubit entanglement. Recent theoretical studies suggest that the
plasmonic field mainly acts as a communication bus allowing for intense cross-talking between emitters, and
leading to the formation of collective states known as superradiant states. In such regime the synchronized
dipoles radiate at an increased rate which scales with the number of emitters, as in the case of the Dicke
superradiance. Yet, experimental evidence of plasmonic superradiance is still lacking mainly because of
difficulties to engineer systems with precise control of the number and positions of emitters around a metallic
nanostructure.

T will present our experimental investigations of plasmonic superradiance in nanohybrids constituted of a
gold core capped with a silica shell grafted with fluorescent dyes. Single particle studies revealed that the
average decay rate scales with the number of grafted emitters, in agreement with theoretical predictions.
Observation of plasmonic superradiance at room temperature opens questions about the robustness of collective
states against decoherence processes in the condensed matter.
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Hybrid human-machine learning in quantum physics and beyond

J. Sherson”™'
1. Department of Physic and Astronomy, Aarhus University, Ny Munkegade 120, 8000 Arhus C, Denmark

Despite enabling impressive advances, the big-data driven deep learning paradigm has been challenged by Al
scholars for not holding the potential to reach human scale intelligence. Instead, they propose studies of the
human ability to reach heuristic solutions from little data as a basis for hybrid human-machine intelligence. An
open question for the future of research is therefore how to design interfaces that allow for an optimal interaction
between human intuition, complex machinery, and increasingly powerful ML.

In the www.scienceathome.org project, we have developed gamified interfaces allowing so far 250,000
players to contribute to research by providing insightful seeds for quantum optimization algorithms and remote
access to our ultra-cold atoms experiment for amateur scientists, students, and researchers. Finally, I will discuss
our effort to provide efficient, game-based heuristics for NP-hard computational problems related to spin glasses
and ongoing efforts to demonstrate quantum supremacy using quantum annealing.
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Evaporative cooling of atomic and molecular ions by autoresonance in an
electrostatic ion beam trap

Oded Heber*!, Reetesh Kumar Gangwar*!, Koushik Saha', Michael Rappaport?, Daniel Zajfman'
1. Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot 7610010, Israel
2. Department of Physics Core Facilities, Weizmann Institute of Science, Rehovot 7610010, Israel

Translational cooling of atomic and molecular ions is a requisite in several research areas. An
Electrostatic Ion Beam Trap (EIBT) can trap any ion with any mass or charge using the same tuning
conditions; therefore, it is an ideal ion trap for ion beam cooling. An external chirp sinusoidal electric field is
applied on one of the EIBT mirror electrodes. In this procedure, called autoresononace (AR), a bunch of ions is
accelerated out of the rest of the ion beam population. Depending upon the chirped field intensity and rate, one
can cool such a bunch of ions. A cooling process has been demonstrated in the EIBT that, by using an
autoresonance procedure, reduced the temperature of ions from an initial value of ~40 K down to about 0.15 K in
80 ms and with ion-ion interaction [1]. Figure 1 shows the calculated bunch internal temperature as a function of
the AR voltage using the measured ion bunch velocity distributions. The AR threshold field for an ion bunch
acceleration is about 0.052 V. The arrow in the figure indicates the initial temperature of the ions in the trap
before the AR process.
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Fig 1: The temperature of the ion bunch after the autoresonance dragging process. The arrow represents the intial temerature of the
ions in the EIBT

During the process, it has been shown[1] that the ion-ion collisions transfer kinetic energy from the cold
population to the hotter population, which in turnis evaporated from the ion bunch, hence reducing the
temperature and increasing the phase-space density. Further experiments and theoretical models are ongoing to
improve the cooling efficiency and to achieve lower temperatures.
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Cooling of atoms using an optical frequency comb

N. Santi¢!, A. Cipris2, D. Buhin', D. Kovaéi¢!, I. Kresi¢', D. Aumiler!, T. Ban*!
1. Institute of Physics, Bijenicka cesta 46, 10000 Zagreb, Croatia
2. Université Cote d’Azur, CNRS, Institut de Physique de Nice, Valbonne F-06560, France

Laser cooling and trapping brings atomic and molecular physics to one of the most exciting frontiers in science,
with applications ranging from atom interferometry and optical frequency standards to high precision spectroscopy
and ultracold chemistry. Regardless of such a great importance, laser cooling techniques are still limited to atoms
with simple energy level structure and closed transitions accessible by current continuous wave (CW) laser tech-
nology. Laser cooling of more complex atomic species and molecules, or even simple atoms with strong cycling
transitions in the vacuum ultraviolet (VUV) where generation of CW laser light is demanding, still remains an
experimental challenge.

The aforementioned problems can be approached by using mode-locked femtosecond (fs) or picosecond (ps)
lasers with high pulse repetition rates which produce stabilized optical frequency combs (FCs). FCs simultaneously
provide high peak powers needed for the efficient frequency conversion, and the long coherence of CW lasers
needed for the efficient cooling [1], [2].

I will present our recent results on sub-Doppler cooling of rubidium atoms on a dipole-allowed transition at
780 nm by using a frequency comb (FC) [3]. Temperatures as low as 55 uK were measured in a one-dimensional
FC cooling geometry using time-of-flight spectroscopy. We attribute the sub-Doppler temperatures observed in
FC cooling to the same mechanisms that produce sub-Doppler temperatures when cooling with continuous-wave
lasers. Laser cooling with FCs could enable achieving sub-Doppler temperatures for the atoms with dipole-allowed
transitions in the vacuum ultraviolet. This can significantly improve the precision of optical frequency standards,
enable measurements of fundamental constants with unprecedented accuracy, and open up the possibility to reach
quantum degeneracy with atoms that have optical transitions unreachable by continuous wave lasers such as hy-
drogen, deuterium and antihydrogen.
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Fig. 1: Temperature obtained by TOF spectroscopy after 1D FC cooling as a function of FC detuning
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Menagerie of MOTs

K. N. Jarvis*!, B. E. Sauer, M. R. Tarbutt
1. Centre for Cold Matter, Blackett Laboratory, Imperial College London, Prince Consort Road, London SW7 2AZ, UK

Ever since the first demonstration of the magneto-optical trap (MOT), made over three decades ago, examples have
existed of ‘type-II' MOTs [1]. In contrast to a normal atomic MOT, where the hyperfine quantum number of the
excited state F” is related to that of the ground state F by F' = F + 1, type-Il MOTs have F’ < F. The presence of
dark ground-state sublevels in type-II systems leads to the unfavorable characteristics of high temperature and poor
confinement, and so these MOTs have not been studied much. In recent years, however, the diatomic molecules
SrF [2] and CaF [3],[4] have been successfully laser cooled and trapped in a MOT using type-II transitions. Despite
this impressive progress, the inherently low phase-space densities are likely to hamper some of the most exciting
proposed applications of laser-cooled molecules from being realized. Using 8’Rb we demonstrate that the prop-
erties of type-II MOTs can be dramatically improved by using a novel approach where the light is blue-detuned
from the transition [5], and present a detailed characterization of the blue-detuned MOT. The phase-space density
is increased by almost a factor of one million over comparable red-detuned MOTs. Additionally, we demonstrate
the existence of at least eight stable magneto-optical trapping configurations, in addition to the type-I MOT, and
present an overview of the properties of these new MOTs. Our findings could be used in the study of cold and
ultracold collisions between atoms.
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Trapping Rydberg helium atoms
above a 44-electrode chip device

V. Zhelyazkova', M. Zesko', J. A. Agner!, H. Schmutz!, and F. Merkt*!
1. Laboratory of Physical Chemistry, ETH Zurich, Vladimir-Prelog-Weg 2, 8093 Zurich, Switzerland

Atoms and molecules excited to Rydberg-Stark states can possess very large electric dipole moments p. (e.g.,
for n = 27 the maximal electric dipole moment p*** ~ 2700 D) and are thus amenable to translational manipu-
lation with inhomogenous time-dependent electric fields. In particular, deceleration and trapping of H, D, H, and
He samples generated in supersonic-beam sources and excited to Rydberg-Stark states in the vicinity of n = 30 has
been demonstrated in experiments using 3D electrode structures [1],[2], as well as chip-based printed-circuit-board

devices [3].

We present the results of experiments in which Rydberg helium atoms produced in a supersonic beam are de-
celerated and trapped above the surface of a 44-electrode chip kept at a cryogenic temperature. A fraction of the
atomic population survives as long as 0.5 ms in the trap, an order of magnitude longer than in previous studies [3].
The helium atoms are first excited to the metastable 1s2s >S; state in an electric discharge located at the exit of a
pulsed valve. After passing through a skimmer, the atoms are excited in the presence of an electric field to a low-
field-seeking Rydberg-Stark states of the n = 27 manifold (typically |n,k,m;) = |27,419,1), where k is the label
of the Rydberg-Stark state) in a one-photon excitation scheme. After excitation, the atoms fly over the 44-electrode
chip, kept at 4.7 K, where they are captured in a moving quadrupole trap and brought to rest from a typical initial
velocity of 880 m/s in approximately 112 us and deceleration distance of 36 mm. After being held in the trap for
a variable trapping time, the Rydberg atoms are re-accelerated to 400 m/s towards the detection region where they
are detected by pulsed field ionization.

After approximately 75 us of trapping time, during which the atoms fill up the available phase-space, we mea-
sure a trap life-time of approximately 180 us, significantly longer than the fluorescence lifetime of the |27, +19,1)
state of ~ 48 us. This prolonged trap lifetime could be attributed to m—changing collisions of the atoms inside the
trap, as described in Ref. [2], which populate high-m states. These high-m states are not accessible in direct laser
excitation and are characterized by increased lifetimes, as a consequence of the reduced number of lower states to
which they can decay. We further investigate the n—dependence and temperature dependence of the trap lifetime,
as well as the collisional and radiative processes at play inside the trap.
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Fig. 1: Integrated atom Rydberg signal generated by pulsed-field ionization of atoms trapped for variable periods
before being accelerated towards the detection region.
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The single ion heat engine — towards a sensitive quantum probe
for non-classical baths

K. Singer*!
1. Universitiit Kassel, Heinrich-Plett-StrafSe 40, 34132 Kassel, Germany

Thermodynamic machines can be reduced to the ultimate atomic limit [1], using a single ion as a working agent.
The confinement in a linear Paul trap with tapered geometry allows for coupling axial and radial modes of oscil-
lation. The heat-engine is driven thermally by coupling it alternately to hot and cold reservoirs, using the output
power of the engine to drive a harmonic oscillation [2]. From direct measurements of the ion dynamics, the ther-
modynamic cycles for various temperature differences of the reservoirs can be determined [3] and the efficiency
compared with analytical estimates. I will describe how the engine principle can be exploited to implement a
differential probe for non-classical baths.
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Sensing buckyball spin qubits using color centers in diamond

D. Pinto*!2, D. Paone'2, L. Schlipf', B. Kern', R. Wieczorek*, W. Harneit*,
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1. Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany
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3. Institut de Physique, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland
4. Quantum Spintronics Research Group, University of Osnabriick, D-49074 Osnabriick, Germany

Molecular spin qubits show great promise for quantum technologies. An interesting case is that of the endo-
fullerene N@Cg, which consists of a single nitrogen atom encapsulated in a Cg cage. N@Cg( has some fascinat-
ing properties as an atomic spin qubit— the high-symmetry of the buckyball cage results in a long coherence time,
it is thermally stable at room temperature, and the inherent scalability of fullerene networks allows for construc-
tion of complex nanoscale devices [1]. However, there is a problem — until now, the spin state readout of single
endofullerene qubits has proven to be very difficult.

Our approach to single endofullerene qubit readout mechanism utilizes single nitrogen-vacancy (NV) color
centers in diamond [2]. We use the magnetic dipolar coupling between single NV centers and N@Cg spins in a
low-temperature (4.2 K) and ultra-high vacuum (10710 mbar) experimental setup capable of performing confocal
microscopy, g® autocorrelation and pulsed EPR measurements.

Diamond
nanopillar

\ NV center

Fig. 1: Schematic of a diamond nanopillar (r ~ 100 nm) containing a single nitrogen-vacancy color center which
is coupled to few N@Cg spin qubits on the surface (image not to scale).

Utilzing this readout mechanism we performed double electron resonance spectroscopy (DEER) between the
NV center and the N@Cg spins. This allowed us to observe the hyperfine interaction of encapsulated nitrogen.
Additionally, we also implemented simple quantum gate operations by driving spin state transitions of '*N. These
results are possibly the first steps towards realizing endofullerene based quantum registers [3], and even alternative
quantum processors such as the quantum cellular automaton [4].
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Spatially distributed genuine multipartite entanglement enables
Einstein-Podolsky-Rosen steering of atomic clouds
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Thomas Gasenzer !, Martin Girttner ', and Markus K. Oberthaler !
1. Kirchhoff-Institut fiir Physik, Universitiit Heidelberg,
Im Neuenheimer Feld 227, 69120 Heidelberg, Germany
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Figure 1: Experimental scheme to distribute entanglement in space [1].

Heisenberg’s uncertainty relation poses a fundamental limit on the simultaneous knowledge of two noncommuting
observables. Yet, quantum mechanics allows for nonlocal correlations between two systems such that a measure-
ment in one system enables predicting the outcome in the other one with a precision beating the local uncertainty
limit which is known as Einstein-Podolsky-Rosen (EPR) steering [2]. These nonclocal correlations are one of the
key resources for quantum technologies. Here, we experimentally show that entanglement, which is produced in a
Bose-Einstein condensate (BEC) by local contact interactions in a single spatial mode, can be spatially distributed
to yield nonlocal correlations which we verify by demonstrating EPR steering ([1], see Fig. 1). Our experiment
illustrates that entanglement of indistinguishable particles can be mapped to individually addressable subsystems,
which has been proposed recently [3][4]. This kind of entanglement is therefore as useful, in the sense of the LOCC
(local operation and classical communication) paradigm, as entanglement between distinguishable particles.

We start our experiment with a 8’Rb BEC held in a crossed optical dipole trap. The atoms are prepared in
the magnetic substate mp=0 of the F=1 hyperfine manifold. We use spin mixing to coherently populate the
states mp=+1 and mp=-1 with atom pairs which is equivalent to spin nematic squeezing [5]. Since the atoms
of the BEC are in principle indistinguishable, the correlations are shared among all atoms in the atomic cloud.
By switching off the longitudinal confinement, the BEC expands in the remaining wave-guide potential and the
entanglement is distributed in space. After expansion, we read out the relevant spin observable by applying a
resonant rf-pulse followed by state selective absorption imaging. The high optical resolution of our imaging system
enables the definition of distinct systems by partitioning the absorption signal. We measure two noncommuting
spin observables and find in each partition that the fluctuations well exceed the local uncertainty constraint. Yet,
we show that the measurement outcome in one subsystem of the atomic cloud can be used to infer the result in the
remaining part better than allowed by the fundamental local Heisenberg uncertainty, which verifies that these parts
are EPR entangled. Moreover, by partitioning the absorption signal into three parts of equal length, we demonstrate
that each part is steered by the remaining ones. This confirms threeway steering.

To further elucidate the multipartite character of the generated entanglement, we construct a witness which
connects the inference value of bipartite EPR steering to genuine multipartite entanglement. With this witness we
reveal up to genuine five-partite entanglement.
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Towards Cavity-Based Entanglement of an Atomic Register
Under a Microscope

Francesco Ferri!, Mohamed Baghdad', Arthur La Rooij', Sylvain Schwartz', Jakob
Reichel',Romain Long*!
1. Laboratoire Kastler Brossel, ENS—Université PSL, CNRS, Sorbonne Université, Collége de France, 24 rue Lhomond, 75005 Paris, France

We present a new experimental platform combining optical cavity quantum electrodynamics (CQED) with a
single-atom resolution microscope. Our experiment is aimed at extending the generation of multiparticle entan-
glement to a 1D register of up to a 100 neutral atoms, while detecting and controlling the state of each individual
atom.

To achieve this goal, we have developped a new generation of dual-wavelength high-finesse fiber Fabry-Perot
cavity [1]. Rubidium atoms are trapped in a one-dimensional optical lattice (at 1560nm) along the axis of the
cavity. An effective long range interaction between the atoms is provided by their coupling with a cavity mode
resonant at the Rb atomic transition (780nm). By optimizing the overlap between the two intracavity standing
waves, every trapped atoms is strongly and identically coupled with the entangling mode at 780nm. As shown on
Figure 1, the microcavity has been placed under a high-resolution microscope, which we plan to use for single-site
detection and addressing.

Intra:cavity lattice

Fibers

Fig. 1: Optical image of the heart of the all-in-vacuum experiment. The fiber Fabry-Perot cavity (first inset) is
placed at the focus of a high-numerical aperture lens. The second inset shows an absorption image of 2000 trapped
atoms in the cavity lattice.

Starting from a magneto-optical trap about 1cm below the resonator, we load up to 2000 atoms in the cavity
mode by transporting them in an “atom elevator”. It is based on a moving crossed dipole trap, where one of the laser
beam is displaced by an acousto-optical deflector. We will present the first signature of strong coupling between the
atoms and the resonant cavity mode, which is the observation of large collective Rabi coupling of 3 GHz for 2000
atoms. We will also show the latest results of our effort to detect trapped atoms with single-site resolution in the
intracavity lattice. The implementation of a moving laser beam through the microscope for single-site addressing
will also be discussed.

This new experimental platform will provide an ideal test-bed to investigate multi-particle entanglement gen-
eration in many different contexts, such as in Quantum Zeno Dynamics schemes [2], at the critical point of an
effective Dicke model [3], as well as reservoir-engineering techniques [4] .
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Experimental many-body physics using arrays of individual
Rydberg atoms

S. de Léséleuc*', V. Lienhard', P. Scholl', D. Barredo', T. Lahaye', A. Browaeys'
1. Laboratoire Charles Fabry, Institut d’Optique Graduate School, CNRS, Université Paris-Saclay, 91127 Palaiseau Cedex, France

I will present our efforts to control the dipole-dipole interaction between single Rydberg atoms to implement
various spin Hamiltonians such as the Ising model or the Su-Schrieffer-Heeger (SSH) model.

Our platform is based on single atoms trapped in an array of optical tweezers generated by holography. With
our atom assembler technique [1] (see also [2]), we overcome the random loading of the traps by active sorting
to prepare fully loaded arrays of single atoms. We recently extended this technique to three dimensions using fast
tunable lenses and prepared structures of up to 70 single atoms spanning several planes [3].

By exciting the ground-state atoms to Rydberg states, we induce strong dipole-dipole interactions in our system.
Using the van der Waals regime of this interaction, we implement the Ising model with a transverse field and study
its magnetic properties [4]. I will describe the evolution of the system after a sudden quench of the Hamiltonian,
or contrarily after an adiabatic change of the parameters, where we observed the build-up of anti-ferromagnetic
correlations between the effective spins [5] (see also [6]).

Using the resonant dipole-dipole regime between Rydberg states of different parities now gives rise to a spin-
exchange (or XY) Hamiltonian [7]. I will show how it allows us to explore the physics of the SSH chain, a basic
example of topological problems in 1D.

(a) A 3d atom-assembler (b) Ising anti-ferromagnet (c¢) Spin-exchange physics
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Fig. 1: (a) Atom-assembler setup using electrically tunable lenses (ETLs) and a selection of 3d structures of optical
tweezers. (b) Phase diagram of the Ising model showing paramagnetic (PM) and anti-ferromagnetic (AFM) phases.
Lower part: An experimental correlation map obtained by tuning the system through the quantum phase transition
and ending in the AFM phase. (c) Control of the spin exchange dynamics using an addressing laser. The spin-
exchange dynamics between two atoms (1% curve) can be stopped by switching on the addressing beam (2" curve).
If the system is in a superposition of two states, a relative dynamical phase can be imprinted (0, /2 and 7 for the
314 4t and 51 curves).
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Building quantum systems from scratch

T. Esslinger™
1. Institute for Quantum Electronics, ETH Zurich, Otto-Stern-Weg-1, 8093 Zurich, Switzerland

Cooling and manipulating atomic gases have opened up new avenues to explore fundamental concepts in
quantum many-body physics. Synthetically created potentials and control of atom-atom interactions have made it
possible to tailor the properties of experimental systems at a microscopic level. This led to the concept of
quantum simulation — here a system capable of reproducing the physics of many-body Hamiltonians. One of the
goals of this approach is to provide answers to open questions in the context of condensed matter physics. An
equally important frontier is the construction of novel systems, which may at present not be realisable in solid-
state or other systems. This path leads to new questions and surprises.
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Quantum Simulation with Cold Atoms and Ions

P. Zoller"?
1. Institute for Theoretical Physics, University of Innsbruck
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We give an overview of the field of quantum simulation with cold atoms and ions from the theory perspective,
with particular focus on recent developments and future prospects. Quantum simulation with atoms aims at
engineering controlled quantum many-body systems to study synthetic quantum matter, building on
experimental progress in obtaining complete quantum control and measurement on the level of single atoms and
quanta. While we will review briefly the traditional approaches of 'digital' and 'analog' quantum simulators, as
implemented e.g. with trapped ions and atoms in optical lattices, and more recently with Rydberg atoms in
optical tweezer arrays, we will discuss also on some recent developments as 'hybrid classical — quantum
simulation', which we apply to condensed matter and high energy physics problems. Here a feedback loop
between a classical and quantum computer optimizes a (highly entangled) ground state wave function a
programmable quantum simulator. We will present results from an ongoing theory-experiment collaboration
with the trapped ion group in Innsbruck for quantum electrodynamics as a lattice gauge theory. As a second
topic, we discuss first theoretically measurement protocols enabled by the present generation of quantum
simulators with single particle control. The example to be discussed is Renyi entropies as a witness of
entanglement in quantum simulators, and in particular recent work on Renyi entropies from 'random
measurements', including trapped ion experimental results. We conclude with a brief outlook how ideas and
concepts of generating entangled many-atom states in atomic quantum simulation can provide novel tools and
approaches in atomic spectroscopy, illustrated with the example of Ramsey interferometry with entangled states.
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Quantum liquid droplets in a mixture of Bose-Einstein condensates

L. Tarruell”
1. ICFO-The institute of Photonic Sciences, Castelldefels (Barcelona), Spain

Dilute quantum droplets are clusters of ultra-cold atoms self-trapped by attractive mean-field forces, and
stabilized against collapse by the repulsive effect of quantum fluctuations. Despite not falling into the standard
van der Waals paradigm, their properties are those of a liquid and reveal beyond mean-field effects in a weakly
interacting system. In my talk I will describe our recent observation of quantum droplets in a mixture of Bose-
Einstein condensates and the experimental study of the corresponding liquid-to-gas phase transition [1]. T will
also discuss the difference existing between bright solitons and quantum droplets, which from a non-linear optics
perspective can be understood as high-dimensional solitons stabilized by a higher order non-linearity due to
quantum fluctuations [2].
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Many-body localization of bosons in optical lattices
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1. Instytut Fizyki imienia Mariana Smoluchowskiego, Uniwersytet Jagielloriski, ulica Lojasiewicza 11, PL-30-348 Krakéw, Poland
2. Mark Kac Complex Systems Research Center, Uniwersytet Jagielloriski, Krakoéw, Poland

This contribution is based mainly on [1]. Many-body localization for a system of bosons trapped in a one
dimensional lattice is discussed. Two models that may be realized for cold atoms in optical lattices are considered.
The first one is Bose—Hubbard model with a random on-site potential

iU
H=—] Y aja;+ - Y ilii—1)+ Y it M
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where aj and a; are operators creating and annihilating boson at site i of the lattice, J and U are respectively
tunneling amplitude and interaction strength and L; is a random on-site potential distributed uniformly in interval
[=W,W]. The model (1) is compared with random interactions model [2-3]
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where U; € [0,U] is random interaction strength. While the origin and character of the disorder in both systems is
different they show interesting similar properties. In particular, many-body localization appears for a sufficiently
large disorder strengths W and U as verified by a time evolution of initial density wave states as well as using
statistical properties of energy levels for small system sizes. Starting with different initial states, we observe
that the localization properties are energy-dependent which reveals an inverted many-body localization edge in
both systems — that finding is also verified by statistical analysis of energy spectrum — see Fig. 1. Moreover,
we consider computationally challenging regime of transition between many body localized and extended phases
where we observe a characteristic algebraic decay of density correlations which may be attributed to subdiffusion
(and Griffiths-like regions) in the studied systems. Ergodicity breaking in the disordered Bose-Hubbard models is
compared with the slowing-down of the time evolution of the clean system at large interactions.
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Fig. 1: The mean gap ratio 7 in the plane of disorder strength (W or U depending on the model) and the relative
position in the spectrum of the system & with N = 12 bosons on L = 8 sites. Left panel — random chemical
potential for U = 1; right panel — the random interactions case. Yellow color corresponds to 7 = 0.53 and to the
ergodic regime, whereas the blue color denotes 7 characteristic for localized states. Red curves indicate energies
of the density wave states |2121...) and |3030...) which are studied in the context of their localization properties.
Observe that both systems are characterized by an inverted mobility edge — a feature characteristic for bosonic
systems.
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Four-dimensional quantum walks
on an optical quasicrystal

Edward Carter*!, Konrad Viebahn', Matteo Sbroscia', Jr-Chiun Yu', and Ulrich Schneider'
1. Cavendish Laboratory, AMOP group, JJ Thomson Avenue, Cambridge CB3 OHE, UK

Ultracold atoms in optical lattices (OLs) are a powerful tool for simulating a variety of condensed-matter systems,
allowing us to create designer potentials via the light shift by interfering off-resonant laser beams. Our group
has constructed the first-ever such experiment to simulate a two-dimensional quasicrystal, a state of matter with
long-range order but no translational symmetry. We achieve this by superimposing four mutually incoherent one-
dimensional OLs at 45° angles, creating a pattern with eightfold rotational symmetry that by the crystallographic
restriction theorem cannot be periodic. By exposing a BEC of 87Rb to brief pulses of lattice light lasting a few ps
and imaging in time of flight, we can observe this lattice in momentum space (see Fig. 1).
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Fig. 1: Raw time-of-flight image of a BEC exposed to a 6 us pulse of the quasicrystal lattice. This eightfold-
symmetric pattern corresponds to the structure factor of the lattice. By varying the pulse duration we can observe
the BEC spreading in momentum space, which simulates a quantum random walk in four dimensions. The oc-
tagons illustrate the self-similarity of the quasicrystal, which repeats itself infinitely on ever-larger lengthscales.

The irrational value of sin(45°) results in two lengthscales along each axis: 1 and ‘/TE This requires each point
to be indexed with a total of four integers, corresponding to the number of momentum kicks along each of the
four lattice beams, and this in turn means that the pattern simulates a four-dimensional simple-cubic crystal. This
provides a powerful and flexible experimental platform, as the dimensionality reduces by one for each laser we
switch off: we can repeat the same experiments in one, two, three and four dimensions.

So far we have worked in momentum space to see how our BEC spreads out to new diffraction peaks with
increasing pulse length, simulating a quantum random walk (equivalent to classical ballistic expansion). We plan
to upgrade our experiment to work with 3K (bosonic) in the near future and *°K (fermionic) after that, allowing
us to repeat these measurements without interactions by taking advantage of Feshbach resonances.

In addition we are interested in the real-space physics of the quasicrystal, especially relating to transport. By
altering the power in two of the four lattice beams we can tune continuously between the periodic and quasiperiodic
limits, which will allow us to chart a two-dimensional phase diagram in interaction energy U and quasidisorder A
(as has been done by D’Errico et al for a one-dimensional quasicrystal [1]). We expect to observe Bose glass and
Mott insulating phases, and many-body localisation at higher energies.
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Interplay between atoms and optical vortices
through a Raman transition

Aurélien Chopinaud', Marion Jacquey', Bruno Viaris de Lesegno' and Laurence Pruvost™

Laboratoire Aimé Cotton, CNRS, Université Paris-Sud, ENS Paris-Saclay, Université Paris-Saclay, bat 505, 91405 Orsay, France

The orbital angular momentum of light (OAM) is a quantized variable, which is explored for quantum
technology, its key strength being a wide set of values offering a large basis for encoding, entanglement, etc. In
this context we study the interplay between vortices and atoms to realize quantum memories, vortex-pairs,
OAM-conversion or OAM mathematical operations.

Using a Raman two-photon transition experienced in a rubidium vapour, namely the 5S;,-5Ds, one (see Fig.1),
we have studied the vortex conversion from a red input vortex (at 776 nm) to a blue output one (at 420 nm) for
large OAMs (£ from -30 to 30) and we have examined the efficiency and the selection rules associated to the
orbital angular momentum exchange [1].

The atomic vapour is excited by two co-propagating input lasers (780 and 776 nm) which produce a photon pair
(5.23 pm and 420 nm) via the decay of the 5D level. In this four-wave mixing process we analyse the blue output
wave (its shape, OAM and power) when the input laser at 776 nm is an optical vortex with £ varying from -30 to
30. We show that the output blue vortex respects the azimuthal phase matching, has a size determined by the
product of the input beam intensities, a power decreasing with € in agreement with their overlap. Finally the
propagation indicates that the generated blue wave is a nearly pure mode. In addition, we explain why the input
OAM is mainly transferred to the blue wave, with at large OAM input the possibility of sharing the OAM
between the IR and blue wave: it relies on a combined azimuthal and Gouy phase matching conditions.

This work opens to new interplays between atoms and optical vortices, for example involving many input
vortices [2], or processes for OAM storage [3] or schemes with more excited levels.

5.23 pm

Fig. 1: on the left : principle of vortex conversion based on the two-photon Raman transition in rubidium. On the

right : input red vortices and corresponding output blue vortices for £=5 and £=-11. The rings are the intensity
profiles, the fringes pattern are the OAM characterisation.
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Synthetic quantum systems with ultracold two-electron fermions

L. Fallani"
1. Universita degli Studi di Firenze, Italy

Ultracold gases of neutral atoms are a powerful resource for engineering synthetic many-body quantum systems.
In a “quantum simulation” perspective, it is possible to control the atomic state to provide almost exact
experimental realizations of fundamental theoretical models and to achieve new “extreme” states of matter.

T will report on recent experiments performed at University of Florence with degenerate gases of ultracold
'Yb fermions. These two-electron atoms exhibit a rich internal structure, with distinct degrees of freedom —
nuclear spin and electronic state — that can be both manipulated with high levels of quantum control. For
instance, coherent coupling between nuclear spin states allowed the implementation of synthetic magnetic fields
for effectively charged atoms, where the nuclear spin can be mapped onto an effective synthetic dimension [1].
Recently, we have implemented synthetic flux ladders using single-photon transitions between long-lived
electronic states, which allowed us to measure chiral edge currents as a function of a fully tunable synthetic
magnetic flux [2], also opening new directions for the study of spin-orbit-coupled ultracold Fermi gases with
tunable interactions [3] for the realization of topological states of matter.
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Photoassociation and photoionization
in a two-species Rb-Hg MOT
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We present the detection of near-threshold bound states of excited heteronuclear Rb*Hg molecules through
photoassociation spectroscopy [1] near the 795 nm Rb D1 line. The necessary ultracold mixture of Rb and Hg
atomic gases was produced using a two-species magneto-optical trap (MOT) [2]. The interaction properties of the
RbHg system as well as the prospects for photoassociation near Rb resonance lines and the production of RbHg
molecules in their rovibrational ground state were recently analysed ab initio [3]. These theoretical predictions
helped find and identify the photoassociation resonances.

Ground state molecules composed of an alkali-metal and a closed-shell atom, like RbYb [4] or RbHg, offer
both permanent magnetic-dipole and electric-dipole moments thanks to their unpaired valence electron. Recently,
magnetic Feshbach resonances were observed in such systems [5] providing a valuable tool for efficient control
of atomic collisions. On the other hand, Hg is applicable in fundamental research with optical atomic clocks [6].
Dimers containing Hg were also proposed as good candidate species in the search for the electron electric dipole
moment [7].

We also measure photoionization cross sections of the 55/, and 5P, states of 87Rb in the Rb-Hg MOT
using the Hg cooling laser operating at 254 nm. Since the 254 nm laser ionizes both the 55/, and 5P, states,
we calibrate the latter state fraction by measuring the photoionization rate induced by an additional 401.5 nm
laser. The photoionization cross section for the Rb 5P; ), state at 401.5 nm agrees quantitatively with previous
determinations [8].

References

[1] K. M. Jones, E. Tiesinga, P. D. Lett, and P. S. Julienne, Rev. Mod. Phys. 78 483 (2006).

[2] M. Witkowski, B. Nagérny, R. Muiioz-Rodriguez, R. Ciuryto, P. S. Zuchowski, S. Bilicki, M. Piotrowski, P. Morzyiiski, and M. Zawada,
Opt. Express 91 879 (2017).

[3] M. Borkowski, R. Mufioz-Rodriguez, M. B. Kosicki, R. Ciuryto, and P. S. Zuchowski, Phys. Rev. A 96 063411 (2017).

[4] N. Nemitz, F. Baumer, F. Miinchow, S. Tassy, and A. Gorlitz, Phys. Rev. A 79 061403(R) (2009).

[5] V. Barbe, A. Ciamei, B. Pasquiou, L. Reichsollner, F. Schreck, P. S. Zuchowski, and J. M. Hutson, Nat. Phys. (2017) (in press)
arXiv:1710.03093.

[6] K. Yamanaka, N. Ohmae, I. Ushijima, M. Takamoto, and H. Katori, Phys. Rev. Lett. 114 230801 (2015).

[7] E. R. Meyer, J. L. Bohn Phys. Rev. A 80 042508 (2009).

[8] T. P. Dinneen, C. D. Wallace, K.-Y. N. Tan, and P. L. Gould Opt. Lett. 17 1706 (1992).

*Corresponding author: mwitkowski @uni.opole.pl

37




Wednesday, 11 July

A Molecular Fountain
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The resolution of any spectroscopic or interferometric experiment is ultimately limited by the total time a particle
is interrogated. Here we present the first molecular fountain, a development which permits hitherto unattainably
long interrogation times with molecules. In our experiments, ammonia molecules are decelerated and cooled using
electric fields, launched upwards with a velocity between 1.4 and 1.9m/s and observed as they fall back under
gravity. A combination of quadrupole lenses and bunching elements is used to shape the beam such that it has
a large position spread and a small velocity spread (corresponding to a transverse temperature below 10uK and
a longitudinal temperature below 1uK) when the molecules are in free fall, while being strongly focused at the
detection region. The molecules are in free fall for up to 266ms, making it possible, in principle, to perform sub-Hz
measurements in molecular systems and paving the way for stringent tests of fundamental physics theories [1].
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Fig. 1: Schematic view of the top part of the setup with simulated trajectories.
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Producing, trapping and controlling ultracold molecules

H. J. Williams*', L. Caldwell, N. J. Fitch,S. Truppe, J. Rodewald, E. A. Hinds, B. E. Sauer & M. R. Tarbutt
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Ultracold molecules promise to be important in the future of many experimental research areas; from quantum
simulation, to collisions and cold chemistry, to precision measurement. The complicated internal structure of even
the simplest of molecules makes them difficult to cool. However, recently a handful of diatomic molecules have
been directly cooled and trapped. I will present recent work on the production, trapping and controlling of ultra-
cold calcium monofluoride molecules. Using frequency-chirped laser slowing, molecules are decelerated toa low
velocity, and then loaded into a magneto-optical trap [1][2]. The molecules are then cooled to 50 uK, well below
the Doppler limit, in a blue-detuned optical molasses [3]. This temperature is achieved via polarisation gradient
cooling.

Whilst in the molasses the molecules aren’t trapped and they are distributed amongst 24 Zeeman sub-levels.
‘We use optical pumping to transfer most of the molecules into a single level. From here we use microwave pulses
to coherently transfer the population between different rotational levels demonstrating quantum state control over

the molecules [4],[5].These quantum-state-selected molecules are loaded into a magnetic trap, where they have a
lifetime of 4.5 s, limited by black-body radiation.
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Fig. 1: Rabi oscillations between two rotational states of a CaF molecule driven by microwaves.

References

[1] An intense, cold, velocity-controlled molecular beam by frequency-chirped laser slowing. S. Truppe, H. J. Williams, N. J. Fitch, M.
Hambach, T. E. Wall, E. A. Hinds, B. E. Sauer & M. R. Tarbutt. New Journal of Physics 19 022001 (2017)

[2] Characteristics of a magneto-optical trap of molecules. H. J. Williams, S. Truppe, M. Hambach, L. Caldwell, N. J. Fitch, E. A. Hinds, B. E.
Sauer & M. R. Tarbutt. New Journal of Physics 19, 113035 (2017)

[3] Molecules cooled below the Doppler limit. S. Truppe, H. J. Williams, M. Hambach, L. Caldwell, N. J. Fitch, E. A. Hinds, B. E. Sauver &
M. R. Tarbutt. Nature Physics 13, 1173 (2017)

[4] Magnetic trapping and coherent control of laser-cooled molecules. H. J. Williams, L. Caldwell, N. J. Fitch, S. Truppe, J. Rodewald, E. A.
Hinds, B. E. Sauer & M. R. Tarbutt. Physical Review Letters, 120, 163201 (2018)

[5] Ultracold molecules: a platform for quantum simulation. J. A. Blackmore, L. Caldwell, P. D. Gregory, E. M. Bridge, R. Sawant, J.
Aldegunde, J. Mur-Petit, D. Jaksch, J. M. Hutson, B. E. Sauer, M. R. Tarbutt & S. L. Cornish arXiv:1804.02372 (2018)

*Corresponding author: hjw10@imperial.ac.uk

39







50" Anniversary EGAS conference Krakow

Thursday I

41



@ Thursday, 12 July

Attosecond ionization time delays from atoms, molecules to solid surfaces

U. Keller™!
1. ETH Zurich, Physics Department, Switzerland

Attosecond photo ionization delays have been first measured in my group in the multi-photon / strong field
regime in 2008. Since then it has been a strong research effort and we have extensively studied the dynamics of
ionization/photoemission from atoms, molecules and solids in regimes ranging from tunnel-ionization to single-
photon ionization. In the simplest case, when the electron is promoted into a flat (non-resonant) continuum by
direct laser-assisted single photon ionization, the measured delay after absorbing a single XUV photon is related
to the group delay of the departing electron wave packet induced by the ionic potential and laser field,
respectively. This delay is also referred to as the Wigner delay. This is however not the case for tunnel
ionization. More recently our work in the gas phase revolved around fundamental aspects of ionization in the
vicinity of autoionizing states. We could demonstrate in collaboration with Anne L’Huillier that not only the
phase of the photoelectron wave packet is significantly distorted in the presence of resonances, but that this
distortion depends on the electron emission angle. In H,, on the other hand, we obtained the first experimental
evidence for the importance of the coupled electron-nuclear motion for the attosecond ionization dynamics
confirmed by a complete ab initio theoretical study with the group of Fernando Martin. Further studies on CO
with an asymmetric Coulomb potential revealed that the accumulated phase of the escaping electron wave packet
is not only energy- and molecular orientation dependent, but can give insight into the mean position of the
ionization within the CO molecular potential. This dependence is unique to the molecular photoionization
process and has been supported by two different theoretical models by S. Patchkovskii’s and A. Landsman’s
groups. And finally our experiments on attosecond photoemission dynamics from a Cu(111) surface showed that
the effective mass is a valid concept within our temporal resolution of 350 as and travel distances of only 5-7 A.
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Characterizing and Imaging Magnetic Nanoparticles
by Optical Magnetometry

A. Weis*!, S. Colombo !, V. Dolgovskiy 1 Z.D. Gruji¢ IS. Pengue !, V. Lebedev '
1. Department of Physics, University of Fribourg, Chemin du Musée 3, 1700 Fribourg, Switzerland

Biomedical applications of magnetic nanoparticles (MNP) witness a rapid development over the past decade. The
targeted drug delivery by functionalized MNPs demands fast, sensitive and reliable techniques for characterizing
the size distribution and other physical MNP sample parameters. In the past 4 years we have deployed atomic
magnetometers (AM) for various MNP studies, viz., (e) the precision measurement of blocked MNP size distribu-
tions, their saturation magnetization, anisotropy constant, and iron content using AM-detected magneto-relaxation
(MRX) [1], (e) the imaging of the magnetic field pattern from magnetized MNP by an AM-based “Magnetic
Source Imaging Camera” (MSIC) [2], and more recently, source reconstruction from the field images as well as
(o) the recording of M(H) magnetization curves [3] and magnetic AC-suceptibilities yac = dM(H)/dH [4] of
liquid suspended MNPs by an AM. I will briefly review these studies and then focus on our recent (unpublished)
demonstration of AM-based 1D and 2D MPI (Magnetic Particle Imaging) scanners based on atomic magnetometry,
which closely follows the method proposed in Ref. [5].
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Fig. 1: Left: Principle of 1D-MPI scanner with gradient and homogenous field coils producing a field-free line
(FFL), whose position can be moved along the x, axis by scanning the the Helmholtz coil current (compensation
coils [5] not shown). Right: Raw magnetometer signal (green line) from a cylindrical 4 mm diameter MNP
sample, and inferred 1D MNP density distribution (blue histogram) and reconstructed signal (black dots).

Details of the MPI scanner are shown in Fig. 1. A cylindrical quadrupole field with a field-free line (FFL)
is produced by 4 straight conductors. A homogeneous field produced by a second set of straight conductors is
superposed on the quadrupole field, thus allowing to displace the FFL along the x; direction. Right, top: An MNP
sample (4 mm inner diameter capillary filled with ~50 ul of Ferrotec© EMG707 ferrofluid, oriented parallel to
the FFL) is located at the center of the coil system. A nearby atomic magnetometer measures the field produced
by the magnetized MNPs. A field modulation technique with lock-in demodulation is used to detect a signal only
when the FFL is in the vicinity of the MNP sample. Raw magnetometer data are shown as green line on the lower
right. Deconvolution of the raw data with the known system point-spread function allows us to infer the MNP
density distribution (blue histogram), which reproduces well the known density distribution (magenta line). The
black dots represent the reconstruction of the experimental signal from the inferred density distribution.

I refer to the poster by V. Lebedev et al. for details of the method and its extension to two dimensions.
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Magnetic Susceptometry Imaging
with Robust Atomic Magnetometers

V. Lebedev*', S. Colombo!, V. Dolgovskiy', A. Tonyushkin?, Z. D. Gruji¢!, T. Scholtes', A. Weis!
1. Department of Physics, University of Fribourg, Chemin du Musée 3, Fribourg, CH-1700, Switzerland
2. University of Massachusetts Boston, Physics Department, Boston, MA 02125-3393, USA

Atomic magnetometers (AM) are compact magnetic field sensors based on the optical detection of spin precession
in a magnetized atomic gas. AMs perform best in highly homogeneous fields and in a magnetically silent envi-
ronment. An unshielded environment, or the presence of field gradients in excess of a few nT/mm rapidly degrade
the magnetometer performance (sensitivity). For this reason, the deployment of conventional AMs in biomedical
imaging techniques that rely on rapidly varying strong magnetic field gradients is quite challenging. In applications
based on magnetic nanoparticles (MNP) [1], such as Magnetic Particle Imaging (MPI) [2] and Magnetorelaxom-
etry (MRX)[3], MNPs have to be magnetized by fields of a few ten mT in order to produce detectable nonlinear
induction. Moreover, in scanning imaging modalities the MNPs are exposed additionally to gradients of a few T/m.

‘We have investigated and implemented ways to overcome those limitations and have demonstrated a coil system
and an AM design allowing MNP imaging by MPI. This dedicated magnetometry system — of suitable size for small
animal applications — features a high bandwidth and a high sensitivity based on feedback operation of a pump-probe
variant of the M, scheme in Cs. We have designed a compact self-shielding magnetic system, suppressing — at the
nearby AM position — by three orders of magnitude the stray components of the fields and gradients needed to
magnetize the MNPs and to encode their spatial distribution (Fig. 1, left). We deployed a heated, diffusion-limited
Cs buffer gas cell with a mm>-scale sensing volume that minimizes the inhomogeneous broadening of the magnetic
resonance line by the fringe fields. We have optimized the resonance amplitude by varying the atomic density, light
power, and deploying a repumping laser beam to compensate for hyperfine losses of pumped state population, thus
keeping the sensitivity in the few pT range (Fig. 1, right top) in presence of the nearby mT field and T/m gradient
sources.
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Fig. 1: Left: Sketch of the experimental set-up for performing MPI measurements on MNPs with a Cs AM. Right:
Example of a 1D MPI scan of a structured MNP sample (top) and deconvoluted MNP density distribution (bottom).

In order to extract the spatial distribution of the MNPs (Fig. 1, right bottom) from the signal patterns recorded
by the AM (Fig. 1, right top), we have developed efficient (off-line) data analysis routines deploying simulated
annealing techniques. With the presented system we have recorded 1D mechanical (Fig. 1, right), 1D magnetic,
and hybrid 2D magneto-mechanical scanned images of MNP distributions in up to a 20x40 mm? phantom, using
the standard Resovist MNP agent.
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Continuous-wave mirrorless lasing for directional laser guide stars and
remote magnetometry
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1. Centre for Quantum and Optical Science, Swinburne University of Technology, Melbourne, Australia
2. Helmholtz-Institute, Johannes Gutenberg University, Mainz, Germany
3. Department of Physics, University of California, Berkeley, USA

The commonly used laser guide star (LGS) method developed for image correction in optical astronomy is based
on the detection of near-isotropic fluorescence from the mesospheric sodium layer [1]. Even with the great recent
progress in the LGS techniques, there is a widely recognized need for stronger return signals that could make
image correction faster and more accurate. Low-divergence downward-directed emission generated in the sodium
layer could constitute a solution to the problem. Backward cooperative emission from dense Na vapours in a cell
was demonstrated using an femtosecond laser [2]; however, here we suggest an alternative approach based on
continuous-wave (cw) mirrorless lasing in mesospheric Na atoms.

We report on a study of the spectral and spatial characteristics of directional emission from alkali vapours
two-photon excited with cw resonant laser light in the sub-100 mW power range. In atomic media excited by cw
resonant light, new optical fields can be generated by nonlinear processes such as parametric four-wave mixing
(FWM) and amplified spontaneous emission (ASE) [3], [4].

First, we conducted a detailed study of new-field generation in Rb vapours revealing important properties of
the ASE radiation on the 5Ds; - 6P3, transition at 5.23 pum.

e Depending on the excitation geometry, the ASE radiation could be spectrally and spatially distinguishable

o Both the FWM and ASE processes could be effectively switched off by an additional resonant laser field

o We find the optimal conditions for generating spatially and temporally coherent backward-directed radiation.

The mechanism of mirrorless lasing investigated in Rb vapours has been extended to Na. A scheme of relevant
energy levels of Na is shown in Fig. 1 (a). Directional emission at 2.20 um that is equally intense in the forward
and backward directions has been obtained for Na vapours excited by co-propagating laser fields at 589 and 569
nm. Its directionality, as well as the threshold-like number-density and laser-power dependences (Fig. 1b), are
consistent with the mechanism of ASE. The divergence of mirrorless lasing is determined by the aspect ratio of the
interaction region and can be as small as 6 mrad (Fig.1c).
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Fig. 1: (a) Relevant energy levels of Na atoms. (b) Backward emission at 2.20 um and isotropic fluorescence at
330 nm as a function of laser power at 589 nm. (c) Spatial profile of backward-directed lasing at 2.20 um.

We find that the intensity of mirrorless lasing strongly depends on the polarization of the applied laser light
and magnetic field in the cell. Under the present experimental conditions, the backward ASE generated by linearly
polarized laser light is approximately ten times weaker than the ASE generated by circularly polarized light. This
effect, as well as its possible application for remote magnetometry, is the subject of our current study.

The presented results could decisively inform the prospects for achieving directional return from mesospheric
sodium atoms that would be beneficial for remote magnetometry and may enable dramatic improvement of the
LGS technique.
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Microwave hole-burning spectroscopy and coherent population oscillations
in NV~ color centers in diamond
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! Institute of Physics, Jagiellonian University, Lojasiewicza 11, 30-348 Krakéw, Polska
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Nitrogen-Vacancy (NV°) color centers in diamond attract much attention of many research groups and have
many applications in physics, biophysics and quantum information [1]. NV~ type defect is characterized by
a nonzero electron spin (S = 1) which allows it to be optically pumped (spin polarized) by green light, probed via
microwave (MW) resonance spectroscopy, and optically detected.

We present results of our research on two-field (two-frequency) microwave spectroscopy in ensemble
of nitrogen-vacancy (NV") color centers in diamond. We focus on the case where two microwave fields drive the
same transition between two NV— ground state sublevels, ms = 0 <> m, = +1, (Fig.la). In this case, the observed
spectra exhibit a complex narrow structure (Fig.1b) composed of three Lorentzian resonances positioned at the
pump-field frequency [2-3]. The resonance widths and amplitudes depend on the population and coherence
lifetimes of the levels involved in the transition. We attribute the spectra to coherent population oscillations
induced by the two nearly degenerate microwave fields. We present recent developments of the theory and it’s
verification in the experiments with various samples of NV ensembles. The observations can be useful for
detailed investigation of the NV relaxation mechanisms.
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Fig. 1. (a) magnetic sublevels of the NV~ ground state A, in a non-zero magnetic field with transitions induced by two (pump and probe)
MW fields. (b) NV fluorescence intensity vs. the probe frequency scanned around the my=0 <« my=-+1 transition for pump field tuned to the
center of that transition (from Ref.3). Red line shows the theoretical lineshape. The resonance shape reflects contributions associated with
different relaxation rates.
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Probing Topological Matter by «Heating»: From Quantized Circular
Dichroism to Tensor Monopoles

N. Goldman"'
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The intimate connection between topology and quantum physics has been widely explored in solid-state physics,
revealing a plethora of remarkable physical phenomena over the years. Building on their universal nature,
topological properties are currently studied in an even broader context, ranging from ultracold atomic gases to
photonics, where distinct observables and probes offer a novel view on topological quantum matter.

In this talk, I will discuss how the geometry of quantum states can be revealed using an universal scheme
based on excitation-rate measurements upon periodic driving [1,2,3]. When applied to Chern insulators or
Landau levels, this approach leads to a quantized circular dichroism phenomenon [1,2], which can be interpreted
as the dissipative counterpart of the quantum Hall effect. Besides, we will present protocols allowing for the
experimental detection of the quantum metric tensor [3], which could be applied to detect new forms of
monopoles in higher dimensions [4]. Finally, I will report on the first experimental observation of quantized
circular dichroism in an ultracold Fermi gas [5].
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Trapping Single Ions and Coulomb Crystals with Light Fields

J. Schmidt', A. Lambrecht!, P. Weckesser!, M. Debatin!, L. Karpa*' T. Schaetz'
1. Physikalisches Institut, Albert-Ludwigs Universitdt Freiburg, Germany

Confining ions in optical dipole traps is a relatively new approach aiming to combine the most prominent advan-
tages of ions or Coulomb crystals with those of optical traps developed for trapping and manipulating ultracold
neutral atoms. On one hand, ions feature long-range interaction by means of the Coulomb force and allow for con-
trol and coherent coupling of their motional and electronic degrees of freedom on the quantum level [1]. On the
other hand, in comparison to the well established radio-frequency (rf) traps, light fields provide versatile nanoscale
potential landscapes and state-dependent confinement.

We report on recent experiments demonstrating optical trapping of '3¥Ba™ ions for durations of up to a few
seconds [2]. The observed lifetimes approach the performance of optical traps for single neutral atoms, improving
upon previous results by 3 orders of magnitude [3],[4]. In addition, we find that the prolonged lifetimes are
accompanied by low heating and electronic decoherence rates.

More recently, we have extended the presented approach to optically confine multiple ions in a focused beam
dipole trap. We investigate the preservation of order in linear strings consisting of up to six ions (as shown in Fig.
1), determine their temperature, and confirm that the ions form one-dimensional Coulomb crystals by performing
spectroscopy within the optical dipole trap [5]. The demonstrated properties may be useful for novel experimen-
tal studies of many-body physics, investigations of structural quantum phase transitions in Coulomb crystals, and
experimental quantum simulations with ions and atoms. We will discuss the prospects of the presented methods
for entering the previously inaccessible regime of ultracold interactions in ion-atom collision experiments, where
optical trapping of ions may provide trapping potentials while avoiding undesired implications of conventional ion
traps, such as rf-driven motion and heating [6],[7].
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Fig. 1: (a) Set-up for optical trapping of linear ion Coulomb crystals. (b) Images of ion crystals at the end of
the preparation phase and after optical trapping. The circles mark the positions of sympathetically cooled barium
isotopes other than '¥Ba* which are embedded into the crystal and appear dark in the image.
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Spontaneous emission beyond dipole approximation
in nanoscopic environments

K. Stowik*!, M. Kosik!
1. Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, 87-100 Torun, Poland

The possibility to control the spontaneous emission lifetime of quantum emitters by tailoring their surroundings
was first investigated in the pioneering work of Purcell [1]. An excited quantum emitter can decay to the photonic
modes of its environment, whose local density can be modified by the surroundings. Such influence on emitters
such as atoms, molecules and quantum dots has been experimentally verified in various types of cavities or band-
gap environments, including semiconductor microstructures [2], photonic crystals [3], and plasmonic nanoparticles
[4], where the emission rate was boosted by so-far the record 3 orders of magnitude.

Usually only the electric dipole contribution to the spontaneous emission of quantum emitters is considered,
which is justified in the case of negligible spatial variations of the electric field over the size of the quantum emit-
ter. However, nanoscopic environments are capable of localizing the electric field into nanometric spatial domains,
providing high intensities and spatial modulations at the length scale of the emitter. Thus, higher order multipo-
lar contributions to light-matter coupling may become relevant. Until now, the enhancement by a nanostructure
of magnetic dipole emission of lanthanide ions, such as Eu3* and Er**, was reported [5]. Large enhancement
of quadrupole transitions was predicted [6]. Transitions driven with several multipolar mechanisms have been
observed in semiconductor quantum dots [7].

Fig. 1: Artistic impression of a pair of nanoellipsoids influencing radiative properties of a quantum emitter.

Here, we derive expressions for spontaneous emission rates beyond the electric dipole approximation, taking
into account the magnetic dipole and electric quadrupole components [8]. Our approach generalizes the one intro-
duced in Ref. [9], based on the Green’s tensor formalism applied to quantize electromagnetic fields and account
for resulting vacuum fluctuations. A Green’s tensor naturally takes into account the structure of electromagnetic
surroundings, and is suited to describe nanoparticles made of dispersive and lossy materials such as metals. Exem-
plary cases will be discussed where the terms beyond the electric dipole significantly influence the emission rate or
even dominate it. Finally, we will investigate interference of different multipolar components, which may lead to
an even stronger enhancement of the emission rate, or - contrary - to its suppression, leading to enhanced lifetimes
of quantum emitters.
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Gold cluster radiation from thermally populated excited electronic states

K. Hansen" ', P. Ferrari?, E. Janssens2, P. Lievens?

1. Center for Joint Quantum Studies and Department of Physics, Tianjin University, 92 Weijin Road, Tianjin 300072, China
2. Laboratory of Solid State Physics and Magnetism, KU Leuven, 3001 Leuven, Belgium

Small positively charged gold clusters have been found to emit thermal radiation at a very high rate, with
time constants ranging from one to 35 us for Au, (n= 6— 13,15)[1]. Photon emission time constants of this
magnitude are only consistent with emission of thermally excited electronic states. Direct detection of the emitted
photons in the analogous process in small carbon clusters have confirmed the nature of this decay [2]. For sizes
n= 14,16— 20 the radiation occurs on much longer time scales, beyond the reach of the reflectron Time-of-Flight
mass spectrometer used in this study.

The clusters were produced neutral in a laser ablation source [3] and excited, ionized and strongly fragmented
by laser pulses of either 20 mJ at 355 nm or 140 mJ at 532 nm wavelengths, with no change in the observed
quantities. The extensive fragmentation excludes long-lived states as the origin of the photons and allows an
analysis based on broad internal clusters energy distributions. Radiative cooling was inferred from the suppression
of the metastable evaporation between mass selection and analysis in the reflectron. Fig. shows the results of the
measurements.
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Fig. 1: The fitted values of the photon emission rate constant, k,. The uncertainties are 1-c values. The values for
n= 14, 16 - 20 are consistent with zero.

The measured data combined with the Thomas-Reiche-Kuhn dipole transition sum rule limit the possible ex-
cited state energies, and gives a minimum oscillator strength required. The upper limits of the state energies are
given all around 1.5 eV. The necessary oscillator strengths are in all cases below f = 1 and usually less than
f= 0.3, corresponding to 0.3 electron out of the n— 1 valence electrons.

These and similar results for niobium[4], silicon[5], and carbon[6],[7],[8] suggest that this dissipation mecha-
nism from highly excited clusters may be more widespread that previously anticipated.
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Nonlinear magneto-optics

D. Budker"'

1. Johannes Guttenberg University, Mainz, Germany

I plan to talk about nonlinear magneto-optics and the key role Prof. Gawlik has played in its development.
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The optical 33Sr lattice clocks and stabilized fibre links:
a frequency reference for the VLBI system

M. Zawada*!, P. Krehlik 2, L. Buczek 2, J. Kolodziej 2, M. Lipifiski 2, L. Sliwczyniski 2,
J. Nawrocki 3, P. Nogas 3, A. Marecki *, E. Pazderski *
P. Ablewski !, M. Bober !, R. Ciurylo !, A. Cygan ', D. Lisak !, P. Mastowski !, P. Morzysski ',
B. Campbell 2, J. Pieczerak °, A. Binczewski ’, K. Turza ’

1. Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University,
Grudzigdzka 5, PL-87-100 Torun, Poland
2. Department of Electronics, AGH University of Science and Technology,
al. Mickiewicza 30, PL-30-059, Krakéw, Poland
3. Time and Frequency Department, Astrogeodynamic Observatory of Space Research Center,
Borowiec, Drapatka 4, PL-62-035 Kornik, Poland
4. Centre for Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University,
Grudzigdzka 5, PL-87-100 Torun, Poland
5. Joint Institute for VLBI ERIC, Oude Hoogeveensedijk 4, 7991 PD Dwingeloo, The Netherlands
6. Orange Polska S.A., Obrzezna 7, 02-691 Warszawa, Poland
7. Poznanii Supercomputing and Networking Center, Jana Pawta II 10, 61-139 Poznari, Poland

On 26th Nov. 2015 Toruri Radio Astronomy Observatory (based in Piwnice near Torufi), a part of the Centre for
Astronomy of N. Copernicus Univ., Torusi (Poland) was connected to Polish fibre optic network distributing time
and frequency (T&F) signals from UTC(PL) and UTC(AOS) laboratories. This paves the way for investigation of
alternative methods of T&F synchronization during Very Long Baseline Interferometry (VLBI) observations.

Typically, T&F signals for VLBI observations are provided by the local standard, usually H-maser. Here, we
report how the fibre network allows remote synchronizing the station with optical strontium lattice clocks [1][2]
operated in National Laboratory of Atomic, Molecular and Optical Physics (KL FAMO) in Toruri and with both
Polish UTC laboratories [3]. Additionally, the local H-maser may be disciplined by these two remote sources.

We conducted a proof-of-concept experiment on 15 March 2016 during the test time preceding a regular e-
VLBI session of the European VLBI Network (EVN). Besides the Torun VLBI station, the participating telescopes
included Effelsberg (DE), Medicina (IT), and Yebes (ES). We have successfully proved that the remote optical
atomic clock can provide the operational synchronization of radio telescopes during VLBI observations.
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A Single Atom Interacting with Light in Free Space

G. Leuchs
1. Max Planck Institute for the Science of Light, Staudtstrasse 2, 91058 Erlangen, Germany
2. Department of Physics, University of Erlangen-Niirnberg, Staudtstrasse 7/ B2, 91058 Erlangen, Germany
3. Department of Physics, University of Ottawa, 25 Templeton Road, Ottawa, Ontario, KIN 6N5, Canada
4. Institute of Applied Physics, Russian Academy of Sciences, 46 Ul'vanov Street, 603950, Nizhny Novgorod, Russia

One might regard the emission and absorption of light by a single atom in free space as one of the most
fundamental processes in quantum optics, which has not yet been fully explored on the experimental side:

1. A single atom should be able to act as an efficient 100% reflector for narrow band coherent light
provided the light power is not too high.

1. Asingle atom should be able to efficiently shift the phase of a narrow band coherent light by up to 180°
if the light power is not too high. (First results, see [1].)

2. Asingle photon should be able to deterministically excite a single atom.

We are developing and testing a set-up for the demonstration of this reversal of spontaneous emission by placing
a single atom at the focus of a deep parabolic mirror. Using an ionized atom one can hold it in place by
electrodes, a variation of the Paul trap for ions. It is expected that such a 100% excitation by a single atom
require sending in the time-reversed version of the photon, which would be emitted by the same atom if it were
to decay. Regarding the spatial structure, a parabolic mirror generates the required ingoing spherical wave fronts.
Concerning the temporal shape, the single photon wave packet should have an exponentially rising leading edge
as opposed to the exponentially falling trailing edge of the wave packet created in a spontaneous emission
process [2].
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Our road to optical atomic clock

C. Radzewicz*!

1. Department of Physics, Institute of Experimental Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

I will speak about the initiative of Polish AMO community aimed at construction the strontium 87 optical atomic
clock. Wojtek was one of the leaders of this project from the very beginning to the end and the contribution of his
group to the project was absolutely crucial.

*Corresponding author: Czeslaw.Radzewicz@fuw.edu.pl

55



Friday, 13 July - Prof. Gawlik 70" birthday symposium

Time Crystals

Krzysztof Sacha*!
1. Jagiellonian University in Krakow, Marian Smoluchowski Institute of Physics, ul. Prof. Lojasiewicza 11, 30-348 Krakow, Poland

Time crystals are quantum many-body systems which, due to interactions between particles, are able to self-
organize spontaneously their motion in a periodic way in time by analogy with the formation of crystalline struc-
tures in space in condensed matter physics [1]. In solid state physics properties of space crystals are often inves-
tigated with the help of external potentials that are spatially periodic and reflect various crystalline structures. A
similar approach can be applied for time crystals, as periodically driven systems constitute counterparts of spatially
periodic systems, but in the time domain [1].

The basic idea of the so-called discrete time crystals [2][3][4], that have been already realized in the experi-
ments [5][6], will be presented. Moreover, it will be shown that condensed matter problems ranging from Anderson
localization in time or single particles in potentials of quasi-crystal structure in time to many-body systems with
exotic long-range interactions in the time domain can be realized with an appropriate periodic driving [1][7][8][9].
Moreover, it is possible to create molecules where atoms are bound together due to destructive interference if the
atomic scattering length is modulated in time [9].
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Cold atoms in Cracow

T. Kawalec*!
1. Jagiellonian University in Krakow, Marian Smoluchowski Institute of Physics, ul. Prof. Lojasiewicza 11, 30-348 Krakéw, Poland

I will shortly present the role Professor Gawlik played in the development of cold atom physics in Cracow and in
Poland.

Then I will focus on our realization of a plasmonic dipole mirror for cold atoms based on a metallic grating
coupler. In this case a cloud of atoms is reflected by the repulsive potential generated by surface plasmon polaritons
(SPPs) excited on a gold grating by a 780 nm laser beam. Experimentally and numerically determined mirror
efficiency is close to 100%. The intensity of SPPs above a real grating coupler and the classical atomic trajectories,
are computed.

Using the dipole mirror, we have determined the absolute value of the surface plasmon polariton (SPP) inten-
sity, reaching 90 times the intensity of the excitation laser beam. With an infrared camera we have also directly
measured thermo-plasmonic effects accompanying SPPs excitation on gold submicron structures [1], [2].
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Concluding remarks

Wojciech Gawlik!
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On photonic spectral entanglement improving quantum communication

K. Sedziak, Mikotlaj Lasota, Piotr Kolenderski
Faculty of Physies, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, 87-100 Torun, Poland

Single-photon sources are crucial components for the implementation of quantum communication (QC)
protocols. However, photons emitted by some of the most popular types of realistic sources, e.g. the ones based
on SPDC process [1,2], are spectrally broadband. Due to this drawback, the signal emitted from such sources is
typically affected by the effect of temporal broadening during its propagation through telecommunication fibers,
exhibiting chromatic dispersion. In the case of long-distance QC this phenomenon can significantly limit the
efficiency of temporal filtering [3]. It is a popular method for decreasing the number of registered errors, basing
on the reduction of the duration time of the detection windows. Thus, temporal broadening of the signal emitted
by realistic single-photon sources negatively affects the security of QC protocols.

In our work we investigate the temporal properties of a pair of photons produced by a SPDC source and
subsequently propagated through a pair of standard single-mode fibers. In particular, we study the connection
between the type of spectral correlation generated between those photons and their temporal widths. We show
that in some realistic scenarios changing the typical negative type of this correlation to the positive one, or
decreasing its strength, can lead to narrowing of the temporal wave function of SPDC photons. Therefore, it can
increase the effectiveness of the temporal filtering method.

The results of our work can be used to improve the security of QKD systems [4,5]. They can be
particularly important for the QKD schemes utilizing commercial telecom fibers populated by strong classical
signals. In such situations the temporal filtering method can be utilized to reduce not only the dark counts
registered by the detection system, but also the excessive channel noise originating from the process of Raman
scattering, which is the main factor limiting their performance [6].
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Electro-optical effect in dense and cold atomic ensembles

1. M. Sokolov*!
1. Peter the Great St. Petersburg Polytechnic University, Polytechnicheskaya st. 29, 195251 St. Petersburg, Russia

This work is devoted to theoretical analysis of the influence of an electrostatic fields on optical properties of
nondegenerate atomic gases cooled to sub-Doppler temperatures in atomic traps. We focus our attention on dense
atomic ensembles, in which the mean free path of the resonant radiation is comparable with its wavelength. Besides
wide range of possible practical applications, such ensembles exhibit a number of unique physical properties, for
example, subradince, a collective Lamb shift, random lasing, and possible strong localization of light, which are
either impossible or essentially suppressed in low-density media.

Our analysis is based on the consistent quantum approach developed previously in [1], [2]. In the framework of
this approach we solve the Schrodinger equation for the wave function of the joint system consisting of all atoms
and a weak electromagnetic field. The description of the field takes into account all modes, including the modes
of the vacuum reservoir, which allows considering the interaction of the atoms with the external light, resonant
dipole—dipole interatomic interaction, and spontaneous decay in a single approach.

On the basis of this approach we study spatial distribution of atomic polarization created by weak monochro-
matic light in atomic ensembles. On this ground we calculate numerically the wavelength of the light in the
dense atomic cloud, its extinction coefficient as well as complex index of refraction and dielectric constant of the
medium. We also analyze the dispersion of the permittivity for different values of atomic density and electrostatic
field strength.

To find two principal values of the permittivity tensor, we consider two main polarization schemes. In the first
case the light is circularly polarized and the electrostatic field is directed along its wavevector E|k. The second
case corresponds to radiation linearly polarized along the electrostatic field, E_Lk.

We show that electro-optical effects in dense cold gases essentially differ from those in dilute ones. In a
dilute medium, for the two principal polarizations the electrostatic field does not change the shape of the atomic
resonance as well as its amplitude and width. Only the resonant frequency is changed. The situation in dense media
is fundamentally dissimilar. Electric field changes all parameters of the atomic transition — its shape, amplitude,
and width. Besides that the electric field modifies the collective Lamb shift. As an example in Fig. 1 we show
spectral dependence of real and imaginary part of the light complex wavenumber in the dense medium for two
main polarizations. For comparison we included corresponding dependences in the case of the absence of the
electric field.
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Fig. 1: Spectral dependence of the (a) imaginary and (b) real parts of the complex wavenumber in the medium
calculated for cold atomic ensemble with density n = 0.15k84 Here A is the Stark shift of the transition in units
of the linewidth y of the atomic transition, ko is wavenumber of incident light. The detuning & is the difference
between the frequency of the incident light and resonant atomic transition in electric field.
The observed peculiarities of electro-optical effects in dense gases we explain as a result of influence of electric
field on the nature of collective polyatomic effects caused by resonant dipole-dipole interatomic interaction.
This work was supported by the Russian Science Foundation, project no. 17-12-01085.
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Time resolved measurement of the ultrafast electronic decay of core
excited HCL molecules by THz Streaking.
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1. Institut fiir Experimentalphysik, Universitit Hamburg, Luruper Chaussee 149,
22761 Hamburg, Germany
2. Center for Ultrafast Imaging, Luruper Chaussee 149, 22761 Hamburg, Germany
3. Deutsches Electron-Synchrotron DESY, 22761 Hamburg, Germany

The study of ultrafast electronic decays of core excited molecules is a matter of particular interest. The reason
for this interest is the fact that nuclear motion and electronic relaxation both take place on similar femtosecond
time scales and thus the dynamics cannot be easily understood with the use of simple spectroscopic measurements.
Molecules providing such examples are halogen compounds (HI, HBr or HCL). After resonant excitation of a
core electron to an antibonding orbital, molecules start to dissociate and at the same time the electronic excitation
relaxes via the emission of an Auger electron. This has already been proven in experiments with synchrotron
radiation where both atomic and molecular Auger spectra were measured after core hole excitation [1] [2] [3] [4].
In the present work we use the THz streaking technique in order to study these systems directly in the time domain
and follow the transition from molecular to atomic decays.

‘We have used soft-X-ray pulses of femtosecond duration from the free-electron laser in Hamburg (FLASH) to
resonantly excite the 2p3, core electrons from HCL molecules to the antibonding ¢* orbital. These pulses were
collinearly overlapped with intense THz pulses provided by the FLASH THz undulator. The emitted photoelectrons
are accelerated (streaked) by the THz electric field whereby the resulting momentum change is proportional to the
THz vector potential at the emission time. Thus, the ionization dynamics can be studied by measuring the streaked
electron spectra [5] [6].

In this contribution the experimental setup and the first experimental results will be presented.
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Delay (ps)

Fig. 1: Series of kinetic Energy spectra of HCL electrons detached by soft-X-ray pulses from FLASH in the
presence of THz light from the THz undulator.
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Theoretical investigation of energy levels
and transition data for Cl1 I1I

P. Rynkun*!, G. Gaigalas', P. Jonsson?
1. Institute of Theoretical Physics and Astronomy, Vilnius University, Saulétekio av. 3, LT-10222, Vilnius, Lithuania
2. Group for Materials Science and Applied Mathematics, Malmé University, SE-20506, Malmé, Sweden

Chlorine is an important element in various astrophysical environments. The atomic data, such as transition prob-
abilities and collision strengths, are used in the determination of chemical abundances in ionized nebulae. Dios &
Rodriguez [1] have computed the ionic abundances of O II, O III, N II, C1 III, Ar III, Ar IV, Ne III, S II and S III,
and the total abundances of the corresponding elements. They have observed that the choice of atomic data can
have a large impact on the chemical abundances. Schectman et al. [2] measured lifetimes and branching fractions
with beam-foil techniques and derived oscillator strengths for transitions in C1 II and III. Froese Fischer et al. [3]
computed energy levels and transition data using Breit-Pauli approximation. Sossah et al. [4] used multiconfig-
uration Hartree-Fock and B-spline Breit-Pauli R-matrix method to calculate transition probabilities and effective
collision strengths.

In this work energy spectrum calculations were performed for 52 even states of the 3s3p*, 35?3p?3d, 3523 p°4s,
3523 p*4d configurations and for 35 odd states of the 35s23p>, 3s23p*4p, 3s3p>3d, 3p> configurations in CI III ion.
Also electric dipole transition data were computed between these states. The calculations are in progress, so here
are presented results where just valence-valence electron correlations are included.

The calculations were done using multiconfiguration Dirac-Hartree-Fock and relativistic configuration inter-
action (RCI) methods, which are implemented in the general relativistic atomic structure package GRASP2K [5].
In the RCI calculations the transverse-photon (Breit) interaction, the vacuum polarization, and the self-energy cor-
rections were included. In the present work, the atomic state functions (ASFs) were obtained as expansions over
Jjj-coupled configuration state functions (CSFs). To provide the LSJ labeling system the ASFs were transformed
from a j j-coupled CSF basis into an LSJ-coupled CSF basis using the method provided by Gaigalas et al. [6].

In Table 1 is shown the convergence of energy levels of the 3s3p*(3P) *Ps2.3/5,1 2 states. These are compared
with data from the NIST [7] database. Table 2 gives the comparison of computed wavelengths and oscillator
strengths for the 3s?3p(3S) 4S§ 5 3s3p*(3P) *Ps /2,3/2,1/2 transitions with experiment and other theoretical
calculations.

Table 1: The convergence of energy levels depending on the expansion of CSFs. Energy levels are given relative
to a ground state energy. Computed energies are compared with the values from the NIST database. The CSFs
were generated using active set (AS) method and account for valence-valence electron correlation.
Label AS] ASZ AS3 AS4 ASS NIST
3s3p*(3P) 4P5/2 98106 98045 98082 98107 98114 98520.34
3s3p*(3P) Py, 98705 98641 98679 98705 98711 99131.40
3s3p*(3P) 4P, 99066 99013 99053 99080 99087 99475.22

Table 2: Comparison of wavelengths and oscillator strengths for the 3s%3p° (%S) 4S§’/2 — 353174(;1’) 4P5/2‘3/2.1/2
transitions in CI III. The oscillator strengths in the RCI column are given in the length gauge. The estimated
uncertainty in % of the oscillator strengths are given in parenthesis.
A (in A) fx1072
Ji—J; "Exp.[7]  RCI 03] 4] Exp. [2] RCI RIEEY
3/2—5/2 1015.02 1019.22 1023.21 1024.48 2.85+£0.11 3.14(2.6) 3.23 3.21
3/2—=3/2 1008.78 1013.05 1017.96 1018.74 1.93+0.08 2.10(29) 2.15 2.14
3/2—1/2 100528 1009.21 1015.04 1015.46 0.96+£0.05 1.04(3.8) 1.07 1.07

Acknowledgments: This research is funded by the European Social Fund under the No 09.3.3-LMT-K-712 Development of
Competences of Scientists, other Researchers and Students through Practical Research Activities measure.

References

[1]L.J. Dios and M. Rodriguez, MNRAS 469, 1036 (2017).

[2] R. M. Schectman, S. R. Federman, M. Brown, S. Cheng, M. C. Fritts, R. E. Irving, and N. D. Gibson, ApJ 621, 1159 (2005).

[3] C. Froese Fischer, G. Tachiev, and A. Irimia, At. Data Nucl. Data Tables 92, 607 (2006).

[4] A. M. Sossah and S. S. Tayal, ApJS 202, 12 (2012).

[5] P. Jonsson, G. Gaigalas, J. Bierori, C. Froese Fischer, and I.P. Grant, Comput. Phys. Commun. 184, 2197 (2013).

[6] G. Gaigalas, C. Froese Fischer, P. Rynkun, and P. Jonsson, Atoms 5, 6 (2017).

[7] A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team (2018). NIST Atomic Spectra Database (ver. 5.5.2), [Online]. Available:
http://physics.nist.gov/asd [2018, March 13]. National Institute of Standards and Technology, Gaithersburg, MD.

*Corresponding author: pavel.rynkun@tfai.vu.lt

65




@ Poster session A, 10 July

Calculated Oscillator Strengths for Radiative Transitions of

Cosmochronological Interest in Singly Ionized Uranium (U II)
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2. IPNAS, Université de Liége, B-4000 Lic¢ge, Belgium

Up to now, there have been no available calculation of radiative data at all for singly ionized uranium (U II). The
main reason is that the complexity of the electron configurations involved in the excited states and the
fragmentory knowledge of the experimental spectrum of this ion make theoretical computations extremely
difficult [1]. However, transition probabilities and oscillator strengths for U II radiative transitions are expected
to be important in astrophysics, in particular in cosmochronology where the age of a star can be determined by
the use of a radiaoactive isotope of sufficiently long lifetime. Up until a few years ago, the radioisotope **Th,
with a half-life of 14 Gyr, was used to date galactic stars [2-4] but it decays by only a factor of two over the
lifetime of the Universe. It was indeed pointed out by Goriely and Clerbaux [5] that new accurate observations of
heavy radioactive elements could improve the accuracy of cosmochronometry analyses. More particularly, ***U,
with a half-life of 4.5 Gyr, represents a much more precise age indicator. In 2001, Cayrel et al. [6] reported the
first detection of a spectral line at a wavelength of 385.957 nm, from singly ionized uranium, in the very metal-
poor star CS31082-001. The derived uranium abundance yielded an age of 12.5 + 3 Gyr, which led to the best
estimate of the age of the Galaxy and, consequently provided a lower limit to the age of the Universe.

However, as mentioned in [6], the accuracy of this uranium dating technique is still limited by the lack of
available radiative parameters for U II spectral lines. Some reliable oscillator strengths were obtained
experimentally by combining branching fraction measurements with laboratory lifetimes determined using laser
spectroscopy [7,8] but these data concern only a small number of strong lines. In order to partly fill this gap, we
carried out extensive calculations of oscillator strengths for the most intense U II lines of potential
cosmochronological interest using two independent theoretical approches, i.e. the pseudo-relativistic Hartree-
Fock [9] and the purely relativistic multiconfiguration Dirac-Fock [10] methods. Some preliminary results will
be presented at the conference.
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Wide-range optical magnetometer based on hot alkaline vapor nanocell

E. Klinger,*!> A. Sargsyan,' C. Leroy,> A. Papoyan,' & D. Sarkisyan'
1. Institute for Physical Research, National Academy of Sciences of the Republic of Armenia, 0203 Ashtarak-2, Armenia
2. Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR CNRS 6303, Université Bourgogne — Franche-Comté, Dijon, France

In the past decade, optical nanocells (NC) of ~ 40 nm to 1 um thickness in light propagation direction have proven
to be efficient spectroscopic tool, allowing to perform linear Doppler-free spectroscopy with a simple one-beam
experimental setup. We have recently shown that derivative of the selective reflection (dSR) from an interface
formed by a dielectric window and an alkaline vapor allows one to record spectrally narrowed atomic resonances
(~ 50 MHz) [1]. The sub-Doppler nature of recorded signals, along with the linearity with respect to the atomic
transitions strength make the NC-based dSR technique an extremely convenient tool for studying the splitting of
hyperfine atomic transitions in a longitudinal magnetic field and modification of their transition probabilities [2].
Our theoretical model based on articles [3], [4] has shown a very good agreement with the recorded experimental
spectra in a wide range of B-field variation covering evolution from Zeeman to hyperfine Paschen-Back regime [2]
(see the lower graph in Fig.1).
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Fig. 1: Experimental setup. ECDL — extended cavity diode laser; FI — Faraday insulator; BS — beam splitter; FPE
— Fabry-Pérot etalon; A /4 — quarter-wave-plate; PH — pinhole; CO — compact oven; NC — alkaline nanocell; M
— mirror; F — filter; PD — photo-detector; SR — selective reflection channel; T — transmission channel. Computer
screen shows an example of experimentally recorded spectrum with superimposed modeling curve.

Based on these studies, we have explored the feasibility of designing a nanocell-based optical magnetometer
having a measurement range of 50 — 10000 G with a precision of ~ 1 G (10~ T). Measurements are done on a
computer driven experimental setup recording the alkali D line spectrum of a NC exposed to measured B-field.
The sketch of the NC-based magnetometer is schematically depicted in Fig 1. After recording the spectrum, the
computer code generates a succession of modeled spectra sorting out the proper one, helped by the FPE reference.
The fitting routine terminates when the residuals between calculated and recorded spectra are minimized, thus
returning the value of the magnetic field.
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Sub-Doppler spectroscopy of the Faraday Rotation effect occurring in
nano-layers of alkaline atoms
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3. Université Bourgogne - Franche-Comté, 32 avenue de I’Observatoire, Besangon, France

The plane of polarization is rotated when linearly polarized light passes through a medium in a direction parallel
to the applied magnetic field. This effect was discovered by Michael Faraday in 1845 and found many applications
in optical isolators, telecommunications, optical current sensors, tomography, magnetometry, spectroscopy efc.

In this research the Faraday Rotation effect (FR) was studied both theoretically and experimentally for D lines
of alkaline atoms. The theoretical FR model for strong magnetic fields has been elaborated using [1] and [2] and
shows a good agreement with the experiments [3]. A special pressure-controlled thickness nano-metric thickness-
cell (NTC) filled with alkali atoms and having a variable thickness in the range of 170 nm - 1700 nm has been
fabricated and implemented in these experiments. These cells are exclusively fabricated at IPR, Ashtarak, Armenia
in the group of Prof. D. Sarkisyan. For the last 15 years many unexpected scientific results have been obtained
using the NTC, among which it is worth mentioning sub-Doppler spectroscopy and study of the behaviour of fine
and hyperfine structure individual atomic transitions.

For magnetic fields in range of 0.1 - 6 kG, the atomic transitions of Cs are split into a large number of compo-
nents that are frequency-resolved due to sub-Doppler nature of the recorded spectra. This allows one to investigate
the behaviour of an individual atomic transition. With a further increase in magnetic field, the number of FR com-
ponents remains the same while their frequencies increase monotonously with a constant slope. The FR signal of
the Cs D line atomic transitions for 6 kG magnetic field is presented in Fig. 1. Note that due to the small tuning
range of the diode laser ~ 5 GHz, only the part of the spectrum can be obtained experimentally. The upper and
the middle curves are respectively the theoretical and the experimental FR spectra, while the lower curve is the
frequency reference. As one can see the two spectra are in good agreement. The inset shows the diagram for the
Cs D line transitions in the case of Hyperfine Paschen-Back (HPB) regime [4].
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Fig. 1: Cs D line Faraday Rotation spectra for F; =3 — F, =4 at B = 6 kG applied magnetic field. Upper curve
— the theoretical spectrum, middle — the experimental spectrum, lower curve — the reference spectrum. The inset
shows the diagram of Cs Dy line HPB regime (for 6 radiation) with the transitions 1 — 8 satisfying the selection
rules Am; = 0, Am; = +1. The component labelled 8 arises from the atomic transition F, =4 — F, = 4.
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Long-range Rydberg molecules bound by electron-atom scattering
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1. Laboratory of Physical Chemistry, ETH Ziirich, Vladimir-Prelog-Weg 2, 8093 Ziirich, Switzerland

In 1934, Amaldi and Segré [1] observed pressure-dependent shifts and broadenings in Rydberg spectra. The
pressure shift results from interactions of the Rydberg electron with ground-state atoms lying within the Rydberg
electron’s orbit as shown in Fig. 1.

Cs(6s1/2)

€

Figure 1: Rydberg electron e~ with its semi-classical orbit around the Cs™ ion-core scattering at a Cs(6, /2) ground-
state atom.

Fermi [2] modelled this interaction as arising from the s-wave scattering of the slow Rydberg electron with the
ground-state atom using a pseudopotential

V(R) =2ma|¥(R)|, )]

where a is the s-wave scattering length and |¥(R) \2 is the probability density of the Rydberg electron at postion R
with respect to the ion core.

As first predicted by Greene et al. [3] and first observed by Bendkowsky et al. [4], this interaction leads to
oscillatory potentials that may support bound states of long-range diatomic molecules in case of a negative s-wave
scattering length as depicted in Fig. 1. For the alkali metal atoms, the triplet scattering length is negative whereas
the singlet scattering length is very small or even positive. Singlet and triplet scattering channels are, however,
mixed by the hyperfine interaction in the ground-state atom [5]. This mixing allowed for the first determination of
the zero-energy singlet s-wave scattering length of caesium [6].
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Figure 2: Vibrational wave functions (dashed lines) in the interaction potential including s-wave scattering (solid

line) for the 3 state dissociating to the 32p; /2,081 /2 asymptote.

The often neglected p-wave contribution is known to lower the potential barrier towards smaller internuclear
separations [7], [8]. The excited molecules may therefore decay by tunnelling through the potential barrier. Mea-
surements of the lifetimes of the molecules can provide a sensitive probe of the potential-energy curve. We will
present studies on the formation and dynamics of long-range Rydberg molecules in ultracold caesium and potas-
sium gases using high-resolution photoassociation spectroscopy and an outlook towards future experiments with
heteronuclear molecules.
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The Atomic Scattering Factor for negative ions
in Stabilising Potential Wells
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The study of the effectiveness of the crysalline environments on the modification of the atomic scattering factors
are presented. This has been done by comparing quantum mechanical calculations of perturbed X-ray scattering
form factor of negative ions in an electric field for various stabilising potential wells of various depth. It is known
that the polarisability of ions in crystals varies with crystalline environment. Similar effect can be seen in Fig.1
in the comparison of the modification of the X-ray scattering factor for O~ and S~ subject to an external field in
addition to stabilising potential wells of various depth ( 0,5, 1,0, 1,5 and 2 atomic units).

The X-ray atomic scattering factor for an unperturbed atom with N electron is given by:
N N
fo= Z W exp(ixS-rj)ypdt = Z Yo exp(iKrjcos 0;) WodT

j=1 j=1
In the presence of an electric field F, the wave function is perturbed,
N
f = fo+ifiF +O(F*) where ifi{F =2F }_ / Wi exp(iKS - r;)yidt
j=1

We use the Kirkwood - Pople-Schofield approach for the wave function

v=%

1+ Zu(r/)] where u(r) = F(ur+vr? +nr*) and the f; is given by
J

ifiF =2F Y Y Wi exp(iKS - rj) (1ri+ vri +r; ) cos 6;yod T

i

The optimal values of u, v and 1 are determined variationally and calculated from various moments of the unper-
turbed charge distribution using a single Slater determinant[1-5].
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Fig. 1: Comparison of the magnitude of the modified X-ray scattering factor per unit applied field with scattering
vector K (au™') in stabilising potential wells of various depths for O= and S= .
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Electron-impact excitation of forbidden and allowed transitions in Fe 11

0. Zatsarinny™ and S. Tayal?
1. Department of Physics, University of Poland, Atomic Physicists Street 10, 30-348 Krakow, Poland
2. Department of Mathematics, Clark Atlanta University, Atlanta, GA 30314, USA

New extensive calculations are reported for electron collision strengths, rate coefficients, and transitions
probabilities for a wide range of transitions in Fe II among the 340 fine-structure levels of Fe II, belonging to the
lowest 3d®4s, 3d°4s?, 3d’, 3d%p, and 3d*4sdp configurations. The present results considerably expand the
existing data sets for Fe II, allowing a more detailed treatment of the available measured spectra from different
astrophysical sources. The calculations were carried out in the close-coupling approximation using the B-spline
R-matrix code [1].

The Fe II ion is the most abundant of iron-peak elements with a large number of lines in a broad
wavelength region from the infrared to ultraviolet and received extra special attention for the theoretical and
experimental studies of the transition and collision rates. However, not a single available calculation has yet
achieved convergence so as to provide accurate atomic parameters. The problem is mainly computational; the
very large number of energy levels and transitions involved in the spectrum requires big CC expansions, whereas
the accurate representation of the open 3d-shell target states requires extensive CI expansions. The purpose of
the present work is to perform more elaborate and extensive calculations for the electron scattering from Fe II by
using highly accurate target wave functions and by including fine-structure effects in the close-coupling
expansions through the Breit-Pauli Hamiltonian.

The target states were generated by the multi-configurational Hartree-Fock method. The multiconfiguration
expansions include all single and double promotions from the 3d, 4s and 4p orbitals to the 4/ and 5/ (I =0-4)
correlated orbitals. To represent the target states with different configurations, we use term-dependent non-
orthogonal orbital sets, which allowed us to include the relaxation effect directly.
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Fig. 1: Comparison of effective collision strengths obtained in the present BSR-340 model with the RM-AV
results of Bautista et al. [2], RM-262 calculations of Ramsbottom [3] and RM-142 calculations of Zhang and
Pradhan [4]). Also indicated in the panels is the average deviation ¢ from the BSR-340 resultsthe caption. The
squares in the left panel represent transitions from the ground level only.

The global comparison of the present effective collision strengths with available data sets is presented in
figure 1. The comparison shows that previous calculations of collision strengths for many transitions are much
more uncertain than previously thought. We offer arguments in favor of our results being the most accurate,
where differences occur. It is based on the more accurate representation of target states and more extensive
close-coupling expansions. To further improve the accuracy of our final collision rates, experimental energies
through the fine-tuning process have been used, not only for target level energies, but also to enhance the
accuracy of the term-mixing coefficients in the wave functions. This is a distinctive and novel feature of the
present calculations, that allowed us to generate a more accurate description of the Fe II target states than those
employed before.
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Fourier transform emission spectroscopy and ab initio calculations on the
visible spectrum of AID™
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The emission spectrum of the AID™ ion has been studied by Fourier transform spectroscopy technique, as a further
step of our investigation of the AID neutral molecule [1]. The 0 — 0 and 1 — 1 bands of the AMI—X2x+ system
have been recorded in the 27,000 — 29,000 cm™! region with an instrumental resolution of 0.03 cm~!. In total,
almost 500 rotational frequencies were measured with an absolute accuracy of about 0.005 cm~!. It improved
the experimental accuracy of the determined frequencies by the factor 10 compared to the previous work [2].
The rotational analysis has shown irregularities in the A— doubling splitting of the A2IT v = 0, 1. Consequently,
the AT state has been represented by the rotational term values, while the regular X?L" state by the molecular
constants. The causes of the irregularities were identified in the interaction between the A’IT state the lying higher

the B2X™ state.
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Fig. 1: The VIS-FT emission spectrum of the AID™ A’IT—X?2* (0,0) band recorded with an instrumental
resolution of 0.03 cm™~!. Signal-to-noise ratio was ca. 50 : 1. Lines of the AIH* A’IT—X?Z* (0,0) band,
occurring in the same spectral region, are marked at the bottom. Two characteristic features distinguished by
turning back arrows are the Py and Py, branch heads of the AID* AT - X232t (1,1) band at the 27,703 cm™!
and 27,735 cm ™, respectively.

Ab initio calculations on the ion were performed using a parallel version of the MOLPRO [3] (version 2010.1)
suite of quantum chemistry codes. The static electron correlation was calculated using SA—CASSCF method [4].
The active space consisted of all the occupied valence orbitals of the aluminum atom plus the 1s orbital from the
deuterium atom. The 1s orbital of the Al™ atom is kept frozen while the 2s2p orbitals are closed (kept doubly
occupied in all configurations). In addition, SA—CASSCF can be used to calculate the excited electronic states
corresponding to the Al" (3P) +D(2S) asymptote so a total of five states are included (2 x 22+ 2TI,*X+ *IT). The
accuracy of the potentials can be improved by including dynamic electron correlation, that was handled here by

using MRCI method [5].
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The present study focuses on a first analysis of spectroscopic data for the A'TI(v = 0) level in the '2C!70
isotopologue. Fourier-transform spectroscopy (1.71 m Bruker IFS 125HR) was used to obtain the Angstrom
(B'zt — ATI)(0, 0) band spectrum under 0.018 cm ™! resolution. The discharge was conducted in the air-cooled,
carbon hollow-cathode lamp. The temperature of dc-plasma at the center of the cathode was about 1000 K. The
estimated absolute calibration uncertainty (1) was 0.005 cm™~!. The fitting uncertainty of the line frequency mea-
surements was estimated to be 0.005 cm~!. The spectrum was combined with high-resolution photoabsorption
measurements of the '>C!70 B'=* — X'£+(0, 0) and C'Z+ — X'X7(0, 0) bands [1] recorded with an accuracy of
0.01 cm™! using the vacuum ultraviolet Fourier-transform spectrometer, installed on the DESIRS beamline at the
SOLEIL synchrotron. An effective Hamiltonian used in deperturbation analysis was performed up to J = 39, quan-
titatively addressing complex, multistate interactions with the e3X~ (v = 1), &A(v =4), 2L (v =9), D'A(v =0),
and I'X~ (v = 0, 1) rovibrational levels. The comprehensive data set, 281 spectral lines belonging to 3 bands,
was included in the fit. The A'TI and perturber states were described in terms of a set of deperturbed molecular
constants, spin-orbit and L-uncoupling interaction parameters, individual and equilibrium constants, term values,
as well as isotopologue-independent spin-orbit and rotation-electronic perturbation parameters. This work is a
member of a sequence of studies analysing the Al I1(v = 0) level in the CO isotopologues [2],[3],[4].[5],[6].
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Fig. 1: Upper trace presents VIS-FT emission spectrum of the '2C!70 B'Z*—A!TI(0, 0) band, as well as the
BTt —e’L" (0, 1) and B'Z — d3A (0, 4) extra-bands gaining intensity from the Angstrém system. Lower trace
shows simulation of the '2C!70 B!S+ — A!TI(0, 0) band.
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Optical Lattice Clocks with Weakly Bound Molecules
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Grudziadzka 5, 87-100 Torun, Poland

Molecular optical clocks promise unparalleled sensitivity to proton-to-electron mass ratio and in searches for
physics beyond the Standard Model. We propose to observe clock 'So->Py transitions in weakly bound bosonic
174Yb, molecules [1]. As in bosonic atomic clocks, a small transition dipole moment could be induced by means
of a weak external magnetic field (Fig. 1a) [2]. The positions of molecular clock lines (Fig. 1b) can be de-
termined to high accuracy: ground bound state positions have been measured with two-color photoassociation
spectroscopy [3], while excited 'So+°Py 0} vibrational states can be predicted accurately using an interaction
potential with ab initio long range parameters [4] and fitted to the experimental !7*Yb !Sy->Py scattering length
of ag, = 94.84(0.14) ag (refs. [5] and [3]). The necessary ground state Yb, molecules could be efficiently pro-
duced by STIRAP. Thanks to favorable Franck-Condon factors (Fig. 1c) the magnetically induced molecular Rabi
frequencies can be comparable to the atomic Rabi frequencies under same laser intensities and magnetic fields
(Fig. 1d). A successful observation of the proposed clock transitions could pave the way towards Hz-level molec-
ular spectroscopy.
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Fig. 1: Magnetically induced clock spectroscopy of weakly bound molecules. a) Magnetic coupling between
molecular states correlating to 'Sg+>Py and 'So+°P; induces an artificial transition dipole moment that can be
used to observe optical Rabi flipping between ground and “clock” 'So+3Py 0, states. b) Predicted molecular clock
line positions in '7*Yb,, numbers in parentheses denote standard uncertainties; only the strongest lines are shown.
¢) Ground and excited state radial wavefunctions for weakly bound states show significant overlap thanks to similar
long range interactions and bound state positions which leads to favorable Franck-Condon factors frc. d) The mag-
netically induced molecular Rabi frequencies Qo1 & \/i\/]? Q,, shown as a function of laser intensity /, can be
as large, or even larger than the atomic Rabi frequency under the same magnetic and optical fields.
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N*CP;) Mobility in Cooled Helium Gas

L. Aissaoui”! , Peter Knowles? and M. Bouledroua®
!Physics Department, Batna 1 University, Algeria.

“School of Chemistry, Cardiff University, Cardiff, United Kingdom.

*Physics Department, Badji Mokhtar University, Annaba, Algeria.

Based on the recent ion mobility measurements, performed by Matoba et al., [1] and Sandreson et al., [2]
with a mass-selected-ion-injected drift tube mass spectrometer, of ionic open-shell systems such as C*, N* and
O ions, evolving in a helium gas at very low temperatures (4.3 and 77 K), the results could not be explained at
4.3 K. The authors suggested to improve the calculations by using full quantum-mechanical transport cross
sections and a higher-level kinetic theory of gas mobility.

On the light of the quantum-mechanical [3] and the classical [4] calculations of the ground and the
metastable-excited C" ion mobility in helium at temperatures 77 and 4.3 K, we have aimed to show the effect of
the Spin-Orbit on the quantum-mechanical calculations of the N* ions in a cooled buffer helium gas. For this
reason, we use the interaction potentials corresponding to the ground state N*(°P;) ions which are performed with
MOLPRO. Then we use the computed quantum-mechanical and classical transport cross sections in the Viehland
gram-char Fortran code as to get the mobility of N"(°Py) ions at 4.3K and 77K helium gas temperatures.
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FT spectroscopy
of the comet—tail (A’I1; — X?Z*) system bands in '2C!70"

L Piotrowska*, M. Ostrowska-Kopeé¢, W. Szajna, R. Hakalla, M. Zachwieja, P. Kolek, M. Rusznica
and R. Kepa
Materials Spectroscopy Laboratory, Department of Experimental Physics, Faculty of Mathematics and Natural
Science, University of Rzeszow, ul. Prof. S. Pigonia 1, 35-959 Rzeszow, Poland

In the emission spectrum of '2C!70" molecule new observations and analyses were performed. Two bands, (1,0)
and (1,1), of the comet—tail (A’IT; — X?XF) system in the 18,900 to 22,100 cm~! region were recorded with
the Fourier transform spectrometer (BRUKER IFS 125—HR). The absolute accuracy of wavenumbers was about
0.005 cm~!. The measurement cycle included 128 scans within 1.5 h. As a source of the studied spectrum an
air—cooled, carbon hollow—cathode lamp operated at 780 V and 60 mA dc was used. The lamp was filled with
a static mixture of 70, (70 %) and '°0, (30 %) at a pressure of ~1 Torr. During the discharge process, the O,
molecules react with the '2C atoms ejected from the carbon filler placed inside the cathode, thus forming '2C!70
and '2C'70* molecules in the gas phase, in amounts sufficient to finally achieve a signal—to—noise ratio of 100 : 1
for the '2C'70 ion. Spectra were analyzed using a commercial software OPUS™ [1], which finds peaks and
calculates various spectral parameters (wavenumbers, FWHM, etc). As a result of a detailed spectral analysis the
individual molecular constants of both A%IT; and X?L+ states were obtained. For the upper A’II; state all these
constants were delivered for the first time. The parameters for the lower X?E" state were also calculated and can
be compared with these determined previously [2],[3],[4].
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Fig. 1: High-resolution emission spectrum (upper trace) of the (1,1) band of the comet — tail (A’IT; — X2Z+)
system in the rare 2¢cl7o+ isotopologue together with the other bands: 12¢1%0 and 2C7O0B - A system (0,2)
bands, '2C'°0* and 2C70* A — X system (0,0) bands and '2C'°0* A — X system (1,1) band, as well as
simulated spectrum [5] (lower trace) of the '2C'70% A — X system ((1,1)) band. In case of Py;/Qy2, Qi1 /R12,
Qy2/P21 and Ry, /Q,; main/sattelite branches (denoted by an asterisk) the values of the rotational quantum number
J are provided just for the main branches.

References

[11 OPUS™. Computer program by Bruker Optik GmbH; 2014. v.7.5.18.

[2] W. Szajna and R. Kepa, Spectrochim. Acta A. 65, 1014 (2006).

[3] W. Szajna, R. Kgpa, R. Hakalla, and M. Zachwieja, J. Mol. Spectrosc. 240, 75 (2006).
[4] W. Szajna, R. K¢pa, R. Hakalla, and M. Zachwieja, Spectrosc. Lett. 40, 667 (2007).
[5]1 C. M. Western, J. Quant. Spectrosc. Radiat. Transf., 186, 221 (2016).

*Corresponding author: ipiotrowska@ur.edu.pl

76



50" Anniversary EGAS conference Krakéw @

Magnetic field imaging of magnetic micro structures by using a layer of
nitrogen vacancy centers in diamond crystal

A. Berzins*!, K. Erglis? J. Smits' M. Auzins' R. Ferber' A. Cebers?
1. Laser Centre, University of Latvia, Zellu Street 25, Riga, Latvia
2. Laboratory of Magnetic Soft Materials, University of Latvia, Zellu Street 25, Riga, Latvia

Nitrogen-vacancy (NV) centers in diamonds have proven to be useful for the imaging of magnetic fields created
by various magnetic structures [1],[2],[3]. The reason is that the NV center has a triplet ground state with a zero-
field splitting between the mg = 0 and m = &1 ground-state sublevels of 2.87 GHz. Moreover, in the presence of
a local magnetic field the m; = £1 energies components are shifted by 2.8 MHz/G. Due to a non-radiative decay
path via a singlet state that preferentially populates the m; = 0 ground-state sublevel, thus the NV center can be
polarized optically. The fluorescence from exciting m; = 0 sublevel is more intense than the fluorescence from
exciting the m; = &1 sublevels. As a result one can read out the polarization state from the fluorescence intensity.

When a thin layer of NV centers is created close to the surface of a diamond, magnetic field distributions at
the position of the NV layer can be imaged. We have constructed a magnetic field microscope and are using it to
study magnetic field distributions from magnetic spheres, magnetic labyrinths and magnetic thin films made from
different materials.

As an example of our measurements we present (Fig. 1) results we obtained from mix of 500 nm paramagnetic
and 4 pum ferromagnetic particles.

Optical image

Fig. 1: On the left optical image and an the right magnetic image of mix of 500 nm paramagnetic and 4 um fer-
romagnetic particles. Paramagnetic particles align their magnetic fields along the external field, but ferromagnetic
particles maintain their initial magnetization.

Acknowledgments: A. Berzins gratefully acknowledges support from PostDoc Latvia project 1.1.1.2/VIAA/1/1¢
”Two-way research of thin-films and NV centres in diamond crystal” and LLC “MikroTik” donation, administered
by the UoL foundation, for opportunity to improve experimental set-up. Other authors acknowledges support
by M-ERA-NET project "Metrology at the Nanoscale with Diamonds” (MyND) and Base/Performance Funding
Project Nr. AAP2016/B013, ZD2010/AZ27.
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Near-threshold Stark spectra of strontium: Single- and two-photon
excitation schemes
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When an atom is placed in a uniform static electric field of strength F its ionization threshold (originally
at £=0) is lowered by the saddle point energy, classically given by Eg,=2F 12 au [1]. Within the E,<E<0 energy
range quasi-bound Stark states (resonances) and continuum ones coexist [2]. Hydrogenic resonances are
characterized by the excited electron’s escape to infinity solely via tunnelling [3]. On the contrary, in non-
hydrogenic atoms resonances are coupled to the degenerate continua and the electron escapes via autoionization
[2]. Furthermore, the coupling between resonances leads to avoided crossings of the resonance energies as a
function of F [1]. Remarkably, in the vicinity of an avoided crossing one of the resonances partially decouples
from the continua (stabilization) and the outgoing photoelectron escapes again solely via tunnelling [4]. This
situation was found very appealing for Photoionization Microscopy (PM) studies, the term denoting probability
density measurements of slow (meV) electrons photoionized in the presence of the static electric field. The PM
images are proportional to the squared modulus of the electronic wave function [5].
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Fig. 1. (a) Stark map of single-photon excitation spectra of Sr out of its 5s? ground state. Several avoided
crossings and stabilization effects are evident. (b) Single-(solid line) and two-photon (dashed line) excitation
Stark spectra of Sr. Linear laser light polarization parallel to the electric field (azimuthal quantum number m=0).

It would be highly interesting to observe PM images of resonances decoupled from the continua in
atoms heavier then He [4] and in conjunction with the application of phase sensitive coherent control techniques
[6], for the purpose of further reducing the continuum excitation [7]. As a first step towards this goal, we have
employed single- and two-photon laser excitation schemes out of the ground state of Sr, in order to record (using
a typical atomic beam/time-of-flight ion spectrometer setup) Stark spectra just above Eg, and as a function of F.
The single-photon spectra revealed several avoided crossings and stabilization effects (Fig. 1(a)). These effects
are not easily identified in the (considerably different) two-photon spectra (Fig. 1(b)). These observations will be
presented and discussed at the conference.

The research (MIS: 5005247) is implemented through the Operational Program "Human Resources
Development, Education and Lifelong Learning" and is co-financed by the European Union (European Social
Fund) and Greek national funds.

References

[1] T. F. Gallagher, Rydberg Atoms (Cambridge University Press, Cambridge, 1994) and references therein.
[2] D. A. Harmin, Phys. Rev. A 24, 2491 (1981).

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

[4] A. S. Stodolna et al, Phys. Rev. Lett. 113, 103002 (2014).

[5] V. D. Kondratovich and V. N. Ostrovsky, J. Phys. B 23, 3785 (1990).

[6] A. Bolovinos, S. Cohen, and I. Liontos, Phys. Rev. A 77, 023413 (2008).

[7] S. Cohen, J. Phys. B 44, 205402 (2011).

“Corresponding author: pkalaitz@cc.uoi.gr
W¥Corresponding author: scohen@uoi.gr

78



50" Anniversary EGAS conference Krakow

Fourier transform study of the RbCs (4)!I1 state using the two-step
Ti:Saphire laser excitation
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2. Department of Chemistry, Lomonosov Moscow State University, 119991 Moscow, Leninskie gory 1/3, Russia

We performed a high resolution spectroscopic study of the regularly perturbed (4)'IT state of RbCs molecule
by applying two-step optical excitation (4)'TT <— A —b < X'E* followed by observation of the (4)'TI — X2+
laser induced fluorescence (LIF) spectra. The main aim of this work was to extend the experimental rovibronic
term values data set, if compare with [1], in order to perform direct-potential-fit (DPF) of the highly excited RbCs
(4)'IT state. As intermediate state we have used strongly mixed by spin-orbit interaction A'X* and H’IT states
(A — b complex for short). It was shown [2] that a rigorous coupled-channel deperturbation analysis allows to
reproduce the rovibronic term values of the A — b complex with the spectroscopic accuracy. Hence, the A — b
complex in RbCs can be used as a convenient intermediate state to reach higher excited singlet and triplet states
manifold.

The RbCs molecules were produced in a linear stainless-steel heat pipe, that was loaded with 7g Cs and 10g Rb.
Work temperature during experiments was around 310°C. Two-step excitation in both steps (A'EZ+ — b1+ X!XF
and (4)'TI <~ A'X* — b3TI) was realized by two Ti:Saphire lasers (Coherent MBR-110) operating within the
frequency range 9800-11000 cm™~!. LIF spectra were recorded by high resolution Fourier transform spectrometer
(IFS 125-HR, Bruker). The (4)'TT — X !X transitions were recorded in the 18000-22000 cm ™! spectral range using
photomultiplier tube while the A'X* — »’IT — X'Z+ LIF spectra were detected by InGaAs diode in the range 6000
- 11000 cm~".

Overall 69 (4)'TT — X'T LIF progressions were recorded. Assignment of these progressions provided ter-
mvalues and rotational quantum numbers of directly excited rovibronic levels. In many spectra rotational satellite
lines were observed thus increasing the amount of term values and allowing to estimate the rotationally induced A -
splitting of the (4)'TT state. All resulting 780 term values were included in the robust DPF procedure and analytical
Expanded Morse Oscillator (EMO) potential was constructed. The DPF analysis reveals numerous regular shifts
in the experimental level positions of the (4)'TT state. At the same time, relative intensity distributions measured
from the most observed levels of the (4)!I1 state are in very good agreement with their theoretical counterparts.

The support from Base/Performance Funding project no. AAP2016/B013, ZD2010/AZ27 and project
1.1.1.2/VIAA/1/16/068 is gratefully acknowledged by Riga team. The work is partly supported by the RFBR grant
N 16-03-00529.
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Non-linear resonances of calcium ions in a linear quadrupole trap
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Non-linear resonances are well known effect observed in ion traps since the early stage of development of the
trapping techniques [1]. They occur, when trapping potential is not perfectly harmonic and some higher multipole
terms are present in the field’s expansion series. Such non-harmonicity can lead to energy gain by an ion trapped
inside such potential well.

In our recent paper [2] we described such resonances in a linear, segmented Paul trap, where the central seg-
ments of electrodes are relatively short comparing to their transversal dimensions.

The trapped ion stability is usually described using Mathieu equations:

X=(2qcosQt +a)x (D
with defined ¢ and a stability parameters:
-~ 20Uy @)
1= MorR?
40V
a= o 3

where M and Q are ion’s mass and charge respectively, Q is angular frequency of the used AC electric field, R is
trap’s radius and Uy and V are AC and DC voltages driving the trap. In the experiment we observed that, besides
the two standard trapping parameters, a third one Aa is necessary to describe the stability in a more reliable way:

3~8Qveml
A= R @

where V,,,4 is additional voltage used for confinement of ions along the trap’s main axis and 3.8 factor results from
geometry of the electrodes. In the 3-dimensional (g,a,Aa) parameter space we explored its a = 0 cross section,
where we observed several strong lines of non-linear resonances. The (g,Aa) stability diagram is presented in

Fig. 1.
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Fig. 1: Stability diagram of the linear Paul trap. Solid lines are theoretical boundaries of the main stability domain.
Experimental points show parameters where ion ensembles are unstable.
The apparatus and experimental procedure will be presented. The theoretical model of resonance mechanism
in the used trap’s geometry will be discussed and the experimental resonance lines will be identified using the

model.
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An optical atomic clock using a single 171y h* jon with a
characterisation of thermal systematic effects
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4. VIT Technical Research Centre of Finland Ltd, Centre for Metrology MIKES, P.O.Box 1000, FI1-02044 VTT, Finland

Optical frequency standards operate by measuring to high precision the frequency associated with an optical atomic
transition. Recent improvements in ultra-stable lasers, trapping technology and probe schemes have resulted in
these systems approaching fractional systematic frequency uncertainties of ~ 1 x 1078,

These astounding levels of accuracy allow clocks to be used for more than just timekeeping. Modern optical
clocks are used to measure gravity potential differences through the relativistic time-dilation of general relativ-
ity [1]. They can measure the fractional rate of change of the fine structure constant (¢t) and proton:electron mass
ratio L = my, /m, (2], and probe for violation of Lorentz symmetry [3], effects that are predicted by some variants
of the Standard Model Extension.

To make a repeatable frequency measurement at the ~ 1 x 107!3 level, environmental perturbations to the
atomic sample must be strictly characterised or eliminated. Amongst the effects that must be considered is the ac
Stark shift. Any atom exposed to an electric field will experience Stark shifts of its internal energy levels, propor-
tional to their polarizabilities. It is desirable therefore to minimise any radiation incident on the atomic sample,
but the background black-body radiation (BBR) due to the temperature of the trapping structure is an unavoid-
able source. The operation of a clock using singly-ionised ytterbium therefore requires careful characterisation
of both the thermal environment of the trapped ion [4] and its intrinsic response to that radiation: the differential
polarizability.
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Fig. 1: The frequency of the two clock transitions at 436 nm and 467 nm in '7'Yb* can be perturbed by incident
light at near-IR wavelengths (here A = 7.17um). This light couples to the clock frequencies in the same way
as background BBR: via the ion’s differential polarizability. The perturbing laser is mounted on an automated
translation stage so that all parts of the beam can be sampled by the ion. A shutter allows the 7 um beam to
be toggled so that the induced shift is measured differentially avoiding many common-mode errors on the two
frequency servos.

The complex structure of 17y b* makes the differential polarizability difficult to calculate theoretically; instead
we present an experiment to measure the differential polarizabilities of two ultra-narrow optical clock transitions
present in Typ*, performed by exposing the ion to an oscillating electric field at a wavelength in the region of the
room temperature BBR spectrum: A = 7.17 um. This field is produced by a quantum cascade laser incident on the
ion and can be blocked using a shutter, permitting a differential measurement with common-mode insensitivity to
systematic effects from the ion’s environment.
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The elastic scattering of electrons by the SFs molecule and its SF, (n = 1 —5) fragments has been studied the-
oretically in a wide energy range of 5 — 700 eV in the framework of independent-atom model (IAM) [1-3]. The
relativistic, parameter-free, real optical potential approximation (RSEP) [1,4] is used to calculate the electron
scattering amplitudes of the S and F atoms. It consists of static, relativistic local exchange, local correlation-
polarization, scalar-relativistic and spin-orbit interaction potentials [4]. The differential and integral cross sections
are calculated using the ground-state equilibrium internuclear distances of the sulphur fluorides in the IAM and
Additivity Rule JAM-AR) approximations. In the IAM framework the differential cross sections (DCSs) are ob-
tained by averaging over the vibrational and rotational degrees of freedom of the target molecules (see [1-3]). They
could be expressed with the direct f(6,k) and spin-flip g(6, k) atomic scattering amplitudes:
1AM ;
o = LU0 +1n(0. 0] + X L fn0.0155(0.8) + 5 (6.005(0.8)) x o st 250Tm)

m nEm Stnm

where ry,, is the internuclear distance between n-th and m-th atoms of the molecule, ¢,,, is the average amplitude
of the corresponding vibrations, while s(8, k) = 2ksin(8/2), 6 — scattering angle, k = v/2E (in a.u.), E — collision
energy. The first sum of Eq. 1 is the direct term, which corresponds to the IAM-AR approximation. The 7y,
internuclear distances for all SE, (n = 1 — 6) molecules are calculated by the GAMESS-US quantum chemistry
package at the DFT/B3LYP level of theory.

In Fig. 1 we present DCSs for ¢~ + SF, (n = 6,4, 1) processes at 10 and 50 eV impact energies, comparing
with experimental [5,6] and theoretical [7,8] data for e~ + SFg scattering. At 10 eV the angular behaviour and
the magnitude of our DCSs are similar, they slightly differs only at small angles, up to 70°. In this region there
is a higher deviation between our calculated and the measured DCSs of [5,6]. At 50 eV a better qualitative and
quantitative agreement is seen between these cross sections in general, even at small scattering angles. However,
our DCSs for the e~ + SF,, (n = 6,4, 1) processes differ more distinctly. Integral cross sections of scattering are
also calculated by direct integration of the corresponding DCSs in the IAM and IAM-AR framework.
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Fig. 1: Angular behaviour of differential cross sections of ¢~ + SF,, (n = 6,4, 1) scattering at 10 (a) and 50 (b) eV.
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The elastic scattering of electrons by the sulphur atom and the S,, (n =2 —4) clusters has been studied theoretically
in a wide energy range of 10 — 700 eV in the framework of independent-atom model (IAM) [1-3]. The relativistic,
parameter-free, real optical potential approximation (RSEP) [1,4] is used to calculate the electron scattering ampli-
tudes of the S atom. It consists of static, relativistic local exchange, local correlation-polarization, scalar-relativistic
and spin-orbit interaction potentials [4]. The molecular differential and integral cross sections are calculated using
the ground-state equilibrium internuclear distances of the sulphur clusters in the IAM and Additivity Rule (IAM-
AR) approximations. In the IAM framework the differential cross sections (DCSs) are obtained by averaging over
the vibrational and rotational degrees of freedom of the target molecules (see [1-3]). They could be expressed with
the direct f(6,k) and spin-flip g(6,k) atomic scattering amplitudes:

dGIAM 2 2msi
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where r,, is the internuclear distance between n-th and m-th atoms of the molecule, ¢,,, is the average amplitude
of the corresponding vibrations, while (8, k) = 2ksin(6/2), 6 — scattering angle, k = v/2E (in a.u.), E — collision
energy. The first sum of Eq. 1 is the direct term, which corresponds to the IAM-AR approximation. The r,,, inter-
nuclear distances for all S, (n =2 —4) molecules are calculated by the GAMESS-US quantum chemistry package
at the DFT/B3PW91 level of theory. The calculated cross sections are compared with the available experimental
and theoretical data for elastic electron scattering by the S atom as well as by CS, and H»S molecules [5-8].

In Fig. 1 we present DCSs for e~ + S, (n = 1,2,4) processes at 20 and 100 eV impact energies, comparing
with the data of [5-8]. The angular behaviour of our DCSs are similar, they slightly differs only at small angles,
however the magnitude of the cross sections strongly changes with the target molecules. The relative difference
between the cross sections primarily depends on the number of sulphur atoms of the target, the DCS of e~ + S,
scattering about 2 times higher, than the corresponding atomic scattering cross section. The structure of our DCSs
are very similar to those observed in [5-8], hovewer they differs strongly in magnitude at some angles, especially
in the minima. Taking into account the absorbtion effects (see [6]) leads to somewhat lower cross sections.
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Fig. 1: Angular behaviour of differential cross sections of e~ +S, (n = 1,2,4) scattering at 20 (a) and 100 (b) eV.
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Dielectronic recombination (DR) is a resonant process in which a free electron is captured by an ion whereas a
bound electron in the ion is promoted forming a multiply excited intermediate state situated above the autoioniza-
tion threshold. As a consequence one or few photons are released to stabilize the recombined ion. The dielectronic
satellite (DS) radiation coming from this process can give a significant contribution to both the apparent width and
intensity of a resonance line.

We report the experimental observation of the DS in the near-threshold electron-impact excitation of the TI™
ion A = 132.2 nm resonance line (6s6p IP{’ — 652 180). The experiment was performed by a VUV-spectroscopy
method using the crossed (at right angle) monoenergetic electron and ion beams technique which was previously
described elsewhere [1].

Strong resonance features observed in the energy dependence of the effective excitation cross-section for this
line are due to the emission of the DS 6s6p (IPI")nl — 6s2nl (n > 7) of the resonance line below the threshold and
the resonance excitation due to electron decay of the autoionizing states (AIS) above the threshold. The analysis
of the results using the data on the energy positions and configurations of the T1 atom AIS [2] has shown that the
isolated maxima at 7.4 eV (a) and at 8.4 eV (b) in the energy dependence under study are most likely related to
the decay of the TI** 6s6p ('P;)7p and 6s6p (' P;)8p AIS while the maximum at 9.0 eV (c) to that of the TI** AIS
of the 6s6p (' P)np (n = 10, 11) configurations.
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Fig. 1: Energy dependence of the near-threshold electron-impact excitation.

The absolute values of the excitation cross-sections for the DS of the resonance TI* ion line were determined
at the threshold taking into account the absolute value of the resonance line excitation cross-section obtained by
normalizing to the theoretical calculation at £ = 100 eV energy using the close-coupling method, taking into
account two stages [3].

It is worth noting that the DS of the resonance A = 132.2 nm line (6s6p !P¢ — 65 1Sp) were found to be much
less intensive then those of the resonance intercombination A = 190.8 nm line (656p 3P — 6s% ) of the TI* ion
[4].

The work is supported by the grant program of scientific research of the National Academy of Sciences of
Ukraine ”Advanced research on plasma physics, controlled thermonuclear fusion, and plasma-based technologies”.
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Frequency interconversion between microwave and optical fields will be important in future quantum infor-
mation networks for connecting superconducting qubits and optical photons. To achieve the transfer of quantum
states between microwave and optical photons, coherent, efficient, and broadband conversion is essential. Here we
demonstrate a coherent microwave-to-optical conversion via frequency mixing in Rydberg atoms [1]. In contrast
to other physical systems being explored, our scheme requires no cavity and allows free-space and broadband
conversion due to the strong coupling of microwaves to atomic transitions between Rydberg states. Moreover,
using electromagnetically induced transparency strongly enhances the efficiency of the process. Our results are in
excellent agreement with theoretical predictions based on an independent atom model, which indicates a limited
effect of interactions.

In this presentation, I will introduce these results, and discuss the strategies that we are developing for reaching
near-unit conversion efficiency, which include using collinear frequency mixing, three-photon electromagnetically
induced transparency (EIT) [2], and improved energy level schemes.
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Physics of the double core holes (DCH) currently attracts interest due to new possibilities of their creation
by X-ray free electron lasers and advanced synchrotron sources, and due to applications in chemical analysis. In
the case of electron capture, which is one more mechanism of the DCH production, a DCH is formed after one
K-electron is captured by the nucleus, and the second K-electron is either shaken off (SO) to a continuum, or
shaken up (SU) to an unoccupied shell due to a change of the nuclear charge. Theoretical models of such
electron shell rearrangements are based on sudden approximation, with the overlap integrals between wave
functions of many-electron atoms (ions) both before and after electron absorption by the nucleus as main
elements for calculations. In atomic processes involving internal electron shells the relaxation phenomena of
electron orbitals play a key role. Relaxations could be most effectively taken into account by using sets of atomic
orbitals for the initial and final states with non-orthogonal orbitals from different sets. Such an approach requires
the representation of overlap integrals in terms of one-particle wave functions from different non-orthogonal
sets. Nowadays, it can be done with the help of specialized program packages.

The goal of this work is to take into account the full non-orthogonality (FNO) of many-electron initial and
final states’ wave functions of the system to determine double K-vacancy production probability per K-capture,
Pxk (as a sum of two channels: SU and SO) in order to improve the existing theoretical calculations in less
advanced models. We have chosen isotopes *’Ar, **Mn and ®Zn for the analyses and used code [1] for the
expansion of many-electron overlap integrals in terms of one-particle overlaps. Pilot calculations were made
with relativistic hydrogen-like wave functions with effective charges for each subshell (FNO-C model),
determined from the average radii of the relativistic orbitals obtained in the Dirac-Fock calculations [2].
Accounting for the non-orthogonality of the orbitals above the K-shell was found crucial. For more accurate
calculations we used Hartree-Fock wave functions. SU-probabilities were found by means of the BSR complex
[3], and SO-probabilities were calculated with the combination of Hartree-Fock wave functions for bound states
and Coulomb wave functions for continuum (FNO-HF model). The latter model improves the results of the
previous calculations (see Table 1). More details will be presented at the conference.

Table 1: Double K-vacancy production probability per K-capture.

Pxx, 10
Other calculations FNO-C  FNO-HF Experiment
TAr 2.58[4],3.86[5],530[6]  7.77 3.87 i:Z i 8:3 {g
“Mn 113 [4], 1.35[5],243[6] 545 2.46 >0 fo(;.s ol
; , 23708 [10]
%7n 0.87 [5], 1.53 [6] 3.17 237 22+02([11]
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Circular dichroism in electron-hydrogen scattering in a two-color
bicircular laser field
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We study circular dichroism in laser assisted electron-hydrogen scattering by two-color circularly polarized
(CP) fields with the same or different helicities, at high projectile energies, where the first order Born approxima-
tion is reliable for the evaluation of the scattering amplitude [1]. Obviously, the physical mechanism occurring
in laser-assisted processes for two-color fields is the interference among different photon channels leading to the
same final state. For the bicircular laser the polarization vector of the first laser beam is defined as (e, + ie,)/ V2,
while the second laser beam has the same polarization (corotating polarization), or is CP in the opposite direction
(counterrotating polarization). We calculate the differential cross section (DCS) in the UV photon energy range,
where the dressing of the target is important and the laser assisted signal is sensitive to the helicity of the photons of
the two-color bicircular laser field [2]. In this framework the two-photon circular dichroism in angular distribution
[3], is a second-order effect in the laser intensity. In figure 1 we present the relative dichroism in angular distri-
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of the projectile electron. We aim to establish the origin of the dichroic effect in elastic scattering of electrons by
hydrogen atoms in the presence of a two-color circularly polarized laser field in the domain of moderate intensi-
ties below 10 TW/cm?, for commensurate photon energies @3 = 3@, and high projectile energies. Because of the
strong second-order atomic dressing effects at small scattering angles (6 < 20°), we found out a clear enhancement
of DCSs for corotating compared to counterrotating CP fields. As a preliminary result, we are able to demonstrate
that the circular dichroism at these photon energies originates from the nonzero atomic dressing at small scattering
angles.
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Fig. 1: Relative two-photon circular dichroism in angular distribution, R, as a function of the scattering and
azimuthal angles. The projectile electron energy is £, = 100 eV, the laser field intensities are /; =13 = 1 TW/cm?,

and the photon energies are @; =3 eV and @3 = 3w;.
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Positron-atom (e -+ A) scattering is an interesting and important process the study of which has a long history.
Compared to electron scattering (e~ +A), et +A scattering is a much more subtle elementary process owing to the
possibility of the formation of a virtual positronium during the scattering process [1]. Many methods have been
developed and attempts made to study et + A scattering off atoms with account for the positronium formation.
However, to the best of the authors’ knowledge, e™ + A scattering has not been studied for the case of collision
with atoms with a n¢2*! multielectron half-filled subshell in the ground-state. Meanwhile, its presence results
in the introduction of an additional novel, interesting aspect into scattering theory. Owing to the presence of the
nf2+1 gubshell in the atom, like the 3d° in Mn, each of used to be closed subshells of the atom splits into two
different o' €214 spin-up and n'¢"** 1| spin-down levels [2]. This is owing to differences in exchange interaction
of n'02!+14 and n'¢"2¢ 1 electrons with the electrons from the n2¢+! half-filled subshell, where the electronic
spins are co-directed, say, pointing upward (1), according to Hunds’s rule. Not only are n’¢2/ 14 and n/¢2('+1}
split by energy, but spatially as well. This contributes to an important novel aspect into e* -+ A scattering. It is the
main aim of the present work to learn about e* + A scattering off a half-filled shell atom and unravel differences
between et + A and e + A scattering by such atom. We choose the Mn atom as a case study, since e~ + Mn
scattering has been detailed earlier [3],[4]. During et + A scattering, the positronium formation [1] occurs in a
virtually excited state of an atomic electron, thus being a multielectron effect. In this work, perturbation of the
atomic states by a positron is accounted in the framework of the spin-polarized self-energy part, X, of the Green
function (referred to, herein, as the “X-approximation”) of a positron, as in [3] for e~ + Mn scattering, with the
necessary correction to remove electron-positron exchange correlation. The effect of the positronium formation is
calculated in a simple and yet surprisingly efficient approximation [1], where accounting for the effect is equivalent
to a simple reduction of the energy of the e“e™ virtual pair by the binding energy of the positronium. On Fig. 1,
depicted are calculated elastic scattering cross sections for e " + Mn scattering as well as for e~ -+ Mn scattering of
spin-up and spin-down polarized electrons off Mn (the 3d° electrons are assumed to be spin-up polarized, for the
sake of certainty). The results are self-explanatory. Note how strong are quantitative and qualitative differences
between e + Mn and e~ + Mn scattering calculated in any of the utilized approximations.
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Fig. 1: e™ +Mn and e~ + Mn elastic scattering cross sections, calculated in the spin-polarized Hartree and Hartree-
Fock approximations, respectively, and in the multielectron X-approximation (see main text), as marked. In the
T-approximation, perturbation of only 4s-electrons of Mn by incident e* was accounted in the present calculation.
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We report experimental lifetimes for 10 highly excited levels in Nb II between 68000 and 73200 cm ™' [1], from
an ongoing study. The lifetimes were obtained by the time-resolved laser-induced fluorescence technique on ions
produced by laser ablation from an Nb target. To reach these high energies we employed a two-step laser
excitation scheme. The experimental set-up is described in detail in [2, 3]. In this case, the first laser excited
different levels in the odd 3d*(*F)5p °G term, around 35000 cm™, from which the second laser reached the
investigated even levels in the 3d°(*F)5d and 6s configurations. The experimental lifetimes are compared with
preliminary theoretical values obtained with a relativistic Hartree-Fock method that includes core polarization.
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Advances in the production and cooling of molecules have given an impetus to the search for the electric dipole
moment (EDM) of the electron in the past decade (see Table 1). This has enabled the testing of beyond the Standard
Model (BSM) theories upto an energy scale of 1 TeV [1]. Future experiments hold potential to test BSM theories
at even higher energy scales.

laser cooling  state preparation interaction optical detection

cryogenic source  guide decelerator

©00000000000000000000

000000000000000000000

Fig. 1: Planned setup for the electron EDM search using a BaF molecular beam

Our group is starting an experiment [2] to measure the electric dipole moment (EDM) of the electron using a
cold, slow and intense barium fluoride molecular beam, the experimental layout is depicted in Fig. 1. We plan to
Stark decelerate and laser cool the cryogenic barium fluoride molecular beam. The molecule will be prepared in a
superposition of two hyperfine states and be made to interact with an electric field inside the interaction zone. The
two hyperfine states develop a phase difference which is directly proportional to the electron EDM.

Table 1: eEDM experiments; currently with the best upper bounds on the electron EDM

Molecule eEDM upper bound (in e-cm)
ThO (Harvard/Yale University) 8.7 x107 2 [1]

HfF* (JILA) 1.3 x 10728 [3]

YbF (Imperial College) 1.05 x 10728 [4]

I will present the work done on the first part of the experiment, which is the beam production. To start with, we
are developing a cryogenic and supersonic molecular beam source. The beam from a cryogenic source is slower
and denser compared to the beam from a supersonic source. The cryogenic source is under construction and will
be coupled to the decelerator according to the planned setup. The supersonic source will be used to perform spec-
troscopy on barium fluoride molecules and to explore the best possible rotational states for laser cooling. We built
a supersonic source which is a combination of pulsed even lavie valve [S] with laser ablation. I will present the
optimization results on strontium fluoride molecules from this source.

To sum up, I will present the motivation for eEDM searches, details of our planned experiment and my own work
in the construction and optimization of the supersonic source.

References

[1] The ACME Collaboration, J. Baron et al. Order of magnitude smaller limit on the electric dipole moment of the electron. Science 343, p.
269-272 (2014)

[2] P. Aggarwal et al. Measuring the electric dipole moment of the electron in BaF, arxiv: 1804.10012

[3] William B. Cairncross et al. Precision measurement of the Electron’s Electric Dipole Moment using trapped molecular ions. PRL 119,
153001 (2017)

[4] J.J Hudson et al. Improved measurement of the shape of the electron. Nature 473, 493(2011)

[5]U. Even. Pulsed Supersonic beams from high pressure source: Simulation results and Experimental Measurements. Advances in Chemistry,
vol. 2014 (2014), pp. 1-11

*Corresponding author: p.aggarwal @rug.nl

90



50" Anniversary EGAS conference Krakow
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Energetic and dynamic properties of rovibronic levels of electron-excited states can not be properly described
without taking non-adiabatic interactions into account [1]. The non-adiabatic matrix elements (such as spin-orbit
or L-coupling functions) can be computed using high level ab initio methods with an accuracy of 5-10 %. As a
result, these ab initio matrix elements are widely used for modelling of energetic and dynamic properties and as
an initial estimate for direct deperturbation treatment.

In this work, we systematically investigate the influence of both homogeneous spin-orbit and heterogeneous
electron-rotational interactions on the c>X 3 state of the LiK, LiRb, and LiCs molecules using ab initio calculations.
According to the selection rules [1], the C?Z'*' state is perturbed by the 'TI and *IT states. Their corresponding non-
adiabatic matrix elements between states converging to the second and third dissociation limits are calculated as
follows: The small-core effective core potentials (ECPs) with 9 electrons (1 valence + 8 subvalence) are used for
K, Rb, and Cs while Li is described using an ECP with a single valence electron [2]. The internally contracted
multi-reference configuration interaction (MRCI) method with preliminary state-averaged complete active space
self-consistent field (SA-CASSCF) optimization is used to compute the potential energy curves as well as non-
adiabatic matrix elements. Core polarization effects are taken into account using /-independent core polarization
potentials (CPPs) [3]. It is found that electron-rotational effects are stronger than the spin-orbit effects in the case
of LiK, have a same magnitude in the case of LiRb, and are much weaker in the case of LiCs. However, both
interactions should be taken into account for a precise description of rovibronic level properties for each molecule.
The energetic levels of the 03):,5 state are affected with regular and local perturbations. For the regularly perturbed
low-lying levels of 0325 the Van Vleck perturbation theory is applied to take interactions with the 131 states into
account while Q-components of the state are treated explicitly using only the Coupled Channels method. On the
other hand, strong local perturbations in the c>X* — b>I1 crossing region are described using the Coupled Channels
method.

The study was funded by RFBR according to the research project N 18-33-00753.
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Collisional line-shape effects play an important role in optical spectroscopy. Molecular collisions manifest as
a perturbation of the optical line shapes. Proper treatment of these effects is important to reach high accuracy in
spectroscopy-based optical metrology [1,2]. The CO-N; system is of particular importance for terrestrial atmo-
spheric measurements. Here we report the first line-shape parameters for this system based on quantum scattering
calculations performed on an accurate ab initio potential energy surface (PES) [4].

The four-dimensional PES [4], with the interatomic distances in N, and CO set to the experimental values
(1.09768 and 1.128323 A, respectively [3]) is used. The interaction energies are calculated with the coupled-
cluster CCSD(T) method and Dunning’s aug-cc-pVQZ basis set extended further with midbond functions for more
than 10 100 ab initio points, corresponding to 12 values of Oy,, 13 values of 6co in a range of 0-180°, 5 values of
¢ in a range of 0-90° and 14 values of R in a range of 4-40 ay.

The calculated PES is expanded over bispherical harmonics [5] leading to 205 radial coupling terms. The close-
coupling equations are solved for a wide range of kinetic energies using the MOLSCAT code [6]. The calculations
of generalized spectroscopic cross sections are performed for several purely rotational lines from the R branch.
Finally, the standard pressure broadening and shifting coefficients are obtained. The data provided through this
investigation can be used for upgrading the HITRAN database [7] and the HITRAN Application Programming
Interface (HAPI) [8].
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Hydrogen molecule is the most abundant molecule in the Universe. It is investigated in various physical fields,
ranging from astrophysics and the analysis of gas giants’ atmospheres [1,2], to ultra-accurate measurements in
molecular spectroscopy [3.4,5], and even in the search for physics beyond Standard Model [6]. Recently [7] it was
pointed out, that the available data regarding the line-shape parameters of hydrogen is rather sparse. The devel-
opment of experimental techniques in molecular spectroscopy requires a sub-percent accuracy of the theoretical
calculations. It is believed that fully quantum calculations, based on the close-coupling scheme, could fulfill such
requirements.

The collisional system of hydrogen molecule and helium atom is a perfect benchmark system for performing
complex, ab initio investigation line-shape parameters. It involves only four electrons, allowing researchers to cal-
culate the potential energy surface of such system with highly accurate methods of quantum chemistry. Moreover,
because of the small mass of the system and large rotational constant of the hydrogen molecule, the dynamical
calculations can be performed in reasonable computational time.

Using the recently reported ultra-accurate potential energy surface for the Ho-He system [8], we performed
close-coupling calculations of generalized cross sections for lines of the S and O branches. We investigated 60
lines in total, for vibrational bands from 0-0 to 0-5 and rotational levels up to j=5. Generalized spectroscopic
cross sections were obtained from S-matrix elements for a wide range of kinetic energies (from 0.1 to 9000 cm™!).
The cross sections were later averaged over the relative speed distribution of the colliding pair, leading to the
final line-shape parameters: pressure broadening and shifting coefficients and real and imaginary part of the Dicke
contribution to the Hess profile. The parameters are obtained for 17 temperatures, ranging from 5 to 2000 K. This
is the first complex investigation of the S and O branches in the H,-He system using ab initio methods.
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We have applied a generalized relativistic energy approach (REA) [1-3] combined with the relativistic many-
body perturbation theory [4,5] to studying spectroscopic parameters (transition energies, oscillator strengths,
collision cross-sections, collision strengths) of the few-body atomic systems (ions) in plasmas with taking into
account of a shielding effect (in a Debye shielding approximation) and inter-particle correlations within many-
body perturbation theory. In fact the uniform quantum energy approach is firstly used in a theory of spectra and
spectral lines shape for the multicharged ions in a plasma. By introducing the Yukawa- Debye type potential, the
0-th order electronic Hamiltonian for a few-body system in a plasmas is given as :

Hy =Y [acp— fmc® = Zexp(—p;)/ 171>
where u is connected with the plasma parameters such as the temperature 7 and the charge density n as

follows: g ~./e’n/ k,T . The energy shift due to the collision is arisen at first in the second PT order in

the form of integral on the scattered electron energy & : ImAE = 7G (gﬂ"gw’gf”’gu), where G is the squared
combination of the two-particle matrix elements, which contain the amplitudes o ,QKB ' (the
corresponding Coulomb part exp(i|w|r;2)/r;> and the Breit part exp(i|w|r;2)a;ax/ri2 (o are the Dirac
matrices) of the inter-particle interaction). Transition probability is determined within REA [1-3].

We have carried out a studying the transition energies, oscillators strengths, collision cross-sections for a
group of the low lying (plus Rydberg) transitions in spectra of the Li- and Be-like ions with a charge of a
nucleus Z=26-42 and plasma parameters: density n,= 10*2-10%*cm™ and temperature T=0.5-2keV. A part
of the data has been firstly presented. To test the results of calculations we have compared the obtained
data for some ions with other authors’ calculations (within multiconfiguration Dirac-Fock method and
relativistic coupled-cluster theory) and available experimental data [6,7]. In table 1 we list our results
of calculation of the energy shifts AE (cm™') for 2s2-[2s122p1235]1 transitions for different plasma
parameters. Comparison is performed with the multiconfiguration Dirac-Fock (DF) data [6]. In Table 2
we present our calculation data on oscillator strengths for the 2s?-[2s122p32]i transition in spectra of the
Be-like ions Fe and Zn for different values of the n, (cm) and T (in eV)

Table 1: Energy shifts AE (cm™) for 2s>-[2s,,2p3»]; transition in spectra of the Be-like Ni for different values of n, (cm™), T (in keV)

ne 102 10% 10?2 10%

kT [6] [6] Our data Our data
0.5 313 2639.6 33.8 2655.4
1.0 234 2030.6 25.7 2046.1
2.0 18.0 1597.1 20.1 1612.5

Table 2: Oscillator strengths gf for the 2s2-[2s,,,2p3]; transition in spectra of the Be-like ions of Fe and Zn for different values
of the n, (cm?) and T (in keV)
ne 102(Fe)  10%(Fe)  102(Zn)  10°(Zn)
kT Our data  Our data Our data Our data
1.0 0.15406 0.15488 0.14356 0.14396
2.0 0.15404 0.15467 0.14355 0.14383
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The interaction of a high intensity laser field with an atomic system results in multi-photon excitation, ionization
and shifts of the energy levels [1]. A great number of physically different effects occur in atomic systems
(ensembles) in dependence upon a intensity, frequency, multi-colority of laser field, energy spectrum structure of
an atomic system etc. In the last decade a considerable interest has attracted studying of the elementary atomic
processes in plasma environments because of the plasma screening effect on the plasma-embedded atomic
systems.

In this paper one-and two-color multi-photon spectroscopy of a number of transitions in a hydrogen, lithium and
caesium atoms and ions (free and immersed in a Debye plasmas) is studied theoretically. The theoretical
approach is based on the relativistic energy approach and relativistic operator perturbation theory [2-5]. The
energy shift and width of the multiphoton resonances are calculated within an energy approach, which is based
on the Gell-Mann and Low adiabatic formalism and formalism of the relativistic Green function for the Dirac
equation. The plasmas medium screening effects are taken into account by introducing the Yukawa-type
electron-nuclear attraction and electron-electron repulsion potentials into the electronic Hamiltonian for N-
electron atom (ion) in a plasma [5-8].

The calculations have been performed for a plasmas with the typical corresponding parameters: the Debye
lengths Ap=5a.u. (solar core: temperature T=10K; density 103 m?) and 25 a.u. (inertial confinement:
temperature T=10*K; density 10%® m™) . It has been quantitatively determined a variation of the multi-photon
resonance enhancement frequencies in a few atomic systems (hydrogen, lithium) in dependence upon the
plasmas parameters (the Debye length). For example, the corresponding values for the resonance enhancement
frequencies w1, @ and w,3 for the 1s—4f transition in the hydrogen for different Debye lengths (Ap=5-50 a.u.)
are between 0.009 and 0.023a.u. The obtained results reveal the plasma effects on the multi-photo