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Abstract for the 12" European Conference on Atoms, Molecules and Photons (ECAMP 12)

After the discovery by Einstein, Podolsky and Rosen [1] that quantum mechanics is at variance with
local realism and locality, John Bell [2] had found that some predictions of quantum mechanics are
actually in contradiction with the local-realistic viewpoint. Many experiments followed, confirming
more and more the quantum predictions, but some loopholes had been left open. That is, in
experiments, assumptions were necessary to make them valid tests of Bell’s theorem. In the last year,
four experiments were performed [3, 4, 5, 6] which closed significant loopholes. | will report on these
experiments and also give an outlook for the future. This will include experiments over increasingly
large distances and experiments involving cosmic sources of randomness.

Besides such fundamental experiments, an interesting development is the realization that quantum
entanglement can be used as a resource in quantum communication. Besides entanglement-based
guantum cryptography, a very likely application in the future will be the use of entanglement swapping
to connect future quantum computers. In the talk, | will also comment on some of the experimental
and technological challenges.
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Sputtering of Fe surfaces by D and Ar ions

R. Stadlmayr, D. Bloch, B. M. Berger, S. Kaser, D. Mayer and F. Aumayr
Institute of Applied Physics, TU Wien, Fusion@ OAW, Wiedner Hautpstrafie 8-10, E134, 1040 Vienna, Austria

The lifespan of plasma facing materials highly depends on the plasma induced erosion caused by ion bombard-
ment. Due to this bombardment the surface gets sputtered and surface modifications are the consequence. These
modifications can appear e.g. as a change in the surface compositions (preferential sputtering) or as quasi-periodic
height modulations which are often called “ripples” [1-3].

We investigated the erosion of 400 nm thick Fe films deposited onto polished quartz crystals under impact
of mono-energetic D and Ar ion projectiles (500 eV/atom and 250 eV/atom). The experiments were performed at
465 K using a highly sensitive quartz crystal microbalance (QCM) technique [4]. The evolution of the mass change
rate of the Fe model films under D and Ar ion irradiation was investigated under a specific angle of incident (0°
- 70°) and as a function of the ion fluence. After predefined fluence steps, AFM investigations were performed,
to investigate the change in surface morphology (for an example see fig 1.) and to correlate it with the observed
fluence dependce of the measured erosion yield.
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Fig. 1 AFM image of an Fe model film (contianing 1.5 at% W) after irradiation with 250eV/D D projectiles under 60° angle
(with respect to the surface normal, the white arrow indicates the direction of the ion beam on the surface) up to a fluence of
3.10?3 D/m?. The observed structures are similar to the ones reported in ref. [2], called Perpendicular Mode Ripples (PeMR).
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Density Functional Theory study on the adsorption of acrylonitrile,
acrylamide and acrolein on Cu(100): importance of weak interactions.
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1. Departamento de Quimica.Universidad Auténoma de Madrid, Madrid E-28049 (Spain)
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The Density Functional Theory (DFT) has been widely used in the study of isolated molecules in the gas phase
and in the solid state with great success. However, the main interactions in the adsorption processes of organic
molecules on metal surfaces are the dispersion forces, as the VVan der Waals forces (see e.g.[1]), which are not
included in the most popular functionals (as PBE, PW91 or B3LYP). Several ways to take into account these forces
have been developed, as the Grimme D2[2] and D3[3] corrections, or the inclusion of the interactions explicitly in
the functional, proposed by Dion et al[4].

In this communication, we present a DFT study of the adsorption of three molecules with high technological
importance as acrylonitrile, acrylamide and acrolein on a metallic surface, Cu(100). We compare the results
obtained using some of these alternatives to treat the dispersion and we analyze their effects on the different
functional groups of these molecules.

The way the molecules are adsorbed on the surface and the strength and nature of this interaction are important
aspects to predict the behaviour of these systems in processes as the formation of self-assembling monolayers or
heterogeneous catalysis.
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Quantum interference between virtual paths in laser-dressed helium:
Energetic-electron impact excitation
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The scattering processes of electrons on atoms in the presence of a laser field, also called laser-assisted electron-
atom scattering, have long been recognized as an useful tool to make evident the multiphoton signals. The charac-
teristic that distinguishes this class of elementary collision physics is the presence of the laser photon, which plays
a role of a ’third body”, in addition to the electron projectile and target atom. In this context, electronic transitions
induced by a laser field can lead to new effects, which may emerge in the angular distribution of the scattered
electron [1].

In the conference we shall present a study of quantum interference in energetic electron-impact excitation of
helium atom embedded in a resonant low-frequency laser field. The process under investigation is dealt with a
nonperturbative approach based on Born-Floquet method [2,3]. Under the framework of this approach, the dressed
atomic states are first obtained via the Floquet theory. The incoming and scattered dressed-electron projectile are
described using non-relativistic Volkov solutions; while their interactions with the target are treated within the first
Born approximation. Here, we will show that the observed peak in the angular distribution of the scattered electron
(cf. Fig. 1) is a signature of quantum interference between different virtual pathways that the excitation may follow
in order to end up in a common final channel. These findings are supported by additional calculations based on
Kroll-Watson approximation and perturbation theory, in which no quantum interferences are accounted for.
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Figure 1: (Color online) Differential cross sections of the excitation of the dressed and field-free states 1s2s for one-
photon emission (i.e., photon transferred between the colliding system and laser field) as a function of the photon
energy @. The incoming electron energy is fixed at 50 eV, the scattering angle is 0.3°, and the polarization of the
laser field is kept along the momentum transfer. The results are shown for three peak intensities: 2 10'9 W/cm?
(Black color), 10 W/cm? (Green color) and 10® W/cm? (Orange color). Solid lines: Born-Floquet theory. Dashed
lines: Perturbation theory. Dotted lines: Kroll-Watson approximation. Dot-dashed lines: Field-free calculations.
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The broadening and narrowing of the high gain parametric down
conversion spectrum

P.R. Sharapoval’z, o.V. Ti ikhonoval’s, A.MPerez", M. V.Chekhova“, G. Leuchs”

1. Physics Department, Lomonosov Moscow State University, 119991, Moscow, Russia,
2. Department of Physics University of Paderborn Warburger Strafie 100 D-33098 Paderborn Germany
3. Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Leninskie Gory, 1, 119234, Moscow, Russia
4. Max-Planck Institute for the Science of Light, Guenther-Scharowsky-Str. 1 / Bau 24, Erlangen D-91058, Germany

The Bright Squeezed Vacuum (BSV) is macroscopic non-classical state of light which can be created in the
high gain parametric down conversion process. The BSV is very promising object for different application of
quantum optics and quantum information due to its non-classical features such as macroscopic correlations, huge
photon number per mode, noise reduction below the standard quantum limit etc. That’s why such state of light
requires of the correct theoretical description.

Such attempts were made by different theoretical groups and represent by itself the solution of integro-
differential equations [1-3] or analytical solution in terms of the Schmidt modes [4,5] but with some restrictions.
The analytical Schmidt modes approach allows one to explain many features of BSV, including different
correlation characteristics, intensity profile and narrowing of the spectrum with increasing of parametric gain in
scheme with two non-linear crystals and air gap between them (spatial domain) or two non-linear crystals and
group velocity dispersive medium between them (frequency domain). But due to some restrictions the
description of the broadening of the single crystal spectrum with increasing of pump power, which is well known
experimental effect, never can be done by such approach. In contradiction, the solution of integro-differential
equations catches the effect of the single spectrum broadening but can not explain the narrowing process.

In this work we present the method based on the exact numerical solution of the systems of integro-
differential equations for the plane wave and frequency operators. Such method is general, did not contain any
assumptions and allows one to explain simultaneously the broadening of the single crystal spectrum and the
narrowing of the spectrum in two crystal configuration case with air (group velocity dispersion medium) gap
between them. The calculation was performed for the spatial and frequency domain, all obtained results are in
the good agreement with an experimental data.
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Electron Localization in Dissociating H2+ by Retroaction of a
Photoelectron onto Its Source
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We investigate the dissociation of H, ™ into a proton and a H? after single ionization with photons of an energy
close to the threshold. We find that the p* and the H? do not emerge symmetrically in case of the H, " dissociating
along the 150, ground state. Instead, a preference for the ejection of the p™ in the direction of the escaping
photoelectron can be observed, corresponding to a positive asymmetry parameter 6§ = Zﬁ ;Z: (see figure below).
np and ny are the count rate for break of the p-H bond with the proton towards and opposite to the electron

respectively. Thus, & > 0 corresponds to the case of the proton emerging in the same hemisphere as the electron.
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Fig. 1 The asymmetry parameter 6 as a function of kinetic energy release KER for three different photon energies. Experi-
ment: Ey, = 19.1 eV (green triangles), 20.1 eV (red circles) and 21.1 eV (black squares). Lines: corresponding predictions
from [1], color coding as for the experiment. The theoretical curves are shown for E, > 2 x KER as the validity range of the
calculation is E, >> KER.

The observed symmetry breaking is strongest for very small electron energies. Our experiment is consistent
with a recent prediction by Serov and Kheifets [1]. In their model, which treats the photoelectron classically, the
symmetry breaking is induced by the retroaction of the long range Coulomb potential onto the dissociating H ™.
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On fullerene anions as sources of spin-polarized electrons

Valeriy K. Dolmatov
Department of Physics and Earth Science, University of North Alabama, 35632 Florence, Alabama, U.S.A.

Production of spin-polarized electron beams is an important problem from the point of view of both basic and
applied sciences. The present work provides a rough insight into spin-polarization of photoelectrons due to pho-
todetachment of fullerene anions, C,;. It is predicted that, and interpreted why, the degree of spin-polarization of
the photoelectron flux can be large, even 100%, depending on the photon frequency .

To meet the goal, a fullerene cage C,, is modelled by an attractive spherical potential of certain depth Uy, inner
radius ro and thickness A (see, e.g., [1]). A fullerene anion is then formed due to binding of the electron by this
potential into a nf-state. To evaluate spin-polarization of nf-photoelectrons from such modelled fullerene anions,
the study exploits the Cherepkov’s theory [2] of spin polarization of photoelectrons ejected from atoms with a
single electron in the outer n¢-subshell with £ > 1 and a definite total angular momentum j = ¢+ 1/2. According
to [2], the angular-dependent cross section /;(®, 0, 1) of emission of a n/-photoelectron with a definite value of
the spin projection (t on the direction of the angular momentum of a circularly polarized photon is given by

1;(®,60, 1) = [0, (@) /87] {1+ (e5)A (@) — [B(®) /2 + (e5)i (@)]P2(cos0) }, (D

where s and e are unit vectors directed along the electron spin and photon polarization, respectively, oy, (®) is the
total photodetachment cross section, () is the dipole photoelectron angular-asymmetry parameter, ¥; (®) is due
to accounting for electron spin polarization, A j(®) is the total angle-integrated degree of spin polarization of the
electron flux and 6 is the angle between the momenta of the photon (directed along the Z-axis) and photoelectron.

In the present study, calculations are performed for 2p-photodetachment of fullerene anions C, (n = 60, 240
and 540). A significant resonance enhancement of the photoelectron spin polarization along with its drastic change
with increasing size of C, is unravelled. This is exemplified by figure 1, where calculated A;(®) for 2p ,-
photodetachment of Cy(2pj—_;/2) and Cs44(2pj—/2) is plotted. The photoelectron flux is seen to become 100%
spin-polarized (A; = 1) regardless of the direction of motion, at some resonance peaks. The resonances are due to
a standing photoelectron wave formed inside the C, cage-resonator known as “confinement resonances” [1].
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Fig. 1 Calculated angle-integrated degree of spin polarization of the photoelectron flux, A j(®), upon 2p; J2-photodetachment
of Cq(2p1/2) (10 = 5.262, Up = 0.2958 and A = 2.9102 a.u.) and Cyy(2p;2) (10 = 5.262, Up = 0.404 and A =2.9102 a.u.).

The support of NSF under the grant No. PHY-1305085 and a travel grant from CAS at UNA are acknowledged.
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Stepwise Contraction of the nf Rydberg Shells in the 3d Photoionization of
Multiply-Charged Xenon Ions
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Recently, first low-resolution results for 3d multiple photoionization of Xe?t (1 < ¢ < 5) from the photon-ion
spectrometer PIPE at the Hamburg PETRA III synchrotron light source have been reported [1]. Here, new high-
resolution measurements with an experimental energy spread of 160 meV are presented for
3 < g <5 [2] (Fig. 1). Pronounced resonance structures are observed for all ions but with an increasing num-
ber of resonances as the charge state of the ions is increased. In contrast to the usually rather complex cross
sections for outer shell ionization of atoms and ions, the present inner-shell ionization cross sections can be inter-
preted straight-forwardly. The strongest resonances are associated with the photoexcitation of a 3d electron to an
atomic nf subshell (n = 4,5,6,...) and the subsequent multiple autoionization of the associated hole states. The
3 3_/12 -3 5_/12 fine structure splitting (~ 13 eV) of the 3d hole leads to two distinct Rydberg series of resonances in

each spectrum. For Xe3*, for example, resonances with principal quantum numbers n from 4 to 7 can be clearly
discerned. For Xe T the series of nf resonances could be observed up to n = 9. This progression of resonance
structure with increasing charge state clearly visualizes the re-ordering of the € f continuum into a regular series of
(bound) Rydberg orbitals as the ionic core becomes more attractive. The energies and strengths of the resonances
are extracted from the experimental data and are further analyzed by relativistic atomic-structure calculations.
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Fig. 1 Measured (symbols) and fitted (full lines) absolute cross sections for triple ionization of Xe?", Xe**, and Xe>* ions.
Resonances are labeled by the n¢ subshell to where the 3d electron is excited.
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Dissociative ionization of Ho by 400 eV circularly polarized photons
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Single photoionization of Flbecomes dissociative via a small overlap of the Frank-Condgion with the
dissociative continuum of the Hion. This allows to determine the photoelectron angulatrithistion (PAD)
in the molecular frame by detecting the photoelectrons inadence with the dissociating fragments. Such a
measurement may reveal the same interference and dekttatizffects that were studied previously in the nat-
urally dissociative double photoionization [1,2]. In theegent work, we consider ionization-dissociation process
hw+ H, — € + H+ p by high-energy circularly polarized photohsy = 400 eV. Such experiments have been
conducted recently at the PETRA 11l synchrotron radiationrse [3]. Particular emphasis in these experiments
was on the role of the electron recoil on the nuclear motiahapossible breaking of the— H symmetry in PAD.
To elucidate these effects, a full account for the nucleaiondias to be included in our theoretical model [4].

0 60 120 180 240 300 360 0 60 120 180 240 300 360
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Fig. 1 The angle-averaged differential cross-section integrateer KER in the ranges of 0-0.2 eV (left) and 0.4-0.8 (right)
are plotted as functions of the electron detection afigiemeasured relative to the molecular axis. The experimeratt dre
shown with error bars. The theoretical results with quantigrcription of the nuclear motion (QN) are displayed witlidso
lines while the classical reflection (CR) calculations asuialized with dashed lines.

In our earlier work [4], we reported the PAD for the fully det@ned kinematics in which both the electron ejection
angles and the kinetic energy release (KER) were fixed. Hewy@vthe experiment [3], to increase the count rate,
both the electrons and protons were discriminated in enetfithyin a finite range of KER and detected within
the angular cone of 20 T0 account for these experimental conditions, we caleutlas differential cross-section

integrated over KERy(2 fE dERdQedQRdER and averaged over electron and proton ejection directiatigrw

a window of 20. In Flg 1, the samples of our new results are shown in coraparnvith the experimental data
[3]. The experimental data, originally on an arbitrary scalre normalized to the best visual fit to the theoretical
curves. The two sets of calculations are shown. One is withrieect Quantum description of the Nuclear motion
(QN). In another calculation, the nuclear motion is desatilwvithin the Classical Reflection (CR) model. The
experimental data clearly discriminate between these &lcutations. The experiment is much closer to the QN
calculation which takes into account the effect of the etattecoil on the nuclear motion in comparison with the
CR calculation which does not account for this effect.
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Bound-free electron transitions in the H + H™ quasi-molecules
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The processes of photo-detachment or ionization of stable molecules are widely investigated in modern atomic
physics. But the present work deals with the calculation of the photo-detachment cross-sections in the case of
negative quasi-molecules formed during collisions. We took the reaction H +H ™~ 4/ — H + H + e as an example
of bound-free transitions in single-active-electron quasi-molecules. For simplicity, we discuss the one-dimensional
case in the frame of the zero-range potential model [1,2].

The cross-section of photo-detachment is proportional to the density of oscillator strengths:

2n? dfy,.  4Am? )
=" = —— Wy | Xpe|” - 1
c do c bc| bc| ( )

o(o)

The matrix element
Xpo = / (W, x|, dx. 2

In the LCAO approximation quasimolecular gerade and ungerade wave functions in the frame of the zero-range
potentials model are written as

P = Vo [exp(— o [x+R/2]) £ exp(—au|x—R/2|)], 3
1
gu _ . o —
W = o [sin(k|x -+ R/2]) & sin(k[x — R/21)]. @

Then the matrix element dipole moments can be expressed by the formula:

[k o kR [oy, a,R

Xb=g70=u = Tuc E;COSZ <2) + ;Z 4ua) sSin (kR), (5)
[k o, kR [oy, R

Xb:u,c:g = p ;;Slnz <2> — a 4”(0 Sin (kR), (6)

where @ = (o2 4+ k?)/2, that is the sum of the binding energy and kinetic energy of the free electron.

Although the quasi-molecular matrix elements increase with increasing R it does not lead to difficulties at large
R. In this case potential energy curves U, = Ug, and it is obligatory to use the sum of amplitudes of two different
ways of detachment [1].

Collisions result in a lowering of the threshold of the electron detachment compared with the single ion H™
because ungerade quasi-molecular term is repulsive.
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The purpose of this work is to study the laser polarization effects in inelastic scattering of fast electrons by
hydrogen atoms in the presence of a circularly polarized (CP) laser field. We consider the excitation of hydrogen
to an arbitrary state accompanied by one- and two-photon absorption. It is important to evaluate the contribution
of the laser-assisted inelastic electron-atom scattering to the total electron energy spectrum since in experimental
studies it might be quite difficult to separate the signal of elastic and inelastic scattering channels.'

Because the scattering process under investigation is a very com-
plex problem, the theoretical approach presents considerable difficul-
ties and several assumptions are made. (i) Moderate field strengths " sk @ " sk o
below 107 V/cm and fast projectile electrons are considered in order to
safely neglect the second-order Born approximation in the scattering
potential as well the exchange scattering.? (ii) The interaction between
the projectile electrons and the laser field is described by a Gordon-
Volkov wave function. (iii) The dressing of the hydrogen atom by the
laser field, i.e., the modification of the target atom in the laser field, is
described within the first-order time-dependent perturbation theory in
the field.> Using the approach described for linearly polarized (LP)
fields*> we have obtained an analytical formula for the differential
cross section (DCS) in the laser-assisted inelastic e-H(1s) scattering
that is valid for both circular and linear polarization. We analyze the
angular distributions and the resonance structure of the DCSs for the
excitation of the n = 2 and n = 4 subshells and we discuss the influ-
ence of the laser polarization on the angular distribution of the scattered
electrons.

We focus our discussion on three particular laser field polarizations
denoted as: (a) CP,, where the laser beam is circularly polarized in
the (y, z)-scattering plane and the laser beam propagates in the z-axis
direction, ecp, = (e, + ie.)/ V2, (b) LP,, where the laser beam is  Figure 1: Ratios of the DCSs by the
linearly polarized and the polarization vector is parallel the momentum LP.,, and CP. fields for inelastic laser
transfer vector g, eLp, | q., and (c) LP., where the laser beam is assisted scattering, e(Ei)+H(1ls) +Nw —
linearly polarized with the polarization vector is parallel to the z-axis, e(£;)+H(2]), with the excitation of the 2l
erLp, = .. A comparison between the linear and circular polariza- subshells as a function of the scattering angle
tions of the laser field is made for the excitation of the 2! subshells for V = 1in(a) and (b), and N' = 2 in (c)
and important differences appear between the angular distributions of and (d). The full lines fepresent the results for

. .. . LP,, while the dashed lines denote the LP.,
DCSs depending on the type of polarization. In Figure 1 we show the felds.
ratios of the DCSs with excitation of the 2s and 2p subshells by the LP
and CP fields for one- and two-photon absorption as a function of the
scattering angle 6. The DCSs are calculated at the incident projectile energy of 200 eV, the laser field strength
& = 107 V/cm, the photon energy 2 eV, and the azimuthal angle ¢ = 90°. Depending of the laser parameters,
projectile energies, and scattering geometry the CP scattering signal can be larger than the LP signal.

= 1)

2.0

n

o
—
|

— g4lla
_— zLP|| Oz

[y

o
=
|

10

1
(do_, /dQ)(do, /) "N

o
o

0.0

=2)
»
[=]

-1
(do_, /dQ)(do, /dR) (N
N
o

0.0 e |

’
=2 |

=3
(=)
o

60 120 180 2% 60 120 180
Scattering angle 6(deg) Scattering angle 6(deg)

!'C. J. Joachain, N. J. Kylstra, and R. M. Potvliege, Atoms in Intense Laser Fields (Cambridge University Press, UK) (2012).
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Complex molecular systems are one of the next steps in future technology. To be able to control single
molecules, we need to understand processes occurring on the molecular-atomic scale. For this purpose the charge
transfer in the molecule is important for understanding the bond breaking and atomic dynamics in the molecule.

To this end, we have performed an experiment at FLASH using the CAMP endstation in order to investigate
the UV-induced dissociation of various halogenated hydrocarbon molecules, such as iodomethane (CH;I) and
2,6 difluoroiodobenzene (C¢HsF,I, DFIB). The target molecules were prepared as a cold supersonic molecular
beam, and adiabatically aligned with a Nd:YAG laser. Inner-shell photoionization of the halogen atom is used as
probe. To provide the necessary temporal resolution, we sorted our data according to the FLASH “beam arrival
monitor” (BAM) and used a “timing-tool” downstream of the experiment to perform a direct measurement of the
relative arrival time of the FEL and optical pulses. We present the time-resolved kinetic energy distributions of
various iodine fragments as well as time-resolved photoelectron angular distributions of laser-aligned,
dissociating DFIB molecules measured with a double-sided Velocity Map Imaging (VMI) spectrometer.

Time resolved radial distributions of triply charged iodine fragments reveal different kinetic energy
dynamics. From that information the charge transfer dynamics between the iodine and the rest fragment can be
observed together with Coulomb explosion dynamics.
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Fig. 1 Preliminary data on the dynamics of three distinct kinetic-energy channels of triply charged iodine occurring
after the photo-dissociation of DFIB. The low-kinetic energy channel occurs when charge transfer between the iodine
fragment and the residual molecule is no longer allowed for large distances between the fragments. The high-kinetic energy
channel represents the total signal of Coulomb explosion of non-pumped molecules. The nature of the medium-kinetic
energy channel is still to be clarified.
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Comparing Coulomb explosion dynamics of triply charged OCS after soft
X-ray initiated direct and Auger ionization processes
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Soft X-rays (90-173 eV) from the 3rd generation Canadian Light Source [1] have been used in conjunction with a
multi coincidence time and position sensitive detection apparatus to observe the dissociative ionization of OCS.
By varying the X-ray energy, we can compare dynamics from direct (90eV) and Auger ionization [2] (173eV)
processes and access ionization channels which result in two or three body breakup, from 2+ to 4+ ionization
states. We make several new observations for the 3+ state such as kinetic energy release limited by photon energy,
and using Dalitz plots we can see evidence of timescale effects between the direct and Auger ionization process
for the first time.
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Fig. 1 (a) Dalitz plots for the (1,1,1) fragmentation channel of OCS®*. The x-axis indicates the difference between the fraction
of total energy released by the O and S ions, and the y-axis is the fraction of energy released by the C ion. The projections
onto the x and y-axes are plotted in (b). The vertical lines in (b) indicate the expected peak value for Coulombic breakup
from the ground state geometry.

In order to categorise the possible break up channels for the OCS3* states in more detail we use the Dalitz plot
method, a well-established technique for displaying the possible molecular dissociation geometries in a two
dimensional histogram. Dalitz plots for the (1,1,1) channel are shown in Fig. 1a. The concerted process offers us
the best opportunity to see differences due to the slower (10 fs) ionization speed associated with the Auger process,
which therefore affords increased time between ionization steps and so more time is spent on the singly and doubly
ionized potentials than is possible for the direct ionization process (<1 fs). The result of these increased residence
times would include a greater degree of stepwise nature and increased bending exhibited in the Dalitz plots for
173 eV compared to the direct process best exemplified by 90 eV. There are indeed small but discernible
differences between the direct and Auger ionization plots, but these differences can be seen more clearly by
integrating over the horizontal and vertical axes and constructing two new plots shown in Figl b. As expected, the
173 eV data shows both more bending in the form of a peak which is at higher Y value and a wider distribution
than the 90 eV data. The shift of the peak although small is significant as the 90 eV distribution is peaked very
close to the predicted equilibrium value, marked by the vertical line, indicating that for the fastest ionization events
at 90 eV, very little motion is possible for the molecule during the ionization process whereas for 173 eV even the
fastest ionization allows time for some bending to occur. In order to confirm the exact timescales, with which the
processes proceed, in the range of few femtoseconds to sub femtosecond, pump probe studies might be carried out
utilising pulses from a free electron laser with sub femtosecond pulse length, or a high harmonic attosecond source
with high flux.
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Simulation of Level Crossing Optically Detectable Magnetic Resonance
Signals in Nitrogen - Vacancy Centres in Diamond
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Nitrogen-vacancy (NV) centers are powerful instruments in many areas of reasearch, including quantum infor-
mation, magnetometry and nanoscale sensing. They have been used to detect individual electron spins and spin
ensembles, measure the magnetic field distributions in biological signals and measure temperature and electric
fields [1].

NV centres are defects in diamond crystal consisting of paired nitrogen (N) and vacancy (V). The NV centre
has a triplet ground state with a zero-field splitting between the m; = 0 and m; = £1 ground state sublevels of
2.87 GHz. Due to nonradiative decay path from the excited state via singlet state that preferentially populates the
my = 0 ground-state sublevel, the NV centre can be polarized optically, and the fluorescence from exciting m; =0
sublevel is more intense than the fluorescence from exciting the m; = 41 sublevels. In presence of microwave field
population of m; = 0 can be transferred to m = %1 levels, decreasing the total detected fluorescence. However, if
the magnetic field is applied along NV centre axis (which defines quantization axis in the system), the m; = +1
energies are shifted by g, upB; or 2.8 MHz/G. At around 1025 G a crossing of sublevels m; = 0 and m; = —1 appear
and due to nuclear spin interaction of '*N, the hyperfine states of my = 0 and m; = —1 are mixed and anticrossing
is formed, creating complex energy level system (Fig. 1).
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Fig. 1 Anticrossing of ground state hyperfine sublevels of m; = 0 and m; = —1 levels.
At the point of the anticrossing the wave functions of the ground state m; = 0 and my; = —1 hyperfine sublevels are

mixed, modifying the probabilities for magnetic-dipole transition of microwave field.

To simulate the ODMR signals, including interaction of nuclear spin, magnetic field at the range of level
crossing and microwave field, we calculated optical rate equations for ground state system, describing system
Hamiltonian of NV centre ground state as [2]

A = g, upBS +SDS+ Ayrr,
where ge,ugg§ describes interaction with magnetic field, SDS - describes spin - spin interaction of two unpaired
electrons of NV centre and Hyr; - describes the hyperfine interaction of 4N (Iy = 1). Microwave interaction was
described as spin step-up and step-down operators for magnetic-dipole transitions.

This research was kindly supported by the M-ERA.NET project MyND no. Z/15/1366.
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Internal relaxation processes in molecules and clusters are of fundamental interest in such fields as interstellar
medium (ISM), atmospheric science, plasmas and nanosciences. The question that is common to all of them is,
what happens to a system after a sudden excitation e.g., photon absorption? In recent years, much progress has
been achieved in the ultrashort time scales of attoseconds to femtoseconds. However, a fundamental question
about the relaxation processes remains: What are the longer time scales’ contributions to the processes? For
example, how can the infrared emission from the ISM be explained? Is it from large polycyclic aromatic
hydrocarbon (PAH) clusters? In our research, we study small negatively charged carbon cluster ions in order to
understand their internal relaxation processes on longer time scales as a paradigm for many-body internal
processes.

Cluster anions are generated in different ion sources in order to control their initial internal energy
distributions and are then stored in an electrostatic ion beam trap (EIBT) to study their vibrational relaxation.
After a given storage time, a laser pulse intersects the ion beam and one or two photons are absorbed. The
relaxation of these excited clusters occurs on time scales ranging from microseconds to milliseconds. These
relaxation processes are investigated by measuring the rate of delayed electron emission (or neutral production)
for different photon energies and initial internal energy distributions. Using a statistical model, we are able to
model the various relaxation mechanisms for all the clusters studied.
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Fig 1 Neutral production after laser excitation and 190 ms trapping time. The lines are the result
of model calculations. EA=adiabatic electron detachment energy; E,,= photon energy.

While vibrational autodetachment was observed to dominate the relaxation process in Cs, in Cq it is
recurrent fluorescence (RF) that was found to dominate for photon energies at and above the adiabatic electron
detachment threshold [1,2]. Figure 1 shows the decay curves for both ions indicating the different dominant
process. We determined the absolute rates of the RF process in Cs and showed that they are two orders of
magnitude faster than the cooling rates due to infrared transitions. For C,y’, where linear and cyclic isomers
coexist, we have seen that vibrational autodetachment of the linear structure proceeds via adiabatic electron
detachment to the cyclic isomer, which lies lower in energy.
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Electron transfer processes induced by photoabsorption play a central role in a broad range of physical, chem-
ical, and biological reactions. Charge transfer phenomena involve electronic as well as nuclear motion and are,
therefore, closely related to molecular bond formation and breaking. The microscopic understanding of their dy-
namics is crucial for emerging photosynthetic, photocatalytic, and photovoltaic applications.

Here, the results of a femtosecond pump—probe experiment conducted at the LCLS free—electron laser are
presented, aimed at studying electron transfer dynamics initiated by inner—shell ionization of a halogen atom in
gas—phase iodomethane (CH3I) and fluoromethane (CH3F) molecules [1]. Through inner—shell ionization followed
by (local) Auger decay, multiple charges can be induced with a high degree of spatial localization at a heavy
element with a large X-ray absorption cross section. The subsequent electron dynamics are strongly influenced
by the initial positions of the nuclei, and by the interplay between electronic and nuclear motion. Depending on
the internuclear distance at the time of the X—ray absorption, the charge either remains on the absorbing halogen
or spreads over to the molecular environment. By measuring the charge state and the kinetic energy distributions
of the created ionic fragments, the charge rearrangement between the two molecular centers can be traced as a
function of their internuclear separation.

Iodomethane can be efficiently broken up into two neutral fragments, and its UV-induced photolysis in the
A band is a prototypical photodissociation process which is well studied experimentally and theoretically. Flu-
oromethane is known to exhibit intriguing electron transfer dynamics upon fluorine (1s) photoabsorption, and
fluorine as the most electronegative element is a predestined candidate to initiate charge transfer to the molecular
environment. The experimental results are complementary, due to the qualitatively different reactions of the two
species to UV irradiation, as well as the considerably different electronegativities of the two halogen atoms.

Signatures of long—distance intramolecular charge transfer are observed for both molecules, and a quantitative
analysis of its distance dependence in iodomethane is carried out for charge states up to I?!*. The reconstructed
critical distances for electron transfer are in good agreement with a classical over—the—barrier model and with an
earlier experiment employing a near—infrared pump pulse [2]. Combined with coincident electron spectroscopy
and upcoming attosecond soft X-ray pulses, this approach will allow tracing local charge propagation dynamics
with Angstrom spatial and sub—femtosecond temporal resolution.
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Strong-field ionization in linear and circular laser pulses shows features related to electron dynamics which make
it different from single photon ionization. The recent introduction of two-color laser fields opens up new
opportunities for the investigation and control of the related dynamic processes. Ellipticites, intensities and the
relative phase can be tuned to tailor the combined electric field. In the past, such tailored laser pulses have been
used to generate high harmonics of variable ellipticity [1, 2]. The 3D-momenta of the fragments will be recorded
for selected combinations of this huge parameter space using Cold Target Recoil lon Momentum Spectroscopy
(COLTRIMS) as experimental technique.

Here we report on our results on studying single ionization in tailored two-colour (780 nm & 390 nm) laser
fields with overall intensities of up to 5*10%* W/cm?. We present technical aspects of the experimental setup
including active stabilization of the relative phase as well as preliminary results (see Fig 1). Such studies allow to
gain new insights into different aspects of ionization processes as recollision dynamics, single photoelectron
interferences [3], nonsequential double ionization (NSDI), high harmonic generation (HHG) as well as the
production of tailored monoenergetic electron beams.
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Fig. 1 (a) Electron momentum distribution obtained for a counter rotating two-color laser field with circular polarization and
an intensity ratio lzgonm/lssonm=9 Of the fundamental wavelength lzgonm to the intensity of the second harmonic lsgonm. The used
target is a supersonic argon jet. (Compare to [4].) (b) lllustration of a recollision scenario: (i) Combined electric field of a
counter rotating two-color field. The black line in (ii) shows the corresponding vector field. Color: electron trajectories from
simple-man model using ADK rates and transverse momentum distributions from ADK theory. Trajectories starting at the
black circle marked “tunnelling” (panel (i)) will return (if they have the right transverse momentum) at the vector potential
marked “return” (panel (ii)). If the electrons loose the energy in an inelastic collision they show up at the red circle, if they
are elastically scattered at the core they end on the blue dotted circle. (iii) Shows recolliding trajectory (starting at field
marked in (i)). Calculated energy distribution of returning electron trajectories (3-dim simple-man model with ADK
neglecting the coulomb field) are shown in (iv).
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Excited State Distribution and Spin-Effects in Strong-Field Excitation
of Neutral Helium

H. Zimmermann, U. Eichmann
Max-Born-Institute, 12489 Berlin, Germany

Excitation of neutral atoms and molecules by frustrated tunneling ionization [1] has recently been found to be
an important channel in the tunneling regime, besides the well known processes of non-sequential double ionization
(NSDI), high order above threshold ionization (HATI) and high harmonic generation (HHG). FTI naturally evolves
from the semi classical tunneling picture, if one considers the quasi-classical electron dynamics in the combined
laser and Coulomb field after tunneling. FTI helps to understand strong-field phenomena such as extreme accel-
eration of neutral atoms in intense focused laser fields [2] and Coulomb explosion without double ionization in
strong laser field fragmentation of H, [3]. While predictions on the laser polarization dependent excited He* yield
are well backed up by experiments [1], we present here the experimental confirmation of the important prediction
on the Rydberg state distribution, which was still pending.

In our experiments we excite neutral Helium atoms in the strong-field tunneling regime using femto second
pulses from a Ti:Sapphire laser at 800nm and employ the method of pulsed field ionization in conjunction with
direct detection of excited neutral atoms to analyze the distribution of excited Rydberg states. This approach
enables us to obtain a measurement signal proportional to the amount of initially excited atoms with a detection
efficiency of approximately 30 %. Our measurements basically confirm the predictions [4] of the FTT model as
well as quantum mechanical calculations [4,5] using the single-active electron (SAE) approximation (see Fig. 1).
We conclude that excitation in the tunneling regime can be understood in terms of a quasi-classical process.

Moreover, we find that the excitation process also results in an efficient population of excited triplet states of
Helium [4], which results from the fact that states with high orbital angular momentum / > 3 are accessible for our
experimental conditions. For these high [ states the strict separation into singlet and triplet states is removed due
to the breakdown of the Russel-Saunders coupling scheme. The direct excitation of triplet states is then possible
via the admixture of their singlet component, which we could directly prove using a Stern-Gerlach setup.
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Fig. 1 Comparison of the theoretically and experimentally obtained n-distributions in Helium. The intensities used in the

experiments are 3 x 10'> Wem ™2 (red squares) and 2 x 10'> Wem 2 (blue dots). The intensity for the theoretical calculations
performed using the semiclassical FTI model (triangles) and a qm. SAE approximation (circles) [5] is 10 Wem™2.
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Electron Energy Discretization in Strong Field Doulbe Ionization
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Abstract: We study the double ionization of Argon and Heliaha wavelength of 394 nm. We found discretizatiothe

sum energy of those ionized electrons for Argondifidnally the individual energies of both electsamiso show ATI-like
structures. Therefore we propose that a doublytexkdntermediate state has to be present. For iadinly weak discreti-
zation was visible at low intensities at 394 nmyéttheless, our highly differential data and highalution allows for the
study of the impact of parity and angular momenttamsferred by the field.

lonization by a strong electromagnetic field le&mls

so-called ATI peaks (Above-Threshold-lonization) s I
in the energy spectrum of electrons. These ATI C |r Hl
peaks are well known and have been observed sevg asof
eral times. However, discretized energy transferg 3 "Jfr J“lt
should also lead to a similar peak structure in the mqj qu_m A l\ Mruh
sum energy spectrum of electrons that belong to the y ]1
same double ionization event. Previous experiment . . i i M«J‘"’H
couldn't find those structures and attributed thaa o} 5 i 5 T | T s
smearing of the spectrum by focal averaging. Electron anergy [eV]
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ment about the parity that is transferred to the sy

Fig. 1: Sum energy of both emitted electrons originatingmf tem and, thus, about the parity of the final stale.
double ionization of Ar at 394 nm and 1.3X1@/cn. et al. [3] proposed several selection rules for the
Therefore, we doubly ionized Argon atoms in a continuum wave function of both electrons. With the
COLTRIMS [2] setup by 394 nm laser pulses at knowledge of the parity it should be possible tulfi
peak intensity 1.3xE0W/cn?. By using 394 nm the ~ those signatures. Since those symmetry considera-
energy spacing of the ATI peaks is doubled and thetions o_nly apply for exactly two electrons Argonaas
ponderomotive potential Us lowered to reduce the ~targetis not suitable.

influence of focal averaging. For the first timeal  Hence, for the first time we doubly ionized Helium
structures are visible in the sum energy spectrtim 0 3toms by 394 nm laser pulses at various intensities
both electrons as shown in Fig. 1 [1]. The peaks ar at high intensities (>5x1 W/cn?) no peaks were
spaced by the photon energy of 3.14 eV. Further-yjsiple in the electron sum energy spectrum at all.
more we unexpectedly found that the energy spectragyt for the lowest measured intensity (3XL0
of both individual electrons show discretization Wi/cnt) weak peaks could be observed. Now we are

structures as well (see Fig. 2). These findings aregple to study the influence of angular momentum

consistent with a doubly excited intermediate state gnq parity in strong field double ionization.

This state is created via recollision and both -elec

trons get ionized independently afterwards. References
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Resonance-Enhanced Two-Photon Ionisation of Helium Atoms with
Femtosecond Free Electron Laser Pulses

Andrej Miheli¢', Mateja Hrast?
1. JoZef Stefan Institute, Jamova cesta 39, Ljubljana, Slovenia
2. Faculty of mathematics and physics, University of Ljubljana, Jadranska ulica 19, Ljubljana, Slovenia

We present a theoretical study of resonance-enhanced two-photon ionisation of the ground-state helium atoms
with intense (~ 10'* W/cm?) femtosecond free electron laser (FEL) pulses with photon energies in the region of
the resonance states lying below the second ionization threshold (65.4 eV). Contrary to single-photon ionisation
(autoionisation), two-photon ionisation may in this case result in helium ions in excited states. We determine the
population of the excited ionic species and assess the photon yields due to the decay of the excited ionic states.
This work represents an extension of our past activities dealing with radiative decay of resonance states studied
with intense coherent FEL light [1, 2].
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Transport of intense photon pulse through dense helium gas at 60-65 eV
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Following our previous studies of two-photon excitation of doubly excited states (DES) of He observed by detec-
tion of metastable states [1,2] we now study the transport of short (100 fs FWHM Gaussian) and intense (up to
10'* W/cm? peak power density) light pulses through a layer of a dense helium gas (up to ~ 1 mm length and 500
mbar pressure). The photon probe energy is varied in the 60-65 eV region coinciding with the lowest lying DES of
helium atoms. The physical process is simulated by the three-level lambda system governed by the Maxwell-Bloch
equations where the upper state is one of the n* 'P DES below the N=2 ionization threshold with n going up to 10.

N=2 2NN\ r
— 1|a
He** 2(s/p)nl — - He+—138p
w ~40eV
w,~ 60-65 eV I
N=1
QNN
He* 1sn' —m———

Ground state

Fig. 1 Scheme of the lambda system in case of the resonant excitation of He DES by the free electron laser light with
photon energy ay.

The model includes leakage of the upper and of the final singly excited state of He due to two-photon ionization,
autoionization decay and absorption of light by ions. At the highest values of target pressure and probe intensity
the simulations show that resonantly tuned probe pulse is followed by noise-induced stimulated emission signal
at ~ 40 eV photon energy which saturates at distances comparable to the probe beam diameter (= 50 um). The
model allows to compute the 60 — 40 eV light conversion efficiency and to generate the secondary light spectra for
different target pressure/length parameters and for a wide range of probe intensity/detuning, considering DES with
different autoionization rates. While the prompt emission of light is governed by collective effects emerging from
coherent excitation of densely packed atoms, a delayed fluorescence signal due to decay of excited ionic states
may be produced at later times because of the electron collisions with ions and atoms in the ground state.
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Streaking Temporal Double-Slit Interference by an Orthogonal
Two-Color Laser Field
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When indistuingishable electron wave packets are launched from a sample at different times interferences occur in
the final electron momentum distribution. Any which-way information will destroy the interference. The which-
way information can either be stored in another particle by entanglement of the electron with the particle or in
the electron itself, more precisely in a spin degree of freedom or in a motional degree of freedom like one of the
momentum components.

The interfering electron wave packets are launched by strong-field tunnel ionization whereby the most promi-
nent interference fringes are the equidistant peaks in the electron energy distribution. These above-threshold ion-
ization (ATT) peaks result from the interference of wave packets born periodically in time at subsequent laser cycles
[1]. 2005 additional fringes were discovered resulting from the interference between wave packets released within
one cycle at times where the vector potential is the same but the direction of the electric field is opposite [2]. In
this work we show that orthogonally polarized two-color pulses can be used to turn these typically faint intracycle
interference fringes into a dominating structure in the electron momentum distribution (Fig. 1) and, at the same
time, can be used as a controllable which way marker.
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Fig. 1 Electron momentum spectra in the polarization plane for the relative phase ¢ between the streaking field and ionizing
field. At the phases ¢ = /2 (a) and ¢ = 37/2 (c) the intracycle interference pattern is clearly visible while at the phase ¢ =7
(b) the interferences are switched off almost completely.
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Few body break-up spectra using the time dependent surface flux method

Vinay Pramod Majety, Alejandro Zielinski and Armin Scrinzi
Ludwig Maximimilians University, Munich, Germany

Computation of differential spectra poses a major challenge in theoretical modeling of strong field induced
break-up phenomena. At common visible and near IR wave length, pulse durations are very long on the natural
time scales of atomic and molecular systems and the interaction is non-perturbative. As a result, the system extends
to very large volumes before spectral information can be obtained by standard stationary analysis. The ensuing
large demands on computational resources have so far strongly limited theoretical access to break-up spectra.

The time dependent surface flux (tSurff) method introduced in [1,2] overcomes this limitation by containing
the numerical simulation on a small volume and recovering the time-dependent asymptotic solutions by the use of
Volkov functions. The drastic reduction of problem size allows the computation of singly and multiply differential
break-up spectra of few-body systems with relative errors below the 10% level for many physically relevant ob-
servables.

Here we present applications of tSurff and its extension to the molecular break-up problem.

(1) We studied strong field ionization of CO,, using a multi-channel description for the electronic structure [3].
Previously we had demonstrated that dynamic exchange strongly affects ionization rates in CO, [4], here we
will discuss the role of multi-electron effects in spectra, Fig.1a.

(2) Doubly energy differential and angularly resolved spectra for the double ionization of Helium at 800 nm [5]
and at 400 nm are presented. The spectra show unexpected structure, Fig.1b, that is tentatively ascribed to
intermediate resonances.

(3) Finally, an extension of the original formulation [1,2] to breakup of molecular systems will be presented.
This, for the first time, allows a complete quantum mechanical description of electron-nuclear correlation in
such processes.

Angle resol\bgd spectrum

E, (au)

(a) Single ionization of CO, molecule (b) Double ionization of Helium

Figure 1: (1a): Single ionization spectra for CO, ionized by a 3-cycle, 800 nm pulse with a peak intensity of 1014 W/em?.
The polarization axis is parallel to the molecular axis. The nodal structure along the polarization axis is a result of the nodal
structure in the highest occupied molecular orbital of the molecule. (1b): Energy resolved double ionization spectra for Helium
ionized by a 3-cycle, 400 nm pulse with a peak intensity of 5 x 10'* W/cm?. The colorbars are logarithmically scaled.
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Mapping molecular nitrogen photodissociation

with attosecond temporal resolution
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Molecular nitrogen is the most abundant species in the Earth’s atmosphere, and the investigation of the ultrafast
dissociative mechanisms triggered by the absorption of XUV photons is of crucial importance for understanding
the radiative-transfer processes occurring in nature[1]. In this work we used isolated attosecond pulses to
disclose the dissociative photoionization of N> with extremely high temporal resolution and retrieve precise
information on the shape of the potential energy curves (PECs) involved in the dissociative process[2].
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Fig. 1 (a) Kinetic energy distribution of N* ions as a function of the delay between pump and probe pulses, in the 5-16 fs
delay range. (b) Simulation of time-dependent N* kinetic energy spectra in the same delay interval.

In the experiment, sub-300-as XUV pulses were used in combination with 4-fs visible/near-infrared (VIS/NIR)
pulses to photoionize the N2> molecule and trigger the following ultrafast dynamics occurring in N2*, leading to
molecular dissociation. The process was studied by recording the three-dimensional momentum distribution of
N* ions in a Velocity Map Imaging spectrometer, as a function of the delay between the attosecond pulse (pump
pulse) and the 4-fs VIS/NIR pulse (probe pulse). The delay-dependent ion yield (Fig. 1(a)) shows two main
features: a strong depletion of the signal at 1eV in the 5-16 fs delay range, and the appearance of a fast tilted
modulation with a periodicity of 1.22 fs in the same delay interval. In order to understand the underlying
physical process, the Time- Dependent Schrodinger Equation has been solved for a set of 616 diabatic excited
states of N>" , taking into account the couplings induced by the VIS/NIR probe pulse. The numerical results are
in excellent agreement with the experimental data, as reported in Fig. 1(b), and allowed us to understand all the
features shown in the experiment. In particular, the tilt in the modulation pattern is caused by the dispersion of
the nuclear wavepacket during propagation along the populated PECs, thus carrying important information on
the shape of the No* potential energy curves involved in the ultrafast dissociative process. At the same time, the
theoretical model provided accurate values for the dissociative ionization yields, revealing important
contributions coming from channels that were not considered so far in the modelling of nitrogen chemistry in
planetary atmospheres[1,3]. A realistic modelling should also incorporate the presence of nitrogen atoms or ions
in various excited states, which are likely to have a different reactivity.

This work combined for the first time attosecond technology with a sophisticated theoretical model to access
photodissociation of molecular nitrogen with an unprecedented accuracy, giving new perspectives in the
investigation of ultrafast chemical reactions of small molecules.
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Laser-driven attosecond dynamics in
hydrogenic molecules using XUV+IR schemes

Alicia Palacios', Roger Y. Bello!, Fernando Martin'»>-
1. Departamento de Quimica, Médulo 13, Universidad Autonoma de Madrid, Cantoblanco, 28049, Madrid, Spain
2. Instituto Madrilerio the Estudios Avanzados (IMDEA) en Nanociencia, Cantoblanco, 28049, Madrid, Spain
3. Condense Matter Physics Center (IFIMAC), Universidad Autonoma de Madrid, Cantoblanco, 28049, Madrid, Spain

Electron dynamics in matter can be monitored by means of ultrashort light pulses with durations in the sub-
femtosecond regime. We investigate the laser-induced coupled electron-nuclear dynamics in the smallest molecules
in the context of XUV-IR pump-probe protocols. Significant progresses have been made in photoionization exper-
iments performed in atomic [1,2] and small molecular targets [3,4], where an attosecond pulse triggers ionization
and an IR field drives the photoelectron, thus gaining a certain control of the ionization events. A main topic of in-
terest is the role of electron correlation in the IR-induced dynamics, in particular through the population of doubly
excited states [2,3]. In this work, we present ab initio calculations performed on H/D> to investigate the role of
highly excited states and the coupled nuclear motion in XUV photoionization driven and/or traced by a IR-probe
field.

We obtain fully differential probabilities in both electron and nuclear kinetic energies (see Fig. 1), which
already reveal the main XUV+IR ionization pathways. We then discuss the signal of electron correlation in the
electron streaking patterns, i.e. in the photoelectron momentum as a function of the time delay between the pulses.
The streaking signal is commonly described in the context of a semiclassical approach using a single-active electron
picture that invariably breaks down when these doubly excited states come into play [6]. We thus analyze the
signature of autoionization in the streaking patterns associated to the dissociative and non-dissociative ionization
channels. Furthermore, we explore the fully differential angular distributions obtained upon XUV photoionization
and those obtained in the presence of a the combined XUV+IR scheme. Asymmetric electron angular distributions
can be obtained as a consequence of coherently populating states of different symmetry with respect to the inversion
center of the molecule, gerade and ungerade states that can be associated to the same [3] or to different ionic states
left behind [5]. In either case, when using an XUV-IR scheme, the asymmetry can be solely induced by the IR-field
or mediated by the delayed autoionization event. We will show the dependence of the relative contribution of these
two mechanisms in the resulting asymmetry with the time-delay between the XUV and the IR field, and thus the
level of control that could be expected for different laser parameters.
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Fig. 1 Electron-ion coincident maps. Density of ionization probability as a function of both electronic (EKE) and nuclear ki-
netic energy (NKE) for different time delays and IR intensities. Ionization with NKEs above 2-3 eV is mostly due to the
autoionization events. Results obtained for a XUV pulse of 28 eV (reaching doubly excited states), 1 fs duration and I=10°
W/cm? combined with different intensities for the a 750 nm IR pulse of 9 fs. For time delays below 4 fs (IR pulse arrives
first), we find the distribution due to the interaction of the XUV pulse alone. When both pulses efficiently overlap (0 delay), we
find total absorption lines for the absorption of the XUV plus up to three IR photons whose profiles strongly depend on the IR
intensity.
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Initial phase space dependent tunnel ionization of the hydrogen atom
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Understanding the ionization process during atomic collisions is fundamental both from the experimental and
theoretical points of view. Especially, it is a challenging task for theory to describe the ionization cross sections
near the threshold region. It was shown that the interaction of a short, few-cycle infrared laser pulse with an atom
characterized initially by superposition of two stationary states exhibits strong signatures of atomic coherence
[1]. Along this line, we calculate the above threshold ionization (ATI) spectra and the angular distribution of
electrons ejected from the hydrogen atom in the tunneling regime for single states (1s, 2s 3s) and for
superposition of stationary states (2s+3s).

In the present work, we use both a full quantum mechanical and a semiclassical method to describe the
tunnel ionization of hydrogen atom. As quantum treatment, we applied the direct integration of the time
dependent Schrodinger equation (TDSE). In the semiclassical approximation (SCA), it is assumed that
wavepacket propagation in the post-tunneling process can be well described within the classical framework [2-
4]. The method is similar to the Classical Trajectory Monte Carlo (CTMC) method based on the inclusion of the
classical phase information of the motion.

With these two methods, we analyze the similarities and deviations for ionization of the hydrogen atom
(see Fig. 1). We found that the 3 dimensional semi-classical method can describe reasonably well the momentum
correlation pattern of the ATI peak. We also show good agreement between the results obtained by TDSE
method and the semi-classical method for the ground state. Semiclassical simulations have many advantages.
First, these methods can be easily applied to systems with nontrivial geometries. Second, semiclassical
simulations can help to identify the specific mechanism responsible for the relevant phenomena, and provide an
illustrative picture of this mechanism in terms of classical trajectories. Therefore, we analyzed the different
regions of Fig 1. We sorted the events according to the certain part of (p,-p,) as a function of initial velocities
and tunnel exit points. We clearly identify and separate the regions in momentum distributions of the ejected
electrons according to initial conditions.
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Fig.1. Ionization probability densities for the H atom as a function of the electron parallel and perpendicular momentum measured from the
polarization vector &, which coincides with the Oz axis. a) TDSE, b) SCA. The vector potential of the external laser pulse is:
A(t)=Agsin(wt)sin*(nt/t), where Ag= 0.05 a.u., ® = 0.056 a.u., and T = 885 a.u..
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RMT Two-Electron outer region for ab-initio modelling of Ultrafast
Dynamics
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R-matrix with time-dependence (RMT) is an ab-initio method for solving the Schrodinger equation for many-
electron atoms in the presence of short intense laser pulses on the attosecond timescale [1, 2]. RMT makes use
of the traditional R-Matrix division of configuration space into (i) a many-electron inner region and (ii) a region
describing single-ionisation states, where the ionised electron is represented using finite-difference (FD) tech-
niques. Previous applications of RMT include calculation of rates and spectra for single electron ionisation, and
investigation of HHG in many-electron atoms.

The RMT formalism has been extended to include a third region (iii) where double-ionisation states are repre-
sented through the inclusion of a two-dimensional finite difference grid. This double-ionisation grid is connected
to single-ionised states (region (ii)) through standard RMT Bloch operator techniques. Recent research has demon-
strated an application of region (iii) by the study of two-electron photoionisation of a He atom with RMT. Cross
sections for the one-photon two-electron ionisation process were calculated (which were previously unobtainable
with RMT), and show good agreement with benchmark data [3].

More recently, this extended RMT has further been applied to a three-electron system - S-wave electron impact
of a He atom. This added complexity makes necessary the consideration of differing spin couplings, and residual
ion states for region (iii). An example He electron impact result is shown in figure 1, where the resulting time-
dependent wavefunction (la) is seperated into components where the two outer electrons are coupled to S=1
and S=0 (1b and 1c respectively). A range of physical processes is seen and measurable in the RMT model,
including elastic scattering, impact excitation and impact ionisation. Cross sections may be calculated for all
of these processes and show agreement with benchmark data. RMT also provides insight into the spin dynamics
during the collision, and evidence of autoionising states is also present. Calculated decay rates of these autoionising
states are again found to be in agreement with benchmark data. Work is ongoing to apply this RMT formalism to
attosecond two-electron photoionisation in three electron systems, with the expectation that RMT will soon enable
the ab-initio study of two-electron ionisation of general atoms.
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Fig. 1 Probability densities according to the radial position of the outer two electrons (r2 and r3 - the impact electron and the
ejected electron) after S-Wave electron impact ionisation of a He atom. (a) Full wavefunction density. (b, c) Contribution of
outer two electrons coupled to S=1 and S=0 respectively.
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Carrier-Wave Rabi Flopping Signatures in HHG for Alkali Species

1,5

M. F. Ciappina', J. A. Pérez-Hernandez?, A. S. Landsman’, T. Zimmermann®, L. Roso?, F. Krausz'> and

M. Lewenstein®’
1. Max-Planck Institut fiir Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany
2. Centro de Ldseres Pulsados (CLPU), Parque Cientifico, E-37008 Villamayor, Salamanca, Spain
3. Max-Planck Institut fiir Physik complexer Systeme, Nothnitzer-Str. 38, D-01187 Dresden, Germany
4. Physics Department, ETH Zurich, CH-8093 Zurich, Switzerland
5. Fakultdt fiir Physik, Ludwig-Maximilians-Universitit Miinchen, Am Coulombwall 1, D-85748 Garching, Germany
6. ICFO-Institut de Ciénces Fotoniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels (Barcelona), Spain
7. ICREA-Institucio Catalana de Recerca i Estudis Avangats, Lluis Companys 23, 08010 Barcelona, Spain

We present a theoretical study of the carrier-wave Rabi flopping (CWRF) phenomenon in real atoms by employing
numerical simulations of high-order harmonic generation (HHG) in alkali species [1]. Given the short HHG cutoff,
closely related to the low saturation intensity of the targets under study, we concentrate on the features of the third
harmonic of sodium (Na) and potassium (K) atoms. For pulse areas of 2z and Na atoms, a unique peak appears,
which, after analyzing the ground state population, we correlate it with the conventional Rabi flopping behavior.
On the other hand, and for larger pulse areas, CWRF occurs, and emerges as a more complex structure in the
around the third harmonic frequency, i.e. @/@wy = 3, where @y is the central frequency of the driven laser pulse.
This new feature is identified with rapid changes in the ground state population, in a time scale much shorter than
the conventional one. This new characteristics observed in K atoms indicates the breakdown of the area theorem,
as was already demonstrated under similar circumstances in narrow band gap semiconductors [2]. We observe that
HHG spectra of K atoms present a drastic change around the third harmonic, as pulse envelope area increases. Our
results are directly analogous to the manifestation of CWRF behavior observed in GaAs [2]. It is worth noting the
marked contrast to the HHG spectra of Na, where a single peak is present in the third harmonic regardless of the
envelope pulse area (see Fig. 1).
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Fig. 1 3D-TDSE harmonic spectra in K for the corresponding laser intensities I = 3.158 x 10'! W/cm? (panel a), I = 5.6144 x
10'"" W/em? (panel b) and I = 1.108 x 10'> W/cm? (panel ¢) and an 18 fs (FWHM) driving pulse. Panels (d), (e) and (f)
represent the HHG in Na for the same laser parameters. The insets of panels (a), (b) and (c) show a zoom around the region of
the third harmonic @/ @y = 3.

Our model uses accurate values for the atomic wavefunction of both ground and excited states as well as typical
laser parameters, easily achievable with the current laser technology. As a consequence, the experimental con-
firmation of our results appears straightforward. Moreover, the CWRF phenomenon in atoms could emerge as
a robust alternative for carrier-envelope phase (CEP) characterization for long pulses and in a plausible way to
control the strong field ionization, considering it is governed by the population of the atomic bound states.
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Angular distributions of photoelectrons ejected from
Neon in the presence of XUV and IR laser fields
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The rapid development of both high intensity and ultrashort light sources, e.g. free elec-
tron lasers (FELs) have led to some great breakthroughs in atomic science, unlocking the
potential for experimental observation of electron dynamics with attosecond timescale
resolution [1, 2, 3] and even control of these dynamics [4].

These advances however do come at a cost: the need for powerful theoretical methods
which can describe and interpret experimental results on the dynamics of an atomic sys-
tem that are simultaneously accurate and computationally feasible.

Theoretical models of varying complexity can be used to solve problems in these areas.
These range from simple models which can cost very little in terms on computational
power to complex models which describe the whole dynamics of an atomic system with
high precision but are, in general, far more costly in terms of computing power. The
latter contains ab initio calculations, such as the R-matrix with time-dependence (RMT)
[5, 6, 7).

Recent experimental results of angular dependence of neon irradiated by intense two-
colour fields have highlighted some interesting modulations in emission angle [8]. These
experimental findings were compared to strong-field approximation calculations (SFA).
However, the comparison showed some qualitative differences.

Using RMT we can investigate this system from first principles and compare outcomes
to both experimental and theoretical model findings. Photoelectron angular distribution
spectra are obtained for a range of intensities showing an increase in angular modula-
tion and sideband formation as intensity increases. Our ab initio results are in very good
agreement with experimental results for the central line; however for the second side band,
our calculations compare better to the SFA model. We also compare RMT calculations
with the soft-photon approximation [9].

References

[1] M. Hentschel et al., Nature 414, 509 (2001)
[2] M. Drescher et al., Nature 419, 803 (2002)
[3] M. Uiberacker et al., Nature 446, 627 (2007)
[4]
[5]

Angle of Emission
© & o @

A. Landsman et al., Optica 1 545 (2014)
H. W. van der Hart, M. A. Lysaght and P.G.
Burke Phys. Rev. A 76, 043405 (2007)
[6] M. A. Lysaght, H. W. van der Hart and P. G.
85 70 75 80 85 Burke, PhyS. Rev. A 79, 053411 (2009)
[7] M. A. Lysaght, et al, Quantum Dynamic
Figure 1: Photoelectron angular distribution spec- Imaging, Springer, 107 (2011)
tra for the photoionisation of Neon irradiated by [8] S. Diisterer et al., J. Phys. B 46 164026 (2014)
a combination of an XUV laser at 90.5 eV photon [9] A. Maquet et al., Journal of Modern Optics 54
energy and an IR laser operating at 800 nm and 1847 (2007)
intensity of 5 x 102 W/cm?2.

Energy of ejected electron (eV)

ECAMP 12, September 5-9, 2016 30 Frankfurt am Main, Germany



Monday, 10:00-12:00, Foyer Poster, Mon147

Towards multidimensional spectroscopy with
ultrashort XUV and soft-x-ray pulses
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Ultrafast multidimensional coherent spectroscopy at infrared (IR), visible (VIS), and ultraviolet (UV)
frequencies has been widely used to map the (time-dependent) couplings between vibrational and electronic
states, typically in complex molecules. However, the extension to the extreme ultraviolet (XUV) and (soft)-x-ray
spectral range has not yet been realized partly due to the failure of standard optical elements at these photon
energies. The XUV spectral range is of particular interest as it contains the photo-excitation region of spatially
localized inner-valence electrons in atoms. Thus, ultrashort laser pulses at appropriately tuned XUV frequencies
allow to selectively excite a specific atom within a molecule and then to probe the initiated charge migration or
transfer to different atoms in the molecule.

As a first step towards implementing such multidimensional spectroscopy with XUV [1] light, we present
time-resolved four-wave-mixing (FWM) spectroscopy on 2s inner-valence transitions in neon [2]. In this
scheme, the nonlinear atomic response is stimulated from the combined action of a perturbative XUV- and a
VIS-pump pulse together with a strong time-delayed VIS-probe pulse. The first two coinciding pulses
(attosecond XUV and femtosecond VIS) form a two-colour pump step for the coherent excitation of both dipole-
allowed and dipole-forbidden transitions to final states (2s™np) and (2s™3s, 2s*3d), respectively. The third pulse
(high-intensity femtosecond VIS) can be varied in time delay with respect to the pump and thus plays the role of
a dynamical control or probe field by inducing coupling between dipole-allowed and dipole-forbidden states.
Observed as a function of time delay and VIS intensity, the nonlinear spectral response reveals the dynamical
pathways along which the system is driven (cf. fig.1). This method allows to perform time-resolved XUV
spectroscopy on dipole-forbidden states and to study their coupling to other excited states.

Furthermore, we present the experimental design and current status of a multidimensional XUV and soft-x-
ray spectroscopy setup applicable for both attosecond high-harmonic sources and ultra-intense free-electron
lasers (FEL). The heart of the setup is a dynamical soft-x-ray-compatible four-segment split mirror to generate
temporally well-controlled multi-pulse sequences for four-wave mixing. First experiments will again target
benchmark systems such as helium, neon and small molecules. In the near future, one key application with FEL
pulses will be the femtosecond-time-resolved multidimensional site-specific spectroscopy of molecules to follow
charge migration as a function of time.
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Fig. 1(a) XUV Transient absorption spectroscopy of 2s-hole states in neon with ~1012 W/cm? VIS pulses. The key
mechanism to observing spectral modulations as a function of delay is the two-pulse/two-colour pump step
coherently exciting both dipole-allowed and -forbidden transitions. (b) Fourier transform along the time-delay axis.
Transient forbidden/allowed level-couplings give rise to directed diagonal Fourier features pointing towards the
coupling partner (dashed lines as guide to the eye).
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Computation of high harmonic generation spectra using time-dependent
configuration interaction
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High-harmonic generation (HHG) is a highly nonlinear optical phenomenon [1] that can provide coherent XUV
and soft X-ray radiation with attosecond (10~'® s) durations. This property makes it of increasing interest because
it offers the opportunity to investigate unexplored research areas in atoms and molecules with unprecedented time
resolution [2-4]. The HHG process arises when a gas of atoms or molecules interacts with a strong infrared
femtosecond laser pulse and can be understood by means of semi-classical pictures, such as the celebrated three-
step model [5]: (1) an electron escapes from the atom through tunnel ionization induced by the strong laser field, (2)
it is accelerated away by the laser field until the sign of the field changes, whereupon the electron is reaccelerated
back to the nucleus, (3) where it emits a photon as it recombines to the ground state.
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Fig. 1 HHG spectrum of a 1D Helium at A = 800 nm and I = 3x10'* W.cm~2

The ab initio calculation of high harmonic generation spectra is a real computational challenge for large sys-
tems, since it requires to solve the time dependent Schrodinger equation, which is impossible, even in the near-
future, when the number of electrons exceeds two. To tackle this issue, we explore the computation of HHG spec-
tra of multi-electronic systems using time dependent configuration interaction (TDCI) i.e. solving the Schrodinger
equation projected on a CI basis. To build the latter, one has to choose a basis of single electron primitives to
properly represent the bound and continuum states of the system, the delocalized continuum states being a real
challenge for the commonly used localized function such as gaussians. Following the work already done in [6]
on a single electron atom (the hydrogen), we investigate the efficiency of Gaussian functions specifically designed
for the description of the continuum proposed by Kaufmann et al. [7]. We assess the range of applicability of this
approach by studying one dimensional systems with two electrons, for which exact calculations on a grid can be
performed and then be used as a reference to test the TDCI method (see Fig. 1). We believe that if the results
obtained with two electrons are in reasonable agreement with the grid reference, then it will allow us to extend this
method to bigger systems for which no accurate methods of calculations are known.
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Ultrafast VUV-Photodissociation of H,O Isotopologues Traced by
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The VU V-induced photodissociation of water in the excited A ('B;) state is a prototypical example of a barrierless
dissociation reaction taking place on a sub 10 fs time scale. A detailed knowledge of the pulse properties in a
pump-probe experiment, where the pulse duration is comparable to the reaction time of the system, is necessary to
extract the time constants of molecular processes. To achieve this, we combine single-shot pulse metrology with
pump-probe measurements in a colliding-pulse autocorrelation experiment.

The scheme is based on wave-front splitting of high-harmonic pulses created by a Ti:Sa laser system in a
loose-focusing geometry [1,2]. The fifth harmonic (161.0 nm, 7.70 eV) is selected, focused into a gas target
and ions created by the radiation are imaged onto a position-sensitive detector, thus mapping the temporal delay
between both pulses onto a spatial coordinate (Fig. 1 a). Compared to traditional delay-scanning approaches this
dramatically decreases acquisition time, thus increasing the statistical precision of the measurement.
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Fig. 1 (a) Experimental setup for the VUV single-shot autocorrelation experiment. (b) The ion microscope image recorded
for the direct two-photon ionization of Krypton corresponds to the intensity autocorrelation of the 161.0 nm pulse, while the

second image shows the pump-probe ion signal for the VUV-induced photodissociation of HyO.

The photodissociation of water in the A ('B) state has been studied for the first time in a VUV+VUYV approach,
excluding the effects of strong IR radiation as a probe, such as bond-softening and intermediate resonances. In this
scheme a time constant of less than 7 fs has been observed. Furthermore, isotope substitution has been utilized
to study the primary and secondary kinetic isotope effects on the reaction dynamics. Depending on the degree of
hydrogen substitution the observed dynamics take place in 10 £2 fs and less.
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Non-perturbative quantum-path effects in the generation of attosecond
extreme-ultraviolet vortices
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Helical phased beams, also called optical vortices, are structures of the electromagnetic field with a spiral phase
ramp about a point-phase singularity. The spiral phase imprints an orbital angular momentum (OAM) to the beam,
in addition to the intrinsic angular momentum associated with the polarization. These beams, commonly generated
in the optical regime, present a well-defined OAM during the beam propagation and have a wide range of
applications: classical and quantum communications, micromanipulation, microscopy, among others [1]. The
production of OAM beams in the extreme-ultraviolet (XUV) and x-ray regimes is of great interest, as it will allow
extending the applications of optical vortices down to the nanometric scale. Phase singularities can be imprinted
to short-wavelength light using high-order harmonic generation (HHG), producing XUV vortices [2]. When
driving HHG by an optical OAM beam, highly-charged harmonic vortices with unprecedented spatio-temporal
properties are emitted in the form of helical attosecond beams [3]. It has been theoretically [3] and experimentally
[4] shown that OAM is conserved in HHG, i.e., each harmonic is generated with a topological charge of g, being
q the harmonic order and £ the topological charge of the driving optical beam.

In this contribution we explore, through numerical simulations, the contribution of different quantum paths to
the generation of XUV beams through HHG. We study the role of the non-perturbative atomic phase in the
generation of harmonic vortices. To this end, we present a detailed analysis of OAM-HHG driven by single or
multiple infrared OAM beams. In particular, if driven by a combination of infrared vortices with different
topological charges, HHG leads to the emission of unprecedented vortex beam structures whose topological charge
is affected by the non-perturbative atomic phase of the HHG process itself [S]. We know that the transverse phase
matching [6] plays a fundamental role in the macroscopic emission of XUV vortices. We show how to take
advantage of the transverse phase matching to select helical attosecond beams generated from short or long
quantum paths, and thus, exhibiting positive or negative temporal chirp [7].
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Fig. 1. Helical structure of attosecond pulses showing the threaded contributions of short and long quantum paths for
a HHG simulation where the argon gas jet is placed 2 mm before (a) and after (b) the focus position. The driving field
is modelled as an infrared (800 nm) vortex beam with £=1, with a temporal sin? envelope of 15.4 fs at full-width-half-
maximum and 1.4x10!* Wcm-2 peak intensity [6].
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Harmonic Spectra of Neon in Mixed Laser Pulse Schemes

Kathryn Hamilton', Andrew Brown!, Hugo van der Hart!
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Ireland

High harmonic generation (HHG) is the fundamental process of attosecond science, providing us the means to
observe some of the fastest dynamics known to man. Analysis of the spectra produced by HHG can give us an
insight on the motion of electrons on their own characteristic attosecond timescale (1028 s) [l and the high energy
harmonic light produced from the process can be used to create ultrashort (T < 10 s) laser pulses [,

However, the description of HHG is a computationally challenging task as electrons are not simple, separable
particles, but are in fact strongly correlated. Therefore determining the response of a many-electron atom to a
laser pulse typically requires the use of massively parallel computers. At Queen’s University Belfast, through the
use of the R-matrix with time-dependence method (RMT), we have successfully described the response of
general, multielectron atoms in short, intense laser fields. RMT applies the basic principles of R-matrix theory,
in which all interactions between all electrons are taken into account close to the nucleus, but exchange
interactions are neglected when one electron has become distanced from the parent ion.

This poster presents the latest results from a study of HHG in Neon. Included are spectra produced in a mixed
(800nm + time-delayed 400nm) laser pulse scheme. The introduction of the second harmonic laser pulse allows
the control of electron trajectories, and the identification of time-dependent features in the spectra.
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Fig. 1 Harmonic spectra produced when Neon is subjected to a 6 cycle (3 sin? ramp-on 3 sin? ramp-off) 800nm pulse at
4x10™* W/cm? mixed with a) a 6 cycle (3 on - 3 off) 4 x10'® W/cm? time-delayed 400mn pulse and b) a 12 cycle (3-6-3)
4x1013 W/cm? time-delayed 400mn pulse.
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Near-Forward Rescattering Photoelectron Holography in Strong-Field
Ionization: Extraction of the Phase of the Scattering Amplitude
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Electrons produced in tunneling ionization of atoms and molecules by intense laser fields being driven by the field
may fly directly to a detector without interacting with the parent ion or may first undergo rescattering by the ion.
The interference of direct and near-forward rescattered electrons with the same final momenta results in a distinct
strong-field photoelectron holography (SFPEH) pattern [1] in photoelectron momentum distributions (PEMD)
observed experimentally for various targets. It was suggested [1] that this pattern should encode some structural
information, but what kind of information and how to decode it remained unknown. These most important for
target imaging questions have been answered in our recent paper [2].

Our analysis is based on the adiabatic theory [3]. In the adiabatic approximation, the interference phase
determining a near-forward rescattering SFPEH pattern produced by a linearly polarized laser pulse is Agaa =
1k At + @, where At is the time between the ionization and rescattering events for a forward rescattered elec-
tron, which depends only on the component k, of the photoelectron momentum along the laser field, and « is the
phase of the scattering amplitude, which additionally depends on the perpendicular component k| . On the other
hand, the interference phase can be extracted from a given PEMD by fitting the SFPEH pattern with predictions
of the adiabatic theory. This enables one to find & as a function of (k, ,k;), which can then be converted into a
function of the incident momentum and scattering angle. We demonstrate this imaging procedure by applying it
to PEMDs calculated by solving the time-dependent Schrodinger equation (TDSE) for a model potential. Figure
1(a) shows such a PEMD. The low-contrast nearly horizontal interference fringes represent an SFPEH pattern of
the type discussed above. Figure 1(b) demonstrates that the interference minima extracted from the TDSE results
closely follow the predictions of the adiabatic theory. Figure 1(c) compares the phase ¢ of the scattering amplitude
extracted from the TDSE results with that obtained from scattering calculations. The agreement is good and even
the relatively small difference between the two potentials considered is clearly resolved.
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Fig. 1 (a) TDSE results for the PEMD produced in ionization from a potential V (r) = —exp[—(r/a)?]/r with a = 10 by a
one-cycle pulse with A = 800 nm and I = 3.5 x 10'* W/cm?. (b) Interference minima of the near-forward rescattering SFPEH
pattern extracted from the TDSE results (open circles) and obtained in the adiabatic approximation from Agas = 2n+ 1)1
withn =0,1,...,4 (solid lines). (c) The phase « of the scattering amplitude for potentials with @ = 10 and 20 as a function of
k, at k; = 2.2 extracted from the TDSE results (symbols) and obtained from scattering calculations (solid lines).
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High-Order Parametric Amplification in Intense Laser Field

V V Strelkovl, M A Khokhloval2
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Usually nonlinear optics deals with processes involving few photons and describes the matter response in the

terms of nonlinear susceptibilities ¥ ™) If the laser field perturbatively interacts with matter, this approach

allows description for numerous nonlinear effects. However, in the case of intense laser field the perturbation
approach fails. The only process which is well-understood in this case is high-order harmonic generation (HHG).
The study of the other nonlinear optical processes in the nonperturbative regime is limited, among other factors,
by poorly developed methods of their description. In particular, experimental [1] and numerical [2] observation
of the exponential growth of the harmonic signal lead to active discussion [3,4].

In this paper we develop an approach describing matter response in the presence of a given pump laser
field and a weaker field (this could be a weak external field or the HH field generated in the target). The

interaction of the latter field with matter can be described in terms of the induced susceptibilities K q(m) , where ¢
and m are numbers of the photons from the pump and the weak field, respectively. We study the permutation

symmetry of the induced susceptibilities, which is to some extent analogous to such symmetry of ¥ ™ The

technique of the induced susceptibilities allows understanding of number of published results, for instance, the
properties of the ultrahigh-order wave mixing in noncollinear HHG [5] or properties of the two-color laser-
plasma generation of terahertz radiation [6]. The propagation equations for the weak field is similar to such
equations in the "usual" nonlinear optics. Thus we can describe high-order frequency mixing, high-order
parametric amplification and generation, high-order Raman scattering. In some cases these equations have
solutions which are well-known in the nonlinear optics, for instance, the exponential growth for the parametric
amplification, and in other cases they provide new types of solutions, for instance, the super-exponential
(namely, hyperbolic) growth. Using numerical solution of the 3D time-dependen Schrodinger equation (TDSE)
we calculate the induced susceptibilities for the laser intensities typically used for HHG. The found
susceptibilities are high enough to provide parametric amplification of the seeding XUV. This seeding is
generated in the process of high-order wave-mixing.

Our analytical findings are confirmed by results of the numerical propagation equation solution. This
solution is done simultaneously for the laser and generated fields and uses the nonlinear polarization calculated
via 3D TDSE for every slice of the generating medium.

Experimentally the process of high-order parametric amplification can be realized in high-pressure gas
filled capillaries. This can be a perspective way of intense coherent XUV generation.
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Influens of Defects in Regular Nanosystems on Interference Processes
at the Reemission of Attosecond Electromagnetic Pulses

V.I. Matveev and D.N. Makarov
Northern (Arctic) Federal University, Severnaya Dvina Emb. 17, 163002 Arkhangelsk, Russia

Crystals and nanostructured targets are natural diffraction gratings for X rays. The diffraction of X rays by
various periodic structures is usually described as the scattering of plane waves with infinite time duration [1].
The scattering of attosecond electromagnetic pulses from such structures has been poorly studied to date. At the
same time, such processes can supplement the X-ray diffraction analysis by the capabilities of high time
resolution spectroscopy, including attosecond spectroscopy and attosecond metrology [2-6]. Nevertheless, the
processes of interference at the scattering of attosecond pulses from various regular targets have been studied
only in a few works. The theory of the reemission of attosecond electromagnetic pulses by arbitrary multiatomic
systems consisting of isolated complex atoms was developed in [7-9]. Interference effects become dominant in
the rescattering spectra when targets are regular structures with a large number of atoms. In this case, the angular
distributions of the incident and scattered radiations can be significantly separated by choosing the spatial
structure of targets and their various combinations. The theory of the reemission of attosecond electromagnetic
pulses by arbitrary regular multiatomic systems consisting of identical complex atoms was developed in [10]
with allowance for chaotic thermal vibrations. However, interference processes at the reemission of attosecond
electromagnetic pulses by arbitrary regular multiatomic systems containing various defects have not yet been
considered.

In this work, the effect of defects in nanostructured targets on interference spectra at the reemission of
attosecond electromagnetic pulses is considered. General expressions were obtained for calculations of
spectral distributions for one-, two-, and threedimensional multiatomic nanosystems consisting of
identical complex atoms with defects such as bends, vacancies, and breaks. Changes in interference
spectra by a linear chain with several removed atoms (chain with breaks) and by a linear chain with a
bend have been calculated as examples allowing a simple analytical representation. Generalization to two-
and threedimensional nanosystems has been developed. The proposed approach can be directly expanded
to more general types of defects.
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Superfluid in helical container as a sensor of metric disturbances.

A . Yu.Okulov*

Russian Academy of Sciences, 119991, Moscow, Russian Federation.

Gravitational waves emitted by coalescent black holes produce tiny changes of space intervals. Current experimental
sensitivity of long base laser interferometers [1] offers a possibility to detect strains of the order of 1072 H2'/2 [2]. Next
generation of LIGO/LISA detectors [3] is expected to be a matter wave interferometers known currently as a sensors of
gravity, rotations and magnetic fields. The inherent advantage of atomic interferometers compared to optical Sagnac
[4] and Michelson [1] sensors is of the order of ratio of the atomic rest mass to photon energy mc?/hw ~ 10'0.This
feature had been demonstrated for atomic Mach-Zehnder and Sagnac configurations.

Recently the alternative quantum interference device with twisted interference fringes had been proposed [5]. The
atomic interference fringes are formed inside helical waveguide produced by two phase-conjugated optical vortices [6].
Waveguide profile is given in cylindrical coordinates z,r, 6 by:

—or2 r2le
Viwist(z,7,0) ~ exp DR+ 22/k2D]) [1+ cos(2kz + 26)] ng , (1)
where Rayleigh-range Lr = D2 /) of LG (Laguerre-Gaussian) vortex beams [7] with topological charge ¢ depends on
beam waist radius Dy, wavenumber 27 /). Noteworthy this helical potential had been realized experimentally with
phase conjugating photorefractive mirror [8]. The exact solution for macroscopic wavefunction in this potential [9]
predicts that atomic cloud will move along Z ( interferometer axis ) with translational velocity V., = =|Qq|¢/k, where
Q@ is angular velocity of reference frame.

In a more general case when matter wave interferometer is placed on rotating sphere the interferometer axis z(t)

moves around frame rotation axis (g, thus Gross-Pitaevskii equation for matter wavefunction ¥ has the form [10]:
ov R?

ihae = =5 =AW+ Viiar(2,7,0) U + g|¥| 20 — Qg - LU 4+ mg - Z[1 + ecos(Qyet)], (2)

where L is angular momentum operator, m is the mass of trapped atom, ¢ is free-fall acceleration, €2, is frequency of
gravitational wave, € is small parameter. In this case the matter wave vortices [9] inside helical waveguide experience
the splitting of energy JE due to Coriolis effect:

SE() = —hez(t) - O, alt) = /O dr SE(0)/h, 3)

where geometric phase «(t) [11] had been acquired via transport of rotating matter wave vortices along a closed

trajectory (fig.1). When axes Z and Q@ are parallel to each other the geometric phase gives frequency shift via
angular Doppler effect [12].
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Towards Measuring Parity Violation in Cold Chiral Molecules Using
Vibrational Spectroscopy
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Parity violation (PV) effects have so far never been observed in chiral molecules. Caused by the weak nuclear
force, PV should lead to frequency differences in the rovibrational spectra of the two enantiomers of a chiral
molecule. However the effect is small, making its observation a very difficult experimental challenge. There are
many reasons for attempting this difficult measurement. A successful PV measurement will undoubtedly shed
light on the origins of biomolecular homochirality. It can also constitute a test of the standard model of the
universe in the low-energy regime or, in fact, a probe of physics beyond it, and will serve as a stringent
benchmark for computational protocols used in relativistic quantum chemistry. We have been working towards
measuring this difference using Ramsey interferometry in the mid-infrared (at around 10 pm) using ultra-narrow
linewidth CO; lasers referenced to atomic clocks in Paris via an optical link. We expect to reach a fractional
sensitivity at around 10°'° (~10 mHz) on the frequency difference between enantiomers [1].

We present the results of preliminary investigations conducted on methyltrioxorhenium (MTO), an achiral
test molecule whose chiral derivatives, which have recently been synthesized, are expected to show a ~107* level
PV effect [2]. We report on the high-resolution spectroscopy of MTO [3,4,5], both in cells and in molecular
beams. This work has enabled us to identify several key elements of the current experiment needing
improvement prior to making a PV measurement.

The first is the lack of tuneability of our CO, lasers. We present our on-going work towards their replacement
with quantum cascade lasers (QCLs) [5,6] the very latest mid-IR laser technology which offers broad and
continuous tuning. We have developed a method to lock any mid-IR radiation to a frequency comb stabilized to
a near-IR reference. This frequency reference, generated at the French national metrology institute, is monitored
against atomic frequency standards and transferred via an optical fibre. Stabilizing a QCL this way provides the
ultimate frequency accuracy (potentially the 3x107'° of the Cs fountain clock) and stability (~10"'° after 1s of
integration) indispensable for the PV test. It results in the narrowest (0.2-Hz linewidth) and most accurate QCL
to date [6], paving the way towards ‘atomic physics’ types of precision measurements on molecules.

Secondly, our current molecular beam source only yields a modest flux for species such as MTO and its
chiral derivatives which are solid at room temperature. We plan to overcome this by developing a buffer-gas-
beam source and report on our latest efforts to implement buffer-gas cooling on polyatomic species. Gas phase
MTO is produced by ablating a solid target in a cryogenic buffer gas cell containing helium at ~5 K. MTO
molecules cool by colliding with the cold helium. The light from a QCL is used to perform absorption
spectroscopy of the Re=0 stretching mode of MTO from which we estimate a temperature of ~6 K. Furthermore,
the resolution demonstrated (~3 MHz) allows the hyperfine structure in the excited vibrational state to be
unravelled, quite a feat for such a complex molecule, showing that precision spectroscopic measurements are
already possible with this first setup. This is an essential step towards creating a cold intense beam of
organometallic molecules to observe weak-force induced PV in chiral molecules.

PV aside, the technological developments proposed in this project will allow complex polyatomic molecules
to be studied at an unprecedented level of precision. With such techniques, we envision new possibilities for
using polyatomic molecules to perform further precision measurements of importance for fundamental physics.
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Precision Atomic Calculations for Clocks Based on Highly-Charged Ions
and Electron-Hole Transitions

Julian Berengut
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Several recent proposals have necessitated new methods of calculation of atomic spectra and properties in systems
where holes play an important role. Interesting systems include highly charged ions, where hole transitions can
form the basis of optical atomic clocks with extraordinarily high accuracy [1, 2]. In cases where the transitions
are available due to level crossings, the clocks can have extremely high sensitivity to variation of the fine-structure
constant ¢, potentially improving current limits on time-variation of & by up to two orders-of-magnitude.

The experimental spectroscopy of one such candidate, the Ir'’* ion which has two holes in the otherwise
closed 4f 14562 valence shells, has shown that current theoretical methods have severe limitations in accurately
describing the spectrum [3]. That study included (along with the experimental spectrum) the results of several
calculations including different variants of configuration interaction (CI), multiconfigurational Dirac-Fock, and
Fock-space coupled cluster. None of the theories tested were able to unambiguously identify the entire observed
spectrum. Furthermore many existing methods of calculation — such as the combined configuration interaction
and many-body perturbation theory (CI+MBPT), correlation potential methods, and coupled-cluster methods — are
designed to work well in one- or two-valence-electron atoms and particularly in near-neutral systems.

We have developed an ab initio method of calculating atomic spectra and properties in systems where holes
play an important role. Based on the CI+MBPT method [4], implemented in AMBiT, we have employed Wick’s
theorem to allow the inclusion of configurations with arbitrary numbers of valence holes, electrons, and any com-
binations thereof concurrently (of course, the total number of electrons should be conserved). The method can treat
valence-hole systems like Ir'’*, electron-hole excitations in, e.g. noble gases, and can be used to add important
hole configurations to improve the accuracy of transitions of valence electrons.

As a first test case, we have performed calculations of spectra and sensitivity to ¢-variation for the Hg™ ion,
where the clock transition 65 — 54! 65 has been compared with an Al clock to get the best current limit on
time-variation of & [5]. Previously, this ion has been treated as an 11-valence-electron system (5d'°6s — 5d° 6s%)
using configuration interaction [6]. We present results of the full CI+ MBPT method with holes, and updated limits
on time-variation of ¢ based on the existing experiment [5].

References

[1]J. C. Berengut, V. A. Dzuba, V. V. Flambaum, and A. Ong, Hole Transitions in Multiply-Charged lons for Precision Laser Spectroscopy
and Searching for a.-variation, Phys. Rev. Lett. 106, 210802 (2011).

[2] A. Derevianko, V. A. Dzuba, and V. V. Flambaum, Highly-Charged Ions as a Basis of Optical Atomic Clockwork of Exceptional Accuracy,
Phys. Rev. Lett. 109, 180801 (2012).

[3] A. Windberger et al., Identification of the Predicted Ss—4f Level Crossing Optical Lines with Applications ?to Metrology and Searches for
the Variation of Fundamental Constants, Phys. Rev. Lett. 114, 150801 (2015).

[4] V. A. Dzuba, V. V. Flambaum and M. G. Kozlov, Combination of the Many-body Perturbation Theory with the Configuration-Interaction

Method, Phys. Rev. A 54,3948 (1996)

[5] T. Rosenband et al., Frequency Ratio of Al+ and Hg+ Single-lon Optical Clocks; Metrology at the 17th Decimal Place, Science 319, 1808
(2008).

[6] V. A. Dzuba, Correlation Potential and Ladder Diagrams, Phys. Rev. A 78, 042502 (2008).

ECAMP 12, September 5-9, 2016 41 Frankfurt am Main, Germany



Monday, 10:00-12:00, Foyer Poster, Mon164

Spectroscopy of H;r and HD " Near Their Dissociation Thresholds: Shape
and Feshbach Resonances

Maximilian Beyer and Frédéric Merkt
ETH Ziirich, Laboratorium fiir Physikalische Chemie, Viadimir-Prelog-Weg 2, 8093 Ziirich, Switzerland

We use high Rydberg states to measure the properties of H;’ and HD™ in the vicinity of their dissociation lim-
its H"+H, H"+D and H+D™, with particular emphasis on the spectral positions and widths of the quasibound
rovibrational levels above the dissociation threshold of the X 22; ground state [1].

Although the existence of these quasibound levels has been predicted a long time ago, they have never been
observed. Positions and widths of the lowest resonances have not been calculated either. Given the role that such
states play in the three-body and radiative recombination of H(1s) and H' to form H;r , this lack of data may be
regarded as one of the largest unknown aspects of this otherwise accurately known fundamental molecular cation.
We present measurements of the positions and widths of the lowest-lying quasibound rotational levels of H2+,
located close to the top of the centrifugal barriers and which decay by quantum-mechanical tunneling. These states
are also refered to as shape resonances. For HD* we present measurements of rovibrational levels of the A* 2%+
state, located between the two dissociation limits. Because of the g-u-symmetry breaking in HD™, these levels are
coupled to the H"+D continuum by nonadiabatic interactions and can be regarded as Feshbach resonances.

The experimental results will be compared with the positions and widths we calculate for these levels using a
potential model for the X+ and the At state of H2+ and HD™ which includes adiabatic, nonadiabatic, relativistic
and radiative corrections to the Born-Oppenheimer potential energies.
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Fourier transform spectroscopy with resolution
beyond the optical path limit
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and Aleksandra Foltynowicz’
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2. IMRA America, Inc., 1044 Woodridge Ave., Ann Arbor, MI, USA 48105
3. Department of Physics, Umed University, 901 87 Umed, Sweden

Fourier transform spectrometers (FTS) based on optical frequency combs (OFC) allow detection of broadband
molecular spectra with high signal-to-noise ratios within acquisition times orders of magnitude shorter than
traditional FTIRs based on thermal sources [1]. Moreover, high absorption sensitivity for absorption and low
detection limits can be obtained using optical enhancement cavities [2]. Due to the pulsed nature of OFCs the
interferogram consists of a series of bursts rather than a single burst at zero optical path difference (OPD). The
comb mode structure can be resolved by acquiring multiple bursts [3]. However, the measurement of molecular
lines narrower than the resolution limit set by the maximum OPD has not been demonstrated.

We show that it is sufficient to acquire an interferogram in a symmetric range around a single burst with a
length precisely matched to the comb line spacing in order to exceed the spectrometer’s OPD-limited resolution
and measure accurately the intensity change of the individual comb lines. Our method allows measurements of
broadband spectra with absorption lines narrower than the OPD-limited resolution without any loss of accuracy
due to the instrumental lineshape function. It reduces the acquisition time of high-resolution measurements and
interferometer length by orders of magnitude. We demonstrate this by measuring undistorted low pressure CO-
and CO absorption lines with linewidths narrower than the OPD-limited resolution using OFC-based mechanical
FTS in the near- and mid-infrared wavelength ranges [4]. The near-infrared system is based on an Er:fiber
femtosecond laser locked to a high finesse cavity, while the mid-infrared system is based on a fully-stabilized
Tm:fiber-laser-pumped optical parametric oscillator coupled to a multi-pass cell.
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Continuously Tunable Mid-infrared Frequency Comb Spectrometer

Vinicius Silva de Oliveira?, Piotr MaslowskiZ?, Axel Ruehll, and Ingmar Hartl!
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Torun, Poland

The ability to control the phase of the electric field in ultrashort laser pulses revolutionized many aspects of
fundamental and applied science. In such a frequency comb (FC), a train of phase-stabilized pulses results in a
set of equally spaced narrow spectral “comb” modes, whose absolute position can be controlled by reference
oscillators. In the field of Fourier-transform spectroscopy, the usage of frequency comb sources led to a
remarkable progress in terms of sensitivity, accuracy and the resolution is not limited by the optical path delay
(OPD) [1,2].

We report on a frequency comb based Fourier-transform spectrometer (FTS) operating in the mid-infrared
(MIR) spectral region, where molecules exhibit their strongest absorption features and signatures of their
dynamics. A schematic of the setup is shown in Fig. 1 (a). The MIR frequency comb is based on a stabilized 2 W
Yb:fiber laser and difference frequency generation. The laser output is split into pump and signal field whereas
the signal is spectrally shifted in a highly nonlinear fiber [3]. An idler field corresponding to the difference
between the incident fields is generated in a periodically-poled lithium niobate nonlinear crystal with fan-out
structure. The optical spectrum can be continuously tuned from 1900 to 3300 cm™ as shown in Fig. 1 (b). The
average output power was 500 uW — 1.5 mW, corresponding to a power-per-comb-mode of up to 200 nW.
Details of the FC system and the possibility to extend its spectral coverage to 1000 cm™ can be found in Ref. [4].
The spectral read out of the FC was realized by a home-built scanning FTS. The optical path delay is measured
with a frequency stabilized helium-neon laser and it is sufficient to resolve individual FC lines at 150 MHz or
0.005 cm™ spacing.
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Fig. 1: (a) Schematic of the frequency comb spectrometer. PPL: phase-locked loop. HNLF: highly-nonlinear fiber. RR:
retro-reflectors. (b) MIR spectra generated with a PPLN crystal. (c) Measured CO spectrum (black) and comparison with
HITRAN database (gray)

For an initial demonstration of the capability of the instrument, the FC source was tuned to 4.6 um to
measure the fundamental absorption band of CO. Fig. 1(c) shows a single scan spectrum (125 cm OPD in 4 s) of
the R-branch with a resolution of 0.008 cm™ measured in a 45 mm long gas cell filled with 15 mbar. Fig. 1 (c)
also shows the comparison with a HITRAN based model calculated for our measurement conditions.

The presented spectroscopy setup is ideally suited for applications such as trace gas detection and
lineshape analysis. It can be used throughout the important MIR spectral region to probe the vibration bands of
molecules with the qualities of a frequency comb.

Vinicius Silva de Oliveira acknowledges the support from CNPq, Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico - Brasil.
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Nature mechanism-force origin
Zheng sheng ming
Physics research yuquanl9(jia) Beijing China 100049

In the process of mankind investigate natural rule: people know well many interactions in the nature, today all
interactions in the nature are classed by four kinds of force: electromagnetic force, gravitation, weak force, and
strong force. Since Einstein declared his next idea was to unify these four kinds force. This idea has been
attracting many people to make great efforts to answer! For solve this question and find its mechanism of origin,
I do some experiments and discover that the moving photons produce gravitation. My experiments reveal the
origin of gravitation. Moreover | apply this discovery in the electromagnetic phenomena reveal the origin of
electromagnetic force. In this book describe the detail of my experiment and all calculate. Base on this | first
unify the electromagnetic force and gravitation: their essence is same and their size is equally. From this we can
know the meaning of gravitational mass which Newton and Einstein defined and the meaning of electric charge
which Coulomb and Franklin defined; moreover I further reveal the essence of caloric, and reveal the mechanism
of chemical reaction, demonstrate the quantum and General theory of Relativity are all wrong. Along this way, |
reveal the mechanism of motion in optics, thermal, electromagnet, and gravitation. This shows the mechanism of
natural motion. Namely | find the essence natural rule that the nature how moving in atomic world and in the
heavenly body world, and reveal what is the elementary particle in nature, the matter how to compose. That is to
say the elementary particle in the Nature is photon; the moving photons produce electromagnetic force and
gravitation. Meanwhile the photon also transmit these forces in space, from this engender chemical interaction,
heat phenomenon, and other many natural phenomena, in the end come to being cosmos[1].

l—gure 1. PIcture a 1S tneaj?vnce ot the exPerlment. Picture ¢ Is the ring site In ||g£1t beam O, and pictures 1-12 arecpnotograpns showing
that light heam O changed form from a cifcle to a %entagon when the other light beam aﬁcom%ng/ movmg forward,
Eé gﬁq D%hTfljrl% ex grflcr)rrwerétrgemonstrates that light beam™O does not change it5 circular shape there are no other light beams
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Figure 3. Picture a shows sectional state of the two light beams O, P. Picture b Is the state of the movln%track ot hight beams O, P;
picture c is the Bhoto raph in the screen when light beams O, P are all moving forward; and picture d is the photograph of the screen
when only light beam O moves forward.. . . . .

Figure 47 Picture a Is the state of force in the three light beams A, O, and C; picture b shows the section of movement of light beams A,
0,and C; ﬁlcture cis the photograPh of light beams A, and C when they are first on he screen; picture d is the thot%raph when the outer
part of light beam A is removed. In picture d, the white line is the original site of light beam A when outside light beam has not been
removed; the green line is the site of light beam A when outside fringe has been removed, the red arrow shows the direction of the light
beam Aaacceptmg this force; The purple line in picture b is the moving track of light beam A when outer light beam has not been
removed.
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Searches for exotic transient signals with a Global Network of Optical
Magnetometers for Exotic physics

S. Pustelny
Institute of Physics, Jagiellonian University, 30-383 Krakéw, Poland
On behalf of the GNOME collaboration

Synchronous monitoring of spin dynamics in distant experiments offers new means of searching for physics be-
yond the Standard Model [1]. Here, we discuss application of a network of synchronized optical magnetometers,
separated by hundreds or even thousands of kilometers, to search for transient exotic spin couplings [2]. Such
couplings would manifest as temporal disturbances of magnetometers’ operation and abrupt, yet brief, changes
of their readouts. However, due to uncontrollable nature of the couplings, identification of such signals and their
distinction from ordinary (e.g., magnetic) noise is, in an isolated experiment, particularly difficult. Therefore, we
propose to correlate readouts of distant magnetometers, which limits local noise and makes the network sensitive to
global spin disturbances. Appropriate experimental arrangements (e.g., magnetic shielding) and careful analysis of
magnetometers’ signals (e.g., vetoing techniques) allow to strongly reduce contribution from magnetic couplings,
making the network sensitive to hypothetical (exotic) couplings. Such exotic couplings may be induced by hitherto
undiscovered exotic particles or fields, which opens the possibility to test various theoretical model, including the
ones that have not been yet unexplored experimentally.
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Theory of Interfering One-Photon and Resonant Two-Photon
Ionization of Neon by Femtosecond XUV Pulses

Alexei N. Grum-Grzhimailo', Elena V. Gryzlova', Nicolas Douguet’, Klaus Bartschat’
1. Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119991 Moscow, Russia
2. Department of Physics and Astronomy, Drake University, Des Moines, lowa 50311, USA

The quantum coherent control, originally developed for optical lasers, is now extending into the XUV range due
to development of new radiation sources. The seeded free-clectron laser FERMI [1] is suitable for the
corresponding experiments because of its high temporal coherency. Here we theoretically consider and further
develop a scheme of coherent control in the XUV regime based on interference between one-photon and
resonant two-photon ionization pathways in atomic ionization. This scheme was recently realized at FERMI [2].
When the frequencies of the two fields are w and 2w, respectively, the same configuration of electric field
vectors is repeated each optical cycle. Thus a memory regarding the initial phase between the fields is kept, even
if the pulses are infinitely long [3]. In our principal example, the frequency o scans the vicinity of the 2p’4s and
2p°3d states in the neon atom, leading to resonant two-photon ionization, whereas the photon with the doubled
frequency causes direct single-photon ionization. The resonant mode was selected in order to increase the
probability of the two-photon ionization pathway. For fields with parallel linear polarizations, the interference of
photoelectron continuum waves with different parities results in a ‘left-right’ asymmetry of the photoelectron
angular distribution. This asymmetry depends on the photon frequency, the phase shift between the harmonics
(), the ratio of the harmonic amplitudes (1)), and the pulse duration. It can thus serve as a good marker of the
coherent control [2].
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Fig. 1 (Left) PT results for the photoelectron left-right asymmetry A = [(I(9=0) - I(J=n)] / [1(9=0) + I(J=n)], where U is the
electron emission direction with respect to the electric field, as function of the photon energy and the ratio of the amplitudes of
the first and the second harmonics 1 for a peak field of intensity 10'> W/cm?, a sin’ pulse envelope covering 250 optical
cycles, and a phaseshift ¢=n/2 between the harmonics. (Right) Same as on the left as function of the photon energy for
N=0.02155 (chain line) compared with the TDSE prediction (solid line). The positions of the intermediate fine-structure
resonant states are marked by lines.

We calculated the photoelectron angular distribution within time-dependent perturbation theory (PT)
and by solving the time-dependent Schrodinger equation (TDSE) [4]. Some of the results are shown in
Fig. 1. When either the first or second harmonic is weak, the interference and, consequently, the
asymmetry are suppressed. In our case the one-photon ionization is very strong compared to two-photon
ionization, and thus the largest asymmetry is achieved already with a small admixture of the second
harmonic. Results for other field parameters, including the case of circularly polarized fields, together
with a detailed analysis of the effect will be presented at the conference.

This work is supported, in part, by the United States National Science Foundation under grant No. PHY-
1430245 and the XSEDE allocation No. TG-PHY-090031 (ND and KB).
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Building an Optical Centrifuge for Spinning of Molecules Embedded in
Helium Nanodroplets

Anders Vestergaard', Lauge Christensen’ and Henrik Stapelfeldt’
1. Institut for Fysik og Astronomi, Aarhus University, Ny Munkegade 120, 8000 Aarhus C, Denmark
2. Institut for Kemi, Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark

We present our work on building an optical centrifuge for use in experiments on isolated molecules and
molecules inside helium nanodroplets. A laser pulse consisting of two counter-rotating electric fields with chirp of
opposing signs is created by passing an input pulse into a custom version of a 4f pulse shaper. In the Fourier plane
of the pulse shaper, half the spectrum is send to one arm and the other half of the spectrum to another arm [1,2].
The resulting pulse’s polarisation rotates and accelerates to a maximum angular frequency of half the bandwidth
of the input pulse ~ 10 THz. The 500 uJ, 70 ps (FWHM) centrifuge pulse will then be used to trap and rotate
molecules adiabatically to high-lying rotational states. The final rotational speed can be controlled by limiting the
spectrum of either arm in the pulse shaper.

Helium nanodroplets is an exciting medium to study in itself and for its properties as a quantum solvent. By
expanding pre-cooled 12 K helium at 30 bar through a 5 um orifice one can create droplets consisting of around
10* helium atoms. The number of Helium atoms can be controlled by varying the helium temperature and backing
pressure. In our setup, these droplets travel through a pickup cell in which the partial pressure of a molecular gas
is carefully controlled to optimize the conditions such that each droplet pick up a single molecule. In the target
area, the droplet beam is, in the standard pump-probe fashion, overlapped with the centrifuge beam and a probe,
consisting of 35 fs intense pulse at 800 nm used for Coulomb exploding the molecules inside the droplets. The
resulting ionic fragments are then imaged using a 2D VMI-spectrometer.

The same setup allows for comparison with gas-phase molecules in which a mixture of the molecule along with
Helium used as carrier gas, is loaded into a Even Lavie-Valve, which then in turn expands and cools the mixture
into the target chamber.

This work presents the preliminary results on using the experimental setup with the centrifuge pulse on CS,-
molecules in both the gas-phase and in helium-droplets. We also present new results of laser-induced alignment of
molecules in helium-droplets using a recently constructed vacuum chamber setup.
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Quantum control of photoassociation: a comparative study of two
pathways for the formation of heteronuclear molecules

Emanuel F. de Lima'
1. Departamento de Fisica, Universidade Federal de Sdo Carlos, Sdo Paulo 13565-905, Brazil

The obtainment of samples of ultracold polar molecules has been attracting considerable interest due to their
potential applications, such as the precision measurement of physical constants, the elaboration of quantum com-
puting methodologies, and the study of ultracold chemistry [1,2]. One route for the formation of ultracold
molecules is photoassociation, in which two colliding atoms are bind together through the interaction with an
external electromagnetic field. In the laboratory, photoassociation is usually achieved by a laser-induced transition
from the free atomic pair to a molecule in a electronic excited state. In order to obtain molecules in the elec-
tronic ground state, the excited molecule is transferred by either spontaneous or induced emission. However, the
existence of a permanent dipole moment in heteronuclear molecules offers an alternative pathway for photoasso-
ciation, in which all transitions take place in the electronic ground state [3,4]. This approach, though restricted
to heteronuclear molecules, has the advantage of not depending on the structure and lifetime of electronic excited
states.

In the present work, we investigate the photoassociation of ultracold atoms occurring through two distinct path-
ways. In the first one, the colliding atoms are photoassociated into the excited electronic state. In the second one,
photoassociation takes place within the electronic molecular ground state. In each case, shaped control pulses are
sought through the application of the TBQCP quantum control algorithm combined with a frequency filtering [5].
The optimization goal is to maximized the photoassociation probability. We perform a comparative investigation
of the obtained control fields and the corresponding system dynamics.
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Correction of Arbitrary Field Errors in Population Inversion of Quantum
Systems by Universal Composite Pulses
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Performing high-fidelity and robust population transfer by external fields remains an important challenge in
various areas of physics, e.g., atomic and molecular physics, nuclear magnetic resonance, and quantum
information processing. Most of the available techniques provide either high population transfer efficiency or
robustness against variations in the field parameters, but not both. For example, resonant techniques deliver high
efficiency but are not robust. Adiabatic passage techniques are robust, but in nearly all of them population
transfer is incomplete because of demanding adiabaticity criteria. Optimal control techniques achieve high
fidelity but their implementation is challenging due to the complicated time dependence of the applied fields.

The technique of composite pulses (CPs) [1], i.e., sequences of pulses with suitably chosen relative phases, is
far easier to implement and has been applied in nuclear magnetic resonance, quantum information processing,
and quantum optics for highly accurate and robust qubit rotation. However, essentially all existing CPs
compensate errors in a single or at most two interaction parameters, usually assuming a rectangular pulse shape.

We theoretically develop and experimentally demonstrate [2] universal broadband composite pulse
sequences for robust high-fidelity population inversion in two-state quantum systems, which compensate
systematic errors in any parameter of the driving field (e.g., pulse amplitude, duration, detuning, Stark shifts,
unwanted frequency chirp). Our novel composite pulses are also applicable with any pulse shape.
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Fig. 1 Numerically simulated infidelity vs static detuning and duration of each constituent pulse for a single pulse and
several universal CPs (with rectangular shapes). As it is well known, the transition probability for a rectangular pulse
quickly drops when it is not resonant or its pulse area differs from Qt= mn. The universal composite pulses expand
significantly the 10 error parameter range (the labels m = 1, 2, 4 indicate the error level 10™).

We demonstrate the efficiency and universality of these composite pulses by experimental data on rephasing of
atomic coherences in a Pr’":Y,SiOs crystal. In particular, our data demonstrate robust rephasing in a broad
range of experimental parameters and for different pulse shapes. The efficiency and operation bandwidth of
universal CPs are significantly larger compared to conventional & pulses or nonuniversal CPs. The universal CPs
are a highly accurate and robust tool for quantum control, particularly valuable in the presence of significant
experimental uncertainties.
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Atomic control with low frequency electromagnetic radiation: fine
structure under strong bichromatic driving

German A. Sinuco Leon, Barry M. Garraway
Department of Physics and Astronomy, University of Sussex, Brighton, BN1 9QH, United Kingdom

Low frequency electromagnetic radiation constitutes a superb tool for coherent control of the internal state of a
wide variety of quantum systems (e.g. NV centres, superconducting circuits and trapped atoms and ions). It is
usual to describe the dynamics of such systems neglecting their multilevel nature via perturbative expansions and
applying the rotating wave approximation (RWA). However, modern experimental implementations let us
explore the regime of strong matter-radiation coupling where all relevant energy scales can be of the same order
of magnitude, which renders inaccurate the standard simplifications. In this work, we present a study of the
dynamics of a multilevel quantum system coupled to strong fields in the context of ultracold alkali atoms under
the influence of radio-frequency and microwave radiation.

To set the stage, we first describe a typical atom-chip configuration and highlight the range of relevant energy
scales achievable with state-of-the-art technology. Then, we discuss effects associated with non-equal energy
spacing between internal states (corresponding to non-linear Zeeman shifts) and its utility to reduce the
sensitivity of atomic clock transitions via RF and MW dressing [1-3], and to implement addressed manipulation
of atomic qubits trapped in a lattice [4,5]. Following this, we consider qubits encoded by atomic RF dressed
states and evaluate beyond RWA effects on its transition frequency and coupling to microwave
radiation. Finally, we explore a strategy to design microwave pulses for implementing fast and accurate single
qubit control, taking into consideration the interplay between strong driving and the multilevel nature of the the
system. This work is of particular relevance for atomic interferometry [6,7] and quantum information
processing with trapped ultracold atomic ensambles.
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Forster Resonances Between Cold Rydberg Atoms in a Time-Varying
Electric Field and Their Applications in Quantum Information
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4. Institute of Electronics, Tsarigradsko Shosse 72, 1784 Sofia, Bulgaria

Long-range interactions between cold Rydberg atoms are being investigated for neutral-atom quantum
computing, quantum simulations, phase transitions in cold Rydberg gases and other applications. Fine tuning of
the interaction strength can be implemented using Forster resonances between Rydberg atoms controlled by an
electric field. Observation of the Stark-tuned Forster resonances between Rydberg atoms excited by narrowband
cw laser radiation requires the use of a Stark-switching technique to excite the atoms first in a constant electric
field and then to induce the interactions in a varied electric field, which is scanned across the Forster resonance.

In our experiments with cold Rb Rydberg atoms we have found that the transients at the edges of the electric
pulses strongly affect the line shapes of the Forster resonances, since the resonance occurs on a time scale of
~100 ns being comparable with the duration of the transients. For example, a short-term ringing at certain
frequency causes additional radio-frequency (rf) assisted Forster resonances, while non-sharp edges lead to an
asymmetry. An intentional application of the radio-frequency field induces transitions between collective states
whose line shape depends on the interaction strengths and time. In this report we present the experimental and
theoretical analysis of the line shapes of the Forster resonances
Rb(nP,,,) + Rb(nP,,,) > Rb(nS,,,) + Rb((n +1)S,,,) for a few cold Rb Rydberg atoms in a time-varying

electric field [1]. In particular, we studied the rf-assisted Forster resonances between N=2-5 cold Rb Rydberg
atoms [2] (Fig.1). We have shown that they can be induced both for the "accessible” Forster resonances which
can be tuned by the dc field alone [Fig.1(a)] and for those which cannot be tuned and are “inaccessible”
[Fig.1(b)]. The van der Waals interaction of almost arbitrary high Rydberg states can thus be tuned to resonant
dipole-dipole interaction.

This can be especially useful for improving the fidelity of quantum gates implemented with Rydberg atoms
[3]. We have studied theoretically various Forster resonances in Rb and Cs Rydberg atoms and calculated
interspecies Rydberg-Rydberg interaction strengths for generation of long-range entanglement and quantum
nondemolition measurements [4]. We have also developed schemes of two-qubit quantum gates based on
adiabatic passage of the Stark-tuned Forster resonances in a swept electric field [5]. These are based on
deterministic phase accumulation during double adiabatic passage of the Stark-tuned Forster resonance.

This work was supported by the RSF Grant No. 16-12-00028, RFBR Grants No. 14-02-00680 and 16-02-
00383, Novosibirsk State University and Russian Academy of Sciences.
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Fig. 1 Radio-frequency (rf) assisted Forster resonances for N=2-5 detected cold Rb Rydberg atoms: (a) "accessible"
resonance in Rb(37P) atoms can be tuned by dc field alone at 1.79 V/cm, while rf-field induces additional
resonances; (b) "inaccessible" resonance in Rb(39P) atoms can be induced only by the rf field.
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Excitation of high orbital angular momentum Rydberg states with twisted
photons
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Rydberg atoms [1-5] are amongst the most exciting and promising research topics nowadays. Much of this
interest arises from the particularities of these systems, such as strong dipole-dipole interactions and long lifetimes.
Until now and in most experiments, the Rydberg atoms were excited using dipole allowed transitions, either from
the ground state or from an intermediate excited state. Only recently, electric dipole-forbidden transitions to
Rydberg nD states were observed in Rubidium atoms [6]. In a recent work, Schmiegelow and co-workers have used
Laguerre-Gauss laser beams to study a quadrupole transition in a Calcium ion [7]. In principle such a technique
could be applied to cold Rydberg atoms as well.

In this work we investigate the excitation of Rydberg states using orbital angular momentum (OAM) carrying
photons, namely with Laguerre-Gauss (LG) laser beams. As Allen and co-workers discovered in 1992, LG light
fields carry a discrete amount of orbital angular momentum per photon [8, 9]. We begin by revisiting the standard
dipole selection rules for plane wave excitations. We then introduce the Laguerre-Gauss modes as an appropriate
set of solutions of the Helmholtz equation in the paraxial approximation. We show, in a particular geometry setting,
that a relaxation of the standard selection rules occurs, thus increasing the number of accessible states through a
single photon excitation process. The transition matrix element is decomposed into an angular and radial coupling
and we show how the later is corrected by the spacial profile of the LG laser beam. Explicit numerical calculations
are presented for an hydrogen-like atom, which captures the essential ingredients of the OAM. We also discuss the
nature of the angular momentum coupling between the LG photon and the atom in a hyperfine structure basis.

With this work we contribute to the further understanding of the interaction of orbital angular momentum
bearing laser beams with matter. We considered the excitation of Rydberg states using LG laser beams and demon-
strated that, in the case an atomic ground state centered at the optical vortex, the orbital angular momentum from
the Laguerre-Gauss beam, ¢y, can be transferred to the electron internal degrees of freedom. This is the mecha-
nism responsible for the relaxation of the standard dipole selection rules and allowing for the excitation of higher
orbital angular momentum atomic states, at much higher rates than the ones expected for usual dipole-forbidden
transitions.
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RYDBERG EXCITATION OF LASER-COOLED ATOMS IN THE AC-MOT
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Abstract

Precise energy levels of high-n Rydberg states of potassium have been
measured using stepwise-excitation of cooled, trapped atoms in the AC-MOT
[1], with the intermediate state being the 4P, state that was excited by resonant

laser radiation at 389,286,368.12 MHz. Excitation from the 4°p,,state to the
n’s,, states was carried out using blue radiation from a dye laser, for transitions

to Rydberg states with principal quantum numbers in the range 18<n<200. For
excitation to then’D,,states, energy levels of states with principal quantum

numbersnranging from 18 to 167 were measured. Due to strong interaction
between Rydberg atoms [3], the measured energy levels deviated from the
predicted theoretical values at high principal qguantum numbers n>130 for the
S-states, and n>100 for the D-states. For principal quantum numbers greater
than these values, the spectral lines were found to both broaden and shift in
energy and new features in the Rydberg spectra were observed. These new
features have been attributed to the dipole-forbidden n’p,,and n’p,, states,
which cannot be excited directly by the laser. These states must hence be
excited due to interplay between the highly excited Rydberg atoms that is
occurring due to the large effective size and close proximity of the atoms in the
AC-MOT, however further work is required to ascertain the exact mechanism of
their excitation.
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Ionization of Rydberg atoms by single-cycle THz pulses: Scaling
properties

M. Chovancova, H. Agueny, J. P. Hansen and L. Kocbach
Department of Physics and Technology, Allegt. 55, University of Bergen, N-5007 Bergen, Norway

Recently, it has been experimentally discovered [1] that the threshold fields necessary to ionize 10% of the
sodium Rydberg (nd) atoms with principal quantum number 7 € 6, 15 scale as n~> rather than the expected n~*
scaling. The ionization mechanism has been identified in THz spectral region [2]. On the theoretical side, the
mechanism was considered by Yang and Robicheaux in [3,4] based on both classical and quantum calculations.
However, their calculations were limited to shorter pulses. Such calculations in the low-frequency and long-pulse
regimes are a real challenge, in particular when the momentum or the angular distributions of the ejected electrons
are considered. This, indeed, requires very large grids to simulate the ionization dynamics since the electron
displacement during the pulse can extend up to 107 a.u. in combination with a pulse duration also of the magnitude
of the order 10° a.u. as well.

In the conference we shall present our preliminary results of the scaling law of field ionization of Rydberg
hydrogen-like atoms in a long single-cycle THz pulse (field period 7 = 5 ps). The results stem from a semiclas-
sical approach to solve the time-dependent Schrddinger equation. Due to the computational challenge we restrict
ourselves to a one-dimensional model. The scaling properties will be discussed for the ionization probabilities (cf.
Fig. 1) with principal initial quantum number ranging from n = 6 to 15. As shown in Fig. 1, all the ionization
probabilities fall onto an almost common curve, when multiplying the electric peak field intensity with the factor
n3 /n3,... The scaling behavior is reproduced by classical simulations based on a Classical Trajectory Monte-Carlo
method. We will also report an extension to the ionization dynamics by studying the momentum distribution of the
ejected electron, which reveals additional interesting effects. Their origin will be also addressed.
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Figure 1: . (Color online) Experimental points for ionization probabilities replotted from Ref. [1] on a scaled
common max intensity axis of 7/ (iua = 15)3Eg. Here, the fields period is T = 5 ps and frequency is @ = 1.05
THz. The full lines show scaled quantum ionization probabilities from the n = 6,9, 12,15 levels. The dashed lines
show scaled CTMC probabilities for the microcanonical distribution pertaining to the same initial energy as the
quantum calculations. n = 6 (blue), n = 9 (green), n = 12 (red), n = 15 (black).
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Microwave spectroscopy in interacting gases of polar Rydberg atoms as a
probe of mean-field energy shifts
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As an electron in a Rydberg state (with high principal quantum number 7) is very far from the core and experiences
a much weaker Coulomb attraction, the atom can be easily polarized by an external electric field. It is possible to
prepare a Rydberg atom in a quantum state in which the electron density distribution resembles a classical electric
dipole u. Dense ensembles of Rydberg atoms can be used as model systems with which to explore the classical
dipole-dipole interactions, characterized by the interaction energy Vgq ~ u?/(4meyR?), where R is the interatomic
separation. These interactions differ from (i) the resonant dipole-dipole interactions arising from large transition
moments [1], and (ii) the second-order van der Waals interactions exploited in Rydberg excitation blockade exper-
iments [2], giving rise to measurable mean-field energy shifts of the atomic levels.

Here, we present the results of experiments in which helium atoms produced in a supersonic source are excited to
n = 70 Rydberg state and subsequently polarized by a small (0.1 —0.7 V/cm) dc electric field so that they acquire
large classical electric dipole moments ranging from 110 to 12 260 D. After photoexcitation, the atoms interact
with a microwave field at a frequency of ~ 38 GHz, which drives transitions to the higher lying n = 72 state.
Following interaction with the microwave field the atoms are detected by state-selective electric field ionization
with the resulting electrons collected on a microchannel plate detector.

Using this approach, mean-field energy shifts [3] arising as a result of electric dipole-dipole interactions can be
probed by driving microwave transitions between states of different electric dipole moment. Electric dipole mo-
ments of 1 =12 260 D correspond to an average dipole-dipole interaction energy of 10 MHz for a mean interatomic
separation of R = 10 um. Because of the high particle number densities in the supersonic beam (~ 10° cm™3),
such dipole moments can be exploited to probe the mean-field shifts. We demonstrate that the measured transition
frequencies are dependent on the density of Rydberg atoms which can be varied by adjusting the intensity of the
excitation lasers, and for the highest density (~ 2x 10 cm™3), the transition frequency is shifted to higher values
by approximately 5 MHz (Fig. 1). In addition, the lineshape of the microwave transition exhibits an asymmetric
shape and a steep decline at higher frequencies which is indicative of the Rydberg excitation blockade effects.

n=70 — n=72 microwave transition

low density
2.5F high density

Signal (a.u.)

10 0 10
Relative microwave frequency (MHz)
Fig. 1 Microwave spectra of transitions between the n = 70 and n = 72 Rydberg-Stark states that evolve adiabatically to the

respective ns states in zero electric field. Measurements were performed at low densities (blue) and high densities (red) in
selected electric field.
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Light Shift in Three-Level A System Driven by the Periodically
Phase-Modulated Field
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Currently, coherent population trapping (CPT) resonances at the hyperfine structure of the alkali-metal atoms
underlie atomic clocks [1], which have a great practical importance. CPT can occur in a A system in which two
hyperfine components of the ground state are coupled to a common excited state by two laser fields with frequency
difference equal hyperfine splitting. In miniature atomic clocks the harmonic phase modulation of vertical cavity
surface emitting laser (VCSEL) is ordinarily used. In this case the field can be written as

E(t) = Eoe 1900 cc., o) = Asin(ve), W

where Ey is the field amplitude, @ is the central frequency of laser, A and v are the amplitude and frequency
of phase modulation, respectively. It is obvious that this field is polychromatic, in which the frequency difference
between the adjacent components equals v. The phase modulation at full or half of the hyperfine splitting is usually
used. For theoretical description of this problem the Fourier expansion of the field is traditionally employed. In
this case, to solve the density matrix equation one can extract two resonant components, which are involved in
the absorption and directly form the dark resonance. While the remaining frequency components are taken into
account only from the viewpoint of field-induced shifts of the clock transition. The field-induced shift is one of the
major sources of long-term instability of CPT atomic clocks.

In this work for three-level A system we investigate the line shape and field-induced shift of the dark resonance
formed by the field with a periodically modulated phase. In our calculations we use the conception of dynamic
steady state [2], which in contrast to Fourier formalism automatically guarantees a full account of all frequency
components. Figure 1 displays the dependence of the field shift of the dark resonance &g, on the modulation
amplitude A. There is the value set of A, for which the field shift vanishes.
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Fig. 1 The dependence of the dark resonance position ;s on parameter A: (a) the case when v is varied near A/2 and (b) the
case when V is varied near A/4, where A is the frequency of hyperfine splitting.

The work was supported by the Ministry of Education and Science of the Russian Federation (State Assignment
No. 2014/139, Project No. 825), by the Russian Foundation for Basic Research (Grants No. 16-32-60050, 16-32-
00127, 14-02-00712, 14-02-00939).

References

[1] V. Shah and J. Kitching, Advances in coherent population trapping for atomic clocks, Adv. At. Mol. Opt. Phys. 59, 21-74 (2010).

[2] V. I. Yudin, A. V. Taichenachev, and M. Yu. Basalaev, Dynamic steady state of periodically driven quantum systems, Phys. Rev. A 93,
013820 (2016).

ECAMP 12, September 5-9, 2016 57 Frankfurt am Main, Germany



Monday, 10:00-12:00, HZ14 Poster, Mon232

Polarizing Effects In Recoil-induced Resonances
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Laser cooling of atoms using magneto optical trap is an essential part of modern atomic physics [1,2]. In order to
measure temperature of cold atoms and their function of distribution methods of nonlinear spectroscopy are
widely used. One of such methods is based on the so-called recoil-induced resonances which were predicted in
the work [3] for the first time and were observed in this work [4]. In our work we describe theoretically the most
general case of recoil-induced resonances for arbitrary polarization of fields and for arbitrary dipole allowed
transition (**Rb), since in previous works all analysis was down to either simplified two-level models or
transition for certain values of momenta for ground and excited states or for concrete polarizations of fields. The
main results of the work are:

1. For any closed dipole transition we got explicit analytical expressions for polarizing dependence of
magnitude of recoil-induced resonances as for the case of free atoms and for atoms in the magneto
optical trap. Max and min values was got.

2. In working trap contributions associated with orientation and alignment are suppressed because of
averaging over parameters of local polarization vector of field of trap. One can easily retrieve
information about an average value of multipole momenta of atom in magneto optical trap from
polarizing measurements.

3. Theory can be generalized subject to real hyperfine structure.

The work was supported by the Ministry of Education and Science of the Russian Federation (State Assignment
No. 2014/139, Project No. 825), by the Russian Foundation for Basic Research (Grants No. 14-02-00712, 14-02-
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In this work we present the 34 new magnetic dipole and 25 new electric quadrupole hyperfine structure constants
of atomic Holmium. An emission spectra of a Holmium (Ho) hollow cathode discharge lamp have been recorded
in the UV spectral range from 24500 up to 31500 cm* (315 to 400 nm) using a high-resolution Bruker IFS-125
HR Fourier transform (FT) spectrometer with a resolution of 0.05 cm™ at the Laser Centre of the University of
Latvia in Riga. Two Ho spectra are measured with Neon and Argon as buffer gas, respectively.

With the atomic number 67 Ho is the eleventh element of the so-called lanthanide or rare earth element
group. Due to the unfilled 4f electron shell the spectrum of Ho is very dense and complex as for all lanthanides.
Ho is the only rare earth element which has only one stable isotope, i.e."*Ho. This isotope has a nuclear spin of
I =7/2 and a very large nuclear magnetic dipole moment of w = 4.125 py causing a very broad hyperfine
structure. The electric quadrupole moment with Q = 2.64 barn is very large as well, resulting in a noticeable
deviation from the Landé interval rule of the hyperfine structure for many Ho lines.

Lines with unknown hyperfine structure constants and sufficient signal to noise ratio were analysed. For the
classification of the spectra we used the classification program CLASS_LW [1]. The program Fitter was used in
order to fit the line profile and to determine the magnetic dipole and electric quadrupole hyperfine structure
constants A and B of energy levels. The hyperfine structure of spectral lines was fitted by using a Voigt profile
function. Most lines are only partly resolved and many of them could be fitted only if the A and B constants of
one of the two levels were fixed during the fit. It was possible in cases where these constants were well-known
from literature [2-6] or from other lines investigated in this work. For totally unresolved lines the B constants
could not be determined.

We have determined for the first time the A constants for 10 energy levels of even parity as well as for 24
levels of odd parity. In spite of the Doppler limitation of our spectra we were able to determine new B constants
for 8 energy levels of even parity and for 17 energy levels of odd parity.
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While quantum electrodynamics (QED) is usually referred to as the most accurately tested theory, its validity
for electrons in very strong fields is still not tested with high accuracy. The strongest magnetic fields available in
the laboratory are experienced by electrons in the ground-state of highly charged heavy ions which can be probed
by hyperfine spectroscopy. Even though the ground state M1 hyperfine transition in hydrogen-like bismuth was
observed already in 1994 [1], its ability to test QED was limited by the unknown magnetic moment distribution
inside the nucleus. However, it was suggested that a so-called specific difference between the hyperfine splitting
in hydrogen-like and lithium-like ions of the same isotope can be used to cancel nuclear structure effects and
provide an accurate test of QED [2]. The transition in Li-like Bismuth was observed for the first time in 2011 at
the experimental storage ring ESR located at the GSI Helmholtz-Center for heavy ion research in Darmstadt [3].
Yet the accuracy of the result was limited by the calibration of the electron cooler voltage, determining the ion
velocity. We now report an improved measurement of the hyperfine splitting in hydrogen-like bismuth (?*Bi%**)
at the Experimental Storage Ring ESR at GSI by laser spectroscopy on a coasting beam. Accuracy was improved
by about an order of magnitude compared to the first observation in 1994 [1]. The most important new feature was
an in-situ high voltage measurement at the electron cooler platform with an accuracy at the 10-ppm level provided
by the Physikalisch-Technische Bundesanstalt. Furthermore, the space charge effect of the electron cooler current
on the ion velocity was determined with two independent techniques that provided consistent results. The result of
Ao = 243.821(6) nm provides an important reference value for experiments testing bound-state QED in the strong
magnetic field regime by evaluating the specific difference between the splittings in the hydrogen-like and lithium-
like ions. Further measurements of hydrogen-like and lithium-like 2°*Bi with bunched beams are currently under
analysis.
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Alkali metal atoms are hydrogen-like atoms that are easily accessible to laboratory experiments, which
makes them convenient systems for demonstrating fundamental interactions between atoms and magnetic fields
for fundamental research as well as teaching. We have designed an experiment that simple enough to carry out
in the context of an advanced undergraduate or master's level laboratory course, while illustrating important
atomic physics principles, which the students would be able to calculate. At the same time, these effects can be
also used to measure magnetic field in a wide range of magnetic field values.

The development of distributed feedback laser diodes has enabled frequency scanning over several
hundred GHz without mode hops. As a result it is possible to record an entire Caesium D line spectrum even at
magnetic fields up to one tesla and to compare easily the positions and relative amplitudes of the peaks
corresponding to the different allowed transitions. Together with the simple theoretical model based on
estimating transition probabilities from the eigenvector coefficients and the Wigner-Eckart theorem, such
measurements are suitable for illustrating the Paschen-Back effect with good didactic potential at the advanced
undergraduate or master's student level.

In the experiment we used a diode laser with low output power (approximately 2 uW) to make
absorption measurements, which is convenient for many applications. To split hyperfine energy levels of
Caesium, we used an electromagnet which can produce a homogeneous magnetic field up to 7 kG. We excited
the atoms by means of linearly polarised radiation in two ways (o and m): for o excitation the polarisation vector
of the exciting radiation is perpendicular to the magnetic field vector, whereas for 1 excitation they are parallel.

Figure 1 shows absorption spectra measured on the D; transition of Caesium for a) m excitation and b)
o excitation at several magnetic field values up to 7 kG.

We measured signals for the D; and D, transitions and present these experimental results together with
predictions based on a theoretical model.
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Dynamical strong-field effects in the XFEL spectroscopy of
astrophysically relevant highly charged Fe ions
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Max Planck Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg, Germany

Line intensities and oscillator strengths for the controversial 3C and 3D astrophysically relevant x-ray lines
in neonlike Fe!®" ions are calculated [1,2]. First, a large-scale configuration-interaction calculation of oscillator
strengths is performed with the inclusion of higher-order electron-correlation effects. Also, quantum electrody-
manic effects to the transition energies were calculated. Further considered dynamical effects give a possible
resolution of discrepancies of theory and experiment found by recent x-ray free electron laser measurements [3]
of these controversial lines. We find that for strong x-ray sources, the modeling of the spectral lines by a peak
with an area proportional to the oscillator strength is not sufficient and non-linear dynamical effects have to be
taken into account. Thus we advocate the use of light-matter interaction models also valid for strong light fields
in the analysis and interpretation of certain astrophysical and laboratory spectra. We also investigate the system
distinguishing between the coherent and incoherent parts of the emission spectrum. An influence of the spectrum
of Fe!>T, an ion which was also present in the recent laboratory experiment, is considered in addition.
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Fig. 1 The line strength ratio S3¢/S3p as a function of the intensity and duration 7 of the incoherent pulse [2]. For the shortest
pulses, results with three different bandwidths (B) are shown. The gray shaded area shows the experimental ratio 2.61 with its
error bar of 0.23 from the experiment [3].
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Transition Probabilities and lifetimes for Y 111
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The one-electron systems such as Rb-like yttrium ions because of their relatively simple electronic
structure can be served for testing theoretical methods and comparing with experimental values to results [1].
Transition probabilities in yttrium ions are needed for the determination of the chemical composition of the sun
and the stars in astrophysics [2]. Also, Y 111 can also be used for the diagnostics and modelling of the stellar plasma
[3,4]. Thus, the spectra of Y 11 in both atomic physics and astrophysics should not be ignored.

The present study includes to some results of electric dipole transition probability and lifetime for
doubly-ionized yttrium (Y 1l1). For calculations the weakest bound electron potential model (WBEPM) theory
and the quantum defect orbital (QDO) theory have been used. It has been employed both the numerical
Coulomb approximation (NCA) method and numerical non-relativistic Hartree-Fock (NRHF) wave functions
for expectation values of radii in the WBEPM theory. The energy values required for calculations in both The
WBEPM theory and the QDO theory are taken from NIST [5].The calculated transition probabilities and
lifetimes have been compared with available results [1,2,4,6-8]. A good agreement with results in literature has
been obtained.
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Excitation of Nitrous Oxide by Electron Impact
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The electron impact excitation of nitrous oxide was studied using the crossed beams electron induced
fluorescence apparatus (EIFA). Nitrous oxide has been the aim of studies for many years for wide variety of
reasons. Its role in the chemistry of the upper atmosphere is considered to be significant due to its contribution to
ozone decomposition [1]. It is significant in the field of astrophysics [2] as well as used in many technological
applications [3].

The experimental apparatus used for this study was described in detail in [4] and [5]. The electron beam was
generated by trochoidal electron monochromator with heated tungsten filament used as electron source [6]. The
energetic resolution of the electron beam was approximately 400meV and the electron current measured by the
faraday cup was 900nA and was within 5% of this value in the range from 4eV up to 100eV. The electron beam
was perpendicular to the molecular beam formed by effusive capillary. Due to the conditions in the reaction
chamber all the reactions were binary i.e. there were no three body collisions present. The optical system of
mirror and lenses guides and focuses the photons emitted in the deexcitation processes onto the entrance slit of
the optical monochromator and photomultiplier working in the photon counting regime serves as a detector.

The emission spectrum was measured at the incident electron energy of 50eV. At this energy most of the
excitation reactions lead to production of the electronically excited positive ion N,O" A*E. These species emit
photons with wavelengths between 330 and 410nm during deexcitation to the electronic ground state XIT (see
Fig. 1.) The vibration states were determined according to the [7].
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The photon efficiency curves (PEC) (see Fig. 2.) correspond to the relative cross sections of the processes of
electron impact excitation and subsequent deexcitation of the species. They were measured for the transitions
detected in the emission spectra and the threshold energies were determined by fitting the measured curves.

This work was supported by the Slovak Research and Development Agency, project Nr. APVV-0733-11 and the
grant agency VEGA, project Nr. 1/0417/15. This project has received funding from the European Union's
Horizon 2020 research and innovation programme under grant agreement No 692335.
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Thermal Mass Spectrometry of Fructose
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Glucose and fructose are isomers with the same gross formula CgH1,06, but different position of the
carbonyl group [1]. Using an experimental setup with an MX 7304A monopole mass spectrometer with mass
resolution better than AM = 1 Da [2], we performed a series of studies of fructose molecule mass spectra in the
mass range 10-190 a.m.u. at different temperatures and energies of the ionizing electrons. The obtained mass
spectrum of the fructose molecule at the energy E; = 70 eV is characterized by high fragmentation depth and lack
of the molecular ion peak as the parent molecule breaks down almost at the moment of ionization. The molecular
ion and the initial dissociation products are easily dehydrated, as most of the fragment ions are formed at the
elimination of one or two molecules of water. Fragments resulting from dissociative ionization of the molecular
ion, except [CH30]*, contain from 2 to 4 carbon atoms and an aldehyde group [CHO]". Relative intensities of
the ion peaks in the mass spectrum are highly dependent of the fructose molecule evaporation temperature.
Figure l1a shows the mass spectrum of the fructose molecule consisting of a series of mass with + 1 a.m.u.
increment due to the detachment of hydrogen atoms at different temperatures. As can be seen, besides the
[CH301" (m/z=31), [C,H30]" (m/z=43), [C;H,0,]" (M/z=60) [C3sHs0,]" (m/z=73), [C4H;03]" (m/z=103)
fragment peaks, characteristic of fructose which are the most intense in the series, an intense peak of water
[H,O]" (m/z=18) is observed. To find out the reason for its appearance we carried out thermal gravimetric
analysis (TGA) of the fructose molecule (Fig. 1b). The TGA curves show the presence of two phase transitions
at 322 and 357 K, and as can be seen from Fig. 1a, at these temperatures an intense mass peak of molecular
water is observed.

|
‘ ‘ 105
| ‘ ...................
801 ‘ ©1. pta
1 | DTA
‘ | 95 4
| .
60 | ;
| 90 - ]
= | : DTG ™., :
Ay | : s,
A Ele :
£ ol | ;. |
it ] ‘ 80
\ ] H \
75 4
= R |
\ ‘ }1' : AT 70
| l ‘ #Ib ” "‘;1020 &
P
B - ’J 3?1\&%0-‘ 65 ; . : . ; ! : : .
o L | e AR~ o 280 260 300 310 320 330 340 30 360 370
30 o0 30 + e
Sl S0~ CH.O:

T Kk 330 30 N CHO

Fig. 1 Mass spectrum of fructose molecule at different temperatures (a) and thermal gravimetric analysis DTA and DTG (b)

Noted that the crystalline fructose melting point is 103 +2° C and at T > 125° C the process of irreversible
decomposition of fructose begins with transition to the solid state (caramel). The thermal gravimetric analysis
enabled us to specify the optimal temperature range for the measurements and to develop a methodology for the
mass spectra measurements.
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Circular dichroism in photoionization of chiral systems by laser pulses
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It is well known, that chiral molecules exhibit a circular dichroism (CD) phenomenon, which can be used to
identify different enantiomers. The CD occurs due to the fact that chiral molecules interact with left and right
circularly polarized light in different ways. In the absorption spectra of the randomply oriented chiral molecules,
CD usually ranges between 1076 — 1073 of the total absorption. This value is very small, since CD is governed
here by the electric-dipole-magnetic-dipole interference terms. It has been predicted theoretically [1], that the
photoelectron circular dichroism (PECD) in the angular-resolved photoionization spectra of chiral molecules is
significantly larger, because it emerges already in the electric-dipole approximation. For one-photon ionization,
PECD has already been studied systematically in a number of theoretical and experimental works. Most of those
results are reviewed in the book [2].

Recently, experiments on the 2+1 resonantly enhanced multiphoton ionization (REMPI) of bicyclic ketones
[3,4] have been reported. It was shown that CD in the velocity map images of the photoelectron angular distribution
may achieve values of up to +10%. The theoretical interpretation of these experiments is much more complicated
than that for the one-photon ionization [5]. Up to now, only a few theoretical results have been published on this
topic and those experiments on multiphoton PECD are still uninterpreted. Here, we would like to close this gap.
Therefore, we first investigate the one- and two-photon ionization of a simple model chiral system by a circular
polarized laser pulse [6]. We compute the angular resolved photoelectron spectra and analyse the corresponding
PECD effect. Secondly, we discuss our results for the multiphoton PECD in the 2+1 REMPI of the camphor
molecule.

To this end, we have developed a theoretical approach which is based on the time-dependent single center
(TDSC) method [7]. In the method, the time-dependent Schrodinger equation for a single active electron, moving
in an effective molecular potential and driven by an arbitrary laser pulse, is solved numerically. The method
uses the TDSC expansion, which describes the one-particle wave function in spherical coordinates, as well as the
subsequent description of the radial functions by the finite-element discrete-variable representation (FEDVR). The
basis function in each finite element is represented by the normalized Lagrange interpolating polynomials which
are constructed over a Gauss-Lobatto grid. The short-interactive Lanczos method is used to propagate the resulting
system of equations for the time-dependent expansion coefficients.

For some orientations of a fixed-in-space model chiral system we achieve PECD values of up to 50% for the
PECD. For randomly oriented systems, the PECD is much smaller, on the order of 10%, which agrees with the
experimental results from [3,4]. For camphor, theoretical PECD reproduces the experimental one: both in the
magnitude and sign, as well as in the nodal structure [4]. Our study of the multiphoton PECD for bicyclic ketones
pave the way to a deeper understanding of this fundamental effect.
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Theoretical ab-initio study of inner shell excited molecular ions
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Molecular ions play an important role in the interstellar chemistry since they act as precursors in the
formation of larger molecule [1]. Molecular ions containing carbon are well known and have been identified in
the interstellar medium (ISM) a long time ago [2], conversely the observation of oxygen- and silicium-based
moleculear ions is much more recent [3,4]. The interest toward the first two categories of molecule comes from
their capability to form hydrocarbons or small organic acid and water respectively. For what concern the silicum-
based molecules, the detection of the Silylidyne (SiH) from Schilke, P. et al. [4] in the 2001 brings back the
spotlight to the possibility formation of silicon hydride from photodissociation of larger molecule in the ISM [5].

X-ray photoabsorption spectroscopy provides a powerful tool to study the chemical environment of different
types of systems going from small to more complex molecular ions and molecules. The spectroscopic studies of
these ions provide unique identification of atomic/molecular species and their relative abundances in
astrophysical environments.

In this context, we are interested in the simulation of K and L-shell photoabsorption spectra of molecular
ions containing the afore mentioned elements Carbon, Oxygen and Silicium. The calculations were carried out
using a combination of post Hartree-Fock and nuclear dynamics wavepacket propagation. In detail, we use the
Configuration Interaction (Cl) method to compute the potential energy surfaces of hundred of inner shell excited
states. In our calculations, the spin orbit coupling is taken into account through the Breit-Pauli operator. The
photoabsoption spectra were computed with a time dependent nuclear wave packet propagation which includes
the core-hole lifetime. In order to understand the spectra structure of the studied systems, we investigate the
nature of the electronic dipolar transitions.

The theoretical results compare quantitatively with the experimental ones and allow the attribution of the
experimental spectroscopic lines [6]. The proposed combined approach can readily be applied to other molecular
ions and opens new perspectives in the nascent field of the photoionization of molecular ions in gas phase.
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Positive ion detection from multiphoton dissociation of nitromethane at 532nm and 355nm laser radiation
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Nitromethane is still being an important molecule to analyze due to their intrinsic complex dynamic and its study
is yet incomplete. Also this molecule is quite gentle, in the sense, that with UV radiation from a commercial
laser it can be obtained an extensive dissociation and the formation of several ionic fragments by multiphoton
ionization. In the present work, high resolution mass spectrometry: Reflectron and TOF technique is used to
analyze dissociation channels of nitromethane. Nanosecond laser pulses of 2.33 eV and 3.49 eV are used for the
production of ions by multiphoton absorption, the density power (irradiation) range is in 10° — 10'* W * c¢m™
regime. The identification of 20 ions is presented; some of them not were being reported before.

In particular, the observation of masses, 1, 12, 15, 30, 31, 43 and 45 corresponding to the ions of H", C*, CH;",
NO", CH;0", CHNO" and CH;NO", is discussed with more detail.

The figure 1 shows the mass spectra for two different wavelengths: 532nm and 355nm. Selected significant ions
appear in bold. According with our results, some of the different dissociation paths which give raise these ions
are proposed.
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Fig. 1 Mass spectra at two different wavelengths

Using a different technique Masataka [1] suggests the existence of competing photodissociation pathways for the
formation of CH;0" mainly, however he points out that it is necessary the direct observation by spectroscopy
methods as it is done in the present work. On the other hand Kilic [2], using laser pulses at 375nm and 10ns
reports the observation of only large quantities of NO®, where the irradiation condition was 6 x10'° W * cm™.
Only with a fs laser pulse and irradiation of 1.8 x10° W * cm'z, he observes several ions including H', C*, CH;5",
NO" and NO,". In contrast to these results using 355nm and 6.5ns our spectra show larger number of ions than in
[2] including NO™. It is convenient to emphasize that in the range of irradiation 2.8 - 3.08 x10° W * cm?, there is
a substantial production of NO".

Regarding to 532nm, the two main features are: first for the production of NO* more resolution is needed, higher
than in the case 355nm, and the intensity of the signal is lower; second, the formation of ionic fragments with
large mass (30-57 amu) is more evident.

For the appearance of CH;0", we suggest that the formation of such ion is related with the roaming mechanism,
that has been propose by Arghya [3], and moreover in the work of Bowman [4] where a detailed study confirms
this probable pathway.
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Spin—Orbit Coupling and Rovibrational Structure in the Iododiacetylene
Cation by PFI-ZEKE Photoelectron Spectroscopy

Katrin Dulitz', Elias Bommeli!, Daniel Zindel', Frédéric Merkt'
1. Laboratory of Physical Chemistry, ETH Ziirich, Vladimir-Prelog-Weg 2, 8093 Ziirich, Switzerland

Haloacetylenes, H-C=C-X, and dihalodiacetylenes, H-C=C-C=C-X (with X = F, Cl, Br, I), are of interest
for the study of charge migration processes in molecules, because they contain both conjugated 7-type molecular
orbitals along the (C=C), molecular axis and 2p, ,-type atomic orbitals at the halogen end groups. Photoelectron
spectroscopy allows for a systematic study of the charge distribution in halogen-containing molecular cations, be-
cause the observed spin—orbit coupling is a direct measure of the electron-hole density on the halogen atom [1,
2]. In a previous study by our group, the rotationally resolved photoelectron spectrum of iodoacetylene, HCI,
was obtained using pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) photoelectron spectroscopy [2]. In the
X+ 211 electronic ground state of the HC,IT cation, the spin—orbit coupling is much stronger than the Renner-
Teller effect and effectlively quenches its vibronic interactions. A two-state charge-transfer model was applied to
haloacetylenes, HC,X, and provided a semi-quantitative description of the structure of the photoelectron spectra.
Here, we report on the measurement of the PFI-ZEKE photoelectron spectrum of the X 2IT +— X 'X* photoioniz-
ing transition in iododiacetylene, HC4I, which has been recorded with partial resolution of the rotational structure.
The first adiabatic ionization energy of HC4I and the spin—orbit splitting of the X* 2IT state of HC4I* are deter-
mined as Ef‘d /(hc) = 74470.7 cm ™! and AVso = —1916.7 cm ™!, respectively. The fundamental vibrational wave

numbers of several vibrational modes of the X 2IT electronic ground state of the HC4I* cation have been identi-
fied. We show that a simple three-state charge-transfer model allows for a qualitative description of the change in
bond lengths upon ionization, and of the electronic structure and spin—orbit coupling in HC4I™.
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Forbidden Electric Dipole Transitions in Hydrogen Molecule Ion

Petar Danev', Vladimir Korobov?, Dimitar Bakalov'
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blvd. Tsarigradsko ch. 72, Sofia 1142, Bulgaria

2. Joint Institute for Nuclear Research, 141980, Dubna, Russia

The spectrum of the lower ro-vibrational excitations of the hydrogen molecular ion Hz+ has been recently
evaluated with a very high precision [1,2]. It has been shown that the small natural width and the suppressed
sensitivity to external fields makes this ion suitable for a high precision time standard. In [3] the most appropriate
E1 and two-photon transition lines for such purposes were selected.

In the present work we extend the class of possible candidates with a detailed study of the so-called “forbidden
transitions”, i.e. transitions that are due to mixing of states with opposite parity under exchange in spite of being
forbidden by selection rules in the non-relativistic limit. The intensity of the forbidden lines is suppressed in
comparison to the allowed ones, but their study gives better and more complete knowledge of Hz+ spectrum as
well as a precise description of the lifetime and population of low excited ro-vibrational states of the hydrogen
molecular ion. The corrections to the wave function were calculated in first order of perturbation theory using the
Breit three particle Hamiltonian. Laser induced electric dipole transition rates between H2+ hyperfine levels were
computed and their possible use in metrology was analysed.

The authors (P.D. and D.B.) are gratefully acknowledging the support of grant No. DFNP 47/21.04.2016 of the
program for support of young scientists at BAS.
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X-ray Photoelectron Spectroscopy Study Spectra and Electron Structure
of Mono- and Binuclear Cu and Ni Complexes
with “Non-Innocent” Ligands

Tatiana Ivanova', Aleksei Sidorov', Stanislav Nikolaevskii', Michail Kiskin', Serguei
Savilov'?, Roman Linko®, Gennady Sapozhnikov®, Vladimir Novotortsev', Igor Eremenko’
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3. Peoples’ Friendship Universty, Moscow, 6 Mikluho-Maklaya st., 117198 Moscow, Russia
4. Physico-Technical Institute, Ural Branch, of RAS, Izhevsk, 85-31 Dzerzhinskogo Str., 426039 Izhevsk, Russia

X-ray photoelectron spectroscopy (XPS) method was used for the identification and study the charge state of
the metal center of the mono- and binuclear complexes of copper (I, II) and nickel (II) with “non-innocent”
ligands. The spectra M2p, M3s and M3p (M=Cu, Ni) and electron structure of the mono- and binuclear
complexes of copper (I, II) and nickel (II) were investigated. The difference between the states of metal atoms
had been determined both from the chemical shift and from the distinction of the satellite structure M2p, M3s,
M3p lines. Were discussed the results of comparative analysis of the binding energy of the inner levels M2p,
M3s and M3p and N1s nitrogen atoms and the effects of the electron density distribution in the free ligand
and complexes. An intense satellite structure was most noticeable for the Cu2p lines in the case of
paramagnetic complex, but not for nickel (II) the diamagnetic complex. It was determined that mononuclear
complex is a high-spin paramagnetic and diamagnetic complex there is binuclear. Mononuclear complex can
be represented as different types of resonant structures. XP-spectra of the samples at room temperature were
registered with Axis Ultra DLD spectrometer (Kratos Analytical) (non-monochromatic MgKa radiation, 150
W). The spectra were calibrated using Cls-line energy which refers to the C C/C H bonds; it was taken equal
to 285.0 eV. Measurements were done at least two times at a pressure of ~10-9 Torr. Spectral fitting was
accomplished using the Kratos Analytical package. The XPS data are in good agreement with the X-ray
structure analysis (XSA).
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Proposal for the formation of ultracold paramagnetic polar molecules
in their absolute ground state

D. Borsalino, E. Luc, N. Bouloufa-Maafa, P. Zuchowski and O. Dulieu
1 Laboratoire Aimé Cotton, CNRS, Université Paris-Sud, ENS Cachan, Université Paris-Saclay, 91405 Orsay Cedex, France
2 Instytut Fizyki. Uniwersytet Mikolaja Kopernika, Torun, Poland

Alkali-alkaline-earth dimers, such as RbCa and RbSr, possess (in their ground electronic state) both a
permanent magnetic and electric dipole moment in the molecular frame, allowing their manipulation with
external fields at ultracold temperatures. Such molecules have been proposed as candidates for quantum
simulators. We propose an efficient method combining a photoassociation step and a stimulated Raman process
to create ultracold RbSr and RbCa molecules in their absolute ground state, suitable for studying dipolar
interactions in quantum gases. Our model is based on new accurate quantum chemistry computations [1,2] of
potential energy surfaces of ground and excited molecular states and of relevant transition dipole moments of
these molecules. The results are in good agreement with recent low-resolution spectroscopic data recorded with
Helium nanodroplets [3].

In addition we determined the dynamic dipole polarizabilities for RbSr and RbCa, relevant for the optical
trapping of such molecules.
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Fig. 1 Scheme of the proposed scheme for creating ultracold RbCa molecules in their absolute ground state level :
photoassociation (PA) step followed by spontaneous emission, and stimulated Raman adiabatic passage (STIRAP) to
transfer the population of the weakly-bound level down to the lowest ground state level.
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Cold Ion-Neutral Reactions in
Next-Generation Ion-Atom Hybrid Traps
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Recent advances in the simultaneous (“hybrid”) trapping of cold ions and atoms enabled the study of ion-atom
interactions and reactions at very low collision energies. Details of the mechanism of chemical reactions and the
nature of molecular interaction potentials could be studied [1-4]. But so far, insufficient control over the collision
energy distributions impeded the study of effects with narrow dependencies on collision energy such as shape
resonances [5]. Here we present results from the extension of our hybrid trap setup with increased control over the
collision energies. Our hybrid trap consists of a linear Paul trap for atomic and molecular ions overlapped with a
magneto-optical trap for neutral rubidium atoms.

In the original setup, control over the energy of the ion-atom collisions was achieved by changing the number
of ions and shape of the ion crystal. Heating of the ions due to micromotion lead to large spreads of the collision
energies. In a new approach, we use a modified magneto-optical trap which allows the use of a dynamic atom
cloud. Radiation pressure differences in the cooling laser beams along one axis create atom clouds in off-center
positions. On-resonance push laser beams accelerate the atoms through the ion crystal after which the atoms
are recaptured in the opposite off-center position. By carefully tuning the cooling and push beam sequence and
intensities we are able to produce moving atom clouds with well-defined velocities in the lab frame. Using this
approach with ion strings on the rf null line of the ion trap, the collision energy resolution can be greatly improved.

A detailed characterization of the setup and analysis of the moving atom cloud with results from experiments
and Monte Carlo trajectory simulations are shown. We also present results from velocity-controlled collisions
between Ca™ ions and neutral Rb atoms. In a next step, following our pioneering study to introduce molecular
species in the hybrid trap [4], sympathetically cooled molecular ions will be studied using the new hybrid trap.
Starting with N; as a first test system, we will move on to state-selectively produced 02+ ions, for which we have
coupled the setup with a molecular beam machine.
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Towards Continuous Trap Loading of Helium in Rydberg States

Ondiej Tkag, Matija Zesko, Frédéric Merkt
Laboratory of Physical Chemistry, ETH Zurich, CH-8093 Zurich, Switzerland

Deceleration of atoms and molecules in pulsed supersonic beams using time-dependent inhomogeneous electric
and magnetic fields is an attractive method to generate cold samples [1,2]. Following deceleration, the cold
samples can be stored in traps for investigation by spectroscopy or for use as targets in scattering experiments.

The ability to load cold atoms or molecules in the trap from successive gas pulses would enable one to achieve a
higher phase-space density of trapped species. We present work pursuing this goal based on Rydberg-Stark
deceleration and trapping. The atoms or molecules are deflected from the original beam propagation direction
while being decelerated and are then loaded into an off-axis electric trap [3]. The radiative decay of the Rydberg
atoms or molecules then populates the ground electronic state or a metastable state. Superimposing a magnetic
trap onto the electric trap enables one increase the density of trapped species pulse after pulse. Since the trap
consists of combined electric and magnetic fields, the effects of these fields on the Rydberg states and the
Rydberg-Stark decel eration must be characterized.

We present experiments on triplet helium Rydberg states carried out to realise the trap-loading scheme described
above. We measured the spectra of transitions to Rydberg states of He around n = 30 in pure electric (Stark
effect) and magnetic (Zeeman effect) fields as well as in combined electric and magnetic fields at various
relative angles and strengths. The spectra were also calculated by diagonalization of the Hamiltonian matrix and
the avoided crossings between Rydberg states in the range of electric- and magnetic-field strengths relevant for
Rydberg-Stark deceleration and magnetic trapping were characterized. The results of Rydberg-Stark deceleration
experiments of triplet helium in the presence of a quadrupole magnetic field will be presented.
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A buffer gas cooled beam of Barium Monohydride for laser cooling
experiments

Geoffrey Iwata, Marco Tarallo, Rees McNally, and Tanya Zelevinky
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We present a cryogenic beam source of barium monohydride (BaH), and study laser ablation of solid precursor
targets as well as helium buffer gas cooling dynamics [1]. Such a molecular beam is amenable to laser slowing
and cooling, and we cover progress towards a molecular magneto-optical trap (MOT), with spectroscopic studies
of relevant cooling transitions in the B2L* < X?X manifold in laser ablated molecules. We include resolution
of hyperfine structure and precision measurements of the vibrational Frank-Condon factors. The B’Lt « X°%
can be combined with the first excited state transition (A?IT <— X2X) for complementary laser cooling and trapping
advantages: the former has a large magnetic moment that can result in stronger magneto-optical trapping forces [2],
while the latter is predicted to have more favorable decay branching ratios [3,4]. Finally, we examine the feasibility
of photodissociation of trapped BaH molecules to yield optically accessible samples of ultracold hydrogen for
precision spectroscopic measurements [4].
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Equation of state and generalized Lane-Emden models with laser cooled
gases
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The concept of an equation of state, the relationship between thermodynamic state variables such as pressure,
P, temperature, T, and volume, V, has evolved beyond the original formulation of Clapeyron for an ideal gas,
PV = NKpT. In astrophysics, the equation-of-state plays a central role in the study of stellar structure, where
hydrostatic equilibrium condition of a polytropic gas under the gravitational field and thermodynamic pressure
leads to the celebrated Lane-Emden equation [1, 2].

Here we extend the Lane-Emden formalism to experimentally determine the equation of state of a laser cooled
gas, by directly measuring the atomic density profiles of large magneto-optical traps. In our experiment, the
hydrostatic equilibrium condition is provided (in first order) by the balance between the harmonic confinement -
the analog of the gravitational force - and the thermodynamic pressure, cast in the form of a polytropic equation
of state. However, when the cooling lasers tuned close to the atomic resonance, multiple scattering of light occurs
and an additional collective interaction appears, due to the exchange of scattered photons with nearby atoms [3,
4]. In this regime, the atoms experience a Coulomb-like long-range interaction [5], therefore allowing to regard
the system as an effective one-component trapped plasma [6]. Thus, the condition of hydrostatic equilibrium
results in a generalized Lane-Emden equation, which encompasses the joint effects of harmonic confinement,
thermodynamics and radiation pressure due to multiple scattering of light. Here, we provide the experimental
evidence of the multiple scattering of light in the equation of state of a laser cooled gas and extracting the polytropic
exponent by fitting the density profiles to our theory.

The Lane-Emden formalism is, to the best of our knowledge, for the first time applied outside the context of
astrophysics. The results obtained here pave the way to the subsequent experimental investigation of more exotic
plasma-like processes in non degenerate cold gases. We have previously introduced the possibility of observing
effects like phonon-lasing [7], classical rotons [8], plasmon modes and Tonks-Dattner resonances [6, 9], photon
bubbles [10], the dynamical Casimir-effect [11] and twisted excitations carrying orbital angular momentum [12].
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Photoassociation of NaCa™ molecular ions in the electronic ground state
from cold atom-ion mixtures
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John A. Montgomery, H. Harvey Michels, Robin Coté
Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA

We present a theoretical study of feasibility of using photoassociation - via one or more intermediate states - for
production of (NaCa)™ molecular ions in its electronic ground state. We rely on post-Hartree-Fock methods and
effective core potential approach to determine the electronic structure of excited singlet states and transition dipole
moments. For the initial setup, we assume a mixture of cold trapped Ca™ ions immersed into an ultracold gas of
Na atoms. The (NaCa)* molecular ions are first photoassociated in the excited E'St electronic state and allowed
to spontaneously decay, either directly to the ground electronic state or to an intermediate state from which the
population is transferred to the ground state by the second laser. Our analysis of all possible optical pathways
suggests that the efficiency of two-photon photoassociation approach, with either B!+ or C!X* intermediate
state, is sufficient to produce significant quantities of ground state (NaCa)™ molecular ions. A single-step process
results in lower formation rates and would require either a high density sample or a very intense photoassociation
laser to be realistic [1]. The analyzed molecule is often considered a benchmark system in experiments involving
diatomic molecular ions. Consequently, positive results of our study suggest that photoassociation, as an optical
method of production of neutral ultracold dimers, could be extended to a number of molecular ions species.
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Fig. 1 Schematics of the optical pathways suggested for production of NaCa™ dimers in the electronic ground state.
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Rotation of quantum impurities
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We present the first systematic treatment of quantum rotation coupled to a many-particle environment. We ap-
proach the problem by introducing the quasiparticle concept of an “angulon” — a quantum rotor dressed by a
quantum field — and reveal its properties using a combination of variational and diagrammatic techniques. The
theory [1,2] can be applied to a wide range of systems described by the angular momentum algebra, from Ryd-
berg atoms immersed into Bose-Einstein Condensates, to cold molecules solvated in helium droplets, to ultracold
molecular ions.

In particular, the theory sheds light on experiments on non-adiabatic molecular dynamics inside superfluid
helium nanodroplets [3], which lacked even a qualitative explanation so far. Furthermore, we predict new features
in the rotational spectra of ultracold molecules and molecular ions due to their interaction with a Bose-Einstein
Condensate.
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The Cryogenic Storage Ring (CSR) [1] located at the Max-Planck-Institut fiir Kernphysik in Heidelberg is an
electrostatic storage ring with a circumference of 35 m in a fully cryogenic environment. Planned experiments
aim at investigating ground state properties and collisions of molecular and cluster ions with neutral particles or
electrons in the gas phase. By cooling the experimental chambers down to 6 K a residual gas density below 140
cm ™3 (< 10~'* mbar rte) can be reached which enables storage times of fast ion beams of several hours [1]. In
addition, stored molecules in the CSR can equilibrate with the cryogenic environment by radiative cooling via
infrared modes. First measurements on resonant photodissociation of CH™ ions in low-J rotational levels were
recently reported [2]. During the first cryogenic beam time the radiation field of CSR was measured by monitoring
the internal state populations of OH™ up to 1200 by observing the near-threshold photodetachment signal, similar
to previous ion trap studies [3]. For this measurement, a 60 keV OH™ ion beam was overlapped with a continuous
wave HeNe laser (633 nm) and a pulsed, wavelength tunable OPO laser using wavelengths between 680 to 709
nm. Neutral particles created by laser-induced photodetachment leave the closed orbit of the ring and are recorded
by a microchannel-plate detector in the cryogenic zone. To correct for the ion-beam lifetime and other ring effects
the neutral rate induced by the OPO laser is normalized by the rate induced by the HeNe laser. By varying the
wavelength of the OPO different rotational states are detached. The normalized neutral count rates for various
wave numbers V (see Fig. 1) are then fitted by a cooling model combined with a probing model. The fits shown
include spontaneous and induced radiative transitions between rotational levels in the vibrational ground state only.
The model reveals the evolution of the rotational level populations in J=2, 1 and 0, showing a J=0 equilibrium
population of >90%. The determination of the relative photodetachment cross sections from this measurement is
under study.
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Fig. 1 Normalized neutral count rate of photodetached OH measured over storage time at different wavenumbers. The data
were fitted after 50 s (black vertical line) by a model indicating a J=0 equilibrium population of >90%.
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The high complexity of molecular matter-waves makes them very sensitive to external perturbations originating,
for instance, from electric fields or single photons. These can be exploited to study internal properties of the
molecules and differentiate between constitutional isomers [1,2]. However, in order not to bias the results it is cru-
cial to characterize the interaction between the matter-wave and the beamsplitter very precisely. This is especially
true for mechanical gratings.

Here, we study the diffraction of polar and non-polar molecules at nano-mechanical gratings. The velocity-
dependent broadening of the individual diffraction orders is explained by phase averaging due to the interaction
between a permanent dipole moment and charges in the grating. While this effect is moderate for a conducting
membrane made of amorphous carbon, it leads to complete decoherence of the matter-wave diffracted at insulating
silicon dioxide. The results explain the partial decoherence of the biomolecule hypericine in molecular far-field
diffraction and set constraints to matter-wave experiments with molecules of biological interest.
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The study of fragmentation dynamics of charged biomolecules, and in particular amino acids, is of great interest
to better understand the processes of biological damage by irradiations. Theoretical methods combining both a
full exploration of the potential energy surface and ab initio Molecular Dynamics (MD) have been recently
carried out [1-3] and are able to reproduce the observed fragmentation patterns and to get insight in the different
competing mechanisms (coulomb explosion, isomerization, emission of neutral fragments...).

In this work we will present a comparison of different methodologies that can be used to describe the
dynamical processes: from very expensive Time-Dependent Density Functional Theory (TD-DFT) calculations
based in Ehrenfest dynamics, where electrons are extracted from specific inner orbitals[4], to ab initio MD in the
ground state based in the Car-Parrinello method (CPMD)[5] or Atom Centred Density Matrix Propagation
(ADMP)[6] as well as Self-Consistent Charge Density Functional Tight-Binding approach (SCC-DFTB)[7], we
have also considered the role of different excited states using Non-Adiabatic Molecular Dynamics (NAMD)[8].

For this study we have chosen L-alanine as the simplest amino acid. Due to the small size of the system it is
possible in the case of the computationally less expensive methods, as DFTB or ADMP, to run hundreds of
trajectories lasting up to some hundreds of femtoseconds and consider different internal energies. From these
calculations most of the channels observed in the experiments can be reproduced and a full simulation of the
coincidence spectra can be obtained. We will also analyse the importance of the initial conformation of the
amino acid and its spin state (singlet or triplet). These results will be compared with the ones obtained with more
expensive methods such as CPMD. The role of specific orbital excitation will be analysed by comparing with the
TD-DFT results.
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Hadron therapy is radiation therapy using strongly interacting particles [1]. A better depth dose profile of the
energetic ion beam (Bragg peak) has proven its superiority over gamma radiation for killing cancer cells
selectively [2]. With the advent of these ion-beam cancer treatments [3,4], the interaction of biomolecules with
ionising particles (X- rays, electrons, ions) in the gas phase has become a fundamental technique to investigate
the radiation damage of biological tissues at the molecular level [5-7]. In biological tissues the damages
produced in the biomolecules are not only caused directly by the particle-matter collision but also by radicals and
secondary particles created after the fragmentation of different chemical species along the ionisation path [8,9].
This underlines the importance of a proper description of the fragmentation mechanisms after electron removal.
Thus, studying the behavior of the amino acids after interaction with highly charged ions gives valuable
information for the hadron therapy treatment based on ion beams at a molecular level.

In this communication we present recent results on fragmentation of small lineal amino acids, doubly-positively
charged in the gas phase, NH,—(CH,),~COOH: n=1 glycine [10]; n=2 b—alanine [11] and n=3 g—aminobutyric
acid GABA [12,13]. Experimentally, we obtain the data in the gas phase for neutral molecules in collisions with
low-energy highly charged ions. State-of-the-art multi-coincidence detection mass spectrometric techniques are
used to determine the charge state of the molecule before fragmentation. The experimental data are analyzed by
means of quantum chemistry calculations. In particular, ab initio molecular dynamics simulations of the excited
and charged species provide valuable information on the fragmentation mechanisms; further exploration of the
potential energy surfaces with the density functional theory calculations allows us to obtain energetic and
structural information on the most populated dissociation channels.

Our results [10-13] have shown that in competition with the expected Coulomb explosion, the doubly positively
charged lineal amino acids present several de-excitation mechanisms. In particular, hydrogen migration and
hydroxyl group migration, together with ring formation, are mechanisms that appear in the femtosecond
timescale, and lead to unusual fragmentation products.
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In recent years there has been a significant interest in the understanding of damage processes of DNA, also
induced by low energy electrons (LEES). lonizing radiation releases a large amount of secondary electrons in
human cells. These electrons possess kinetic energies up to a few of tens of eV [1]. In this energy range electron
ionization as well as electron attachment could cause chemical transformation in biological tissue. Investigations
by Sanche and co-workers [1] indicated that these LEES can induce single and double strand breaks in a film of
plasmid DNA upon dissociative electron attachment (DEA). In the process of DEA an electron attaches
resonantly to a molecule leading to the formation of a transient negative ion which then may decay into a stable
anion and neutral(s) upon the fragmentation of the molecule. This dissociation can be fast and often has only
spontaneous electron emission as competitive channel. A large number of studies on electron ionization and
electron attachment to various simple biomolecules (e.g. DNA bases, sugars, amino acids) in the gas phase have
been carried out [2]. Thereby, it turned out that single biomolecules in the gas phase often substantially
decompose upon electron collisions. In addition, DEA is a site selective process, i.e. only certain bonds are
cleaved in a molecule after capture of an electron with specific kinetic energy [3].

However, in order to understand radiation damage of complex matter it is highly important to understand

how the fragmentation process of biomolecules is modified by a surrounding environment.
In the present study we used biomolecular clusters to observe electron induced reactions in DNA [4]. We chose
biomolecules as pyrimidine (C4H4N,), tetrahydrofuran (C4;HgO) and triethylphosphate (CeHi504P) as model
compounds of DNA building blocks. Clusters of these compounds were produced via supersonic expansion of
the biomolecules into vacuum and crossed with a low energy electron beam. Adding water vapour to the
expansion led to efficient formation of micro-hydrated biomolecules. Cations and anions formed were analysed
by mass spectrometry. Our cluster studies with pyrimidine [4] confirmed a recent postulate [1] how a single LEE
can induce a double strand break in DNA.
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Electron-impact ionization of ions is an important atomic collision process in many plasma environments.
For many-electron systems, ionization results from a complicated pattern of ionization mechanisms involving
electrons from many atomic subshells. Even today, this makes the task of its correct theoretical description and,
therefore, adequate modeling of corresponding plasma environments challenging. Besides the widespread use in
numerous applications xenon ions with their many-electron atomic structure are attractive objects of experimental
and theoretical studies for detailed investigations of the roles of the various ionization mechanisms.

Previous studies on ionization of xenon ions revealed that the main mechanisms contributing to the single-
ionization cross section are direct ionization (DI) and non-resonant excitation-autoionization (EA). For intermedi-
ate charge states, resonant processes such as resonant-excitation double autoionization (REDA) yield significant
contributions, in addition. The relative importance of these processes was found to increase with increasing charge
state up to 17+ [1,2]. Here, we report on experimental measurements and theoretical calculations of the cross
section for electron-impact single-ionization of Xe?** ions [3]. The measurements were performed using the
crossed-beams method. For the cross-section calculations the fine-structure level-to-level distorted-wave approach
was used as implemented in the Flexible Atomic Code (FAC). The calculations comprised DI, EA, as well as
REDA processes. A special effort was made to assess the roles of resonant and non-resonant excitations to high
n,¢ subshells with the goal to include all relevant partial cross-section contributions. The total ionization cross
section turned out to be dominated by the indirect ionization processes. Figure 1 shows the comparison of the
experimental and the theoretical results in the energy range where significant contributions by REDA occur.
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Fig. 1 Cross section for electron-impact ionization of Xe?** ions in the energy range where REDA processes make significant
contributions [3]. Symbols represent the experimental data. The solid (red) curve is the result of the theoretical calculation.
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Within the scope of the FAIR project, i.e., the extension of the present accelerators at the GSI-Helmholtzzentrum
fiir Schwerionenforschung in Darmstadt one of the first new installations will be the low-energy heavy-ion storage
ring CRYRING@ESR. CRYRING was formerly located at the Manne-Siegbahn laboratory in Stockholm, and
was recently transferred to Darmstadt [1]. The combination of the powerful accelerator chain at GSI/FAIR that
can deliver highly charged heavy ions up to bare uranium as well as artificially synthesized radioisotopes with a
dedicated low-energy cooler storage ring allows a long list of fascinating physics topics in the realms of nuclear
physics, biophysics, material science and atomic physics to be addressed. In atomic physics, experiments at an
internal gas-jet target, at a MOT target, with laser spectroscopy and ion-ion collisions are envisaged [1,2].

In addition, for collision studies between circulating ions and free electrons two main experimental sites that
complement each other are envisaged at CRYRING@ESR: Firstly, the CRYRING electron cooler (Fig. 1) used
as merged-beams electron target for precision collision spectroscopy utilizing the resonant process of dielectronic
recombination [3,4]. The main advantage of the CRYRING electron cooler over the setup at the ESR is an electron
beam that is substantially colder, in particular in the transverse direction. As a consequence, a boost in resolu-
tion, accuracy and sensitivity is expected [2,3,4]. Secondly, a dedicated electron target that operates in transverse
collision geometry and that will be optimized with respect to photon and electron spectroscopy is presently being
constructed [5,6,7]. In contrast to the cooler setup, a crossed-beams arrangement allows one to easily access the
interaction region for spectroscopy. The transverse target thus opens new opportunities to study electron-impact
phenomena such as excitation, ionization or recombination. Observations are not influenced by the presence of a
target nucleus, as is the case for gas-jet targets. Processes like kinematic electron capture (’non-radiative capture”,
NRC) or proton-impact excitation are absent by design.

Fig. 1 Electron cooler at the CRYRING@ESR facility.
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Multipole magnetic shielding constants of the ground state
of the relativistic hydrogenlike atom: application of the Sturmian
expansion of the generalized Dirac—Coulomb Green function

Grzegorz Lukasik, Radostaw Szmytkowski
Atomic Physics Division, Department of Atomic, Molecular and Optical Physics, Faculty of Applied Physics and Mathematics,
Gdarisk University of Technology, Narutowicza 11/12, 80-233 Gdarisk, Poland

The knowledge of the Dirac—Coulomb Green function is required for many physical problems. Among several
well-known representations of that function, a particularly convenient one is that in the form of the Sturmian ex-
pansion, constructed in [1]. It has been already used to derive closed-form expressions for various electromagnetic
properties of relativistic hydrogenlike atoms in electric or magnetic multipole fields (see, for instance, [2,3]).

Consider a relativistic hydrogenlike atom. Within the framework of the perturbation theory, one can calculate
the magnetic field at the nucleus:

B~BY + B, (1)

where B is the magnetic field in the unperturbed atom, while
B = —o, BS" (2)

is the first-order approximation to the induced magnetic field, proportional to the perturbing external 2--pole
magnetic field B{". The factor oy, is the multipole magnetic shielding constant.

Using the Sturmian expansion of the generalized Dirac—Coulomb Green function [1], we derive a closed-form
expression for the multipole magnetic shielding constant of the ground state of the Dirac one-electron atom placed

in a weak, static, 2F-pole magnetic field. For L = 1 (the magnetic dipole field), we obtain

o7 241 +6% —Tn — 12)

o1 = 3
: 2n(n+1)2n—1) ©)
while for L > 2 we find
2 L+1)(v+n) L, 1,.—-n-L
= —_ 2Z F ’ ’ ;1
oL 2 - n-D P\ -+ L mtn—L+1

— L(Y+1+M) JFy ( —L 1L, ypi—n—-L 1)] @
(L+2)(Yes1+n—L) Y -7+, e+ —L+1 )

where ¥ = 1/ k% — (Z)? (o is the Sommerfeld’s fine structure constant) and 3 F> is the generalized hypergeometric
function. Equation (3) confirms previous results [4-6], while Eq. (4) is much simpler than its counterpart in [4].
It is worth to emphasize that the 3/, functions in Eq. (4) are truncating ones and consequently for each particular
value of L > 2 the formula for 6; may be expressed in terms of elementary functions.
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Multiple Electron Processes in Helium impacted by H, He** and Li** Tons
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Collisions of bare ion projectiles impacting on He atoms are the simplest systems for investigation of
single and multiple electron transitions. The study of these collisional systems is crucial to fully understand the
mechanisms underlying these basic reactions. Moreover, they are of interest in several fields such as heavy-ion
therapy [1], thermonuclear fusion [2], hot plasmas [3], etc.

In this work, multiple electron processes (single and multiple ionization, single capture, transfer-
ionization) of He targets impacted by H', He?" and Li*" projectiles are analyzed theoretically in detail at
intermediate and high collision energies. Absolute cross sections for these processes are obtained by computation
of transition probabilities as a function of the impact parameter in the framework of the Continuum Distorted
Wave-Eikonal Initial State theory (CDW-EIS) [4]. A binomial analysis is employed to calculate exclusive
probabilities using the independent electron (IEL) model, where static and dynamic correlations are neglected
[5], as well as the independent event (IEV) model, in which the ionization is viewed as a two step process [6]. It
is worthy to note that only exclusive probabilities are able to describe properly the measured cross sections
taking into account all possible processes. Total single electron ionization cross sections as a function of the
incident projectile energy for H™ impacting on He targets are displayed in figure 1.
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Fig. 1. Total single electron ionization cross sections as a function of the incident energy for H* impacting on He targets.

The comparison with the available theoretical and experimental results shows that exclusive
probabilities are needed for a reliable description of the experimental data. The total cross sections within the
IEV model and using exclusive probabilities are in better agreement with the experimental results than previous
IEV calculations. The developed approach may be used to obtain the input database for modeling multiple
electron processes of energetic charged particles passing through matter.
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Studying plasmonic effects in diamondoid-metal hybrid systems with ion
yield spectroscopy
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Plasmon resonance effects can enhance radiative emission rates in fluorophores in the vicinity of metal surfaces.
Applications such as surface enhanced Raman spectrosopy make use of this effect [1]. The combination of metal-
lic nanoparticles with molecules enables tailoring of hybrid systems with optical properties optimized for such
purposes.

Diamondoids are UV luminescent sp3 hybridized carbon nanostructures that are perfectly size- and shape-
selectable in their neutral form [2,3]. Due to their sizes and structures being well defined, diamondoids enable
direct comparison of experimental investigations with theoretical calculations. The optical properties of small
metal clusters in a size regime where every atom counts largely depend on electronic and geometric shell closures.
As a result, characteristics like absorption onset and electronic resonances can strongly vary between sizes. The
combination of both diamondoids and small metal clusters gives the opportunity to study resonance effects in
small hybrid systems. By this means, fundamental aspects like the influence of the matching between plasmon
resonances of the metal particles with electronic transitions of a luminescent molecule can be analyzed.

We synthesized hybrid systems of diamondoids and metal clusters and studied their absorption in a linear
trap, using ion yield spectroscopy. With this technique, the absorption of both the hybrid cluster and the isolated
constituents can be compared. First results will be presented.
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Interatomic Coulombic decay in small helium clusters:
a diatomics-in-molecule approach
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Interatomic Coulombic decay (ICD) is an ultrafast non-radiative electronic decay process which can occur in
many polyatomics systems (such as rare gas clusters [1] or hydrogen bonded clusters [2,3]). In the case of helium
clusters, one atom is both excited and ionized and its excess energy is transferred to a neighboring atom, ionizing
it, as shown on Fig. 1. After the decay, the cluster contains two He™ ions, and dissociates due to Coulombic
repulsion. This process was predicted in 1997 by Cederbaum et al [4], and experimentally demonstrated in 2003
for neon clusters, by Marburger et al [5] and Jahnke et al [6].

Our work focuses on ICD in small helium clusters which are peculiar quantum systems: owing to the weak
interactions between the atoms and their low mass these systems exhibit remarkable interatomic distance distribu-
tions. For example, the pair distribution function of the helium trimer spreads up to 15 A and the mean interatomic
distance is predicted to be around 9.6 A. Small helium clusters thus allow to gain insight into the ICD process over
a considerable range of distances and geometries.

We have developed a diatomics-in-molecules approach for the description of ICD in rare-gas clusters [7-10].
Combined with a surface-hopping algorithm specifically designed for ICD, this method is used to compute the
nuclear dynamics (before and after the decay) and the decay rates (inverse of the lifetime of the excited state). The
latter depend strongly on the distance between the atoms and consequently on the geometry of the cluster. We
will illustrate the method on the example of the helium trimer [11]. Additionally, the kinetic energy distribution
of the ionic fragments and the lifetime of the excited helium ion within the cluster will be presented for clusters
containing up to ten atoms.

He** He He* He*

ICD

<

Fig. 1 ICD in helium dimer. After simultaneous ionization and excitation of one helium atom, this excited ion relaxes and
transfers its excess energy to a neighboring helium atom, ionizing it. Due to Coulombic repulsion, the system fragments.
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The Impact of the Guest-Water Interaction on the Cage Occupation and
Spectra of the sI CO, Clathrate Hydrates
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The interest in CO, hydrate is driven in part by the possibility of trapping and storage of this greenhouse gas
from the atmosphere and control climate change, as well as due to its interest in astrophysics. Thus, quantitative
understanding of physical and chemical properties, on both macroscopic and microscopic levels, is essential in
several areas of physical science. The confinement of a molecule into a cage leads to the quantization of the
translational (T) degrees of freedom of its center of mass, and well as to its rotational (R) and vibrational (V)
states. This allows the investigation of the dynamics of the guest molecule, and the effect of the size, shape, and
composition of the host cavity, as well as the occupancy and identity of the trapped molecule/s. The occupancy
of the sI and sH CO; clathrate hydrates has been studied experimentally by X-ray, powder X-ray, and neutron
diffraction methods [1], while spectroscopic characterization of the sI and sIl CO, clathrate hydrates has been
reported via Raman, solid-state NMR, and the infrared (IR) spectroscopy [2].

These experimental studies motivated us to develop quantum methodology for rigorous calculations of T-R-V
energies of a nanoconfined CO; molecule inside the polyhedral cavities of simple clathrate hydrates [3] within the
multi configuration time-dependent Hartree (MCTDH) framework [4]. We employed semiempirical and ab initio-
based potential surfaces evaluating their quality by direct comparison with the available experimental data. It was
found that the rotational ability of the CO, is hindered in the small cavities (5!2), while in the large cage (51262)
translational and rotational degrees of freedom are highly coupled. By analyzing the corresponding T-R eigen-
states, we established a connection with experimental X-ray measurements on the orientation of the CO, molecule
in each cage [1]. Further, vibrational excitations of the fundamental symmetric (v;) and antisymmetric (V3) stretch
modes, their overtones, and combination bands are computed from 7D quantum calculations. We found significant
frequency shifts, which are comparable to those observed in the double-peak profile of the experimentally recorded
infrared spectra, for the '>CO,, 13CO,, and '®OCO isotopes trapped in the small and large cages of the sI clathrate
hydrate (see Fig. 1). The agreement with the measurements from recent spectroscopic studies of carbon dioxide
clathrate hydrate at low temperatures supports a CO, single occupation of the sl structure cages, allowing an as-
sessment of the theoretical approaches employed. As the results obtained from a quantum mechanical treatment,
the differences can be understood in terms of the nature of the interactions, and the insights gained are applicable
in other clathrate hydrates or inclusion compounds.
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Fig. 1 Comparison between the FTIR spectra [2] for the sI CO; clathrate hydrate with the corresponding energy levels from the
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7D MCTDH calculations [3] (see vertical sticks) for the indicated CO, isotope in the small (5'2) and large (5'267) cages.
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Production of polyanionic lead and tin clusters and
study of their electron emission, dissociation and fission
upon photoexcitation
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During the last couple of years the Penning-trap setup ClusterTrap [1,2] has been further extended for studies of
the production and properties of poly-anionic metal clusters [3,4], focusing mainly on the elements aluminum
and gold [5, 6]. Recent experiments reached out to further elements including lead and tin.

Mono-anionic clusters were produced in a laser vaporization source and were transferred and captured in a
12-Tesla Penning trap. As previously for other elements, the clusters were size selected and exposed to an
“electron bath”: By shooting primary electrons axially through the trap, argon buffer-gas atoms are ionized. The
argon cations immediately leave the trap while the secondary electrons stay stored and can attach to the clusters,
thus forming polyanions — provided they overcome the repulsing Coulomb barrier [3]. The reaction products are
analyzed by ejection from the Penning trap and time-of-flight mass spectrometry.

The measurements as a function of cluster size yield the appearance sizes for doubly and triply charged
anionic clusters. In addition, and unlike the clusters of other metals, the small lead and tin clusters show distinct
dissociation patterns, with very prominent peaks at specific cluster sizes, e.g. the (monoanionic) decamer and the
clusters with ten atoms less than the precursors.

counts/ cycle
[ ] L5 ] +a
T T T

=y
|

o

06

counts/ cycle

| : T
. IR UV B0 W Y ¥ P

0 5 10 15 20 25 30 35 40
cluster size [n/z]
Fig. 1. Time-of-flight mass spectra after photoexcitation of mass selected mono- (top) and dianionic lead clusters (bottom).

These clusters are also dominant in photodissociation spectra of small dianions, e.g. Pbss (Fig. 1 bottom) where
the monoanion decays by evaporation of neutral monomers (Fig. 1, top). Apparently, there is a third decay
pathway of polyanionic lead and tin clusters, in addition of electron emission and neutral atom evaporation:
Fission into two (charged) smaller clusters. The experiments are still ongoing and will be extended with respect
to further charge states, including cationic species.
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Confinement-Induced Off-Center Displacement in Endohedral Fullerenes
within the Zero-Range Potential and the Dirac ’Bubble” Models
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The object is “endohedron”: a fullerene with an atom (confined atom) trapped inside the carbon spatial hollow
cage. Some experiments and calculations have demonstrated that the geometry of an endohedral system with an
atom guest positioned at the center is not energetically preferable. The physical mechanisms leading to the off-
center displacement of an endohedral atom are still under discussion. In the work [1] it has been shown that the
equilibrium position of an atom in a impenetrable spherical cavity, which was mimicked by a Zero-Range Potential
(ZRP), is off-center positioned as soon as the attractive interaction of an active electron with an atom core occurs
to be strong enough. In the present study a more realistic description of the carbon fullerene shell are used - the
Dirac ’bubble” potential ( Vo, r(r) = f% O(r—R); B is the strength parameter, R is the fullerene radius, and the
ZRP approximation for the interaction of an active electron with an endohedral atomic core is kept. The question
is: does the tendency to take the off-center equilibrium position under the some strength parameters conditions
survive?

Mathematically the ZRP model casts the boundary condition on the electron Green’s function [2] at the point

Fp where the interaction potential is located: |27 G(¥,7y; k) = —a. The parameter o characterizes the

_ #}

7ol |77,
interaction strength. This is the transcendental equation that defines spectral parameter k, i.e. the active electron
state energy E = %kz. The latter is a function of the system parameters: E(ro,R,, 3). Note, the energy E might
be positive (for real k) or negative (for imaginary k).

In the present work the Green’s function of an active electron is constructed for the model, and it is obtained

that the transcendental equation in terms of spherical Bessel functions of the first and third kinds - j (z),h;l)(z) -
takes form:
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This provides a required potential curve E,q(rp), the effective potential in which an endohedral nucleus moves
in the spirit of the Born-Oppenheimer, or, more exactly, the adiabatic approximation. It is shown (fig.1) that the
potential curves for imaginary k have a minima at at the ro > 0 for some parameters @, f3. The equilibrium position
of an endohedral nucleus is shifted from the geometrical centre of a fullerene (off-center displacement). Since the
both models accepted here (ZRP and Dirac ’bubble”) dictate only the exact boundary conditions (for construction
of a spherical cage geometry) and two strength parameters (& and 3, for characterization of the interaction forces)
they grasp the only main features of the system. When the off-center displacement occurs, we can speak about
’spontaneuos breaking of symmetry” in the sense that it has been introduced in [1]. The effect is induced directly
by the confinement existence and by its existence itself.
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Fig. 1 Adiabatical potential curves as function of strength parameters.
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Molecular clusters are known to exist and nucleate in the atmosphere [1-3], where small water clusters con-
tribute to light absorption [4]. Molecules such as NH3z, H»SO4 and organic molecules form small mixed clusters
with water, and these act as condensation centers in the upper atmosphere [5]. We study hydrogen-bonded clusters
as a prototype for chemical processes in the atmosphere. In the literature these clusters are mainly reported to
exist in protonated form as cations [6], whose origin is likely the result of fast proton transfer following ionization,
before fragmentation has time to occur [7]. Previous experimental work reported the observation of protonated
mixed ammonia/water clusters (NH3)m(H20)nH+) in three distinct (m,compositions) n, and a shell structure
was proposed for these binary clusters [8].

In this work, we investigate the fragmentation of singly and multiply charged clusters of pure water or water-
ammonia prepared by soft X-ray ionization. The experiments were performed at the 1411 beamline, at the MAX-
lab synchrotron facility in Lund, Sweden. The cluster beam was produced via adiabiatic expansion, which allows
us to tailor both the cluster composition and size distribution. The cluster beam intersected the photon beam in
the interaction region of a 3D ion momentum imaging spectrometer [9]. Charged photofragments were measured
over a 47 solid angle, and the (coincident) mass spectra analyzed after core-electron ionization at the nitrogen and
oxygen ls absorption edges.

The experimental results indicate that the fragment (m,n) composition depends on the expansion conditions
of the cluster source. Under certain conditions, this fragment composition differs from that in the previous work
using a corona discharge source [8]. A higher photon energy leads to an increase of internal energy within the
cluster, thus opening more fragmentation channels and decreasing the average fragment size. The photon energy
can be tuned close to either the Nitrogen or Oxygen ionization edges, creating an element-selective localized hole
state that rapidly evolves to multiple ionization via electronic relaxation. We study the charge separation processes
after core ionization by looking at the Coulomb explosion of small mixed clusters. The cluster size dictates the
maximum possible distance between two charges. At a critical dication size, the inter-molecular binding force
exceeds the repulsive Coulomb interaction. This critical size has been reported for pure water clusters [10] and
pure ammonia clusters [11], but not for mixed clusters. We compare the experimentally observed critical size of
the mixed cluster with both values.
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Modelling ion/atom impact on complex molecules and their clusters:
prompt atom knockouts and molecular growth processes
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Recent combined experimental and theoretical studies have demonstrated that prompt atom knockout is
important in Rutherford-like scattering processes when PAHs, fullerenes, or their clusters are exposed to
energetic ions/atoms [1,2,3]. Such processes yield highly reactive fragments, which can efficiently form new
covalent bonds with other molecules, e.g. in a cluster environment [4,5]. This type of energetic processing of
molecular systems by atoms or ions can be of importance for our understanding of e.g. the origin and evolution

of molecules in space [6].

Here we will present an overview on how we model such impulse driven reactions in isolated molecules and
their clusters [6]. As part of this we will show recent results for keV-ion impact on butadiene clusters and low

energy collisions between porphyrin ions and noble gas atoms.

We have performed classical Molecular Dynamics simuations with the LAMMPS software to model entire
collision sequences, i.e. the initial knockout event and the subsequent fragmentation or molecular growth
processes inside molecules and molecular clusters. Results for isolated coronene are showed in Fig. 1, where the
color and size of each point represents the angular dependent threshold displacement energy calculated with the
Tersoff potential [7] for the four unique atom positions in coronene [8]. We are currently performing such

calculations for porphyrin ions, which will be presented at the conference.

DisplacementfEnergy [eV]
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Fig. 1 Displacement energies for three unique carbon-, and one unique hydrogen-, positions in coronene as
calculated with the Tersoff potential [7].
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Theoretical Study of the 5p°nin’'I'n"'I'' LSJ Autoionizing States of Ba
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The calculations of excitation energies, electron impact excitation cross sections, autoionization probabilities and
Auger decay yields of 5p°nin'l'n"l" LSJ autoionizing states of Ba atoms are performed for the first time by using
large scale configuration interaction (CI) approach. For the basis of radial orbitals in CI, the numerical solutions
of Dirac-Fock-Slater equations were used [1]. In order to optimize the local central potential including the
approximated exchange part, singly excited configurations 5p®6snl (nl = 4f, 5d, 6p, 6d, 7s — d) were used. The
following singly excited 5p®6snl (nl = 4f, 5d — g, 6p — g, 7f, 7g and n = 7 — 10, | = 0 — 2) and 5p-core excited
5p°nin'l'n"l" (nl = 54, 6s; n'l' = 4f, 5d, 6s — d, 7s — d) states were used to take into account the correlation effects.
The total number of both even and odd states included into calculation was 10199. The same basis set was used
to calculate excitation cross sections. For the calculation of autoionization probabilities, it was supplemented
with 5p°nl (nl = 5d, 6s — d, 7s, 7p) configurations of Ba* to include the most important Auger decay channels. In
the case of autoionizing states with excitation energy greater than 21.04 eV, the 5p°5d®* and 5p°5d6s
configurations of Ba* were also added to include additional energetically allowed decay channels.

For comparison of present data with other spectroscopic data, a transformation of the expansion coefficients
of wave functions from jjJ to LSJ coupling scheme of angular momenta was performed [2]. The classification of
calculated levels was performed by using the largest expansion coefficient of the LSJ coupling scheme. As the
first expansion coefficient of particular states was used for other levels, the second or even third coefficient was
chosen. Calculated results were used for the identification of measured ejected-electron spectra from electron
impact excited Ba atoms [3]. For a number of lowest excited states, the comparison of calculated and measured
excitation energies is presented in Table 1.

Table 1. Comparison of calculated E., and experimental E., [3] excitation energies (in eV) of the 5p°nin'l'n"l"
LSJ states of Ba.

nln'l'n"l" LSJ Eeu Eeo nln'I'n"l" LSJ Eea Eey

5d6s? °P, 15.603 15.61 5d*C°F)(°F)6s °Fs 16.822 16.72
5d6s? °P 15.790 15.81 5d2(°P)(*P)6s °P; 17.109 16.84
5d2CF)(‘D)6s °D; 15.820 15.90 5d%('D)(*D)6s *Ds 17.178 16.92
5d2CF)(“D)6s °D, 15.858 15.91 5d*C°F)(“F)6s °F, 17.221 17.01
5d2C°F)(“D)6s °Ds 16.091 16.09 5d%('D)(?P)6s *P, 17.280 17.10
5d6s °P, 16.121 16.17 5d6s? °Ds 17.698 17.19
5d6s? °F, 16.267 16.26 5d%('D)(*P)6s P, 17.852 17.34
5d6s? °Fs 16.350 16.31 5d*("D)(?F)6s °F; 17.875 17.44
5d6s? 'D, 16.477 16.40 6s%6p °P, 17.970 17.61
5d2C°F)(‘D)6s *D; 16.633 16.51 5d%('D)(F)6s 'Fs 18.136 17.71
5d%(°P)(“D)6s *D; 16.683 16.61 5d2(°P)(*P)6s P, 18.145 17.81

The results of Table 1 show that the accuracy of calculations is high enough to be used for an accurate
identification of experimental ejected-electron spectra.
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Stochastic cooling at the low-energy ion-beams storage ring DESIREE

Gustav Eklund, Ansgar Simonsson, Anders Killberg, Samuel Silverstein, Stefan Rosén, Henrik Cederquist

and Henning T. Schmidt.
Stockholm University, Department of Physics, SE-106 91 Stockholm, Sweden

Stochastic cooling is one of the most important methods for improving the beam quality in an ion storage ring.
Stochastic cooling uses a pickup element to detect the weak signals from the circulating beam known as Schottky
signals. These signals are processed by the electronics for the ion-beam phase-space cooling system and sent to
a kicker element that corrects the beam. Stochastic cooling can be used for reducing the beam size or emittance
and also for reducing the momentum spread of the beam. While stochastic cooling is widely used for high energy
storage rings with beam energies in the MeV or GeV range it has not yet been applied to ion beams stored at keV
energies [1].

We are currently developing a stochastic cooling system for the DESIREE ion-beams storage rings at Stock-
holm University in Sweden [2]. DESIREE is a cryogenically cooled electrostatic ion-beams storage ring with
beam energies ranging from about 5 keV to 100 keV. This is many orders of magnitude lower than the high energy
storage rings that have applied stochastic cooling so far. For low energy beams it is difficult to obtain a low noise
pickup signal and this limits the available bandwidth of the cooling system. The bandwidth for the cooling system
for DESIREE is expected to be several orders of magnitudes lower than the bandwidth of typical high energy
stochastic cooling systems. Low bandwidth implies slow cooling but the effect is compensated by the low ion
beam current used in the ring. The cooling time is estimated to be on the order of 100 seconds which is shorter
than typical ion beam storage lifetimes due to excellent vacuum of the cryogenic storage ring [3].

The stochastic cooling system for DESIREE is designed for momentum cooling of the beam using the filter
method [4]. The filter method makes use of a longitudinal pickup [5]. The Schottky signals detected by the pickup
are observed as bands at the harmonics of the revolution frequency with a width proportional to the momentum
distribution of the ion beam. The signal is filtered using a periodic notch filter that attenuates the signal at the
harmonics of the revolution frequency. This signal is sent to the kicker which corrects the momentum of the
beam. Because of the notch filter only the ions with incorrect momentum are effected by the kicker, thus the low
momentum ions are accelerated and the high momentum ions are decelerated.

The main part of the stochastic cooling electronics is a digital notch filter which is based on an earlier design
[6]. The notch filter is implemented using an FPGA board which allows for the settings of the filter to be controlled
directly. This is essential for the stochastic cooling system to work for different ion energies and masses. Other
electronics include a high gain amplifier for the pickup, noise filters, an ADC/DAC board for the FPGA and a delay
element for the signal also implemented using the FPGA board.
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Quasi-Equilibrium in Charge-State Evolution
for S and C lons after C-Foil Penetration
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After a series of measurements of pre-equilibrium and equilibrium charge-state distribution for 2.0 MeV/u S (q
= 6-16) and C%" (q = 2-6) ions after penetrating C-foils of 0.9-200 pg/cm’ in thickness [1-4], we claim that
quasi-equilibrium in charge-state evolution has been systematically observed, i.e., charge-state distributions,
mean charge-sates, and distribution widths for projectile ions without K-shell holes, S* (q = 6-14) and C*" (q =
2-4), once merge at target thickness of 6.9 and 5.7 pg/em’ respectively, showing quasi-equilibrium, and
simultaneously evolve to establish the real-equilibrium as the foil thickness is increased. On the other hand,
those for projectile ions with K-shell hole(s), S"*"'®" and C*"*, evolve differently and directly to the real
equilibrium established at ~150 pg/cm® for S ions and over 10 pg/cm’ for C ions. The quasi- and real-
equilibrium mean charge-states for 2.0 MeV/u S ions were 12.3 and 12.68, respectively [3], whereas those for
2.0 MeV/u C ions were 5.48 and 5.57 [4].

A calculation of rate-equations taking only single-electron capture and loss processes into account as well as
simulations with ETACHA code [5,6] have shown that the quasi-equilibrium is brought by differences between
reaction-rates of K- and L-shell processes, i.e., difficulties in removing K-shell electrons for projectile ions with
filled K-shells and in filling K-shell hole(s) for projectile ions with K-shell hole(s). Thus, the quasi-equilibrium
can be treated as equilibrium of L-shell processes leaving K-shell processes untouched, and more number of
collisions is required for the real-equilibrium including K-shell processes. The fact that 2.0 MeV/u S ions in the
equilibrium wear 1.3 L-shell electrons with filled K-shell in the ground state was favorable for observing the
quasi-equilibrium for L-shell processes. Measurements for C projectile ions still suggested there was a difficulty
in removing the final K-shell electron in the case exiting-ions have less than one electron in average, which
resulted in weak quasi-equilibrium observed for C%" (q = 2-4) initial ions.
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Fig. 1 Evolution of mean charge-states for 2.0 MeV/u S* (q = 6-16) and C%" (q = 2-6) ions after C-foil penetration.
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Anion Emission from Molecular Species Following Cation Impact
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It has been recently shown that negative ions can be ejected from gas-phase molecular species in different
collision systems involving atoms and positive ions at a few keV impact energies [1-3]. These findings are
relevant for studies of interstellar media and ionospheres, as well as for radiolysis and radiobiology since slow
anions are efficient agents for charge transfer and chemical reactions.

We have observed that an H™ ion can be formed from an OH" ion when the H center is removed by collision
on an Ar target atom [1-2]. The angular distribution of the so-created H™ ions has been found to be proportional
to the one calculated for H scattering on the target atom. A similar result is found for the emitted H* ions. Also,
the kinetic energy distribution of the H* fragments shows strong similarities with that of the ejected H™ ions.
These findings indicate that the final charge state distribution of the emitted H centers does not depend on how
closely the atomic centers approach each other during the collision. Rather, it seems to follow simple statistical
laws. A statistical model will be presented.

Also, in 6.6-keV 0" + H,0 collisions, emission of both H™ and heavier (O and OH") anions has been
observed, with a larger yield for H™ [3]. Figure 1 shows the experimental double-differential cross sections
(DDCS) for anion emission in these collisions. The main component of each spectrum is a broad, slowly
decreasing structure. There, the relative contribution of H™ anions was derived from complementary time-of-
flight (TOF) measurements. At forward angles (< 90°), pronounced peaks are observed at higher energies. These
peaks are due to recoil anions formed in hard binary collisions occurring at small impact parameters, while the
broad contribution results from soft many-body processes. Spectral features can be well reproduced by model
calculations that include kinetic energy release (KER) due to electronic excitation and ionization processes (see
Fig. 1). This indicates that these processes play a decisive role in H™ formation.

This work was supported by the Hungarian National Science Foundation OTKA (Grant No. K109440), the
French-Hungarian Cooperation Program PHC Balaton (No. 27860ZL/TéT_11-2-2012-0028), and the French-
Hungarian CNRS-MTA Cooperation (ANION project).
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Fig. 1 Full curve: Experimental DDCS for anion emission in 6.6-keV °0* + H,0 collisions; Full circles: H contribution
from TOF measurements. Open circles: Simulated DDCS for H™ emission at different angles with KER; Dotted curve:
Same without KER. Each spectrum is multiplied by the indicated factor.
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Electron emission mechanisms in ion-induced ionization of small molecules
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Ion-impact ionization of small molecules was investigated both experimentally and theoretically. Ionization of
atoms and molecules is of fundamental interest in atomic and molecular physics [1-3]. Besides that, ionization is
important in many applications, for instance plasma physics, industrial irradiations and radiotherapy. In this
work, electron energy spectra were taken by an energy dispersive electrostatic spectrometer at different
observation angles. The obtained absolute electron emission cross sections were compared with the results of
CDW-EIS and CTMC calculations. Both theories are in a reasonable agreement with the experimental data.

In the experiment, beams of H', He", C" and N" ions were provided by a 5 MV VdG accelerator in the 46-1000
keV/u energy range. The ion beams crossed gas jets of CHs, H,O and N.. By applying a rotatable energy
dispersive electrostatic spectrometer we determined double differential electron emission cross sections
(DDCSs) in the 20°-160° observation angle range.

In figure 1 we compare the energy spectrum of the electrons ejected in 46 keV/u N* + H,O collisions at 160°
observation angle with CTMC (figure 1a) and CDW-EIS [4] (figure 1b) calculations. The main interest here is
how can the different theoretical approaches treat a dressed projectile (and dressed target) as collision agent at
strong perturbations.The calculated total electron yields (comparable with the experimental data) originates from
both projectile and target ionization. The calculated contribution from the target ionization is also shown.

In the CTMC calculations we used a multi-center approach with a full three-body dynamics. A good overall
agreement was found between the experimentally observed DDCS and that obtained by the CTMC calculations
in the entire electron energy range. Fig. 1a shows that except a slight overestimation between 30 and 140 eV, the
agreement is almost perfect. The quantum mechanical CDW-EIS calculations have also been extended for
dressed projectiles and molecular targets [4]. Fig. 1.b shows that CDW-EIS also provide a reasonable qualitative
description, though it overestimates both the projectile and target contributions at lower energies. Moreover,
above ~80 eV the calculated CDW-EIS results fall off significantly faster then the experimental data.
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Fig. 1 Comparison of the experimental electron spectrum with the results of CTMC (a) and CDW-EIS (b) calculations at
160° observation angle for 650 keV N* + H,O collisions.

We interpret the results that the nonperturbative character of CTMC allows it to account for all the significant
mechanisms in this collision regime including two-center effects. We note that the peak around 100 eV in the
target ionization contribution belongs to a four-fold accelerating scattering of the target electrons (Fermi-shuttle)
[5]. The perturbetive CDW-EIS method can not treat this latter process, this is the most likely reason of the much
faster fall off of the theory there.

This work was supported by the Hungarian National Science Foundation OTKA (Grant No. K109440).
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Polycyclic Aromatic Hydrocarbons (PAHs) are believed to be abundant within the interstellar medium [1]. In as-
trophysical environments PAHs may be excited through photoabsorption processes, or in collisions with electrons
or heavy particles like ions or atoms. One interesting issue in this context is the effect of hydrogenation on the PAH
carbon-backbone stability. On one hand, hydrogenation converts unsaturated C-C bonds to single bonds, which
weakens the carbon backbone. On the other hand, the additional hydrogen atoms allows for cooling of the PAH
carbon skeleton through H-loss, which thus may profect the carbon backbone from fragmentation. Pioneering ex-
periments by Reitsma et al. [2] indicated such a protective effect following core electron excitation using an x-ray
light source. There the coronene molecule (Co4Hy24,,, m = 0-7) lost fewer of its native hydrogen atoms when it
was hydrogenated, with a stronger protective effect for a higher degrees of hydrogenation. From this Reitsma et
al. inferred that hydrogenation always has a net protective effect on the carbon backbone for PAHs [2].

We have performed two experiments that lead to the opposite conclusion. The first experiment, concerning
collision-induced dissociation of hydrogenated pyrene (C16HTO m> M = 10,6, or 16) cations, was carried out at
Stockholm University. Here, we measured increases in the absolute carbon backbone fragmentation cross section
for increasing degrees of hydrogenation [3], as shown to the left in Fig. 1. Furthermore, measurements of absolute
CH;-loss cross sections down to very low collision energies also indicated a weakening of the carbon backbone

for hydrogenated pyrene [4].
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Fig. 1 The left graph shows absolute carbon backbone fragmentation cross sections in He + Clonro m (m=0,6, or 16)
collisions as a function of center-of-mass energy Ecy. The right graph shows the total fragmentation yield as a function of laser

pulse energy, P. The lines are power fits, where the exponents (see insets) give the number of photons absorbed.

We have recently investigated photo-induced dissociation of the same molecules at the ELISA (Electrostatic Ion

Storage Ring in Aarhus) facility at Aarhus University. The graph to the right in Fig. 1 shows preliminary laser-

power dependencies for fragmentation of C16H1+0 +m (m=0,6, or 16). From the slope in the log-log diagram the

photon dependency, i.e. the number of photons needed for fragmentation, can be deduced. The number decreases
from three 2.72 eV photons (total of 8.16 eV) for C16H1+0, to two 2.88 eV photons (total of 5.76 eV) for C16Hf6, and
only one 2.95 eV photon for C16H;6. This shows that hydrogenation leads to larger tendencies of carbon-backbone
fragmentation also when the molecules are photo-excited.
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Theoretical study of laser-assisted (e, 2¢) collisions on He and HEL
at large momentum transfer
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In this contribution, we present a theoretical analysis of the laser-assisted (e,2e) scattering in the He atom and in
the hydrogen molecular ion H2+ A low-frequency laser field of relatively weak strength is considered, such that
the Keldysh parameter is ¥ > 1. We focus on the kinematical regime of high impact energy and large momentum
transfer, which is typical for electron momentum spectroscopy (EMS).

In the chosen kinematics, an S-matrix of the scattering reaction is described with the use of the binary-encounter
and first Born approximations. This strongly simplifies theoretical treatment of ionization dynamics, both in the
absence and in the presence of a laser field. In our theoretical analysis of laser-assisted EMS of atomic helium
with excitation of the residual He™ ion, we found that the cross section exhibits much highe sensitivity to electron-
electron correlations in the target than in the field-free case [1]. Fig. 1 shows numerical results for different number
of photons N when the laser electric field with frequency 7 = 1.55eV and intensity I = 1.55 x 10! W/cm? is
parallel to the incident electron momentum (LP||). The cross sections calculated with different correlated ground-
state wave functions of He (SPM, BK, and CI) appear to be well distinguishable from each other, while in the
absence of a laser field they are practically identical.

N=0, LP|
—— RHF

TDCS, [ 10° a.u.]
5

TDCS, [ 10 a.u.]
N
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Fig. 1 Laser-assisted triply differential cross sections in the case of He™ ion transition to the first excited state for the net number
of emitted photons N =0, 1.

In the case of molecular targets, a number of various effects of a laser field on the target can be expected, ranging
from a laser-induced molecular axis alignment to a laser-induced molecular dissociation. Employing the so-called
quasiadiabatic model to describe laser-dressed states of the molecular ion H2+ , we show that using the laser-assisted
EMS method [2] one can get access to the electron momentum distribution in the 10, state, which remains inac-
cessible in the field-free case.
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of the Pb" lon at Electron-Impact Excitation
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First measurements of emission cross section for electron-impact excitation of the 6s26d 2D5,2—>6$26p 2p°.,
transition of the Pb" ion are reported:

e + Pb*(5d'%6s°6p) *P°, — e + Pb*(5d'°6s%6d) “Ds);
\!

Pb*(5d*°6s%6p) 2P°;, + hv (1182.2 nm).

The experiment was carried out by a photon VUV spectroscopy method using a crossed electron and ion
beam technique. The crossed-charged-beams apparatus and technique applied were described in detail in [1].
The ion-beam current in the collision region was (0.5-1.0)x10 A at 800 eV. The electron beam current in the
energy region 6 = 50 eV was (5+10)x10° A, the energy spread (FWHM) of the electron beam was 0.6 eV.

The electron-impact excitation function of the Pb* ion A182.2 nm line is shown in Fig. 1. Strong resonance
features were observed in the near-threshold excitation region, below and above the Pb* ion ionization potential.
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Fig. 1 Electron-impact excitation emission cross-sections of the Pb* ion 65?6d “Ds;,—>65%6p 2P, (4182.2 nm) transition

Analysis of the results obtained using the data on the energy position of the single- and double-charged lead
ion levels [2] as well as of atomic and ionic autoionizing states [3-4] enabled us to explain the nature of the
structure found. Near-threshold excitation of the emission is complicated not only by the resonance excitation
via autoionizing states but also by dielectronic recombination which is the principal mechanism of the
dielectronic satellites excitation. The structure above 9.2 eV is due both to the cascade transitions from 5d'%6s’nl
levels and to the electronic decay of 5d'°6s’nin,l;, 5d"°6s6pnp,nf, 5d°6s’6p* and 5d°6s”6p°np,nf autoionizing
states resulted from the sequential multi-step processes. This is due to the fact that the electron correlations play
an essential role in this process because the two-electron transitions are possible only provided the electron—
electron interaction is taken into account.
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Two-channel model for cold collisions of metastable neon atoms
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Metastable noble gas cooling began in the 1980’s for various species. At the Technical University of Darmstadt,
the group of Gerhard Birkl investigates experimentally the prospects to condense metastable neon atoms (Ne*)
to degeneracy. The high internal energy of Ne* (~16 eV) allows for single-ion detection, however, it stands in
contrast to the low kinetic energies in cold collision experiments ~ 10~'? eV and may lead to loss rates through
Penning ionization (PI) and Associative ionization (Al), given by

Ne* 4+ Ne* —s Ne+Net +e~  (PD),
Ne*+Ne* — Nej +e~  (AD.

For samples of atoms where the total electronic spins of the atoms are aligned the AI and PI loss channels are
forbidden due to conservation ot total electronic spin during the collision. This suppression of losses due to spin
polarization of the atoms has been demonstrated in the experiment [1]. Extended experimental data is now also
available on scattering lengths, relaxation cross sections and two-body loss rates of different isotope- and spin-
mixtures of the three stable isotopes of Ne* [1,2]. The data suggests that different isotopes of Ne* behave very
differently in the collision process.

In order to model and explain these interesting experimental results we set up a two-channel model, where a
single interaction potential for Ne* is coupled to an arbitrary loss channel via an internal-state-dependent coupling.
The loss channel represents Al and PI. Suppression of Al and PI is modeled by introducing a weaker coupling for
atoms colliding in the spin-aligned states than for collisions of atoms colliding in other states.

Figure 1 shows the internal-spin-state dependent two-body loss rates 8 of homonuclear collisions and the
experimental data points. It can be seen that the numerical results are in good agreement with the experiment.
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Fig. 1: Two-body loss rates 3 as functions of temperature 7 for homonuclear Ne* collisions. Numerical results for loss rates where the atoms
collide (i) in the spin-stretched m; = 2 states are indicated by the solid lines (ii) in the same state but not the spin-stretched state m; = m; # 2
by the dotted lines (iii) in different internal states m; # m by the dash-dotted lines. Numerical results for loss rates for unpolarized samples
where all the internal states of the atoms are uniformly populated are indicated by the dashed lines. The dots and error bars are given by the
experiment.

Further numerical results of homonuclear 2°Ne and 2>Ne collisions will be presented as well as of heteronuclear
collisions between 2°Ne, 2! Ne, 22Ne. It will be shown that the numerical results agree very well with the experiment
[3]. Thus, the two-channel model gives a consistent explanation of the available isotope-sensitive scattering data
of metastable neon and extends existing quantum reflection models which explain collisions of metastable noble
gases with no isotope-sensitive scattering properties [4].

References

[1] P. Spoden, N. Herrschbach, W.J. van Drunen, W. Ertmer, and G. Birkl, Collisional properties of cold spin-polarized metastable neon atoms,
Phys. Rev. Lett. 94, 223201 (2005).

[2] J. Schiitz, T. Feldker, H. John, and G. Birkl, Heteronuclear collisions between laser-cooled metastable neon atoms, Phys. Rev. A 86,
022713 (2012).

[3] C. Cop, A. Martin, G. Birkl, and R. Walser, Penning ionization and elastic scattering in cold collisions of metastable neon atoms, to be
published.

[4] C. Orzel, M. Walhout, U. Sterr, P.S. Julienne, S.L. Rolston, Spin polarization and quantum-statistical effects in ultracold ionizing collisions,
Phys. Rev. A 59, 1926 (2016)

ECAMP 12, September 5-9, 2016 103 Frankfurt am Main, Germany



Monday, 10:00-12:00, HZ15 Poster, Mon354

Reactive collisions with conformationally controlled molecules
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Many molecules have multiple conformations (rotational isomers), which can exhibit different reactivites, opening
up perspectives to manipulate chemical reactions by selecting specific molecular conformations [1]. However, a
detailed understanding of the role of conformations in gas-phase chemical reactions still has to be established.

We have developed an apparatus to separate molecular conformations and study their reactivity with cold ions. This
was demonstrated in a recent experiment where we studied reactive collisions between conformationally selected
3-aminophenol and Coulomb crystals of laser-cooled Ca™ ions [2,3].
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Fig. 1 Experimental setup for studying conformationally controlled chemical reactions.

A cold molecular beam of 3-aminophenol is guided through an electrostatic deflector. The two different con-
formations (cis and trans) are spatially separated due to different permanent dipole moments and thus different
resulting Stark shifts in an inhomogeneous electric field. By tilting the molecular beam machine mechanically
with respect to the ion trap, conformationally pure components of the molecular beam are overlapped with the
ion trap. The progress of the reaction is monitored by imaging the laser-induced fluorescence of unreacted ions.
We recently upgraded the apparatus with a time-of-flight mass spectrometer which is coupled to the ion trap and
enables reaction product analysis with high mass resolution (m/Am ~ 700).

In future experiments we want to study reactions that are relevant for organic synthesis. A particular interesting
class of reactions are Diels-Alder reactions. These are pericyclic reactions between a dien and a dienophile, form-
ing a cyclic product in a stereo and regioselective reaction. The mechanism is generally believed to be concerted
with a cyclic transition state. However, for polar cycloadditions, in which one reaction partner is charged, the
mechanism is not necessarily concerted anymore.

2,3-dibromobutadiene has two conformations and only one should undergo a Diels-Alder reaction with maleic
anhydride. We will investigate the polar cycloaddition with charged maleic anhydride on this setup and are at the
moment also setting up a crossed beam machine to study reactive collisions with neutral maleic anhydride.

Our electrostatic deflector also intrinsically acts as a rotational state selector, since the effective dipole moments
differ between different rotational states. We want to exploit this to study ion-molecule reactions with the neutral
reaction partner in selected rotational quantum states.

On the poster we give an overview over the 3-aminophenol + Ca™ experiment, the new ion trap coupled to a
TOF-MS and present preliminary results of ongoing experiments.
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Anions play important roles in the chemistry of various astrophysical environments ranging from planetary
and stellar atmospheres to interstellar clouds [1-5]. A key reaction for the ionization balance in those media is the
Mutual Neutralization (MN) of atomic or molecular anions and cations [5,6]:

AT+B™ — A+B. (1)

Such reactions have been included in models of chemical reaction networks in astrophysical environments ever
since 1973 [7-9]. Measurements of MN rate coefficients are thus urgently needed, especially at subthermal ener-
gies. Until now, few rate coefficients have been measured due to the complexity of this type of experiments [10].

MN studies with atomic ions have so far mainly been limited to collision energies down to a few eV, which
is higher than the range of energies relevant for cold astrophysical environments. Moreover, these experiments
could not resolve the electronic (n), angular momentum (L), and spin (S) states, i.e. the LS-terms, of the neutral
products [11,12].

We recently upgraded the merged beam setup in Louvain-la-Neuve to reach 5 meV collision energies, and
incorporated three-dimensional momentum imaging using two position sensitive detectors located 3.25 meters
downstream from the 7 cm long region where the A™ and B~ beams overlap. Besides providing clear coincidence
signals between A and B, this technique gives unambiguous identification of LS-terms of the products via the
measurement of the Kinetic Energy Release (KER). The KER-resolution (50 meV FWHM at 1 eV) is mainly
limited by the finite length of the interaction region. Measuring the momentum distribution of both products yields
the total and the energy and angular differential cross sections. The absolute cross section scale is defined by the
simultaneous measurement of associative ionization A™ + B~ — AB™ + e cross sections by means of a 180°
bending magnet, a 30° electrostatic deflector, and a channeltron detector.

We present absolute MN cross sections for N™ colliding with O~ in the 0.005-10 eV energy range and KER-
spectra at subthermal energies for C™ on P~, C~, Si~, O~ or S™. The latter leads to identifications of the capture
states (n, L, and S) of the products. While several of the AT + B~ systems that we have studied give results well
accounted for by means of simple multi-channel Landau-Zener calculations, there are striking exceptions. For the
C*™ + 0O~ and C* + P~ systems, there are final states populated that require much stronger couplings to the initial
AT + B~ channel than expected.

The present study will also serve to benchmark merged ion beams studies at the double electrostatic storage
ring DESIREE now in operation at Stockholm University [13]. With DESIREE it will be possible to study MN
between molecular ions with very low internal energies (down to 10 K).
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We investigate experimentally and theoretically the spin-exchange mechanism acting on the electronic ground
states of alkali metal vapor atoms. By comparing the experimentally determined intrinsic relaxation rate of the ce-
sium ground state spin coherence to the results of a detailed density-matrix simulation we prove, that the relaxation
due to spin-exchange collisions can be reduced substantially even in a tilted, large magnetic field of geomagnetic
strength. By this we explain one side of the observed improved sensitivity of the light-narrowed M, (LN) optically
pumped magnetometer (OPM) [1], which is based on an adapted hyperfine-selective optical pumping scheme and
can operate without being restricted to a longitudinal magnetic field geometry or to near-zero magnetic field.

The hyperfine-resolved optical repumping of the lower cesium ground state manifold leads to a reduction of the
intrinsic coherence relaxation rate . Its dependence on the cell temperature, the magnetic field orientation with
respect to the laser beam direction and the repumping power is inferred by measurements of the optically detected
magnetic resonance signals in the transmitted laser light. Fitted linewidths are extrapolated to vanishing probe and
rf-field power [2].

To simulate the dynamical action of the spin-exchange relaxation mechanism on the atomic spin S we employed
the formula introduced firstly by F. Grossetete [3]

Lse(p)
RsE

into our model based on the density matrix p. In this way we were to describe all the relevant phenomena in our
cesium Dj-line system, such as the Zeeman effect in the tilted external field, the Larmor precession driven by an
rf field, the optical pumping on the ground state level structure and the relaxation of the atomic polarization. We
demonstrate that the narrowing of the magnetic resonance occurs already when the lower ground state manifold
F =1—1/2 gets depleted, but the effect gets maximized when additionally a significant orientation is generated
within the upper ground state F =17+ 1/2.

= 3PS pS+ () ({S.p} 218 x pS), M

800 2

sﬁ
700 T=110°C| —
\:\ A aesan
600 — — N
5004 | —*— 70° \ &
60°
400+ —¥—50°
o\ N |
3004 | —<—30° X ! !
20° \\'\L\*:*—*—#
2004 —»—10° ‘ > >

‘ |
0,001 0,01 0,1 1

repumping ratio @ /T

)

/

/
Bl

intrinsic relaxation rate v, /2 [Hz]

Fig. 1 Calculated dependence of the intrinsic relaxation rate 5o on the tilting angle 6 of the static magnetic field with respect to
the laser beam for different values of repumping power (in terms of the ratio of the excited state relaxation rate I" to repumping
laser Rabi frequency Q,) at 110°C. Each data point is the result of an extrapolation to zero probe power.
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Double differential cross sections (DDCSs) for electron impact ionisation of methane and acetylene have been
measured in a crossed-beam experiment for primary energies of 50 and 100 eV. Angular distributions of the
cross sections are presented for one of the outgoing electron after electron-molecule collision. Although it is
impossible to determine with one detector which electrons of detected is the scattered or ejected one, DDCS
experiments give very important results about the ionization process [1]. DDCS measurements are the
fundamental studies to which other measurements may be related. The results are compared with the theoretical
calculations obtained from the first Born approximation, using the one Coulomb wave model. The good
agreement of experimental measurements with the theoretical calculations at intermediate energies demonstrates
that the first Born Approximation is appropriate to describe the electron-methane molecule collisions at
sufficiently high incident energies. For relatively small energies of the ejected electron the theory show a shift
from the experiment. We assume that a more accurate description of the slower electrons make the theoretical
formalism more accurate.

This work was supported by the AKU-BAP through grant 15.HIZ.DES.131.
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We discuss, in this work, the E1-M2 multipole mixing effect on the polarization of each of the Lyman-a, (2ps
— 1sy) and Lyman-B; (3ps» — 1sy) lines emitted by the highly charged H-like U’ ions after radiative
recombination (RR) of U**" with unidirectional, unpolarized electrons.

The calculations have been performed for incident-electron kinetic energies € ranging from 0.01 to 10 times the
electron binding energy in the 1s;, ground state E;; and the radiative cascades following recombination into
states with principal quantum number up to n=6 were included. Furthermore, the data for the effective RR cross
sections used to get the degree of polarization of Lyman-a; and Lyman-f; lines were evaluated using two
treatments. The first one is based on the electric-dipole approximation with nonrelativistic coulomb electron
wavefunctions for both the continuum and bound states, where we have derived an original expression for the
partial RR cross sections [1]. In the second treatment, we have used the exact relativistic formalism for the
electron wavefunctions with all multipoles of the radiation field [2]. The figure below shows the obtained results
of the degree of polarization of Ly-a; and Ly-f; lines as a function of reduced energy X for the emitting ions
U’"™. One notes that the relativistic and multipole effects lead to an increase in the degree of polarization of the
lines by about the same factor as in the pure E1 decay approximation. It can also be seen that the E1-M2
interference effect leads to a reduction in the degree of polarization estimated by about 11% to 15% for Ly-o,
and 13% to 17% for Ly-f,, depending slightly on the value of X and the treatment used (nonrelativistic dipole or
exact relativistic).
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Fig. 1 Polarization degrees of the Ly-a, and Ly-B, lines emitted by the recombined H-like ions U*'* plotted against
the reduced electron energy X=¢/E1s in the range 0.01-10. The results obtained using the nonrelativistic dipole
(NRD) and exact relativistic (ER) calculations of the effective RR cross sections are shown. The dotted and solid lines
correspond to values of the polarizations obtained assuming a pure E1 transition and those including E1-M2
multipole mixing, respectively.
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We used the optical potential approach [1] to calculate various cross-sections for e+Sh, ( n = 2,4 ) elastic scattering
in the independent atom model (IAM) [2,3]. The local relativistic parameter-free real optical potential
approximation (RSEP LA) is used for e+Sh scattering. It contains static, relativistic local exchange, polarization
(local correlation-polarization), scalar-relativistic and spin-orbit potentials [1].

The differential cross section (DCS) for potential electron scattering by homonuclear molecules in the 1AM
framework is given: for a two-atomic molecule — do, /dQ = (2doy A/ dQ)[L+sin(sr,,)/st,,]; for a four-atomic

molecule (with the same interatomic distances 1., =1y) — doy,/dQ=(4doy A /dQ)[1+3sin(sr)/sr,]. Here

s=2ksin(@/2), @ —scattering angle, k =+2E (in a.u.), E — electron energy, r.m — distance between the atoms,
dog a/dQ — DCS for electron scattering by an individual atom. The rny interatomic distances are calculated by

the GAMESS code (HF/CCSD method). Their values (in Z\) for Shy: riz = 2.5627 (NIST value — 2.3415); for Sha:
Fo= T2 = ri3 =14 =3 = =r3 =2.9081. Worth noting, that static-exchange approximation with the SMC
method is used with pseudopotentials in [4] to calculate integral and differential cross sections for e+Sh, scattering.

We present the DCSs at 10, 20, 30 and 75 eV impact energies in Fig. 1, compared with the available theoretical
[4] and experimental data [5]. Note, that the obtained DCSs at 20 and 30 eV have more structured angular
dependencies then [4], while at 75 eV they agree well with the experimental data [5].
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Fig. 1 Differential elastic cross sections for e+Sb, and e+Sh, scattering at 10 (a), 20 (b), 30 (c) and 75 (d) eV.
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The Sturmian approach [1], using Generalized Sturmian Functions (GSF), has been applied successfully to
study (e,3e) [2] and (y,2¢) [3] processes in helium. A first extension of the method to molecular systems has been
developed in order to study single photoionization [4, 5]. In this contribution, we use the tool to look at ionization
by electron impact of small molecules. In particular, we are interested in (e, 2¢) processes on CHy, NH; and H,O
under sufficiently asymmetrical kinematical conditions as to ignore exchange between the two escaping electrons.

One difficulty arising in the description of molecular ionization processes is the construction of accurate con-
tinuum states of the highly non-central target Hamiltonian. Contrary to bound states, which can be obtained with
well established methods, continuum electrons are represented by functions oscillating up to infinity with specific
boundary conditions. At large distances, an electron ejected from a molecule feels a positive unit charge, and this
can be easily described using a GSF basis set having exactly that Coulomb outgoing behavior [5].

In this work we study (e,2e¢) on molecules making the single active-electron approximation. The initial state
is described by a one-electron wave function in the one-center expansion, calculated by Moccia [6]. A non-central
molecular model potential [7] is used as scattering potential. The projectile-target interaction is described with a
Coulomb potential, using the first-Born approximation. We solve the time-independent, first-order perturbative,
Schrodinger equation, expanding the scattering wave function in a GSFs basis set. The adequate asymptotic
behavior of all basis elements allows us to extract the transition amplitudes directly from the expansion coefficients
[5], without requiring any evaluation of a matrix element. From the amplitudes, we calculate the triply-differential
cross sections (TDCSs) for (e,2¢) processes. The random orientation of the target molecule is taken into account
through an angular average of TDCSs over all possible spatial orientations of the molecule.

Our calculated TDCSs are compared with theoretical and relative experimental data. An example is shown in
Figure 1 where all data are internormalized.
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Fig. 1 Coplanar geometry TDCS for ionization from the 1, orbital of CHy, for an incident energy E; = 500 eV, an ejected
electron with Ej, = 12 eV, and a fast scattered electron in the 6, = —6° direction. Our results, using the Sturmian approach
(solid line), are compared with a BBK calculation (dashed line) [8] and experimental data (points) [8].
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The Coulomb three-body scattering problem is one of the most fundamental outstanding problems in theoretical
atomic and molecular physics. Several ab initio methods have been and are being developed for constructing
solutions (see, e.g., the review [1], and Introduction of (2]), the primary mathematical and numerical difficulty
being the cumbersome boundary conditions the wave function should obey.

Some of the methods convert the problem into an inhomogeneous Schrodinger equation with a spatially con-
fined driven term. This equation is solved within a box {r;, r, <R} with a sufficiently large length R (here r;
and r, represent the electronic coordinates in, e.g., the two-electron continuum which arises as a final state in
ionization processes). The exterior complex scaling method [3] allows the problem to be solved without explicit
use of the asymptotic form of the wave function by recasting the original problem into a boundary problem with
zero boundary conditions. In the generalized Sturmian appproach [4], one uses an expansion in terms of products
of two one-particle generalized Sturmian functions with outgoing-wave boundary conditions set at the box border.
The angular coupling builds up a three-body scattering solution with an hyperspherical wave front in the region Qg
where all interparticle distances are large.

The ionization problem also admits a formulation such that the transition amplitude calculations are performed
with a finite set of square integrable one-particle functions of r| and r, (which corresponds to a box {ri, 2 < R}).
In so doing accurate boundary conditions need not be imposed. For example, the convergent close coupling [1]
method provides a correct result for the wave function in an ‘internal’ region in coordinate space. An alternative
way to obtain the ionization amplitude is to calculate the two-electron continuum wave function in the asymptotic
domain Q. For example, the Coulomb-Sturmian separable expansion [5] and the J-matrix [6] methods deal with
the wave function in the entire space using a Laguerre basis representation.

Recently [2], we proposed to describe a Coulomb three-body system continuum with a set of two-particle
functions, which are built using so called Quasi Sturmian (QS) functions [7]. The latter satisfy a two-body inho-
mogeneous Schrodinger equation with a Coulomb potential and an outgoing-wave boundary condition, and possess
the merit of having a closed form. The proposed two-particle basis functions, that we name Convoluted Quasi Stur-
mian (CQS) functions, are obtained, by analogy with Green’s function of two non-interacting hydrogenic atomic
systems, as a convolution integral of two one-particle QS functions (the analytic form of QS allows us to find
an appropriate integration path that is useful for numerical calculations). The CQS have the following important
characteristic: unlike a simple product of two one-particle functions, by construction, they look asymptotically
(i.e., as the hyperradius p — oo) like a six-dimensional outgoing spherical wave.

In order to test the capacity of CQS basis functions to describe a Coulomb three-body scattering problem, we
apply them to the double ionization of helium by high-energy electron impact in the framework of the Temkin-Poet
model. Specifically, we endeavor to solve the (e,3e) driven equation proposed in [8] by expanding the solution in
terms of CQS functions. Unlike the above mentioned ab initio methods, in our approach, the three-body problem
is solved in the entire space rather than in a box. The Coulomb interelectronic interaction is not taken into account
when constructing the CQS functions, so that they do not possess the correct asymptotic behavior in the region
Qp. Such a formal inconsistency between the boundary conditions and the basis functions leads to a divergent
expansion as the basis size increases. At the same time, we show that quite rapid convergence of the expansion
can be obtained by multiplying the basis functions by an appropriate logarithmic-like phase factor corresponding
to the interelectronic potential.
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The quantum mechanical flux formula derived by R. Peterkop [1] for electron-hydrogen ionization cross sections
is defined as the ratio between the emitted and incident particle flux. The incident one corresponds to the flux of
the projectile in the prepared state, and is taken as known. The emitted flux is the one corresponding to the two
final (projectile and “ionized”) electrons, and is evaluated using the scattering state through the flux functional.
The flux depends on the position of the two electrons’ coordinates which locate them with respect to the atomic
nucleus. While numerical scattering solutions are necessarily built on finite domains, cross sections are defined in
the asymptotic region where the interaction between the electrons is weak. To obtain the ionization cross section as
a function of the electrons final momenta, one makes the kinematical assumption r — rk (here 7 is time). This can
be physically interpreted as a mapping from the quantum regime to the classical one which occurs in measurements
[2].

The use of the flux procedure to evaluate Single Differential Cross Sections (SDCSs) in numerical calculations
for s-wave models [3] showed good results except at the very unequal kinematical situations k;/k; = r;/r; — 0
(i # j), where it has been said that contamination of the flux by discrete channels occurs. Thereafter, the flux
formula has been abandoned for practical purposes.

In a classical investigation [4], we observed that at finite distances from the nucleus the kinematical assumption
is not correct; the continuum electrons have to overcome the remaining potential energy to be completely free.
We then proposed a finite distance reinterpretation of the standard energy fraction definition, and obtained well-
behaved SDCSs.

In a more recent work [5], we explored an alternative way of defining the local momenta of the electrons by
using the Bohm’s velocity field. It was found that, for finite domains, the zero energy value for the velocity of one
of the electrons is located in a region very different to the one predicted by the kinematical relation. Results for the
SDCS with a new definition of the energy fraction are well behaved on the whole range, showing that the quantum
mechanical flux formula can indeed be used.

In this contribution, we apply the modified quantum flux approach with local momenta to the electron impact
ionization of hydrogen by considering the problem in its whole dimensionality, i.e., not only the s-wave term. We
present results for the triple differential cross section, and compare results with other theories and experimental
data for several incident energies.
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In recent years the ionization—excitation process of Helium by fast electron impact has provided great chal-
lenges both for experimentalists and for theoreticians. In spite of significant advances in the understanding of this
strongly correlated process, important discrepancies between the experimental data and theoretical calculations
still can not be explained satisfactorily.

Recently the Generalized Sturmian Functions (GSF) method [1,2] helped towards resolving the controversy
[3] for the Helium (e,3e) process in the fast projectile and small momentum transfer regimes [4,5], presenting
fully differential cross sections in complete agreement with those obtained by the Convergent Close Coupling [6]
approach. This led us to explore other kinematic conditions.

In this contribution, we calculate the triply differential cross section (TDCS) of ionization—excitation of Helium
in the strongly asymmetric kinematics used in the experiment performed by Dupré et al. [7] leaving the residual
ion in the n = 2 excited state. In their coplanar experiment, the scattered electron energy was fixed at 5.5 keV
and the values of the ejected electron energy were 5, 10, or 75 eV, with scattering angles 0.35° , 0.32° and 1°,
respectively. In these kinematics, the amount of momentum transferred to the target is very small (large impact
parameter), meaning that the dipolar or quasiphoton limit is approached.

The accurate solution of the corresponding four—body Schrodinger equation remains a formidable task from a
numerical point of view. However, in the high-energy regime it is possible to reduce this problem to a three—body
one, by keeping the first order of a series expansion of the exact solution. In previous works, we have shown that
the three—body equivalent problem for the (e,3e) ionization can be described by the time—independent Schrodinger
equation [5,8,9]:

4 1

+ _
[Eq — hpe] ®5.(r2,13) = ?W

(—2+4€'972 +¢'973) @;(ra,13). (1)

Here the wave function ®.(r,r3) dictates the ionized electron dynamics, while ®;(r»,r3) is the 15 state of He,
with Hamiltonian hy., E, is the energy of the ejected electrons and q is the momentum transferred to the target by
the projectile. In order to calculate the wave function of the ground state of Helium, the single—continuum state
and the scattering wave function, we use GSFs basis sets generated with their respective, adequate, asymptotic
conditions. Thereafter, as it is typical of the GSF methodology, scattering amplitudes can be extracted directly
from the asymptotic limit of each partial wave and, finally, TDCSs are calculated without requiring a matrix
element evaluation.
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A la carte sculpted potential energy surfaces based on purine and
pyrimidine cores: from photostable DNA nucleobases to UVA
chemotherapeutic agents
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Madrid, Spain

Canonical DNA and RNA nucleobases are naturally engineered biomolecules, sharing a common internal
conversion mechanism that reverts the UV excited systems to the ground state, in ultrafast timescales.
These systems owe their photostable properties to the characteristic topology of their excited potential
energy surfaces, which lack of minima along the spectroscopic excited state minimum energy path
connecting the Franck Condon region and the funnel for internal conversion. These sloped potentials
minimize the time spent by the system in excited electronic states and therefore the probability of
undergoing photochemical reactions or radiative emission. The landscape of the excited and ground
potential energy surfaces is, however, very sensitive to both the nature and the pattern of substitution of
the purine and pyrimidine aromatic cores. For instance, the positional isomer of canonical adenine, 2-
aminopurine, or the thiosubstituted analogue of natural guanine, are respectively strongly fluorescent
[1,2], and efficiently populate long-lived triplet states from which chemistry can occur [3].

In an attempt to understand how do electronic and structural factors imprint potential energy
surfaces’ topography and ultimately govern the photophysics and/or photochemistry of nucleobase
derivatives, we have investigated the excited state dynamics of selected modified purine and pyrimidine
bases, including purine heterocyclic core [4] and a series of thiosubstituted nucleobase analogues, among
others [5,6]. Purine free base is a logical starting model to investigate whether the common core to all
purine nucleobases is the structural key to ultrafast internal conversion and thus to photostability in
guanine and adenine monomers, whilst carbonyl-by-thiocarbonyl substitution transposes the original
photostable behavior of natural thiobases into a phototoxic response of which triplet states are
responsible.

This presentation will overview the underlying deactivation mechanisms of a selected group of DNA
nucleobase monomer derivatives and their correlation with the position and nature of the substituents of
the core aromatic rings, supported by static and full dimensional photodynamical nonadiabatic surface-
hopping simulations incorporating spin orbit couplings and femtosecond broadband transient absorption
experiments.
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Using Picosecond Photoelectron Imaging to Probe Intramolecular
Dynamics in Polyatomic Molecules
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We have pioneered the use of picosecond time-resolved photoelectron imaging as a means of studying
intramolecular dynamics [1-5]. This technique has a unique capability to provide insight into mechanisms of
energy flow in a number of small aromatic molecules, as a consequence of an optimal combination of laser pulse
duration and bandwidth. These not only exactly suit the processes under study, but also provide a good match
with the best achievable photoelectron energy resolution. This energy resolution is optimised through use of the
slow electron velocity map imaging (SEVI) technique pioneered by Neumark and coworkers [6]. Particular
insight derives from comparative studies, which help us to establish the key factors that determine and control
energy flow. These factors might include density of states, mode character, and unique characteristics of the
vibrational energy level structure. Of further interest is the role of flexible side groups, such as methyl rotors, in
facilitating dynamics [7-9].

In earlier work we studied excited-state intramolecular vibrational energy redistribution (IVR) dynamics
following the excitation of a mode with predominantly C-CHjs stretching character, and an internal energy of
~1200 cm™, in the three related molecules toluene, toluene-ds and p-fluorotoluene [5]. Temporal changes in the
intensities of spectral features in each molecule showed the clear involvement of so-called “doorway” states in
mediating the dynamics in toluene and toluene-ds, but not in p-fluorotoluene.

In this talk we will explore these questions further, and will describe how the picosecond time-resolved
photoelectron imaging technique has been used to study and compare the IVR dynamics that ensue following the
excitation of two near-isoenergetic vibrational states in S, p-fluorotoluene. These states are labelled 13'1* (lying
at 1990 cm™) and 7a'1! state (lying at 2026 cm™), where mode 1 has ring breathing character, mode 13 has
C-CHgs stretching character, and mode 7a has C-F stretching character. In both cases IVR lifetimes have been
determined, and the dynamics are found to be mediated by a single strongly-coupled doorway state. These
dynamics contrast with those observed following the preparation of the 7a'l' state in the analogous
p-difluorobenzene molecule, which lies at 2068 cm™ [5]. Further comparison is made with studies of dynamics
at lower internal energy in p-fluorotoluene by our group [2,3,5] and others [7].
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Ethane, carbon tetrafluoride and 1,1-difluoroethylene illuminated via
molecular frame photoelectron angular distributions following core
ionization
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Molecular frame photoelectron angular distributions (MFPADs) are measured in electron-ion momentum imag-
ing experiments and compared with complex Kohn variational calculations for carbon K-shell ionization of carbon
tetrafluoride (CF4), ethane (CyHg) and 1,1-difluoroethylene (CoH,F)[1]. While in ethane the polarization aver-
aged MFPADs show a tendency at low energies for the photoelectron to be emitted in the directions of the bonds,
the opposite effect is seen in CFy, as seen in Figure 1. A combination of these behaviors is seen in difluoroethylene
where ionization from the two carbons can be distinguished experimentally because of their different K-shell ion-
ization potentials, shown in Figure 2. Excellent agreement is found between experiment and simple static-exchange
or coupled two-channel theoretical calculations.
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Figure 1: MFPAD for C,Hg (left panel) at 4.5 eV above the C 1s threshold from analysis of the experimental
data assuming the three protons in the breakup channel C;Hg +hv — H™ +H™ +H™ + neutrals + 3¢~ originated
from the same carbon atom and complex Kohn calculations at 4.35 eV. MFPAD for K-shell ionization of CF4
(right panel). Experiment shows the observed photoelectron distribution measured in coincidence with F* + F*
following Auger decay. Theory shows the MFPAD calculated using the complex Kohn variational method. Data
and theory are integrated over all orientations of the polarization vector. The equilibrium molecular geometry is
represented by the ball and stick models.
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Figure 2: C,H,F, MFPADs of CoH,F, where the carbon on H, side was ionized in experiments performed at
two different photon energies: hv = 296 eV and hv = 301 eV. Experiment: 4-6 eV (left) and 8-12 eV (right)
photoelectrons. Theory: complex Kohn results at photoelectron energies of 5.44 eV (left) and 10.88 eV (right).
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Electron Emission Processes in Atoms, Molecules, and Clusters upon
Single-Photon Interaction: The Fluorescence Spectrometry View
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Electron emission following the interaction of single photons with atoms, molecules, and clusters, is
considerably influenced by electron-electron interactions and by decay path and particle indistinguishability
aspects. Related phenomena in the corresponding elementary processes have been experimentally investigated in
the past mainly by a multitude of variants of photoelectron and photoion spectrometries (including different
variants of coincidence spectrometries) after excitation by monochromatized synchrotron radiation. The
spectrometry of electrons gives direct access to the relevant elementary electron emission processes. When such
elementary processes have to be identified and quantified in denser systems (dense gases, clusters, liquids),
however, the detection of electrons is less advantageous due to increasing electron-scattering events at
surrounding matter after the elementary process has taken place.

Although the spectro- and polarimetry of dispersed fluorescence emitted from an excited ion state after an
electron emission process is less straight forward experimentally as compared to electron spectrometry for the
interpretation of electron emission processes, its application to identify elementary electron emission processes
in denser systems seems to be promising as the escape depth of photons from dense media is longer than the one
for electrons. Here we present examples of investigations on elementary electron emission processes initiated by
photon interaction using dispersed fluorescence spectro- and polarimetry. Starting from comparably simple
examples of elementary processes in individual-atom systems initiated by photon interaction the use of
fluorescence spectrometry of target systems after interaction with monochromatized synchrotron radiation (one-
photon experiments) will be demonstrated on increasingly complex target systems (molecules, clusters, liquids).
In the experiments a focus is laid on quantitative results enabling a comparison to modern theoretical
descriptions. In a prototype atomic system we will show the effect of a correlative suppression of “normal”
photoelectron emission from a particular shell. The well-known Fano-resonance shape due to the interference of
an autoionizing resonant state and a photoelectron continuum will then be shown as seen from fluorescence
spectro-polarimetry [1]. A further degree of complexity is added in experiments with individual molecules,
where the nuclear motion adds additional degrees of freedom. Examples of experiments on individual diatomic
molecules will demonstrate interferences of electron emission from different electronic states, benchmark
experiments on molecular hydrogen [2], and electron emission after resonant excitation of innershell states
which do overlap due to their lifetime vibrational broadening [3].

Recent experiments on clusters will demonstrate that “(resonant) Interatomic/ Intermolecular Coulombic Decay”
(rICD), an elementary electron emission process not present in individual atoms or molecules, may be also
investigated by fluorescence spectrometry even on a quantitative basis [4]. The combination of electron and
fluorescence spectrometry enables the determination of quantitative photon emission probabilities as functions of
cluster size. Finally first efforts towards investigations of elementary electron emission processes in liquids using
fluorescence spectrometry will be shown [5].
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Light storage based on Coherent Population Oscillations
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In recent years, a great effort has been put to design different types of quantum memories. Most of the techniques
developed so far — such as Electromagnetically Induced Transparency (EIT) storage — rely on the excitation of
a long lived coherence between two atomic levels [1]. As the signal is mapped onto a coherence, these existing
memories are very sensitive to dephasing effects.

Coherent population oscillations (CPO) is a phenomenon very different from EIT. It is a dynamical saturation,
which occurs in a two level system (TLS) and gives rise to a resonance with a width limited by the decay rate of
populations of the upper level. In a A system (where two ground states are optically coupled to the same excited
level), a ultranarrow CPO resonance due to population exchanges between the two lower levels can appear. The
width is then limited by the population decay rates of these ground states [2]. We report here the experimental
demonstration of CPO based storage in such a A system. The experiment is performed with metastable helium
atoms at room temperature [3]. As CPO storage does not rely on the excitation of atomic coherence, it is robust to
magnetic field gradients. Storage efficiencies are much higher than what was expected from a theoretical proposal
in a two-level system that decays via a shelving state [4]. CPO based storage was later observed in Cesium vapor
[5] and then used to store orbital angular momenta [6].
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Fig. 1 On the D1 line of metastable helium, two configurations can be studied with circular (a) or linear (b) coupling and probe

beams. In the first case, § is the Raman detuning, while in the latter 6 = @, — @, is the coupling-probe frequency detuning.
(c): Resonances obtained without (black) and with (orange) a magnetic field that can lift the Zeeman sub level degeneracy. In
the latter cas, both transmission resonances at 6 ~ +90 kHz are Raman resonances for A subsystems. But the central resonance
does not correspond to any Raman resonance: it is due to the transfer of coherent population oscillations in CPOs between
the ground state levels of the A-system. (d): experimental EIT (black open squares) and CPO (red circles) storage efficiencies
obtained with a magnetic shielding, which protects the cell from stray fields. (e): experimental EIT (black open squares) and
CPO (red circles) storage efficiencies obtained with magnetic field inhomogeneities. The EIT memory lifetime is strongly
decreased, while the CPO memory lifetime remains similar to the previous case.

We have recently performed numerical simulations based on optical Bloch equations and wave propagation
equations, which show that the signal is mapped onto population oscillations during the storage time. These
simulations confirm the robustness of CPO-based storage to dephasing effects: we analyzed the evolution of storage
efficiencies versus storage time in CPO and EIT storage configurations and we obtained exactly the same values of
CPO storage efficiencies in both experimental cases whereas, as expected and observed experimentally, the time
constant associated with the decay rate of EIT storage efficiencies is much smaller in the presence of magnetic
field gradients.
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Quantum optimal control theory with realistic laser pulses
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Laser pulses can be tailored in the optimal control framework to achieve a desired effect in the system of interest.
Several different systems have been studied ranging from atoms and molecules to nanostructures with applications
from molecular bond breaking to qubits [1]. The optimized driving lasers have usually been constrained by some
maximum frequency and either by the maximum peak intensity or fluence. However, experimental synthesis of
tailored pulses is usually done by mixing a few different spectral bands [2].

Here we propose an optimization scheme [3] to produce experimentally realizable laser pulses. We take up to
three component pulses each with a certain (possibly overlapping) spectral shape. The components are combined
by optimizing their amplitudes, carrier-envelope phases, and time delays. In addition, we set constraints to the
peak amplitude and fluence of the total pulse.

We demonstrate our scheme for the optimization of photoelectron emission in a one-dimensional hydrogen
model. As shown in Fig. 1, The fully optimized driving laser (blue) with a moderately low fluence and peak
intensity achieves a major cutoff extension and yield enhancement. We also test the strategy for the optimization
of the high-harmonic generation, which previously has been studied with less strict constraints [4].

Our optimization code can use any existing software for the time propagation and for the physical quantities to
be optimized. In the future, this will make it easy to extend to three-dimensional and many-electron models, and
to other targets in strong-field physics and femtochemistry.
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Fig. 1 Photoelectron spectra (a) and the corresponding laser pulses (b) and their spectral composition [inset of (b)] for the
initial (black) and two optimized pulses (blue and red). The optimized pulse plotted in blue reaches completely the target range
indicated by vertical dashed lines in (a), even though it has a lower fluence and peak intensity than the pulse plotted in red.
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Since their first theoretical prediction Rydberg molecules have become an increasing field of research. These
exotic states originate from the binding of a ground state atom in the electronic wave function of a highly-excited
Rydberg atom mediated by a Fermi contact type interaction. A special class of long-range molecular states, the
butterfly states, were first proposed by Greene et al. [1]. These states arise from a shape resonance in the p-wave
scattering channel of a ground state atom and a Rydberg electron and are characterized by an electron wavefunction
whose density distribution resembles the shape of a butterfly.

We report on the direct observation of deeply bound butterfly states of Rydberg molecules of 8’Rb. The butterfly
states are studied by high resolution spectroscopy of UV-excited Rydberg molecules. We find states bound up to
—50GHz from the 25P; 5, F = 1 state, corresponding to binding lengths of 50 g to 500 ap and with permanent
electric dipole moments of up to 500 Debye. This distinguishes the observed butterfly states from the previously
observed long-range Rydberg molecules in rubidium.
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Antiproton energy loss distribution in He gas
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Several aspects of the penetration of charged particles in matter have been studied over the last more then
hundred years. Triggered by the pioneering work of Bohr [1-2] the energy loss mechanisms of charged particles
penetrating matter were investigated extensively both theoretically and experimentally. A comprehensive overview
of these studies can be found in reference [3]. The primary parameter describing the stopping of charged particles in
matter is the mean energy loss per traveled path-length (or alternatively by the stopping cross section). Additional
information on the stopping process is provided by the straggling, which is the mean squared deviation of the en-
ergy loss per traveled path-length (or straggling Cross section).
Even at the level of these integrated quan-
] tities the discrepancies between the experi-
Present —H— R - ments and theoretical calculations are quite
a8 Exgé(fj.a[t;] O large (see in [4]). In order to resolve the ex-
Ref. [4] isting discrepancies new high precision calcu-

lations for prototypical systems are required.
A good starting point for such a calculation is
our ab initio approach [5], which solves the
fully-correlated two-electron time-dependent
Schrodinger equation for the antiproton-He col-
lision. At fixed E antiproton impact ener-

Stopping cross section [1071% eVem?/atom]
w

1.5 . . .
gies and b impact parameters our calculation
1 : : : provides high precision P._, ;(E5,b) transition
10 100 1000 ey
Antiproton energy [keV] probabilities from the '¥; ground state to the ¥ ¢

final state. As final channels the single exci-

Fig. 1 The present stopping cross sections compared to the experimental databy  tatjon, single ionization and double ionization

g%lr}el[l;)]et al. [6] and to other theoretical data by Liihr ef al. [4] and Schiwietz are considered. From these probabilities the an-

o tiproton energy, and impact parameter depen-
dent stopping power is calculated as

S(b.Ep) = Y, Py (B, 0) [E 1), M

while the straggling as
2
T(b,Ez) = yffp,; 7(Ez,b) [Ef—E;-S(b,E5)]". 2)

Total stopping and straggling cross sections are calculated by performing the impact parameter integrations. Cal-
culations were performed for antiproton impact energies ranging from 3keV up to 1MeV, and the obtained stopping
cross sections are shown in Fig.1 along with the experimental data of Agnello et al. [6] and the theoretical predic-
tions of Liihr et al. [4] and Schiwietz et al. [7]. At high antiproton energies the agreement between the theories
and the experimental data is good, while at low antiproton energies notable discrepancies are present. Since the
present results are based on fully-correlated two-electron ab initio calculations, they can provide a benchmark for
approximate calculations.
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Quantum Cheshire Cat

Daniel Rohrlich
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Weak values, conceived and developed by Yakir Aharonov and co-workers [1], show us a quantum world that is
both stranger and freer than we ever imagined — a world in which particles can carry negative kinetic energy [2]
or travel faster than light [3], and in which a cat and its grin [4] (or a neutron and its magnetic moment [5]) can
part ways. Yet there is nothing fanciful or subjective about weak values: they are actual results of non-intrusive
measurements on pre- and post-selected ensembles (ensembles that manifest microscopic time-reversal
symmetry) [6]. Experiments have shown practical applications of weak values, such as amplification and noise
reduction [7]. 1 will focus on three weak value effects: the quantum Cheshire Cat (in which the smile of the Cat
takes one arm of an interferometer while the Cat itself takes the other); an analysis of the Cat’s current (in which
a quantum current carries spin but not mass); and quantum violation of the pigeonhole principle (showing how
three charges can pass through the two arms of an interferometer without ever taking the same arm) [8]. These
effects take us by surprise, but they are just the more unexpected examples of weak values that may arise in the
most mundane ways in series of measurements.

@ (b)

Fig. 1(a) The Quantum Cheshire Cat with pre- and post-selected photon states. The dials check for the intermediate
smile (polarization) and passage of Cats (photons). (b) Quantum violation of the pigeonhole principle. At least two
of the three charged particles must take the same arm of the interferometer, yet they do not repel each other.
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Gas phase studies of molecules of biological interest [1] represent the most suitable approach to disentangle the
intrinsic properties of the molecules from those due to the interaction with the environment. Electron and ion
spectroscopic techniques combined with ab-initio calculations and DFT methods provide detailed information on
the molecular structure and the dynamics of interaction with the ionising radiation. This approach allows to
probe and to understand the basic mechanisms of radiation damage in elementary biomolecules, for example
DNA/RNA bases, as well as how radiosensitiser molecules that, used in conjunction with radiotherapy, provide a
more selective approach for cancer treatment.

Tunable synchrotron radiation at Elettra (Trieste) [2-4] and multiply charged ion beams at GANIL (Caen) [4,5]
have been used to perform electron photoemission, mass spectrometry, electron-ion and ion-ion coincidence
experiments on biomolecules of increasing complexity. This has been achieved either moving from simple
targets as DNA bases [4] to larger biomolecules, as for example nucleosides, or embedding the biomolecule in a
cluster or hydrated cluster (see Fig. 1, ref. 5) to mimick a ‘realistic’ environment which affects its properties and
behaviour.

The results of these experiments together with theoretical calculations that support their interpretation will be
reviewed in the presentation.
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Fig. 1 A biological system of increasing complexity, moving from isolated Uracil to a pure and nano-hydrated cluster of
Uracil molecules [5], allows to assess the role played by the environment on the intrinsic properties of the single
biomolecule.
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Quantification of electron and photon induced DNA Damage
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High-energy radiation is routinely used to treat cancer in combination with radiosensitizing therapeutics such
as halogenated nucleosides. The treatment relies on an accurate modeling of DNA radiation damage, which is to
a large extent ascribed to the indirect damage by low-energy electrons [1]. To accurately quantify DNA strand
breakage induced by low-energy radiation in terms of absolute cross sections for DNA strand breakage we have
developed an approach using AFM analysis of target DNA arranged on DNA origami platforms [2-5]. In this
way we can effectively study the dependence of DNA strand breakage on the sequence and higher-order
structure and assess the effect of radiosensitizers used or proposed for cancer radiation therapy. The main
advantages of the technique are (i) the analysis and comparison of multiple sequences at the same time, (ii) the
analysis of more complex higher-order structures [6], and (iii) a rather simple determination of absolute cross
sections for strand breakage at specific irradiation conditions.

We have applied the DNA origami technique to DNA strand breaks induced by low-energy electrons (0.5 -
18 eV) [2-4], and vacuum UV photons (5 — 9 eV) [7]. In this presentation the following aspects in electron-
induced DNA strand breakage will be discussed: (i) The dependence of the strand break cross section on the
DNA sequence and the electron energy, (iii) the effect of radiosensitizers such as halogenated Adenines
incorporated into the DNA sequences, and (iii) the role of the secondary structure by comparing linear telomeric
DNA with folded G quadruplex structures. Furthermore, the effect of gold nanoparticles on DNA damage will be
demonstrated [8].

DNA origami template

Fig. 1 Scheme of the procedure to quantify DNA strand breakage using triangular DNA origami substrates. The
streptavidin labeled target sequences can be identified by AFM.
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Electron-Induced Chemistry in Molecular Solids

Leo Sala, Justine Houplin, Céline Dablemont, Lionel Amiaud, Anne Lafosse
Institut des Sciences Moléculaires d’Orsay (ISMO), CNRS, Univ. Paris Sud, Université Paris-Saclay, F-91405 Orsay (France)

Electron-induced chemical modifications are ubiquitous processes, which are of interest to various scientific
communities, for instance dealing with beam assisted lithography [1] or with radiation processing of interstellar
ice analogues [2]. Exposure of molecular solids (resist/ice layers) to energetic particles (electrons, ions or photons)
leads to the release of bunches of secondary low-energy electrons (LEE, E < 20-25 eV). LEEs initiate efficient
reactive processes and definitely contribute to the overall chemical transformation induced by irradiation. Different
primary interaction mechanisms are involved with relative probabilities which strongly depend on the incident
electron energy [3,4]. After electron attachment, electronic excitation or ionization, different dissociative pathways
open and the reactive fragments created within the molecular solids further contribute to the chemistry.

In dealing with electron chemistry induced in molecular films, the resulting chemical modifications have to be
identified, the associated cross sections should be evaluated when possible, and the primary interaction
mechanisms and elementary reaction steps involved should be investigated. To address these questions, molecular
film irradiation experiments at tunable temperature (28-750 K) are performed at Orsay in the dedicated
experimental setup “electrons-solids”. High Resolution Electron Energy Loss Spectroscopy (HREELS) and
Electron Stimulated Desorption (ESD) of neutral fragments are combined as main characterization techniques.
Molecular solids in the form of Self-Assembled Monolayers (SAMSs) of p-terphenylthiol HS-(CsHa)2-CsHs (TPT)
deposited onto gold will be considered as an illustrative example in this lecture (Fig. 1). Such SAMs were
considered in a recent series of studies [5]. They are organized surface-confined monolayers of aromatic
compounds, often used to develop sensors [6] and functionalized carbon nanomembranes [7]. Electron-induced
chemistry in these model aromatic organic platforms were investigated with special emphasis on their hydrogen
contents:

- astrong electron attachment resonance was identified at about 6 eV as evidenced by its clear contribution

to the vibrational excitation of the v(CH) stretching modes under electron impact,

- the global chemical modifications undergone by the layers under electron processing were observed to

be strongly dependent on the incident energy in the range 1-50 eV,

- the primary electron interactions and possible subsequent reaction mechanisms were discussed as a

function of the incident energy, including the eventual contribution of secondary electrons,

- and finally, the cross sections for chemical modifications were estimated at 6 end 50 eV.

ESD (N)
HREELS

Fig. 1 Low-energy electron chemistry in Self-Assembled Monolayers of TPT.
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Why are leaves green? Action spectroscopy of chlorophyll molecules and
dimers in vacuo.
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Chlorophyll (Chl) a and b are the main light-absorbing pigments found in green plants. It is nontrivial to predict
the absorption spectra of these molecules or what effect the protein environment may have. As a starting point,
we have measured the absorption spectra of gas-phase Chl a and b using photodissociation action spectroscopy
of Chl molecules tagged with quaternary ammonium ions [1,2]. These experimental data were used to calibrate
time-dependent density functional theory (TDDFT) calculatons and determine the transition energies of the bare
Chls in the absence of the charge tag. Chl a and b differ only on one peripheral substituent, but their absorption
band maxima are shifted relative to each other by more than 30 nm. These shifts were reproduced in our gas-
phase data, meaning that they are intrinsic effects and not due to interactions with the micro-environment. On
the other hand, the bands of both Chl a and b were significantly blue-shifted relative to those in solution and in
proteins. Interactions with the protein and solvent environments are thus crucial to understanding the absorption
of chlorophylls.

One key mechanism by which the absorption spectrum of Chl is tuned in proteins is exciton coupling of two or
more Chl pigments. This purely quantum mechanical effect gives rise to a splitting of the energy levels (and thus
a color shift) of the collectively excited multi-Chl complex. It is difficult to disentangle this effect from shifts due
to interactions the protein microenvironment such as axial ligation. With the absorption spectra of bare Chl now
well established, we can begin to ask the question of which of these effects is more significant for color tuning.
Furthermore, these interactions govern the mechanism for energy transfer to the reaction centers of photosynthetic
proteins. For funnelling via localised states on the energy landscape, the protein environment is most important
whereas so-called supertransfer requires fully delocalized states where all pigments are excitonically coupled [3].
We have measured the intrinsic strength of exciton coupling by applying our action spectroscopy technique to
charge tagged dimers of Chl a [4]. Compared to our baseline measurements of Chl a monomers, the absorption
band maximum is red-shifted by 50-70 meV, in good agreement with our TDDFT calculations.
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Fig. 1 Left: Optimized structure of Chl a dimer tagged with a quaternary ammonium cation. Right: Measured action spectra of
charge tagged Chl @ monomers (dashed line) and dimers (solid line and symbols).
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single-cis all-trans

All known forms of vision rely on one specific chromophore as their
photon detector- the retinal protonated Schiff base (RPSB). The RPSB,
located in the centre of Opsin proteins, acts as an optical switch —
whereby following the absorption of a photon it undergoes a
photoisomerization. One approach to understand what makes this molecule so unique is by studying
derivatives of the chromophore and thus examining how the photo properties of the chromophore depend
on its exact structure.

Recently our group and others have used two stages of ion-mobility spectroscopy to study isomerization
and gas phase fragmentation of the RPSB, and have shown that the barrier energy for isomerization is much
lower than within the protein. Here we extend these studies to derivatives of the chromophore and show
how minute changes to the structure of the chromophore have dramatic effects on its isomerization
properties.
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Measurement and control of a nanomechanical oscillator at the thermal decoherence rate
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In real-time quantum feedback protocols (1), the record of a continuous measurement is used to stabilize a desired
quantum state. Recent years have seen spectacular advances in a variety of well-isolated micro-systems, including
microwave photons(2) and superconducting qubits(3). By contrast, the ability to stabilize the quantum state of a
tangibly massive object, such as a nano-mechanical oscillator, remains a difficult challenge. The main obstacle is
environmental decoherence, which places stringent requirements on the timescale in which the state must be
measured. Using cavity optomechanical coupling we report on a position sensor that is capable of resolving the
zero-point motion of a solid-state, 4.3 MHz frequency nanomechanical oscillator in the timescale of its thermal
decoherence(4), a basic requirement for preparing its ground-state using feedback as well as (Markovian) quantum
feedback. The sensor is based on evanescent coupling to a high-Q optical microcavity(5), and achieves an
imprecision 40 dB below that at the standard quantum limit for a weak continuous position measurement(6), a 100-
fold improvement over previous reports, while maintaining an imprecision-back-action product within a factor of 5
of the Heisenberg uncertainty limit. As a demonstration of its utility, we use the measurement as an error signal
with which to feedback cool the oscillator. Using radiation pressure as an actuator, the oscillator is cold-damped(7)
with unprecedented efficiency: from a cryogenic bath temperature of 4.4 K to an effective value of 1.1 mK,
corresponding to a mean phonon number of 5.3 (i.e., a ground state probability of 16%). Our results set a new
benchmark for the performance of a linear position sensor, and signal the emergence of mechanical oscillators as
practical subjects for measurement-based quantum control.
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Controlling the interaction of light and matter is the basis for diverse applications ranging from light technology
to quantum information processing. Nowadays, many of these applications are based on nanophotonic structures.
Remarkably, it turns out that the confinement of light in such nanostructures imposes an inherent link between
its local polarization and its propagation direction, also referred to as spin—-momentum locking of light [1]. This
leads to chiral, i.e., propagation direction-dependent effects in the emission and absorption of light, and
elementary processes of light-matter interaction are fundamentally altered. For example, when coupling
plasmonic particles or atoms to evanescent fields, the intrinsic mirror symmetry of the particles’ emission can be
broken. With optical photons, this effect was first observed in the interaction between single rubidium atoms and
the evanescent part of a light field that is confined by continuous total internal reflection in a whispering-gallery-
mode microresonator [2]. In the following, this allowed us to realize chiral nanophotonic interfaces in which the
emission direction of light into the structure is controlled by the polarization of the excitation light [3] or by the
internal quantum state of the emitter [4], respectively. Moreover, we employed this chiral interaction to
demonstrate an integrated optical isolator [5] as well as an integrated optical circulator [6] which operate at the
single-photon level and which exhibit low loss. The latter are the first two examples of a new class of
nonreciprocal nanophotonic devices which exploit the chiral interaction between single quantum emitters and
transversally confined photons.

References

[1] K.Y. Bliokh, F.J. Rodriguez-Fortufio, F. Nori, and A. V. Zayats, Spin-orbit interactions of light, Nat. Photon. 9, 796 (2015).

[2] C.Junge, D. O'Shea, J. Volz, and A. Rauschenbeutel, Strong coupling between single atoms and non-transversal photons, Phys. Rev.
Lett. 110, 213604 (2013).

[3] J. Petersen, J. Volz, and A. Rauschenbeutel, Chiral nanophotonic waveguide interface based on spin-orbit coupling of light, Science
346, 67 (2014).

[4] R. Mitsch, C. Sayrin, B. Albrecht, P. Schneeweiss, and A. Rauschenbeutel, Quantum state-controlled directional spontaneous emission
of photons into a nanophotonic waveguide, Nature Commun. 5, 5713 (2014).

[5] C. Sayrin, C. Junge, R. Mitsch, B. Albrecht, D. O'Shea, P. Schneeweiss, J. Volz, and A. Rauschenbeutel, Nanophotonic Optical Isolator
Controlled by the Internal State of Cold Atoms, Phys. Rev. X 5, 041036 (2015).

[6] M. Scheucher, A. Hilico, E. Will, J. Volz, and A. Rauschenbeutel, Programmable integrated optical circulator controlled by a single
spin-polarized atom, in preparation (2016).

ECAMP 12, September 5-9, 2016 129 Frankfurt am Main, Germany



Monday, 17:00-17:30, HZ2 Quantum information & cavity QED, 5.3

Scalable quantum computing with atomic qubit arrays

M. Saffman
Department of Physics, University of Wisconsin-Madison, 1150 University Avenue, Madison, WI, 53706 USA

Recent years have witnessed substantial progress in using interactions between Rydberg excited atoms for
quantum gates and entanglement generation[1]. The strong Rydberg interaction enables entanglement between
identical atoms, between atoms of different species, and in hybrid settings of atomic and photonic qubits. Quan-
tum logic experiments with a two-dimensional array of optically trapped Cs atoms will be described. New gate
protocols with shaped Rydberg excitation pulses have the potential for very high fidelity entangling gates[2]. We
will also present an architecture for scalable magnetic trap arrays with rare earth atom qubits.
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Bell correlations in a Bose-Einstein condensate

Roman Schmied', Jean-Daniel Bancal', Baptiste Allard', Matteo Fadel',
Valerio Scarani’, Philipp Treutlein', and Nicolas Sangouard'

'Department of Physics, University of Basel, Switzerland
Centre for Quantum Technologies, National University of Singapore

The parts of a composite system can share correlations that are stronger than any
classical theory allows. These so-called Bell correlations can be confirmed by
violating a Bell inequality and represent the most profound departure of quantum
from classical physics. We report experiments where we detect Bell correlations
between the spins of 480 atoms in a Bose-Einstein condensate [1]. We derive a Bell
correlation witness from a recent many-particle Bell inequality [2] involving one- and
two-body correlation functions only. Our measurement on a spin-squeezed state [3]
exceeds the threshold for Bell correlations by 3.8 standard deviations. Concluding the
presence of Bell correlations is unprecedented for an ensemble containing more than a
few particles. Our work shows that the strongest possible non-classical correlations
are experimentally accessible in many-body systems, and that they can be revealed by
collective measurements. This opens new perspectives for using many-body systems
in quantum information tasks.

[1] R. Schmied, J.-D. Bancal, B. Allard, M. Fadel, V. Scarani, P. Treutlein, N. Sangouard,
Science, in press (2016)

[2] J. Tura, R. Augusiak, A.B. Sainz, T. Vértesi, M. Lewenstein, A. Acin,
Science 344, 1256 (2014)

[3] M.F. Riedel, P. Bohi, Y. Li, T.W. Héansch, A. Sinatra, P. Treutlein,
Nature 464, 1170 (2010)
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Ultracold atoms as quantum simulators for new materials —optical lattices,
synthetic magnetic fields and topological phases

Wolfgang Ketterle

Research Laboratory for Electronics, MIT-Harvard Center for Ultracold Atoms, and Department of Physics, Massachusetts Institute of
Technology, 77 Massachusetts Ave., Cambridge, MA 02139-4307, USA

When atoms are cooled to nanokelvin temperatures, they can easily be confined and manipulated with laser
beams. Crystalline materials are simulated by placing the atoms into an optical lattice, a periodic interference
pattern of laser beams. Recently, synthetic magnetic fields and spin-orbit coupling have been realized [1-4].
With the help of laser beams, neutral atoms move around in the same way as charged particles subject to the
magnetic Lorentz force. These developments should allow the realization of quantum Hall systems and
topological insulators with ultracold atoms.
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Fig. 1 Observation of Bose-Einstein condensation in the HH model with one half flux quantum per unit cell. (a) Spatial
structure of the cubic lattice with the synthetic vector potential, which generates a lattice unit cell that is twice as large as
the bare cubic lattice (green diamond). (b) The band structure of the lowest band of the HH Hamiltonian shows a twofold
degeneracy of the ground state and two Dirac points. The magnetic Brillouin zone (green diamond) has half the area of the
original Brillouin zone and has a primitive cell that is even smaller (doubly reduced Brillouin zone, brown square). These
lattice symmetries are both revealed in time-of-flight pictures showing the momentum distribution of the wavefunction.
(c,d,e) Schematics of the momentum peaks of a superfluid. The dominant momentum peak (filled circle) is equal to the
quasimomentum of the ground state. Due to the spatial periodicity of the wavefunction, additional momentum peaks
(empty circles) appear, separated by reciprocal lattice vectors (green arrows) or vectors connecting degenerate states in the
band structure (brown arrows). (g,h,i) Time-of-flight images. The superfluid ground state of the normal cubic lattice is
shown in (g) in comparison to the superfluid ground state of the HH lattice (h,i). In (h), only one minimum of the band
structure is filled, directly demonstrating the fundamental symmetry of the HH Hamiltonian in our chosen gauge. The
number of momentum components in (i) is doubled again due to population of both degenerate ground states.

References

[1].C.J. Kennedy, G.A. Siviloglou, H. Miyake, W.C. Burton, and W. Ketterle, Spin-orbit coupling and spin Hall effect for neutral atoms
without spin flips, Phys. Rev. Lett. 111, 225301 (2013), http://link.aps.org/doi/10.1103/PhysRevLett.111.225301

[2] H. Miyake, G.A. Siviloglou, C.J. Kennedy, W.C. Burton, and W. Ketterle, Realizing the Harper Hamiltonian with Laser-Assisted
Tunneling in Optical Lattices, Phys. Rev. Lett. 111, 185302 (2013), http:/link.aps.org/doi/10.1103/PhysRevLett.111.185302

[3] C.J.Kennedy, W.C. Burton, W.C. Chung, and W. Ketterle, Observation of Bose-Einstein Condensation in a Strong Synthetic Magnetic
Field, Nature Physics 11, 859-864 (2015), http://dx.doi.org/10.1038/nphys3421

[4]. J. Li, W. Huang, B. Shteynas, S. Burchesky, F.C. Top, E. Su, J. Lee, A.O. Jamison, and W. Ketterle, Spin-Orbit Coupling and Spin
Textures in Optical Superlattices, preprint, arXiv:1606.03514 (2016), http://arxiv.org/abs/1606.03514

ECAMP 12, September 5-9, 2016 132 Frankfurt am Main, Germany



Tuesday, 10:00-12:00, Foyer Poster, Tuelll

Steering and Visualizing Proton Migration using Few-Cycle Pulses

M. Kiibel*, C. Burger?, R. Siemering? Nora G. Kling*, A.S. Alnaser>*,
I. Ben-Itzhak®, R. Moshammer®, R. de Vivie-Riedle?, M.F. Kling"*

! Department of Physics, Ludwig-Maximilians-Universitat Munich, D-85748 Garching, Germany
2Department of Chemistry and Biochemistry, Ludwig-Maximilians-Universitat Munich, D-81377 Miinchen, Germany
*Max Planck Institute of Quantum Optics, D-85748 Garching, Germany
“Physics Department, American University of Sharjah, POB26666, Sharjah, UAE
5J.R. Macdonald Laboratory, Physics Department, Kansas State University, Manhattan, KS 66506, USA
®Max Planck Institute of Nuclear Physics, D-69117 Heidelberg, Germany

Chemical reactions involving the rearrangement of C-H bonds are ubiquitous in nature. The capability to steer
such rearrangements towards a desired outcome is key to controlling complex reactions in organic molecules.
Recently, it has been demonstrated that waveform controlled few-cycle laser pulses can be used to selectively
break C-H bonds in acetylene [1].

Here, we go beyond simple dissociation reactions and demonstrate control over the direction of proton
migration in hydrocarbons (acetylene and allene) by means of phase-controlled few-cycle pulses. Charged
fragments originating from the interaction of a molecule with an intense laser pulse are detected in coincidence
using a reaction microscope. We find that the preferential direction of hydrogen migration can be steered with
the carrier-envelope phase (CEP) of the driving laser pulse, see Fig. 1 ().
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Fig. 1 CEP-dependence of the proton migration direction in acetylene. Shown in (a) is the measured (symbols) and
calculated (solid line) asymmetry parameter A(¢) = (N+-N.) / (N++N.), where N. (N.) is the yield of carbon ions emitted
from vinylidene with positive (negative) momentum. (b) Propagation of a vibrational wavepacket on the potential energy
surface of the reactive AP state of the acetylene dication along two reactive coordinates (specifically, the C-H bond
angles). The contour lines display snapshots of the calculated nuclear wavepacket whose propagation leads to
isomerization of the acetylene dication towards the “left” vinylidene configuration.

The experimental results are interpreted in terms of a quantum mechanical model [1,2] in which the laser
prepares a CEP-dependent vibrational wavepacket. Propagation of this wavepacket (Fig. 1(b)) on a reactive state
is found to lead to a preferential direction of the hydrogen migration, which therefore depends on the CEP.

In a second step, we follow the temporal evolution of hydrogen migration by Coulomb explosion imaging
with a time-delayed probe pulse, reconstructing the transient molecular structure from the detected ion momenta.
The isomerization of acetylene to vinylidene is tracked by breakage of both C-H bonds in the trication and
coincident detection of all three fragments. This allows for capturing a “movie” of the isomerization (see Fig. 2)
and following intermediate states of the isomerization in real time.
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Fig. 2 Molecular Newton plots visualizing the isomerization of acetylene to vinylidene. The transient molecular structures
are imaged by detecting all ions arising from the Coulomb explosion channel C,H,* & H'+H™+C," in coincidence. The
momentum distributions of one proton is displayed in the co-moving frame of the C," ion with the momentum of the other
proton (not shown) fixed along the positive p;. The snapshots were obtained for different time delays, as indicated.
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A molecular movie of Interatomic Coulombic Decay

Florian Trinter!, Tsveta Miteva’, Miriam Weller', Sebastian Albrecht', Alexander Hartung', Martin Richter’,
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1. Institut fiir Kernphysik, Goethe-Universitit, 60438 Frankfurt am Main, Germany
2. Theoretische Chemie, Physikalisch-Chemisches Institut, Universitdit Heidelberg, 69120 Heidelberg, Germany
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4. Department of Physics, Auburn University, Auburn, Alabama 36849, USA
5. J. R MacDonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506, USA

During the last 15 years a novel decay mechanism of excited atoms has been discovered and
investigated. This so called “Interatomic Coulombic Decay” (ICD) [1,2] involves the chemical
environment of the electronically excited atom or molecule: the excitation energy is transferred to a
neighbor of the initially excited particle usually ionizing that neighbor. It turned out that ICD is a very
common decay route in nature as it occurs across van der Waals and hydrogen bonds. The time
evolution of ICD is predicted to be highly complex, as its efficiency strongly depends on the distance of
the atoms involved and this distance typically changes during the decay.

Here we present a direct measurement of the temporal evolution of ICD using a novel experimental
approach [3] as well as theoretical results. The results show the evolution of the vibrational wavepacket
of a NeKr dimer during the decay. So we gain insight into the complex behavior of ICD in the time
domain.

Figure 1 shows the norm of the wavepacket as a function of the IC-decay time, i.e. temporal behavior of the
survival probability of the intermediate state prior to ICD. Two photon energies as well as theory are included.
The data points are extracted from two datasets employing two different photon energies in order to access
different decay times: for the black points a photoelectron kinetic energy of 120 meV was chosen while the red
points belong to a dataset with a photoelectron energy of 200 meV.
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Fig. 1 Results NeKr: Norm of the wavepacket as a function of the IC-decay time, i.e. temporal behaviour of the
survival probability of the intermediate state prior to ICD.
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Imaging the Complex Influence of the Leaving Group on Nucleophilic
Substitution Reactions

Martin Stei', Eduardo Carrascosa', Jennifer Meyer', Tim Michaelsen', Bjorn Bastian!, Martin A. Kainz',
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1. Institut fiir lonenphysik und Angewandte Physik, Universitdt Innsbruck, Technikerstraf3e 25, 6020 Innsbruck, Austria
2. Laboratory of Molecular Structure and Dynamics, Institute for Chemistry, Eotvos Univeristy, PO Box 32, Budapest 112 1518, Hungary
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Predicting the outcome of a reactive encounter is of fundamental importance for processes in synthetic chem-
istry, catalysis or astrochemistry. A deep understanding of the factors influencing the thermodynamics and the
kinetics of a given reactive system is necessary to reliably predict the product distribution. On a molecular level
this means that the dynamics of the system during the reaction have to be understood. One of the most investigated
organic reactions in chemical physics is the bimolecular nucleophilic substitution reaction SN2. Classic textbook
knowledge predicts it to proceed via a collinear geometry under inversion of the stereo center. Our group has
investigated the dynamics of several gas phase Sn2 reactions of the type X~ + CH3Y where X (nucleophile) and Y
(leaving group) are halide atoms and has identified a number of distinct dynamical features [1]. The dynamics of
the classic SN2 mechanism have been found to be much more complex than the expected back side attack alone.

Here, we report on the influence of the leaving group on the dynamics of Sy2 reactions [2]. Our experimental
approach combines crossed beam scattering with 3D velocity map imaging. This allows us to record differential
scattering cross sections which contain the full three dimensional velocity information [3]. Specifically, we have
studied the reaction of F~ with CH3Cl. We expected similar dynamics as for F~ +CH31I because both systems show
very similar energetics in the entrance channel. However, we found a significantly different dynamical behavior in
case of chlorine as leaving group. The system mostly follows the classic direct SN2 mechanism and only shows
indirect dynamics at low collision energies. In contrast, the reaction with iodine as leaving group shows a major
contribution of indirect dynamics even at high collision energies [4]. These differing dynamics are not due to the
lower mass of the chlorine compared to iodine. High level chemical dynamics simulations, performed in the group
of G. Czaké, revealed that the differences in interaction of the nucleophile F~ and the respective leaving group
leads to this distinct differences in the dynamics [2]. Our experimental results in combination with theory show
how subtle differences influence the dynamics of gas phase SN2 reactions and the relative importance of different
mechanisms. Additionally, a number of further reaction products besides the Sy2 product can be observed in the
reaction with methyl iodine but not with methyl chloride [5].

Recently, we extended our investigations of gas phase organic reactions to the competition of based induced
elimination E2 with bimolecular nucleophilic substitution SN2 reactions. These two reaction channels are in con-
stant competition, if the molecule contains at least two carbon atoms in its backbone. To disentangle both channels
by experimental methods is challenging because the same ionic product is formed in both SN2 and E2 reactions.
This makes the application of mass spectroscopic methods almost impossible. We used ion imaging to identity the
dynamical fingerprint of the E2. First results will be shown on the transition from Sn2 to E2 dynamics.
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Predissociation of rotationally and vibrationally excited dimer anions
studied in the Heidelberg Cryogenic Storage Ring (CSR)
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The newly developed Cryogenic Storage Ring (CSR) [1] is located at the Max-Planck-Institut fiir Kernphysik in
Heidelberg. It is designed for storing and investigating cationic and anionic ion beams of up to 300 keV kinetic
energy per unit charge in a cryogenic environment that leads to extremely low vacuum and a low level of thermal
blackbody radiation. The vacuum chambers, ion optical elements and detection systems of the fully electrostatic
storage ring with a circumference of 35 m are cooled by a closed-cycle liquid helium system. Temperatures of
< 6K lead to a residual-gas density found to be below 140 particles per cm®, which is equivalent to a room-
temperature pressure below 10~!'% mbar. Under these conditions a storage time constant of about 45 min was
demonstrated for an ion beam of Ag; at an energy of 60 keV. The capability of storing ion beams for long periods
in a cryogenic environment offers new experimental prospects for quasi background-free gas-phase spectroscopy
in atomic, molecular, and cluster physics.

Beams of anionic cobalt and silver dimers, Co, and Ag, , produced in a sputter ion source, were stored in the CSR
at a beam energy of 60 keV and investigated over times up to 1000 s. On a single-particle counting detector [2]
installed behind a storage-ring deflector in the cryogenic vacuum, a continuously decreasing signal of fast ions at
half the mass of the beam ions (assigned to Co™ and Ag™, respectively) was observed up to several hundreds of
seconds after the injection. The counted ion signal is interpreted as being due to predissociation of quasi-stable,
highly excited vibrational states (v) of the molecule above the ground-state dissociation limit. States of this type
exist for molecules with high rotational excitation (J) behind the rotational barrier and predisssociate by quantum
mechanical tunneling. Depending on the energetic position of the various levels below the rotational barrier, vastly
different tunneling rates can occur. Previous measurements at a room-temperature electrostatic ion storage ring
[3] showed that the decay signal, resulting from a broad range of excited v and J states, decreases with the storage
time ¢ approximately as a power law ¢" with n ~ -1. These experiments, however, faced considerable background
from collisional dissociation of the ions in the residual gas and, therefore, could track the decay for times up to
~ 0.1 s, only.

At the extremely low background in our measurements, we can track the predissociation signal up to storage times
several thousand times longer. We find that the predissociation signals as a function of time roughly continue as a
power law with a similar exponent as observed earlier. In addition to this overall dependence, modulations in the
signal intensity occur, which will be discussed in more detail in this contribution.
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Probing O;r potential curves with an XUV-IR pump-probe experiment
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In an XUV-IR pump—probe experiment, an extreme ultraviolet (XUV) pulse initiates an oscillating nuclear vibra-
tional wave packet in the binding 02+ (a*T1,) potential by single-photon ionization. After a variable time delay
population is transferred to the weakly repulsive O;r (f 4Hg) state by an infrared (IR) pulse [Duration = 12fs
(FWHM), Intensity ~ 3 x 10'>W/cm?] (Fig. 1, left panel). The initial three-dimensional momenta of the created
photoions and photoelectrons are determined using a reaction microscope.

The experimental yield of O ions with KER < 0.08€V is plotted as a function of the pump-probe delay in
Fig. 1 (right panel). Clearly visible is an oscillation with a period of 40fs. The anharmonicity of the a*II, PEC
causes the originally well localized wave packet to dephase over a period of approximately 640fs before it revives
after 1270fs .
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Fig. 1 Left panel: Illustration of the pump—probe scheme with O;r PECs calculated in Refs. [1, 2] as well as a Morse potential
adjusted to the experimental data.

Right panel: O" yield as a function of the pump-probe delay. Experimental data (top) [3] and three simulated spectra using a
Morse potential as well as the PECs calculated in Refs. [1, 2].

With a coupled-channel calculation, we simulate the wave-packet oscillation and the probing process for dif-
ferent sets of PECs. The results are shown in the three lower graphs of Fig. 1 (right panel). The revival time of the
wave packet is overestimated in the simulations using the PECs calculated in Refs. [1, 2]. If the wave-packet is
propagated within a Morse potential adjusted to the experimental data, the revival time is in very good agreement
with the experimental data.

The close resemblance between the Morse potential and the predicted PECs in Fig. 1 demonstrates that the
revival time and our experimental method is sensitive to small variations in the shape of the binding PEC. Ad-
ditionally, the KER distribution of the O" ions contains information about the shape of the repulsive PEC. This
allows us to distinguish between the O3 (f “T1,) PECs calculated in Refs. [1, 2].
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Detailed theoretical calculations of energy and vibrational characteristics of neutral and positively charged sulphur
clusters SI* (n=1-6,q=0-1) were carried out by density functional theory (DFT). The B3PW91 exchange-

correlation functional along with the augmented correlation-consistent polarized valence double-zeta (aug-cc-
pVDZ) basis-set were used for the calculations by the GAMESS [1] software package. From these simulations
there were evaluated several properties, such as adiabatic and vertical ionization energies and dissociation energies

of several fragmentation channels [2]. There were found and studied theoretically 43 different Si* cluster

structures in total.

The results of the provided ab initio calculations, such as total energies, relaxed geometries and the vibrational
frequencies of normal modes of the molecules then served as the starting point for further calculations. On the
basis of the mentioned simulations, statistical calculations were also performed in a collaboration with the research
group of N. Aguirre et al. by using the M3C (microcanonical Metropolis Monte-Carlo) package [3] in order to
obtain the fragmentation branching ratios of the observed species and the breakdown curves for the several
fragmentation channels.

In particular, the first results for the singly charged clusters were compared with the available mass-
spectroscopic data from the NIST mass-spectra database [4] (see Fig.1).
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Fig. 1 Theoretical and experimental mass spectra for the Sg molecule.

We can see that, in general, there is a good agreement between theory and experiment, except of the
case of Sj ion, where probably there seems to be a factor, which we might not take into consideration.

There should be several possible reasons to explain the deviation from the experiment: for example, one of
these is that for some channels there might be a barrier in the reaction (principally a high-lying transition
state) along the reaction path, which we did not take into account. Another explanation is due to the fact
that DFT is a coarse approximation. Then some energies at DFT level have much lower values, than we
expect from the higher level variational methods (e.g. CCSD(T), CASSCF), which could invert the
energetic trends for some reactions. For this reason, we provide further ab initio calculations on the sulphur
clusters on higher theory levels and then correct the M3C simulaions with this new results.
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The interplay between electrons after single photon absorption has been a stimulating topic for studying electron
correlation in atomic physics since its foundation. Systems consisting of many weakly-interacting atoms or
molecules additionally offer a unique environment for studying said correlation where new decay mechanisms
become accessible between the constituents. In particular, Cederbaum and coworkers [1] predicted a new decay
mechanism, known as interatomic Coulombic decay (ICD), available in electronically excited weakly bound
systems where energy is exchanged with a neighboring atom leading to its ionization. Electron transfer mediated
decay (ETMD) is another interatomic decay mechanism, typically much weaker than ICD, where electron
transfer from the neighbor to the ion releases energy leading to an additional ionization event [2]. A new variant
of ETMD has been was reported which does not require the aforementioned excess energy and can even occur
for a ground state ion [3]. Recently, Stumpf et al. [4] predicted ETMD to dramatically enhance the single photon
double ionization of a Mg atom in the vicinity of a He atom. Surprisingly, due to ETMD, the theoretical cross
section for double ionization of Mg is even higher than that of direct single ionization and is comparable to that
of He. Overall, the decay path and its predicted enhancement is not limited to Mg in He clusters, but can be
applied to any embedded atoms or molecules which have a lower double ionization potential than the single

ionization potential of the

environment. Thus, the phenomenon

1400 — 7 is considered to be of quite general
1200 - Droplet size: 5,000 atoms _ (rjelevla?ce and . can bethused ;n tT]Ie
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8 Mg otherwise.
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2 1 ere, we will report on the first
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photon energy (eV) the ion signal intensities for several
Fig. 1 lon signal intensity of Mg (black), Mg, (red), Mgs (green), and He; (blue) as a Mg oligomers and the He dimer.
function of photon energy. The droplet size is 5 000 He atoms with an average of 2-3 From the spectrum, one can see that
Mg atoms attached. the relative intensities of Mg

ionization is comparable even to that
of He. Furthermore, the electron kinetic energy spectra reveal a low energy ETMD peak at about 1 eV agreeing
well with theory. We will additionally show that the ETMD mechanism turns out to be the dominant means to
doubly ionize Mg clusters and even produce stable doubly ionized clusters. We will further discuss more recent
results where we have extended our studies to new molecular systems.
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Ionisation processes of Rubidium in strong electromagnetic fields
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We investigate the photoionisation processes of rubidium in strong infra-red laser fields and ionisation pro-
cesses in the electromagnetic field of a 400 GeV energy proton beam via ab initio calculations. We reduce the lat-
ter phenomena to photoionisation by applying the Weizsidcker—Williams method. The time-dependent one-active
electron Schrodinger equation is solved using a coupled-channel method. The bound and the continuum states are
described with Slater orbitals and Coulomb wavepackets, respectively. Large number of the bound states has been
calculated with the variational method with a satisfactory accuracy. Orbitals with anguar momenta 1=0,1,2,3,4 have
been considered. This approach has been proven to be succesful for studying various ionisation processes of He
atom [1-3]. We investigate the effects of the pulse shape and pulse parameters to the photoionisation cross section.
These calculations may provide valuable contributions ot the design of laser and plasma based novel accelerators,
e.g. the CERN AWAKE experiment [4]. Our future aim is to include our results in plasma propagation models or
in Partice-In-Cell studies.
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Phase Sensitive Amplification can amplify a signal without degrading the signal to noise ratio, it has been widely
studied for applications in optical communication, imaging industry, quantum optics and quantum information ex-
periments. This parametric process has been mainly implemented in non-linear crystals (%)) and fibers ( x(3))and
recently in alkali vapors such as rubidium [1, 2].In this work, we present our work on phase sensitive amplification
performed in metastable helium at room temperature. The maximum obtainable gain is close to 6 with a bandwidth
of 100 kHz.

Motivated by our recent works on successful implementation of optical storage [3] in metastable helium, we have
used 2°S; — 23P; (D1) transition of He. In comparison to alkali atoms, helium is free of hyperfine levels result-
ing in (a) a simplified level structure, (b) eliminating the need of repumping lasers (c) remove the possibility of
extraneous FWM processes which may add noise and degrade squeezing as affected in rubidium [2]. Through
our measurements, we have shown that contrary to rubidium, we can achieve better gains close to resonance and
within the Doppler width. The gains obtained for the PIA case and the PSA case correspond well, illustrating that
we have pure PSA without any other FWM processes.
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Figure 1: (a) Double A structure in helium, both arms are excited by pump (,, red), signal ((€2,), blue) and idler

(Q;, green) beams (b) Experimental setup: Pump, signal and idler derived from the same laser, their frequencies

and amplitudes controlled by two acousto optics (AO). Signal and idler follow the same path. Polarizing beam

splitter (PBS) recombine the beams before the cell. The piezo-actuator in the pump path enables to scan the phase.

(c) The results obtained: experimental maximum gain and the minimum gain for PSA and the gain from PIA and
the theoretically calculated minimum gain for PSA and the gain for PIA.

Such large gains in the absence of a cavity have been possible because of inherent large x> offered by the
system. Since optical storage has already been performed on this system [3], using it as a PSA would serve as a
noiseless preamplifier of the stored/retrieved signal and also in the generation of non-classical states for quantum
information experiments.

References

[1] R. C Pooser, A. M Marino, V. Boyer, K.M Jones, P.D. Lett, “Quantum correlated light beams from non-
degenerate four-wave mixing in an atomic vapor: the D1 and D2 lines of 85 Rb and 87 Rb,” Optics express
17, 16722-16730 (2009).

[2] N.V. Corzo, A.M. Marino, K.M. Jones, P.D. Lett, “Noiseless Optical amplifier operating on hundreds of
spatial modes,” Phys. Rev. Lett. 109, 043602 (2012).

[3] M.-A. Maynard, F. Bretenaker, F. Goldfarb, “Light storage in a room temperature atomic vapor based on
coherent population oscillations,” Phys. Rev. A 90, 061801 (2014).

ECAMP 12, September 5-9, 2016 142 Frankfurt am Main, Germany



Tuesday, 10:00-12:00, Foyer Poster, Tuel25

Statistical regimes and ‘extreme events’ in Random Laser emission

Federico Tommasi', Emilio Ignesti', Lorenzo Fini!, Stefano Lepri?, Stefano Cavalieri'
1.Dipartimento di Fisica e Astronomia, Universita di Firenze, via G. Sansone 1, I-50019 Sesto Fiorentino, Italy
2. Istituto dei Sistemi Complessi, Consiglio Nazionale delle Ricerche, via Madonna del Piano 10, I-50019 Sesto Fiorentino, Italy

Random laser [1] is an optical source constituted of a scattering active medium where the light is amplified by
stimulated emission along random paths. If gain overcomes losses, a laser-like output emission, without the re-
quirement of an optical cavity, is generated [2].

Since *90s several experimental and theoretical works devoted to the investigation on the characteristics of this
new optical system have been reported. In particular, the random laser shows peculiar and exotic behaviours that
are due to the combined effects of the chaotic propagation of light in the disorder medium, the non-linearity of
the amplification mechanism and the complex modes coupling. In such a system large fluctuations can appear in
the emission spectrum that deeply alter the shot-to-shot output emission with the same starting conditions. Lévy
statistics have been successfully applied to characterize such statistical fluctuations [3]. Narrow spikes at random
frequencies have been reported in random laser emission spectra and we have identified three statistical regimes
both in experimental data [4] and in the numerical simulations, as well as modifications in the output directionality
[5].

Our theoretical model describes a “'mode’ as a possible path of the light inside the disordered medium, whereas
an incoherent feedback mechanism has been identified as responsible of the laser action in weakly scattering
samples. A Monte Carlo simulation of the propagation of random walkers within the active diffusive medium has
shown that gain competition for the available gain is the coupling mechanism for the optical modes. This work has
lead to a clear link between the experimental behaviour and the theoretical framework.

In addition, we also explored the possibility to study random laser systems in the light of the recent growing
interest about the statistics of extreme events that appear as “outliers’ in the tail of a statistical distribution. These
events, due to their huge size and catastrophic impact, appear as beyond the normal expectation and it could be of
great importance form many different fields to understand the underlying mechanisms that are able to trigger them.
Hence, we have also investigated the random laser in a new approach to analyse when this system can be driven to
an unexpected behaviour by its complex dynamics, that can also trigger extreme rare events with a ’catastrophic’
impact [6,7]. Experimental and theoretical investigations are currently in progress.
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Fig. 1 Three typical experimental spectra of random laser emission for the same weakly scattering sample at different pumping
energies.
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One photon molecular ionization is conventionally undssdtas emission of an electron in state-to-state processes,
involving only a few and well defined electronic states. Intrast, multiphoton ionization may proceed several
different mechanisms, such as above threshold ionizafigld, ionization and thermionic emission. In addition,
electrons can be emitted in a quasi-thermal process whereldttronic degrees of freedom act as a thermal
subsystem which is heated by e.g. laser pulses while thatidiial motion remains cold for a good fraction of a
picosecond [1].

This mechanism has been shown to be responsible for theattmizof a number of large polycyclic aromatic
hydrocarbons exposed to light with photon energy far belosvibnization energy [2]. The ionization requires
a laser pulse of duration on the order of the electron-vibmatoupling time or shorter, to avoid the premature
dissipation of excitation energy into the vibrational nooti

We have recently shown thatzgalso ionizes with this mechanism after absorption airegle photon [3].
The measurements were performed at the ELETTRA Synchrbigi Source in Trieste (Italy) with photons of
energies between 13.5 and 60 eV. The primary experimeritiéese is a persistent and strong component of low
kinetic energy electrons in the photoelectron spectra. &leetron momenta are spherically distributed with no
remaining sign of the light polarization and can be descrivéh a Boltzmann factor with a temperature of 1-2
eV, or 1-2-10* K. Additionally, the threshold and channel (viz. single aludible G loss from qo) for subsequent
fragmentation of the produced cation agrees quantitgtiwéth the previously measured thermal behavior. The
presence of this type of ionization for photon energies al8iveV which reach beyond the valence band requires
that the photon creates a particle-hole state with at leasparticles and two holes.

The observation of this process expands the picture of-highiter interaction with a fundamentally new type
of ionization process. It will be of special and immediatgortance in astrophysics, e.g. by providing a novel
mechanism for producing low energy electrons in the dertsestellar medium close to nascent stars.
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Negative ions are unique quantum mechanical systems, where the outermost electron is very weakly bound. In-
dependent particle model fails to describe the most basic properties Instead many body theory including the effect
of electron correlations is needed to understand the ion property. Therefore, there is a strong demand to perform
experimental investigations which can be used to test theories which include the electron correlation effect.

At GUNILLA (Gothenburg University Negative lon Laser LAb) we use the Laser Photodetachment Threshold
Spectroscopy to measure energy dependent interactions between ions and light of a laser. A Pelletron Cesium
Sputter Ion Source [1], is used to generate a beam of negative ions and several high power pulsed lasers to generate
the wavelength adjustable laser light. The PLTS is performed in a colinear geometry as shown in figure 1.

We will present a new experimental detection system where we can detect Rydberg atoms produced in the
photodetachment process. Different Rydberg atoms will be ionized at different position in the field ionizer and
will therefore be produce at different electric potentials. Hence, they will obtained different kinetic energies, and
can therefore be separated in the electrostatic spectrometer where they hit the detector at different positions. First,
we will use the system to measure the branching into the different Rydberg states.

Interaction Region Field lonizer Faraday Cup

I —

\8’ Atoms.

<
N
I I ARNRY
S A
s 3.0
\\\\S\
AR
S
N .
' i .

Negative lons

Spectrometer
Bendplates

LT Position Sensitive
Traveling distance Detector

Electric
Potential

Fig. 1 A schematic view of the interaction region. The field ionizer consists of twelve coaxial plates. The plates can be
individually adjusted, and it is hence possible to produce a longitudoal gradient field. Ions with different energies will follow
different trajectories and hence strike the position sensitive detector at different positions.

We will also investigate the threshold behavour around the doubly photodetachment. The behaviour of this
three body interaction has been described theoretically by both Wannier [2] and Temkin [3]. The diversity of the
theoretical prediction makes it even more intriguing to analyse the results from such experiments.
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With the introduction of the liquid microjet technique in the late 1980s [1] the investigation on liquids with
considerably high vapor pressure like water by synchrotron radiation became accessible for the first time. This
technique meets the vacuum conditions for both synchrotron radiation and photoelectron spectroscopy and
thereby allows intense research of the electronic structure of the liquid phase [2,3]. Within the last 20 years
several intermolecular interaction schemes like the recently discovered Intermolecular Coulombic Decay (ICD)
and non-local de-excitation pathways were found [4]. Additionally the influence of the pH-value of the solution
on the solvent could be shown for different nucleobases [5]. However, due to the low escape length of charged
particles within dense media these techniques are restricted to the outermost layers of the liquid [6].

To overcome this limitation we propose a new experimental approach for the investigation of the electronic
structure of liquids based photon induced fluorescence spectrometry (PIFS) after excitation with synchrotron
radiation. This technique was developed mainly for gas-phase experiments using static pressure cells [7,8] but is
also feasible for investigations of supersonic cluster jets [9] and the aforementioned liquid microjet technique.
Here, we want to present our recent results of an experimental set-up as sketched in Fig.1 which combines the
PIFS set-up with the liquid microjet. Due to the significantly higher escape length of emitted photons it is
possible to probe regions of the liquid microjet which were not accessible before.

We will show fluorescence spectra of a liquid water microjet for two different energies of the exciting-photons
and the fluorescence yield dependency of two of the visible features in the vicinity of the O1s edge as showcase
example of the technique.

Liquid Microjet Synchrotron radiation
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Fig. 1 Scheme of the experimental set-up.
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Spectral characterization of SASE bunch trains
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Universitdt Kassel, Heinrich-Plett-Strafie 40, 34132 Kassel, Germany

The recent availability of short wavelength Free-Electron-Lasers (FELs) enabled the investigations of the nonlinear
response of matter in the X-ray wavelength regime, i.e. at photon energies where the dominant interaction involves
the strongly bound core electrons. The unique temporal, coherence and intensity properties of such devices can
therefore be used to monitor the charge and energy flow in highly correlated electron systems and molecular
complexes with strong coupling between the electronic and nuclear degrees of freedom [1].

Streak camera-type detectors are ideally suited to analyze the spontaneous and stimulated emissions of such sys-
tems after an excitation driven by FELs. After converting a photon signal into electrons, they use a very rapidly
changing electric field to deflect these electrons depending on their arrival time in the streak tube, thus projecting
the original time information on a spatial axis. In combination with a spectrometer that disperses along another
axis, they are able to spectrally and temporally resolve a single x-ray flash on the picosecond time scale.

But for FEL sources like the FLASH facility in Hamburg as well as the upcoming European XFEL that employ
bunch trains of up to 3000 individual bunches [2] to achieve very high repetition rates, it also allows recording
the SASE (self-amplified spontaneous emission) spectra of all the individual bunches in the very long trains at the
same time and for each shot as shown in Fig. 1. Due to the statistical nature of the SASE process [3], this allows
for an explicit selection of desired beam parameters and investigations into the correlations between the SASE
bunches in these bunch trains in realtime.
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Fig. 1 A schematic of the set-up used to spectrally resolve individual bunches in FLASH bunch trains. Each bunch train
is dispersed by a grating in the spectrometer and subsequently converted to electrons by the slit-shaped photocathode. The
streaking is performed in perpendicular direction to the dispersion, hence resulting in a picture resolved in time and energy. The
resulting single bunch spectra (right) are shown for two exemplary bunches.

Here we want to present first results recently acquired at the FLASH facility as well as future applications and
experimental methods using an x-ray streak camera in this manner at FELs.
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Intense High-Frequency Laser Pulses
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Photoionization is one of the basic processes occurring during the interaction between light and matter. The
presently available free electron laser (FEL) pulse sources allow to investigate this process in the completely new
regime of short intense coherent pulses with carrier frequencies far beyond the ionization threshold. Many new
effects become accessible in this regime.

Here, we theoretically investigate the direct ionization of the He atom by an intense coherent high-frequency
laser pulse. In particular, we consider photon energies which are nearly resonant for the 1s — 2p excitation tran-
sition in the He™ ion. This photon energy is enough for the direct ionization of the neutral helium atom, but not
sufficient for the one-photon ionization of the remaining He™ ion. On the other hand, the nearly resonant photon
energy couples the ls and 2p states of the ion and makes the dynamic interference possible. The scheme of the
investigated process is shown in Fig. 1. The effect is exclusively produced by the dynamics of the electron re-
maining in the He™ ion. One can describe the process as the repulsion of two ionization thresholds (corresponding
to minimal energy, needed for the production of the final singly-ionized states He™ (1s) and He™* (2p)), which are
seen by the photoelectron. This results in the emission of photoelectrons with different kinetic energies when the
pulse arrives, and, symmetrically, the same set of energies when the pulse expires. The photoelectron wave packets
with equal kinetic energies superimpose, which results in the dynamic interference phenomenon [1].

1s° 18’ 2p'

Photon energy Electron energy € €

threshold
\
\
threshold
\
\

}

®=1.50 a.u. —

Fig. 1 Scheme of the presently studied process, in which one photon from the high-frequency linearly polarized pulse brings
the photoelectron in the ionization continuum, whereas absorption of another near-resonant photon from the same pulse couples
Is and 2p states of the remaining electron in the He™ ion. The photoelectron sees these states of the ion as the photoionization
thresholds, which repel each other and shift in opposite directions following the laser pulse.

In order to describe this process we solve numerically the time-dependent Schrodinger equation for the two-
electron wave-function using the efficient time-dependent restricted-active-space configuration-interaction method
(TD-RASCI, [2]). Since sequential double-ionization within the selected regime is possible only via absorption
of three and more photons, we restrict the active space for one of the electrons by few bound states, describing
important relevant orbitals in the neutral atom and remaining ion. The active space of the second electron allows
ionization. As a result, the present calculations completely describe all processes, involving absorption of one and
two photons, and partially those with three photons. In order to enable observation of the dynamic interference
patterns in the computed photoionization spectrum, the two-electron wave-packets were propagated on large spatial
grids over long times.

The calculated energy spectra of photoelectron demonstrate clear patterns due to the dynamic interference. We
show, how the form of the pattern can be controlled by carrier frequency as well as the pulse intensity. Our results
pave the way for future experiments on verification of the dynamic interference by currently available FELs, e.g.,
FERMI@Elettra.
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We have considered the theoretical study of the single &tioim of a quasi-periodic system interacting with
an infra-red (IR) laser. A large increase of the photoetectiut-off is observed and goes well beyond what is
expected when one consider an atomic or molecular system [1]

In this work, the target is simulated by a one-active eleciystem plunged in a potential that is composed of a
finite number of identical wells submitted to an intense lavayelength laser. When an infinite number of wells is
considered, the model is the so-called Kroenig-Penney m@tle time-dependent schrodinger Equation is solved
numerically in the velocity gauge and the dimensionality haen reduced to one, along the polarization axis, for
the sake of simplification. The initial state is chosen tolmedround state of the system which has a momentum
component essentially centered arodng 0. The results are compared with a Kroenig-Penney model for a
periodic crystal using Bloch functions [2]. Figure 1 showe tonization probability for a potential reproducing
the Csl crystal [3]. A clear change of the cut-off law is olvesl when the humber of wells is increased. The
classical atomic/molecular L cut-off is, for the considered laser parameters, 6 eV [4]thia work we show
that the main mechanism responsible for the strong increfabe plateau cut-off is an inter-band non-perturbative
dynamics involving a resonance like transition so that Wigllues of energy in the continuum is reached that goes
well beyond 10),. The change of regime from perturbative to non-perturledsvcharacterized by the Keldysh

parametery = \/}pp for atomic/molecular systems. Whan<< 1 the non-perturbative tunnelling regime is
defined and whery >> 1 the perturbative multi-photon ionization occurs [5]. FEprasi-periodic systems, we
show that this transition is defined by a new paramléter%, wherews is the so-called Bloch frequency [6] and
wy is the laser central frequencys = aEg wherea is the lattice constant arigy the electric field value. When
I > mrthen the inter-band resonance is favorable describingdheperturbative regime, while < rrcharacterises
the perturbative regime.

High-order harmonic generation (HHG) is also investigatee function of the number of wells. In particular
the HHG yield as a function of the number of wells is studied esmpared with available experiments [7]. Results
will be presented at the conference.
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Fig. 1 Plot of the probability ionization as a function of the numbéwells (N) [3]. The laser parameters are a peak intensity
of | =10 TW/cn?, a central wavelength of 800 nm and a pulse duration of 20dsriteed asir? envelope. The ponderomotive
energy isJp = 0.6 eV.
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Ionization of Aligned and Oriented OCS Molecules with Few-Cycle
Mid-IR Laser Pulses
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We present new results on the ionization of aligned or oriented OCS molecules with few-cycle mid-IR (1850nm,
12fs) laser pulses. The pulses originate from a recently established setup following the design in ref. [1]. The
pulses are passively carrier-envelope phase (CEP) stabilized and the CEP can be controlled by a pair of fused-
silica wedges.

Two experiments are presented. In the first OCS molecules were adiabatically aligned with a 10-nanosecond
laser pulse and singly ionized by the linearly polarized mid-IR pulse. The ionization process produces solely
OCS+ cations with negligible fragmentation. The yield of ions was measured as a function of the angle between
the polarization of the mid-IR pulse and the molecular axis determined by the polarization of the alignment pulse.
The results are displayed in Fig. 1a and show that the ion yield reaches a maximum when the mid-IR polarization is
at an angle of 8 = 60° or 8 = 120° with respect to the molecular axes. Our measurements differ qualitatively from
previous measurements at 800 nm [1]. Calculations in the tunneling regime are used to rationalize the experimental
findings.
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Fig. 1 a) The measured OCS ionization yield as a function of the angle between the ionizing laser polarization and the molecular

axis, 60, as defined in the insert. b) The result of measuring electron VMI images and calculating the up/total ratio for different
orientation angles and for both a sine- and cosine like CEP value.

In the second experiment the molecules were oriented by the combined interactions of the 10-nanoscond laser pulse
and a weak static electric field using OCS molecules selected in the absolute ground state [3]. Again the molecules
were singly ionized by the mid-IR pulses and the photoelectrons were detected. The number of electrons emitted
in the forward direction of the mid-IR field compared to the total number of electrons emitted, Up/Total, was
determined. The result, presented in Fig. 1b for three different CEPs, shows a strong dependence on the molecular
orientation. The experimental results are compared to theoretical calculations and reveal details on the laser-field
induced distortion of molecular orbitals.
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Trapping of Neutral Atoms in Structured Light: Role of the light orbital
angular momentum

Dominik Schulze', Anita Thakur'?2, A. S. Moskalenko'>, Jamal Berakdar'
U Institut fiir Physik, Martin-Luther-Universitiit Halle-Wittenberg, Karl-Freiherr-von-Fritsch-Strafe 3, 06120 Halle/Saale, Germany
2 ELI - extreme light infrastructure, Prague, Czech Republic
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The ponderomotive force plays a key role in laser-induced particle acceleration [1,2] and trapping [3,4]. The
direction of the force is independent of the sign of the particle charge acting in the direction of the intensity gradient.
Acceleration of the center of mass of a neutral atom by an intense Gaussian laser beam were demonstrated in Ref.
[2].

We study here the dynamics of neutral atoms focused, high-intensity spatially structured laser beams, in particular
those carrying orbital angular momentum OAM (optical vortices). We find (cf. Fig.1) that the trapping potential
can be spatially structured by an appropriate superposition OAM beams. The topological charge of the beams
controls the spatial inhomogeneity. The atom can be trapped or scattered by the potential, which maybe exploited
for atom guiding and for lithographic applications.
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Fig. 1 The ponderomotive potential of a superposition of two counter propagating Laguerre-Gaussian beams that carry orbital
momentum.
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Circularly polarized high harmonics from Ne atoms
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To extend the applicability of High Harmonic Generation (HHG) process as a light source for ultrafast spec-
troscopy, it is important to control the polarization of emitted XUV light. An elegant solution to generate circularly
polarized harmonics relies on combining circularly polarized fundamental with counter-rotating second harmonic
[1,2]. The harmonic spectra generated by such driving field consists of pairs of left- and right- circularly polar-
ized harmonics. This approach was used in recent experiments [3,4] where bright, phase matched high harmonic
radiation was produced. However, Ar and Ne atoms, which were used in these experiments, have a ground state
with non-vanishing angular momentum. Up to now its role in the HHG process with counter-rotating bi-chromatic
fields was little investigated.

In this work [5], we numerically investigate the HHG process with bi-chromatic counter rotating circularly
polarized laser fields by solving the Time-Dependent Schodinger Equation for a 2D model of Neon atom. We
demonstrate that the harmonic spectra is distinctively different when atomic orbitals with non-zero angular mo-
mentum, e.g., 2p, and orbitals with zero angular momentum, e.g., s, are considered. Namely, the height of left-
and right- circularly polarized harmonics is different by an order of magnitude when 2p orbitals are used (see Fig-
ure 1). The effect is due to the suppression of the contribution from orbitals counter-rotating with the driving field,
i.e., 2p_, and involves an interplay of ionization, recombination and continuum electron propagation dynamics.
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Fig. 1 Spectra for (a) 1s and (b) superposition of 2p, and 2p_ states split into contributions that are co-rotating (red) and
counter-rotating (blue) with the driving IR field. Vertical dashed line marks the energy of ionization potential I,

In the time domain, the generated harmonics from Ne correspond to a train of attosecond pulses with close to
circular polarization. Hence, we demonstrate an amplitude gating scheme that allows to isolate a single attosecond
radiation burst and thus attain highly elliptical isolated attosecond pulses.
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We experimentally investigate the fragmentation of multiply ionized argon dimers with sub-5 fs laser pulses
with a known carrier envelope offset phase (CEP). The overall goal of our experiments is to obtain insight into the
sub-laser-cycle dynamics leading to the trapping of an emitted electron into Rydberg states by the so-called process
of frustrated tunnel ionization (FTI) [1], and, furthermore, to investigate the amenability of this process to strong-
field-control.

—_
O

_' JARIRRLLRERLI RRRR L i
: /
'—_I

=
w2
T

Yield [arb.u.]

-0.2

Sum momentum
o

-0.3

-0.4

L T PN I B AR A BB BRI |
50 100 150 200 250 300 350

KER [eV] CEP [degree]
Fig. 1: (a) Kinetic energy release (KER) spectra for different fragmentation channels. The plot in black gives the KER of channel
Ar*/Art, the red plot corresponds to Ar?*/Ar* and the blue plot to Ar¥*/Ar?*, (b) Sum momentum of fragments for fragmentation

channel Ar?*/Ar* plotted over CEP for Coulomb explosion (green curve), frustrated tunneling ionization (red curve) and argon
monomer (blue curve).
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Measured kinetic energy release (KER) distributions of different fragmentation channels of argon dimers,
Art/Art, Ar¥/Art and Ar?*/Ar?* are shown in Fig.1 (a). The distributions feature several peaks. The peaks marked
by “*” are due to Coulomb explosions of multiply ionized argon dimers at their equilibrium geometry into ion pairs
Art/Ar™ while the peaks marked by ‘+’ are due to explosions after FTI. The fragments resulting from Coulomb
explosion after a FTI process feature a higher KER than the corresponding dimers in the ground (or only weakly
excited) state with the same initial charge state (n+m). The reason is that the trapped electrons are in highly excited
ionic states and therefore, due to the large spatial extension of the corresponding electronic states, do not shield
the nuclear charge efficiently. As a result, the corresponding Ar*"/Ar*™ pairs feature almost the same KER values
as pairs with ions in their ground state but a charge state (n+m+1). Fig. 1(a) shows that the measured KER
distribution for the Ar?*/Ar* fragmentation channel (red) features an additional peak at even higher KER. This
peak can be attributed to the recapture of two electrons [2]. These results are qualitatively very similar to those
obtained with significantly longer pulses (~40 fs) [2-4]. However, interestingly, in our experiments performed with
few cycle laser pulses we measure a higher yield for the trapped Rydberg electrons.

To obtain insight into the sub-cycle evolution of the trapping process we analyzed its dependence on the CEP.
Fig. 1(b) shows the sum momentum of the Ar?*/Ar* ion pairs as a function of CEP. To obtain the CEP-dependence
we applied the phase-tagging method with a stereo ATI- phase meter. As in this scheme the absolute phase is not
known, the CEP-dependence of the argon monomer can serve as a reference, cf. blue line in Fig. 1(b). Because the
sum momentum of the Ar?*/Ar* ion pairs is equivalent to the momentum sum imparted to the dimer by the electrons
during emission and recapture, comparison of its CEP-dependence for pairs where an electron has been trapped
with pairs for which no trapping has occurred can give insight into the laser-sub-cycle dependence of the trapping
process. By comparison of the measured CEP-dependence with that simulated by the Classical trajectory Monte
Carlo method we gain insight into the electron trajectory dynamics that leads to the trapping process.
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Ionization of atoms and molecules by strong laser fields is starting point for many strong field phenomena [1].
In a strong laser field, atoms and molecules are ionized via tunneling ionization, i.e., an electron passes through the
potential barrier of the combined Coulomb and the laser field. After tunneling, electrons are steered by the laser
field and most of them will eventually escape the Coulomb field of the remaining ion core. However, a fraction of
them are recaptured into highly excited states by the ionic Coulomb field. This process frequently referred to as
frustrated field ionization leads to the formation of high-lying Rydberg states [2].

In this submission, we report on the experimental observation of high-lying Rydberg states with principal
quantum number up to n > 120 populated during strong field interaction of atoms and molecules with a reaction
microscope [3]. Laser pulses with a center wavelength of 795 nm, a pulse duration of 25 fs and a peak laser
intensity on the order of I ~ 10'* W/cm? are exploited in the measurements. A weak homogeneous dc field
is applied in the time-of-flight spectrometer to accelerate charged particles to the detectors and to induce field
ionization of high-lying Rydberg states populated during the strong field interaction of atoms and molecules.
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Fig. 1 (a) PEPICO spectrum for argon atoms interacting with laser pulses with peak intensity 7 = 1.5 x 10'* W/cm? and a dc
field strength of Fyg. =3 V/cm. (b) Measured signal intensity of post-pulse ionized argon Rydberg states as a function of the
emission time for two field strength Fy4. with the same laser interaction condition. (c) Ionization rate of Rydberg states derived
from measurements and simulated tunneling ionization rates for Fg. = 3 V/cm and black-body radiation rates.

A typical photoelectron-photoion-coincidence (PEPICO) spectrum for argon atoms (laser intensity / = 1.5 x 10'4
W/em?, Fy. = 3 V/em) features a main peak at electron time-of-flight of TOF, = 85 ns and ion time-of-flight of
TOF; = 49205 ns (Fig. 1(a)) due to strong field ionization. Post-pulse ionization events, i.e., an electron and its
parent ion being separated after the conclusion of the exciting laser pulse are registered along the diagonal with
unit slope from which the ionization times of the excited argon atoms can be read off directly. The post-pulse
ionization yield strongly depends on the field strength Fy. of the external dc field (Fig. 1(b)). As expected, stronger
dc fields initially lead to faster field ionization of the excited Ar* atoms. By contrast, the corresponding ionization
rates I' = —dIn[I(7)]/dt (Fig. 1(c)) derived from the data in Fig. 1(b) appear to be rather insensitive to the value
of Fy.. The rate decreases from about I' &~ 0.01 ns~! at 7 = 100 ns to about I" ~ 0.001 ns~! at 7 = 500 ns. For
emission times longer than one microsecond the ionization rate becomes nearly constant at '~ 2 x 10~ ns .

In order to identify processes underlying the delayed emission on the nano- to microsecond scale, over-the-
barrier and tunneling ionization induced by the dc field and black-body radiation induced photoionization is con-
sidered. We determine the effective time-dependent ionization rate by Monte-carlo sampling of alternative decay
channels starting with an energy-dependent spectral excitation density formed by frustrated field ionization [4].
The simulated tunneling ionization rate of the Rydberg state with n = 121 are shown in Fig. 1(c). Summing over
the range 20 < n < 121 the BBR ionization rate is estimated as Rgpgr (1) = 8.4 x 1072 ns~!. Total ionization rates
~2 % 10~ ns~! including tunneling and BBR-induced ionization yield good agreement with the measurements for
times approaching one microsecond. The simulation suggests that present time-delayed PEPICO spectra provide
for the first time direct access to long-lived Stark resonances in very high Rydberg states and to the population of
the Rydberg manifolds extending from nggr = 20 to ng ~ 120 formed by frustrated field ionization.
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Angular dependence of the attosecond time delay in the H} molecular ion
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Angular dependence of attosecond time delay relative targaltion of light can now be measured using a
combination of the RABBITT (Reconstruction of Attoseconelding By Interference of Two-photon Transitions)
and the COLTRIMS (Cold Target Recoil lon Momentum Spectopsg techniques [1]. This dependence brings
particularly useful information in molecules where the alag dependent time delay is sensitive to the orientation
of the molecular axis [2]. Here we extend our previous woiks@d consider a molecularjHion exposed to an
attosecond pulse train (APT) and a dressing IR field which éharacteristic configuration of external electro-
magnetic fields in a RABBIT measurement. This configuratieadmes particularly challenging for theoretical
treatment of non-spherically symmetric targets like maoles or molecular ions. To meet this challenge, we solve
the time-dependent Schrodinger equation using a fastisphBessel transformation (SBT) for the radial variables
[3], a discrete variable representation for the angulaiatdes and a split-step technique for the time evolution.
The use of SBT ensures correct phase of the wave functionlémgtime evolution which is especially important
in time delay calculations. To speed up computations, wdampnt an expanding coordinate system [4] which
allows us to reach space sizes and propagation times uraditaiby other techniques.
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Fig. 1 The atomic time delaya(Ee,0) as a function of the photoelectron energy for fixed 8 = 0 (left) and the angular
variation of the time delaya(Ee, 8) — Ta(Ee, 0) as for several differenk, values (right). The corresponding sideband indices
are marked by integers on both panels..

Results of our investigation are illustrated in Fig. 1 whereshow the atomic time delay in H; extracted from
the side band intensity oscillatidhq(7) = A+Bcog2w(T — 15)] as a function of the time delaybetween the APT
and the IR pulse. The APT is modeled by a series of 11 GausdiBhpalses with the central frequenoyuy =
43wR and the widthrxyy = 120 as, whereas an long IR pulse is modeled by a continuous wigh frequency
wRr = 1.59 eV (A = 780 nm) and the electric field strengftk = 1.5 x 10° V/m (field intensity 3x 101 W/cn?).

A polarization of the field is parallel to the molecular axighe time delayr; as a function of the photoelectron
ejection energ¥;. at a fixed ejection anglé = 0 and the angular variation of the time delgyEe, 6) — 14(E¢,0)
for several fixed photoelectron energi&sare shown on the left and right panels, respectively. Theesponding
side band indices@®are marked on both panels.
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Role of nuclear dynamics in ultrafast charge migration
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Electron dynamics can be nowadays observed with sub-femtosecond time resolution in ever-increasing molec-
ular systems, from the simplest case of a hydrogen molecule [1] to the more complex amino acid phenylalanine [2].
The possibility of inducing ultrafast charge migration along the skeleton of large biological molecules upon their
photoionization was already predicted more than 15 years ago [3], yet its experimental confirmation on phenylala-
nine has only been achieved very recently, being the first observation of ultrasfast charge migration induced by a
single attosecond pulse. The experiment made use of a XUV-IR pump-probe scheme and measured the production
of doubly charged species as a function of time-delay with unprecedented attosecond resolution to track the dy-
namics of the singly charged molecule. A theoretical method based on a density functional theory (DFT) approach,
but properly accounting for the scattering states of the ionized biomolecule, was able to reproduce the beatings ob-
served in the ion yields, by accurately describing the electronic wave packet created by the attosecond pulse. This
wave packet, which involves more than thirty ionic states, describes the motion of a highly delocalized hole that
gives rise to charge fluctuations occurring in less than 4-5 fs. Despite the breakthrough of this joint experimental
and theoretical work, a number of questions remained open, in particular, what is the role of nuclear motion in the
observed hole dynamics.

Here we explore a new approach to include the nuclear degrees of freedom combining our ab initio DFT-
based methods [4] with time-dependent density functional theory plus Ehrenfest dynamics. We first apply it to
the glycine molecule, for which there are previous theoretical work performed by assuming that the nuclei remain
fixed during the whole process [5]. The latter assumption is based on the argument that nuclear motion should
have a negligible effect at the early stages of this evolution, typically during the first tens of femtoseconds, since
the shortest vibrational periods within the glycine molecule should exceed 10 fs and usually involve hydrogen
atoms, which are not likely to play a major role in charge delocalization processes. The validity of this argument
was proved in recent works [6]. However, it has also been shown that nuclear dynamics could strongly affect the
coherence between two electronic states beatings in less than 10 fs in situations where the molecular state after
photoionization falls not far from a conical intersection [7]. Since conical intersections are a common feature in
large molecules, can we really assume that nuclear motion does not play any role in the early stages of the charge
migration process? In this communication, we aim at theoretically answering this question.
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Asymmetric Wigner Time Delay in CO Photoionization

J. Vos*, L. Cattaneo®, S. Heuser, M. Lucchini, C. Cirelli, U. Keller
Institute of Quantum Electronics, ETH Zurich, 8093 Zurich, Switzerland

Energy streaking and RABBITT techniques are now used to measure relative time delays between valence
electrons emitted from different energy levels within the same atomic system [1,2], or distinct atoms [3]. It is
well established that these techniques give access to the scattering phase shift ¢w accumulated by the outgoing
electron wave packet (EWP) in the presence of the atomic potential. In scattering theory, such phase shift is
traditionally referred to as Wigner delay [4], defined as Ty, = A d@y,/IE. In molecular systems however, this
topic remains relatively unexplored [5,6]. Photoionization of molecular systems is a much more complex
phenomenon since the outgoing EWP released upon absorption of an XUV photon will experience a highly
anisotropic scattering potential. Here, we present the first experimental estimation of the Wigner time delay in
photoionization of one of the simplest hetero-nuclear molecules, CO.

We measure the photoionization time delay based on the RABBITT technique combined with
coincidence detection using a COLTRIMS apparatus. An attosecond pulse train (APT) is created by a strong IR-
field focussed in an argon gas target. A cold jet of CO molecules is ionized by this pump-pulse, yielding
photoelectrons at kinetic energies dictated by the harmonics present in the spectrum. In the presence of a
relatively weak IR-field two-photon transitions will be induced, yielding electrons with a kinetic energy centred
between successive harmonics in the RABBITT trace. Due to quantum path interference these sideband signals
oscillate as a function of pump-probe delay (t).

Detection of the ion-electron pair in coincidence allows for the reconstruction of the molecular axis
upon photoionization. Reconstruction of the molecular axis requires dissociation, as we do not align the
molecules. If we know the orientation of the molecule prior ionization, we can distinguish between electrons
emitted on either side of the molecule and measure a difference in photoionization time delay referred to as the
Stereo Wigner time delay At™® [7].

RABBITT traces with the electron escaping either anti-parallel or parallel to the C-side of the molecule
can thus be reconstructed. The oscillating sideband signals are approximated with SB(7) = cos(2w;gT —
AQxuy — AOmotecute) [8], showing that the measured photoionization time delays are composed of two
contributions, i.e. a measurement induced time delay that is the attochirp txyy and a molecular term Tpgjecute- Like
in the atomic case, the molecular term contains the coupling between the laser field and the Coulomb potential
tcc and the actual molecule specific Wigner time delay tw [2]. We compare sidebands at equal energies to
extract a photoemission time delay difference free of txyy and tcc since the two terms at equal energy are
affected equally i.e. we measure a pure Wigner time delay difference [8].

The integration of the sideband signal as a function of pump-probe delay for electrons emitted anti-
parallel and parallel to the C-side of the molecule reveal a clear phase shift. Electrons emitted on either side of
the hetero-nuclear molecule will experience a distinct Coulomb potential, being more attractive at the O-side of
the molecule. This leads to a stronger retardation of the transmitted wave relative to the electron wave-packet
originating from the C-side of the molecule. This left-right asymmetry is characteristic for non-symmetric
Coulomb potentials and will not manifest itself in homo-nuclear diatomic molecules as shown in figure 1.
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Fig. 1 Principle of RABBITT technique. High harmonics a) create oscillating sidebands in the photoelectron
spectrum in the presence of an IR-field. A phase shift is visible for electrons escaping anti-parallel b) and parallel c)
to the C-side of the molecule, therewith revealing a asymmetry in the Wigner time delay d).
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The fundamental mechanism of high-order harmonic generation (HHG) in atoms driven by spatially inhomoge-
neous plasmonics fields can be briefly summarized as follows: a femtosecond low-intensity pulse is coupled to the
plasmon mode inducing a collective oscillation of free charges within the metal. These free charges redistribute
the electric field around each of the metallic nanostructures, thereby forming a hot spot - a tiny region of highly
enhanced electric field. The enhanced field exceeds then the threshold of HHG, thus by injection of a noble gas
onto the spot of the enhanced field, HHG are generated [1]. All the numerical and semiclassical approaches to
study HHG in atoms and molecules are largely based on the assumption that the laser electric field is spatially
homogeneous in the region where the electron dynamics takes place. Due to the strong confinement of plasmonic
hot spots, the laser electric field is clearly no longer spatially constant, and consequently important changes in
the laser-matter-processes would occur. Up to now several theoretical studies of HHG driven by plasmonic fields
have been made (see e.g. [2]) in atomic or molecular systems by considering a Single Active Electron (SAE) ap-
proximation model. However, in the case of multielectronic atoms or molecules, it is known the electron-electron
(e-e) correlation plays an instrumental role both in the laser ionization process and, consequently, the HHG. In
this contribution we study e-e correlation effects in the HHG process driven by plasmonic fields. The description
of the laser-matter interaction of the multielectron system is given by the time dependent Schrédinger equation
(TDSE) in reduced dimensions, which allows us to include the e-e interaction. We develop a 1Dx1D model for the
calculation of the HHG spectrum driven by spatially inhomogeneous fields in the He atom and the H™ ion, two
prototypical examples of two active electron (TAE) systems. Furthermore, and in order to investigate the role of
the e-e correlation in the HHG process, the SAE is also invoked and compared to the full e-e correlated model.
As it is clearly observed in Fig. 1, we demonstrate that a new mechanism, a double non-sequential two-electron
re-combination process, is the main responsible of the extension of the HHG spectra in the H™ ion [3].
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Fig. 1 The harmonic emission from the He atom and the H™ ion driven by a spatially inhomogeneous field are depicted in
(a) and (b), respectively. The laser peak intensity is 7 = 2 x 10'* W/cm?, with central frequency @y = 0.057 a.u. (wavelength
A = 800 nm, photon energy 1.55 eV). The pulse envelope has a sin?-shape with 3 cycles of total time duration. The spatial
inhomogeneity is linear with € = 0.02 a.u (see e.g. [2] for more details). Red (blue) line denotes the HHG spectra calculated
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